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Abstract

Possessing high strength, low density and significant chemical resistance, titanium has found wide application in
various fields of the national economy — the chemical industry, aviation and rocket technology, mechanical engineering,
medicine, etc. The production of titanium products is hampered by a fairly strong oxide film covering its surface.
Removal of the oxide film from the surface of titanium workpieces is carried out by etching in solutions of mineral
acids of various compositions. A spent acid etching solution (SAES) is formed, containing titanium salt and the re-
mainder of unreacted acids. Almost all etching solutions contain HF and one of the strong acids. This is H2SO4, HCI
or HNOs. Thus, the SAES includes ions of titanium, fluorine or chlorine, orsulfate, or nitrate. SAES is quite toxic and
must be diluted or cleaned several times before being discharged into a reservoir. Most of the methods used to extract
impurities contained in SAES lead to a decrease in their content. As a result of such purification, there is a loss of
substances contained in SAES in significant quantities and of interest for further use. The work presents experimental
results obtained from the combined processing of SAES containing titanium fluoride, hydrofluoric and hydrochloric
acids. At the first stage, SAES is treated with sodium hydroxide. The resulting titanium hydroxide precipitate is filtered
off. At the second stage, the filtrate containing sodium fluoride and chloride is processed in a membrane electrolyzer.
In this case, not only the extraction of sodium salts from the filtrate occurs, but also the production of sodium hydroxide
and a mixture of hydrofluoric and hydrochloric acids. Sodium hydroxide can be used for processing SAES, and a
mixture of acids for etching titanium workpieces.
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Introduction

Titanium and its alloys are widely used in the manufacture of a wide variety of equipment, which
is in high demand due to its anti-corrosion resistance, a good combination of strength properties,
temperature resistance, low density and relatively high metal consumption. The main consumers of
titanium and its compounds are aircraft and rocket manufacturing [1], chemical industry [2-4], metal-
lurgy [5], medicine [6, 7], catalyst production [8], paint and varnish industry [9]. As a rule, the
manufacture of titanium products is accompanied by heating, as a result of which its surface is covered
with a fairly strong oxide film. To ensure the manufacturability of titanium workpieces, especially when
applying modifying coatings to its surface, it is necessary to remove the oxide film from the surface.
To perform this operation, various methods are used [10-12].

In addition to mechanical, thermal and other methods, thermochemical methods are also widely
used [13-15]. Such methods consist in treating the surface of products with mineral acids at certain
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temperatures [16, 17]. Hydrochloric, sulfuric, nitric, phosphoric and other acids are used as acids to
dissolve oxide films on the surface of titanium and its alloys in various concentrations and at different
temperatures [16, 17]. In contrast to these acids, hydrofluoric acid dissolves titanium at room tempera-
ture. In order to regulate the rate of dissolution of titanium, acids such as HCI, H2SO4, and HNO3 are
introduced into the solution of hydrofluoric acid [18]. If the presence of sulfuric acid slightly increases
the rate of the titanium dissolution process, then with the introduction of hydrochloric acid into the
solution, it almost doubles, and the use of nitric acid leads to a decrease in the rate of dissolution”.

In AO Bashkir Soda Company for etching the surface of titanium in the production of oxide-
ruthenium-titanium anodes (ORTA), hydrochloric acid is used. The etching process is carried out in
25-27 % HCI at a temperature of about 85 °C. The resulting spent acid etching solution (SAES) in
this case contains up to 180 g/l of titanium chloride and up to 110 g/l of hydrochloric acid.

VSMPO-AVISMA Corporation uses a mixture of aqueous solutions of HF and HCI at room tem-
perature to etch the surface of titanium. The resulting SAES contains about 22 g/l of titanium fluoride,
about 1.7 g/l of hydrofluoric acid and about 6.2 g/l of hydrochloric acid. This solution is even more
toxic than a solution containing only titanium chloride and hydrochloric acid, due to the presence of
anion fluoride. The maximum permissible concentrations of SAES components in water bodies of do-
mestic and domestic water use are for ions, mg/l: fluorine 1.5, chlorine 350, sulfate 500, titanium 0.1
(GN 2.1.5.1315-03. Hygienic standards. Maximum permissible concentrations (MPC) of chemicals in
the water of water bodies for domestic and domestic water use). Thus, when SAES is discharged into a
water body, significant water costs are required to dilute it. In addition, in this case, there is a loss of
valuable components that can serve as raw materials for obtaining marketable products. There are
known methods for the utilization and neutralization of SAES using ion exchange [19-21], coagulation
and sedimentation [22-24], and neutralization [25, 26].The process of neutralization of SAES leads to
the consumption of alkaline reagents, the formation of toxic solid wastes such as CaF. and Na>TiFs
of the 2nd hazard class, as well as to the loss of mineral acids [27-30].

