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ical analysis to understand the
mechanism of polyacrylamide (PAM) conditioning
for sewage sludge dewatering

Hou-Feng Wang, a Hua-Jie Wang,ab Hao Hua and Raymond J. Zeng*a

Nowadays, polyacrylamide (PAM) is widely used for sludge conditioning, while the interactions between

PAM and sludge particles influencing the dewatering process remain to be clarified. This study focused

on applying rheological analysis to understand the mechanism of PAM conditioning for sewage sludge

dewatering. Effective solid–liquid separation was achieved mostly due to the changes of physical

properties instead of biochemical properties for conditioned sludge. PAM addition enhanced the non-

Newtonian properties and strengthened the solid-like character of sludge in the linear region, allowing

initial enhancement of the network strength of sludge flocs. Due to these changes in rheological

behavior and more free water being available to flow, the breakdown of the colloidal network of sludge

in the non-linear viscoelastic regime allowed high-performance separation between water and solid-

phase. These findings show that rheological analysis can serve as a useful indicator of the activated

sludge dewatering process.
1. Introduction

The continued rapid increase of sewage sludge production from
municipal wastewater treatment plants is of signicant concern
since sludge treatment and disposal cause great environment
and economic burdens.1 To deal with the waste sewage sludge,
sludge conditioning is required before mechanical dewater-
ing.2,3 Recently, efforts have been made to improve the high-
performance dewatering process and determine the relevant
dewatering mechanisms. Enhancing the rate of sludge ltration
and reducing the affinity of extracellular polymeric substances
(EPS) for binding water molecules (bound water) are the most
common strategies of sludge dewatering.4–6 Improving the rate
of sludge ltration involves altering the hydrodynamics
between the solid phase and the liquid phase of a sludge
system. Bound water can be simply divided into physically or
chemically bound water.6 Decreasing the affinity for bound
water is related to the oc structure, strength, and the amount
of bound water, and this affinity plays a key role in affecting the
moisture level of sludge.7

Numerous treatments have been investigated for sludge
conditioning, such as chemical conditioning (addition of salt
and polyelectrolytes, pH adjustment, or advanced oxidation
processes), physical conditioning (using microwaves,
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electrolysis, or thermal/freeze pretreatment) and biological or
enzyme conditioning.1,8–10 Among these, polyacrylamide (PAM)
is one of the most widely used conditioners for full-scale sludge
dewatering.11 The occulation of sludge particles by cationic
PAM helps reduce the gap between particles through the
bridging mechanism and neutralizes surface charge.1 Many
literatures attempt to explore the mechanism of PAM condi-
tioning process and the sludge dewatering performances, but
no clear conclusion can be drawn because of controversial data
and denitions. These controversies focus mainly on two
points: whether the conditioning of PAM can change the
moisture level of sludge cake; how the dosage of PAM for acti-
vated waste sludge affects the content of bound water. Huang
and Ye12 found that the composite conditioner of PAM/
montmorillonite (MMT) achieved good dewaterability through
the effect of charge neutrality, bridging action, and adsorption,
however, almost no change of the moisture level of sludge cake
was observed. Guan, et al.13 reported that the dosage of PAM
affected the lter cake moisture content. As to the bound water,
Smollen14 reported that the dosage of polymer increased the
bound water content. But Katsiris and Kouzelikatsiri15 had
a reverse conclusion that the bound water content decreased
when increasing polymer dosage. That's partly due to the
measurement of bound water content present in scientic
paper differs widely due to the measurement method chosen.6,16

Till to now, results about the change of bound water by PAM
conditioning remains unclear.13 Nowadays, though the use of
PAM for sludge conditioning is widespread, effective, and
economical, the mechanism of PAM conditioning and the
hydrodynamic changes between the solid phase and the liquid
This journal is © The Royal Society of Chemistry 2017
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phase of the sludge system still remains unclear. Additionally,
how interactions between PAM and sludge particles inuencing
the dewatering process remain to be claried.

Wastewater sludge is considered a non-Newtonian uid.17

Rheology describes the deformation of a body under the inu-
ence of stresses and can be used to characterize the non-
Newtonian properties of materials.18 Thus, many studies have
used rheological parameters as indicators of the internal
architectural features19 and quantifying ow behavior or sludge
cake behavior in dewatering processes.20–22 However, previous
works mainly focus on relating or assessing lterability/
dewaterability with rheological parameters, and there have
been few reports of rheological analysis of conditioned sludge
and the correlation of rheological parameters with dewatering
processes. Indeed, it remains to be determined whether rheo-
logical analysis can reveal the mechanism of sludge dewatering.

