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and solution chemistry conditions) are highly changeable and have important effects on
sludge flocculation process. In this work, the alkalinity effects on sludge conditioning with
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hydroxy-aluminum were comprehensively investigated, and the interaction mechanisms
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between EPS and hydroxy-aluminum with different speciation were unraveled. The results

Hydroxy-aluminum

showed that the effectiveness of hydroxy-aluminum conditioning gradually deteriorated

Hydrolysis reaction

with increase in alkalinity. Meanwhile, the polymeric hydroxy-aluminum (Al13 ) and highly

Extracellular polymeric substances

polymerized hydroxy-aluminum (Al30 ) were hydrolysed and converted into amorphous aluminum hydroxide (Al(OH)3 ), which changed the flocculation mechanism from charge neutralization and complexing adsorption to hydrogen bond interaction. Additionally, both Al13
and Al30 showed higher binding capacity for proteins and polysaccharides in EPS than
monomeric aluminum and Al(OH)3 . Al13 and Al30 coagulation changed the secondary structure of proteins in EPS, which caused a gelation reaction to increase molecular hydrophobicity of proteins and consequently sludge dewaterability. This study provided a guidance for
optimizing the hydroxy-aluminum flocculation conditioning of sludge with high solution
alkalinity.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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The activated sludge process is widely used in wastewater
treatment, but a large amount of excess sludge is produced.
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Generally, the water content of excess sludge is higher than
90%, which contains abundant organics, various harmful pollutants, and pathogens (Thapa et al., 2009). More than 50% of
the waste water treatment plant operating cost has been spent
on excess sludge treatment (Low et al., 2000). Sludge is an extremely hydrophilic heterogeneous system with high density
of negative surface charge. It is dynamically stable in water due
to electrostatic repulsion. Extracellular polymeric substances
(EPS) in the sludge have a stable gel-like structure, which combine with water molecules through steric hindrance. The stability of EPS increases the viscoelasticity of the sludge and
makes mechanical dewatering more difficult.
EPS is a complex biopolymer system which mainly consisted by proteins, polysaccharides, humic acids, and nucleic
acids, which is affected by influent water quality and process
selection of sewage treatment plants (Liu et al., 2009b). The
network structure of EPS that surrounds microbial cells can
protect microorganisms from unfavourable environment. EPS
accounts for 60% to 80% of the total volume of sludge, thus
it is not only a main component of sludge but also an important role in sludge flocculation, sedimentation, dewatering,
and floc stability of activated sludge (Adav et al., 2008; Liu and
Fang, 2003; Sheng et al., 2010). Forster (1983) found that EPS
was highly hydrated and contained large amounts of water.
The composition and concentration of EPS in sludge are two
key factors of sludge dewaterability. The quantity of EPS in the
sludge influenced the zeta potential, floc stability, and solid
content of sludge cake (Mikkelsen and Keiding, 2002). However,
the effects of EPS on sludge dewatering could not be represented as a single linear relationship, and the sludge dewaterability would be optimal as the EPS content in a certain range
(Houghton et al., 2001). Adav et al. suggested that the ratio
of proteins to polysaccharides in EPS could affect the dewatering performance of sludge (Adav et al., 2008). Higgins and
Novak found that the proteins in EPS had a significant effect
on sludge dewaterability and the tightly bound proteins in EPS
could increase sludge dewaterability (Higgins and Novak, 1997).
EPS could be divided into soluble EPS (SEPS), loosely bound EPS
(LB-EPS), and tightly bound EPS (TB-EPS) through the biding
force between EPS and flocs. It has been found that sludge dewaterability was mainly affected by SEPS and LB-EPS (Li and
Du, 2011).
Chemical conditioning is indispensable to the mechanical dewatering of sewage sludge. Coagulation/flocculation is
the most conventional sludge conditioning method, which induces a series of physical and chemical reactions between
flocculant and sludge at solid-liquid interface and consequently leads to the separation of water from sludge. Polyaluminium chloride (PACl) is a commonly used coagulant in
water treatment, and contains different species of hydroxyaluminums. Hydroxy-aluminum can be divided into three
species: the monomeric specie (Ala ), the polymeric specie (Alb ),
and the highly polymerized specie (Alc ). The Alb is mainly
consisted by polymeric hydroxy-aluminum (Al13 ), which has
high positive charge density and strong complexation ability
(Bottero et al., 1980; Duan and Gregory, 2003; Parthasarathy and
Buffle, 1985). The Alc is highly polymerized aluminum (Al30 )
or aluminum hydroxide (Al(OH)3 ). Cao et al. (2016) suggested
hydroxy-aluminums could improve sludge dewatering performance, and Al13 was a most effective component in PACl
with good hydrolytic stability. The transformation of hydroxyaluminum species affected their coagulation behaviours and
sludge dewatering efficiency, which is closely related to the pH
value and alkalinity of sludge. The polymerization degree of
aluminum will increase as increasing pH, and it can be controlled by the regulation of pH (Hu et al., 2012; Zhao et al.,
2009). Moreover, the PACl was hydrolysed into less effective
hydroxy-aluminum at high alkalinity, meanwhile the coagulation mechanism of PACl was changed from charge neutral-

