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Abstract Effect of air aeration intensities on granule
formation and extracellular polymeric substances content
in three identical sequential batch reactors were investigat-
ed. The excitation–emission–matrix spectra and multiple
staining and confocal laser scanning microscope revealed
proteins, polysaccharides, lipids, and humic substances in
the sludge and granule samples. Seed sludge flocs were
compacted at low aeration rate, with produced extracellular
polymeric substances of 50.2–76.7 mg g−1 of proteins,
50.2–77.3 mg g−1 carbohydrates and 74 mg g−1 humic
substances. High aeration rate accelerated formation of 1.0–
1.5 mm granules with smooth outer surface. The
corresponding quantities of extracellular polymeric sub-
stances were 309–537 mg g−1 of proteins, 61–109 mg g−1

carbohydrates, 49–92 mg g−1 humic substances, and 49–
68 mg g−1 lipids. Intermediate aeration rate produced 3.0–
3.5 mm granules with surface filaments. Reactor failure
occurred with overgrowth of filaments, probably owing to
the deficiency of nutrient in liquid phase. No correlation
was noted between extracellular polymeric substances
composition and the proliferation of filamentous micro-
organisms on granule surface.
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Introduction

The aerobic granule process has been extensively investi-
gated (Morgenroth et al. 1997; Beun et al. 1999; Tay et al.
2001; Liu and Tay 2004). Most studies have focused on
granule cultivation via various substrates or on treatment
efficiency of various granule processes (Arrojo et al. 2004;
Kim et al. 2004; McSwain et al. 2004; Wang et al. 2004;
Hu et al. 2005). High hydrodynamic shear is known to
produce compact, dense, and strong granules (Liu and Tay
2002; Tay et al. 2004).

Extracellular polymeric substances (EPS) are crucial in
building and maintaining structural integrity of aerobic
granules through cohesion and adhesion of microbial cells
(Morgan et al. 1990; Lopes et al. 2000; Wu et al. 2006;
Hwang et al. 2006). Quarmby and Forster (1995) reported a
weakened granular structure in EPS-deficient aerobic
granules. After heating at 80°C in the presence of NaOH
or using cation exchange resins to extract EPS from
granules, Tay et al. (2001) and Wang et al. (2005)
concluded that increased hydrodynamic shear increases
polysaccharide production in granules. However, McSwain
et al. (2005) concluded that proteins, rather than poly-
saccharides, enrich granules.

This study investigated the effect of air aeration on
granule formation and incorporated EPS content. The EPS
were extracted by six different schemes and compared. The
chemical nature and spatial location of the granules were
examined by excitation-emission matrix (EEM) spectra and
multiple staining-confocal laser scanning microscopy
(CLSM; Chen et al. 2007). Possible causes of filament
overgrowth on granules were then examined.
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Materials and methods

Reactor operation and samples

Aerobic-activated sludge was collected from a local
municipal wastewater treatment plant in Taipei, Taiwan.
The sludge sample was inoculated in three geometrically
identical acrylic columns of 80-cm height, and 6-cm in
diameter was and aerated with 1.0–3.0 l min−1 air from the
reactors’ base. The columns were fed with synthetic
wastewater containing phenol as a sole carbon source with
the following composition: 1,000 mg l−1(NH4)2SO4;
200 mg l−1 MgCl2; 100 mg l−1 NaCl; 20 mg l−1 FeCl3;
10 mg l−1 CaCl2; phosphate buffer (1,350 mg l−1 KH2PO4,
1,650 mg l−1 K2HPO4); pH 6.8 and, micronutrients (g l−1),
H3BO3, 0.05; ZnCl2, 0.05; CuCl2, 0.03; MnSO4.H2O
(NH4)6, 0.05; Mo7O24.4H2O, 0.05; AlCl3, 0.05;
CoCl2.6H2O, 0.05; and NiCl, 0.05 (Moy et al. 2002). The
medium was sterilized via autoclaving for 15 min at 121°C.
The phenol solution was filtered and added to the
autoclaved medium. The reactor was operated in 12-h cycles.
The granules formed and matured in 3 weeks.

Extraction of EPS

The EPS was extracted from sludge or granule samples.
Figure 1 illustrates the details of the EPS extraction processes.
As a control, the EPS was physically extracted with high
speed centrifugation (10,000×g) for 20 min without adding
chemicals. Some sludge or granule samples were first
extracted by NaOH with or without pretreatment using
formaldehyde or formamide. The extracts were then filtered
and analyzed. In some tests, low frequency ultrasound at
120 W was utilized for 5 min in an ice bath before or after the
chemical extraction. Hence, six extraction procedures were
tested and compared: formaldehyde + NaOH, ultrasound +
formaldehyde + NaOH, formaldehyde + NaOH + ultrasound,
formamide + NaOH, ultrasound + formamide + NaOH, and
formamide + NaOH + ultrasound. After extraction, all
samples were centrifuged and filtered through 0.2 μm filters
to collect soluble fractions.

Chemical analysis

The dry weight of granules and volatile suspended solids
(VSS) and sludge volume index (SVI) in the samples were
measured according to Standard Methods (APHA 1998).
The carbohydrate content in EPS was measured by the
anthrone method (Gaudy 1962) with glucose as the
standard. The protein and humic content in EPS was
measured by the modified Lowry method (Frolund et al.
1995) using bovine serum albumin and humic acid (Fluka,
USA) as the respective standards. The DNA content was
measured by the diphenylamine colorimetric method using
fish DNA as the standard. The total lipid content, polar, and
neutral lipid, were extracted separately from sludge and
granules by the treatment described above and then adding
methanol/chloroform (1:2 v/v). After 5 min centrifugation,
the supernatant was treated with sodium chloride (0.9% w/v).
The mixture was centrifuged, and the organic phase (oily
phase) was recovered as a lipid extract. Total lipid content
was obtained by evaporating the organic solvents and
drying in the oven at 45°C for 15 min and accurately
weighing.

EEM fluorescence spectroscopy

The EEM spectra of extracted EPS for sludge and aerobic
granule samples were recorded by luminescence spectrom-
etry (Cary Eclipse, Varian, USA). The EEM spectra were
obtained by scanning the sample for both excitation and
emission wavelengths from 200 to 550 nm. The blank EEM
spectrum obtained for double distilled water was used to
ensure the quality of the scanned samples. For all the
measurements, excitation and emission slits were main-
tained at 5 nm, and 290-nm emission cutoff filter was used
to eliminate second order Raleigh light scattering. EEM
spectra are illustrated as the elliptical shape of contours
where X-axis represents the emission spectra from 200 to
550 nm and Y-axis as the excitation wavelength from 200 to
550 nm. Forty contour lines, as the third dimension, are
shown for each EEM spectra to represent the fluorescence
intensity at an interval of 10.

a b c

Fig. 1 Microscopic observations
of aerobic granules by day 90. a
R1, b R2, and c R3
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Staining and CLSM imaging

Proteins in the samples were stained with fluoresceiniso-
thiocyanate (FITC). Concanavalin tetramethylrhodamine
conjugate (ConA) was used to bind to α-mannopyranosyl
and α-glucopyranosyl sugar residues. The whole cells were
probed with the wall-permeable nucleic acid stain SYTO
63. The dead cells were stained by cell wall-impermeable
stain SYTOX blue. Nile red was used to stain lipids. Calcofluor
white was used to stain β-polysaccharides. All probes were
purchased from Molecular Probes (Carlsbad, CA, USA).

