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A B S T R A C T

The initial pH value of sludge affects sludge anaerobic digestion and dewatering performance. In order to de-
termine the suitable pH value and decrease the sludge digestion time, in this study, the effect and the mechanism of
combined acidification and anaerobic mesophilic digestion (acid-AMD) on sludge dewaterability were in-
vestigated. The changes and relationships among the extracellular polymeric substances (EPS), physicochemical
properties, and rheological behavior of the treated sludge were analyzed. The results indicated that the combined
acid-AMD treatment improved sludge dewaterability approximately 36.08% and 30.28% compared to the acid
conditioning and AMD treatment, respectively. The factors improving sludge dewaterability include a lower sludge
pH value and appropriate duration of AMD, changes in particle size, surface properties and distribution of the EPS
fractions. The acid-AMD treatment hydrolyzed the EPS, loosening the sludge structure. These changes reflected in
the rheological properties of the sludge. After the treatment, the network strength and colloid force of the sludge
weakened. The linear viscoelastic region contracted, and the sludge system became sensitive to shear. These results
demonstrated that rheological analysis can help explain the sludge dewatering mechanism. The acid-AMD treat-
ment effectively changed the distribution of EPS that play a vital role in sludge dewaterability.
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1. Introduction

Recent years have seen a rapid expansion of society’s capacity to
treat sewage [1]. Common technologies used in wastewater treatment
plants result in sewage sludge byproducts. Large amounts of sludge
create problems and have raised significant concerns [2]. The water
content of sewage sludge in secondary tanks averages 99%. High-per-
formance dewatering facilitates sludge reduction.

Anaerobic digestion is a high-performance and energy efficient
method for sewage sludge disposal [3] and is beneficial for improving
sludge dewaterability when sludge is digested for a short time at a
suitable digestion temperature [4]. In a previous study, anaerobic me-
sophilic digestion (AMD) was applied to enhance the sludge dewater-
ability and reduce dosage of follow-up conditioners [5]. However, the
AMD treatment alone is not effective enough to promote sludge de-
waterability. Combining other appropriate technologies to improve
sludge dewatering performance is necessary to investigate.

Low pH conditions combined with anaerobic digestion may be well
for sludge dewatering, because the pH value of the sludge is crucial for
its dewaterability [6]. Acidification combined with other methods is
reported to improve sludge dewaterability better than the single
methods [7–9]. A few studies investigated the combination of acid-
ification and AMD treatments to improve sludge dewatering perfor-
mance.

Bacteria secrete extracellular polymeric substances (EPS) to protect
the biomass from the external environment in sludge [10]. EPS makes it
difficult to pack sludge aggregates, leading bonded water to be con-
tained in the sewage sludge and poor settling ability [7]. Several studies
showed that the EPS spatial distribution is of great significance for
sludge dewatering [5,11,12].

EPS is characterized by three layers, soluble (SB) EPS, loosely bound
(LB) EPS, and tightly bound (TB) EPS [9]. Some studies revealed the
role of EPS when sludge is exposed to anaerobic digestion conditions or
acidification treatment alone [6,13], indicating that sludge dewater-
ability first improved and then gradually worsened, because tyrosine
and tryptophan protein-like substances changed in the EPS during
subsequent digestion [14]. For sludge treated with acid, the con-
centration of organic components in the LB EPS was higher than that in
other EPS layers. The organic components play an important role in
improving the water binding capacity and enhancing dewatering per-
formance [15]. Therefore, the distribution of organic matter in EPS
fractions may be vital in supporting sludge dewatering when under-
going acid-AMD treatment.

