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Abstract: As part of the work, studies of the quality of wastewater from alcohol production were
carried out; the main characteristics were determined, such as the charge of dispersed particles and
the content of organic compounds and fats. A comparison is made of the effectiveness of titanium
salts, traditional aluminum, and iron-containing coagulants. It has been established that titanium
salts are much more effective than traditional reagents, but their high cost significantly limits the
scope of their application. The possibility of increasing the efficiency of traditional coagulants by
adding various titanium salts in an amount of up to 10% of the mass has been proved. It has been
established that the addition of titanium compounds to aluminum or iron-containing coagulants
makes it possible to increase the cleaning efficiency by an average of 10-20% while a significant
reduction in the dose of reagents is possible, which will have a positive effect on the cost of the
cleaning process. It was found that the addition of titanium salts to a coagulant based on aluminum
sulfate allows not only an increase in the cleaning efficiency but also further intensifies the processes
of sedimentation and filtration of coagulation sludge, which will significantly reduce the size of the
treatment equipment and reduce capital costs.
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1. Introduction

Population growth necessitates the increase in capacity of the food industry and related
industries. An increase in the volume of manufactured food products, the development of
new formulations and products, and innovations in the field of food biotechnology have
led to an increase in the environmental impact of enterprises. Most of the food industry’s
waste can be easily recycled using the biological methods (biocomposition, fermentation,
etc.); the atmospheric emissions have almost no serious consequences, except for the dryers’
emissions. However, treatment and disposal of the wastewater generated as a result of
various food production processes remains an unresolved problem.

The processes related to the generation of large volumes of highly contaminated
organic wastewater components are typical for all areas of the food industry, including
the production of alcohol-containing products (alcohol, beer, and wine), the milk treat-
ment processes, and the manufacturing of the byproducts (butter, cheese) in confectionery
enterprises [1-3].

The food industry wastewater treatment is a comprehensive and extremely urgent
task. The anaerobic digestion methods for highly concentrated effluents have become
widespread when the total amount of dissolved and undissolved organic compounds, in
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terms of the COD, is more than 30,000-40,000 mg(O)/L, with the production of flammable
hydrocarbons. However, this technology cannot be used for the effluents with a relatively
low content of organic substances, at a COD of up to 10,000 mg(O)/L [4].

The traditional treatment method for such wastewater includes the stage of physico-
chemical clarification from suspended solids, undissolved organic compounds, partially
emulsified fats, etc., followed by biological purification.

The coagulants (polyelectrolyte) and flocculants are used as the reagents at the stage of
physicochemical purification. The most common coagulants are aluminum and iron salts.
Aluminum sulfate and oxychloride are widely used in the drinking water treatment pro-
cesses; however, due to their relatively high cost, they are less often used in the wastewater
treatment processes. In addition, despite their high efficiency and versatility, the aluminum
compounds are effective in a very limited pH range (6.0-7.5) and are subject to a strict
standard for the residual aluminum content in water. Moreover, aluminum sulfate is also
inefficient at low water temperatures. The iron compounds, such as ferric chloride (FeCl3)
and ferrous sulfate (FeSOy), are quite effective reagents and have a wide applicable pH
range compared to the coagulants based on aluminum compounds. However, they also
have certain disadvantages, such as significant volumes of difficult-to-filter precipitate and
the possible generation of complexes with organic ligands [5,6].

A new field of reactant wastewater purification is the use of coagulants based on tita-
nium compounds. The research teams from China [7-11], Russia [12,13], and Ukraine [14]
noted the high efficiency of titanium-containing coagulants as well as the absence of most
disadvantages inherent in the conventional reagents. The similar results were obtained as a
result of the international collaboration of institutions from France, Australia, China, Korea,
and other countries [15-20].

The collaborating author team from Great Britain confirmed the high efficiency of tita-
nium compounds in the process of removing dissolved organic substances from water [21].

The research groups from Russia proved the possible increase in the efficiency of con-
ventional reagents based on aluminum or iron compounds by introducing a few hydrolysis
products of titanium compounds into their composition (up to 10-15% by weight) that
made it possible to expand the effective pH range and increase the purification efficiency
and sedimentation specifications of the generated sediments [12,22].