CLSM (Leica TCS SP2 Confocal Spectral Microscope
Imaging System, Germany) was used to visualize cell or
EPS distributions in bio-samples. The fluorescence of
SYTO 63 was detected via excitation at 633 nm and
emission at 650–700 nm. The fluorescent intensity of
SYTOX blue was analyzed via excitation at 458 nm and
emission at 460–500 nm. The fluorescence of Nile red,
FITC, and Calcofluor white were detected via excitation at
514, 448, and 400 nm and emission at 625–700, 500–550,
and 410–480 nm, respectively. Staining details are available
in Chen et al. (2007).

Results

Granule development

The structure of the sludge flocs in R1 was compacted
during incubation but failed to aggregate into large granules
(Fig. 1a). Granule formation was observed in reactors R2
and R3 after 3 weeks of incubation (Fig. 1a and b).
Importantly, the R3 granules under higher shear were 1.0–
1.5 mm and had a smooth outer surface after 160 days of
operation. However, those under intermediate shear in R2
were 3.0–3.5 mm and began to exhibit filament growth
after day 60 and overgrowth by day 150 (Fig. 1c). The
apparent selective pressure of hydrodynamic shear on

filament development on granule surface has apparently
not been reported previously.

Figure 2a shows chemical oxygen demand (COD)
removal rates from reactors R1–R3. The R1 removal rate
gradually increased from 75% to approximately 81% by
day 80 and thereafter, indicating slow pellet-like accumu-
lation of acclimated microbes in the sludge flocs. The COD
removal rate in R2 rapidly increased from 75 to 89% by
day 30 upon granule formation. The removal rate then
further increased to 95% by day 90 with fully developed
surface filaments. Overgrowth of filaments caused granule
overflow, thus reducing COD removal rate to 85% on
day 160. The corresponding removal rate in R3 increased
from 75 to 86% by day 50, stabilized until day 100 then
further increased to 97% by day 140.

The SVI values for sludge/granules in R1–R3 all
gradually declined (Fig. 2b). The SVI values for pellet
flocs in R1 decreased monotonically from 120 to 52 ml g−1

by day 160. The R2 and R3 granules yielded SVI lower
than 40 ml g−1 by day 100. Those in R3 further decreased
to 35 ml g−1 by days 140–160 while those in R2 recovered
to 61 ml g−1 by day 160, which was consistent with the
granule washout observed in overgrown filaments. Parallel
measurement revealed that the average settling velocities of
granules by day 90 from reactors R2 and R3 were 12.6±8.2
and 26.6±2.0 m h–1, respectively.

Extracted EPS

Table 1 and Fig. 3 summarize the quantities of EPS
extracted from the R1–R3 sludge/granules using the six
extraction processes. The quantities of DNA in all collected
EPS were less than 0.6 mg g–1 VSS, indicating negligible
contamination of collected EPS by intracellular substances.

The EPS extracted from sludge pellets in R1 consisted of
50.2–76.7 mg g−1 of proteins, 50.2–77.3 mg g−1 carbohy-
drates and 74 mg g−1 humic substances. Restated, the
quantity of proteins extracted from the R1 sludge pellets

Time (days) Time (days) Time (days)

0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

C
O

D
 r

em
ov

al
 (

%
)

70

75

80

85

90

95

100

Reactor R1
Reactor R2
Reactor R3

S
V

I (
m

l/g
)

0

20

40

60

80

100

120

140

Reactor R1
Reactor R2
Reactor R3

40 60 80 100 120 140 160

G
ra

nu
le

 s
iz

e 
(m

m
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Reactor 2
Reactor 3

a b c
Fig. 2 a COD removal rate, b SVI, and c size of aerobic granular sludge in reactor R1, R2, and R3
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approximated that of polysaccharides (Table 1). Addition-
ally, quantity of extracted EPS was not significantly
affected by use of formaldehyde or formamide or by
application of ultrasound.

The quantity of proteins extracted from aerobic granules
in R1 and R2 exceeded that of extracted polysaccharides
(Fig. 3). Formamide extracted a greater quantity of EPS than
formaldehyde. Specifically, the extracted EPS in R2 consisted
of 256–498 mg g−1 of proteins, 55.5–104 mg g−1 carbohy-
drates, 56–93 mg g−1 humic substances, and 50–70 mg g−1

lipids. The content of R3 was 309–537 mg g−1 of proteins,
61–109 mg g−1 carbohydrates, 49–92 mg g−1 humic
substances, and 49–68 mg g−1 lipids. Ultrasound reportedly
enhances EPS extraction from aerobic granules (Liu and Fang
2002). McSwain et al. (2005) also noted a higher extraction
yield in granular samples after homogenization treatment.

EEM characterization of EPS

Three major peaks in the EEM spectra were identified from
the collected EPS: excitation/emission wavelengths at peaks
A, B, and C were 220–230/340–350 nm, 270–280/340–
350 nmm, and Ex/Em 330–340/420–430 nm, respectively.
Based on the classification scheme developed by Chen et al.
(2003), peaks A, B, and C were in regions II (aromatic
proteins), IV (soluble microbial by-product-like), and V

(humic acid-like), respectively. The EEM results revealed
proteins and humic substances, corresponding to the extrac-
tion results for redundant proteins and humic substances.

Table 2 shows the maximum fluorescence peak intensities
for peaks A–C. The more proteins and humic substances
extracted using the tested scheme (Table 1 and Fig. 3), the
stronger the peak intensities in the EEM spectra. Sheng and
Yu (2006) proposed that the intensity ratio between peaks B
and C (B/C) is useful for chemically analyzing extracted EPS.
The (B/C) ratio is generally R1>R2>R3, while the ratio
produced by formamide extraction is much higher than that
using formaldehyde. Some tests using only ultrasonication
without adding chemicals have revealed a (B/C) ratio of 3.0.
Hence, the use of formamide in this study may have
significantly altered the chemical nature of the extracted EPS.

Characterization of EPS by CLSM

The CLSM images showed low fluorescence for Nile red
and calcofluor white in R1 sludge pellets, indicating low
lipid and β-polysaccharide content (figure not shown). The
quantity of extracted lipids was also low (Table 1).

The R2 granules exhibited extended surface filaments
(Fig. 4) with active biomass, protein, and β-polysaccharide
accumulating on the outer granular surface. The filaments
were hence composed primarily of live cells, proteins,

Table 1 EPS components of granules cultivated in reactor R1 by various extraction methods

Extraction method Proteins Carbohydrates Humic substances Lipids DNA PN/PSa

Formaldehyde–NaOH 66.8±3.3 50.2±7.6 71.6±15.3 15.3±4.3 0.39±0.03 1.41
Formaldehyde–NaOH–ultrasound 66.1±5.0 77.3±27.4 73.3±17.7 19.3±2.5 0.41±0.02 0.86
Ultrasound–formaldehyde–NaOH 76.7±16.8 60.2±24.1 75.9±10.2 21.4±5.2 0.49±0.01 1.28
Formamide–NaOH 50.2±29.3 55.2±23.9 73.5±10.7 14.2±2.9 0.44±0.02 0.91
Formamide–NaOH–ultrasound 64.4±12.1 67.3±21.1 73.4±15.0 15.8±4.9 0.47±0.05 0.96
Ultrasound–formamide–NaOH 69.6±16.2 55.1±15.1 75.9±11.5 17.2±5.2 0.49±0.07 1.26

Unit: mg g−1 VSS
aPN/PS Proteins/polysaccharides ratio
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lipids, and polysaccharides. This observation correlated
with the finding by Adav et al. (2007) that a strain
identified as Candida tropicalis, which degrades phenol
and has a high tolerance to phenol toxicity, could form the
filament layers on the granule surface.