The objective of this study was to explore the PAM condi-
tioning process for activated waste sludge and evaluate the
feasibility of applying rheological analysis to understand the
mechanism of PAM conditioning on sludge dewatering. This
work might improve our fundamental understanding of sludge
dewatering.

2. Materials and methods
2.1. Raw sludge and chemicals

Raw activated sludge was sampled from one local municipal
wastewater treatment plant (WWTP) in Hefei, Anhui Province,
China, with a capacity of 180 000 m3 d�1 in the oxidation ditch
process. The dewatered sludge was gently concentrated to
23.60 g L�1 by settling from the initial solid concentration of
12.24 g L�1 and then was stored at 4 �C for less than 1 week prior
to use. The characteristics of the dewatered sludge samples are
given in Table 1. The cationic polyacrylamide (PAM: linear-
chain structure) used in this study was purchased from
Chengdu Ai Keda Chemical Technology Co., Ltd (China), and it
had the same production standard as the PAM used in the
WWTP (Mn ¼ 8.0 � 106 to 15 � 106, cationic degree ¼ 10–60%).

2.2. Sludge conditioning and dewatering

PAM solution (2 wt%) was prepared by dissolving the polymer
powder completely in distilled water with stirring and then
incubation for 24 h at ambient temperature prior to use. For
each conditioning test, PAM was added to a 50 mL portion of
sludge. The mixture was stirred for 2 min at a speed of 300 rpm
and then le for 5 min. All the tests were performed in tripli-
cate. The dewaterability of the sludge was estimated with a CST
Table 1 Characteristics of the raw activated sludge

pH 6.89 � 0.10
Total solids (g L�1) 23.6 � 0.12
Volatile suspended solids (VSS, g g�1 TS) 0.56 � 0.03
CST (s) 67.4 � 0.6
Sludge viscosity (mPa s) 11.34 � 0.08
Zeta potential (mV) �11.81 � 0.34

This journal is © The Royal Society of Chemistry 2017
instrument (Model 319, Triton, UK) using original CST papers
(Triton Electronics Ltd., UK). To ensure the results of the water
content of the raw and conditioned sludge was scientic and
accurate, the sludge samples were dewatered both by Buchner
funnel ltration23 at 0.05 MPa for different duration (2 min,
5 min and 20 min) and centrifugation method described in Jin,
et al.6 at 500g (2115 rpm), 1132g (3186 rpm) and 4000g (5980
rpm) for 10 min, respectively. The sludge suspension was ob-
tained by centrifuging and then ltered through the 0.45 mm
cellulose acetate membrane. The supernatant was analyzed for
zeta potential by a Nanosizer ZS instrument (Malvern Co., UK)
at 25 �C based on the previous studies.24,25

The pH of the solution was determined by a pH meter (pHS-
3C, LeiChi, China). The above measurements were determined
at least six independent times and conducted at 25.0 � 0.1 �C.

2.3. Morphological analysis

The morphology of the raw and conditioned sludge ocs was
measured by an Image Analysis system with a Leica ICC50
camera and Leica biological microscope (Leica Ltd., Germany).

2.4. Bound water

The content of bound water within sludge was measured based
on the methods described in Jin, et al.6 and Xiao, et al.26 A 30mL
volume of sludge samples placed in a centrifugal tube (50 mL)
was centrifuged at 500, 1132 and 4000g for 10 min, respectively.
Subsequently, the supernatant was removed. The water content
within the centrifuged sludge cake was expressed as the bound
water content.

2.5. Extracellular polymeric substances (EPS) extraction and
analysis

The sludge samples were centrifuged at 5000g for 5 min and the
supernatant was collected as soluble EPS (SB-EP). Then, bound
EPS of the sludge including loosely bound EPS (LB-EPS) and
tightly bound EPS (TB-EPS) was extracted by a modied heat
extraction method.24 Both the soluble EPS and bound EPS were
analyzed for polysaccharides (PS), humic-like substances (HS),
and proteins (PN). The PS level were determined by the
anthrone-sulfuric acid method with glucose as the standard.27

The TOC amount was measured by a TOC analyzer (Multi N/C
2100, Analytic Jena Co., Germany). Soluble COD was analyzed
by a microcomputer COD heating reactor (TR-1100, Suntex
Instrument Co., Ltd, China). The contents of HS and PN were
determined with the modied Lowry method28 and using a UV
spectrophotometer (UV751GD, Analytical Instrument Co.,
China), with humic acid (Fluka) and bovine albumin (Sigma) as
the standards, respectively.

