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Substances of Activated Sludge

Guang-Hui Yu,' Duu-Jong Lee,” Pin-Jing He,' Li-Ming Shao,' and Juin-Yih Lai’
'College of Environmental Science & Engineering, Key Laboratory of Yangtze River Water
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2Department of Chemical Engineering, National Taiwan University, Taipei, Taiwan
3Center of Membrane Technology, Department of Chemical Engineering, Chung Yuan Christian
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The soluble microbial products (SMP) and extracellular
polymeric substances (EPS) significantly affect fouling in
membrane filtration. This work filtered SMP and fractionated
EPS of activated sludge using a 0.45mm filter membrane. The
fluorescently labeled stains and confocol laser scanning microscopy
(CLSM) images in situ visualized the distributions of proteins,
a-polysaccharides, B-polysaccharides, lipids, total cells, and dead
cells of different EPS fractions in the fouling layers. The role of
individual SMP and fractionated EPS fractions on membrane
fouling was discussed.

Keywords confocal laser scanning microscopy; extracellular
polymeric substances; filterability; fluorescence
staining; sludge

INTRODUCTION

Membrane separation presents a widely adopted
nonthermal dehydration means in chemical and pharma-
ceutical industries (1-4). Fast filtration with minimum
irreversible membrane fouling is desired (5-15). Membrane
fouling results in flux decline and increases pressure drop
across the membrane (16,17). Reviews for membrane
fouling are available in (16,18-23).

The soluble microbial products (SMP), extracellular
polymeric substances (EPS), and biopolymer -clusters
(BPC) play a crucial role in membrane fouling (24-27).
Wisniewski and Grasmick (28) claimed that soluble
constituents in mixed liquor contributed >52% of the
total resistance of membrane filtration. Bouhabila et al.
(29) reported that the colloids fraction was the major
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foulant on membrane. Defrance et al. (30) noted that
the suspended solids are the key foulant of MBR.
Bouhabila et al. (31) concluded that the colloids are the
main foulant of membrane. Protein and polysaccharides
have been identified as the major organic foulants
(32-35). Ramesh et al. (36,37) revealed the potentials of
individual components in EPS to foul the MBR
membrane.

The characteristics of EPS of sludge suspensions play a
predominant role in determining sludge dewaterability
(38,39). The total quantity of EPS (40) and the quantities
of proteins (41) or polysaccharides (42) affect sludge
dewaterability. Yu et al. (38) developed an EPS fraction-
ation approach and demonstrated that the proteins and
the proteins/polysaccharides ratio in the supernatant and
slime fractions, which were usually decanted due to their
assumed lower content of organic matters, markedly
impact sludge dewaterability. Direct observation of the
deposit patterns of each component of the EPS provides
in-depth understanding on how the membrane should
interact with those organic substances (43).

This study first fractionated the total EPS of activated
sludge into supernatant, slime, loosely bound-EPS
(LB-EPS), and tightly bound-EPS (TB-EPS) fractions
using approaches refined from that used by Yu et al.
(38). The acquired EPS fractions after removal of cells were
individually filtered using MF membrane in dead-end
mode. The objectives of this study were

i. to apply the fluorescently labeled stains combining
with CLSM images to in situ visualize the distri-
bution patterns of proteins, a-polysaccharides,
B-polysaccharides, lipids, total cells and dead cells of
different EPS fractions in the fouling layers on the
filter membranes, and

ii. to identify the predominant EPS compounds that
determine sludge filterability.
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MATERIALS AND METHODS
Samples

An excess activated sludge sample was collected from a
wastewater treatment plant in the Uni-President Corp.,
Taiwan. This plant treats 250m’ of food-processing
wastewater daily using primary, secondary, and tertiary
treatments. The sludge pH was approximately 6.8. The
chemical oxygen demand (COD) of the sludge was about
9600mg1~", determined by a spectrometer (DR /2000;
HACH, USA). The elemental composition of the dried
samples was, according to an elemental analyzer (Perkin-
Elmer 2400 CHN; Perkin-Elmer, country), as follows: C,
35%; H, 6%; and, N, 5%.