The R3 granules exhibited a compact interior structure with
a non-cellular core composed mainly of proteins and β-
polysaccharides. Living cells on the outer edge of the granule
were entrapped with α-polysaccharides and lipids (figure not
shown). No extended filaments were noted in R3 granules.

Discussion

Aeration intensity and filaments

In the present study, a low aeration rate (1 l min−1) induced
no mature granules but compacted sludge flocs into 300–
400 μm pellets. High aeration rate (3 l min−1) yielded
mature and stable granules (1–1.5 mm) with compact
interior but requiring more aeration. Intermediate aeration
(2 l min−1) produced mature and large (3–3.5 mm) granules

a cb

e fd

Fig. 4 The CLSM images of
granule from reactor R2. a
Green (FITC) Proteins; b yellow
(nile red) lipids; c cyan blue
(ConA) a-D-glucopyranose poly-
saccharides; d red (SYTO 63)
nucleic acids; e pink (Syto blue)
dead cells, f blue (calcofluor
white) β-D-glucopyranose
polysaccharides

Table 2 Fluorescence spectral analysis of the EPS extracted by using formaldehyde

Sample Method Peak A Peak B Peak C B/C

Ex/Em Intensity Ex/Em Intensity Ex/Em Intensity

Reactor R1 Formaldehyde–NaOH 220/355 54.9 280/350 132 330/420 42.4 3.12
Ultrasound–formaldehyde–NaOH 220/350 31.7 270/340 113 330/420 28.8 3.93
Formaldehyde–NaOH–ultrasound 220/245 33.6 270/345 112 330/430 24.1 4.65
Formamide–NaOH 220/340 36.7 270/340 795 330/430 14.2 56.0
Ultrasound–formamide–NaOH 230/320 85.5 270/330 815 330/420 15.8 51.6
Formamide–NaOH–ultrasound 230/320 118 270/327 935 330/420 19.3 48.6

Reactor R2 Formaldehyde–NaOH 220/360 73.8 270/350 190 330/420 78.6 2.41
Ultrasound–formaldehyde–NaOH 220/345 60.7 270/350 149 330/420 52.4 2.85
Formaldehyde–NaOH–ultrasound 220/345 82.3 270/360 186 330/420 53.9 3.45
Formamide–NaOH 220/340 43.6 270/330 958 330/445 52.5 18.3
Ultrasound–formamide–NaOH 220/315 114 270/329 982 330/430 43.0 22.9
Formamide–NaOH–ultrasound 220/320 144 270/275 925 330/440 63.3 14.6

Reactor R3 Formaldehyde–NaOH 220/340 61.4 280/345 173 330/420 78.6 2.19
Ultrasound–formaldehyde–NaOH 220/350 108 270/355 242 330/420 103 2.36
Formaldehyde–NaOH–ultrasound 220/350 119 270/355 270 330/420 105 2.58
Formamide–NaOH 220/340 43.5 270/325 976 330/420 34.4 28.4
Ultrasound–formamide–NaOH 220/310 108 270/330 917 330/420 39.0 23.5
Formamide–NaOH–ultrasound 220/230 69.2 270/330 983 330/420 47.6 20.7
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but also increased filament overgrowth. Experimental
observation revealed that filaments enhanced COD removal
in R2 until day 60. However, filament overgrowth yielded
granular overflow, and the broken filaments due to aeration
shear easily blocked the diffusers and outflow pipelines.
Thus, the aeration intensity, treated as an operationally
defined parameter herein, manipulated the stability of
phenol-fed aerobic granules during column operation.

Deficiencies in dissolved oxygen (DO) or nutrients are
favorable for filament growth (Gaval and Pernell 2003;
Martins et al. 2003; Rossetti et al. 2005). Liu and Liu
(2006) concluded in a review of recent literature that
possible causes of filament overgrowth on aerobic granules
include (1) long SRT (solid retention time), (2) low
substrate concentration in the liquid phase, (3) high
substrate gradient within the granule, (4) DO deficiency in
the granule, (5) nutrient deficiency within the granule, (6)
temperature shift, and (7) disrupted patterns. Items 1, 6, and
7 are operational factors that should not be considered
“causes” of filament growth. Conversely, items 2–5 were
noted as possible causes because filaments tend to develop
over non-filamentous microorganisms when DO and/or
nutrient supply is limited. Hence, when mass transfer of the
oxygen or substrate is inadequate for replenishing COD
degradation within the granule, filaments can only survive
by growing outward to compete for available food/DO.

Li et al. (2006) proposed that aged granules tend to
accumulate ash solids in their core regimes. Hence, aged
granules are more stable than fresh granules in sequencing
batch reactor (SBR) operations. However, this theory does
not adequately explain the filament-induced system failure
noted in the present study.

At aeration rates of 1–3 l min−1, upflow velocities of
induced liquid were estimated visually as 5–15 cm s−1 at
different reactor positions. Hence, the relative velocity of
flocs/granules in the aerated columns was of the order of
magnitude of 1 cm s−1.

The external mass transfer coefficient around spherical floc
or granule of diameter d is given by the following Frossling
equation:

Sh
kcd

D

� �
¼ 2:0þ 0:6Re0:5 Sc1=3 ð1Þ

where D is the oxygen diffusivity in water (2.2×10−9 m2 s−1),
and Sh, Sc, and Re are the Sherwood number, Schmidt
number, and Reynolds number, respectively. The Sc for
water at 20°C is 435. For flocs in R1 (d=400 mm), as well
as granules in R2 (d=1.5 mm) and in R3 (d=3.5 mm), the
estimated corresponding kc values were 5.55×10−5, 2.12×
10−5, and 1.32×10−5 m s−1 at V=1 cm s−1, respectively.
Hence, the corresponding Biot numbers for floc/granules from
R1–R3 were 27.7, 53.0, and 77.1 at V=1 cm s−1. Restated, in
the investigated tests with aeration rate of 1–3 l min−1, the

Biot numbers for the present flocs/granules exceeded 100,
yielding negligible external mass transfer resistance compared
with internal diffusional resistance.

The floc pellets in R1 revealed minimal filament
development at lower aeration rates but at a COD removal
rate comparable to R2. Hence, DO deficiency was unlikely
to have caused filament overgrowth in R2. However, after
day 30, the COD removal rate was 75–81% for R1 and 86–
96% for R2 and R3. The nutrient deficiency may be
correlating with the growth of filaments in R2.

Nutrient deficiency, if occurring in R2 granules, should
happen as well in R3 granules, as the external mass transfer
presented no barrier to nutrient transport. However, the
extended granular filaments were easily broken down under
high shear, which apparently limited R3 filament growth.
van Loosdrecht et al. (1995) and Kwok et al. (1998)
reported that balance between biomass growth and detach-
ment is necessary for biofilm stability. The surface erosion
of extended filaments restricted their subsequent growth on
the R3 granules. The lower shear rate in R2 preserved most
extended filaments, eventually leading to system failure.

