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• Blast furnace slag was used to prepare
various polymeric titanium aluminum
flocculant.
• PTAC showed good dewatering perfor
mance for dredged sludge.
• The electric neutralization substantially
contributed to the conditioning process.
• PTAC conditioning could effectively
improve the quality of residual water.
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In this work, blast furnace slag was successfully used to prepare five kinds of polymeric titanium aluminium
flocculant (PTAC) with different polymerization degrees by two-step acid leaching method, which were applied
as the effective dredged sludge conditioners. The results indicated that PTAC can obviously improve the sludge
dewaterability. Compared with other four types of PTAC, PTAC0.6 showed the best sludge conditioning efficiency
under the optimum dosage of 4 mg Al + Ti/g TSS. It can reduce the capillary suction time of the sediment by
81.4%, the specific resistance to filtration by 65.1%, and the moisture content of the mud cake from 81.9% to
45.81%. PTAC can significantly increase the zeta potential of the dredged sludge, while it has no obvious effect
on the floc size D0.5. The electric neutralization substantially contributed to the conditioning of PTAC on dredged
sludge dewatering. The concentration of dissolved organic carbon, total phosphorus in the residual water was
significantly reduced after PTAC conditioning. PTAC can also remove large molecular weight components in
dissolved organic matter by flocculation, or hydrolyze large molecular components into small and medium
molecular weight components, furthermore reduce the concentration of these organic components. 3D-EEM
analysis results showed that PTAC can effectively remove fulvic acid-like substances and some protein-like
substances by flocculation, especially the removal effect of fulvic acid-like substances was more prominent.
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1. Introduction

requires a large area for storage and huge administrative expenses, but
also causes serious harm to the surrounding environment [25–28].
Therefore, the recycling of BFS is essential to the sustainable develop
ment of iron-making industry [29,30]. Recycling and utilizing the
abundant and easily eluted alkali metal elements in BFS to prepare
inorganic flocculants has great potential for the reduction and resource
utilization of BFS and dredged sludge.
In this work, our aim was to use BFS to prepare various polymeric
titanium aluminum flocculant (PTAC) with different polymerization
degree, which were applied as the effective sludge conditioners to
improve the dewaterability of dredged sludge. The effects of the poly
merization degree and dose of PTAC on sludge conditioning efficiency
were provided. The changes in floc morphology with different PTAC
conditioning and the effect of PTAC with different polymerization de
gree conditioning on the quality of residual water were investigated.

