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Introduction

Sewage sludge is an unavoidable by-product in

wastewater treatment plants (WWTPs). Since sludge cake

after mechanical dewatering process has high moisture

content of 80% (w/w) (Liu 2013; Zhang 2013), it

is the main obstacle in further disposal. Therefore, reduction

of moisture content in sewage sludge is important during

sludge treatment.

Water in sewage sludge is always classified into free

water, interstitial water, vicinal water and intracellular water

(Vesilind, 1994). However, till now no accurate quantitative

measure have been taken to distinguish these four kinds of

moisture. Also a simple classification method is used to

divide the moisture into bound water and free water

(Erdincler and Vesilind, 2000). Majority of free water can be

et al., et al.,

separated from sludge by solid-liquid separation

condensation and mechanical dewatering process, while

bound water bonds with sludge flocs is hard to be removed by

conventional mechanical dewatering processes (Nomura

2007; Jin 2004). Bound water existing in sludge is

closely linked to the extracellular polymeric substances

(EPS), produced by mixed microbial community in

consumption of organic matters in waste water (Ni

2009;Wei 2012).

As a kind of insoluble organic matter on sludge

bacterial cell surface, EPS is the third largest category

composition of activated sludge material, except water and

cells (Yu 2008; Houghton 2001), which accounts

for almost 50% to 90% of total organic matter in the activated

sludge (Urbain 1993). Polysaccharide and proteins

(70%-80%) are the major constituents of EPS, (Dignac

et

al., et al.,

et al.,

et al.,

et al., et al.,

et al.,

et al.,
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Extracellular polymer substance (EPS) is an important substance in sludge dewatering process and

can be divided into slime, loosely bound EPS(LB-EPS) and tightly bound EPS(TB-EPS). The

major components in different EPS layers in mechanical dewatered sludge (sample D) and sludge

from thickening tank (sample U) were analyzed in the study. Results showed that, for all sludge

samples, protein content in slime was much higher than that in LB-EPS and TB-EPS. In addition,

from the results of total EPS content in four sludge samples (U: 98.68 mg gvss , US (sample

U+SDS): 135.27 mg gvss , D:138.16 mg gvss , DS:211.21 mg gvss ), it was found that sodium

dodecyl sulfate (SDS) extracted more EPS content from sludge, which proved that SDS might

cause substantial release of EPS, especially PN from sludge. Increase PS content in LB-EPS, and

TB-EPS as addition of SDS, implied sensibility of cells in sludge to SDS. Differential Scanning

Calorimetry found that bound water proportion in four different sludge samples ranged as follows

: as D>DS>US>U.
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Results from other analytical techniques,such as FTIR and NMR, were also

given the supported proof for the distribution changes of EPS and bound water.
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1998; Houghton and Stephenson, 2002) although nucleic

acids(DNA) also exist in EPS (Zhang 1999). In the

meantime, small quantities of deoxyribonucleic acids (DNA)

which has been released from dead cells can be detected in

EPS, too (Liu and Fang, 2002).

EPS are biopolymers of microbial origin embedding

in biofilm microorganisms and have a macromolecular

“honeycomb” structure (Flemming 2007), which are

helpful in stabilizing the floc structure and promoting water

retention capacity of the sludge (Keiding 2001) by

reason of presence of water-swellable EPS with polymeric

components such as protein and polysaccharide (Jin

2004). So EPS have extreme hydration and may contain up to

95% of moisture, including bound water mentioned above.

And any changes in EPS may affect the solid-liquid

separation, which includes occulation (Frølund 1996;

Liu et al., 2001), settling and dewatering process (Neyens

2004; Li and Yang, 2007).

EPS in sludge can be classified into soluble EPS

(slime EPS,SEPS), loosely bound EPS (LB-EPS) and tightly

bound EPS (TB-EPS) depending on the degree of integration

of organic sludge with cell phase (Poxon and Darby,1997;

Frølund 1995). Different fractions of EPS in activated

sludge and excess sludge has been studied but few researches

have paid attention to different EPS fractions in mechanical

dewatering sludge.

