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Extracellular polymeric substances and dewaterability of

waste activated sludge during anaerobic digestion

Fenxia Ye, Xinwen Liu and Ying Li
ABSTRACT
Anaerobic digestion of waste activated sludge was conducted to gain insight into the mechanisms

underlying change in sludge dewaterability during its anaerobic digestion. Unexpectedly, the results

indicated that sludge dewatering properties measured by capillary suction time only deteriorated

after 10 days of anaerobic digestion, after which dewaterability recovered and remained stable. The

loosely bound extracellular polymeric substance (LB-EPS) content increased three-fold after 20 days

of anaerobic digestion, and did not change significantly during the remaining 30 days. The tightly

bound EPS (TB-EPS) content reduced slightly after 20 days of anaerobic digestion, and stabilized

during the last 30 days. Polysaccharides (PS) and proteins (PN) content in LB-EPS increased after

10 days of anaerobic digestion. However, PS and PN contents in TB-EPS decreased slightly. The

relationship analysis showed that only LB-EPS correlated with dewaterability of the sludge during

anaerobic digestion.
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INTRODUCTION
In recent years, as the wastewater treatment industry has
developed in China, the problem of waste activated sludge
(WAS) has been introduced. In 2009, around 32 million

tons of wet sludge was generated in China and the sludge
yield is increasing by 10% per year. WAS must be treated
and disposed of properly and may account for up to 30–

60% of total plant operating costs. The ultimate disposal of
WAS has been, and continues to be, one of the most serious
problems faced by wastewater utilities.

Anaerobic digestion is awidely accepted process for redu-
cing sludge volume and inactivating pathogens that cause
odor and biogas production. However, this process alters
the structural properties of the sludge drastically, resulting in

higher resistance to solid/liquid separation. Significant differ-
ences can be observed between activated and digested sludge
for dewatering characteristics including filterability, settle-

ability and conditioner requirements. Previous researchers
have reported that anaerobic digestion leads to poorer dewa-
tering properties (Bruss et al. ; Novak et al. ).

Treatment of digested sludge, especially conditioning and
dewatering, are costly operations in treatment plants.

Although it is known that digestion makes dewatering
less effective, the reasons for dewatering deterioration
following anaerobic digestion remain unclear. Bruss et al.
() attribute the poorer dewaterability to the reduction
of iron and the release of discrete bacteria into solution.

Poxon & Darby () studied the relationship between
extracellular polyanions (largely polysaccharides) and dewa-
terability, concluding that colloidal polyanions were not a

major contributor to the poor dewaterability of digested
sludge. Murthy et al. () found that biopolymers were
released from activated sludge floc into solution during

aerobic and anaerobic digestion, and these biopolymers
would cause deterioration of sludge dewatering properties.

Extracellular polymeric substances (EPS) are the major
component of the activated sludge flocs. The gel structure of

EPS leads to fairly tenacious retention of water within the
sludge. This limits the solids concentrations that can be
achieved in dewatering, producing adverse effects on trans-

portation, landfilling, and incineration costs. However, the
precise role of EPS usually appeared ambiguous. An
increase in the level of EPS present causes the sludge to

become more difficult to dewater (Mikkelsen & Keiding
). The deterioration of sludge properties is usually
accompanied by the release of the biopolymer from the
floc (Murthy et al. ). However, there are findings that
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capillary suction time (CST) decreased as the amount of

EPS increased (Jin et al. ), and no simple relationship
between the quantity of EPS present and the sludge dewater-
ability was observed (Poxon & Darby ). A related

problem is that the EPS apparently leads to significant
increases in the amount of chemical conditioner required
(Novak et al. ). There are some other concerns with
EPS’s ability to increase viscosity, thus leading to higher

pumping costs.
The aims of this study are to investigate the EPS during

anaerobic digestion of sludge, to determine if the EPS con-

tent including its chemical components might be the
underlying cause for the deterioration of dewaterability,
and to lead to a better understanding of the changes that

occur in the sludge during anaerobic digestion. An
enhanced fundamental understanding of the change of
EPS in sludge during anaerobic digestion could have many
practical benefits, such as better methods for the selection

of conditioning chemicals, reduction of conditioning chemi-
cal costs, improved operational practices for dewatering
processes, and modifications to the processes that favorably

alter sludge dewaterability.
MATERIALS AND METHODS

WAS samples

The WAS samples were collected from a concentrated tank
of a municipal wastewater treatment plant in Ningbo, China.
The sludge was not conditioned with any conditioner.

Sludge anaerobic digestion

Anaerobic digestion of the sludge samples (5 L) was carried
out using an airtight vessel with a working volume of 8 L.
Oxygen in the vessel was removed from the headspace by

purging with N2 for 2 min. The vessel was sealed with a
rubber stopper. The sludge sample of 100 mL was collected
for analysis every 5 days. The CST, the loosely bound EPS

(LB-EPS) and the tightly bound EPS (TB-EPS) contents
and chemical constituents of the treated sludge were
investigated.