Many studies attempted to explain sludge dewatering mechanism
[16,17] and focused on the conditioning method and physicochemical
features to reveal the mechanism of sludge dewatering [18]. However,
the relationship between the physicochemical features and dewater-
ability has not explained the in-depth mechanism. To address this,
studying the hydrodynamics (rheological behavior) of sludge is needed
to better understand the fundamental mechanism of sludge dewatering.
The sludge characteristic can be better understood through the rheo-
logical properties of sludge [19]. Rheology can be used to characterize
the strength of network structure [20], which refers to the shape of
sludge floc and is formed by EPS, multivalent cations, and other par-
ticulate materials [6]. The strength of network structure can be used to
evaluate the stability of sludge floc. The network structure is of

significance for maintaining the structural and functional integrity of
sludge flocs. Moreover, the network structure can trap the water in the
sludge, making sludge dewatering difficult. Therefore, destroying or
weakening the network structure of sludge may be a possible solution to
promote internal water release and thus improve sludge dewatering
[20].

Some studies investigated the effect of EPS concentrations on the
rheological properties of sludge [19,21,22], indicating that sludge with
high viscosity has higher EPS concentration. Yuan and Wang [19]
proposed that TB-EPS appeared to have a stronger network structure.
However, the relationship between the rheological properties and ma-
terials in different EPS fractions of sludge is not well understood. To
explore the sludge dewatering mechanism, in this study, significant
attention was paid to investigate the effects of different EPS fractions
and rheological properties of sludge after the acid-AMD treatment.

In this study, three types of sludge samples, combined acid-AMD
treated sludge, AMD treated sludge and acid conditioned sludge, were
compared. The objective of this study was to investigate the efficiency
of the combined acid-AMD treatment in the sludge dewatering process.
The physicochemical properties of the sludge, including the particle
size, zeta potential, and pH value, were analyzed. The composition and
characterization of organic matter in the EPS matrix under different
conditions were also studied. Rheological analysis was conducted to
reveal the mechanism of sludge dewatering under the acid-AMD
treatment. In addition, insights about the mechanisms, and the benefits
and drawbacks of a combined acid-AMD treatment on the sludge de-
watering are also provided in this study.

2. Material and methods

2.1. Raw sludge and chemicals

Raw sludge was collected from the secondary sedimentation tank at
a domestic sewage treatment plant in Guangzhou, China. The sludge
samples were settled by gravity for approximately 12 h to increase the
concentration of sludge [5]. All the tests were completed within 3 days
and the sludge samples were placed in a refrigerator at 4 °C [23].
Table 1 lists the main characteristics of the raw sludge. Analytical grade
sodium hydroxide (NaOH) and sulfuric acid (H2SO4) were purchased
from Guangzhou Chemical Reagent Factory, China.

2.2. Sludge conditioning and dewatering

For each conditioning test, an aliquot of H2SO4 or NaOH, at a
concentration of 1M, was added to a 250mL sample of sludge to adjust
the pH value. The pH of the sludge samples ranged from 3 to 7. After
acidification, each acidified sludge sample was poured into a 250mL
anaerobic fermenting tank. The AMD of the acidified sludge was con-
ducted in these tanks without inoculum. Then, all digestions were
performed at 35 ± 1 °C in a thermostatic oscillator (DDHZ-300,
Taicang experimental equipment factory, China) at a speed of 150 rpm.
The digestion times (durations) ranged from 0 to 24 h. The relationship
between the AMD temperature and sludge dewatering was experi-
mentally investigated in the early stage process. The result showed that
35 °C was best for improving sludge dewaterability during a short-term
digestion period. As such, all the samples were tested at a temperature

Table 1
Raw sludge characteristics.

Parameter Batch pH Moisture content (%) TSS (g/L) VSS/TSS (%) SCOD (mg/L) Zeta potential
(mV)

Value 1 6.62 97.08 ± 0.25 31.53 ± 0.42 50.18 ± 0.35 366.51 ± 32.14 −22.67 ± 0.34
2 6.60 97.16 ± 0.28 31.82 ± 0.37 49.76 ± 0.32 351.25 ± 23.74 −22.98 ± 0.53

Note: TSS: Total suspend solid. VSS: Volatile suspend solid. SCOD: Soluble chemical oxygen demand.
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of 35 ± 1 °C in this study. Detailed information is provided in Fig. S1
and Text S1 of the Supporting Information.