Distribution of EPS and stable granule structure

Microorganisms in high shear environments adhere by
secreting EPS to resist damage of suspended cells by
environmental forces (Trinet et al. 1991). The EPS constit-
uents identified in this study included proteins, polysacchar-
ides, humic acids, and lipids (Table 1 and Fig. 3). Wang et al.
(2005) reported that the outer edge of aerobic granules
consisted of poorly soluble EPS. McSwain et al. (2005)
noted excess proteins in the core of granules. In this study,
PN/PS ratios were 0.85–1.4 in R1 sludge pellets. Conversely,
the PN/PS ratios for R2 and R3 granules were 3.4–5.3 and
3.4–6.2, respectively. McSwain et al. (2005) also reported
high protein content in peptone and glucose-fed aerobic
granules with a PN/PS ratio of 6.6–10.9. Tay et al. (2001)
reported that hydrodynamic shear increased intracellular
polysaccharide production. Di Iaconi et al. (2006) noted that
hydrodynamic shear compacted the granules but cannot
affect EPS content and compositions. The present study
demonstrated that proteins, rather than polysaccharides, were
enriched in the sheared granules, which is consistent with the
results of McSwain et al. (2005). Chen et al. (2007) noted
that proteins and dead cells were mainly distributed at the
core regime of granules, while live cells and α-polysacchar-
ides were located at the outer rim regime of the granules.
Meanwhile, β-polysaccharides were distributed at the core
and at the outer rim regimes of the phenol-fed granule. As
Fig. 4 shows, the protein core apparently stabilizes granule
integrity, but the possible role of β-polysaccharides on
granule stability cannot be excluded, as it presents a network
over the entire granule.
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Granules under high shear exhibited redundant EPS
(Fig. 3). However, the experimental results indicated
filament overgrowth did not yield excess quantities of
EPS. Quantities of extracted EPS have no correlation with
filament overgrowth.

Conclusions

This study elucidated the effect of air aeration intensities on
granule formation and EPS content in three identical
sequential batch reactors (R1–R3). At a low aeration rate
of 1 l min−1 (R1), sludge flocs were structurally compacted
but failed to form large granules. Extracted EPS included
50.2–76.7 mg g−1 of proteins, 50.2–77.3 mg g−1 carbohy-
drates, and 74 mg g−1 humic substances. At a higher
aeration rate of 3 l min−1 (R3), 1.0–1.5 mm granules with
smooth outer surface were formed. The corresponding
quantities of EPS were 309–537 mg g−1 of proteins, 61–
109 mg g−1 carbohydrates, 49–92 mg g−1 humic substances,
and 49–68 mg g−1 lipids. At an intermediate aeration rate
of 2 l min−1 (R2), 3.0–3.5 mm granules formed with
filaments covering the outer surface of the granules. The
corresponding quantities of EPS extracted from R2 were
256–498 mg g−1 of proteins, 55.5–104 mg g−1 carbohy-
drates, 56–93 mg g−1 humic substances, and 50–70 mg g−1

lipids. Reactor R2 eventually failed with overgrowth of
filaments. The EEM spectra clearly revealed proteins and
humic substances in the sludge and granule samples.
Multiple staining and imaging by CLSM revealed prolifer-
ating filaments with active biomass (proteins and β-
polysaccharides) at the surface of R2 granules. The R3
granules exhibited a compact interior structure with a non-
cellular core composed mainly of proteins and β-poly-
saccharides.

Intermediate to high hydrodynamic shear accelerates
granule formation and overproduction of proteins in the
granule core. Filament overgrowth was noted only at an
intermediate aeration rate, probably due to nutrient defi-
ciency in the liquid phase. High aeration shear eroded
filaments at the granule surface and limited their subsequent
growth. However, EPS composition revealed no correlation
with proliferation of filamentous microorganisms. This
study showed that aeration intensity could be used to
manipulate granule stability, thereby affecting reactor
performance in applications.

References

Adav SS, Chen MY, Lee DJ, Ren NQ (2007) Degradation of phenol
by aerobic granules and isolated yeast Candida tropocalis.
Biotechnol Bioeng 96:844–852

APHA (1998) Standard methods for the examination of water and
wastewater, 20nd edn. American Public Health Association,
Washington, DC

Arrojo B, Mosquera-Corral A, Garrido JM, Mendez R (2004) Aerobic
granulation with industrial wastewater in sequencing batch
reactors. Water Res 38:3389–3399

Beun JJ, Hendriks A, van Loosdrecht MCM, Morgenroth E, Wilderer
PA, Heijnen JJ (1999) Aerobic granulation in a sequencing batch
reactor. Water Res 33:2283–2290

Chen W, Westerhoff P, Leenheer JA, Booksh K (2003) Fluorescence
excitation-Emission matrix regional integration to quantify
spectra for dissolved organic matter. Environ Sci Technol
37:5701–5710

Chen MY, Lee DJ, Tay JH (2007) Distribution of extracellular
polymeric substances in aerobic granules. Appl Microb Biotechnol
73:1463–1469

Di Iaconi C, Ramadori R, Lopez A, Passino R (2006) Influence of
hydrodynamic shear forces on properties of granular biomass in a
sequencing batch biofilter reactor. Biochem Eng J 30:152–157

Frolund B, Griebe T, Nielsen PH (1995) Enzymatic activity in the
activated-sludge floc matrix. Appl Microbiol Biotechnol 43:755–761

Gaudy AF (1962) Colorimetric determination of protein and carbo-
hydrate. Ind Water Wastes 7:17–22

Gaval G, Pernell JJ (2003) Impact of the repetition of oxygen
deficiencies on the filamentous bacteria proliferation in activated
sludge. Water Res 37:1991–2000

Hu L, Wang J, Wen X, Qian Y (2005) The formation and character-
istics of aerobic granules in sequencing batch reactor (SBR) by
seeding anaerobic granules. Process Biochem 40:5–11

Hwang KJ, You SF, Don TM (2006) Disruption kinetics of bacterial
cells during purification of poly-beta-hydroxyalkanoate using
ultrasonication. J Chin Inst Chem Eng 37:209–216

Kim SH, Choi HC, Kim IS (2004) Enhanced aerobic floc-like
granulation and nitrogen removal in a sequencing batch reactor
by selection of settling velocity. Water Sci Technol 50:157–162

Kwok WK, Picioreanu C, Ong SL, van Loosdrecht MCM, Ng WJ,
Heijnen JJ (1998) Influence of biomass production and detach-
ment forces on biofilm structures in a biofilm airlift suspension
reactor. Biotechnol Bioeng 58:400–407

Li ZH, Kuba T, Kusuda T (2006) Selective force and mature phase
affect the stability of aerobic granule: An experimental study by
applying different removal methods of sludge. Enzyme Microb
Technol 39:976–981

Liu H, Fang HHP (2002) Extraction of extracellular polymeric
substances (EPS) of sludges. J Biotechnol 95:249–256

Liu Y, Liu QS (2006) Causes and control of filamentous growth in
aerobic granular sludge sequencing batch reactors. Biotechnol
Adv 24:115–127

Liu Y, Tay JH (2002) The essential role of hydrodynamic shear force
in the formation of biofilm and granular sludge. Water Res
36:1653–1665

Liu Y, Tay JH (2004) State of the art of biogranulation technology for
wastewater treatment. Biotechnol Adv 22:533–563

Lopes FA, Vieira MJ, Melo LF (2000) Chemical composition and
activity of a biofilm during the start-up of an airlift reactor. Water
Sci Technol 41:105–111

Martins AMP, Heijnen JJ, Van Loosdrecht MCM (2003) Effect of
dissolved oxygen concentration on sludge settleability. Appl
Microbiol Biotechnol 62:586–593