In the present study, composition of different EPS

fractions extracted from two kinds of sludge including

mechanical dewatered sludge and thickening tank sludge

were studied. Comparing the EPS characters with moisture

contribution of sludge, tentative analysis of hydrophilic of

sludge was conducted based on its EPS distribution

characteristics. Since surfactant can improve the

performance of the sludge dewatering (Ambily and Jisha,

2014; Yuan and Yang, 2003), the enzymatic hydrolysis of

excess sludge was greatly improved by sodium dodecyl

sulfate (SDS) with optimal dosage of 0.1g g dried sludge

(Yu 2011). The composition of different EPS fractions

and water distribution of sludge added SDS were also

investigated in the study.

The sludge sample was taken from a

wastewater treatment plant in Dalian, China, with

wastewater treatment capacity of 80,000 m d . All the sludge

samples were wrapped in plastic bags and kept in a

refrigerator under 4±1ºC. The experiments were completed

within 3 days. The total solid (TS) of sludge from thickening

tank (sample U) and mechanical dewatered sludge (sample

D, dosage of CPAM was 3 kg per ton solid as belt press

et al.,

et al.,

et al.,

et al.,

et al.,

et

al.,

et al.,

et al.,

-1

3    -1

Materials and Methods

Sludge samples :

dewatering) was 12.44% and 15.19%. The volatile

suspended solid (VSS) of sample U and D were 9.03% and

11.51%. Added (0.10 g g dried sludge) SDS SDS (Sodium

Dodecyl Sulphate) to sample U and sample D and named

them as US and DS. During addition of SDS, sample US and

DS were stirred for 10 min with stirring intensity of 100 r min

, followed by standing for 60 min.

Centrifugation and ultrasound were used to

multi-extract three fractions of EPS (Yu 2009) and the

extraction process is shown in Fig.1. The buffer solution

(pH7) consists of Na PO4, NaH PO , NaCl and KCl with

molar ratio of 2:4:9:1 (Frølund 1995).

Polysaccharide content

in EPS was measured by anthrone sulfuric acid method

(Frølund 1996) with glucose as standard. Extracted

protein from sludge in was measured by Lowry's method ( ).

The DNA content was measured by diphenylamine

colorimetric method with calf thymus DNA (Beijing

Solarbio Science and Technology Co., Ltd, China) as

standard.

FTIR (Tensor27, BRUKER OPTICS, Germany) was

used to analyze the changes of organic functional groups in

EPS extracted from all the four sludge samples. The samples

preparation process was described as follows: First by sludge

filtrate was dried at 45-55 ºC with infrared light, and then 0.5

to 1 mg of sample was added for every 100 mg fine potassium

bromide, finally the mixture was to proper thickness and was

-1

-

1

EPS extraction :

Physico-chemical analysis of EPS :

et al.,

et al.,

et al.,

3 2 4
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40 ml sludge sample

sediments

Centrifuge at

2000 g for 15min

After re-suspend sediments to

40 ml  in buffer solution,

centriguge at 5000g for 15min

Slime EPS

sediments

After re-suspend sediments to 40ml

in buffer solution, extracted by

ultrasonication at 20kHz and 250W

for 20min and then centriguge at

20000g for 20min

LB-EPS

supernatant
TB-EPS

*:polytetrafluoroethylene

Extraction process for different EPS fractionsFig. 1 :

0.45 m PFE*�

0.45 m PFE*�

supernatant

0.45 m PFE*�

supernatant
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Fig. 3 : The contents of EPS fractions extracted from different sludge

samples
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measured FTIR spectrometer. Differential scanning

calorimetry (DSC822, Mettler Toledo USA) equipped with

cooling device was used to measure the bound water in

sludge samples. The analytical process was carried out as

follows. Sludge samples (5mg and 10mg) were put in

crucibles for testing. Thermos grams were recorded under

Nitrogen atmosphere from -40 to 30 ºC at a heating rate of 5K

min .

Water distribution in these four sludge samples were

investigated by low field NMR. The top 5 g of the sludge

samples were placed in sealed NMR tubes (25 mm diameter).