Conditioned sludge samples collected from these reactors for dif-
ferent anaerobic digestion durations were immediately characterized.
Sludge dewaterability was determined by measuring the specific re-
sistance of filtration (SRF, m/kg) and filtrate total organic carbon
(TOC). TOC was measured using a TOC analyzer (TOC-VCPH,
Shimadzu, Japan) [5]. The SRF was measured by standard methods as
described previously [24,25].

2.3. Physicochemical characteristics

The particle sizes of the samples were measured using a Mastersizer
3000 (Malvern, UK) operated following the guidelines in study by Chen
et al. [26]. All the measurements were performed in triplicate at a
temperature of 25.0 ± 0.1 °C. The particle size d0.5 value indicates that
50% of the measured particles were less than or equal to the size stated.
The zeta potentials of the samples were measured using a Zetasizer
(90Plus PALS, Brookhaven Instruments Corporation, USA). The pH
values were measured using a pH meter (STARTER 2100, Ohaus, USA).

2.4. Extraction and analysis of EPS

2.4.1. EPS extraction
Sludge samples were settled in a 50mL centrifuge tube. The su-

pernatant was collected and labeled as SB EPS [9]. The bound EPS of
the sludge, including LB EPS and TB EPS, were obtained by an

improved heat extraction method [11]. The extraction method used is
as follows: First, sludge samples were settled at speed of 3000×g for
10min in a 50mL tube. The supernatant was collected and labeled as
SB EPS. Second, the sludge pellet in the tube was re-suspended with
0.05% sodium chloride (heated at 70 °C) and shaken horizontally at
150 rpm for 10min. The liquor was centrifuged at 4000×g for 10min
to separate solids and supernatant. The supernatant was collected and
labeled as the LB EPS. Third, the sludge pellet in the centrifuge tube was
resuspended in 0.05% NaCl solution to 50mL. The sludge suspension
was heated to 60 °C in a water bath for 30min, and the sludge mixture
was then centrifuged at 4000×g for 15min. The supernatant was col-
lected and labeled as TB EPS.

2.4.2. EPS analyses
The protein (PN), polysaccharides (PS) and TOC of all EPS extracted

samples were analyzed. The PN was measured by the Coomassie
Brilliant Blue G-250 method [27] with bovine serum albumin as the
standard, while the PS was measured by the Anthrone method [28]
with glucose as the standard. TOC was measured using a TOC analyzer
(TOC-VCPH, Shimadzu, Japan).

Organic compounds in SB EPS, LB EPS and TB EPS were further
evaluated by three-dimensional excitation-emission matrix (3D-EEM)
fluorescence spectroscopy. The 3D-EEM of the sample was measured
using an F-4600 fluorescence spectrophotometer (Hitachi, Japan) in the
excitation range from 200 to 400 nm at 5 nm sampling intervals and at
an emission wavelength ranging from 280 to 500 nm at the intervals of
5 nm. 3D-EEM spectra were recorded at a scan rate of 2400 nm/min,

Fig. 1. Effect of each component (initial pH value and anaerobic digestion time) on sludge dewatering: (a) Sludge SRF; (b) Filtrate TOC; (c) pH change versus
anaerobic digestion time.
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using excitation and emission slit bandwidths of 10 nm. The 3D-EEM
spectrum was delineated into six regions (Table S1) according to
Wang’s study [29]. Fluorescence regional integration (FRI) was used to
quantify the EPS components [30]. The water background in EEM
spectrum was subtracted.

2.5. Rheological measurements

The sludge rheology was determined using a rotational rheometer
(Physica MCR 301, Anton Paar, Austria) with a PP 50 parallel plate
geometry (49.94mm diameter plate sensor and 1mm gap). The tem-
perature was maintained at 35 ± 0.1 °C using a water bath. The
rheological measurement process is shown in Supporting Information,
Text S2. The Herschel-Bulkley model (Eq. (1)) was used to fit the
rheological data. This model has been reported to describe sludge
rheology [31,32].