McSwain BS, Irvine RL, Wilderer PA (2004) The influence of settling
time on the formation of aerobic granules. Water Sci Technol
50:195–202

McSwain BS, Irvine RL, Hausner M, Wilderer PA (2005) Composi-
tion and distribution of extracellular polymeric substances in
aerobic flocs and granular sludge. Appl Environ Microb
71:1051–1057

Appl Microbiol Biotechnol (2007) 77:175–182 181



Morgan JW, Forster CF, Evison LM (1990) A comparative study of
the nature of biopolymers extracted from anaerobic and activated
sludges. Water Res 6:743–750

Morgenroth E, Sherden T, van Loosdrecht MCM, Heijnen JJ, Wilderer
PA (1997) Aerobic granular sludge in a sequencing batch reactor.
Water Res 31:3191–3194

Moy BYP, Tay JH, Toh SK, Liu Y, Tay STL (2002) High organic
loading influences the physical characteristics of aerobic gran-
ules. Lett Appl Microbiol 34:407–412

Quarmby J, Forster CF (1995) An examination of the structure of
UASB granules. Water Res 29:2449–2454

Rossetti S, Tomei MC, Nielsen PH, Tandoi V (2005) Microthrix
parvicella, lamentous bacterium causing bulking and foaming in
activated sludge systems: a review of current knowledge. FEMS
Microbiol Rev 29:49–64

Sheng GP, Yu HQ (2006) Characterization of extracellular polymeric
substances of aerobic sludge using three-dimensional excitation
and emission matrix fluorescence spectroscopy. Water Res
40:1233–1239

Tay JH, Liu QS, Liu Y (2001) The effects of shear force on the
formation, structure and metabolism of aerobic granules. Appl
Microbiol Biotechnol 57:227–233

Tay JH, Liu QS, Liu Y (2004) The effect of upflow air velocity on the
structure of aerobic granules cultivated in a sequencing batch
reactor. Water Sci Technol 49:35–40

Trinet F, Heim R, Amar D, Chang HT, Rittmann BE (1991) Study of
biofilm and fluidization of bioparticles in a three-phase fluidized-
bed reactor. Water Sci Technol 23:1347–1354

van Loosdrecht MCM, Eikelboom D, Gjaltema A, Mulder A, Tijhuis L,
Heijnen JJ (1995) Biofilm structures. Water Sci Technol 32:35–43

WangQ, DuG, Chen J (2004) Aerobic granular sludge cultivated under the
selective pressure as a driving force. Process Biochem 39:557–563

Wang ZW, Li, u Y, Tay JH (2005) Distribution of EPS and cell surface
hydrophobicity in aerobic granules. Appl Microb Biotech
69:469–473

Wu ST, Huang CC, Yu ST, Too JR (2006) Effects of nitrogen and
phosphorus on poly-beta-hydroxyalkanoate production by Ral-
stonia eutropha. J Chin Inst Chem Eng 37:501–508

182 Appl Microbiol Biotechnol (2007) 77:175–182


	Effects of aeration intensity on formation of phenol-fed aerobic granules and extracellular polymeric substances
	Abstract
	Introduction
	Materials and methods
	Reactor operation and samples
	Extraction of EPS
	Chemical analysis
	EEM fluorescence spectroscopy
	Staining and CLSM imaging

	Results
	Granule development
	Extracted EPS
	EEM characterization of EPS
	Characterization of EPS by CLSM

	Discussion
	Aeration intensity and filaments
	Distribution of EPS and stable granule structure