The supernatant was collected after the samples settled
for 1.5h at 4°C. The sediment was re-suspended to the
original volume using phosphate-buffered saline (PBS)
(pH 7.2) and then centrifuged at 2000xg for 15min. The
bulk solution was acquired as slime, representing the part
that can be removed by weak centrifugation. The bottom
sediment was collected and re-suspended to its original vol-
ume using the PBS buffer solution. The suspension was
then centrifuged again at 5000x g for 15 min. The bulk sol-
ution and sediment were collected separately; the organic
matter in the bulk solution was designated the LB-EPS
fraction. The sediment collected was re-suspended again
with the aforementioned PBS solution to its original vol-
ume and extracted using ultrasound at 20 kHz and 130 W
for 30 min. The extracted solutions were then centrifuged
at 20,000x g for 20 min. The organic matter in the bulk sol-
ution was termed TB-EPS. Each of the EPS fractions were
filtered with Whatman #1 filter papers to remove the par-
ticulates, principally the pin flocs in the supernatant, slime,
LB-EPS, and TB-EPS fractions.

Dead-end membrane filtration tests on the obtained
supernatant, slime, LB-EPS, and TB-EPS fractions were
conducted at 30cmHg vacuum using a 0.45-pm mixed
cellulose and ester membrane (Advantec MFS, Inc., CA).
The membrane and the deposit layer were carefully
removed from the filtration chamber under fully hydrated
conditions for further processing.

Fluorescent Staining and CLSM Imaging

SYTO 63 (20 uM, 100 pl) was first added to the sample
that was placed on a shaker table for 30min. Then,
0.1 mol NaHCO; buffer (100 ul) was added to maintain
the solution at pH 9, followed by adding an FITC solution
(10g17", 10 ul), and the mixture stirred for 1 h. Next, a Con
A solution (250 mg 17!, 100 pl) was added to the sample for
another 30 min, followed by Calcofluor White (300mg1~",
100 ul) for 30min, then a Nile Red solution (10mgl™',
60 pl) for 10 min. As for each of the above-mentioned five
staining stages, the sample was washed twice with the
PBS solution to remove the extra stain. Finally, an SYTOX

Blue solution (2.5uM, 100ul) was incubated with the
sample for 10 min.

The stained samples were embedded for cryosectioning
and were frozen at—20°C. The 30 um sections were cut
on a cryomicrotome (Cyrotome E, Thermo Shandon
Limited, UK) and mounted onto the gelatin-coated (0.1%
gelatin and 0.01% chromium potassium sulfate) micro-
scopic slides for CLSM (Leica TCS SP2 confocal spectral
microscope imaging system, Germany) observation. The
samples were imaged with a x 10 objective and analyzed
with the Leica confocal software.

Fluorescent EEM Analysis

The fluorescence excitation emission matrix (EEM)
spectra of the different EPS fractions were conducted
according to the procedure of Lii et al. (44). The filtered
EPS fractions were further diluted to DOC less than
10mg 17! to ensure that the maximum fluorescence signal
would not exceed 90% of the maximum set with the high
level detection limit. Fluorescence EEM were measured
on a Varian Eclipse fluorescence spectrophotometer in scan
mode. EEM spectra were gathered with scanning emission
(Em) spectra from 250 to 600nm at 2nm increments by
varying the excitation (Ex) wavelength from 200 to
500nm at 10 nm increments. The spectra were recorded at
a scan rate of 1200 nm/min, using excitation and emission
slit bandwidths of 5 nm. The voltage of the photomultiplier
tube (PMT) was set to 800V for low level light detection.
Each scan was composed of 171 emission and 31 excitation
wavelengths. The EEM of a control Milli-Q water was sub-
tracted from each of the collected EEM.

The fluorescence regional integration (FRI) proposed by
Chen et al. (45), a quantitative technique that integrates the
volume beneath an EEM, was applied to characterize
the nature of organic matters in different EPS fractions.
The regions I, II, and IV in EEM spectra represent the
tyrosine-like, tryptophan-like, and soluble microbial
by-product (SMP)-like materials, respectively. The regions
IIT and V are attributable to fulvic acid-like and humic
acid-like substances.

