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Abstract: Titanium-containing coagulants are a new development in physical and chemical
water purification processes. Despite their high efficiency and the absence of the drawbacks
that are typical of traditional reagents, the high cost of titanium compounds restrains their
extensive implementation. As part of this work, a concept technology for the synthesis of
complex titanium-containing reagents using chemical dehydration processes was proposed.
It was found that the composition of a complex titanium-containing coagulant consists of a
mixture of aluminum sulfate 50–87 wt.%, aluminum chloride 10–40 wt.%, and titanium
oxysulfate 2.5–10.0 wt.%. It was ascertained that the optimal content of the modifying
additive in titanium compounds is 5.0–7.5 wt.%. The comparison of the coagulation
efficiency of traditional aluminum- and iron-containing reagents and freshly synthesized
reagents showed that the use of complex titanium-containing coagulants allows us not
only to minimize the residual concentrations of various pollutants (phosphates, turbidity,
oxidizable organic compounds) but also to reduce the reagent consumption by 20–25%,
as well as to intensify the processes of sedimentation and filtration of coagulation sludge.
Based on the data set obtained, the prospects for the production and use of complex
titanium-containing coagulants for natural and wastewater of different origins are proven.

Keywords: complex titanium-containing coagulant; water purification; dephosphatiza-
tion; turbidity

1. Introduction
Increasing attention is being paid to natural and wastewater purification. The increase

in freshwater consumption and, consequently, the volumes of household and industrial
wastewater, together with the emergence of new types of pollutants, require a search for
new, highly efficient reagents.

Physicochemical water purification and, in particular, coagulation are crucial and are
used at the majority of centralized or local water treatment plants. Coagulation is applied to
remove a wide range of insoluble impurities from water, such as sand, algae microparticles,
and poorly soluble metal compounds (carbonates, sulfides, etc.), as well as to reduce the
content of dissolved organic matter, which affects the taste, smell, and color of water.

The traditional coagulants are aluminum and iron salts. Aluminum sulfate is used
for local wastewater treatment in the textile, food, paint and varnish, and other industries.
Iron salts are efficient in removing poorly soluble compounds of heavy metals from water.
Aluminum oxychloride is the most modern and common reagent, widely used in the
processes of centralized water treatment and wastewater dephosphatization after the stage
of deep biological treatment.
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Despite their relatively high efficiency, these reagents are obsolete and are not capable
of performing the tasks assigned to them. In addition, aluminum salts are inefficient at low
water temperatures (less than 10 ◦C), operate in a limited pH range, and are also subjected
to a strict residual standard for aluminum content. These shortcomings are inherent in all
water purification processes using aluminum salts (food, water purification for drinking
purposes, sewage treatment, and municipal wastewater purification, etc.).

Iron salts can form highly soluble complexes with organic ligands, and the result-
ing coagulation sludge is difficult to filter and has a pronounced abrasive effect, which
negatively affects water treatment equipment [1–3].

Many research teams from different countries agree that titanium-containing reagents
represent a new step in the evolution of coagulants [4–8]. Titanium salts are highly efficient
in removing a wide range of pollutants and operate in a broad pH range and at low temper-
atures, and the formed hydrolysis products are less toxic compared to traditional reagents.
Titanium salts have demonstrated high efficiency in wastewater treatment processes in the
mining (coal mining) industry [9]; in the treatment of surface and seawater before reverse
osmosis desalination processes [10,11]; in the pulp and paper and textile industries [12,13];
in water dephosphatization and defluorination processes [14,15]; in additive manufacturing
(metallurgical) [16]; and in other areas of natural and wastewater purification [7,8]. Despite
their efficiency and the almost complete absence of the disadvantages typical of traditional
coagulants, the high cost of titanium salts and the demands from the paint and varnish
and food industries for titanium-containing precursors have significantly slowed down the
extensive introduction of titanium-containing coagulants.

This situation can be overcome by using complex (composite) coagulants obtained by
mixing two or more salts of different metals [17–19]. Complex titanium-containing reagents
are produced by adding 5–20% of titanium compounds to traditional reagents [19–22]. The
resulting complex reagent will be slightly inferior in its efficiency to pure titanium salts,
but its cost will be much lower.

Unfortunately, at present, there is only one prototype technology for the creation
of complex titanium-containing coagulants, the resulting product contains up to 38%
inert impurities, and its cost is almost two-fold that of aluminum oxychloride [7,8]. Most
researchers working with complex titanium-containing coagulants obtain them via the
physical mixing of pure salts, which negatively affects both the cost of the reagent and the
prospects for its industrial implementation.