	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AardvarkPSMT
    /AceBinghamSH
    /AddisonLibbySH
    /AGaramond-Italic
    /AGaramond-Regular
    /AkbarPlain
    /Albertus-Bold
    /AlbertusExtraBold-Regular
    /AlbertusMedium-Italic
    /AlbertusMedium-Regular
    /AlfonsoWhiteheadSH
    /Algerian
    /AllegroBT-Regular
    /AmarilloUSAF
    /AmazoneBT-Regular
    /AmeliaBT-Regular
    /AmerigoBT-BoldA
    /AmerTypewriterITCbyBT-Medium
    /AndaleMono
    /AndyMacarthurSH
    /Animals
    /AnneBoleynSH
    /Annifont
    /AntiqueOlive-Bold
    /AntiqueOliveCompact-Regular
    /AntiqueOlive-Italic
    /AntiqueOlive-Regular
    /AntonioMountbattenSH
    /ArabiaPSMT
    /AradLevelVI
    /ArchitecturePlain
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMTBlack-Regular
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeLight
    /ArialUnicodeLight-Bold
    /ArialUnicodeLight-BoldItalic
    /ArialUnicodeLight-Italic
    /ArrowsAPlentySH
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /Asiana
    /AssadSadatSH
    /AvalonPSMT
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /AvantGardeITCbyBT-MediumOblique
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /Baskerville-Bold
    /Baskerville-Normal
    /Baskerville-Normal-Italic
    /BaskOldFace
    /Bauhaus93
    /Bavand
    /BazookaRegular
    /BeauTerrySH
    /BECROSS
    /BedrockPlain
    /BeeskneesITC
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BenguiatITCbyBT-BoldItalic
    /BenguiatITCbyBT-Book
    /BenguiatITCbyBT-BookItalic
    /BennieGoetheSH
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardBoldCondensedBT-Regular
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /Bethel
    /BibiGodivaSH
    /BibiNehruSH
    /BKenwood-Regular
    /BlackadderITC-Regular
    /BlondieBurtonSH
    /BodoniBlack-Regular
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /BodoniBT-Bold
    /BodoniBT-BoldItalic
    /BodoniBT-Italic
    /BodoniBT-Roman
    /Bodoni-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Regular
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolFive
    /BookshelfSymbolFour
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /BookwomanDemiItalicSH
    /BookwomanDemiSH
    /BookwomanExptLightSH
    /BookwomanLightItalicSH
    /BookwomanLightSH
    /BookwomanMonoLightSH
    /BookwomanSwashDemiSH
    /BookwomanSwashLightSH
    /BoulderRegular
    /BradleyHandITC
    /Braggadocio
    /BrailleSH
    /BRectangular
    /BremenBT-Bold
    /BritannicBold
    /Broadview
    /Broadway
    /BroadwayBT-Regular
    /BRubber
    /Brush445BT-Regular
    /BrushScriptMT
    /BSorbonna
    /BStranger
    /BTriumph
    /BuckyMerlinSH
    /BusoramaITCbyBT-Medium
    /Caesar
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-Italic
    /CalligrapherRegular
    /CameronStendahlSH
    /Candy
    /CandyCaneUnregistered
    /CankerSore
    /CarlTellerSH
    /CarrieCattSH
    /CaslonOpenfaceBT-Regular
    /CassTaylorSH
    /CDOT
    /Centaur
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturyOldStyle-BoldItalic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Cezanne
    /CGOmega-Bold
    /CGOmega-BoldItalic
    /CGOmega-Italic
    /CGOmega-Regular
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /Charting
    /ChartreuseParsonsSH
    /ChaseCallasSH
    /ChasThirdSH
    /ChaucerRegular
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /ChildBonaparteSH
    /Chiller-Regular
    /ChuckWarrenChiselSH
    /ChuckWarrenDesignSH
    /CityBlueprint
    /Clarendon-Bold
    /Clarendon-Book
    /ClarendonCondensedBold
    /ClarendonCondensed-Bold
    /ClarendonExtended-Bold
    /ClassicalGaramondBT-Bold
    /ClassicalGaramondBT-BoldItalic
    /ClassicalGaramondBT-Italic
    /ClassicalGaramondBT-Roman
    /ClaudeCaesarSH
    /CLI
    /Clocks
    /ClosetoMe
    /CluKennedySH
    /CMBX10
    /CMBX5
    /CMBX7
    /CMEX10
    /CMMI10
    /CMMI5
    /CMMI7
    /CMMIB10
    /CMR10
    /CMR5
    /CMR7
    /CMSL10
    /CMSY10
    /CMSY5
    /CMSY7
    /CMTI10
    /CMTT10
    /CoffeeCamusInitialsSH
    /ColetteColeridgeSH
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /CooperBlack
    /CooperBT-BlackHeadline
    /CooperBT-BlackItalic
    /CooperBT-Bold
    /CooperBT-BoldItalic
    /CooperBT-Medium
    /CooperBT-MediumItalic
    /CooperPlanck2LightSH
    /CooperPlanck4SH
    /CooperPlanck6BoldSH
    /CopperplateGothicBT-Bold
    /CopperplateGothicBT-Roman
    /CopperplateGothicBT-RomanCond
    /CopticLS
    /Cornerstone
    /Coronet
    /CoronetItalic
    /Cotillion
    /CountryBlueprint
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CSSubscript
    /CSSubscriptBold
    /CSSubscriptItalic
    /CSSuperscript
    /CSSuperscriptBold
    /Cuckoo
    /CurlzMT
    /CybilListzSH
    /CzarBold
    /CzarBoldItalic
    /CzarItalic
    /CzarNormal
    /DauphinPlain
    /DawnCastleBold
    /DawnCastlePlain
    /Dekker
    /DellaRobbiaBT-Bold
    /DellaRobbiaBT-Roman
    /Denmark
    /Desdemona
    /Diploma
    /DizzyDomingoSH
    /DizzyFeiningerSH
    /DocTermanBoldSH
    /DodgenburnA
    /DodoCasalsSH
    /DodoDiogenesSH
    /DomCasualBT-Regular
    /Durian-Republik
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-Italic
    /Dutch801BT-Roman
    /EBT's-cmbx10
    /EBT's-cmex10
    /EBT's-cmmi10
    /EBT's-cmmi5
    /EBT's-cmmi7
    /EBT's-cmr10
    /EBT's-cmr5
    /EBT's-cmr7
    /EBT's-cmsy10
    /EBT's-cmsy5
    /EBT's-cmsy7
    /EdithDaySH
    /Elephant-Italic
    /Elephant-Regular
    /EmGravesSH
    /EngelEinsteinSH
    /English111VivaceBT-Regular
    /English157BT-Regular
    /EngraversGothicBT-Regular
    /EngraversOldEnglishBT-Bold
    /EngraversOldEnglishBT-Regular
    /EngraversRomanBT-Bold
    /EngraversRomanBT-Regular
    /EnviroD
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErasITC-Ultra
    /ErnestBlochSH
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EuroRoman
    /EuroRomanOblique
    /ExxPresleySH
    /FencesPlain
    /Fences-Regular
    /FifthAvenue
    /FigurineCrrCB
    /FigurineCrrCBBold
    /FigurineCrrCBBoldItalic
    /FigurineCrrCBItalic
    /FigurineTmsCB
    /FigurineTmsCBBold
    /FigurineTmsCBBoldItalic
    /FigurineTmsCBItalic
    /FillmoreRegular
    /Fitzgerald
    /Flareserif821BT-Roman
    /FleurFordSH
    /Fontdinerdotcom
    /FontdinerdotcomSparkly
    /FootlightMTLight
    /ForefrontBookObliqueSH
    /ForefrontBookSH
    /ForefrontDemiObliqueSH
    /ForefrontDemiSH
    /Fortress
    /FractionsAPlentySH
    /FrakturPlain
    /Franciscan
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FranklinUnic
    /FredFlahertySH
    /Freehand575BT-RegularB
    /Freehand591BT-RegularA
    /FreestyleScript-Regular
    /Frutiger-Roman
    /FTPMultinational
    /FTPMultinational-Bold
    /FujiyamaPSMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-ExtraBlackCondensed
    /FuturaBT-ExtraBlackCondItalic
    /FuturaBT-ExtraBlackItalic
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FuturaBT-MediumCondensed