The dredged sludge of rivers and lakes is composed of clay, gravel,
animal and plant residues, bacterial cells, and various pollutants [1–4].
These substances are formed by depositing organic matter and inorganic
solids on the bottom of water bodies through years of physical, chemical
and biological actions. The dredged sludge produced by ecological
dredging is generally transported by pipeline. In order to avoid pipeline
blockage, part of the overlying water will be brought out while dredging.
Therefore, the ecological dredged sludge usually has a higher moisture
content, above 90% [5,6]. After a long time of accumulation, various
pollutants have been enriched in the sediments, such as N/P and other
nutrients, heavy metal pollutants, toxic and harmful organic matter,
pathogenic bacteria, etc., which have become a concentration of pol
lutants [7–10]. In order to make the subsequent treatment of the sludge
to proceed smoothly, the dewatering of dredged sludge is an essential
step.
According to the binding force between the water and the particles of
dredged sludge, the water is divided into four types: pore water, bound
water, adsorbed water and internal water [11]. Pore water is the
free-flowing part of the water, accounting for about 70%. It is not
combined with the solid particles of the sludge, and can be removed by
mechanical action. The bound water accounts for about 20%, which is
combined with the sludge particles through hydrogen bonding or
capillary action, and difficult to be removed by mechanical action.
Adsorbed water and internal water, which together account for about
10%, cannot be removed by mechanical action, but can only be removed
by chemical actions. The chemical conditioning is a method of adding
chemical conditioning agents to the dredged sludge to achieve the
purpose of rapid dewatering. Traditional chemical conditioning tech
nologies mainly include the addition of polymer flocculants (such as
PAM, HCA, etc.), lime and some advanced dewatering technologies
(alkali, acid, thermal treatment, ultrasonic and photo-Fenton/Fenton
oxidation) [12–15], inorganic coagulants, etc. The bound water of the
sludge is tightly combined with extracellular polymeric substances
(EPS), usually using advanced oxidation, hydrothermal and other
chemical pretreatment methods to convert it into free water [16,17].
However, the advanced oxidation method of sludge requires harsh
pretreatment conditions, and the hydrophilicity/hydrophobicity of the
exposed internal EPS directly affects the dewatering performance of the
sludge [18]. Organic polymer flocculants have the advantages of larger
floc size, small dosage, easy to settle, less affected by temperature and
pH, but the cost is high and the floc density is low [19]. Inorganic
polymer flocculant developed in recent years and has attracted wide
attention because of its green and environmental protection, low floc
compressibility, high solid content, etc. [20,21]. Na et al. and Huang
et al. found that the prepared titanium tetrachloride with different
alkalinity degrees has shown significant effects on sludge dewatering
and residual water quality improvement [22,23]. Chi et al. studied the
use of the conventional conditioners FeCl3, Al2(SO4)3, cationic poly
acrylamide (CPAM) and a new covalently-bound hybrid coagulant
(CBHyC) for the dewatering of the sediment of Maozhou river (Shenz
hen), and found that these conditioners have better dewatering perfor
mance [24]. In the current engineering, most of the selection of
flocculants for dredged sludge dewatering still refers to that of sludge
dewatering, only focusing on the dewatering effect of flocculants, and
less attention to the impact of flocculants on the environment and re
sidual water quality. Therefore, it is necessary to develop new inorganic
flocculants and construct an evaluation system for the selection of
flocculants for river and lake dredged sludge dewatering.
Blast furnace slag (BFS) is one of the by-products in the ironmaking
process, mainly composed of CaO, Al2O3, MgO, SiO2 and other minor
amounts of TiO2, Fe2O3, MnO2, K2O and Na2O, etc. In 2018, the global
output of pig iron was 1.179 gigagram tons, with China accounting for
more than 60%. According to statistics, the annual output of BFS is
approximately 2.85 million tons in China. Huge stock of BFS not only

2. Materials and methods
2.1. Experimental materials
The dredged sludge was obtained from BaiYangdian lake, which
located in Baodin, China. The BFS used in this research was taken from
the water quenched blast furnace slag of Sichuan Panzhihua Iron and
Steel Co., Ltd. NaOH and HCl were purchased as analytical-grade re
agents (Shanghai Aladdin Chemical Reagent Co. Ltd., China).
2.2. Preparation of Polymeric Titanium Aluminum Flocculant
Five kinds of PTAC with different polymerization degrees (PTACx; x
= 0, 0.3, 0.6, 0.9 or 1.2) were prepared by two-step acid leaching
method [29]. The BFS (10 g) and 200 mL HCl solution (5%, w/w) were
mixed in three-mouth flask, reflux heated at 100 ◦ C for 1 h, and then
centrifuged at 3000 rpm for 10 min. The above suspensions (50 mL)
were then reacted with 50 mL HCl solution (30%, w/w) in a three-mouth
flask, reflux heated for 1 h in a 100 ◦ C oil bath, filtered by polytetra
fluoroethylene membranes of 0.45 µm pore size, and then the decom
position liquid was obtained. Thirdly, 50 mL decomposition liquid was
taken in a beaker and stired vigorously under ice-water bath, and then
added NaOH solution (10 mol L− 1) drop-wise until the white floc pro
duced. Five kinds of PTAC with diffient degrees of polymerization,
PTAC0, PTAC0.3, PTAC0.6, PTAC0.9, PTAC1.2 were obtained when the
white floc pH value held with 0, 0.3, 0.6, 0.9, 1.2, respectively.
2.3. Sludge conditioning
The effects of PTACx on the structural properties and dewaterability
performance of dredged sludge were carried out using different PTACx
dosages (0.5, 1, 1.5, 2, 3, 4 and 6 mg (Ti + Al)/g TSS), each batch
experiment was investigated by placing 300 mL dredged sludge into a
500 mL beaker. The conditioning experiments were performed accord
ing to standard coagulation test. The mixtute was firstly stirred at 400
rpm for 2 min, followed by stirring at 40 rpm for 8 mins after addition of
PTACx and then standed for 30 min. Additionally, the conditioned
sludge and residual water were taken for further analysis.
2.4. Analysis
2.4.1. Sludge dewaterability
Capillary suction time (CST) was measured by a CST analyzer (Model
304 M, Triton). The CST results were normalized by dividing them by
the initial total suspended solids (TSS) value and the subsequent results
were recorded in units of s/L/g TSS [31].
Specific resistance to filtration (SRF) was measured as follows. 100
mL of the sludge suspension was poured into a Buchner funnel with a
0.45 mm filter paper under a constant pressure of 60 KPa. The volume of
filtrate was recorded every 10 s until surface cracking was detected. The
2