In the authors' previous works, the possibility of processing wastewater containing various sub-
stances to obtain products that can be used in the production process was considered [31-33]. This
article presents the results of research on the processing of SAES containing titanium fluoride,
hydrofluoric and hydrochloric acids. The SAES was processed in two stages. At the first stage, the
SAES was treated with sodium hydroxide titanium. The resulting titanium hydroxide precipitate
was filtered off and dried. At the second stage, the filtrate containing fluorine, chlorine and sodium
ions was processed in a membrane electrolyzer. As a result of electrochemical treatment of the
filtrate in the electrolyzer, sodium hydroxide and a mixture of hydrofluoric and hydrochloric acids
were generated.

Methodology

Experimental studies were carried out in two stages. At the first stage, SAES was treated with
crystalline sodium hydroxide. For this purpose, crystalline NaOH was added to 100 ml of SAES. The
resulting precipitate of titanium hydroxide was filtered and dried at a temperature of 200 °C to a
constant weight. The sediment mass was used to determine the degree of titanium recovery from the
SAES. The second stage consisted of electrochemical treatment of the filtrate obtained after the sepa-
ration of titanium hydroxide in electrolyzers with ion-exchange membranes. Two types of electrolyzers
were used for the research — without a flow and with the flow of solutions through the chambers.

The study of the distribution of components in the electrolyzer chambers, the determination of the
current yield and the specific energy consumption for the leachate processing process was carried out
in a four-chamber membrane electrolyzer without the flow of solutions through the chambers (Fig.1).

* Acid solutions used in the chemical method of cleaning the surface of semi-finished products made of titanium alloys.
URL: https://sv-barrisol.ru/polufabrikaty/102-kislotnye-rastvory-primenyaemye-pri-himicheskom-sposobe-ochistkipoverh-nosti-
polufabrikatov-iz-titanovyh-splavov.html (accessed 09.04.2024).
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The electrolyzer chambers with a diameter K A K
of 6 cm were made of plexiglass plates with a 0.1n NaOH Filtrate 0InHCI [ 0.InH.SO,
thickness of 2.5 cm. Membranes manufactured H, 0
by OOO Shchekinoazot were used to separate f Na* F.Cl FoCr \ N
the chambers: cation exchange membranes of — =T 1 7 —
the MK-40 brand, anion exchange membranes \ o " " f
of the MA-40 brand. The working surface of OH 7 T - H*
each membrane separating the chambers was
14.1 cm?. The cathode material is a stainless ) 2 3 4
steel plate, the anode material is a titanium plate Fig.1. Diagram of a non-flowing electrolyzer
coated with ruthenium oxide (ORTA). A 0.1 n for processing leachate obtained after removing titanium
sodium hydroxide solution was loaded into the from the SAES
cathode chamber of the 1st electrolyzer. The fil- A~ anion exchange; K - cation exchange membrane

trate obtained after the extraction of titanium
from the SAES was loaded into chamber 2. In chamber 3 — 0.1 n solution of hydrochloric acid.
A 0.1 n solution of sulfuric acid was placed in the anode chamber 4. The volume of solutions loaded
into all chambers of the electrolyzer was 60 ml.

In the process of treating the filtrate in an electrolysis cell (Fig.1), water decomposes on the
cathode to form hydrogen gas and generate hydroxyl ions. At the anode, water decomposes with the
release of gaseous oxygen and the generation of hydrogen ions. Sodium and hydrogen ions migrate
to the cathode, and hydroxyl, fluorine, and chlorine ions migrate to the anode. The migration of
hydrogen ions is hindered by the anion exchange membrane, and the migration of hydroxyl, fluorine,
and chlorine ions is hindered by the cation exchange membrane. As a result, sodium hydroxide accu-
mulates in the cathodic chamber 1 of the electrolyzer, and a mixture of hydrofluoric and hydrochloric
acids accumulates in chamber 3 of the electrolyzer.

