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Fig. 1 Schematic diagram of ion migration and titanium salt
coagulant formation in the electrodialysis reactor'’]
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Table 1 Preparation and coagulation application of titanium salt-metal salt composite coagulants

Preparation conditions

Coagulant Pollutant class Subclass Dosage pH value Removal/% Reference
Mole ratio  Basicity value
Polyaluminum- Turbidity 100 pmol/L 7.0 88.30 [39]
titanium chloride Organic matter HA-Kaolin AUTi=15 1.50 76.53 [32]
(PATC) HA-Kaolin AUTI=15 1.50 77.03 [35]
Inorganic pollutions Microcystis 100 pmol/L AVTi=1 . 2 70.00 [40]
aeruginosa
P(V): 5 mg/L 0.25 mmol/L 7.6 AlTi=10 : 1 96.00 [36]
Fluoride 0.8 mmol/L 9.0 AlTi=1 1 1.50 73.40 [41]
Microplastics PS: 10 mg/L 2x1074 7.0 35.00 [42]
mol/L(Calculated as AI*")
PSm: 10 mg/L 1.5x10* 8.0 AlTi=15 11 1.50 56.28 [15]
PSp: 10 mg/L mol/L(Calculated as AI*") 53.18
APSp: 10 mg/L 1.5x10* 6.0 75.06 [43]
mol/L(Calculated as AI*")
Nanoplastics PS-COOH: 3 mg/L 8.0 AUTi=15 1 1 1.50 91.07 [44]
1 mg/L
PS-NH,: 1 mg/L 93.00
Polyferric- Turbidity 0.50 66.40 [14]
titanium Organic matter HA-Kaolin Ti/Fe=1 : 15 0.80 79.00 [45]
chloride(PFTC) HA: 10 mg 0.025 mmol/L 78  Tiffe=1: 1 0.75 60.00 [46]
BSA: 10 mg/L 320 mg/L Ti/Fe=1 . 1 0.80 78.33+0.20  [37]
Inorganic pollutions ~ As(III) 1.0 mg/L 20 mg/L 7.8 Ti/Fe=5 .5 0.60 93.05 [47]
Cr(VI): 1.0 mg/L 5 ml 3.0-5.0 1.50 97.08 [48]
Polyferric- Organic matter FA 22 mg/L 7.0 63.50 [49]
titanium C1sHoCIN, Oy 0.3 mmol/L Ti/Fe=1: 6 2.00 94.30 [50]
sulfate(PFTS) 100 mg/L
C,1H;7CINgO5S,: 34.00
100 mg/L
Inorganic pollutions ~ As(III): 15 ug/L 10 mg/L 6.0-8.0 94.37 [51]
Polyaluminum- Inorganic pollutions P(V): 6 mg/L Ti/Al=0.3 0.30 94.98 [16]
titanium sulfate
(PATS)
Polyaluminum- Turbidity Kaolin 20 mg/L Mg/Al=0.5; 0.60 99.46 [17]
magnesium- Ti/Al=0.5
titanium chloride
(PAMTC)
Polyphosphate Turbidity Kaolin Ti/Fe+tMg=0.5; 0.50 99.27 [18]
ferric-magnesium- PO, /Fe=0.3
titanium chloride
(PFMTC)
Lanthanum- Turbidity Kaolin 250 mg/L Fe/Ti=11.64; 94.80 [52]
Polyferric- La/Fe=125.05;
titanium sulfate PO, /Fe=0.3

(La-PFTS)

HA: Humic acid; P(V): Pentavalent phosphorus; PS: Polystyrene; PSm: Polystyrene microsphere; PSp: Polystyrene powder ; APSp: Aged polystyrene powder;

PS-COOH. PS-NHa;: The polar functional groups contained in nanoplastics; BSA: Bovine serum albumin; As: Arsenic; Cr: Chromium; FA: Fulvic acid.