The LF-NMR data was generated using a MicroMR20-025V

NMR spectrometer (NIUMAG Corporation Suzhou, China)

with magnetic field strength of 0.43 Tesla, a resonance

frequency for protons of 18.165 MHz and magnet

temperature is 32°C. Transverse measurements (T2) were

conducted using the Carr–Purcell–Meiboom–Gill method

(Meiboom and Gill.,1958). Measurements were obtained

using T value of 70 s and relaxation delay of 5 sec. Each

measurement was the result of 4 scan repetitions. Three

measurements were carried out on each sample. Data were

analyzed by applying multi-exponential fitting of T2

relaxation data using NMR Analysis System software

(NIUMAG Corporation Suzhou, China).

The results in Fig. 2 indicates that polysaccharide and

protein were predominant organic matters in EPS, which

provided a convenient way to compare the efficient of EPS

extraction with data from other researches. The total EPS

content of sample U (sludge from thickening tank) was about

98.69 g g vss. The results from Min Huo showed that total

EPS content of sludge from thickening pond was 63.88 mg g

vss Huo (2014), Higher EPS content of sludge samples

in the present study were caused by death and lyses of

heterotrophic bacteria and release of intracellular materials

such as protein, polysaccharide and DNA. It was found that

protein was most abundant in EPS extracted from sludge,

which was much more prevalent than polysaccharide and

DNA. Protein of total EPS extracted from four sludge

samples ranged from 8.19 3.14g gvss to 169.79 2.93g gvss

, polysaccharide ranged from 13.01 0.75g gvss to

28.54 2.52g gvss and DNA ranged from 3.7 0.4g gvss to

12.88 0.42g gvss , which had similar compositions of EPS

extracted from anaerobic digestion of food waste (Lü

2015). Protein, polysaccharide and DNA content proved that

carbohydrates were dominant in EPS of pure cultures and

proteins were the dominant constituent of EPS in mixed

culture system (Lü 2013).

All the three components in EPS extracted from

sludge increase significantly on adding SDS, which might be

-1

-1

-1

-1 -

1 -1

-1 -1

-1

�

Results and Discussion

et al.

et al.,

et al.,

due to the following reasons: A strong protein denaturant,

anionic SDS might lead to irreversible conformational

changes and denaturation of proteins. Interaction between

SDS and lipid-membrane protein might lead to release of

intracellular materials and cell lysis, evidenced by significant

rise in DNA contents (Wang 2014). The ratio values of

PN/polysaccharide of samples U, D, US and DS were 6.30,

10.82, 3.61 and 5.95, respectively, which implied rapid

increase of polysaccharide content as SDS was added. The

phenomena also could be illustrated in contents distribution

of slime, LB-EPS and TB-EPS of these four sludge samples,

as summarized in Fig.3.

The results showed that protein content in slime of

sample U, D, US and DS were 35.46 1.48, 47.14 0.52,

et al.,

Extraction of EPS from sewage sludge
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g
 g

v
ss

-1



On
lin

e C
op

y

Journal of Environmental Biology, March 2016

67.94 3.69 and 94.58 1.04 mg g vss, respectively, which

accounted for 43.25%, 40.25%, 68.64% and 55.70% of the

total protein content in EPS. The results is not in agreement

with the results of few previous studies that majority of

protein present in TB-EPS of sludge granule (Zhu

2015; Sheng 2010; Yu 2009). Reason for less

protein in LB-EPS and TB-EPS fractions was due to breaking

of sludge and release of SEPS, protein transferred from pellet

to outer fractions. The soluble protein / polysaccharide of

four samples U, D, US and DS were 5.95, 8.17, 3.67 and 3.69,

respectively. Since increase in protein in slime could result in

deterioration of sludge dewaterability (Shao 2009),

while lower protein/polysaccharide ratio in EPS led to poor

cell surface hydrophobicity and decreased flocculating

ability of the sludge (Chen 2010), addition of SDS was

not beneficial to sludge settle ability. In both TB-EPS and

LB-EPS, protein was still the predominant component due to

presence of exoenzymes (Li and Yang, 2007).