Sludge filterability and dewaterability test

Both CST and specific resistance to filtration (SRF) have

been widely used to determine dewaterability of the acti-
vated sludge. SRF and the normalized CST were
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correlated strongly (Ge et al. ). The CST test was

chosen due to the simple equipment and procedure of
measurement. However, the normalized CST is feasible
because the solids concentration should be taken into

account during CST measurement. The CST was measured
by a CST instrument (Triton, Model 304M, Essex, UK)
using method 2710G of Standard Methods (APHA )
with a CST paper purchased from Triton Electronics Ltd.

The CST for distilled water was stable at 11 s. The test was
made in triplicate with a relative standard deviation of 5%.

Extraction of EPS and determination of components
of EPS

The sludge sample was fully mixed prior to commencing the

extraction procedure. EPS extraction was carried out using a
sonication/thermal extraction process according to Li &
Yang ().

Analytical methods

The suspended solids (SS) content was determined accord-

ing to Standard Methods (APHA ). The LB-EPS and
TB-EPS extractions were analyzed for total organic carbon
(TOC), protein (PN) and polysaccharide (PS). TOC was
measured by a TOC analyzer (Elementar, Liqui TOC/TNb,

Elementar Analysensysteme GmbH, Hanau, Germany),
and expressed as milligrams of TOC per gram of SS. Pro-
teins were determined from an adaptation of the Lowry

method (Frølund et al. ) using casein (Shanghai
Sangon Biotechnology Co., Ltd, Shanghai, China) as the
standard. PS were determined using the anthrone method

with a glucose standard. All samples were made in triplicate.

Statistical analysis

Statistical analysis was carried out with SPSS software ver-
sion 11.0 for Windows (SPSS, Chicago, IL, USA).
Correlations were considered statistically significant at a
confidence interval (p< 0.05).
RESULTS AND DISCUSSION

Variation of the dewaterability of the sludge during
anaerobic digestion

Total suspended solids (TSS) and volatile suspended solids
(VSS) were generally employed as sludge digestion
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indicators. The TSS and VSS contents decreased from the

initial 13.16 and 8.52 g/L to 7.05 and 3.89 g/L at 30 days
of digestion, respectively (Figure 1). The reduction ratios of
TSS and VSS were 46.3 and 54.3%, respectively. Anaerobic

conditions solubilized the particulate component of the
WAS into soluble form, resulting in a reduction of sludge
volume. The reductions of TSS and VSS contents over
time indicated the effect of anaerobic digestion on sludge

solid reduction and stabilization. However, after 30 days,
the TSS and VSS contents did not significantly change.

Changes in dewatering properties for WAS undergoing

anaerobic digestion are shown in Figure 2. The initial nor-
malized CST value was approximately 3.88 s·L/g SS. The
sludge filtering dewaterability deteriorated after anaerobic

digestion. The normalized CST value of the sludge gradually
increased and remained relatively constant after 30 days of
Figure 1 | Changes in TSS and VSS of WAS during anaerobic digestion.

Figure 2 | Changes of normalized CST of WAS during anaerobic digestion.
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anaerobic digestion. At the end of 50 days of anaerobic

digestion, the anaerobically digested sludge had a normal-
ized CST of 6.23 s·L/g SS. These observations suggested
that the sludge might undergo acidogenesis followed by

methanogenic digestion. Dewatering is expected to be diffi-
cult for the acidogenic sludge and less difficult for the
stabilized sludge after thorough digestion. The results were
consistent with the findings by Xu et al. () who also

reported that the normalized CST for unsonicated sludge
increased after anaerobic digestion, suggesting that anaero-
bic digestion had a negative effect on sludge dewaterability.

Variation of the EPS content and components of the
sludge during anaerobic digestion

Prior researches have shown that biopolymers are released
from the sludge flocs into solution during anaerobic diges-

tion and these biopolymers will cause deterioration of
sludge dewatering properties (Bruss et al. ; Novak
et al. ). However, the change of biopolymer in the
sludge during anaerobic digestion has not been evaluated.

