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Abstract

The problem of neutralising liquid solutions containing hexavalent chromium compounds is considered. The 
advantages, disadvantages and features of the application of basic methods for neutralising chromium-containing 
waste, non-traditional approaches and combined technologies are analysed. A readily feasible reagent method is 
presented for purifying concentrated and dilute solutions from chromium by treatment in two stages: reduction 
of hexavalent to trivalent chromium using ferrous sulphate or sodium sulphite as reducing reagents, and pre-
cipitation of chromium hydroxide. An installation is described in which electrolytes, rinsing and waste water from 
galvanic production were neutralised. A practical approach to the problem of neutralising the inhibitor solution 
is proposed, which is similar to the methods used for processing chromium-containing waste from galvanic pro-
duction. A technological process has been developed for the reagent treatment of an inhibitor with a high con-
centration of chromates in solution (up to 40 g/L) in one stage by the direct precipitation of poorly soluble chro-
mates. Barium chloride was used as the precipitant. To implement the technology, a schematic diagram of the 
installation was developed, and appropriate equipment was selected. As a result of processing the inhibitor, waste 
water, heavy precipitate of barium chromates are formed, which can be used in the future as a raw material, and 
sludge, which is a non-recyclable waste. Experimental processing of the inhibitor solution shows that the proposed 
method is effective, economically feasible, readily implementable under industrial conditions, it allows for high 
purification degree with low consumption of reagents, and reduces the amount of precipitates formed, which 
confirms the practical significance of the results obtained.
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INTRODUCTION

Corrosion inhibitors (below referred to as in-
hibitors) containing chromium are widely used in 
many branches of industry, specifically in metal-
lurgy, automobile production, oil refining, to in-
crease the operational life of metal parts, decrease 

expenses for repair and service, and enhance the 
reliability of equipment. A working medium in 
shielding tanks at some atomic-powered subma-
rines is a chromium-containing inhibitor solution, 
which provides cooling of the reactor and other 
submarine systems. The volume of a shielding 
tank filled with the inhibitor may range from 
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several ten to one hundred and fifty tons [1]. 
After reaching the end of a useful life, inhibitor 
solutions from these tanks are to be neutralised in 
agreement with the requirements of environ-
mental safety. Neutralisation may involve inhibi-
tor solution processing for repeated use or for 
obtaining other chemicals. If an inhibitor solution 
cannot be processed, it is to be disposed in ac-
cordance with the requirements of environmental 
safety using the methods that do not cause envi-
ronmental hazard.

Neutralisation of the large volumes of spent 
solutions is associated with solving several prob-
lems. First of all, it is safety, because inhibitors 
from shielding tanks are based on potassium 
chromate and belong to the first substance haz-
ard category, which brings about danger for en-
vironment and for humans [2]. Neutralisation 
process involves technical and technological com-
plications related to the development of special 
equipment and fittings.

There are several approaches to neutralise the 
solutions containing toxic compounds of hexava-
lent chromium, in particular reagent purification, 
electric and galvanic coagulation, membrane tech-
nologies, and adsorption purification. Innovative 
approaches, for example those involving nanoma-
terials, photocatalytic processes, etc., also appear 
to be promising for neutralisation of chromium-
containing solutions. 

The goal of the present work is to analyse the 
modern methods for treating the liquid chromi-
um-containing wastes, to investigate the possibil-
ity to neutralise the chromium-containing inhibi-
tor solution using the reagent method in a single 
stage, to determine the optimal parameters of ad-
ditional purification for obtaining neutralised so-
lution, and to develop the basic concept of an in-
stallation to implement the technological process.

ANALYSIS OF THE METHODS  
FOR CHROMIUM-CONTAINING WASTE TREATMENT 

The approach to the neutralisation of chro-
mium-containing inhibitor solutions can be simi-
lar in its principles to the methods used to neu-
tralise the chromium-containing wastes from gal-
vanic works, such as the rinse waters from 
specific technological operations or spent electro-
lytes from chromium plating. 

Reagent treatment can be implemented using 
two methods. One of them implies the direct pre-
cipitation of poorly soluble chromates in a single 

stage. In this case, chromium-containing solutions 
are treated with the reagents that can bind chro-
mium, transform it into the insoluble form, and 
form heavy precipitates. The reagents used for 
this purpose include solid barium carbonate, bar-
ium hydroxide, or a solution of barium chloride. 
The product formed in this reaction is crystalline 
barium chromate (BaCrO4), it is readily precipi-
tated in the neutral or weakly acidic medium, 
and is removed by filtering off [3]. 

The second widely used method includes two 
stages. In this case, chromium-containing solu-
tions are initially treated with the reagents that 
reduce hexavalent chromium into trivalent one. 
Then, after reduction, chromium is precipitated in 
the form of hydroxide. Examples of the reagents 
of this kind are sodium salts of sulphuric acid, fer-
rous sulphate, etc. The choice of a reagent de-
pends on specific conditions and requirements. 