The main objective of this work is to present a technology for the synthesis of a
complex titanium-containing coagulant from the waste of shale oil production, with the
possibility of varying the proportion of the modifying additive of titanium compounds,
as well as an evaluation of the efficiency of the obtained reagents in water purification
processes.

2. Results and Discussion
The process flow diagram for the synthesis of a complex titanium-containing coagulant

is shown in Figure 1.
The synthesis process is based on two reactions:

• The interaction of 50–80% sulfuric acid and 120% stoichiometric excess of aluminum
hydroxide/oxide (reactions (1) and (2)) for 30 min at a temperature of 80–100 ◦C to
form aluminum sulfate (reactor (3)):

2Al(OH)3 + 3H2SO4 → Al2(SO4)3 + 3H2O (1)

Al2O3 + 3 H2SO4 → Al2(SO4)3 + 3H2O (2)
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• The hydrolytic decomposition of tetrachloride with the formation of hydrochloric
acid (reaction (3), reactor (1)) and a wide range of titanium polyoxychlorides within
10–20 min:

TiCl4 + H2O → 4HCl + Ti(OH)4 (3)

Subsequently, the reaction mixtures are combined in reactor (2), and a reaction involv-
ing the mutual neutralization of the forming hydrochloric acid and excessive aluminum
hydroxide/oxide (reactions (4) and (5)) proceeds with the formation of aluminum chloride
(reactor (2)):

Al2O3 + 6HCl → 2 AlCl3 + 3H2O (4)

Al(OH)3 + 3HCl → AlCl3 + 3H2O (5)

Aluminum sulfate, forming in reactions (1) and (2), is most stable as 18-water crystal
hydrate, and the moisture for formation can be replenished with any solution from titanium
tetrachloride hydrolysis. The resulting mixture spontaneously crystallizes in the process
of chemical dehydration, which allows us to avoid the drying process and obtain a solid
product with minimal energy costs.

By varying the ratio of titanium tetrachloride/aluminum compounds, it is possible to
obtain a complex titanium-containing coagulant with different proportions of the modifying
additive of titanium compounds. The phase composition of a solid sample is shown in the
diffractogram in Figure 2, and data on the effect of the component ratio on the composition
of the final product are presented in Table 1.

As can be seen from the data in Table 1, the main phase in the composition of the
complex titanium-containing reagent is aluminum sulfate 50–87.2 wt.%, and the content
of aluminum chloride varies in the range of 10–40 wt.%. The proportion of the modifying
additive of titanium compounds in the form of partially hydrolyzed titanium oxysulfate
varies in the range of 2.5–10.0 wt.%.
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Table 1. Composition of samples of complex titanium-containing coagulant at different ratios of
compound Al/TiCl4.

Mass Ratio
(Al2O3/Al(OH)3)/TiCl4

Compositional Breakdown, %

Insoluble Part AlCl3·6H2O Al2(SO4)3·18H2O Ti-Com.

Aluminum oxide

2.1/1 0.5 9.7 87.3 2.5

1.1/1 0.9 19.1 75.1 4.9

0.9/1 1.6 29.6 61.2 7.6

0.7/1 2.4 38.0 49.7 9.9

Aluminum hydroxide

4/1 0.3 10.1 87.1 2.5

2/1 0.5 19.8 74.8 4.9

1.4/1 0.8 30.3 61.3 7.6

1/1 1.3 39.2 49.6 9.9

The product obtained by the proposed synthesis technology is a mixture of partially
hydrolyzed forms of sulfate and aluminum and titanium chlorides, while the key feature
of the complex reagent compared to the physical mixing of two salts is the multimetallic
and multianionic composition, which significantly increases the treatment efficiency [7,8].
An equally important fact is the reduction in the cost of production due to the use of
titanium tetrachloride solutions obtained from cheap raw materials (waste) instead of pure
hydrochloric acid.

The presence of two metals and two acid anions (sulfate + chloride) in the composition
will have a synergistic effect and intensify the coagulation processes. For further experi-
ments, these samples will be labelled KTK-Al2O3-(2.5–10.0) and KTK-Al(OH)3-(2.5–10.0),
where 2.5–10.0 is the content of the modifying additive.

