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Sludge dewatering is a key part of sludge disposal since it can greatly reduce the volume of sludge and
thus improve the treatment effect for handling and disposing. This study investigated the potential ben-
efits of enzymatic pretreatment on activated sludge dewatering with protease and cellulase as a protein
and polysaccharide degrading enzyme, respectively. Capillary suction time (CST) and the solid content
after centrifugation were used to evaluate sludge dewatering. The particle size distribution, extracellular
polymeric substances (EPS) content, infra-red (IR) spectrometry and microscope image were determined
ctivated sludge
ewatering
nzyme
nfra-red (IR) spectrometry

icroscope image

in an attempt to explain the observed changes in sludge dewaterability. The results indicated that adding
protease and cellulase separately leads to an increase in CST and the increased value is higher with pro-
tease. Protease and cellulase both promote the degradation of protein and polysaccharide in the solids of
activated sludge, leading to a smaller particle diameter and poorer dewaterability. However, due to the
limited effects on the protein and polysaccharide content, the difference in sludge dewaterability is not
large. Compared to the control, enzymatic pretreatment had no obvious effect on sludge IR spectrometry,

ble s
while there was a detecta

. Introduction

Activated sludge processes are important technologies for the
reatment of wastewater, but these biological processes gener-
te large amounts of waste activated sludge. Sludge dewatering
s of paramount importance in wastewater treatment systems as it
educes sludge volume and, consequently, the cost of transporting
ludge to its ultimate disposal site. Moreover, dewatered sludge is
enerally much easier to handle. Nevertheless, sludge dewatering
emains one of the most expensive and most poorly understood
astewater treatment processes [1].

The processes most often used for dewatering biological sludge
re sedimentation, filtration and centrifugation. In most cases,
iological sludge must be conditioned prior to dewatering to
nsure proper process performance. In practice, organic or inor-
anic chemicals are used, such as alum, iron (III) chloride, iron (II)

ulfate, and polyelectrolyte. Since the 1990s, enzymes were added
o sludges as conditioners by researchers. Some researches found
hat the dewaterability of sludge was improved [2–5] by adding an
nzyme or enzymatic product (containing carbohydrase, lipase and
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tructure difference at a colloidal scale.
© 2010 Elsevier B.V. All rights reserved.

proteinase) with an exception being one published by Hijjins and
Novak [6].

Researchers believed that enzyme product additions improved
the degradation of extracellular proteins and polysaccharides,
which have been responsible for poor dewaterability [5]. How-
ever, there were some researchers who thought that extracellular
polymeric substances (EPS), being the third major component of
sludge flocs, might have an influence on sludge dewaterability due
to the high level of hydration of the polymer surrounding bacte-
rial cells and their role in flocculation [7]. Sanin and Vesilinel [8]
found that the dewaterability of sludge was adversely affected to
a great degree by the extraction of EPS. The research performed
by Mikkelsen and Keiding shows that EPS has a positive effect
on floc stability and filterability [9,10]. With high EPS content,
sludge had a lower shear sensitivity and a lower degree of disper-
sion.

Conclusions from these previous studies remain controversial,
so further studies are necessary to assess whether enzymatic pre-
treatment ultimately improves activated sludge dewatering. Since
proteins and carbohydrates are usually found as the major com-
ponents of sludge EPS [7,11], this study investigated the effects
of enzymes on activated sludge dewaterability using protease

and cellulase as protein and polysaccharide degrading enzymes,
respectively. Furthermore, this test determined which part of
EPS has the leading role in improving sludge dewatering and
reviewed the mechanism behind the observed change in sludge
dewaterability.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:peisdu@yahoo.com.cn
mailto:wenrongh@sdu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2010.01.094
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with added enzymes increased with time. During the first 5 h, CST
of the sludge with protease increased quickly and it reached 13.0 s
at the 5th hour. The control sample and the samples with added
cellulase did not increase very much, only 10.2 s and 10.6 s, respec-
tively. After 5 h, the CST increase of sludge with protease continued,
98 H.-y. Pei et al. / Journal of Haza

. Materials and methods

.1. Materials

Activated sludge was collected from a municipal wastewater
reatment facility in Jinan, Shandong province, China. This facil-
ty uses an activated sludge process to treat 220,000 liquid tons
f wastewater daily. The collected sludge was immediately trans-
erred to the lab and stored in a plastic container at 4 ◦C prior to
se. The solid concentration and pH of the sludge were 0.65% and
.9, respectively.

Protease and cellulase were bought from Sigma Company. Pro-
ease (P6110-50 mL) is extracted from strain Aspergillus orzae and
nzyme activity is 500 �/g. Cellulase (C2605-250 mL) is from strain
spergillus sp. with activity of 1000 �/g.