ization to sweep coagulation (Yang et al., 2019). It is necessary
to further investigate the interaction mechanism of hydroxyaluminum in sludge conditioning with different alkalinities.
The sludge characteristics (organic content, pH, and alkalinity, etc) are highly changeable, which have important effects
on sludge conditioning (Raynaud et al., 2012; Zhang et al., 2016).
First, the interaction between sludge particle and coagulant
will be different from the usual coagulation process when the
solid content of sludge is high, which can reach 20-50 g/L after
thickening. Second, sludge contains a large amount of organic
matters (usually between 30% and 80%) and the component
of organic matters is complex (Christensen et al., 2015). The
composition of sludge can be changed seasonally or as a result of wastewater and sludge treatment process, but most of
sludge contain macromolecular organic matters such as proteins, humic acids, and polysaccharides. Third, the chemical
properties of the sludge solution can be varied greatly, because
they are affected by the metabolic processes of the microorganisms in sludge and treatment processes. The alkalinity, in
particular, has a crucial effect on flocculation conditioning and
also relates to biochemical reactions, such as denitrification
and anaerobic digestion, which can cause the alkalinity of the
sludge solution to fluctuate from 100 mg/L to 5000 mg/L. Our
previous study found that during sludge flocculation conditioning, the hydrolysis of hydroxy-aluminum was affected by
sludge solid content, alkalinity, and organic matter concentration in sludge liquid phase, while the flocculation efficiency of
hydroxy-aluminum was significantly reduced at high alkalinity
(Yang et al., 2019), but the mechanisms are not clearly understood. In this work, the effects of transformation of hydroxyaluminium on sludge conditioning efficiency was examined,
and the interaction between hydroxy-aluminium and EPS of
activated sludge was deeply investigated. This study aims to:
(1) investigate the effects of alkalinity on the conditioning efficiency of PACl through analysing the characteristics of sludge
floc morphology and EPS under hydroxy-aluminum conditioning at different alkalinities; (2) study the interaction mechanism between EPS and different forms of hydroxy-aluminum
(AlCl3 , Al13 , Al30 and Al(OH)3 ); (3) provide reference guidelines
for the optimal control of flocculation conditioning at high alkalinity.

1.

Materials and methods

1.1.

Experimental materials

1.1.1.

Anaerobically digested sludge

The sludge was obtained from the anaerobic digestion reactor of the Beijing Gaobeidian Reclaimed Water Plant. The
sludge was hydrothermally treated at 160°C for 30 min and
then anaerobically digested at 45°C. The sludge was placed in
a cold storage at 4°C. The basic properties of the sludge are
as following: moisture content 95.43%, pH 7.7, total suspended
solid/volatile suspended solid (VSS/TSS) 51.72, average particle
size (D0.5 ) 17.99 μm, zeta potential -21.5 mV, alkalinity 5132.6
mg/L and normalized capillary suction time (CSTn ) 35.09 s·L/g.
The pH value of sludge samples used in hydroxy-aluminum
conditioning were adjusted to 7.7, 6.7, 6.4, 6.2, and 5.8 through
adding hydrochloric acid (10%), which corresponded the alkalinities of 5135, 4137, 3259, 2256, and 1114 mg/L. The alkalinity was analysed according to European standard (ISO 9963-1,
1994).

1.1.2.

Chemical agents

The aluminum coagulations were prepared by the method of
Xu et al. (2010) and the used reagents were analytical grade.
The PACl (B=2.0, OH/Al molar ratio) was synthesized through
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slowly adding quantified dosage of Na2 CO3 into AlCl3 solution [n(Na2 CO3 )/n(AlCl3 ) = 1.15] under intense agitation and
heating (80°C), then diluted 10 times and settled for 12 hr
(Cao et al., 2016). The details preparation procedure of Al13
were subscribed in Appendix A Section 1.1 (Duan et al., 2014;
Wang and Tang, 2001; Wang et al., 2002). The details preparation procedure of Al30 were subscribed in Appendix A Section
1.2 (Duan et al., 2014). Other agents used in this study were analytical grade.

1.2.2.4. High performance size-exclusion chromatography analysis (HPSEC) The molecular weight (MW) analysis was carried
out with a Waters liquid chromatography system, which was
consisted by Waters 2478 Dual λ Absorption Detector and Waters 1525 pump system. The chromatographic column used for
separation was a Shodex KW 802.5 column (Shoko, Japan). The
details of HPSEC analysis could be found in our previous study
(Zhang et al., 2014).

1.2.3.
1.1.3.

Chemical flocculation

The sludge samples were mixed with coagulant by agitator,
and PACl solution was added into sludge through graduated
pipette. The procedure of coagulation was set as follow: the
rapid mixing period was 2 min with a rotation speed of 480
r/min, and the slow mixing period was 8 min with a rotation
speed of 40 r/min.
The EPS samples extracted by cation exchange resin extraction method were mixed with AlCl3 , Al13 , Al30 , and Al(OH)3 by
agitator. The dosages of AlCl3 , Al13 , Al30 , and Al(OH)3 were 200
mg/L. The procedure of coagulation was set as follow: the rapid
mixing period was 2 min with a rotation speed of 480 r/min,
and the slow mixing period was 8 min with a rotation speed of
40 r/min.

1.2.

Analytical methods

1.2.1.

Sludge dewaterability assessment

Sludge dewaterability was measured by a portable capillary
suction time tester (CST 304B, Triton, UK). The value of capillary
suction time (CST) represented the diffusion rate of the sludge
on filter paper. A shorter CST was related to a better sludge
dewaterability. The normalized CST (CSTn ) value was obtained
by dividing the initial CST value by the total suspended solids
(TSS) concentration (Wang et al., 2018).