A method for the purification of waste waters 
from electrolytic chromium production and chro-
mium-plating containing chromium within the 
concentration range of 2 to 90 g/L (recalculated 
to CrO3) is proposed in [4]. As a result of waste 
water treatment with barium hydroxide, triva-
lent and hexavalent chromium is precipitated, 
and after precipitate removal, a solution is formed 
that can be readily neutralised, for example, by 
sulphuric acid. The low value of solubility prod-
uct (SP) for BaSO4 allows one to purify the solu-
tion from barium and return the purified waste 
waters for technological purposes. However, using 
this method, it is necessary to keep in mind the 
toxicity of barium and its compounds, so all safe-
ty precautions are to be followed when handling 
them. Another example of single-stage treatment 
is waste water purification by treating them with 
barium hydroxide in the presence of calcium hy-
droxide, taken in the amount of 1.8–9.0 g per 1 g 
of hexavalent chromium present in the waste 
water. Purification degree is 95.67–96.27 % [5].

Reagent treatment with a 10 % aqueous solu-
tion of sodium sulphite or disulphite in acid me-
dium at pH 1.5–2 was used to neutralise the 
non-standard inhibitor from shielding tanks was 
described in [1]. After reduction of hexavalent 
chromium, the solution was pumped along pipe-
lines and treated together with the acid-alkaline 
waste waters from the galvanic works to pre-
cipitate insoluble chromium hydroxide in alka-
line medium at pH 8–9.

The authors of [6] used a combined scheme to 
treat chromium-containing waste waters: reagent 
precipitation of chromium in the form of hydrox-
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ide, using ferrous sulphate (FeSO4) as the main 
reagent, followed by floatation-based isolation of 
the precipitate, which allows an increase in the 
extent of chromium recovery. As a result, Fe(OH)3 
is also removed by floatation from the solution 
together with Cr(OH)3. 

A two-stage method of the complete purifica-
tion of waste waters from chromium compounds 
is proposed in [7]. At the first stage, Cr(VI) is re-
duced by sodium sulphite, and then purified by 
modified shungite. With this combination of the 
processes, the authors have succeeded in achiev-
ing a complete (100 %) removal of chromium com-
pounds from the solution.

Sorption-based method was proposed to puri-
fy solutions after hexavalent chromium is trans-
formed into trivalent one [8]. For this purpose, a 
filtering charge composed of the modified alumi-
nosilicate adsorbent is used, which is manufac-
tured from kaolinite with a modifying additive 
containing magnesium and calcium cations. While 
chromium-containing solution is filtered through 
the adsorbent layer, chromium ions react with 
OH– group in the alkaline medium to form hy-
droxides. In turn, chromium hydroxides form 
negatively charged micelles, which are attracted 
to the granules of activated aluminosilicate ad-
sorbent, thus forming gel-like colloid structure 
inside the filtering charge. For the additional pu-
rification of chromium-containing waste waters, 
the sorption method is proposed, involving the 
use of modified sorbent as pastes obtained on the 
basis of bentonite clay and wood chips, intro-
duced as a modifier [9].

The possibility to reduce Cr(VI) into Cr(III) at 
not very high chromium concentrations in the 
waste waters using non-traditional reagents based 
on the chips of deciduous and coniferous wood has 
been demonstrated in [10]. The powdered modi-
fied active coal samples were used as sorbents to 
purify chromium-containing waste waters as de-
scribed in [11].

Efficient purification methods also include 
electric coagulation, the advantages of this meth-
od are described in [12]. This method allows effi-
cient purification of chromium-containing waste 
waters with the complex multicomponent compo-
sition of pollutants. The highest purification de-
gree is achieved using the combined method 
based on preliminary electric coagulation, fol-
lowed by electric floatation. To implement this 
method, the authors used electric floatation co-
agulator device, equipped with the chamber for 

electric floatation, in addition to the electric co-
agulation chamber. 

To reduce energy consumption for electric co-
agulation, the authors of [13] studied a techno-
logical process of the joint treatment of oil emul-
sion chromium-containing waste water applying 
the asymmetric alternating current. A decrease 
in energy consumption by a factor of 2.5 was 
demonstrated, while the purification degree re-
mained high. 

To purify chromium-containing waste waters 
formed in galvanic works, an experimental instal-
lation was presented in [14], and the galvanic co-
agulation method was tested, demonstrating the 
possibility of efficient purification. Experiments 
aimed at determining the rational modes of gal-
vanic coagulation purification of chromium-con-
taining wastes have shown that Cr(VI) concentra-
tion in the acid medium decreases to 0.01 mg/L [15].

In contrast to galvanic or electric coagulation, 
the authors of [16, 17] describe neutralisation of 
chromium-containing waste waters (with chro-
mium anhydride concentration 1–400 g/L) with-
out using galvanic pairs or external electric cur-
rent. The proposed method is based on the use of 
steel cuttings as a reducing agent for hexavalent 
chromium. Its advantage is the single-stage pro-
cess with simultaneous removal of chromium 
compounds form solution and the formation of 
ferrochromium precipitate, which is a valuable 
raw material for metallurgic industry.

Possible alternatives to the traditional meth-
ods of chromium removal from industrial waste 
waters are nanofiltration and reverse osmosis. It 
is demonstrated in [18] that the degree of purifi-
cation from hexavalent chromium using a nano-
filtration membrane depends on the initial chro-
mium concentration in solution, pH, and the pres-
ence of other pollutants, and can reach 99.7 %. 
With the reverse-osmotic membrane, the purifi-
cation degree varies from 85 to 99.9 %.