.2. Experimental procedure

Enzymes were added to 250 mL activated sludge samples
ccording to the concentration of 500 activity units per 100 mL
ludge. The sludge suspensions were maintained at 35 ◦C in a water
ath. Distilled water was added to the control sample to match the
olume of the enzyme solution added.

The dewaterability of the samples was assessed in terms of CST
nd solid content. The EPS concentrations, particle size distribution,
nfra-red spectra and microbe characteristic were also measured
o aid our investigation into the mechanism behind the observed
hanges in sludge dewaterability.

. Analytical methods

.1. Capillary suction time (CST) measurement

CST analysis was carried out according to the standard method
12] with multipurpose filtration equipment (Triton-W.R.C. Mul-
ipurpose Filtration 319) and standard filtration paper (Whatman
nternational Ltd., Maidstone England).

.2. Solid content

After 2 h, the treated samples were centrifuged for different
imes at 1900 rpm. After discarding the supernatant, the solids were

easured to determine the appropriate centrifugation time. The
amples treated with enzymes were centrifuged at 1900 rpm for the
etermined length of time. Sludge samples without supernatant
ere transferred to trays and the solids concentration measure-
ents were performed at 105 ◦C.

.3. Particle size distribution

The particle size distribution of the control sample and the enzy-
atic pretreatment samples was measured with a laser particle

ize analyzer (Coulter LS130, Langley Ford Instruments Division of
oulter Electronics of New England, Inc.).

.4. Infra-red (IR) spectrometry

Samples were dried at 105 ◦C and compacted to form a pow-
er. The weight of each sample was about 10 mg. The IR-spectra
ere then determined using a spectrum AVATAR370 FT-IR (Thermo
icolet).
.5. EPS extraction and analysis

Many methods have been proposed for extracting EPS, includ-
ng various physical and chemical extractions [13–15]. The results
Materials 178 (2010) 397–403

showed that the efficiency of EPS extractions from activated sludge
was, in descending order: formaldehyde + NaOH, EDTA, cation
exchange resin and the control [13]. However, IR analysis showed
that all chemical extraction methods contained EPS. The con-
tamination for EPS extracted by formaldehyde + NaOH could be
interpreted as specific bands and/or the results of a formalde-
hyde and EPS reaction [13]. Therefore, in this study, NaOH was
only used to extract EPS from the samples. The addition of NaOH
increases the pH, resulting in the dissociation of acidic groups
in EPS and repulsions between the negatively charged EPS. The
EPS solubility in water also increases and thus allows more EPS
to be extracted [16]. The supernatant EPS was measured after
centrifugation at 2000 rpm for 20 min [17]. Protein and polysac-
charide concentrations were determined spectrophotometrically
using a UV/visible spectrophotometer (UV–vis spectrophotometer
756MC). Protein was stained with Coomassie Brilliant Blue G-250,
and its absorbance was measured at 595 nm. Polysaccharide was
stained with anthrone, and its absorbance was measured at 625 nm.

3.6. Microscopy image

The samples were rinsed with distilled water and fixed with
2.5% (v/v) glutaraldehyde solution for 24 h. The fixed samples were
then rinsed for 2 h using 0.1 mol/L phosphate buffer and fixed with
osmium acid for 1.5 h. They were then washed with redistilled
water to remove osmium acid. The samples were then dehydrated
by sequential immersion in increasing concentration of ethanol to
remove final traces of water. The dehydrated sludges were then
dried in a CO2 atmosphere under critical conditions. The subse-
quent samples were coated with platinum, and examined using a
scanning electron microscope (S-570, Japan).

4. Results and discussion

4.1. Effects of enzymes on CST

The CST is a measure of the rate of water release from sludge
and it has long been established as a practical and empirical
method for the determination of sludge dewaterability [18,19]. It
has widespread use because it is simple and allows a quick com-
parison of the filterability of sludges [20]. The effects of protease
and cellulase on the CST of activated sludge at the same enzymatic
activity are shown in Fig. 1.

The CST of activated sludge was 9.8 s and the CSTs of sludges
Fig. 1. Effects of protease and cellulase on the dewaterability of activated sludge.
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eaching 26.7 s at the 26th hour. The sludge with cellulase and the
ontrol sample also increased and reached 11.5 s and 16.2 s at the
4th hour, respectively. It was determined that both protease and
ellulase led to the CST increasing in the case of activated sludge,
hile the effect of protease was greater than that of cellulase at the

ame concentration.
The data on the effects of protease and cellulose on CST of acti-

ated sludge shows a similar tendency to the research results of
iggins and Novak [6] on enzymatic pretreatment on activated

ludge. In their study, the degradation of the exocellular protein
y pronase resulted in deflocculation of the suspension and poor
ewatering, and no appreciable change was observed with addition
f a polysaccharide degrading enzyme. The result was explained
sing a model of bioflocculation proposed by them. In that model,

ectinlike proteins bind polysaccharides that are cross-linked to
djacent proteins. The cross-linking of polysaccharides and cation
ridges acts to stabilize the biopolymer network. Because proteins
onnect to cells directly, the degradation of protein by protease has
greater effect on sludge dewatering than that of polysaccharides
egraded by cellulase.