The products obtained at the outlet of the crystallizer are characterized by increased
content of unreacted aluminum compounds, while the maturation process is observed in
reactions (6)–(10):

Al2(SO4)3 + 2 H2O → 2 Al(OH)SO4 + H2SO4 (6)
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Al2(SO4)3 + Al(OH)3 → 3 Al(OH)SO4 (7)

2 Al2(SO4)3 + Al2O3 + 3H2O→ 6 Al(OH)SO4 (8)

2 AlCl3 + H2O → Al(OH)Cl2 + HCl (9)

2 Al2(SO4)3 + Al2O3 + 3 H2O → 6 Al(OH)SO4 (10)

2 AlCl3 + Al(OH)3 → 3 Al(OH)Cl2 (11)

To evaluate the efficiency of the obtained samples of the complex titanium-containing
reagent and to select the optimal content of the modifying additive, water from the sur-
face water supply source was used. The efficiency was evaluated via the turbidity and
oxidizability index. The results of the experiment are presented in Table 2.

Table 2. Influence of proportion of modifying additive on purification efficiency.

Coagulant Dose, mg(MeXOY)/dm3 0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

Turbidity, NTU

KTK-Al2O3-2.5 29 25 18 5.6 1.3 0.8 0.8 0.8 0.8

KTK-Al2O3-5.0 29 21 9 3.5 0.9 0.5 0.5 0.5 0.5

KTK-Al2O3-7.5 29 22 8 2.9 0.9 0.5 0.5 0.4 0.4

KTK-Al2O3-10.0 29 24 11 3.5 1.3 0.9 0.6 0.6 0.6

KTK-Al(OH)3-2.5 29 24 16 4.8 1.2 0.7 0.7 0.7 0.7

KTK-Al(OH)3-5.0 29 19 7 2.2 0.6 0.4 0.4 0.4 0.4

KTK-Al(OH)3-7.5 29 20 8 1.9 0.5 0.4 0.4 0.4 0.4

KTK-Al(OH)3-10.0 29 22 10 2.9 1.1 1 0.6 0.6 0.6

PAX-XL-100 29 27 22 11 4.9 2.8 1.4 0.8 0.8

ALS-50 29 28 28 20 8.6 5.2 2.2 1.4 1.4

Oxidizability, mg(O)/dm3

KTK-Al2O3-2.5 15.6 14.9 11.3 6.1 3.8 3.8 3.6 3.5 3.5

KTK-Al2O3-5.0 15.6 13.3 7.6 5.2 3.3 3.2 3.2 3.0 3.0

KTK-Al2O3-7.5 15.6 13.2 7.5 5.3 3.3 3.3 3.2 3.1 3.0

KTK-Al2O3-10.0 15.6 13.8 8.1 5.2 3.2 3.2 3.1 3.1 3.0

KTK-Al(OH)3-2.5 15.6 14.6 11.1 6.0 3.7 3.7 3.5 3.4 3.4

KTK-Al(OH)3-5.0 15.6 12.9 6.8 4.5 3.0 2.9 2.9 2.9 2.9

KTK-Al(OH)3-7.5 15.6 12.7 6.9 4.3 2.9 2.7 2.7 2.7 2.7

KTK-Al(OH)3-10.0 15.6 13.5 7.9 5.1 3.2 3.1 3.0 3.0 2.9

PAX-XL-100 15.6 15.1 14.2 9.6 7.4 5.2 4.6 4.5 4.5

ALS-50 15.6 15.5 15.2 10.3 8.6 6.3 5.2 5.1 5.1

Bold—it is optimal regents and purification efficiency.

The initial pH value was 7.22, the oxidizability (humic acid content, which determines
the water color) was 15.6 mg(O)/dm3, and the turbidity was 29 NTU. The most efficient
aluminum polyoxychloride in such cases and the main component of complex reagents
(Table 1)—aluminum sulfate—were used as comparison samples.

It is evident from the data in Table 2 that the highest purification efficiency (minimum
residual concentrations of two marker pollutants) is attained when using KTK with modi-
fying additive content of 5.0–7.5. Coagulant samples with modifying additive content of
2.5 and 10.0% were superior in efficiency to aluminum polyoxychloride, but less efficient
than their equivalents. Aluminum sulfate demonstrated the lowest efficiency among all
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tested coagulants. The KTK samples obtained from aluminum hydroxide were slightly
more efficient than their equivalents obtained from aluminum oxide. Based on the results,
the KTK-Al2O3-5.0 and KTK-Al(OH)3-5.0 samples were selected for further experiments.

It should be noted that, despite the increased efficiency and the lowest residual concen-
trations of pollutants, the consumption of the complex reagents was, on average, 20–25%
lower compared to traditional reagents. The estimated increase in the cost of complex
reagents due to the modifying additive of titanium compounds will be 10–15% of the cost
of aluminum sulfate production, which, given the reduced dosage and increased efficiency,
will have a pronounced economic effect.