1.2.2. Extraction and analysis of EPS
1.2.2.1. Ultrasonic-heating extraction method The sludge mixture was centrifuged at 5000 r/min for 10 min in 50 mL tube, and
the supernatant was collected as SEPS. Then 0.05% NaCl solution was added to the remaining sediment to bring the total
volume back to 50 mL. The sample was resuspended through
stirring, then sonicated at 20 kHz for 10 min and centrifuged
at 5000 r/min for 10 min. The supernatant was collected as
LB-EPS. Resuspend the sediment as mentioned above, then
heated it at 60°C for 30 min and centrifuged at 5000 r/min for
10 min. The supernatant was collected as TB-EPS. The samples
of SEPS, LB-EPS, and TB-EPS were filtered through 0.45 μm filter
(Cao et al., 2016).

1.2.2.2. Cation exchange resin extraction method The sludge
sample was centrifuged at 3000 r/min for 15 min and retained
the sediment, then resuspended it in ultrapure water. Added
cation exchange resin with a dosage of 60 g/g TSS. The suspension was stirred at 200 r/min at 4°C for 12 hr, then centrifuged at
10,000 r/min for 30 min. The supernatant was filtered through
a 0.45 μm filter as EPS solution (Frølund et al., 1996).
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Confocal laser scanning microscopy (CLSM)

The spatial distribution of biopolymers (proteins and polysaccharides) in sludge floc and EPS complexes were observed by
CLSM (Zeiss, Germany). The samples of sludge cake and EPS
complexes were freeze-dried for 72 hr before CLSM analysis.
Prior to the observation with CLSM, the Texas Red conjugate
of Concanavalin A (5 mg/L, Molecular Probes, Eugene, Oregon,
USA) was used to target polysaccharides and proteins were
stained with fluorescein isothiocyanate (FITC; 5 mg/L, Sigma).
After a reaction for 2 hr at room temperature, the stained
samples were rinsed with deionized water. The samples were
dispersed in 1 mL 2-(N-Morpholino) ethane sulfonic acid and
stored at 4°C in darkness (Ki et al., 2015). The stained samples
were observed with a CLSM (Zeiss, Germany) using a 12 W argon ion laser source with excitation wavelength of 488 nm and
emission wavelength of 514 nm (Zhang et al., 2020). Samples
were observed with a digital camera attached to the CLSM. All
images were processed by Zeiss ZEN software.

1.2.4.

Other indicators

The pH value was measured by a pH meter (pHS-3C, Shanghai, China). The zeta potential of conditioned sludge (supernatant) was measured by Zetasizer 2000 (Malvern Instruments,
UK). The average particle size (D0.5 ) distribution of sludge was
observed through a Mastersizer 2000 laser particle size analyser (Malvern Instruments, UK). The nuclear magnetic resonance (NMR) analysis was using a JNM-ECA600 instrument
(JEOL, Japan) to analyse the hydrolysis products of hydroxyaluminum. Three-dimensional fluorescence spectrum scanning was performed by a Hitachi F-4500 fluorescence spectrometer (Hitachi, Japan) with an emission wavelength of 200400 nm and an excitation wavelength of 220-550 nm, the scanning speed was 12,000 nm/min with interval of 5 nm. The
Fourier transformation infrared analysis (FT-IR) was using an
FT-IR NICOLET 8700 spectrometer (Thermo Scientific, UK) with
a scanning range of 4000-500 cm−1 and 2 cm−1 increment.
The scanning electron microscope (SEM) analysis was achieved
through a Hitachi SU8020 FE-SEM (Hitachi, Japan) at 10 kV.
The X-ray diffractometer (XRD) analysis was using an AXSD8Focus X-ray diffractometer (XRD, Bruker, USA) in a range of 090o . The complexes of EPS and hydroxy-aluminum were analysed by X-ray photoelectron spectroscopy (XPS) (Thermo ESCALAB 250 spectrometer, USA). The samples were freeze-dried
for 72 hr before XPS, SEM, FT-IR, and XRD analyses. The pH, TSS,
and volatile suspended solid (VSS) were determined according
to standard methods (APHA (American Public Health Association), 2012).

2.

Results and discussion

2.1.

Effects of alkalinity on PACl conditioning

1.2.2.3. EPS composition analysis The EPS content of the
sludge was represented by the value of total organic carbon
(TOC), which was measured by a Torch Combustion TOC analyser (Teledyne Tekmar, USA). The organic matters in EPS were
mainly proteins, humic acids, and polysaccharides. The protein concentration and humic acid concentration were measured by Folin phenol reagent and ultraviolet absorption analysis (Frølund et al., 1995). The polysaccharide concentration was
measured by the anthrone-sulfuric acid method.

Fig. 1 shows the effects of alkalinity on sludge dewaterability after PACl conditioning. CSTn gradually decreased as the
dosage of PACl increased and finally reached equilibrium after the PACl dosage reached 0.020 g Al/g TSS. At PACl dosage
of 0.020 g Al/g TSS, the CSTn of conditioned sludge were 9.84,
6.85, 6.23, 4.78, and 4.30 s·L/g corresponded to the alkalinities of
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Fig. 1 – Effects of alkalinity on sludge dewaterability under
PACl conditioning.

5135, 4137, 3259, 2256, and 1114 mg/L, respectively. The CSTn of
sludge was increased as the caused a deterioration of PACl conditioning efficiency. NMR was applied to analyse the hydrolysis products of hydroxy-aluminum at different alkalinities.
Three peaks were observed in Appendix A Fig. S1 at 0, 63, and
80 ppm were related to [Al(H2 O)6 ]3+ , [AlO4 Al12 (OH)24 (H2 O)12 ]7+ ,
and [Al(OH)4 ]− , respectively (Kazpard et al., 2006; Lu et al., 1999).
Initially, there were two peaks at 0 and 63 ppm in PACl solution
which corresponded to monomeric aluminum (Al3+ ) and Al13 ,
respectively. As the alkalinity increased, the peak of Al3+ gradually disappeared, while the peak of Al13 decreased sharply and
eventually disappeared. A new peak at 80 ppm was generated
after the alkalinity reached 4137 mg/L, which suggested Al3+
and Al13 were gradually hydrolysed and converted into Al(OH)3 .
These results demonstrated that alkalinity had important effects on the hydrolysis reaction of hydroxy-aluminum, which
subsequently changed the flocculation behaviour of sludge.