= + ky
n (1)

where τ is the shear stress (Pa); is the shear rate (s−1); and y is the
yield stress (Pa). The factor k is the consistency index (Pa s· n), which can
reveal the average firmness of the sample [33]. The factor n is the flow
behavior index (dimensionless), which is equal to 1 for Newtonian
fluids, greater than 1 for dilatant fluids, and less than 1 for pseudo-
plastic fluids [34,35].

2.6. Statistical analysis

Statistical analysis was conducted using the IBM SPSS software
version 22.0. Pearson’s correlation coefficient (R) was used to evaluate
the linear correlation between two different parameters. The

correlations were considered statistically significant at a 95% con-
fidence interval (p < 0.05).

3. Results and discussion

3.1. Effect of acidification and anaerobic mesophilic digestion on sludge
dewatering performance

The effects of acidification and AMD treatment on sludge dewater-
ability were evaluated based on the SRF (Fig. 1a). For all types of
sludge, the SRF values first descended and then rose as anaerobic di-
gestion time continued. When comparing the raw sludge with the
sludge treated only by AMD, the SRF decreased from 2.86× 1012 m/kg
(raw sludge) to 2.20×1012 m/kg (AMD time= 12 h). This process has
been pointed to reduce the amount of biopolymer and improve sludge
dewatering [36], whereas long-term anaerobic process would further
destroy sludge cells and EPS, and release excess biopolymer into solu-
tion could deteriorate dewatering performance [4]. Thus, the SRF value
showed an increasing trend with increasing anaerobic digestion time
after reaching the minimum. The dewaterability of the treated sludge
also improved with decreasing pH. After the acid conditioning, the SRF
value decreased to 1.92×1012 m/kg (pH=3), because the micro-
organism surface properties changed by acid conditioning [7].

The combined acidification and AMD treatment improved the
sludge dewaterability better than acid conditioning or AMD treatment
alone. Fig. 1a shows that decreasing the pH could reduce the anaerobic
digestion time, leading to optimal dewatering efficiency. The lowest
SRF value (SRF=1.22×1012 m/kg) was found at a pH of 3 and with
6 h of the anaerobic digestion time. The SRF value decreased by ap-
proximately 36.08% and 30.28% compared to the acid conditioned

Fig. 2. Effect of pH and AMD time on concentrations of EPS (a), PS (b), PN (c).
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sludge and AMD treated sludge, respectively. The results showed that
sludge dewaterability was higher at a low pH and with proper digestion
time.

The filtrate TOC values of the sludge after combined acid-AMD
treatment increased with increasing digestion time, and the pH values
decreased from 6.60 to 3.00 (Fig. 1b). The increase in the TOC values of
filtrate indicated that acidification dissolved the organic materials to a
significant extent. After the acid-AMD treatment (pH=3, AMD
time=12 h), the filtrate TOC value increased from 1.65mg/g dry solid
(DS) to 8.38mg/g DS (Fig. 1b). The change in the TOC value with the
acid-AMD conditioning was larger than with acid or AMD treatment

alone. The increase in TOC after 12 h AMD time also indicates the
possibility of disruption and release of excess EPS during the process
[5], probably increasing the SRF value as shown in Fig. 1a.

As the anaerobic digestion time proceeded, the pH values decreased
when the initial pH exceeded 6.5, but increased when the initial pH
was< 6.5 (Fig. 1c). The dynamic changes in pH during anaerobic di-
gestion reflected the impact of microbial activities. In fact, acidogenic
bacteria play important roles in organic hydrolysis, which in turn af-
fects TOC and pH values of the system. Methanogenic bacteria are also
extremely sensitive to pH and thrive in the pH range 6.5–7.2 [37].
When the initial pH was 6.60 or 7.00, there is a complex microbial

Fig. 3. Influence of pH and AMD pretreatment on EEM profile of different sludge EPS factions.
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association in the sludge, transforming the organic material into small
molecules and CO2. The pH of the system is controlled by the HCO3

−

alkalinity in the liquid phase and the CO2 concentration in the gas
phase [38]. When the initial pH is< 6.5, the pH increased, because EPS
contents including polysaccharides and protein like substances may
react with H+. These results show that the combined acid-AMD treat-
ment improved the sludge dewatering performance.