2.6. Rheological tests

All rheological tests were performed using a rotational AR-
2000ex rheometer (TA instruments, USA) equipped with a ‘cup
and bob’ geometry (29 mm inner diameter, 32 mm outer
diameter, and 44 mm length) and connected to a water bath at
25 �C. The sludge sample was pre-sheared for 5 min at a shear
RSC Adv., 2017, 7, 30274–30282 | 30275
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Fig. 1 The correlation of sludge between PAM dosage and (a) CST; (b)
moisture of filtered cake (%) after 2 min, 5 min or 20 min filtration
under a vacuum pressure of 0.05 MPa for the sludge; (c) moisture of
centrifugal cake (%) at 500g, 1132g and 4000g for 10 min, respectively.
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rate of 500 s�1 and then allowed to rest for 10 min.29 For
dynamic measurement, strain sweep tests (0.01–100%) were
performed at the frequency of 5 rad s�1 at 25 �C as described by
Ma, et al.29 to determine the structural properties of the sludge
and to determine the linear viscoelastic regime (LVE regime).
Then, in the linear regime, frequency, creep, and time tests were
conducted. The frequency sweep was performed at 0.1% strain
with a frequency range of 0.1–50 rad s�1 at 25 �C. The creep test
was performed according to the method of Ruiz-Hernando,
et al.30 by applying the constant shear stress of 0.02 Pa (<sy)
and the corresponding compliance was monitored for 5 min.
Time sweep test (1–360 s) was performed at the 0.1% strain
(under LVE regime) at 25 �C. Flow measurement was performed
in the steady shear mode with a shear rate that was logarith-
mically increased from 0.01 to 500 s�1 for 10 min. To t the
rheological data and describe the basic non-Newtonian
rheology of the samples, the Herschel–Bulkley model (eqn (1))
with an additional yield stress (sy) was used.

s ¼ sy + k _gn (1)

where s is the shear stress (Pa), _g is the shear rate (s � 1), sy is
the yield stress (Pa), and k is the consistency index (Pa sn), which
can reveal the average rmness of the sample,30 n is the ow
behavior index, and a decrease or increase of n from 1 means
that the non-Newtonian ow characteristics are strengthened.31

3. Results and discussion
3.1. Dewatering performance of PAM conditioned sludge

The effects of PAMdosage on sludge dewaterability were assessed
in terms of CST, and dewatering efficiency was assessed in terms
of the moisture content of both the lter-cake and centrifugal-
cake. As illustrated in Fig. 1a, sludge dewaterability was
improved substantially with the addition of PAM. CST decreased
from 67.40 s to 13.60 s when PAM dosage increased from 0 to
12.53 mg g�1 VSS, but when the PAM dosage increased to
18.80 mg g�1 VSS, the CST increased to 19.20 s, suggesting the
optimal dosage was approximately 12.53 mg g�1 VSS. The water
content of sludge cake with increasing PAM dosage is shown in
Fig. 1b and c. For the ltered cake, the dosage of PAM decreased
the moisture level of sludge cake. The moisture content of lter-
cake slightly decreased from 85.71% to 83.86% for 2 min-
ltration time, 81.47% to 80.10% for 5 min-ltration time and
76.49% to 74.32% for 20 min-ltration when increasing the PAM
dosage from 0 to 18.80 mg g�1 VSS (Fig. 1b). A similar trend was
observed in Fig. 1c for centrifugal-cake. The moisture content of
centrifugal cake decreased from 94.51% to 92.65% at 500g,
93.61% to 92.21% for 1132g and 92.87% to 90.24% at 400g for
10 min respectively when the PAM dosage increased to 18.80 mg
g�1 VSS. These results above illustrated that the rate of sludge
ltration was enhanced largely while the moisture level of sludge
cake decreased slightly with increasing PAM dosage.