2.2.

Effects of alkalinity on floc characteristics

2.2.1.

D0.5 and zeta potential

As shown in Fig. 2, at high alkalinity (> 3259 mg/L), D0.5 was
rapidly increased and gradually became stable as the PACl
dosage increased, while D0.5 increased as the dosage of PACl
increased at low alkalinity (< 2256 mg/L). These observations
suggested the hydrolysis products of hydroxy-aluminum in
PACl were influenced by alkalinity, which further influenced
the coagulation mechanisms of sludge. At low alkalinity, Al13
and Al30 didn’t hydrolyze rapidly, which maintained a high
flocculation conditioning efficiency. However, the hydroxyaluminum was hydrolysed into amorphous Al(OH)3 at high alkalinity, which formed larger flocs containing water through
sweep flocculation (Chu, 2001). The zeta potential showed a
similar trend with D0.5 (Fig. 2b), which tended to be neutral
as the PACl dosage increased. Due to the better stability and
high contents of Al13 and Al30 under low alkalinity, PACl had a
stronger charge neutralization capacity than that under high
alkalinity.

2.2.2.

Morphological properties of sludge cake

As shown in Fig. 3a, the surface of the raw sludge was smooth
and compact with pores of small sizes. With the decrease from
5135 mg/L to 1114 mg/L of alkalinity (Fig. 3b to 3f), the surfaces
of sludge flocs became rougher. Sludge flocs were agglomerated, and more pores and channels were formed, which re-

Fig. 2 – Effects of alkalinity on (a) D0.5 and (b) zeta potential
of PACl conditioned sludge.

leased the bound water contained in sludge. There were obvious differences of floc microstructure among samples treated
with different alkalinities. The increase of floc porosity indicated the flocculation mechanisms of charge neutralization
and complexation at low alkalinity was beneficial for the formation of pores. Thus, the alkalinity changed the microstructure of sludge cake through controlling the hydrolysis behaviour and flocculation efficiency of PACl.

2.3.
Effects of alkalinity on EPS characteristics with PACl
conditioning
2.3.1.

EPS distribution

As shown in Fig. 4, the contents of three EPS fractions all decreased as the dosage of PACl increased. EPS was a highly
hydrophilic system and contained large amounts of water,
which significantly influenced the dewaterability of sludge
(Forster, 1983). Chemical conditioning changed many characteristics of sludge, which improved sludge dewaterability
through reactions between flocculants and EPS. Similarly, the
reaction between PACl and EPS increased the floc strength and
reduced the compressibility of sludge. It can be seen that the
samples conditioned with same PACl dosage and lower alkalinity had lower EPS contents and higher EPS compression degrees. Fig. 4a shows that SEPS were easier to be flocculated
by hydroxy-aluminum under lower alkalinity. As mentioned
above, the alkalinity of sludge could affect the hydrolysis reactions of PACl, so the binding abilities of different PACl hydrolysis products with EPS were different. EPS might be easier to
be flocculated and compressed by Al13 at low alkalinity. How-
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Fig. 3 – Floc morphology of PACl conditioned sludge samples (Magnified 20000 times, 0.020 g Al/g TSS): (a) raw sludge; (b)
5135 mg/L; (c) 4137 mg/L; (d) 3259 mg/L; (e) 2258 mg/L; (f) 1114 mg/L.

ever, the Al13 would be transformed into amorphous Al(OH)3
at high alkalinity, which weakened charge neutralization and
complexation abilities of PACl and deteriorated the dewaterability of sludge.

2.3.2.

EPS composition

Appendix A Figs. S2 to S4 show the distributions of proteins,
polysaccharides, and humic acids in different EPS fractions after the PACl conditioning at different alkalinities. The addition
of hydroxy-aluminum counteracted the surface charge of proteins and formed hydrophobic coagulum of proteins, which removed moisture from protein gel matrixes. As alkalinity decreased, proteins and polysaccharides contents in three EPS
fractions gradually decreased. It indicated that the increasing
PACl dosage could significantly improve the coagulation performances of organic matters (proteins, polysaccharides, and
humic acids) at low alkalinity. At high alkalinity, the hydroxyaluminum was converted into amorphous Al(OH)3 , which reduced the flocculation performances of biopolymers.

2.3.3.

PACl dosage (0.20 g Al/g TSS). As shown in Appendix A
Fig. S5, the parallel factor analysis found three components:
C1 (Em /Ex =395 nm/235 nm and Em /Ex =395 nm/325 nm; humic acids and fulvic acids), C2 (Em /Ex =355 nm/225 nm and
Em /Ex =355 nm/280 nm; proteins and soluble microbial products), and C3 (Em /Ex =440 nm/270 nm and Em /Ex =440 nm/350
nm; humic acids) (Jacquin et al., 2017). As the alkalinity decreased, there was no evident change of C1, C2, and C3 intensities in SEPS. In LB-EPS and TB-EPS, the fluorescent intensities
of C1, C2, and C3 reduced as the alkalinity decreased, which
meant C1, C2, and C3 components were easier to be coagulated at low alkalinity. Therefore, at low alkalinity, the combinations of sludge particles with proteins and humic acids became stronger and the floc structure became more compact,
which could cause a decrease of sludge cake compressibility
(Qi et al., 2011b; Smollen and Kafaar, 1997; Sveegaard et al.,
2012).