To determine the maximum concentrations of alkali and acid mixtures generated in the cathode
and chamber 3 of the electrolyzer, a membrane electrolyzer with a flow of solutions in the chambers
of the apparatus was used, schematically shown in Fig.2. The electrolyzer consisted of four cells
separated by electrode plates. Each cell is divided into four chambers, which are separated from each
other by cation exchange and anion exchange membranes. The working surface of each membrane
was 30 cm?. Framed chambers were made of a polyvinyl chloride plate 2 mm thick. To prevent the
membranes from sticking together, a mesh stretched from calendered vinyl was placed in each cham-
ber. The entire structure was pulled into a single package by plexiglass plates.

The concentrations of solutions used in an electrolyzer with flow chambers (Fig.2) are similar to
the concentrations of solutions used in an electrolyzer without their flow through the chambers of the
apparatus (see Fig.1).

HCI, HF

NaOH L}

1

H,SO,
~_Filtrate A

- KTA K + K ATK — KTA K +

K ATK —

. T A
Filtrate

H,SO4

Fig.2. Diagram of a flow-through electrolyzer for processing leachate obtained after removing titanium from the SAES
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In chamber 2 of the electrolyzer, filtrate circulated, in the anode chamber — a solution of sul-
furic acid. The cathode chamber and chamber 3 are made without the flow of solutions and were
pre-filled with 0.1 n solutions of sodium hydroxide and hydrochloric acid, respectively. Solutions
of sodium hydroxide and mixtures of hydrofluoric and hydrochloric acids left their respective
chambers as they accumulated.

The studies were carried out with a model solution containing titanium fluoride, hydrofluoric
acid and hydrochloric acid. The studied solution was obtained by dissolving metallic titanium in a
mixture of hydrofluoric and hydrochloric acids. For this purpose, 10 g of VT1-0 titanium was dis-
solved in 1 | of a mixture of hydrofluoric and hydrochloric acids containing 14.7 g/l of HF and 6.2 g/I
of HCI. The composition of the resulting model SAES designed for titanium fluoride is 22 g/I, 0.21
mol/l; hydrofluoric acid — 1.7 g/l, 0.085 mol/l; hydrochloric acid — 6.2 g/, 0.17 mol/I.

Results and discussion

The results of experiments on the extraction of titanium from the SAES by its treatment with
sodium hydroxide are presented in Table 1.Treatment of SAES with sodium hydroxide leads to com-
plete recovery of titanium when the pH of the filtrate reaches 7.6. The filtrate obtained after sedimen-
tation and washing contained 0.92 mol/l of sodium fluoride and 0.17 mol/I of sodium chloride.

Table 1

Dependence of the degree of titanium recovery from the SAES on the mass of NaOH and pH of the filtrate

NaOH mass added to 100 ml of SAES, g 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2
pH 375 | 55 6.45 7.2 7.6 7.8 9.4 9.85 10.6 12.8
Recovery rate, % 85.4 | 89.8 96.5 98.1 99.6 100 99.8 100 100 100

To study the distribution of sodium, fluorine and chlorine ions in the electrolyzer chambers, to
determine the current yield and specific energy consumption for the process, an apparatus without
the flow of solutions through the chambers was used (see Fig.1). The weight of the components in
the electrolyzer before the experiments, determined by a calculation based on the volume of solutions
used and their concentration, was: sodium ions 0.138 g in chamber 1 and 1.504 g in chamber 2;
fluorine ions 1.048 g in chamber 2; chlorine ions 0.362 g in chamber 2 and 0.213 g in chamber 3. The
current density in the process of filtrate processing varied from 20 to 80 mA/cm?. The amount of
electricity passed in all experiments remained constant and amounted to 1.2 A-h. The distribution of
sodium, fluorine and chlorine ions is shown in Table 2.