3.2. Physicochemical properties of PAM conditioning

3.2.1. Bound water content. Through the amount of bound
water content contained in sludge is very small, the removal of
30276 | RSC Adv., 2017, 7, 30274–30282
bound water is crucial to reduce the moisture level of sludge.26

Clearly, the measurement of bound water content presented in
scientic paper differs widely due to the measurement
chosen.6,16 Among various techniques, the centrifugal method
was chosen as a simple method to give information about the
message of bound water variation.6,26 Fig. 2 illustrates how
bound water within sludge was related to the PAM dosage
measured by centrifugation at 500g and 1132g for 10 min. It was
observed that the content of bound water decreased linearly
with increasing PAM dosage. The bound water content of sludge
decreased from 35.48% to 31.74% at 500g, 29.15% to 26.60% at
1132g respectively when the PAM dosage increased to 18.80 mg
g�1 VSS. Now, it was still difficult to present any quantitative
data on the bound water content with sludge, but variation
trend in Fig. 2 at two chosen gravitational acceleration was
consistent, suggesting the possible transformation of bound
water to free water with PAM dosage for conditioned sludge.

3.2.2. Zeta potential and pH. As presented in Fig. 3, the
solution pH remained stable with only slight uctuation with
increasing PAM dosage. A similar trend was observed for zeta
potentials. When the dosage of PAM increased from 0 to
18.80 mg g�1 VSS, the ZP slightly increased from �11.83 mV
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Variation of bound water (Wb/Wt) with PAM dosage at 500g and
1132g.

Fig. 3 Impact of various PAM dosages on sludge pH and zeta
potential.
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to�8.46 mV. The above results suggest that the addition of PAM
enhanced the dewaterability of sludge, with little contribution
from electrostatic neutralization.

3.2.3. Floc morphological characteristics. Fig. 4 shows the
typical structural morphology of sludge ocs with increasing
PAM dosage. The ocs appeared to become aggregated and
form compacted sludge aggregates with increasing PAM dosage.
The transformation of irregular ocs for raw sludge to
agglomerated aggregates with increasing PAM dosage indi-
cating that more physical bound water was possibly extruded to
free water.

3.2.4. Composition of biopolymers. As shown in Fig. 5a,
the biopolymer content of soluble EPS and bound EPS remained
nearly constant for sludge samples treated with different
dosages of PAM. Similarly, the soluble COD (SCOD) and TOC in
the ltrates showed only slight uctuation (Fig. 5b). The related
data are presented in Table 2. Of course, the release of EPS and
intracellular materials can be benecial for sludge dewatering2

and can enhance the moisture content of the lter-cake.32 The
results above conrmed that the dosage of PAM had limited
This journal is © The Royal Society of Chemistry 2017
effect on the biochemical properties of sludge, which led to
almost no change of chemical bound water of sludge. In other
words, the enhanced sludge dewaterability was mostly due to
the changes of physical properties for the PAM-conditioned
sludge. In general, the dosage of PAM had no obvious effect
on the structure and content of intracellular materials.
3.3. Dewatering performance by rheological analysis

3.3.1. Flow measurement. Generally, the moisture of
colloidal systems can be manipulated by adding polymers.33 As
the colloidal systems heavily depend on the microstructure of
a particle network, small changes of the network between
particles can drastically affect the structural, mechanical, and
dynamic properties of the colloidal system. Fig. 6 illustrates the
rheogram of occulation by PAM in steady state. The ow curve
of the PAM-conditioned sludge was divided into two sections:
prior to yield exhibiting a maximum shear stress (smax) and
a trend similar to (or equal to) that of raw sludge aer yield.
Increasing the dosage of PAM led to changes in the rheogram of
the sludge. The R2 of the t of the data for the conditioned
sludge using the Herschel–Bulkley model decreased from 0.996
for raw sludge to 0.037 for 18.80 mg g�1 VSS PAM-conditioned
sludge (Table 3). Moreover, the maximum shear stress (smax)
is an indicator of the oc strength.21,34 As shown in Fig. 6, the
maximum shear stress (smax) was proportional to the dosage of
PAM, which increased from 0.31 Pa to 37.36 Pa when the dosage
increased from 0 to 18.80 mg g�1 VSS (Table 3), indicating that
the oc strength was enhanced initially. However, aer yield,
greater shear dissipated the network. Consequently, the larger
the dosage, the lower the apparent viscosity and the stronger the
liquidity, indicated by the ow curve in Fig. 6 ( _g > 40 s�1). These
results suggest that the use of PAM as a good occulant can
decrease the ow resistance between solid-phase and liquid-
phase aer yield ( _g > 40 s�1). How does the addition of PAM
increase the uidity of the colloidal system for the conditioned
sludge?