2.4.
Effects of alkalinity on the solid phase of sludge with
PACl conditioning

Three-dimensional fluorescence spectroscopy

Three-dimensional fluorescence spectroscopy was commonly
used to detect natural organic matters (NOM) in water, which
was highly sensitive and had a low detection limit. Parallel factor analysis was applied to resolve the overlapped peaks in
fluorescence spectra (Yamashita and Jaffé, 2008). Fig. 5 shows
the three-dimensional fluorescence spectroscopy analyses of
SEPS, LB-EPS, and TB-EPS at different alkalinities and same

2.4.1.

Fourier-transform infrared analysis

The changes of organic functional groups in sludge cakes after PACl conditioning at different alkalinities and same PACl
dosage (0.20 g Al/g TSS) were showed in Appendix A Fig. S6.
The absorption peaks located at 2969 cm−1 and 2935-2925 cm−1
were related to the fatty chains contained in polysaccharides,
proteins, and humic acids (Sheng et al., 2006; Sun et al., 2012;
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Fig. 4 – Effects of alkalinity on EPS distribution under PACl
conditioning: (a) SEPS; (b) LB-EPS; (c) TB-EPS.

Wang et al., 2014). The characteristic peaks between 2930 cm−1
and 1650 cm−1 represented the stretching vibration of C=C
bond in humic acids (Chai et al., 2007). The characteristic peaks
between 1655 cm−1 and 1635 cm−1 were related to the C=O
bond and C–N bond contained in amino I group of proteins
(Sun et al., 2012; Tapia et al., 2009). The absorption peak at
1545 cm−1 was caused by amino I and amino II groups in proteins (Comte et al., 2006a). The absorption peak at 1405 cm−1
was related to the symmetric stretching vibrations of C=O
bond (Comte et al., 2006a). The characteristic peaks between
1045 cm−1 and 1015 cm−1 were the symmetric stretching vibrations of O-H bond contained in polysaccharides (Omoike and
Chorover, 2004; Sun et al., 2012; Tapia et al., 2009). As the alkalinity of the sludge decreased, the peak at 1401 cm−1 increased
significantly, which indicated the organic matters contained
C=O bond (proteins and humic acids) were easier to combined
with hydroxy-aluminum at low alkalinity. As shown in Fig. 6,
the 1700-1600 cm−1 band of FT-IR spectra was related to the
secondary structure of proteins, where 1695-1669 cm1 , 16601650 cm−1 , 1650-1640 cm−1 , and 1640-1610 cm−1 represented

Fig. 5 – Effects of alkalinity on the fluorescence of EPS
fractions after PACl conditioning: (a) SEPS; (b) LB-EPS; (c)
TB-EPS.

β-turns, α-helices, random coils and β-sheets, respectively. At
different alkalinities, different secondary structures of protein
showed distinct intensities. The proportion of α-helices could
influence the hydrophobicity of protein, which was depend
on the spatial distribution of hydrophilic functional groups
(Wu et al., 2017). Table 1 shows that α-helices decreased while
β-sheets in sludge EPS increased as the alkalinity decreased after PACl flocculation, and the ratio of α-helices/(β-sheets + random coils) reduced from 0.21 to 0.16. The hydrophobicity of
protein would increase as this ratio decreased (Hou et al., 2015).
These phenomena indicated that the alkalinity could affect the
interaction between hydroxy-aluminum and proteins through
changing the hydrolysis products of PACl. At low alkalinity,
Al13 and Al3+ changed the secondary structures of proteins (αhelices were converted to β-sheets), which exposed hydropho-

journal of environmental sciences 100 (2021) 257–268

Table 1 – Proportion of different protein secondary structures in sludge conditioned by PACl at different alkalinity
levels.
Proportion of secondary structures
Raw sludge
5135 4137
mg/L3259
mg/L2256
mg/L1114
mg/Lmg/L
β-sheets (%)
33.49
random coils (%)
33.01
α-helices (%)
14.03
β-turns (%)
19.47
α-helices/(β-sheets + random 0.21
coils)

34.7536.4835.2539.9241.04
30.1931.6731.8231.1433.18
12.8312.6113.4011.6011.76
22.2319.2419.5317.3414.02
0.20 0.19 0.2 0.16 0.16

bic groups inside proteins and improved the gelation degree of
proteins and consequently sludge dewaterability.

2.4.2.

CLSM analysis

The CLSM was applied to observe the distribution of proteins
and polysaccharides in the solid phase of sludge. As shown in
Fig. 7, the green region indicated proteins while the red region indicated polysaccharides. The fluorescent positions of
proteins and polysaccharides in raw sludge were overlapped
with a uniform distribution, which suggested that some proteins and polysaccharides in sludge existed as glycoproteins
(Liu et al., 2009a). Fig. 7b to f show samples conditioned at different alkalinities and same PACl dosage (0.02 g Al/g TSS). The
fluorescence of proteins was higher than that of polysaccharides, which indicated PACl has a stronger flocculation effect on
proteins. The sludge flocs became larger and looser after PACl
conditioning at high alkalinity, which was consistent with the
floc morphology analysis. In addition, the hydrolysed Al(OH)3
might weakly bind with proteins by hydrogen bond and formed
loose aggregates by sweep flocculation at high alkalinity. However, at low alkalinity, the sludge flocs after PACl conditioning
were smaller while the combination of proteins and polysaccharides became stronger, which was related to the increasing
floc strength and decreasing sludge compressibility.