.2. Effects of enzymes on solid content

Fig. 2(a) is the measurement results of sludge solid contents
fter centrifugation for different times at 1900 rpm. The solid con-
ent of samples was increased as centrifugation time was increased.
fter 60 min, the increasing value was not obvious. So in this study,
0 min of centrifugation was chosen to compare the solid con-
ent of the samples with or without enzymatic pretreatment for
ifferent hours. The results were recorded in Fig. 2(b). As reac-

ion time was increased, the solid content of the samples with
dded enzymes was reduced. There was a larger decrease with
he samples treated with protease. The result was a reduction of
olid content of 0.01%. The small change in solid concentration
ndicated that protease and cellulase have no obvious effect on

ig. 2. Effects of protease and cellulase on the solid concentration: (a) results of
ludge solid contents after centrifugation for different times at 1900 rpm; (b) com-
arison of the solid concentration of samples with enzymatic pretreatment for
ifferent hours after centrifuged 60 min at 1900 rpm.
Fig. 3. Differential and cumulative volume percent vs. particle diameter of activated
sludge with or without enzymatic pretreatment.

sludge dewatering in terms of solid concentration after centrifu-
gation.

4.3. Effect of enzymes on particle size distribution

The size distribution of enzymatic pretreatment samples and
control samples is shown in Fig. 3. The mean apparent diame-
ter of activated sludge was between 3 and 800 �m and 50% of
the volume consisted of flocs with a mean apparent diameter of
less than 99.5 �m (median diameter Ø 50 = 99.5 �m). The average
diameter was 132.6 �m. Pretreatment with protease and cellulase
had a measurable effect on the granulometric distribution. The floc
size distribution curve was shifted to the small size classes, with a
median of 85.6 �m and average of 114.5 �m for the sludge treated
with protease and 96.42 �m and 126.6 �m for the sludge treated
by cellulase.

Particle sizes have an effect on sludge dewatering properties
[21,22]. Karr and Keinath [23] thought that smaller particle sizes
are associated with poor dewatering. In many researches using
ultrasound to treat activated sludge or digested sludge, a simi-
lar conclusion was drawn that the dewaterability became poorer
owing to the decreasing particle size [24,25]. In this study, both
protease and cellulase had the effect of decreasing the particle
size of activated sludge. Therefore, the dewatering became poorer.
However, this effect was not significant, so the negative change
on sludge dewaterability was not great. Compared with these two
enzymes, the effect of protease on particle size was a little greater
than the effect of cellulose on it. As a result, the CST of samples
with protease conditioning increased much more than that with
cellulase and control samples.

4.4. Effect of enzymes on IR spectrometry

Fig. 4 presents the IR-spectra of the activated sludge samples
with or without enzymatic pretreatment. The analysis of IR-spectra
shows the presence of numerous functional groups. Several intense
characteristic bands can be attributed to functional groups present
in proteins and in polysaccharides. Some less intense bands show
carboxylic groups under acid or basic salt form. They suggest, when
they are combined with other bands observed, the presence of
uronic acid (notably with the bands characteristic of sugars) and
of humic substances (CH2, phenolic groups). Some bands observed
in the “fingerprint” region could be attributed to the phosphate
group which is one of the functional groups of which nucleic acids
are composed. The presence of CH2 and of carboxylic groups should

indicate the presence of lipids. The functional groups corresponding
to the peaks observed on IR-spectra are summarized in Table 1.

The different functional groups observed in the sludge sam-
ple without enzymes agree basically with the results of some
researchers [14,26–28]. However, the two absorption bands
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Fig. 4. IR-spectra of activated sludge after protease and cellulase pretreatment.

Table 1
Main functional groups in TWAS observed with IR-spectra.

Wave number (cm−1) Vibration type Function type

3750–3000 Stretching vibration of OH OH into polymeric compounds
2926 ± 10 Asymmetric stretching vibration of CH2

2853 ± 10 Symmetric stretching vibration of CH2

1640–1660
Stretching vibration of C O
Stretching vibration of C–N Amide I (peptidic bond)

1550–1560
Stretching vibration of C–N Amide I (peptidic bond)
Deformation vibration of N–H Amide II (peptidic bond)

1455 Deformation vibration of CH2

1400–1410
Stretching vibration of C O Carboxylates
Deformation vibration of OH Alcohols and phenols

1240
Deformation vibration of C O Carboxylic acid
Stretching vibration of OH Phenols

O–C
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r
s
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chemical groups identified in our study were protein, polysac-
charide and lipid. The subfamilies of protein were pure protein,
1030–1150 Stretching vibration of C–

<1000
“Fingerprint” zone
Several bands visible

56 cm−1 and 471 cm−1 were much clearer in our detection using
ludge samples directly than those of other researches detecting
PS extracted from sludge with principally physical methods. The
eason is some groups of molecules present in lower proportions in
olutions of EPS, such as lipids or nucleic acids, are more difficult to

etect with IR-spectra. The agreement of our results with others’
esults showed that it was feasible to turn activated sludge sam-
les into powder to detect their IR-spectra and compare organic
hemicals.