L. Li et al.

Colloids and Surfaces A: Physicochemical and Engineering Aspects 630 (2021) 127514

SRF of dredged sludge was calculated by: [32].

2.4.4. Residual water analysis
Dissolved organic carbon (DOC) concentrations were analyzed using
a TOC analyzer (TOC-V CPH, Shimadzu, Japan). The turbidity of re
sidual water of sediment was determined via a turbidimeter (Hach
2100Q, Amercia). The pH was determined by a PHS-3 C pH meter
(Shanghai, China). The total phosphate (TP) and nitrogen (TN) in re
sidual water were determined using a TP/TN analyzer (Hach NPW-160,
Amercia) [35].

2

SRF =

2PA b

μω

where A (m2), m (kg s/m2) and P (kg/m2) are the filter area, kinetic
viscosity and pressure, respectively; b is the time-to-filtration ratio,
which is the slope of the curve that is obtained by plotting the ratio of
time of filtration to volume of filtrate (t/V) against the filtrate volume
(V); ω (kg/m3) represents dry solid weight per unit volume dredged
sludge.

3. Results and discussion
3.1. Effect of PTACx conditioning on sludge properties

2.4.2. Sludge properties
Floc morphology. The floc size distribution and zeta potential of the
sludge was measured by a Malvern Zetasizer (Mastersizer ZS90, UK).
The fractal dimension can indicate the density of sludge flocs. The
changes in floc microstructure of the dewatered sludge sample by a
freeze-drying process were investigated using a SU8010 scanning elec
tron microscopy (SEM, Hitachi, Japan) at 10.0 KV.

3.1.1. Effect of PTACx conditioning on sludge dewaterability
The effects of PTAC with different dosages and polymerization de
grees on CST, SRF and compressibility coefficient of dredged sludge
were shown in Fig. 1. It was found that the CST of the sludge gradually
decreased with the increase of the dosages of PTACx from 0 to 4 mg
(Ti + Al)/g TSS, and then basically remained unchanged when the
dosage of PTACx was greater than 4 mg (Ti + Al)/g TSS. Under the
optimal dose of 4 mg (Ti + Al)/g TSS, as the polymerization degrees of
PTAC increased, the CST did not change significantly, while SRF and
compressibility of the sludge first decreased and then increased. The SRF
and compressibility coefficient of the sludge conditioned by PTAC0.6
were the smallest, which reached a minimum of 1.29 × 1012 m/kg from
an initial 3.72 × 1012 m/kg for SRF, and 0.43 from an initial 1.04 for
compressibility coefficient. After conditioning, the moisture content of
the mud cake from 81.9% to 45.81%. It was probable that PTAC with
low degree of polymerization had high charge neutralization effect,
which could greatly affect the pH value of sludge and cause the large
particles of minerals in sludge to decompose into small particles of
suspended matter [37]. Compared with other PTACx, PTAC0.6 condi
tioning showed the best dewaterability because of the predominant