3.2. Effect on the physicochemical characteristics

3.2.1. Effect on zeta potential and particle size
The Zeta potential of sludge was based on the change in the pH

value. The change in the particle sizes was negatively correlated with
the SRF value (Fig.1a). Fig. S2a shows the increase in zeta potential
with decreasing pH. As the AMD process proceeded, the potential on
the surface of the particles varied greatly. The pH of the system changed
during AMD process, varying the zeta potential. Details are provided in
the Supporting Information, Text S3. The sludge particle size showed an
increasing trend first, followed by a decrease during acid-AMD process
(Fig. S2b), which might be affected by EPS structure damage and zeta
potential change. It implied that reduction in the initial pH value could
shorten the time of AMD process for sludge. These results suggest that
the larger the sludge particle size, the better the sludge dewatering.

3.2.2. Assessment of acid and AMD treatment on EPS contents
Previous studies have shown that the release of EPS and in-

tracellular materials facilitates sludge dewatering [21,39]. Fig. 2 shows
the concentration of organic compounds, including TOC (Fig. 2a), PS
(Fig. 2b), and PN (Fig. 2c). Fig. 2a and b show that TOC and PS in the SB
EPS and LB EPS increased, respectively, whereas they decreased in the
TB EPS after all treatments, compared to that of the raw sludge. Under
the acid-AMD treatment, the TOC concentration in the SB EPS increased
from 0.70mg/g DS (raw sludge) to 14.3 mg/g DS (pH=3, AMD
time=24 h). The LB-TOC increased from 1.46mg/g DS (raw sludge) to
4.23mg/g DS (pH=3, AMD time= 24 h), while the TB-TOC decreased
from 12.2mg/g DS to 5.2mg/g DS (pH=3, AMD time=24 h). The PS
of sludge showed similar trends after acid-AMD treatment, indicating
that the TOC and PS decomposed from TB EPS to SB EPS and LB EPS
under the combined acid-AMD treatment.

Protein-like substances are the main component of sludge EPS, ac-
counting for> 85% of the total mass of sludge EPS [40]. Fig. 2c shows
that the proteins in the EPS changed slowly when the sludge was
conditioned with the acid. The protein concentrations in the TB EPS
decreased with decreasing pH. The PN removal in TB EPS was highest
under the combined acid-AMD treated sludge. The total PN in the SB
EPS increased slowly during the AMD process, indicating that AMD
treatment might form the intercellular protein, which make the floc
bigger (Fig. S2b). The combined acidification and AMD treatment ef-
fectively changed the distribution of different EPS layers.

3.2.3. 3D-EEM analysis of EPS
3D-EEM fluorescence spectroscopy was used to further investigate

organic compounds in EPS fractions. EEM has been applied as a sub-
stitute for chemical analyses to identify compounds in samples, by

comparing their EEM spectral fingerprints [41]. Fig. 3 shows the effect
of pH and AMD treatment on the EEM profiles of different sludge EPS
factions. The EEMs of EPS layers show four peaks, A, B, C, and D,
identified as tyrosine/tryptophan amino acid), tyrosine/tryptophan
protein, polyaromatic-type humic acid, and polycarboxylate-type
humic acid, respectively [29,42].

These outcomes indicated that acid or AMD treatment significantly
increased the fluorescence intensity in SB EPS, especially the intensity
of peak B and peak D. Peaks A and B were observed in the EEMs of the
LB EPS of raw sludge. Peaks C and D appeared after acid conditioning.
These results showed that acidification contributed to the production
polyaromatic-type and polycarboxylate-type humic acid in the EPS.
After acid conditioning, the intensity of both peaks A and B in the EEMs
of the LB EPS decreased. The fluorescence intensity of the TB EPS ra-
pidly decreased, particularly peak B. Moreover, under the combined
acid-AMD treatment, the fluorescence intensity of TB EPS was weakest
compared to that of other samples, because of the disruption of sub-
stances. This result was similar to that shown in Fig. 2a, indicating that
the distribution of organic matter in different EPS layers could affect
the sludge dewatering performance. This also demonstrates that the
substances transferred from the TB EPS and LB EPS to the SB EPS are
the key factors affecting sludge dewatering, particularly with respect to
the tyrosine/tryptophan protein content.