To answer this question, there were two interesting obser-
vations from these experiments about the LVE regime (Fig. 6).
First, the PAM-conditioned sludge exhibited greater network
strength than raw sludge before the sludge system yield.
Secondly, the higher the PAM dosage added, the bigger the
deviation of the sludge rheogram. These changes reveal that the
distribution between solid-phase and liquid-phase may become
homogeneous and orderly with the increase of entropy, which
makes the network and strength of the system more stable.
These observations were consistent with the results in Fig. 4
because more bound water was transformed to free water with
increasing PAM dosage in the range of 0–18.80 mg g�1 VSS
(Fig. 2). Once the critical shear rate is achieved, the network will
be dissipated and sensitive to shear in the non-LVE regime.
Thus, the uidity of the liquid phase can be effective. As a result,
the apparent viscosity decreases with PAM addition.

3.3.2. Dynamic measurement. The effects of PAM dosage
on the viscoelastic properties of sludge are clearly illustrated in
Fig. 7. The ve related pairs of curves showed similar evolution.
All samples were independent of strain and exhibited linear
RSC Adv., 2017, 7, 30274–30282 | 30277
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Fig. 4 Images of sludge aggregates with: (a) 0 mg g�1 VSS PAM dosage; (b) 5.11 mg g�1 VSS PAM dosage; (c) 8.50 mg g�1 VSS PAM dosage; (d)
17.00 mg g�1 VSS PAM dosage; (e) 25.52 mg g�1 VSS PAM dosage.
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viscoelastic (LVE) behavior under a low strain. Both moduli
became strain dependent at higher strains, and G00 slightly
increased to pass through a small peak before decreasing. In the
LVE regime, the variation trend of G0 and G00 was similar with
the dosage of PAM. As PAM dosage increased from 0 to 18.80 mg
g�1 VSS, the G0 increased from 8.20 Pa to 14.25 Pa, which
indicated improved network strength and stronger colloidal
forces of the oc at higher PAM dosage (Fig. 7a). Hence, the
viscoelastic region was expanded due to changes of critical
shear strain (gc1), which increased from 44.63% to 104.15%
when the dosage increased from 0 to 18.80 mg g�1 VSS (Table 3).
Furthermore, as shown in Fig. 7b, complex modulus (G*), which
represents the deformation resistance of particles arrange-
ment,31 was higher for larger PAM dosages. Chen, et al.33

claimed that the network strength of ocs was increased by the
formation of more bridging between cationic polymers and
sludge particles. As a result, the deformation resistance was
enhanced. Overall, a higher dose of PAM (within a reasonable
range) correlated to stronger deformation resistance. Conse-
quently, the LVE regime was expanded in the view of the critical
30278 | RSC Adv., 2017, 7, 30274–30282
shear strain (gc2 (%)), which increased from 1.63% for raw
sludge to 6.16% for 18.80 mg g�1 VSS PAM dosage. All the
results above indicate that the network strength of sludge ocs
was enhanced aer the addition of more PAM before yield.

To better understand the viscoelastic properties within the
LVE regime for PAM-conditioned sludge, a typical frequency
sweep was performed. As shown in Fig. 8a, all of these samples
presented as a solid-like regime (G0 > G00). The values of tan(d)
signicantly decreased aer addition of PAM, suggesting that
the strengthened viscoelastic properties of the sludge aer PAM
conditioning for increased solid-like properties.

Furthermore, the creep tests were performed to probe the
time-dependent nature of changes in these sludge samples.
Fig. 8b shows the values of compliance as a function of time.
As expected, a signicantly lower compliance (J(t)) was
observed by a given stress with increased PAM dosage, indi-
cating that the addition of PAM strengthened the internal
structures of sludge ocs. The sludge conditioned with PAM
showed more rigid or elastic structures within the linear
viscoelastic regime. These results were consistent with the
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The correlation between PAM dosage and (a) the contents of
different EPS fractions (b) the contents of SCOD and TOC in soluble
EPS.