Each of the technologies used to treat chromi-
um-containing solutions has its own shortcom-
ings, limitations for practical implementation. 
Reagent methods are relatively simple, and they 
can be used to treat large volumes of solutions. 
However, their disadvantages include the forma-
tion of toxic precipitates, high expenses for chem-
ical reagents, the necessity to prepare them and 
to provide services for the complex reagent fa-
cilities. The sorption method is distinguished by 
environmental safety, high efficiency, and does 
not require complicated equipment. Its applica-
tion can be limited due to the high cost of sorb-
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ents, the necessity to replace them on a regular 
basis, and later on to provide their regeneration 
or disposal. In addition, the sorption method is not 
always suitable for the purification of solutions 
with high chromium concentrations. The electric 
coagulation method provides the possibility to 
treat highly concentrated chromium-containing 
solutions, which is accompanied by a decrease in 
the amount of precipitates, and reagent consump-
tion decreases substantially. However, the essen-
tial disadvantages of this method are the neces-
sity of permanent control over process conditions 
and high energy consumption. Galvanic coagula-
tion is distinguished by rather low energy con-
sumption and operation expenses, but the appli-
cation of this method requires the excessive 
amount of the reagent (iron turnings), the proce-
dure of charge replacement is labour-intensive, 
and large amounts of difficult-to-dehydrate pre-
cipitates are formed. The ion exchange method 
exhibits high purification efficiency, but it re-
quires substantial investment into the equipment, 
expenses for ionite regeneration and resin treat-
ment, as well as additional processing of second-
ary eluate wastes. Reverse osmosis is considered 
to be efficient, but its application is related to the 
necessity to use expensive, not readily available 
membranes and airtight operationally complicat-
ed installations. Electric floatation is simple to 
maintain, but this method requires preliminary 
dilution of concentrated solutions, so it can be 
used successfully in combination with other puri-
fication methods. 

Comparing the above-considered methods for 
treating chromium-containing waste waters, we 
may state that the choice of an optimal scheme 
depends on specific conditions and requirements. 
Before using or introducing certain method, it is 
necessary to carry out additional studies, to as-
sess its efficiency, safety, environmental impact, 
cost, process control complexity, and the possibil-
ity to treat large amounts of wastes. 

Both in Russia and abroad, a widespread puri-
fication approach is a reagent method, in spite of 
its disadvantages, such as high reagent consump-
tion and the formation of substantial amounts of 
sludge.

At the Institute of Chemistry, FEB RAS, the 
authors of the present work have carried out a 
number of studies to investigate the technological 
features of the treatment of concentrated and di-
luted chromium-containing solutions using rea-
gent methods [19, 20]. The installation was devel-
oped (Fig. 1) and used to neutralise the spent 
electrolytes, washing and waste waters from the 
galvanic works [21].

For the two-stage treatment, independently of 
the kind of reagent used, chromium-containing 
wastes were accumulated in the charging reser-
voir (1), where solution averaging, parameter 
control, and correcting treatment were carried 
out. Reduction of hexavalent to trivalent chro-
mium was conducted in neutralising reactor (2). 
After that, the reacted solution was poured into 
the clarifying reactor (3) to precipitate insoluble 
compounds formed during reagent treatment in 
the form of chromium hydroxide fractions. The 
clarified solution was supplied to the filtrate res-
ervoir (4). In the case if additional purification is 
needed to reach the maximum permissible con-
centration (MPC), the purified solution can be 
supplied to the two-step-type reducing reactor (5) 
with the active charge composed of preliminarily 
prepared metal cuttings or to the sorption filter 
for fine purification (6).

Investigation of the processes involved in the 
purification of chromium-containing solutions al-
lowed us to optimise the technological purification 
scheme, upgrade the experimental installation, and 
conduct neutralisation of the chromium-containing 
inhibitor solution using this installation [22]. Total 
chromium content in the solution was 1720 mg/L. 
The single-run volume of solution per one treat-
ment cycle is 2500 L. The flow diagram of the in-
stallation for the treatment of the inhibitor is 
shown in Fig. 2.

Fig. 1. Pilot installation for neutralisation of chromium-con-
taining wastes: 1 – charging reservoir; 2 – neutralising reac-
tor; 3 – clarifying reactor; 4 – filtrate reservoir; 5 – reducing 
reactor; 6 – filter for fine purification.
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Reagent treatment was performed in two 
stages in the following sequence: Сr6+ reduction 
to Сr3+ → pH regulation → exposure for the reac-
tion to be completed → precipitation of hydrox-
ides (Cr3+ + 3OH– → Cr(OH)3↓) → settling → se
paration of the solid residue from the filtrate. Rea-
gent treatment was carried out with permanent 
control of pH, temperature, and reaction time. 
Sodium sulphite or ferrous sulphate was used as 
the main reagent. Reducing reagents were pre-
pared in the form of a 10 % aqueous solution in 
the reagent reservoir (1), 20 % sulphur acid solu-
tion – in reservoir (2), 20 % alkaline solution – in 
reservoir (3) (see Fig. 2). The solutions were pre-
pared by permanent mixing with built-in hy-
draulic mixers. Inhibitor solution was treated in 
the neutralising reactor (4). The inhibitor solution 
was supplied from the storage reservoir (5) in the 
necessary amounts using a pump. The reagents 
were supplied in the calculated amounts with 
dosing pumps. Precipitation proceeded in the 
neutralising reactor. The reacted solution was 
poured into the clarifying reactor (6), where it 

was settled until insoluble compounds (sludge) 
were formed. Then the clarified solution was 
transferred into the accumulating reactor (7). 
There, if necessary, the clarified solution was di-
luted with technical water from reservoir (10) to 
decrease salt content down to the MPC level, and 
then disposed into the sewage system. Sludge 
from the clarifying reactor was transferred to the 
press filter (8), then discharged from the press 
filter onto a trolley (9) and sent for subsequent 
processing.