The selection of the optimal volume of modifying additives of titanium compounds is
described in detail in the articles [20–23]. Reducing the content of thiamine compounds
below the limits described in these articles significantly reduces the cleaning efficiency, and
exceeding this leads to an exponential increase in the cost of the complex reagent.

The increased efficiency of complex titanium-containing coagulants (purpose and
mission of titanium-containing additives) in comparison with pure aluminum salts is due
to the following phenomena:

• Neutralization coagulation or nucleation (primary micellization) due to the neutraliza-
tion of positively charged aluminum hydroxocomplexes by negatively charged hy-
droxocomplexes of titanium compounds (Ti2OCl5OH, TiCl2(OH)2, iso-Ti2O2Cl2(OH)2,
Ti2O(OH)6, TiO(OH)2, etc.) [22,23];

• Flocculation caused by the polycondensation and polymerization of the forming
titanium salt hydrolysis products (H4TiO4, H2TiO3) [7,8,22,23];

• The adsorption of pollutants on the developed surfaces of the hydrolysis products of
the titanium compounds (H4TiO4, H2TiO3, TiO2·2H2O)—meta- and orthotitanic acids,
as well as hydrated forms of titanium dioxide, are highly effective sorbents [24,25];

• Data on the surface characteristics of the hydrolysis products of different coagulants
in the model (distilled water with pH correction with 1% NaOH to values of 7.1–7.2)
confirming the advanced hypotheses are presented in Table 3.

Table 3. Surface characteristics of hydrolysis products of different coagulants.

Coagulant Zeta Potential, mV Surface Area, m2/g

KTK-Al2O3-5.0 +7 82.3

KTK-Al(OH)3-5.0 +4 84.5

PAX-XL-100 +17 69.3

ALS-50 +12 51.5

PIX-111 −13 89.4

The next stage of the experiments was the assessment of the coagulation efficiency of
the complex titanium-containing reagents in the process of the reagent dephosphatization
of wastewater that underwent deep biological treatment. The choice of the study object
was primarily due to the increase in phosphorus emissions into the environment and the
intensified eutrophication of water bodies directly related to phosphorus. Data on the
efficiency of reagent dephosphatization of wastewater are presented in Figure 3.

The diagram clearly shows that the use of complex titanium-containing coagulants
allows us to minimize the residual phosphate ion content to 0.04–0.05 mg/dm3, while the
average residual phosphate ion concentration when using traditional aluminum-containing
coagulants was, on average, 2.0–2.5 times higher and amounted to 0.11 mg/dm3 and
0.14 mg/dm3 for PAX and ALS, respectively. The consumption of complex reagents
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required to achieve a residual phosphate ion concentration equivalent to aluminum salts
was, on average, 25% lower. Iron compounds were the least effective.
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During visual observation in the experiment, it was noted that the sludge forming
when using the complex titanium-containing coagulants settled to the bottom more quickly
and had a denser structure (Figure 4).
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Considering the trend towards the use of mechanical filtration in post-treatment
processes, it is advisable to evaluate the effects of different coagulants on the filtration rate
of the coagulation sludge. Data on the effect of the type of coagulant used at the optimal
dose (Figure 3) on the sedimentation and filtration rate of coagulation sludge are presented
in Table 4.
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Table 4. Influence of the type of reagent used on the properties of coagulation sludge.

Particle Size Range, µm Sedimentation Rate, min Filtration Rate, mL/min

KTK-Al2O3-5.0 360–420 3.5 67

KTK-Al(OH)3-5.0 440–490 3.0 70

PAX-XL-100 280–370 4.5 55

ALS-50 210–310 6.0 51

PIX-111 150–400 4.0 42

The data in Table 4 show that the use of complex reagents allows a 25% reduction in
the sedimentation time of the coagulation sludge. The filtration rate of the coagulation
sludge forming when using a complex titanium-containing coagulant also exceeded that
of traditional reagents by more than 20%. These phenomena are primarily associated
with the increase in the average size of the particles formed and their higher distribution
stability (reduction in the size range). Improvements in the sedimentation and filtration
characteristics of the sludge will significantly increase the efficiency of settling tanks and
treatment facilities as a whole.

The residual concentrations of aluminum and titanium cations in the case of using com-
plex reagents comply with the standards and do not exceed 0.05 mg/dm3 and 0.02 mg/dm3

for titanium and aluminum cations, respectively. The data obtained are in good agreement
with the data previously presented in the articles [7–10,20,21].