Fig. 6 Typical rheogram of PAM conditioned sludge at various
dosages with SS of 23.60 g L�1 at 25 �C.
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ones from ow tests before yield (Fig. 6) and frequency tests
before yield (Fig. 8a).
3.4. The mechanism of PAM conditioning on sludge
dewatering

This study illustrates the physicochemical behavior and rheo-
logical properties of raw and PAM-conditioned sludge.
Although many rheological parameters of sludge have been
proposed to describe and predict both lab-scale and full scale
dewatering,21,33,35,36 here rheological analysis is used to reveal
the mechanism of PAM conditioning on sewage sludge dew-
atering. In an efficient cake ltration process, the stress or shear
applied in the sludge system hinders the uid ow through the
denser solid matrix and ultimately forces out large amounts of
water from the cake.21 Based on the experimental results, we
Table 2 Influence of PAM conditioning on physic-chemical characteris

PAM dosage
(mg g�1 VSS) pH Zeta potential (mV)

Biopolym

Polysacc-

0.00 6.92 � 0.04 �11.83 � 0.57 0.70 � 0
3.76 6.93 � 0.03 �10.46 � 0.39 0.71 � 0
6.26 6.98 � 0.02 �10.18 � 0.85 0.70 � 0
12.53 7.08 � 0.18 �9.91 � 0.15 0.69 � 0
18.80 6.99 � 0.08 �8.46 � 0.22 0.71 � 0

This journal is © The Royal Society of Chemistry 2017
propose that well polymer-occulated sludge should possess
the two following characteristics:

(1) The ocs should have pronounced elastic behavior and
steric network to resist applied stress to create a cake with high
porosity and permeability and hinder uid ow through
a denser solids matrix. As a consequence, the distribution of
solid-phase and liquid-phase should be more orderly.

(2) Water is separated from the solid matrix aer yield during
the ltration process, meaning that the performance of solid–
liquid sludge separation is effective.

The effect of PAM conditioning on activated sludge dew-
atering is proposed in Fig. 9. When the PAM dosage was
increased from 0 to 18.80 mg g�1 VSS, there was nearly no
change in the intracellular material contents or the biochemical
properties of sludge, and only a small increase in electrostatic
neutralization. However, the irregular ocs appeared to become
compacted and aggregated with increasing PAM dosage (Fig. 4),
which would cause the possible extrusion of more physical
bound water to free water, consequently, the content of bound
water decreased (Fig. 2). These observations reected in the
dynamic measurements were that the addition of PAM signi-
cantly increased the strength of oc network and occulation by
anionic PAM based on the rheological properties. Conse-
quently, the maximum shear stress (smax) and the yield stress
tics of the sludge

ers content (mg g�1 VSS)

TOC (mg g�1 VSS)harides Proteins Nucleic acids

.02 0.91 � 0.01 0.92 � 0.02 14.98 � 0.51

.05 0.81 � 0.03 0.94 � 0.04 15.36 � 0.18

.03 0.93 � 0.03 1.01 � 0.03 16.32 � 0.14

.08 0.93 � 0.04 1.20 � 0.04 15.26 � 0.12

.01 0.91 � 0.06 1.12 � 0.04 15.39 � 0.29
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Table 3 The related parameters of the conditioned sludge during rheological measurements at various PAM dosages

PAM dosage
(mg g�1 VSS)

Steady state measurements: _g ¼ 0.1–500 s�1 Key parameters in linear regime

sy (Pa) k (Pa sn) n R2 smax (Pa) hN (mPa s) gc1 (%) gc2 (%) G* (Pa) tan(delta)

0.00 0.287 0.147 0.581 0.996 0.313 11.370 44.632 1.632 8.263 0.109
3.76 0.558 0.113 0.601 0.949 0.571 10.591 47.370 1.933 9.460 0.103
6.26 0.702 0.103 0.627 0.665 6.703 10.760 51.103 2.530 11.012 0.098
12.53 0.816 — — 0.096 19.961 7.192 80.908 4.024 11.253 0.091
18.80 1.246 — — 0.037 37.361 6.503 104.15 6.163 14.276 0.089

Fig. 7 Evolution of (a) storage and loss moduli and (b) complex
modulus during strain sweep with SS of 23.60 g L�1 at various PAM
dosages.

Fig. 8 Evolution of (a) frequency sweep in the LVE regime (strain ¼
0.1%), (solid triangle represents G0, solid pentagon represents G00,
hollow circle represents tan), and (b) Creep tests in the LVE regime
(shear stress ¼ 0.02 Pa) with SS of 23.60 g L�1 at various PAM dosages.
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obtained by the ow increased aer the dosage of PAM (Fig. 6).
These phenomena are due to the enhanced network strength of
sludge ocs (Fig. 6–8) and the linear viscoelastic regime is
expanded based on the dynamic measurement (Table 3). The
occulation mode of sludge particles by polymers includes
polymer adsorption (electrostatic interaction, hydrogen
bonding) and polymer bridging.37 Our results suggest that the
latter is the main occulation mode for PAM-conditioned
sludge (Fig. 3, Table 3). Because more bound water was
30280 | RSC Adv., 2017, 7, 30274–30282
transformed to free water with increasing PAM dosage, once the
stress is high enough to dissipate the colloidal network, the
sludge system will be sensitive to the shear rate in the non-LVE
regime and the uidity of liquid phase can be more effective. As
a result, better dewatering performance can be achieved, which
is indicated by the improvement of lterability (Fig. 1).