The problem of sludge storage or utilisation 
presents severe difficulties at enterprises, so it is 
very important to choose reasonable reagents for 
neutralising chromium-containing solutions for 
the purpose of obtaining sludge suitable for sub-
sequent processing, in particular by using them 
as secondary resources. To determine the possi-
bility of deep processing of the sludge obtained 
by inhibitor neutralisation, the studies of precipi-
tate samples were carried out. The results of 
X-ray diffraction analysis of sludge samples after 
annealing at a temperature of ~1000 °C revealed 

Fig. 2. Flow diagram of the pilot plant for two-stage treatment of the chromium-containing inhibitor 
solution: 1–3 – reagent reservoirs; 4 – neutralising reactor; 5 – reservoir for inhibitor storage; 
6 – clarifying reactor; 7 – accumulating reactor; 8 – press filter; 9 – trolley; 10 – reservoir for tech-
nical water.
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the presence of oxides that can be reduced in the 
aluminothermic reaction. Aluminothermic reduc-
tion of dehydrated sludge implied the formation 
of environmentally safe products suitable for fur-
ther use.

Analysis of the results of pilot plant tests and 
the treatment of chromium-containing wastes, in 
particular the inhibitor, has shown that the re-
duction proceeds at a high rate, and a high puri-
fication degree is achieved if reagents are pre-
cisely dosed. A substantial disadvantage of rea-
gent treatment in two stages is the formation of 
large amounts of sludge, especially after the use 
of ferrous sulphate as a reducing agent. In addi-
tion, the precipitate after treatment with ferrous 
sulphate becomes loose, silt-like, and more diffi-
cult to dehydrate.

DESCRIPTION OF THE PILOT PROCESS AND PLANT OPERATION 

Technology

The practical evaluation of the technological 
process of inhibitor solution neutralisation using 
the reagent method in one stage was performed 
with real wastes having no restrictions with re-
spect to radiation safety. 

The inhibitor to be processed was an aqueous 
solution of potassium chromate (K2CrO4) in fresh 
water. The major pollutant elements of the solu-
tion are the anions of hexavalent chromium com-
pounds (CrO4

2–). The content of Cr(VI) in the solu-
tion was determined to be within the range of 
17.5–18.0 g/L. The presence of radioactive ele-
ments in the solution was not detected, the con-
centrations of other pollutants were insignificant, 
solution pH was 9.3–9.5. The purified solution 
should meet the following MPC standard values: 
Cr(III) not more than 0.5, Cr(VI) not more than 
0.05, Fe not more than 5 mg/L. These require-
ments are specified by the norms adopted by the 
Decree of the Government of the Russian Fed-
eration of May 22, 2020, No. 728 [23]. The maxi-
mum permissible concentration of Ba in waste 
waters has not been enacted.

Determination of Cr, Fe, Ba concentrations in 
the samples was carried out by atomic absorption 
using a Thermo Solaar M6 spectrophotometer 
(USA). To obtain data quickly at the plant, the 
content of hexavalent chromium was assessed 
using a portable multiparameter analyser – 
HI 8320 colorimeter (HANNA Instruments, USA).

It is important to stress that when choosing in-
hibitor utilisation method, the inhibitor volume and 
concentration were also taken into account in addi-
tion to the environmental safety requirements. The 
main processing technology was accepted to be a 
reagent procedure based on the transformation of 
chromate ions into poorly soluble compounds (bar-
ium chromate). The main operations of the techno-
logical process are presented in Fig. 3. 

To provide a correct calculation of the neces-
sary amounts of reagents for the treatment of 
chromium-containing inhibitor, preliminary labo-
ratory tests were carried out. This allowed us to 
reduce the excessive reagent consumption and 
save cost. The list of reagents, their amounts re-
quired to purify 1 m3 of the inhibitor solution 
from hexavalent chromium in one stage are 
shown in Table 1. To assess the economic effi-
ciency of the process, we also list the costs of rea-
gents (see Table 1) necessary to perform the 
treatment process in two stages using sodium sul-
phite and ferrous sulphate as the main reducing 
reagents. The two-stage treatment was imple-
mented by us previously using the installations 
(see Fig. 1 and 2).

Barium chloride was used as the main reagent 
for single-stage treatment. Inhibitor neutralisa-
tion was performed by Cr(VI) precipitation in the 
form of poorly soluble barium chromate BaCrO4 
(SP = 1.2•10–10) [24]. The precipitate was sepa-
rated by settling and filtration. Then additional 
purification of the supernatant liquid from the 
residual amounts of chromium and from barium 
excess was carried out. 

Barium chloride was prepared in the form of 
a 20 % aqueous solution, dosing was made with a 
slight excess (3–10) %, so that the dose was about 
5 g per 1 g of Cr(VI) for the technical-grade rea-
gent. Theoretical dosing of pure barium chloride 
for precipitation was 4 g per 1 g of Cr(VI), for 
barium chloride dihydrate – 4.7 g per 1 g Cr(VI).