2.5.
Interaction mechanism of different forms of
hydroxy-aluminum and EPS
As mentioned above, alkalinity could affect the hydrolysis reaction of hydroxy-aluminum and change the flocculation behaviour of sludge. Therefore, hydroxy-aluminum with different forms were separated and purified to further investigate
the interaction mechanism between hydroxyl-aluminum and
EPS.

2.5.1. Effects of different forms of hydroxy-aluminum on EPS
2.5.1.1. Hydroxy-aluminum and EPS complexes properties
Appendix A Fig. S7 shows D0.5 and zeta potential of EPS samples conditioned by different forms of hydroxy-aluminum. The
zeta potentials of AlCl3 , Al13 , and Al30 coagulated samples
were significantly increased, while that of Al(OH)3 conditioned
sample was relatively weaker. It confirmed the charge density of hydroxy-aluminum was closely related to its hydrolysis
products. Al13 and Al30 were advantageous forms of hydroxyaluminum which could induce coagulation through charge
neutralization (Cao et al., 2016). The Al(OH)3 removed organic
matters principally through hydrogen bond, which caused a
weaker coagulation efficiency on EPS due to its high hydrolysis degree (Yan et al., 2007, 2008). The minimum D0.5 belonged
to the sample of Al13 conditioning, which was only 99.0 μm.
Al13 had high charge density and mainly agglomerated through
charge neutralization and complexation, which made it an advantage hydroxy-aluminum. The D0.5 of Al30 conditioned EPS
was slightly larger than that of Al13 , which might due to the
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higher polymerize degree of Al30 and Al30 aggregated particles
through electrostatic cluster effect and hydrogen bond. The
D0.5 of AlCl3 conditioned EPS was the largest one, which probably due to the poor hydrolytic stability of Al3+ . In addition, the
hydrolysis process of AlCl3 was continuously proceeding during coagulation, which formed Al(OH)3 and increased the D0.5
of sludge floc (Yu et al., 2008).

2.5.1.2. Microstructure of EPS and hydroxyl-aluminum complexes As shown in Appendix A Fig. S8, the EPS samples conditioned by different forms of hydroxy-aluminum had different microstructures. Fig. S8a shows the microstructure of AlCl3
conditioned EPS, which had large flocs and rough surface with
few pores. The floc surface of Al13 conditioned EPS became
rougher and formed a mass of pores, which indicated charge
neutralization effectively agglomerated floc particles and compressed EPS structure (Appendix A Fig. S8b). In Appendix A Fig.
S8c, the particle size and pore size increased, but the number
of pores reduced, which indicated Al30 could agglomerate floc
particles through electrostatic cluster effect. The flocs in Appendix A Fig. S8d were loose and might contained mineral-like
substances which might be the flocs of Al(OH)3 . In this case, the
floc particles were likely to be agglomerated by the hydrogen
bond of Al(OH)3 and formed large but loose flocs.

2.5.2. Interaction between different forms of hydroxyaluminum and EPS
2.5.2.1. Flocculation of hydroxy-aluminum on EPS As shown
in Fig. 8a, the organic contents of EPS decreased from 6.67 mg
TOC/g TSS to 2.38, 2.36, 2.27, and 4.55 mg TOC/g TSS, respectively, after conditioned by AlCl3 , Al13 , Al30 , and Al(OH)3 . It indicated the binding capacity of Al(OH)3 with EPS was weaker
than that of other hydroxy-aluminum forms. The concentration of proteins, humic acids, and polysaccharides in EPS were
showed in Fig. 8b to Fig. 8d. The proteins contents of EPS were
decreased to 1.56 and 1.70 mg /g TSS after coagulation of Al13
and Al30 , respectively, which suggested that proteins were flocculated into the solid phase of EPS through electrostatic interaction and complexation. The conditioning mechanism of
Al(OH)3 conditioning was mainly sweep flocculation, thus its
flocculation effect was limited. Forming complexes with proteins was the primary way of AlCl3 conditioning to compress
organic matters, but its charge neutralization capacity was limited. Therefore, the protein binding capacities of Al(OH)3 and
AlCl3 were weaker than those of Al13 and Al30 . The polysaccharide concentrations of these samples had a similar trend with
their protein concentrations (Fig. 8c). The removal efficiency of
Al(OH)3 for polysaccharides was higher than that for proteins,
while Al(OH)3 only changed the humic acids content slightly
(Fig. 8d), which meant sweep flocculation had limit effect on
remove medium and small molecules such as humic acids. Al13
performed the best in the removal of humic acids, which was
consistent with previous study that found charge neutralization and coordination of Al13 exhibited a synergistic effect on
humic acids coagulation (Liu et al., 2009a).
According to Appendix A Fig. S9, three peaks were observed in the parallel factor analysis of three-dimensional
fluorescence spectra: C1 (Em /Ex =360 nm/265 nm; soluble microbial products), C2 (Em /Ex =295 nm/230 nm and Em /Ex =295
nm/280 nm; proteins and soluble microbial products), and C3
(Em /Ex =315 nm/270 nm and Em /Ex =435 nm/270 nm; soluble microbial products and humic acids) (Jacquin et al., 2017). The fluorescence of AlCl3 , Al13 or Al30 conditioned samples were weak,
which meant the flocculation capacity of oligomeric hydroxyaluminum with C1, C2, and C3 was weaker. These results were
correspondent with the data in Fig. 9. Al13 and Al30 were converted into Al(OH)3 under high alkalinity, which weakened
the flocculation capacities of PACl with proteins and humic
acids. Therefore, avoiding the hydrolysis of dominant hydroxy-
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Fig. 6 – Second-derivative resolution enhancement and curve-fitted amide I region (1700-1600 cm−1 ) of PACl conditioned
sludge samples at different alkalinity levels: (a) raw sludge; (b) 5135 mg/L; (c) 4137 mg/L; (d) 3259 mg/L; (e) 2258 mg/L; (f)
1114 mg/L.