Table 2
Main chemical composition.

Family Subfamily identification

Protein PR
PR-OAS-M
PR-M-PS
PR-L

Polysaccharide PS-PR-OAS
PS-PR-OA
PS

Lipid LI

PR, protein; PS, polysaccharide; OA, organic acid; OAS, organic acid
salt; M, mineral phase; LI, lipid.
Polysaccharides

Phosphate or sulfur functional groups

Referring to the database provided by Garnier et al. [29] which
is based on various activated sludges with high-pressure size-
exclusion liquid chromatography and infra-red microscopy, the
protein-organic acid salt-mineral phase and protein-lipid. For
polysaccharide, they were polysaccharide-protein-organic acid

Fig. 5. Changes in bound EPS and protein and polysaccharide of activated sludge
after enzymatic pretreatment.
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Fig. 6. Scanning electron microscope image o
alt, polysaccharide-protein-organic acid and pure polysaccharide.
s for mineral phase, it was a carbonate phase and involved in
rganic association with some subfamilies of protein where the
rotein part was dominant. The chemical composition of the acti-
les with or without enzymatic pretreatment.
vated sludge is presented in Table 2. Compared to the control
sample, the wave numbers of samples with or without enzy-
matic pretreatment, which have peak absorption, had no detectable
change.
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.5. Effect of enzymes on EPS

Protein and carbohydrate are usually found as the major com-
onents of sludge EPS [7,11], although there is no agreement on
hich of these components has a higher proportion. Some research

upported the opinion that polysaccharide has a major role in
ioflocculation [1,30,31], while others argued that protein has the
ajor role [6,9,15,32–34]. In our study, the EPS of the activated

ludge was 373 mg/g (dry sludge), and the protein had the highest
roportion which accounted for 70.78%, while polysaccharide was
.04%.

The changes of EPS and its major composition in solid sludge
fter enzymatic pretreatment for 12 h are recorded in Fig. 5. Com-
ared to the control sample, the EPS content of samples with
nzymes decreased, but the quantity of decrease was not great. The
PS in the control sample was 373 mg/g (dry sludge), and 330 and
58 mg/g (dry sludge) for treated samples by protease and cellulase,
espectively. It was protease that resulted in the greater effect on
he content changes of EPS, including protein and polysaccharide
n solid sludge.

The bond EPS decrease after pretreatment with enzymes was in
ccord with the poorer dewaterability of enzymatic pretreatment
amples. It indicated that EPS in solid sludge played a positive role
n sludge dewatering, and its degradation may lead to poorer dewa-
erability. However, owing to the limited effect of enzymes in this
xperiment, the dewaterability difference between samples with
nzymatic pretreatment and control sample was not obvious.

.6. Effect of enzymes on floc morphology

The different structures of samples observed with a scanning
lectron microscope are shown in Fig. 6. From those figures, it could
e seen that the original sludge displayed a cluster of mass and there
as slimy matter covering the surface. There were also biomass

ranules distributed among the glutinous mass. After pretreatment
ith protease, the glutinous mass of the activated sludge appeared

o be less uniform and displayed much smaller fiber-like matter.
or the sample with cellulase, the granules of the activated sludge
learly changed, forming a structure with many pores and there
as nearly no glutinous mass to be found. The results indicated

hat enzymatic pretreatment resulted in the degradation of protein
nd polysaccharide in the activated sludge and affected the sludge
tructure, thus leading to the floc dispersal.

. Conclusions

The addition of protease and cellulase led to an increase in CST
f activated sludge and the increased value is higher with pro-
ease. Decreasing EPS concentration in sludge solids and shifting
o smaller particle size were the major reasons for the observed
hanges in sludge dewatering. Since the effect of protease on EPS
nd particle size is greater than that of cellulase, the CST of sludge
reated with protease increased much more than that with cellu-
ase.

The IR-spectrometry did not show obvious changes of peak
bsorption compared to the control sample. This means no organic
hemicals degraded completely even though both protease and cel-
ulase led to degrading of protein and polysaccharide of EPS. SEM
mages revealed structural changes at the colloidal level, so, the
nzymatic pretreatment could affect the activated sludge structure
t a colloidal scale.
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