The main reaction proceeding during precipi-
tation is:

K2CrO4 + BaCl2 → BaCrO4↓ + 2KCl� (1)

Barium chloride dosing for hexavalent chro-
mium precipitation was performed using the in-
strumental method (based on pH changes). Spe-
cific features in pH changes during the main re-
action (precipitation) were discovered: a smooth 
gradual increase in pH by 0.2–0.3 was observed 
with the addition of barium chloride solution to 
the inhibitor solution, and near the equivalence 
point we detected a jump-like increase in pH to 
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10.5–11.0, followed by a sharp drop to a level of 
<9. The yellow colouring of the solution was ob-
served to disappear in this process, which con-
firmed the absence of hexavalent chromium. This 
sharp pH change was accepted as the equivalence 
point. The effect was detected and applied in im-

plementing this technology to determine and con-
trol the necessary amount of barium chloride. 

After reaction completion, the precipitate in 
the form of suspension was separated by settling 
and filtering. Settling time depended on the vol-
ume of the inhibitor under treatment, tempera-

Fig. 3. Technological process of one-stage treatment of the inhibitor.

TABLE 1

Reagents for treating 1 m3 of the inhibitor using one- and two-stage methods

Reagent Treatment in one stage 
using precipitation method

Treatment in two stages 
using reductive method

Cost*  
per 1 kg, RUB

Barium chloride dihydrate, Technical grade, kg 85–95 – – 174

Sodium sulphite, technical grade, kg 0.1–0.5 65–75 – 150

Ferrous sulphate heptahydrate, technical grade, kg 0.03–0.1 – 290–330 69

Sodium carbonate, technical grade, kg 2–4 – – 73

Sulphuric acid, technical grade, kg 0.8–1.0 85–90 – 54

Sodium hydroxide, technical grade, kg – 45–50 55–60 90

Flocculant Praestol 650, kg:

for precipitation 0.01–0.02 0.01–0.02 0.01–0.02 500

for additional purification 0.001–0.002 – – 500

Total cost of treatment, thousand RUB/m3 15.0–16.9 18.4–20.6 25.0–28.2

Note. Dash – reagent was not used in a specific process.
* Approximate cost of reagents in 2024 for the Far Eastern Federal District.
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ture, the use of a flocculant, and the design of a 
precipitating reactor. Before filtering, it is recom-
mended to treat the mixture with a 0.1 % solution 
of commercial cationic flocculant Praestol 650 or 
its analogue. The flocculant was added in the 
dose of ~10 mL per 1 L of the working solution, 
and the mixture was stirred mechanically for 
5 min at a low rotation frequency (80–200 r.p.m.).

The supernatant liquid was additionally puri-
fied from the residual amounts of Cr(VI) and 
from excessive barium. The residual content of 
Cr(VI) dissolved in the supernatant liquid was not 
more than 1 mg/L.

Additional purification was performed in two 
stages (reduction and neutralisation). Initially, the 
supernatant liquid was acidified with sulphuric 
acid to pH < 3. This process involved the transi-
tion of Cr(VI) from the captured barium chro-
mate particles into the solution. After that, the 
acidified solution was treated with a reducing 
agent. To remove small amounts of hexavalent 
chromium, it is an efficient way to use ferrous 
sulphate in the dose of 30–50 g per 1 m3 of the 
solution under treatment. The residual amount of 
Cr(VI) was reduced to Cr(III), Fe(II) was oxidised 
to Fe(III), and excessive barium was bound in the 
form of insoluble BaSO4 (SP = 1.1•10–10) [24].

Additional purification of the supernatant liq-
uid was carried out according to the following 
reactions:

BaCrO4 + Н2SO4 → BaSO4 + H2CrO4� (2)

2H2CrO4 → H2Cr2O7 + H2O� (3)

Cr2O7
2– + 6Fe2+ + 14H+ → 2Cr3+ + 6Fe3+ + 7H2O�(4)

The completeness of Cr(VI) reduction was 
controlled visually by sampling and carrying out 
the reaction with diphenyl carbazide in the pres-
ence of sulphuric acid. Raspberry-red solution 
colouring provided evidence of the presence of a 
substantial residual amount of hexavalent chro-
mium, rose colouring was evidence of its small 
amount. If the degree of solution purification 
from Cr(VI) turned out to be insufficient, addi-
tional calculated dose of ferrous sulphate was 
added. 

After reduction, we carried out neutralisation 
of the purified water using the solution of sodium 
carbonate to pH 8–9. The ions Fe3+ and Cr3+ were 
precipitated in this process in the form of hyd
roxides: 

2Fe3+ + 3СO3
2– + 3H2O → 2Fe(OH)3↓ + 3CO2↑� (5)

2Cr3+ + 3СO3
2– + 3H2O → 2Cr(OH)3↓ + 3CO2↑� (6)

The excess of Fe2+ and Ba2+ ions was removed 
in the form of practically insoluble carbonates: 

Fe2+ + СO3
2– → FeCO3↓� (7)

Ba2+ + СO3
2– → BaCO3↓� (8)

For BaCO3, SP = 5.1•10–9 [24]. The joint pres-
ence of insoluble barium salts and the hydroxides 
of iron and chromium promoted their joint coagu-
lation. To improve precipitation, neutralised water 
was additionally treated with the solution of a 
cationic flocculant (Praestol 650) in the dose of 
1–2 g/m3. Analysis of the purified waste waters 
revealed the residual concentrations of Cr(VI) to 
be not more than 0.025, Cr(III) 0.1–0.3, Fe 0.1–0.3, 
Ba less than 2 mg/L, which did not exceed the 
adopted MPC levels.