Table S2 summarizes the FRI results of the six regions. The FRI
values of tyrosine/tryptophan amino acid and tyrosine/tryptophan
protein (red color) were higher than the intensities associated with
polysaccharide, fulvic acid, polyaromatic-type humic acid and poly-
carboxylate-type humic acid (green color) for most of the samples
(Table S2). The results showed that protein and polysaccharide contents
in EPS more significantly affected the settleability of the sludge [43].
The FRI values of the sludge samples under the acid-AMD treatment
increased for all regions in the SB EPS and parts of the regions in the LB
EPS and decreased for most regions in the TB EPS. Moreover, the SRF
and polysaccharide region in TB EPS were positively correlated
(R=0.787, p < 0.01, Table 3). The tyrosine/tryptophan protein re-
gion showed negative correlation (R = -0.508, p < 0.01) with the SRF
value in the TB EPS (Table 3). Thus, the change in the proteins and
polysaccharide in TB EPS may be the dominant factors affecting the
sludge dewatering, also confirmed by the results of the change in the
concentration of organic compounds (Fig. 2).

3.3. Effects of acidification and AMD treatment on the rheological profile of
the sludge

Rheology tests were conducted to assess the effects of acidification
and AMD treatment on sludge. Four types of samples including raw
sludge, acid-conditioned sludge (pH=3), digested sludge (AMD
time=6 h), and combined acid-AMD treated sludge (pH=3, AMD
time=6 h) were tested. These samples were more typical than other
treated sludge, because of their lower SRF values as shown in Fig. 1a.

3.3.1. Steady shear flow
The rheological behavior of sludge was investigated at a steady

shear flow in the range 0.1–1000 s−1. The shear rate was first increased

Table 2
Fitting results of the Herschel-Bulkley model and the key parameters at various sludge samples.

Initial pH AMD (h) Herschele-Bulkley parameters

y(Pa) k (Pa·sn) n Equation R2

6.60 0 3.2073 0.2062 0.5834 =3.2073+0.2062 0.5834 0.9623
6.60 6 3.5429 0.0997 0.6812 =3.5429+0.0997 0.6812 0.9817
3.00 0 2.7783 0.1906 0.5769 =2.7783+0.1906 0.5769 0.9520
3.00 6 1.6312 0.0389 0.7524 =1.6312+0.0389 0.7524 0.9635
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along an upward curve and then logarithmically decreased along a
downward line from 1000 s−1 to 0.1 s−1. Fig. 4 shows that the viscosity
of the treated sludge decreased more than that of the raw sludge, and
that of the sludge treated with the combined acid-AMD treatment was
lower than with the other treatments.

On the descending path, shear stress values were lower than the
ascending path. Therefore, a hysteresis loop appeared between the two
paths (Fig. 4). The area of the hysteresis loop could be used to evaluate
the degree of thixotropic properties of the sludge [20]. The sludge ex-
hibits high thixotropy due to its internal structures [44]. Strong thix-
otropy of sludge may be due to strong colloidal forces among particles
[45]. Separate acid or AMD treatment could weaken colloidal forces
among particles. The hysteresis loop area of the combined acid-AMD
treated sludge decreased from 1116.58 Pa∙s−1 to 724.95 Pa∙s−1, which
was much smaller than that of the sludge with the other treatments.
This demonstrates that the combined acid and AMD treatment effec-
tively weakened the colloidal forces.