78%. IXIARF T Al EhE 5 NFLft 758 Z KR,
P ERERE T PR, 25 A R N A 5 2 TR L
Hil. J34b, Gan ZEPSFIH Ti #hA1E(Zr) X As(IID)

K AssE M 1y, w&H—F ZoTi BEREEA
4:1 HEEBE B TRURIRESS) (ZTXC), BAE
BEAERALEN . 78 pH=5.0. Iy 1.5 mmol/L %%
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Table 2 Preparation and coagulation application of titanium salt-silicate composite coagulants

Preparation conditions

Coagulant Pollutant class Subclass Dosage pH value Removal/% Reference
Mole ratio Basicity value
Polysilicate titanium Turbidity Kaolin 10 mg/L 7.00 Si/Ti=2 1 98.25 [57]
sulfate(PSTS) HA-Kaolin 10 ml/L 7.00 Ti/Si=2 1 1 99.70 [58]
Organic matter HA-Kaolin 36 mg/L Si/Ti=1 : 20 94.00 [13]
FA-Kaolin 10 mg/L Si/Ti=1 : 50 65.00 [59]
Polysilicate titanium Turbidity HA-Kaolin 60 mg/L 9.00 Si/Ti=1 : 2 99.00 [4]
chloride(PSTC) 300 mg/L Si/Ti=1 : 2 55.00
Organic matter HA 100 mg/L 7.00 Ti/Si=10 © 1 95.30 [60]
Polysilicate ferric Turbidity HA-Kaolin 4.00-5.00 Ti/Fe=1:1; 99.86 [61]
titanium sulfate Si/(Fe+Ti)=3 . 3
(PSFTS) 0.3 mmol/L 7.15 99.50 [62]
Organic matter Ci14HoCIN,O4: 0.05 g 0.4 mmol/L Si/Ti=1 : 50; 2.0 90.00 [63]
Ti/Fe=1 . 6
C11H,7CINgO7S;,: 0.05 g 35.00
Polysilicate ferric Turbidity 1000 mg/L 93.20 [22]
titanium chloride Inorganic pollutions Ti0,:70 mg/L 0.8 mg/L 7.00 95.30 [56]
(PSFTC) Microplastics PS:70 mg/L 0.6mgL 7.00 92.50 [55]
Polysilicate aluminum Turbidity HA-Kaolin 0.3 mmol/L  5.00-9.30 Ti/Al=1:5; 92.50 [64]
titanium sulfate (Ti+Al)/Si=1 © 3
(PSATS)
Polysilicate Turbidity 10.8 mg/L Ti/Al=0.3; 0.2 97.45 [54]

aluminum titanium

chloride (PSATC)
Polysilicate titanium Organic matter Congo red: 50 mg/L

ferric zinc sulfate

(PSTFZS)
Boron-Polysilicate Turbidity HA-Kaolin
aluminum titanium

sulfate (B-PSATS)

0.175 mmol/L

0.5 ml/L

Si/Ti+AD=1 : 0

Si/Fe=1; 99.60 [23]
Si/Zn=1 : 0.33;
Si/Ti=1 : 0.61
7.00-9.00 (Ti+Al)/Si=0.6; 97.56 [65]
AUTI=8 : 2;
B/Si=0.05

TiO,: Titanium dioxide.
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and Application in Water Treatment

LIU Haicheng, CHEN Jingwei
(School of Environmental Science and Engineering, Suzhou University of Science and Technology, Suzhou 215009, Jiangsu, China)

Extended Abstract

Coagulation is a critical step in the water treatment process. As an important component of coagulation technology, the
development and application of coagulants have always been a core focus of the industry. To address the challenges posed by
complex water quality and improve the efficiency of coagulation, titanium-based coagulants are evolving from single-component
formulations towards composite formulations. By optimizing synthesis conditions (such as molar ratio, alkalinity, reaction
temperature, and reaction time) to alter the structure of single-component titanium-based coagulants, composite titanium salt
coagulants can be prepared. These composite variants not only effectively overcome the limitations of single titanium salts and
combine the coagulation characteristics of multiple reagents but also achieve efficient removal of various pollutants through
synergistic effects between components. Consequently, composite titanium salt coagulants demonstrate superior coagulation
performance.