Process instrumentation

To implement the technology of inhibitor pro-
cessing, a process flow scheme of the pilot plant 
was developed, and proper equipment was cho-
sen (Fig. 4). Taking into account the potential 
danger of the inhibitor and the reagents involved, 
which requires special precautions, the equip-
ment was designed adhering to all necessary 
safety measures to prevent possible accidents, 
and special attention was paid to convenience for 
maintenance and service. 

Preparation of the solution of barium chloride, 
which is the main reagent for chromate precipita-
tion, presents difficulties because of its high toxic-
ity. To provide safety and exclude manual opera-
tions, the bags with barium chloride powder are 
unpacked at the site of reagents preparation, 
where a bag tipping device (1) and bag splitter 
with a flexible conveyer (2) are provided. The so-
lution is prepared using tap water in the dilution 
reservoir (3) at constant stirring with a mixer (M1) 
until the complete dissolution of BaCl2 powder.

The maximal volume of inhibitor to be treated 
once in the installation described above is 500 L. 
The inhibitor from shielding tanks is poured into 
the precipitating reactor (4), which is intended 
for the removal of the main amount of chromium 
from solution and for accumulation of barium 
chromate precipitate. The reactor is a cylindrical 
vessel with a conical bottom made of semi-trans-
parent plastics, 0.8 m3 in volume. To provide mix-
ing, the reactor is equipped with electromechani-
cal stirrers (M2) and (M3), and the sensor of the 
pH meter.

The sensor which is used to determine pH pos-
sesses a high sensitivity to external conditions. It 
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is important to note that the working electric stir-
rers can have a negative effect on sensor func-
tioning. For this reason, a protective housing in-
tended for placing the cable with a pH sensor is 
provided in the reactor design. A glass tube of the 
electrode in the protective cover is mounted in a 
float (Fig. 5). This kind of sensor arrangement pro-
vides the possibility to carry out measurements 
independently of solution level in the reactor, al-
lows taking measurements continuously without 
taking the sensor out of the protective housing, 
protects it from external action, such as vibra-
tions, and provides insulation from possible me-
chanical damage. 

Pipelines from the dilution reservoir (3) with 
barium chloride solution are laid to the precipi-
tating reactor (4) (see Fig. 4). The supply of bari-
um chloride solution from the dilution reservoir 
to precipitating reactor is regulated by the flow 
meter (FI) and is provided by a pump (SP) or 
through flow by gravity. The inhibitor is supplied 
by an external pump. The volume of supplied in-
hibitor solution was controlled using a flow meter, 
and the volume of solution in the reactor was 
measured with a level sensor (LE). 

After completion of BaCrO4 precipitation, it is 
separated by settling in reactor (4). Sampling is 
carried out manually through a sampler (SA).

For additional purification, the solution from 
the reactor (4) is supplied into the neutralising 
reactor (5) equipped with an electromechanical 
stirrer (M4) and pH-meter sensor. To decrease 

the contamination of liquid with the stirred pre-
cipitate, it is reasonable to discharge the liquid 
using a gravel-sand bed filter. Reactor (5) filling 
is regulated by a float level sensor (LE). Reagents, 
specifically the solutions of acid, reducing agent 
(ferrous sulphate), sodium carbonate and floccu-

Fig. 4. Process flow scheme of the pilot plant for single-stage reagent treatment of the inhibitor: 1 – bag tipping device; 
2 – bag splitter; 3 – dilution reservoir; 4 – precipitating reactor; 5 – neutralising reactor; 6 – accumulating reservoir; 
7 – vacuum pump; 8 –Nutsche filter; M1–M4 – electric mechanical stirrers; pH – sensor of pH-meter; LE – level indicator; 
SP – supplying pump; SA – sampler; FI – flow meter.

Fig. 5. Device for mounting pH-meter: 1 – protective housing; 
2 – connector with a pH sensor; 3 – glass tube of the elec-
trode; 4 – float; 5 – рН-sensitive membrane.
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lant, are supplied manually through a hatch in 
the reactor cap.

After additional purification of the solution 
in the neutralising reactor (5), purified water is 
poured off into an accumulating reservoir (6). 
Filling is regulated with a float level sensor (LE), 
purified water is disposed into the sewage system 
in a free flow of with a forcing pump.

To dehydrate the precipitate formed after main 
treatment in reactor (4) and after additional pu-
rification in reactor (5), water-flooded precipitate 
is pumped by a vacuum filter (7) onto Nutsche 
filters (8). While the precipitate is passing through 
the Nutsche filter, its volume decreases substan-
tially, so does its humidity, so subsequent treat-
ment and disposal are simplified. 

Processing products 

The experience obtained in the treatment of 
inhibitor with hexavalent chromium concentra-
tion 17.5–18.0 g/L has shown that the products 
and wastes formed after neutralisation of 1 m3 of 
the inhibitor are: waste water in the amount of 
1.5–2 m3, barium chromate precipitate 100–130 kg 
in mass, sludge – up to 10 kg.