Based on the literature review;, it can be seen that data of the titanium compounds
used as coagulants for the wastewater purification of the alcohol industry are not currently
presented, which determines the scientific and practical novelty of the research.

The main purpose of this paper is to assess the possible use of titanium-containing
coagulants in the wastewater purification processes at the alcohol industry enterprises.

2. Materials and Methods

The production of alcohol-containing products was selected as the study object. The
fermentation tanks as well as separation and distillation shops are located on the site. The
manufacturing department produces various types of alcoholic beverages, such as beer,
wine, kvass, etc. and is standardized for all similar enterprises in the territory of the Russian
Federation (over 70 entities). The production process wastewater was taken from the sewer
pipes of the relevant company.

Wastewater samples were taken by averaging the 20 L capacitances and delivered to
the laboratory within 4 h.

Samples of the comprehensive titanium-containing coagulants were obtained by
adding hydrolysis products of titanium compounds (titanium sulfate or chloride) as well
as titanium dioxide in an amount of up to 10 wt% to the conventional reagents based on
aluminum and iron salts [23].

The particle size was determined by the dynamic light diffusion method using a
Photocor Compact-Z device (Russia).

The zeta potential of colloidal particles was determined with a Zetasizer Nano by
Malvern (Great Britain).
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The pH value was determined using a digital meter pHHQ11B by HACH (Loveland,
CO, USA).

The chromaticity value was determined using a DR 6000 spectrophotometer by
HACH (USA).

The chemical oxygen demand was determined by the reference method with dichro-
mate according to the procedure [24].

The biochemical oxygen demand was determined according to the applicable method
(APHA 1986) [25].

The content of the suspended solids was determined by the gravimetric method using
the HANNA 98703 portable turbidimeter.

The content of the fats and oils was determined gravimetrically (Soxhlet method) [26].

Titanium dioxide (TiO, 99.8%), titanyl sulfate (TiOSO4 - xHpO—99.9%), and titanium
tetrachloride (99.9%, TiCly) were made by Sigma-Aldrich (St. Louis, MO, USA).

Aluminum sulfate, aluminum polyoxychloride, and ferric chloride were produced by
Kemira (Helsinki, Finland).

Coagulant solutions were obtained by dissolving (magnetic stirring) a 10 g sample of
powdered reagents in 100 mL of water for 60 min.

The jar test was carried out using the portable laboratory flocculator JLT 4 VELP
(Italy). Wastewater samples of a given volume (500 mL) were divided into measuring cups,
followed by setting it in a laboratory flocculator. With a pipet dispenser, predetermined
individual dosages of preprepared complex reagents were injected into the treated water.
The pH correction was adjusted using an appropriate volume of 0.05 mol/L NaOH.

During the experiments, coagulants were added at the beginning of mixing at 150 rpm
for 2 min, known as the fast coagulation stage (mixing reagent with water and the for-
mation of primary aggregates). Then, the solution underwent slow mixing at 10 rpm for
8 min, which is the flocculation and adsorption phase. This was followed by 30 min of
sedimentation (quiescent settling). The samples of water after sedimentation were collected
from 5 cm below the water surface.The filtration rate was determined by the passage of
100 mL of liquid through a filter with a pore size of 15 microns and by measuring the
volume of the filtrate obtained in 60 s.

The clarified water was analyzed according to the methods described above.

The efficiency of treatment (Eff7r) was calculated by equipment:

Effrp — “BAS ~ CTR 1000, (1)
Cpas
Cpas—concentration suspended solids (indicator value COD) before treatment, mg/L;
Crr—concentration suspended solids (parameter value COD) after treatment, mg/L.

3. Results and Discussion

The results of the particle sizes analysis demonstrate that the wastewater is specified
by the availability of two particle peals, namely the rapid settling particles with a size of
more than 10 microns and the slow settling particles with a size of about 100 nm. The zeta
potential at the particle surface was (—6 mV).

The chemical composition of wastewater samples was examined at the next experi-
mental stage (Table 1).