The goal of this study was to investigate the change of
EPS content and its chemical constituents in the sludge
during anaerobic digestion and to determine the impact

these materials have on dewaterability of the sludge.
The LB-EPS content increased significantly after the

sludge was digested anaerobically. The LB-EPS content

increased about 3.3 times at 20 days of anaerobic digestion
(Figure 3(a)), and did not significantly change afterwards.
However, the TB-EPS content decreased over the first 10
days of anaerobic digestion, then increased and finally stabil-

ized (Figure 3(b)). Novak et al. () also found that the
amount of EPS increased after anaerobic digestion. When
the sludge was exposed to undesirable anaerobic conditions,

the sludge flocs were broken and cells destroyed, causing
intercellular materials to be released. The TB-EPS possibly
transformed from a tightly bound layer of the floc to a

loosely bound layer. As a result, the content of LB-EPS
increased greatly with a reduction of TB-EPS over the first
20 days of anaerobic digestion. However, the reason that

TB-EPS content did increase after 20 days of anaerobic
digestion remains unclear. It may be due to the pellet of
sludge disintegrating after further digestion. The results
suggested that solubilization of EPS from the sludge flocs

was not complete when the sludge underwent anaerobic
digestion, and EPS may not be the only or main parameter
in understanding the dewatering behavior.

In Figure 4, the changes of PS and PN in LB-EPS and
TB-EPS of the sludge are shown. Both PS and PN were



Figure 4 | Changes in PS and PN contents in LB-EPS and TB-EPS during anaerobic digestion.

Figure 3 | Changes in LB-EPS and TB-EPS of WAS during anaerobic digestion.
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mainly distributed in the tightly bound fractions (TB-EPS)
and less in the LB-EPS. The contents of PS and PN in TB-
EPS were approximately 60 times and 25 times greater

than those in LB-EPS, respectively. PS in LB-EPS increased
greatly before day 10. However, after 10 days of anaerobic
digestion, PS content decreased and did not significantly

change thereafter. PS in TB-EPS decreased gradually with
time, but only slightly when compared to the value before
anaerobic digestion. The trends for protein content change
om https://iwaponline.com/wst/article-pdf/70/9/1555/470549/1555.pdf
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in LB-EPS and TB-EPS were similar to those of PS in LB-
EPS and TB-EPS. The ratio difference of PN/PS in LB-
EPS and TB-EPS is more striking. The ratio of PN/PS in

LB-EPS increased dramatically after 15 days of anaerobic
digestion, but the ratio of PN/PS in TB-EPS did not
change significantly during the whole digestion period.

The protein concentration was around 450–500 times
greater than the polysaccharide concentration in LB-EPS
and TB-EPS over the first 15 days of digestion. However,
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in LB-EPS, after 15 days, proteins were more than 2,000

times the level of PS. The results are in agreement with
other works (Novak et al. ). It was surprising that PN
contents were much higher than PS contents both in LB

and TB. The results suggest that the protein might release
more easily than polysaccharide, or decompose much
more slowly than polysaccharide in LB-EPS. We are cur-
rently investigating the reason.

The ratio of PN/PS in LB-EPS increased greatly after 20
days of anaerobic digestion, but the ratio in TB-EPS did not
change significantly (Figure 5). The results are in agreement

with other reports (Houghton et al. ; Novak et al. ).

Relationship between physicochemical property
parameters

The precise role of EPS on dewaterability usually appeared
ambiguous. An increase in the level of EPS caused the
sludge to become more difficult to dewater (Mikkelsen &

Keiding ). However, there are findings that the CST
decreased as the amount of EPS increased (Jin et al.
), and no simple correlation between the quantity of

EPS present and the sludge dewaterability was observed
(Poxon & Darby ). To understand the action of anaero-
bic digestion, the essential role played by EPS needs to be

understood.
The establishment of a relationship between sludge

dewaterability and the EPS content will enable decisions
to be made that ensure maximum dewaterability of the

digested sludge. The association between EPS and dewater-
ability indicated that only LB-EPS was positively correlated
with normalized CST (Pearson’s correlation coefficient (R2)

and p-values were 0.658 and 0.04, respectively). No corre-
lation between the other parameters and the normalized
Figure 5 | Changes of ratio of PN/PS in LB-EPS and TB-EPS during anaerobic digestion.
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CST was found. The findings were consistent with other

research results (Li & Yang ; Ye et al. ) and were
corroborated by Murthy & Novak () who found that
the PS in digested sludge were small and had not much

impact on the dewatering rate. No correlation was found
between TB-EPS and dewaterability with measurements of
the SRF (Li & Yang ; Yang & Li ).
CONCLUSIONS

The following conclusions may be drawn from this study:

(1) TheLB-EPScontent increased significantly after the sludge

was digested anaerobically in the first 20 days, and then
stabilized. However, the TB-EPS content decreased in
the first 10 days, and then increased and finally stabilized.

(2) PS and PN inLB-EPS increased greatly in the first 10 days
of anaerobic digestion and then decreased and finally
reached a steady state. PS in TB-EPS decreased gradually

with time, but only slightly. The ratio of PN/PS in LB-EPS
increased dramatically after 15 days of anaerobic diges-
tion, but the ratio of PN/PS in TB-EPS did not change
significantly during the entire digestion time.

(3) Only LB-EPS was positively correlated with normalized
CST, which suggested that the great increase of LB-EPS
during anaerobic digestion caused the deterioration of

dewaterability of sludge.
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