    /FuturaBT-MediumItalic
    /GabbyGauguinSH
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /Garcia
    /GarryMondrian3LightItalicSH
    /GarryMondrian3LightSH
    /GarryMondrian4BookItalicSH
    /GarryMondrian4BookSH
    /GarryMondrian5SBldItalicSH
    /GarryMondrian5SBldSH
    /GarryMondrian6BoldItalicSH
    /GarryMondrian6BoldSH
    /GarryMondrian7ExtraBoldSH
    /GarryMondrian8UltraSH
    /GarryMondrianCond3LightSH
    /GarryMondrianCond4BookSH
    /GarryMondrianCond5SBldSH
    /GarryMondrianCond6BoldSH
    /GarryMondrianCond7ExtraBoldSH
    /GarryMondrianCond8UltraSH
    /GarryMondrianExpt3LightSH
    /GarryMondrianExpt4BookSH
    /GarryMondrianExpt5SBldSH
    /GarryMondrianExpt6BoldSH
    /GarryMondrianSwashSH
    /Gaslight
    /GatineauPSMT
    /Gautami
    /GDT
    /Geometric231BT-BoldC
    /Geometric231BT-LightC
    /Geometric231BT-RomanC
    /GeometricSlab703BT-Bold
    /GeometricSlab703BT-BoldCond
    /GeometricSlab703BT-BoldItalic
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /GeometricSlab703BT-Medium
    /GeometricSlab703BT-MediumCond
    /GeometricSlab703BT-MediumItalic
    /GeometricSlab703BT-XtraBold
    /GeorgeMelvilleSH
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansBC
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSansCondensed-Bold
    /GillSansCondensed-Regular
    /GillSansExtraBold-Regular
    /GillSans-Italic
    /GillSansLight-Italic
    /GillSansLight-Regular
    /GillSans-Regular
    /GoldMinePlain
    /Gonzo
    /GothicE
    /GothicG
    /GothicI
    /GoudyHandtooledBT-Regular
    /GoudyOldStyle-Bold
    /GoudyOldStyle-BoldItalic
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleExtrabold-Regular
    /GoudyOldStyle-Italic
    /GoudyOldStyle-Regular
    /GoudySansITCbyBT-Bold
    /GoudySansITCbyBT-BoldItalic
    /GoudySansITCbyBT-Medium
    /GoudySansITCbyBT-MediumItalic
    /GraceAdonisSH
    /Graeca
    /Graeca-Bold
    /Graeca-BoldItalic
    /Graeca-Italic
    /Graphos-Bold
    /Graphos-BoldItalic
    /Graphos-Italic
    /Graphos-Regular
    /GreekC
    /GreekS
    /GreekSans
    /GreekSans-Bold
    /GreekSans-BoldOblique
    /GreekSans-Oblique
    /Griffin
    /GrungeUpdate
    /Haettenschweiler
    /HankKhrushchevSH
    /HarlowSolid
    /HarpoonPlain
    /Harrington
    /HeatherRegular
    /Hebraica
    /HeleneHissBlackSH
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HenryPatrickSH
    /Herald
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HogBold-HMK
    /HogBook-HMK
    /HomePlanning
    /HomePlanning2
    /HomewardBoundPSMT
    /Humanist521BT-Bold
    /Humanist521BT-BoldCondensed
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-Roman
    /Humanist521BT-RomanCondensed
    /IBMPCDOS
    /IceAgeD
    /Impact
    /Incised901BT-Bold
    /Incised901BT-Light
    /Incised901BT-Roman
    /Industrial736BT-Italic
    /Informal011BT-Roman
    /InformalRoman-Regular
    /Intrepid
    /IntrepidBold
    /IntrepidOblique
    /Invitation
    /IPAExtras
    /IPAExtras-Bold
    /IPAHighLow
    /IPAHighLow-Bold
    /IPAKiel
    /IPAKiel-Bold
    /IPAKielSeven
    /IPAKielSeven-Bold
    /IPAsans
    /ISOCP
    /ISOCP2
    /ISOCP3
    /ISOCT
    /ISOCT2
    /ISOCT3
    /Italic
    /ItalicC
    /ItalicT
    /JesterRegular
    /Jokerman-Regular
    /JotMedium-HMK
    /JuiceITC-Regular
    /JupiterPSMT
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /KarlaJohnson5CursiveSH
    /KarlaJohnson5RegularSH
    /KarlaJohnson6BoldCursiveSH
    /KarlaJohnson6BoldSH
    /KarlaJohnson7ExtraBoldCursiveSH
    /KarlaJohnson7ExtraBoldSH
    /KarlKhayyamSH
    /Karnack
    /Kartika
    /Kashmir
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KeplerStd-Black
    /KeplerStd-BlackIt
    /KeplerStd-Bold
    /KeplerStd-BoldIt
    /KeplerStd-Italic
    /KeplerStd-Light
    /KeplerStd-LightIt
    /KeplerStd-Medium
    /KeplerStd-MediumIt
    /KeplerStd-Regular
    /KeplerStd-Semibold
    /KeplerStd-SemiboldIt
    /KeystrokeNormal
    /Kidnap
    /KidsPlain
    /Kindergarten
    /KinoMT
    /KissMeKissMeKissMe
    /KoalaPSMT
    /KorinnaITCbyBT-Bold
    /KorinnaITCbyBT-KursivBold
    /KorinnaITCbyBT-KursivRegular
    /KorinnaITCbyBT-Regular
    /KristenITC-Regular
    /Kristin
    /KunstlerScript
    /KyotoSong
    /LainieDaySH
    /LandscapePlanning
    /Lapidary333BT-Bold
    /Lapidary333BT-BoldItalic
    /Lapidary333BT-Italic
    /Lapidary333BT-Roman
    /Latha
    /LatinoPal3LightItalicSH
    /LatinoPal3LightSH
    /LatinoPal4ItalicSH
    /LatinoPal4RomanSH
    /LatinoPal5DemiItalicSH
    /LatinoPal5DemiSH
    /LatinoPal6BoldItalicSH
    /LatinoPal6BoldSH
    /LatinoPal7ExtraBoldSH
    /LatinoPal8BlackSH
    /LatinoPalCond4RomanSH
    /LatinoPalCond5DemiSH
    /LatinoPalCond6BoldSH
    /LatinoPalExptRomanSH
    /LatinoPalSwashSH
    /LatinWidD
    /LatinWide
    /LeeToscanini3LightSH
    /LeeToscanini5RegularSH
    /LeeToscanini7BoldSH
    /LeeToscanini9BlackSH
    /LeeToscaniniInlineSH
    /LetterGothic12PitchBT-Bold
    /LetterGothic12PitchBT-BoldItal
    /LetterGothic12PitchBT-Italic
    /LetterGothic12PitchBT-Roman
    /LetterGothic-Bold
    /LetterGothic-BoldItalic
    /LetterGothic-Italic
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Regular
    /LibrarianRegular
    /LinusPSMT
    /Lithograph-Bold
    /LithographLight
    /LongIsland
    /LubalinGraphMdITCTT
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /LydianCursiveBT-Regular
    /Magneto-Bold
    /Mangal-Regular
    /Map-Symbols
    /MarcusHobbesSH
    /Mariah
    /Marigold
    /MaritaMedium-HMK
    /MaritaScript-HMK
    /Market
    /MartinMaxxieSH
    /MathTypeMed
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /MaudeMeadSH
    /MemorandumPSMT
    /Metro
    /Metrostyle-Bold
    /MetrostyleExtended-Bold
    /MetrostyleExtended-Regular
    /Metrostyle-Regular
    /MicrogrammaD-BoldExte
    /MicrosoftSansSerif
    /MikePicassoSH
    /MiniPicsLilEdibles
    /MiniPicsLilFolks
    /MiniPicsLilStuff
    /MischstabPopanz
    /MisterEarlBT-Regular
    /Mistral
    /ModerneDemi
    /ModerneDemiOblique
    /ModerneOblique
    /ModerneRegular
    /Modern-Regular
    /MonaLisaRecutITC-Normal
    /Monospace821BT-Bold
    /Monospace821BT-BoldItalic
    /Monospace821BT-Italic
    /Monospace821BT-Roman
    /Monotxt
    /MonotypeCorsiva
    /MonotypeSorts
    /MorrisonMedium
    /MorseCode
    /MotorPSMT
    /MSAM10
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MSReference1
    /MSReference2
    /MTEX
    /MTEXB
    /MTEXH
    /MT-Extra
    /MTGU
    /MTGUB
    /MTLS
    /MTLSB
    /MTMI
    /MTMIB
    /MTMIH
    /MTMS
    /MTMSB
    /MTMUB
    /MTMUH
    /MTSY
    /MTSYB
    /MTSYH
    /MT-Symbol
    /MTSYN
    /Music
    /MVBoli
    /MysticalPSMT
    /NagHammadiLS
    /NealCurieRuledSH
    /NealCurieSH
    /NebraskaPSMT
    /Neuropol-Medium
    /NevisonCasD
    /NewMilleniumSchlbkBoldItalicSH
    /NewMilleniumSchlbkBoldSH
    /NewMilleniumSchlbkExptSH