The rheological behavior of the sludge was accurately analyzed by
the Herschel–Bulkley equation. Table 2 shows that the yield stress ( y)
and the k value decreased, while the n value increased after the con-
ditioning. Under the combined acid-AMD treatment, the n value in-
creased from 0.5834 to 0.7524. The y and the k value decreased from
3.2073 Pa to 1.6312 Pa and 0.2062 Pa s· n to 0.0389 Pa s· n, respectively
(Table 2). These results suggested that the network structure of the
sludge disrupted under the acid-AMD treatment. At a given shear rate,
the apparent viscosity and the shear stress decreased after conditioning
and is consistent with the result of the EPS release, which may indicate
the degree of floc rupture [46].

3.3.2. Dynamic measurement
Fig. 5 shows the effects of pH and AMD digestion on the viscoe-

lasticity of sludge. Four relative pairs of curves had similar development
of the storage modulus (G') and loss modulus (G"). A linear viscoelastic
region (LVE) was observed under low strain, and G' and G" were almost
constant. Fig. 5 shows that all G" values at the peak for the treated
sludge samples were lower than the values for raw sludge [46]. The
decrease in the G" after conditioning reflected the decreased viscosity of
the sludge. This might be related to the dissolution of EPS and in-
tracellular organic matter [6]. The G' value could indicate the network
strength of the material. For all the conditioned sludge samples, the G'
values at the peak were lower than those of the raw sludge. The G'
values of the combined acid-AMD treated sludge decreased the most,
with a change from 50.3 Pa to 15.5 Pa (Fig. 5), suggesting that colloidal
forces and network strength of sludge floc weakened.

At a constant strain of 0.1%, a typical frequency sweep was per-
formed for the raw sludge and three different conditioned sludge
samples (Fig. 6). Within the scope of LVE, G' were slightly higher than
G". When G' was > G", the elastic behavior of sludge dominates the
viscous behavior, showing the gelatinous structure of the sludge sam-
ples [47]. The G' and G" values both decreased after conditioning
(Fig. 6), indicating that the gel-like structure weakened. The G'raw sludge

value of modulus was greater than the G'AMD time = 6 h value, which was
greater than the following values in descending order: G'pH = 3, G' pH =

3, AMD time = 6 h, G"raw sludge, G"AMD time = 6 h, G"pH = 3, and G"pH = 3, AMD

Table 3
Pearson's correlation results between different parameters and SRF.

Items SRF

TOC TB-TOC 0.988**

LB-TOC −0.637
SB-TOC −0.899*

PS TB-PS 0.705
LB-PS −0.565
SB-PS −0.856

PN TB-PN 0.874
LB-PN 0.762
SB-PN −0.889*

FRI S1 −0.374
S2 −0.294
S3 −0.469**

S4 0.172
S5 −0.223
S6 −0.425**

FRI L1 0.082
L2 −0.024
L3 0.297
L4 0.129
L5 −0.364*

L6 0.279
FRI T1 −0.637**

T2 −0.508**

T3 0.787**

T4 −0.727**

T5 −0.599**

T6 0.431*

Rheological parameters y 0.890*

k 0.793
n −0.741

* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed). S1, S2, S3, S4, S5 and

S6 denote Region I, Region II, Region III, Region IV, Region V and Region VI in
SB EPS, respectively; L1, L2, L3, L4, L5 and L6 denote Region I, Region II,
Region III, Region IV, Region V and Region VI in LB EPS, respectively; T1, T2,
T3, T4, T5 and T6 denote Region I, Region II, Region III, Region IV, Region V
and Region VI in TB EPS, respectively.

Fig. 4. Flow curves of raw sludge, acid conditioned sludge and AMD pre-
treatment sludge (solid triangle represent shear stress, hollow triangle represent
viscosity).

Fig. 5. Dynamic strain sweep curve (solid squares represent G', solid triangles
represent G").
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time = 6 h (Fig. 6). This order suggests that the gel-like structure of the
combined acid-AMD treated sludge was weakest.

The creep and recovery test (Fig. 7) was also performed to probe the
time dependent nature of these samples [48]. The increase in creep
compliance suggests that the treated sludge, especially the acid-AMD
treated sludge, was easier to deform under a given stress compared to
the raw one. This test suggests that acidification and suitable digestion
treatment can loosen and disrupt the network structure of sludge. The
combined treatment exhibited satisfactory sludge dewatering results.