Analytical Methods

All chemical analyses on samples were carried out in
duplicate using chemicals of analytical grade. The quantity
of proteins was determined by the modified Lowry method
(46), using casein (Shanghai Sangon Biotechnology Co.,
Ltd, China) as the standard. The quantity of polysac-
charides was measured by the Anthrone method (47), with
glucose as the standard. The supernatant of sludge, after
being filtered with 0.45-pm mixed cellulose and ester mem-
brane (Advantec MFS, Inc., CA) was measured for DOC
by a TOC/TN analyzer (multi N/C 3000, Analytik Jena
AG, Germany).
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RESULTS AND DISCUSSION
Proteins and Polysaccharides of Different EPS Fractions
The contents of proteins and polysaccharides were pre-
sented in Fig. 1. It was noted that protein was predominant
when compared with PS in sludge flocs. Proteins and
polysaccharides were presented principally in the TB-EPS
fraction (27 + 1 mgl~' versus 7.2+0.4mgl™"), few in the
supernatant (6.7 +0.6mgl™" versus 0.4 +0mgl™"), slime
(6.4+0.5mgl™" versus 0.8+0.4mgl™"), LB-EPS (6.7 +
0.1mgl~! versus 1.4+0.4mgl™"). Therefore, a majority
of the proteins and polysaccharides (>58%) distributed in
the TB-EPS fraction, with the remainder (<42%) presented
in the other three EPS fractions.
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FIG. 2. EEM contour (a) and FRI analysis (b) of different EPS fractions.
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FRI Analysis of Extracted EPS Fractions

The EEM contours of different EPS fractions revealed
four major peaks for the supernatant and slime fractions,
whereas only two peaks were noted in the LB—EPS and
TB-EPS fractions (Fig. 2a). More humin-like substances
and less protein-like substances were found in the super-
natant and slime fractions than in the LB-EPS and TB-EPS
fractions.

The FRI analysis determined that the supernatant and
slime fractions had a similar but at different magnitudes
FRI distributions (Fig. 2b). The humin-like substances
(Region V) most contributed to the EEM spectra for these
two EPS fractions, (41 —42%), followed by fulvic-like sub-
stances (30 — 31%, Region IIT), SMP substances (11 — 12%,
Region 1V), tryptophan (10%, Region II), and tyrosine
(6 — 7%, Region I). Restated, the organic matters in the

Proteins

Fluorescence intensity
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FIG. 3.
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CLSM side-view images of 30-um cryosections cutting from supernatant deposit layer on filter membrane with a 10 x objective lens. Distribu-

tions of intensity alone the indicated line were shown in lower panel. Note that the left and right regions on the broken line represent the initial (compact)
deposit layer and the incompact deposit layer. Error bars indicate the standard deviations of five samples. [Top panel: left, proteins; middle,
a-polysaccharides; right, B-polysaccharides. Bottom panel: left, lipids; middle, total cells; right, dead cells.]
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supernatant and slime fractions possessed a high degree of
humification.

As for the LB-EPS fraction, however, it possessed the
highest tyrosine-like (15%, Region I) and tryptophan-like
(18%, Region II) signals among the four tested EPS frac-
tions. Each of the protein-like (Region I, II, and IV) and
the humin-like (Region III, and V) compounds provide
about 50% of total FRI signals.

The TB-EPS fraction had a distinct FRI distribution
pattern from the other three EPS fractions. The TB-EPS
fraction showed the highest percentage (32%) of SMP sub-
stances (Region 1V) and the lowest percentage (19%) of
fulvic-like substances (Region III) among the tested EPS
fractions. Meanwhile, protein-like substances (Region I,
I1, and IV) slightly enriched (57%) over that for humin-like
(Region III and V) substances.