Till to now, the works about applying rheology measurement
for sludge dewatering to provide guideline mainly focus on
determining right dose of additive for a better dewatering.
While aer summarizing previous works and our results ach-
ieved, we thought it was still a challenge to provide precise and
scientic guideline on it. Many literatures21,22,33,34,38,39 attempt to
This journal is © The Royal Society of Chemistry 2017
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Fig. 9 The proposed mechanism of PAM conditioning on activated sludge dewatering.
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explore the correlation between rheological measurements and
additive dose assessment/control, but no clear conclusion can be
drawn because of consensus is still unachieved. For example,
Ormeci38 indicated that the peaks observed in torque readings and
entire torque-time rheograms could be used for the determination
of the optimum polymer dose and mixing conditions. Oliveira,
et al.22 demonstrated that rheological parameter such as h[0.1/s]
could be used for optimizing polymer dosage. Wolny, et al.40

indicated that liquid limit might be useful as the control param-
eter to guide dosing of additive in sludge treatment. Furthermore,
some researchers also point out the limitation about rheology
measurements for guiding dosing of additive in sludge dewater-
ing.21,34 Though rheological parameters can be used to optimize
sludge conditioning and dewatering, the choice of rheological
parameters as a dewatering index to determine the optimal dosage
in sludge conditioning depends upon the type of sludge and the
means of conditioning. So, previous efforts have not provided
strong correlation between rheological parameters and sludge
dewatering. Thus, it is hasty to provide guideline to select condi-
tioners or determine right dose of additive to reach a good level of
dewatering using rheological analysis in this stage. Therefore, we
propose that applying rheology analysis can help us understand
themechanism of sludge dewatering process better. On this basis,
we hope to give useful indication especially for predicting right
dosing of additive for a better dewatering in the future.
4. Conclusions

This study explored the PAM conditioning process for activated
waste sludge and evaluated the feasibility of applying rheological
analysis to understand the mechanism of PAM conditioning on
sludge dewatering. Following outcomes were obtained:

(1) The dosage of PAM slightly decreased the moisture level
of sludge cake, which was due to the transformation of physical
bound water instead of chemical bound water to free water
through bridging mechanism.
This journal is © The Royal Society of Chemistry 2017
(2) PAM addition tended to enhance the solid-like character
of conditioned sludge in the linear regime.

(3) PAM addition improved the sensitivity of sludge system to
shear in the non-linear regime due to the changes of both the
bound water content and the linear regime property. So high
performance of solid–liquid separation was achieved.

(4) Rheological analysis could act as a useful indicator to
reveal the mechanism of sludge dewatering.
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 Capillary suction time (s)

PAM
 Polyacrylamide

Wc
 Water content

Wt
 Total water

Wb
 Bound water

EPS
 Extracellular polymeric substances

LB EPS
 Loosely bound extracellular polymeric substances

TB EPS
 Tightly bound extracellular polymeric substances

PN
 Protein

PS
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HS
 Humic-like substances

TOC
 Total organic carbon

SCOD
 Contents of soluble chemical oxygen demand in the

soluble EPS

Sol-EPS
 Soluble extracellular polymeric substances

Bound-
EPS
Bound extracellular polymeric substances
sy
 Yield stress (Pa)

smax
 Maximum shear stress (Pa)

G0
 Storage modulus (Pa)

G00
 Loss modulus (Pa)

gc1
 The critical shear strain (G0 ¼ G00)

gc2
 The critical shear strain (rheological properties

begin independent of strain)

hN
 Limiting viscosity (mPa s)

LVE
 Linear viscoelastic
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Consistency index (Pa sn)

n
 Flow behavior index

G*
 Complex modulus (Pa)

tan
 Ratio of G00/G0
J(t)
 Creep compliance (Pa�1)

ZP
 Zeta potential (mV)
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