2.4.3. DOM analysis
A F-4700 fluorescence spectrophotometer (Thermo Fisher, USA)
were used to measure the three dimensional excitation emission matrix
(3-DEEM) spectroscopy [33]. The EEM fluorescence spectrum and
actual fluorescence spectrum were separated by PARAFAC analysis [34,
35]. MATLAB 8.6 software (Mathworks, Natick, MA) and DOM Fluor
toolbox were used to process EEM data.
The relative molecular weight of DOM in the residual water was
determined by high performance size exclusion chromatography
(HPSEC). HPSEC was measured by Waters liquid chromatograph, using
polystyrene sulfonate (PSS) as the molecular weight standard substance
[36].

Fig. 1. Effect of PTAC dosage on (a) CST and degree of polymerization of PTAC on (b) CST, (c) SRF and (d) compressible coefficient.
3
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charge neutralization effect and little effect on the pH of sludge.

pH of sludge changed between 6.81 and 6.32 when the dosage of PTAC
was 0.5–4 mg (Ti + Al)/gTSS, while dropped to 6.09 when the dose over
4 mg (Ti + Al)/gTSS. Although the pre-hydrolyzed PTAC had little ef
fect on the pH value of the sludge flocs, adding too much will still reduce
the pH value of the residual water. Therefore, it was still necessary to
control the dosage of PTAC.
When the dosage of PTAC was 4 mg (Ti + Al)/gTSS, the turbidity of
residual water after conditioning by PTAC0, PTAC0.3, PTAC0.6, PTAC0.9
and PTAC1.2 were changed to 8.7, 8.7, 13.6, 15.0, 15.6 NTU from 143.2
NTU of residual water of the raw sludge, respectively. Although PTAC
could effectively reduce the turbidity of residual water after condition
ing, the turbidity removal effect became worse and worse with the
increasing polymerization degree of PTAC. The turbidity substances in
the residual water are suspended particles and colloidal substances.
Generally, the surface of these particles or colloids is negatively charged.
The electrostatic interaction between the positively charged PTAC and
negatively charged particles or colloids can help to the aggregation of
the turbidity substances and further improve flocculating efficiency. The
polymerization degree of PTAC became larger, in other words, the
neutralization and turbidity removal effect turned worse.
It could be seen from Fig. S1 that the concentration of DOC dropped
rapidly from 87.84 mg L− 1 to 3.02 mg L− 1 when the dosage of PTAC
increased from 0 to 4 mg (Ti + Al)/g TSS, and then slightly up to
4.55 mg L− 1 with the dose of 6 mg (Ti + Al)/g TSS. However, PTAC
polymerization degree had little effect on the removal of DOC. PTAC
combined with the negatively charged DOC in the residual water
through electric neutralization, so that the sludge particles were wrap
ped in the DOC and aggregated. At the same time, the combination of
PTAC and DOC reduced the zeta potential on the surface of the sludge
particles, resulting in the combination of DOC and water weaken. Large
amounts of bound water became free water, which was beneficial to the
removal of water in the sludge. Excessive flocculant made the sludge
system have too much positive charge. The repulsive interaction of
sludge particles will promote the flocs in the sludge to be stabilized
again. As a result, the tiny sludge particles will re-enter the residual
water and release the organic matter in the sludge, thus causing the DOC
concentration in residual water increased.
The effects of PTAC conditioning with different polymerization de
grees on the concentration of DN, NH4+, DP, DOP, and PO43− were
shown in Fig. 5. The concentration of NH4+–N gradually increased as the
polymerization degrees of PTAC increased, and that of sludge condi
tioned with PTAC0.6 reached a maximum of 10.23 mg L− 1 from an initial
4.06 mg L− 1. However, the concentration of DP, DOP and PO43− had an
opposite trend with that of the concentration of NH4+–N. After PTAC0.6
conditioning, almost all PO43-–P in the residual water were removed,
and the DP concentration was only 0.01 mg L− 1. The increase of DN
concentration in residual water was caused by the increase of NH4+–N
concentration, and the sources of increased NH4+–N concentration in
the residual water were as follows: [40] (1) Ammonia nitrogen released
in interstitial water; (2) The massive cation of PTAC exchanged with the
amino groups in the sludge, and the ammonia nitrogen were released
from the sludge into the remaining water; (3) The weakly acidic PTAC
hydrolyzed nitrogen-containing organic matter. The removal of DP,
DOP, and PO43− –P in the residual water by PTAC conditioning is due to
the flocculation of PTAC to remove DOP and DP. In addition, metal
cations in PTAC can react with PO43− to form the precipitation of
phosphates.