Waste water contains potassium chloride in 
the concentration of 20–30 g/L. It can be dis-
posed into the sewage system of the enterprise or 
utilised as a potassium fertiliser. The content of 
Cr(VI), Ba and Fe in waste water does not exceed 
the maximum permissible norms [23].

Barium chromate precipitate with humidity 
20–50 % relates to the first substance hazard cat-
egory. The humid precipitate is the raw material 
that can be used as a pigment to manufacture 
corrosion-resistant coatings [25], as a corrector of 
the concentrations of solutions in galvanic chro-
mium-plating baths (sulphate absorbing agent) [26], 
a component of pyrotechnic compounds (igniting 
and delaying compositions) [27, 28], and as a raw 
material for obtaining metal chromium and its 
compounds. To bring the material to the state 
of a commercial product, additional washing and 
drying will be required. 

The sludge, 1 to 10 kg in mass, contains bari-
um sulphate and carbonate, as well as admix-
tures of ferric hydroxides, chromium(III) hyd
roxides and ferrous carbonate. The mass of the 
formed sludge depends on the excess of barium 
chloride, which is used as the main reagent to 
precipitate chromates. The sludge is an unrecy-
clable waste of the III–IV substance hazard cat-
egory.

CONCLUSION

Neutralisation of chromium-containing inhib-
itor solution at the pilot installation by reagent 
treatment using barium chloride as the main rea-
gent allowed us to achieve positive results from 
the viewpoint of environmental safety, efficiency, 
resource saving, and waste minimisation. The 
pilot installation is simple in managing and main-
taining, and it allows control over the process. 

Barium chloride is supplied in the form of a 
20 % aqueous solution to the chromium-contain-
ing inhibitor under controlled pH and tempera-
ture. As a result, heavy barium chromate pre-
cipitate is formed, which can be readily filtered 
off and removed from the solution. Ferrous sul-
phate is used in small amount if additional puri-
fication of the solution from residual chromium 
and barium excess is necessary.

One-stage reagent treatment of the chromi-
um-containing inhibitor by the direct precipita-
tion of chromates has advantages over the two-
stage reagent treatment because it excludes the 
additional stage of hexavalent chromium reduc-
tion, thus decreasing the number of technological 
operations. The process gains in simplicity and 
rate. In addition, expenses for reagents and their 
preparation decrease substantially. Taking into 
account the amount of inhibitor solution treated 
under industrial conditions, which was 40 m3, 
cost saving for reagents alone was 136–148 thou-
sand roubles in comparison with the two-stage 
treatment with sodium sulphide, and 400–452 thou-
sand roubles against ferrous sulphate. Furthermore, 
in the case of direct precipitation of chromium 
compounds, the amount of the formed precipi-
tates requiring subsequent treatment, washing, 
dehydration, disposal or storage is substantially 
lower. This is one of the key advantages because 
a decrease in the amount of wastes reduces the 
environmental load.

Results of the studies can be used for develop-
ing the technologies and equipment for the pu-
rification of liquid chromium-containing wastes 
using the reagent method and combined treat-
ment methods. 

REFERENCES

1. �Kulikov K. N., Bogdanov G. A., Zakharov A. A., Features of 
handling the shielding tank inhibitor for repairing the 
third-generation atomic-powered submarines, in: Proceed-
ings of Onega Research Production Engineering Bureau, 
Iss. 8, Engineering Support of Ship Repairing, USC, 
Severodvinsk, 2013, P. 25–30. (In Russ.).



	 NEUTRALISATION OF CHROMIUM-CONTAINING SOLUTION� 365

2. �Kulikov K. N., Petrov S. A., Rodin G. A., Liquid hazardous 
waste generated at the stages of the life cycle of ships and 
vessels with nuclear power plants, Bezopasnost’ Zhiz­
nedeatel’nosti, 2019, No. 8 (224), P. 14–24. (In Russ.).

3. �Akhmadullina F. Yu., Fedotova L. A., Zakirov R. K., Rea-
gent Purification of Waste Waters from Heavy Metals: 
Theoretical Foundations, Material Calculations, KSTU Pub-
lishers, Kazan, 2016, 91 p. (In Russ.).

4. �Pat. RU 2075455 C1, 1997.
5. �Pat. SU 1323537 A1, 1987.
6. �Ozeryanskaya V. V., Rybalkina I. S., Filipenko N. L., Med-

vedeva V. A., Investigation of chromiferous galvanic 
wastes treatment by reactant and flotation method combi-
nation, Advanced Engineering Research (Rostov-on-Don), 
2011, Vol. 11, No. 8-2 (59), P. 1385–1390. (In Russ.).

7. �Shchetinskaya O. S., Soboleva O. A., Waste water purifica-
tion from chromium compounds using shungite, Herald of 
Technological University, 2017, Vol. 20, No. 20, P. 128–132. 
(In Russ.).

8. �Zaikin A. E., Sorption purification of waste waters from 
galvanic works from chromium ions by activated alumino-
silicate sorbent, Proceedings of Petersburg Transport Uni­
versity, 2006, No. 3 (8), P. 60–66. (In Russ.).