3.4. The mechanism of acidification and AMD treatment on sludge
dewatering

To investigate the mechanism of acid-AMD treatment on sludge
dewatering, Pearson correlations were calculated. The relationship
between the sludge dewaterability and the key parameters mentioned
are listed in Table 3. The results indicate that SRF is strongly related to
the TB EPS. The SRF showed positive correlation with TB-TOC
(R=0.988, p < 0.01), TB-PS (R=0.705, p < 0.07) and TB-PN
(R=0.874, p < 0.07). Moreover, positive correlations were found
between polysaccharide in TB EPS (T3) and SRF (R=0.787,
p < 0.01). These results show that the contents, especially poly-
saccharide, in the TB EPS are the dominant factors affecting sludge
dewatering.

The rheological parameters showed a strong relationship with SRF.
The absolute R value between them were all larger than 0.741, p <
0.07 (Table 3), indicating that sludge dewaterability is related to
rheological properties. Moderate correlations were observed between

the SRF and other parameters (Table 3). Significant correlations were
found among sludge dewaterability, the contents of different EPS
layers, and rheological characteristics.

Table S3 shows the Pearson relationships between the contents of
different EPS layers and the rheological factors, indicating a strong
negative correlation of SB-TOC with y (R= -0.920, p<0.05) and k (R
= -0.851, p < 0.07), while positively correlated with n (R=0.850,
p<0.07). The SB-PS and SB-PN showed the similar correlation with
these rheological parameters. Thus, the contents of SB EPS layer could
affect the rheological characteristics of sludge.

Based on these experimental results, the mechanism of acidification
and AMD treatment on sludge dewatering may include four elements:
(1) initial pH value, (2) AMD time, (3) EPS contents and physical be-
havior, and (4) rheological behavior. Decreasing the initial pH of sludge
changes physicochemical properties and EPS contents (Fig. S2). The
AMD treatment of the sludge changes the distributions of EPS fractions
(Fig. 2). Effective acid and AMD treatment damaged the structure of
floc, released the bound water, and agglomerated the sludge particles
under neutralization. Moreover, the particle size d0.5 of the treated
sludge increased (Fig. S2b). The intracellular materials and EPS re-
leased from the sludge (Fig. 3). The rheological properties confirmed
the effect of these changes on the treated sludge (Figs. 4–7). The
changes in rheological properties include weakening colloidal forces
and network strength, shrink LVE, reduced rigid or elastic structures,
and the sensitivity of sludge to shear. Hence, the combined acid-AMD
treatment achieved better dewaterability (Fig. 1). The EPS distribution
in the sludge may be the major factor, affecting rheological behavior
and dewaterability of sludge, particularly the contents in TB EPS
(Table 3). Based on this, rheological behavior could be a useful
guideline to reveal the EPS change and guide the best selection of
conditioner dosage for sludge dewatering.

4. Conclusions

The effects and mechanism of acid-AMD treatment on sludge de-
watering performance were investigated, and the conclusions of this
study are as follows:

1 Sludge dewaterability improved after the combined acid and AMD
treatment. Both the pH and AMD times played important roles in
improving sludge dewaterability. The optimized conditions are as
follows: initial pH, 3; AMD time, 6 h.

2 Sludge dewaterability was closely related to the PS and PN in EPS.
The PS and PN in TB EPS appear to play the major role.

3 The combined acidification and AMD treatment was more effective
in reducing EPS, which may deteriorate sludge dewaterability than
the AMD treatment alone.

4 The study elaborated the mechanism associated with combined acid
and AMD treatment on sludge dewatering. The rheological analysis
showed the relationship between the physicochemical character-
istics and conditioned sludge dewatering performance. This helps in
explaining the fundamental mechanisms involved in sludge dewa-
tering.
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Fig. 6. Frequency sweep in LVE regime (strain=0.1%).

Fig. 7. Creep and recovery tests in LVE region (shear stress= 1 Pa).
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