Table 1 shows that the priority pollutant in the water composition is the dissolved
organic matter as well as the colloidal particles. The supply of such water to the urban
facilities for deep biological treatment is impossible due to the prohibitively high rates of
chemical and biological oxygen demand.

Among many indicators of wastewater quality (and purification efficiency) analyzed,
the most common ones were selected: chemical oxygen consumption and suspended solids
content. These indicators are used to correct the operation of purification facilities (dose of
coagulant, flotation time, etc.) at most enterprises.
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Table 1. Chemical composition of the wastewater samples.

Indicator Unit of Measurement Alcohol Industry Wastewater
pH 4.5
COD mg(O)/L 6120
BOD 5 mg(O)/L 5480
Suspended solids mg/L 2100
Chromaticity degrees 5600
Fats mg/L 1.2
Zeta potential mV =5

Particle size

130 nm, 74 pm

At the first stage, we have made a comparison of the efficiency of conventional reagents
and coagulants based on the titanium compounds in the purification process for the actual
alcohol industry effluents from the suspended solids (Figure 1) and the chemical oxygen

demand index (COD) (Figure 2).
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The diagrams in Figures 1 and 2 demonstrate that the conventional coagulants based
on aluminum compounds can effectively remove the suspended solids and organic com-
pounds from water while the iron compound efficiency in this process is much lower.

The zero efficiency of ferric chloride until dose 100 mg/L can be explained by the
formation of complex compounds of iron with organic ligands (for example, citrates or
tartrates), which is typical for such coagulants [5,6]. The difference in effective dosages of
coagulants for the COD index and suspended solids content can be explained by the cleaning
mechanism. Therefore, for colloidal (suspended) particles, this is the charging neutralization
and the formation of floccules, and for the COD index (content of organic substances), it is
the adsorption on the surface of the hydrolysis products of titanium compounds.

The effective coagulant dose is expressed in mg (MeXOY)/L. The maximum possible
treatment efficiency was achieved with the following doses of conventional reagents:

e  Aluminum sulfate—88 mg (MexOy)/L;
e  Aluminum oxychloride—80 mg (MexOy)/L;
e  Iron chloride—200 mg (MexOy)/L.

During the purification process, the titanium compounds were not inferior to the
conventional reagents in their efficiency while the minimum effective dose was, on average,
2.5-3.0 times lower and amounted to 20 and 24 mg (MexOy)/L for titanyl sulfate and
titanium tetrachloride, respectively. In addition, the efficiency of titanium compounds
during the process of organic compound removal, namely a decrease in the COD index,
was, on average, 5-7% higher, which should have a positive effect on further biological
treatment. In addition, it should be noted that when the titanium salts are used as the
coagulants, the final treatment products will be titanium dioxide that has a much lower
toxicity compared to the aluminum compounds [27].

The next experimental stage was to evaluate the effect of adding titanium compounds to
the conventional reagents on the overall purification efficiency according to the above indicators.

The diagram in Figures 3 and 4 presents data on the effect of adding various titanium
compounds on the alcohol industry wastewater treatment efficiency in terms of the content
of the suspended solids and dissolved organic compounds (COD). The basic coagulant
dose was 50 mg (Al,O3/L) for aluminum sulfate and oxychloride and 150 mg (Fe,O3/L)
for ferric chloride (Figures 3 and 4), and the addition of titanium compounds for TiO, was
10 wt%.
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Figure 3. Efficiency of removing suspended solids from the alcohol industry wastewater by vari-
ous coagulants.
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Figure 4. Efficiency of removing organic compounds (COD) from the alcohol industry wastewater by
various coagulants.

The diagrams in Figures 3 and 4 demonstrate that the addition of titanium compounds
in an amount of up to 10 wt% allows an increase of the wastewater treatment efficiency
from the suspended solids and organic compounds. It should be noted that the greatest
positive effect is made by the addition of titanium dioxide that is explained primarily by
the primary nucleation processes (neutralizing coagulation) on the surface of negatively
charged particles [28,29] as well as by the specific hydrolysis processes [30]. Having
considered the relatively low addition (less than 10%) of titanium compounds and a
decrease in the effective basic reagent dose by an average of 25-30%, the cost of the
purification process can decrease by about 5-8%, depending on the wholesale price for
titanium compounds.