This article provides a comprehensive review of the preparation, classification, application, current challenges, and future
development strategies of composite titanium salt coagulants. It begins with an overview of current preparation methods, including
slow alkali titration (SAT), electrodialysis (ED), stepwise/copolymerization methods, and the sol-gel method. Each technique has its
unique characteristics in terms of control precision, product performance, and suitability for large-scale application. The SAT method
is simple to operate, low-cost, and easily scalable, making it the most commonly used method for laboratory and industrial
preparation of composite titanium salt coagulants. The ED method allows precise control over hydrolysis and polymerization
processes, producing products with excellent performance; however, its higher cost and operational complexity have so far limited its
application to laboratory and pilot-scale stages. Copolymerization/stepwise polymerization is suitable for preparing titanium
salt-silicate composite coagulants with controlled structures, while copolymerization can produce titanium salt-metal salt composites
with stronger synergistic effects. The sol-gel method can prepare dry gel coagulants that are convenient for storage and use,
combining both coagulation mechanisms and adsorption. However, this technology is still in the laboratory research stage, and its cost
and control techniques are key factors for future large-scale application.

Based on compositional differences, composite titanium salt coagulants can be classified into several types: titanium salt-metal
salt, titanium salt-silicate, and titanium salt-organic polymer composite coagulants. Titanium salt-metal salt composite coagulants
mainly include liquid or conventional composite titanium salt coagulants prepared by techniques such as SAT and ED, as well as dry
gel-form composite titanium salt coagulants prepared by the sol-gel method. Both types of coagulants form titanium-containing
bimetallic or multimetallic composite systems by combining titanium salts with metal salts such as aluminum, iron, and zirconium,
thereby incorporating the coagulation advantages of multiple metals. Titanium salt-silicate composite coagulants are formed by
copolymerizing/stepwise polymerizing titanium salts and polysilicic acid (PSiA). These coagulants combine the charge neutralization
capacity of titanium salts with the adsorption and bridging ability of PSiA, significantly enhancing coagulation efficiency. Titanium
salt-organic polymer composite coagulants are a category of composite titanium-based coagulants formed by combining titanium salts
with organic polymer compounds (such as polyacrylamide, chitosan, starch, etc.). These coagulants integrate the highly efficient
charge neutralization capacity of titanium salts with the adsorption and bridging capabilities of organic polymers, thereby significantly
improving coagulation performance. Composite coagulants effectively overcome the problems associated with single titanium salts,
such as significant pH fluctuations and poor storage stability. They demonstrate superior performance compared to traditional
coagulants in specific areas, including ultrafiltration pretreatment, sludge conditioning, treatment of low-temperature and
low-turbidity water, and removal of micropollutants. The sludge generated from their use can serve as a raw material for producing
TiO2, providing a new pathway for resource recovery in water treatment processes and highlighting their unique application prospects.
However, their adaptability in real water bodies, economic feasibility, and long-term ecological safety still require systematic
evaluation.

Finally, this study outlines the challenges faced in transitioning composite titanium salt coagulants from laboratory research to
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large-scale engineering applications and proposes corresponding strategies to address them.

Summary and prospects Although composite titanium salt coagulants demonstrate excellent performance, there are still some
issues and challenges that need to be addressed. Future research can focus on the following aspects: (a) Enhancing Adaptability to
Real Water Bodies. Currently, the complex composition of various actual water bodies imposes higher demands on the application of
composite titanium salt coagulants. To ensure stable and efficient coagulation performance under complex water quality conditions,
future efforts should focus on developing novel composite titanium salt coagulants with stronger specificity and broader applicability,
thereby meeting the needs of more complex and demanding application scenarios. (b) Lower- Cost Preparation of Composite
Titanium Salt Coagulants. At present, the preparation of composite titanium salt coagulants largely relies on complex processes such
as SAT, ED, and sol-gel methods, which hinders their large-scale application. Future research should aim to develop simpler, greener,
and more economically viable preparation pathways—for instance, utilizing industrial by-products or waste materials as raw
materials—while optimizing the preparation process to reduce energy consumption and production costs. (¢) Ensuring Ecological and
Health Safety. Current research on the toxicity assessment of titanium-based coagulants has predominantly focused on TiCls and
Ti(SO4)2. Future studies should strengthen investigations into titanium residue and its ecotoxicological effects during the use of
composite titanium salt coagulants. Meanwhile, it is essential to employ a wider range of aquatic organisms (e.g., fish, shellfish, and
aquatic plants) for ecotoxicity studies, and to further explore the migration, transformation, and long-term accumulation of residual
titanium in water bodies and organisms. This will provide a scientific basis for comprehensively safeguarding water environments and
human health.
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