Proteins
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FIG. 4. CLSM side-view images of 30-um cryosections cutting from slime deposit layer on filter membrane with a 10 x objective lens. Distributions of
intensity alone the indicated line were shown in lower panel. Note that the left and right regions on the broken line represent the initial (compact) deposit
layer and the incompact deposit layer. Error bars indicate the standard deviations of five samples. [Top panel: left, proteins; middle, a-polysaccharides;
right, B-polysaccharides. Bottom panel: left, lipids; middle, total cells; right, dead cells.]
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The FRI analysis revealed the similarities and differ-
ences among the different EPS fractions. The protein-like
substances were enriched and the humin-like substances
diminished when the EPS became cell-bound.

Vertical Distributions of Different EPS Fractions in
Deposit Layers

CLSM side-view images in microtome of different EPS
fractions and corresponding fluorescence intensity were
illustrated in Figs. 3—6. The thickness of the deposit layers

was about 18 pum for supernatant and slime, only 13 um for
LB-EPS, but up to 85um for TB-EPS. The very deep
deposit layer of TB-EPS could be attributable to its high
proteins content as revealed by chemical analysis and
FRI analysis (Figs. 1 and 2). The homogeneous structure
of the deposit layers was observed in all the deposit layers
of different EPS fractions.

In the dead-end filtration test of all the tested EPS
fractions, the vertical distribution of deposit layers obvi-
ously showed a two-phase characteristic, i.e., the initial
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FIG. 5. CLSM side-view images of 30-um cryosections cutting from LB-EPS deposit layer on filter membrane with a 10 x objective lens. Distributions
of intensity alone the indicated line were shown in lower panel. Note that the left and right regions on the broken line represent the initial (compact)
deposit layer and the incompact deposit layer. Error bars indicate the standard deviations of five samples. [Top panel: left, proteins; middle,
a-polysaccharides; right, B-polysaccharides. Bottom panel: left, lipids; middle, total cells; right, dead cells.]
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FIG. 6. CLSM side-view images of 30-um cryosections cutting from TB-EPS deposit layer on filter membrane with a 10 x objective lens. Distributions
of intensity alone the indicated line were shown in lower panel. Note that the left and right regions on the broken line represent the initial (compact)
deposit layer and the incompact deposit layer. Error bars indicate the standard deviations of five samples. [Top panel: left, proteins; middle,
a-polysaccharides; right, B-polysaccharides. Bottom panel: left, lipids; middle, total cells; right, dead cells.]

compact layer and the subsequent deposit layer. However,
the interface distance to the membrane surface between the
two layers was different. Specifically, the interface was
11 pum, 6 um, 5pum, and 50 um near the membrane surface
(x=0) for the supernatant, slime, LB-EPS, and TB-EPS,
respectively.

In the initial compact layer of the supernatant, the fluores-
cence intensities of proteins, a-polysaccharides, lipids, and
total DNA increased with the vertical distance while the
corresponding intensities for B-polysaccharides decreased

slightly. On the interface, the intensities of proteins,
a-polysaccharides, and lipids were about 4.6, 11, and 2.3
times higher than those at the membrane surface, respectively,
suggesting that proteins, a-polysaccharides, and lipids could
pass through the membrane at the beginning of filtration
while the accumulation occurred with the proceed of fil-
tration. In the subsequent deposit layer of the supernatant,
however, all the fluorescence intensities of these EPS decrea-
sed gradually or leveled off (i.e., B-polysaccharides). As for
dead cells, they changed slightly in the whole layer.
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As for the slime deposit layer, the trends of fluorescence
intensities of EPS were similar to those of the supernatant.
Specifically, proteins and lipids increased about 3.3 and
1.8 times on the interface respectively while the corres-
ponding intensities for B-polysaccharides decreased slightly.
However, the fluorescence intensities of a-polysaccharides
increased slightly (only by one fold). In the subsequent
deposit layer of slime, all the fluorescence intensities of
these EPS decreased gradually.

As for the LB-EPS deposit layer, the trends of the fluor-
escence intensities of EPS were also the same to those of
supernatant and slime. Proteins, a-polysaccharides, and
lipids were about 8.2, 3.4, and 3.9 times higher than those
at the membrane surface respectively, while the corre-
sponding intensities for B-polysaccharides changed slightly.
In the subsequent deposit layer of LB-EPS, almost all the
fluorescence intensities of these EPS decreased gradually,
except that B-polysaccharides seemed to have increased
slightly.