9. �Adryshev A. K., Daumova G. K., Hayrullina A. A., Applica-
tion of the modified sorbents for improving efficiency of 
purification of chromic sewage of electroplating industries, 
Science and World, 2014, No. 3-1 (7), P. 115–120. (In Russ.).

10. �Sharapova L. M., Shaikhiev I. G., Shakirov F. F., Akhma
diev M. G., Investigation of chromium ions desoxydation 
using sawdust and conventional reagents, Water: Chemis­
try and Ecology, 2015, No. 11 (89), P. 81–87. (In Russ.).

11. �Solovyova Yu. V., Yustratov V. P., Gorelkina A. K., Timo
shchuk I. V., Belyaeva O. V., Sorbent for the chromium-
containing wastewater treatment, International Research 
Journal, 2022, No. 7-2 (121), P. 75–79. (In Russ.).

12. �Olshanskaya L. N., Tiltigin I. A., Osipova T. V., Efficiency 
of cleaning of chrome-containing waste water in galvanic 
production, Innovatics and Expert Examination, 2020, 
No. 1 (29), P. 144–151. (In Russ.).

13. �Khalturina T. I., Tret’yakov S. G., Voytov E. L., Churba
kova O. V., Electrocoagulation neutralization of joint oil-
emulsion and chromium-containing wastewater of metal-
lurgical plant using asymmetric current, News of Higher 
Educational Institutions. Construction, 2019, No. 11 (731), 
P. 63–73. (In Russ.).

14. �Busarev A. V., Selyugin A. S., Sundukova E. N., Tukhba
tullin R. F., The issue of waste water containing chromium, 
Fundam. Res., 2016, No. 6-1, P. 36–41. (In Russ.).

15. �Mullakaev M. S., Veksler G. B., Galvanocoagulative clean-
ing of chromium-containing waste water, Ekologia i Pro­

myshlennost Rossii = Ecology and Industry of Russia, 
2018, Vol. 22, No. 8, P. 8–13. (In Russ.).

16. �Fazlutdinov K. K., Markov V. Ph., Maskayeva L. N., Dis-
posal of waste chromium. Part 1. The structure and com-
position of precipitation during recovery of chromium(VI) 
iron shavings in sulfuric acid solutions, Butlerov Commu­
nications, 2014, Vol. 37, No. 2, P. 10–17. (In Russ.).

17. �Fazlutdinov K. K., Markov V. F., Gorokhov A. V., Maskae-
va L. N., Utilization of Cr(VI) solutions with steel shavings, 
Russ. J. Appl. Chem., 2016, Vol. 89, No. 8, P. 1221–1227.

18. �Mnif A., Bejaoui I., Mouelhi M., Hamrouni B., Hexavalent 
chromium removal from model water and car shock ab-
sorber factory effluent by nanofiltration and reverse os-
mosis membrane, Int. J. Anal. Chem., 2017, Art. 7415708.

19. �Tsybulskaya O. N., Ksenik T. V., Yudakov A. A., Kisel A. A., 
Application experience of reagent technology for neutrali-
zation of chromium-containing technological solutions under 
production conditions, Khimicheskaya Tekhnologiya, 2019, 
Vol. 20, No. 13, P. 605–611. (In Russ.).

20. �Tsybulskaya O. N., Ksenik T. V., Kisel A. A., Yudakov A. A., 
Perfilev A. V., Rework of technological units of the pilot 
plant for the disposal of hazardous production wastes, 
Vestnik of the Far East Branch of the Russian Academy of 
Sciences, 2020, No. 1 (209), P. 38–45. (In Russ.).

21. �Tsybulskaya O. N., Ksenik T. V., Yudakov A. A., Slesaren-
ko V. V., Reagent decontamination of liquid chrome-contain-
ing industrial wastes, Environ. Technol. Innovation, 2019, 
Vol. 13, P. 1–10.

22. �Tsybulskaya O. N., Ksenik T. V., Yudakov A. A., Perfi-
lev A. V., Kisel A. A., Kaidalova T. A., Neutralization of 
chromium-containing solutions of inhibitors by reagent 
methods, Vestnik of the Far East Branch of the Russian 
Academy of Sciences, 2017, No. 6 (196), P. 81–88. (In Russ.).

23. �On approval of the Regulations for control of waste water 
composition and properties, and on amendments and recog-
nition of some Governmental Acts of the Russian Federation 
as expired: Decree of the Government of the Russian Fe
deration of May 22, 2020, No. 728. Access from the Informa-
tional and Legal Web Portal GARANT.RU. URL: https://
base.garant.ru/74172245/?ysclid=m7a4k7hxi4771483847 (ac-
cessed 22.04.2024).

24. �Lurye Yu. Yu., Handbook on Analytical Chemistry, Khi
miya, Moscow, 1971, 454 p. (In Russ.)

25. �Kovrizhkina N. A., Kuznetsova V. A., Silaeva A. A., Emelya
nov V. V., Alternatives to chromate pigments (a review), 
Trudy VIAM = Proceedings of VIAM, 2020, No. 12 (94), P. 96–
107. URL: http://viam-works.ru/ru/articles?art_id=1632 (ac-
cessed 22.04.2024). (In Russ.).

26. �Pat. US 5207890 A, 1993. 
27. �Pat. RU 2386608 C1, 2010.
28. �Pat. RU 2545335 C1, 2015.

Submitted 24.04.2024 
Approved 25.07.2024 
Accepted 30.08.2024