Table 2

Distribution of sodium, fluorine and chlorine ions in the electrolyzer chambers

Weight, g N .
Current density Violation of the material
2 Sodium Fluorine Chlorine balance calculated
mA/cm fi i
or chlorine, %
Chamber 1 Chamber 2 Chamber 2 Chamber 3 Chamber 2 Chamber 3
20 0.955 0.687 0.606 0.422 0.233 0.312 5.2
40 0.929 0.713 0.593 0.455 0.228 0.311 6.3
60 0.987 0.655 0.590 0.458 0.237 0.324 3.8
80 0.967 0.675 0.602 0.446 0.235 0.329 5.7
Averages
0964 | 0683 | 0598 |  0.450 | 0233 | 0.319

In the process of electrolysis, sodium ions migrate to chamber 1 of the electrolyzer. In this cham-
ber, sodium ions are concentrated to form hydroxide. In chambers 3 and 4, the presence of sodium
ions was not detected. There is no dependence of the degree of extraction of sodium, fluorine and chlo-
rine ions from chamber 2 on the membrane density of the current. This made it possible to determine
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the average values of the mass of ions in the electrolyzer chambers and calculate the error in the
results obtained. The calculation of the relative error according to the Student's distribution for a 95 %
confidence level for all components varies from 2 % for fluorine ions in electrolyzer chamber 2 to
5.6 % for sodium ions in the same chamber. The average recovery rate of sodium ions from chamber
2 was 79.8 %. Fluorine and chlorine ions migrate to the electrolyzer chamber 3 and accumulate in it,
forming hydrofluoric and hydrochloric acids. The presence of fluorine and chlorine ions in chambers
1 and 4 was not detected. The average recovery rate was 36.4 % fluorine ions and 35.6 % chlorine
ions. Since the extraction of sodium ions from the filtrate was calculated by increasing the concen-
tration of sodium hydroxide in chamber 1 of the electrolyzer, and the extraction of fluorine was cal-
culated by increasing the concentration of hydrofluoric acid in chamber 3, it is not possible to calcu-
late the violation of the material balance for these elements. In contrast, the content of chloride ions
was determined in all chambers of the apparatus, which made it possible to calculate a violation of
the material balance, which amounted to 3.8 to 6.3 %.

Table 3 shows the specific consumption of electrical energy for the leachate processing process
and current yield. The data presented are calculated from the results obtained for the extraction of
sodium from the filtrate.

Table 3

Current yield and specific energy consumption of the leachate processing process

Electricity consumption
Voltage, V Current density, mA/cm? Current yield, %
W-h/g W-h/mol
197 20 79.3 2.36 65.67
4.12 40 76.8 4.94 145.41
7.06 60 82.4 8.47 228.97
12.14 80 80.5 14.89 413.67

The current yield (average value 79.8 %) is independent of current density. The consumption of
electrical energy for the extraction of sodium fluoride and sodium chloride ions from the filtrate is
determined by a membrane current density. An increase in the membrane current density is accom-
panied by a quite sharp increase in the electricity specific consumption for the process. For example,
a change in the current density by 20 mA/cm? in the range of 20-40 mA/cm? is accompanied by an
increase in energy consumption by 79 W-h/mol, and in the range of 60-80 mA/cm? — by an increase
in energy consumption of 185 W-h/mol, i.e. 2.3 times.

Studies on the processing of filtrate in a non-flowing four-chamber electrolyzer with cation
exchange and anion exchange membranes indicate the possibility of obtaining solutions containing
sodium hydroxide and a mixture of hydrofluoric and hydrochloric acids. To determine the maxi-
mum concentration of sodium hydroxide solutions and a mixture of hydrofluoric and hydrochloric
acids, a series of experiments was carried out in an electrolyzer with flow-through chambers 2 and 4
(Fig.2). The filtrate treatment process was carried out until the concentration values of sodium hydro-
xide and a mixture of hydrofluoric and hydrochloric acids generated in the electrolyzer ceased to
change. The volume of solutions circulating in chambers 2 and 4 of the electrolyzer was 2 | each.