As for the TB-EPS deposit layer, the trends of the
fluorescence intensities of EPS were similar to those of
the supernatant, the slime, and the LB-EPS. Proteins,
a-polysaccharides, and lipids were about 5.3, 3.3, and 4.5

00 fm

100 gm

times higher than those at the membrane surface
respectively, while the corresponding intensities for
B-polysaccharides decreased slightly. In the subsequent
deposit layer of TB-EPS, all the fluorescence intensities of
these EPS decreased gradually.

CLSM Images of EPS Fraction above the Membrane

Since the formed deposit layers of supernatant, slime,
and LB-EPS were too thin to cryosection from the
membrane surface, only CLSM images in microtome of
TB-EPS deposit layer above the membrane surface were
shown in Fig. 7. It seemed that proteins, a-polysaccharides,
lipids, and total cells formed a continuous deposit layer,
while B-polysaccharides and the dead cells were aggregated
into clusters. Restated, proteins formed a more dense con-
tinuous deposit layer than a-polysaccharides, lipids, and
total cells.

Proteins and polysaccharides were predominantly dis-
tributed in the TB-EPS fraction, few in the other fractions,
suggesting that sludge flocs were typical and comparable to
other investigations. With increase in shear force, the EPS
fractions showed more protein-like and less humin-like
substances. The trend of protein-like substances was

100 ;,—,‘

l_lD"w'rv |

FIG. 7. CLSM images of microtome of TB-EPS deposit layer. [Top panel: left, proteins; middle, a-polysaccharides; right, B-polysaccharides. Bottom

panel: left, lipids; middle, total cells; right, dead cells.]
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supported by the chemical analysis (Fig. 1). The EEM con-
tour and its FRI analysis clearly revealed the similarities
and differences among the different EPS fractions. Ramesh
et al. (36,37) investigated the SMP, LB-EPS, and TB-EPS
of wastewater sludge by Fourier transform infrared spectra
and found that they were markedly different. Tsai et al.
(48) indicated that LB-EPS exhibited similar but not
identical characteristics with SMP and behaved signifi-
cantly differently from TB-EPS based on size exclusion
chromatography and EEM fingerprint.

The vertical distribution of EPS in the deposit layer
revealed that the two-phase characteristics existed, i.e., the
initial compact layer and the subsequent deposit layer.
The bottom layers were considerably more compact than
the top deposit layer. Presumably the initial deposit layer
has been compacted by the subsequent deposit layers.

Different EPS fractions had a different influence on the
filterability. In the supernatant, LB-EPS and TB-EPS
fractions, proteins, a-polysaccharides, and lipids affected
the filterability. In the slime fraction, however, proteins
and lipids rather than a-polysaccharides affected the filter-
ability. Meanwhile, proteins had a greater impact than
lipids on the filterability in all of the EPS fractions. It
was also observed that p-polysaccharides were first
deposited on the membrane surface. However, it was not
accumulated but passed through the membrane, suggesting
that B-polysaccharides had no effects on the filterability.

CONCLUSIONS

The EEM contour and FRI analysis revealed the simila-
rities and differences among different EPS fractions
extracted from activated sludge, particularly on the filter-
ability and the fouling layer on a membrane. The FRI dis-
tribution pattern of the supernatant fraction was similar to
that of the slime fraction, but was different from that of the
LB-EPS and TB-EPS fractions. Protein-like substances
were enriched, while the humin-like substances were
diminished in the cell-bound fractions.

The different EPS fractions affect differently on the
membrane filterability. In the supernatant, LB-EPS,
and TB-EPS fractions, the quantities of proteins,
a-polysaccharides, and lipids significantly influenced the
membrane filterability. In the slime fraction, both proteins
and lipids rather than a-polysaccharides affected the filter-
ability. Meanwhile, proteins had a greater impact on the
filterability than lipids in all EPS fractions. The
B-polysaccharides in all the EPS fractions were not accu-
mulated with filtration, suggesting that B-polysaccharides
had no effects on filterability.
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