As shown in Fig. 2, the protein and DNA contents of

slime, LB-EPS and TB-EPS from sample U were lower than

those from sample D. Increase in protein and DNA in sample

D was caused by death and lyses of heterotrophic bacteria and

release of intracellular materials such as protein and DNA,

whereas an opposite results was obtained for PS contents due

to decomposition of carbohydrate. Content difference

between sample U and D was addition of floc agent CPAM.

So it could be deduced that CPAM might destroy the

colloidal stability of floc and release the intracellular

substance and TB-EPS into LB-EPS and slime-EPS.

When SDS was added to sludge samples, with dosage

of 0.1g SDS per dried sludge, the protein/polysaccharide

ratio in LB-EPS and TB-EPS for sample U decreased from

7.58 to 4.18 and from 5.87 to 2.95, respectively. Meanwhile,

protein/polysaccharide ratio for sample D in LB-EPS

decreased from 18.08 to 12.40. A remarkable decrease of

protein/polysaccharide values with addition of SDS was

attributed to rapid increase of PS content. This could be

interpreted that the bacteria stimulated by SDS may produce

exopolysaccharides to protect them against invasion of SDS.

While other reason for reduction of protein content in LB-

EPS and TB-EPS is that majority of protein transfered from

LB-EPS and TB-EPS to slime fraction. One exception was

that very low polysaccharide content in TB-EPS in sample

DS was detected due to transformation of PS in TB-EPS to

LB-EPS (Abbasi and Amiri, 2008).

The EPS extracted from four kinds of sludge (e.g.,

thickened sludge, dewatered sludge and sludge with SDS)

also had diverse components, as characterized by FTIR

spectra below. The FTIR spectra of extracted EPS from four

sludge samples are shown in Fig. 4 and 5.

-1

et al.,

et al., et al.,

et al.,

et al.,
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Location of indicator bands, corresponding vibration

and assignment to main functional groups and components

that exist in extracted EPS are listed in Table 1 (Smidt and

Meissl, 2007).

As shown in Table 1, the broadest absorption bands of

each kind of EPS in Fig.4 and Fig.5 were in the region of

3700-3400 cm , which was formed by stretching vibration of

O-H. Weak absorption bands at 1685-1630 cm and 1350-

1250 cm were related to stretching vibration of C=O and C-

N present in the protein group (Zheng, 2007; Xie

-1

-1

-1

et al., et al.,

2014). The peak at 1394 cm was assigned to CH /CH

symmetric stretching (Wang 2012). The bands at 1150-

1030 cm were attributed to C-O-C stretching vibrations in

polysaccharides. The peaks located at <1000 cm were

fingerprint area, which were related to sulfur and

phosphorous groups (Alvarado 2006).

From the FI-IR spectra of extracted EPS in Fig.4 and

Fig. 5, iEPS in sludge contains many kinds of functional

groups, like hydroxyl, which absorbs lot of bound water

(Nevens , 2004). Destruction of cells in sludge is helpful

-1

-1

-1

2 3

et al.,

et al.,

et al.

Extraction of EPS from sewage sludge

4000 3500 3000 2500 2000 1500 1000 500

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

su
lf

u
r,

 p
h
o
sp

h
o
ru

s 
g
ro

u
p
s

p
o
ly

sa
cc

h
ar

id
es

p
o
ly

sa
cc

h
ar

id
es

C
=

O
 s

tr
et

ch
in

g

A
m

id
e 

I

O
-H

 s
tr

et
ch

in
g

U-slime

U-LB

U-TB

D-slime

D-LB

D-TB

T

wave number (cm )
-1

4000 3500 3000 2500 2000 1500 1000 500

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

su
lf

u
r,

 p
h
o
sp

h
o
ru

s 
g
ro

u
p
s

p
o
ly

sa
cc

h
ar

id
es

p
o
ly

sa
cc

h
ar

id
es

C
=

O
 s

tr
et

ch
in

g

A
m

id
e 

I

O
-H

 s
tr

et
ch

in
g

US-slime

US-LB

US-TB

DS-slime

DS-LB

DS-TB

T

wave number (cm )
-1

FTIR spectra contrast of different EPS from sludge samplesFig. 5 :