3. Materials and Research Methods
Initial precursors for the synthesis of a complex titanium-containing reagent:

• Titanium tetrachloride obtained by selective chlorination of quartz–leucoxene concen-
trate (waste from shale oil production) with an admixture of silicon tetrachloride to
0.4 wt.%; the total content of impurities of aluminum chlorides, iron, sodium, calcium,
etc., does not exceed 0.1 wt.%;

• Aluminum oxide and hydroxide, special purity grade, Sigma-Aldrich (Taufkirchen,
Germany);

• Sulfuric acid, chemically pure, Sigma-Aldrich (Germany).

The following reference samples were used to compare the efficiency of the coagulants:

• Aluminum sulfate (ALS-50), Kemira (Helsinki, Finland);
• Polyoxychloride (PAX-XL-100), Kemira (Helsinki, Finland);
• Iron chloride (PIX-111), Kemira (Helsinki, Finland).

The phase composition of the samples was determined by XRD on a TDM-10 diffrac-
tometer Dandong Tongda Science & Technology Co.,Ltd (Dandong, China).

Jar tests were conducted on a laboratory flocculator JLT4 Velp Scientifica (Usmate,
Italy), in accordance with the above-described procedures. The speed of the rapid mix-
ing of the coagulant and purified water was 150 rpm, with flocculation at 20 rpm. The
sedimentation time was 30 min [16,20,21].

The determination of the suspended solids concentration (turbidity) was carried
out using a portable turbidimeter–haze meter, Hanna HI 98 703, HANNA Instruments
(Villafranca Padovana, Italy).

Oxidizability was determined by the permanganate method.
pH values were measured using a HQ411d laboratory meter, HACH (Loveland,

CO, USA).
The sedimentation rate was determined photometrically using a portable spectropho-

tometer, DR 6000 HACH (Loveland, CO, USA).
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The filtration rate was determined by passing a given volume of liquid through a
15 µm filter for 60 s.

The particle size and their surface charge were determined on an Analysette 22 Nan-
oTec Fritsch (Idar-Oberstein, Germany).

The specific surface area of coagulant hydrolysis products was determined using a
Gemini VII 2390t, Micromeritics Instrument Corp. (Georgia, USA).

The following objects were selected to assess the coagulation efficiency:

• Water from the surface intake of the Danube River in Belgrade (Serbia);
• Wastewater that underwent the stage of deep biological treatment (nitrification/

denitrification).

4. Conclusions
As part of this work, the fundamental synthesis technology for complex titanium-

containing coagulants using the process of chemical dehydration and the possibility of
varying the proportion of the modifying additive of titanium compounds is described.
It is ascertained that, according to its composition, the complex reagent is a mixture of
aluminum sulfate 50–87 wt.%, aluminum chloride 10–40 wt.%, and titanium oxysulfate
2.5–10.0 wt.%.

It was determined that the optimal content of the modifying additive of titanium
compounds is 5.0–7.5 wt.%, and this allows us to significantly increase the coagulation
efficiency without a major increase in cost.

An assessment of the efficiency of the new reagents in the process of purifying surface
water from the Danube River demonstrated that the use of complex titanium-containing
coagulants allows the minimization of the residual values of turbidity and oxidizability,
while the effective dosage of the complex reagent in comparison with traditional aluminum-
containing ones was, on average, 20–25% lower.

It was proven that the process of reagent dephosphatization of wastewater that un-
derwent deep biological treatment using the complex titanium-containing reagents was
the most complete, and the residual concentrations of phosphate ions did not exceed
0.05 mg/dm3. The residual concentrations of phosphate ions when using traditional
aluminum-containing coagulants were at the level of 0.11–0.14 mg/dm3.

An investigation of the properties of the coagulation sludge obtained using different
reagents proved the possibility of a 25% enhancement in the sludge sedimentation and
filtration processes when using complex titanium-containing coagulants.

According to the calculation of the reagent costs, the cost of the complex reagent will
be, on average, 10–15% higher than the cost of ALS-50 and 30–50% lower than the cost of
PAX-XL-100. Given the increased efficiency and reduced effective dose, samples of the
complex reagent will be more preferable.

Based on the results obtained in this work, a conclusion can be drawn about the
high prospects of complex titanium-containing coagulants obtained using the proposed
synthesis technology. The presented work is in line with the UN’s SDG 6, “Clean Water
and Sanitation”.
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