aluminum species through alkalinity control was important to
improve the flocculation capacity of PACl.
The EPS stock solution contained a large quantity of high
MW organic matters (Appendix A Fig. S10a). After coagulationed by four different forms of hydroxy-aluminum, the organic matters with MW over 1000 Da were effectively removed,
which indicated hydroxy-aluminum could effectively flocculate the macromolecular biopolymers (Appendix A Fig. S10b).
Al13 coagulation could flocculate biopolymers with various
MW, while Al30 and Al(OH)3 both had limited capacities to flocculate biopolymers with MW of 4000 Da. Al(OH)3 only had a
weak capacity to flocculate biomacromolecules except those
MW of 10,000 Da, while AlCl3 only had obvious flocculation
effect on biopolymers with MW of 4000 Da. Macromolecular
organic matters were a key factor that affect sludge dewaterability and filterability, because the elimination of viscous
macromolecules could improve sludge dewaterability (Qi et al.,
2011a). The interaction between hydroxy-aluminum and EPS
was the principal reaction in sludge conditioning, controlling
the fast hydrolysis conversion of advantageous aluminium
species (Al13 and Al30 ) was crucial in sludge conditioning.

2.5.3. Interaction mechanism between hydroxy-aluminum
and EPS
2.5.3.1. Coordination reaction of different forms of hydroxyaluminum and organic matters As shown in Fig. 10, three
peaks were located at 74.4, 75.0, and 75.7 eV in XPS spectra of the solid phase of EPS and hydroxy-aluminum complexes, which represented Al-N, Al-O, and Al(OH)3 , respectively
(Yuan et al., 2009). The peak intensities of Al-N after conditioned by Al13 or Al30 were significantly stronger than those
conditioned by AlCl3 or Al(OH)3 , and that of Al(OH)3 conditioned sample was the lowest. The variation of Al-N intensity
represented the interaction intensity between aluminium salts
and amino groups. Al13 and Al30 had high densities of positive charge and strong capacities of coordination and complexation, which intensified their abilities to bind with amino
groups in proteins. Similarly, AlCl3 could coordinate with the
CN– in proteins, and generate a large quantity of Al(OH)3 ,
which meant the coagulation reaction and hydrolysis reaction of AlCl3 were synchronized. Al(OH)3 bound with proteins
through weak interactions such as hydrogen bond, thus its coordination capacity was the weakest. The Al-O peaks in four
samples were mainly attributed to Al(OH)3 and the interaction
between hydroxy-aluminum and carboxyl groups. There was
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Fig. 7 – CLSM images of sludge flocs after PACl conditioning at different alkalinity levels: (a) raw sludge; (b) 5135 mg/L; (c)
4137 mg/L; (d) 3259 mg/L; (e) 2258 mg/L; (f) 1114 mg/L.

Fig. 8 – Biopolymers and EPS content in EPS and hydroxy-aluminum complexes (AlCl3 , Al13 , Al30 , and Al(OH)3 : 200 mg/L): (a)
EPS; (b) protein; (c) polysaccharide; (d) humic acid.
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were difficult to be further hydrolysed into Al(OH)3 at high alkalinity, which maintained their charge effect and coordination reaction. However, the Al3+ in AlCl3 was hydrolysed and
partially formed Al(OH)3 .

2.5.3.2. FT-IR analysis of hydroxyl-aluminum and EPS complexes The FT-IR analysis was applied in this study to fur-

Fig. 9 – Effects of alkalinity on the fluorescence of EPS and
hydroxy-aluminum complexes (AlCl3 , Al13 , Al30 , and
Al(OH)3 : 200 mg/L).

not an obvious variation of Al-O after hydroxy-aluminum conditionings. There might be a coordination between hydroxyaluminum and carboxyl (contained in the functional groups
of proteins and humic acids) after Al13 and Al30 conditioning, which produced Al-O. Moreover, the peak intensity of
Al(OH)3 after conditioning was affected by the form of hydroxyaluminum. Al13 and Al30 both had good hydrolytic stabilities
after pre-hydrolysis reaction (Zhao et al., 2009). Therefore, they

ther analyse the interactions between hydroxy-aluminum and
functional groups in proteins. The FT-IR analysis of hydroxyaluminum and EPS complexes solid phase was shown in Appendix A Fig. S11. The intensities of peaks located at 1647,
1541, 1458, 1405, and 1004 cm−1 were increased after AlCl3 ,
Al13 , or Al30 conditioning. The peaks located between 1635-1655
cm−1 were related to C=O and CN– in the amino I groups of
proteins, which also indicated the existence of humic acids
(Sun et al., 2012; Tapia et al., 2009). The peak located at 1541
cm−1 represented the amino II groups of proteins, and the
peaks at 1445-1455 cm−1 were corresponded with CH2 and CH3
groups in amino III groups of proteins (Comte et al., 2006b).
The peak located at 1405 cm−1 was caused by the stretching
vibration of O-H (Comte et al., 2006a). The peak intensity of
Al(OH)3 conditioned sample was weaker than other samples,
which indicated proteins were not aggregated into the solid
phase of EPS. It might due to the poor coagulation capacity of
Al(OH)3 . The SEPS might be converted into bound EPS by AlCl3 ,
Al13 , or Al30 conditioning, which was beneficial to the release
of bound water and improve filterability. The 1700-1600 cm−1
band (amide I region) was analysed to reveal the variation of
protein secondary structure. The gelation reaction of protein
was closely related to the secondary structures of protein. As
shown in Appendix A Fig. S12 and Table S1, the ratios of α-