(b) Samples of US and DS(a) Samples of U and D



On
lin

e C
op

y

Journal of Environmental Biology, March 2016

in improving sludge dewaterability since bound water in cells

can be released and become free water. Water distribution in

these four sludge samples were investigated by Differential

Scanning Calorimeter (Vaxelaire and Cézac. 2004). Since

the bound water does not freeze under -40ºC, the free water

content could be calculated by the released heat during the

process. The total water content of sludge sample were tested

under 105 ºC for 48 hours. The D-value of total water and free

water was bound water, and was expressed by the following

equation:

WB=WT- H/ H

where, WB represents the bound water content, g g (per

gram dried sludge); WT is the total water content, g g ; H is

endoergic value of sludge sample, kJ kg ; H is standard

melting heat of ice (334.7kJ kg ).

Table 2 shows bound water proportion in four

different sludge samples in the following order : D>DS>

US>U. The difference between sludge sample D and U

explained that additives of CPAM promote the sludge

flocculate and free water release. Moreover, as a kind of

anionic surfactants, SDS can also release a litter amount of

� �

�
�

0

0

-1

-1

-1

-1

free water which can be seen clearly from endothermic peaks

of four samples (Fig. 6). Water distribution in these four

sludge samples were also investigated by NMR and the

representative distribution of multi-exponentially fitted spin-

spin relaxation time T2 can be seen in Fig.7. The transverse

relaxation or spin-spin relaxation time T2 is the time that

nuclei takes to return to equilibrium after the equilibrium has

been disturbed by a radio frequency pulse (Simpson

2011). Since T2 showed the weighted average between free

water and bound water, it was difficult to distinguish the

content of two kinds of water. Fig.7 shows two peaks were

identified as T2b, a fast major component (above 80% of total

water) with relaxation time of 0.5-33ms, T21, and a slow

minor component (less than 20% of total water) with

relaxation time of 33-200ms. The relaxation time of all the

four samples were significantly affected by moisture

concentration. Longer relaxation time T2 with sample US

and DS proved that bound water was trapped into gel-like

structures of EPS moved and released as addition of SDS,

which was consistent with release of protein from a more

dispersive and looser state of EPS after SDS treatment.

The

difference of EPS distribution in different samples indicated

various hydrolysis degree of EPS. Addition of SDS could

increase the extent of hydrolyzation due to coupled effects of

the chemical regent SDS+CPAM and the physical of filter-

press. Compared to high content of protein and PS in slime

EPS, effects of hydrolysis on LB-EPS and TB-EPS were not

et al.,

The results of FT-IR spectra showed similar results

as shown in Fig.3 with more proteins and hydrocarbons in

slime-EPS extracted from DS sample and TB-EPS in DS

sample also contained more esters (Zhi , 2010.)et al.

W. Wang et al.310

Table 1 :

Wavenumber (cm ) Vibration Functional group or component

Organic compounds

Inorganic compounds

Infrared absorption bands for functional groups

2920 C-H stretching (as*) aliphatic methylene group

2850 C-H stretching (s**) aliphatic methylene group

2590-2520 S-H stretching Thiols

1740-1700 C=O stretching aldehyde, ketone, carboxylic acids, esters

1685-1630 C=O, COO stretchingC=C stretching amide I, carboxylatesaromatic ring modes, alkenes

1600-1590 C=C aromatic skeleton

1570-1540 N-H in plane bending amide II and secondary amines

1515-1505 aromatic skeletal lignin from lignocellulosic materials

1430-1420 COO stretching carboxylic acids

1350-1250 C-N stretching primary and secondary aromatic amines

1265-1240 C-O-C stretchingC-N stretching Estersamide III

1250-900 C-O-C, C-OC-O-P PolysaccharidesPhosphodiesters

3700-3400 O-H stretching bonded and non-bonded hydroxyl groups and water

1635 O-H bending Water

* as=antisymmetricÿ** s=symmetric

-1

-

-

Table 2 :

Sludge sample W “ W

Water distribution of four sludge samples

DS 4.7504 211.6 4.1182

D 5.3371 207.35 4.7176

U 7.0386 235.16 6.3360

US 6.3475 226.29 5.6714

T B
H
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