    /NewMilleniumSchlbkItalicSH
    /NewMilleniumSchlbkRomanSH
    /News702BT-Bold
    /News702BT-Italic
    /News702BT-Roman
    /Newton
    /NewZuricaBold
    /NewZuricaItalic
    /NewZuricaRegular
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NigelSadeSH
    /Nirvana
    /NuptialBT-Regular
    /OCRAbyBT-Regular
    /OfficePlanning
    /OldCentury
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OpenSymbol
    /OttawaPSMT
    /OttoMasonSH
    /OzHandicraftBT-Roman
    /OzzieBlack-Italic
    /OzzieBlack-Regular
    /PalatiaBold
    /PalatiaItalic
    /PalatiaRegular
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PalmSpringsPSMT
    /Pamela
    /PanRoman
    /ParadisePSMT
    /ParagonPSMT
    /ParamountBold
    /ParamountItalic
    /ParamountRegular
    /Parchment-Regular
    /ParisianBT-Regular
    /ParkAvenueBT-Regular
    /Patrick
    /Patriot
    /PaulPutnamSH
    /PcEncodingLowerSH
    /PcEncodingSH
    /Pegasus
    /PenguinLightPSMT
    /PennSilvaSH
    /Percival
    /PerfectRegular
    /Pfn2BlackItalic
    /Phantom
    /PhilSimmonsSH
    /Pickwick
    /PipelinePlain
    /Playbill
    /PoorRichard-Regular
    /Poster
    /PosterBodoniBT-Italic
    /PosterBodoniBT-Roman
    /Pristina-Regular
    /Proxy1
    /Proxy2
    /Proxy3
    /Proxy4
    /Proxy5
    /Proxy6
    /Proxy7
    /Proxy8
    /Proxy9
    /Prx1
    /Prx2
    /Prx3
    /Prx4
    /Prx5
    /Prx6
    /Prx7
    /Prx8
    /Prx9
    /Pythagoras
    /Raavi
    /Ranegund
    /Ravie
    /Ribbon131BT-Bold
    /RMTMI
    /RMTMIB
    /RMTMIH
    /RMTMUB
    /RMTMUH
    /RobWebsterExtraBoldSH
    /Rockwell
    /Rockwell-Bold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RomanC
    /RomanD
    /RomanS
    /RomanT
    /Romantic
    /RomanticBold
    /RomanticItalic
    /Sahara
    /SalTintorettoSH
    /SamBarberInitialsSH
    /SamPlimsollSH
    /SansSerif
    /SansSerifBold
    /SansSerifBoldOblique
    /SansSerifOblique
    /Sceptre
    /ScribbleRegular
    /ScriptC
    /ScriptHebrew
    /ScriptS
    /Semaphore
    /SerifaBT-Black
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /Sfn2Bold
    /Sfn3Italic
    /ShelleyAllegroBT-Regular
    /ShelleyVolanteBT-Regular
    /ShellyMarisSH
    /SherwoodRegular
    /ShlomoAleichemSH
    /ShotgunBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SignatureRegular
    /Signboard
    /SignetRoundhandATT-Italic
    /SignetRoundhand-Italic
    /SignLanguage
    /Signs
    /Simplex
    /SissyRomeoSH
    /SlimStravinskySH
    /SnapITC-Regular
    /SnellBT-Bold
    /Socket
    /Sonate
    /SouvenirITCbyBT-Demi
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /SpruceByingtonSH
    /SPSFont1Medium
    /SPSFont2Medium
    /SPSFont3Medium
    /SpsFont4Medium
    /SPSFont4Medium
    /SPSFont5Normal
    /SPSScript
    /SRegular
    /Staccato222BT-Regular
    /StageCoachRegular
    /StandoutRegular
    /StarTrekNextBT-ExtraBold
    /StarTrekNextPiBT-Regular
    /SteamerRegular
    /Stencil
    /StencilBT-Regular
    /Stewardson
    /Stonehenge
    /StopD
    /Storybook
    /Strict
    /Strider-Regular
    /StuyvesantBT-Regular
    /StylusBT
    /StylusRegular
    /SubwayRegular
    /SueVermeer4LightItalicSH
    /SueVermeer4LightSH
    /SueVermeer5MedItalicSH
    /SueVermeer5MediumSH
    /SueVermeer6DemiItalicSH
    /SueVermeer6DemiSH
    /SueVermeer7BoldItalicSH
    /SueVermeer7BoldSH
    /SunYatsenSH
    /SuperFrench
    /SuzanneQuillSH
    /Swiss721-BlackObliqueSWA
    /Swiss721-BlackSWA
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Swiss721BT-Thin
    /Swiss721-LightObliqueSWA
    /Swiss721-LightSWA
    /Swiss911BT-ExtraCompressed
    /Swiss921BT-RegularA
    /Syastro
    /Sylfaen
    /Symap
    /Symath
    /SymbolGreek
    /SymbolGreek-Bold
    /SymbolGreek-BoldItalic
    /SymbolGreek-Italic
    /SymbolGreekP
    /SymbolGreekP-Bold
    /SymbolGreekP-BoldItalic
    /SymbolGreekP-Italic
    /SymbolGreekPMono
    /SymbolMT
    /SymbolProportionalBT-Regular
    /SymbolsAPlentySH
    /Symeteo
    /Symusic
    /Tahoma
    /Tahoma-Bold
    /TahomaItalic
    /TamFlanahanSH
    /Technic
    /TechnicalItalic
    /TechnicalPlain
    /TechnicBold
    /TechnicLite
    /Tekton-Bold
    /Teletype
    /TempsExptBoldSH
    /TempsExptItalicSH
    /TempsExptRomanSH
    /TempsSwashSH
    /TempusSansITC
    /TessHoustonSH
    /TexCatlinObliqueSH
    /TexCatlinSH
    /Thrust
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-ExtraBold
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Oblique
    /Times-Roman
    /Times-Semibold
    /Times-SemiboldItalic
    /TimesUnic-Bold
    /TimesUnic-BoldItalic
    /TimesUnic-Italic
    /TimesUnic-Regular
    /TonyWhiteSH
    /TransCyrillic
    /TransCyrillic-Bold
    /TransCyrillic-BoldItalic
    /TransCyrillic-Italic
    /Transistor
    /Transitional521BT-BoldA
    /Transitional521BT-CursiveA
    /Transitional521BT-RomanA
    /TranslitLS
    /TranslitLS-Bold
    /TranslitLS-BoldItalic
    /TranslitLS-Italic
    /TransRoman
    /TransRoman-Bold
    /TransRoman-BoldItalic
    /TransRoman-Italic
    /TransSlavic
    /TransSlavic-Bold
    /TransSlavic-BoldItalic
    /TransSlavic-Italic
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TribuneBold
    /TribuneItalic
    /TribuneRegular
    /Tristan
    /TrotsLight-HMK
    /TrotsMedium-HMK
    /TubularRegular
    /Tunga-Regular
    /Txt
    /TypoUprightBT-Regular
    /UmbraBT-Regular
    /UmbrellaPSMT
    /UncialLS
    /Unicorn
    /UnicornPSMT
    /Univers
    /UniversalMath1BT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Italic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-CondensedOblique
    /UniversExtended-Bold
    /UniversExtended-BoldItalic
    /UniversExtended-Medium
    /UniversExtended-MediumItalic
    /Univers-Italic
    /UniversityRomanBT-Regular
    /UniversLightCondensed-Italic
    /UniversLightCondensed-Regular
    /Univers-Medium
    /Univers-MediumItalic
    /URWWoodTypD
    /USABlackPSMT
    /USALightPSMT
    /Vagabond
    /Venetian301BT-Demi
    /Venetian301BT-DemiItalic
    /Venetian301BT-Italic
    /Venetian301BT-Roman
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /VinetaBT-Regular
    /Vivaldii
    /VladimirScript
    /VoguePSMT
    /Vrinda
    /WaldoIconsNormalA
    /WaltHarringtonSH
    /Webdings
    /Weiland
    /WesHollidaySH
    /Wingdings-Regular
    /WP-HebrewDavid
    /XavierPlatoSH
    /YuriKaySH
    /ZapfChanceryITCbyBT-Bold
    /ZapfChanceryITCbyBT-Medium
    /ZapfDingbatsITCbyBT-Regular
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZappedChancellorMedItalicSH
    /ZurichBT-BlackExtended
    /ZurichBT-Bold
    /ZurichBT-BoldCondensed
    /ZurichBT-BoldCondensedItalic
    /ZurichBT-BoldItalic
    /ZurichBT-ExtraCondensed
    /ZurichBT-Italic
    /ZurichBT-ItalicCondensed
    /ZurichBT-Light
    /ZurichBT-LightCondensed
    /ZurichBT-Roman
    /ZurichBT-RomanCondensed
    /ZurichBT-RomanExtended
    /ZurichBT-UltraBlackExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