Another feature of the food industry wastewater treatment is the low filtration rate of
the generated sediments at the additional treatment stage after sedimentation. During the
experiments with complex reagents, a change in the structure and shape of the resulting
coagulation sludge was noted, to which the authors evaluated the filtration and sedimenta-
tion process efficiency when using the pure and complex reagents. A comparison of the
precipitation filtration rate is shown in Figure 5.
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Figure 5. Filtration rate of coagulation sludge of the alcohol industry wastewater.
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Based on the diagram, the availability of titanium compounds in an amount of up to
10 wt% of the conventional coagulant makes it possible to intensify the filtration processes
of coagulation sludge by 20-40%. For the iron-containing coagulants, it could be increased
by almost 2 times.

Based on the data obtained, the complete efficiency verification of the complex reagents
required a reference standard in the form of aluminum sulfate at a dosage of 50 mg
(Al,O3/L) with the addition of titanium dioxide (5.0 mg (TiO, /L) as the cheapest reagent
option [31]. The cost-based selection of the reagent is primarily due to the significant
volumes of wastewater accepted for treatment, and, hence, the operating costs during the
arrangement of the reagent facilities, the value of which will be included in the final product
cost. The results of coagulation water purification in relation to all studied indicators are
shown in Table 2.

Table 2. Residual concentrations and treatment efficiency.

Initial Aluminiumsulfate Coagulant + TiO, Aluminiumsulfate Coagulant
Concentration Concentration Efficiency of Concentration Efficiency of
after Treatment Treatment, % after Treatment Treatment, %
pH 4.5 - - - -

COD, mg(O)/L 6120 3543.5 421 3965.8 35.2
BOD 5 mg(O)/L 5480 3112.6 432 3485.3 36.4
Suspend solids mg/L 2100 92.4 95.6 260.4 87.6
Color 5600 285.6 94.9 761.6 86.4
Fat, mg/L 1.2 0.2 87.2 0.3 72.5

Table 2 demonstrates that the use of aluminum sulfate modified with titanium com-
pounds makes it possible to increase the alcoholic industry wastewater treatment efficiency
in relation to all the studied parameters that will have a positive effect on the further deep
biological treatment process.

The increased efficiency of coagulants containing titanium compounds is explained by
the following phenomena:

The adsorption processes on the surface of hydrolysis products of titanium compounds.
Therefore, hydroxides (orta- and metatitanic acids) and partially hydrated titanium oxide
(xerogel) have a developed surface and are capable of efficient adsorption of organic
pollutants during the coagulation process [28,30].

The polycondensation processes and polymerization of highly active polytitanates [15,16]
have not only high coagulation activity but also a flocculating effect with the formation of
gel-like structures.

The charge neutralization processes on the surface of colloidal particles of pollutants
and positively charged forms of aluminum hydroxides leads to the destabilization of the
colloidal system and its exit from equilibrium, with quick aggregation and precipitation of
the forming structures.

4. Conclusions

According to the studies performed, we obtained information on the possible use of
titanium-containing coagulants in the wastewater treatment processes at the enterprises
with an alcoholic fermentation stage.

It has been proved that the coagulants based on titanium salts are significantly superior
in efficiency to the conventional reagents. The effect of various added titanium compounds
on the purification efficiency of the conventional reagents has been established. A positive
effect of titanium compounds on the processes of removing insoluble impurities and
dissolved organic substances from water has been found. It has been proved that the
addition of titanium compounds in an amount of up to 10 wt% allows not only an increase
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in the treatment efficiency but also a significant reduction of the total coagulant demand that
will significantly reduce the treatment process cost. The sludge obtained during the water
treatment process, with the complex titanium-containing coagulants, has a voluminous
structure that both gives off moisture and is filtered easily.

The resulting hydrolysis products of titanium compounds can be removed from water
not only by settling but also by more up-to-date technologies of sediment separation, such
as flotation [32,33].

The results obtained will make it possible to reduce the total coagulant demand
and further expand the scope of application of titanium-containing reagents in the water
treatment processes [34].
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