Fig. 10 – Al 2p XPS spectral analysis of EPS and hydroxy-aluminum complexes: (a) AlCl3 ; (b) Al13 ; (c) Al30 ; (d) Al(OH)3 .
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helices/(β-sheets + random coils) were 0.29, 0.31, 0.34, and 0.34
after AlCl3 , Al13 , Al30 , and Al(OH)3 conditioning, respectively.
The addition of hydroxy-aluminum induced the gelation reaction of proteins in EPS, which neutralized the surface charge
of proteins and made the intermolecular attraction became
dominant. These variations could enhance the hydrophobicity of proteins and release water from the gel structure of proteins. The addition of AlCl3 or Al13 reduced the proportion of
α-helices and increased that of β-sheets, which was consistent
with previous study (Bouraoui et al., 1997). Hydrogen bond and
hydrophobic interaction were principal factors in the formation of protein gel, while hydrogen bond was the main driver of
β-sheets formation. The addition of hydroxy-aluminum (especially AlCl3 and Al13 ) strengthened the hydrogen bond between
β-sheets structures, which induced the protein gelation reaction. Thus, hydroxy-aluminum altered the secondary structure
of protein through charge neutralization and coordination effect, which increased protein hydrophobicity.

2.5.3.3. XRD analysis of hydroxyl-aluminum and EPS complexes Appendix A Fig. S13 shows the XRD pattern of EPS solid
samples conditioned by AlCl3 , Al13 , Al30 , and Al(OH)3 . It could
be observed that the samples conditioned by AlCl3 , Al13 , and
Al30 had similar peak positions. The main peaks were SiO2 (PDF
card 99-0038), Al2 O3 (PDF card 99-0036), and Al(OH)3 (PDF card
99-0017). The appearance of SiO2 was probably due to the silicate minerals contained in EPS. The Al30 conditioned EPS had
the largest number of peaks, which might because Al30 was
more active to form crystals with SiO2 . The combination of aluminum and silica caused an increase of cell spacing, thus those
peak positions of Al30 conditioned sample were blue-shifted
(Appendix A Fig. S13b). Beside, Al(OH)3 was a stable system
and did not precipitate with SiO2 , thus the SiO2 peak was not
observed in the Al(OH)3 conditioned sample.

2.5.3.4. CLSM analysis of hydroxyl-aluminum and EPS complexes As shown in Appendix A Fig. S14, the fluorescent
responses of proteins and polysaccharides after different
hydroxy-aluminum conditionings were different. There were
strong protein fluorescent clusters in the samples flocculated
by Al13 and Al30 (Appendix A Fig. S14b and Fig. S14c), which
might because Al13 and Al30 had higher charge densities and
coordination capacities. Moreover, the charge neutralization
and coordination of Al13 and Al30 strengthened the biopolymer bonds and weakened the hydration of EPS, which facilitated the release of bound water. The weak protein fluorescent
clusters in Appendix A Fig. S14a and Fig. S14d indicated the
capacities of AlCl3 and Al(OH)3 to bind protein were weaker.
AlCl3 compressed the organic matters in EPS through forming complexes between Al3+ and proteins, while Al(OH)3 combined with biopolymers through weak interactions like hydrogen bond. Compared AlCl3 and Al(OH)3 conditioned samples, the strong agglomeration of protein molecules in Al13
and Al30 conditioned samples improved dewaterability of
sludge.

2.6.

Environmental implication

The alkaline pretreatment has been widely applied in anaerobic digestion process to accelerate the solubilization of
sludge particles and enhance the sludge digestibility (RuizHernando et al., 2014; Yang et al., 2013). High alkalinity would
accelerate the hydrolysis of hydroxy-aluminum, which consumed Al3+ and Al13 and produced amorphous Al(OH)3 with
low charge density (Cao et al., 2016). Therefore, the control of sludge alkalinity was a crucial problem in PACl conditioning. Adding lime or acid prior to PACl conditioning
were able to bicarbonate ions through precipitation or generation of carbon dioxide. It might be a feasible method for
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sludge alkalinity control, thus improving the efficiency of PACl
conditioning.

3.

Conclusion

This study investigated the effects of alkalinity on sludge
conditioning with hydroxy-aluminum. The interaction mechanisms of different forms of hydroxy-aluminum and EPS in
sludge were identified at the molecular level. At high alkalinity,
the Al3+ and Al13 were entirely consumed and produced amorphous Al(OH)3 with low charge density. Accompanied with
the variation of hydroxy-aluminum forms, the mechanism
of hydroxy-aluminum flocculation changed from charge neutralization and complexing adsorption to sweep flocculation.
High alkalinity reduced the flocculation capacity of hydroxyaluminum. At low alkalinity, EPS in the sludge was compressed
and aggregated into compact flocs, which formed more water
channels to increase sludge dewaterability. Different forms of
hydroxy-aluminum (AlCl3 , Al13 , Al30 and Al(OH)3 ) were coordinated with proteins in EPS, and the proportions of protein
secondary structures were changed after the conditioning of
Al13 and Al30 . The protein gelation reaction increased the hydrophobicity of protein molecules and increased the sludge dewaterability. Al13 and Al30 were most strongly bound to proteins
and polysaccharides in EPS. AlCl3 was less strongly bound, and
Al(OH)3 has the weakest bond. Al13 and Al30 combined with EPS
through complexation and electrostatic interaction. The coordination reaction of Al(OH)3 was weak, which might due to its
weak hydrogen bond with EPS.
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