3.1.2. Effect of PTACx conditioning on sludge floc properties
The effects of PTAC with different dosages and polymerization de
grees on zeta potential of sludge floc were shown in Fig. 2. The zeta
potential of sludge floc gradually increased when the PTACx dose was
increased from 0 to 4 mg (Ti + Al)/g TSS, and eventually approach zero
potential and remained unchanged. The change trend of zeta potential
was basically consistent with that of sediment CST, indicating that PTAC
improved the dewatering performance of sludge mainly due to its
electrical neutralization effect [38]. Due to the ionization of anionic
groups such as hydroxyl and carboxyl groups, the surface of the clay
particles in the sludge is usually negatively charged. After adding PTAC
with the opposite charge to the sludge, the surface charge of the small
suspended clay particles in the sludge will be reduced. As a result, the
colloidal particles will be unstable, and coalesce after instability to form
large and dense flocs. Under the optimal dosage, the zeta potential of the
sludge decreased with the increase of the polymerization degree of
PTAC, indicating that the higher the degree of polymerization of PTAC,
the lower the electrical neutralization effect.
FE-SEM of sludge floc observed the alteration of its morphology due
to PTACx conditioning that lead to the enhancement of its dewaterability
(Fig. 3). The surface of the raw sludge cake was porous and relatively
loose. The silt edge layer showed an obvious erosion trace, which was
related to water erosion in the lake environment [39]. However, the floc
structure became tighter and rough after conditioning. The flocs formed
by electrical neutralization were dense and easy to settle. Surface voids
were filled with settled small flocs, and made the flocs tighter. This also
confirmed that PTACx mainly relies on electrical neutralization to
improve the dewatering performance of dredged sludge.
The effect of PTAC with different dosages and polymerization de
grees on the average particle size D0.5 of sludge flocs was shown in Fig. 4.
It could be seen that average particle size D0.5 of sludge flocs before and
after conditioning were 23 µm and 23.62 µm, respectively. The dosage
of PTAC and the polymerization degree had no significant effect on the
average particle size D0.5 of sludge flocs, indicating that PTAC had no
adsorption bridging effect on sludge conditioning process.
3.2. Effect of PTACx conditioning on the residual water quality
The effect of PTAC with different dosages and polymerization de
grees on the pH value of residual water was presented in Table S1 in
Support Information (SI). It could be seen that the pH value of residual
water gradually decreased with the increase of the dosage of PTACx,
while basically unchanged with the polymerization degree of PTAC. The

3.3. 3D-EEM analysis
The effect of PTAC conditioning with different polymerization de
grees on the molecular weight of DOM in the residual water was shown
in Fig. 6. There were more types of organic matter with larger molecular
weight in the raw sludge, and the fluorescence intensity of each mo
lecular weight was larger. After PTAC conditioning, the fluorescence
intensity of the organic matter of small and medium molecular weight

Fig. 2. The effect of PTAC dose on the zeta potential of sludge floc.
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Fig. 3. FE-SEM images of sediment floc morphology after various PTAC treatment: (a) raw sludge; (b) PTAC0.3; (c) PTAC0.6 and (d) PTAC0.9.