Figure 3 shows changes in the concentration of sodium hydroxide, hydrofluoric acid and hydro-
chloric acid over time at different current densities. The intensity of concentration of alkali and acids
is determined by the current density and is maximum at the initial moment of time. Over the course
of leachate processing time, the concentration rate decreases and then stops changing. The maximum
concentration of substances generated in chambers 1 and 3 of the electrolyzer, achieved in the experi-
ments, is determined by the amount of water transported with the corresponding ions through the
ion-exchange membranes, and increases with an increase in current density. The values of the maxi-
mum concentrations of sodium hydroxide, hydrofluoric and hydrochloric acids are given in Table 4.
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Time, h Table 4
Maximum NaOH, HF and HCI concentrations achieved
Current density, Sodium hydroxide Hydrofluoric acid Hydrochloric acid
mA/cm? g/l mol/l g/l mol/l g/l mol/l
20 15.7 3.94 47.3 2.36 47.4 1.31
40 291.4 7.29 57.7 2.89 52.0 142
60 341.1 8.53 63.6 3.18 55.8 1.53
80 380.4 9.51 67.0 3.35 57.6 1.58

The change in the concentration of sodium hydroxide, hydrofluoric acid and hydrochloric acid
in the concentration chambers of the electrolyzer is determined by the mobility of sodium, fluorine
and chlorine ions that create an electric current, the design parameters of the unit and is described by
the equation

dc jSt
—~=(C_-C)=, 1
dt ( nas ) q ( )

where Chnas is the limit concentration of these compounds; j — current density; S is the area of the ion-
exchange membrane; q is a parameter depending on the mobility of ions and technological modes,
determined experimentally for each of these compounds.
The solution of equation (1) has the form:
—jSt

C(t)=Cp|l-e |[. )

56

This is an open access article under the CC BY 4.0 license



Journal of Mining Institute. 2025. Vol. 272. P. 51-58 [l
© Nikolai A. Bykovskii, Evgenii A. Kantor, Nikolai S. Shulaev, Vadim S. Fanakov, 2024 :

It follows from the ratio (2) that the change SAES NaOH
in the concentration of sodium hydroxide, hydro-
fluoric acid and hydrochloric acid in the concen-

tration chambers of the electrolysis cell occurs ac- Neutralization

cording to an exponential law, depending on the

parameter g, which coincides with the experi- Filtration

mental curves (Fig.3). As follows from the above ‘ ‘
experimental studies, for sodium hydroxide oH Eiltrate
Cnas = 380.4 g/l, 4 = 4.06-10%C; hydrochloric acid dryi'rfgl Czﬁcining NaF, NaCl

Cnas = 57.6 ¢/l, q = 2.84-10° C; hydrofluoric acid
Cnas = 67.0 g/, 0 =2.44-10°C. ‘
The above ratios can be used in process de-

. . . Electrolysis

sign. The results obtained during the study of the Y

process of processing of spent acid etching solu-

tion of titanium production, containing titanium, NF, HCI NaOH
. .. . . After etching adjustment

fluorine and chlorine ions, made it possible to pro-

pose an approximate technological scheme of Fig.4. Technological scheme for processing

processing (Fig.4). spent acid etching solution
Conclusion

The presented results obtained during the study of the process of SAES processing containing
22 g/l of titanium fluoride, 1.7 g/l of hydrofluoric acid and 6.2 g/l of hydrochloric acid without taking
into account impurities in metallic titanium of the VT1-0 grade, allow us to draw the following con-
clusions.

SAES contains significant amounts of titanium fluoride, hydrofluoric acid and hydrochloric acid.
Such a solution has increased toxicity and must be cleaned of impurities before being discharged into
a water body. It is possible to process SAES to obtain substances used in production.

Treatment of SAES with sodium hydroxide to the pH of a solution of 7.6 makes it possible to
completely recover titanium. After drying and calcining the sludge, titanium oxide can be used in the
paint and varnish industry (titanium white). The filtrate after the separation of titanium hydroxide
consists of a solution of fluoride and sodium chloride. Processing of this filtrate in a four-chamber
electrolyzer with cation exchange and anion exchange membranes makes it possible to obtain solu-
tions of sodium hydroxide and mixtures of hydrofluoric and hydrochloric acids. Sodium hydroxide
can be used to treat SAES to extract titanium. A mixture of hydrofluoric and hydrochloric acids, after
adjustment, can be used for etching the surface of titanium billets.
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