Fig. 4. Change in floc particle size (D0.5) with PTAC (a) dose and (b) polymerization degree.

components decreased, and the large molecular weight components
disappeared. The possible reason was that large molecular weight
components of DOM may be removed by flocculation, and some large
molecular weight proteins and polysaccharides may be hydrolyzed into
small or medium molecular weight of humic acids [41]. The concen
tration of the medium and small molecular weight components of DOM
also decreased, indicating that they were also removed by flocculation
[42].
The main fluorescence intensity of various components of DOM
given by PARAFAC analysis was shown in Fig. 7 and Table S2. The re
sults showed that DOM was mainly composed of two components,
among which the Ex/Em peak at 220/304 nm and 275/304 nm were C1
component, the Ex/Em peak at 240/430 nm and 290–330/430 nm were
C2 component. C1 was related to tyrosine protein-like substances and

tryptophan protein-like substances (TPN), C2 to fulvic acid-like sub
stances [43].
As shown in Fig. 8, the Fmax of C1 and C2 components were both
reduced with adding of PTAC, and the reduction of C2 component was
greater. The results indicated that PTAC can effectively remove fulvic
acid-like substances and some protein-like substances by flocculation,
especially the removal effect of fulvic acid-like substances was more
prominent. The Fmax of the C1 and C2 components gradually increases as
the polymerization degree of PTAC increased, indicating that PTAC with
a low degree of polymerization has a better flocculation and removal
effect on the C1 and C2 components.

5
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Fig. 5. Change in (a) TN and (b) TP of residual water with PTAC of different polymerization degree.

Fig. 6. The comparatively molecular weight of DOM in residual water after different polymerization degrees of PTAC treatment: (a) raw sludge, (b) PTAC0, (c)
PTAC0.3, (d) PTAC0.6, (e) PTAC0.9 and (f) PTAC1.2.
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Fig. 7. Two fluorescence components of DOM in residual water identified according to EEM-PARAFAC after PTAC treatment.

sludge resource utilization and reduction. The titanium element in the
BFS-based PTAC0.6 can effectively control the pyrolysis process of sludge
and optimize the pyrolysis products. Especially, the carbon-based TiO2
obtained by sludge pyrolysis were used for removal of organic pollutants
in sewage by means of adsorption or photocatalysis [46,47]. The
excellent conditioning effects of BFS-based PTAC0.6 indicated that
PTAC0.6 conditioning is a high potential treatment for large scale recy
cling of BFS and dredged sludge.
4. Conclusion
In general, the BFC were successfully used to prepare five kinds of
PTAC with different degrees of polymerization by two-step acid leaching
method, which was applied as the effective dredged sludge conditioners.
The results indicated that PTAC can obviously improve the sludge
dewaterability. Compared with other four type of PTAC, PTAC0.6
showed the best sludge conditioning efficiency under the optimum
dosage of 4 mg Al + Ti/g TSS. It can reduce the CST of the sediment by
81.4%, the SRF by 65.1%, and the moisture content of the mud cake
from 81.9% to 45.8%. PTAC can significantly increase the zeta potential
of the sediment, while it has no obvious effect on the floc size D0.5 of the
sludge. The electric neutralization substantially contributed to the
conditioning of PTAC on sludge dewatering. The turbidity and the
concentration of DOC, DP, DOP, and PO43-–P in the residual water were
significantly reduced after PTAC conditioning. PTAC can also remove
large molecular weight components in DOM by flocculation, or hydro
lyze large molecular components into small and medium molecular
weight components, furthermore reduce the concentration of small and
medium molecular weight components. 3D-EEM analysis results showed
that PTAC can effectively remove fulvic acid-like substances and some
protein-like substances by flocculation, especially the removal effect of

Fig. 8. Fluorescence intensity of DOM in residual water after PTAC treatment.

3.4. Practical implications
Polyaluminum chloride (PACl) is often used as a typical chemical
conditioner for sludge dewatering. It mainly neutralizes the surface
charge of sludge flocs to obtain excellent conditioning performance. In
this work, PTACx were prepared using BFS as raw materials, and the
synthesis procedures were similar to those of polyaluminum chloride.
Compared to the SRF for conditioned sludge with some regular condi
tioner from previous studies [24,44,45], the as-obtained PTAC0.6
showed a great conditioning effects of sludge dewatering (Table S3). In
addition, sludge pyrolysis is a very promising technology to realize
7
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fulvic acid-like substances was more prominent.
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