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ABSTRACT

This paper presents the results of experimental studies on the removal of heavy metals from industrial wastewater
using electroflotation. Field observations revealed a consistent excess of maximum permissible concentrations of
iron, manganese, zinc, and copper in the wastewater of a mechanical engineering plant, exceeding fishery stan-
dards. The main sources of pollution were identified: technological processes of abrasive waterjet cutting of metal,
destruction of abrasive material (garnet sand), and elevated background concentrations of metals in tap water.
A laboratory electroflotation unit was designed, and experimental studies of wastewater treatment were conducted.
The optimal process parameters were determined: current density of 420 A/m?, voltage >50 V, and processing time
of 20 minutes. The electrochemical aspects of the process, including the phenomena of electrode passivation, po-
larization, and corrosion, were studied. It was established that the bulk of heavy metals is in an undissolved form,
which ensures the effectiveness of flotation extraction without preliminary chemical preparation. The achieved
degree of purification ensures compliance with water quality standards.

Keywords: heavy metals, industrial wastewater, electroflotation, water purification, waterjet cutting, electrode

passivation, current density.

INTRODUCTION

Heavy metals are among the most hazardous
water pollutants. Their main feature is the ability
to persist in the environment for indefinite time,
as well as their capacity for bioaccumulation
and biomagnification (accumulation in organ-
isms and increasing concentration at each level
of the trophic chain) [Karacheva, 2022]. Once
they enter a water body, metals do not decompose
naturally, but are redistributed among water, bot-
tom sediments, and aquatic organisms, creating a
long-term threat [Al-Amrani and Onaizi, 2024].
Industrial activities make the primary contribu-
tion to pollution. Key sources include the waste-
water from machine-building, metalworking,

electroplating, mining, and metallurgical enter-
prises [Chukaeva et al., 2025]. They contain high
concentrations of metal ions, including iron (Fe),
manganese (Mn), zinc (Zn), copper (Cu), nickel
(Ni), chromium (Cr), cadmium (Cd), lead (Pb),
and mercury (Hg) [Feisal et al., 2024].

The problem of heavy metal pollution is global.
High concentrations of metals are recorded in vari-
ous regions of the world, including the Ganges Riv-
er, Bangladesh, the Mediterranean Sea, water bodies
in the northern regions of Russia, where ecosystem
vulnerability is particularly high, as well as rivers in
megacities [Wang et al., 2024]. Of particular con-
cern are the water bodies with slow water exchange,
where the period of complete renewal of the water
mass can last several decades [Kartamysheva, 2017].
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Heavy metals have a direct toxic effect on
aquatic organisms, especially fish, which serve as
an important link in the food chain and an indi-
cator of the ecosystem’s health. Fish absorb the
metals from water through their gills and skin,
as well as through their diet (contaminated zoo-
plankton, benthos) [Avila et al., 2025].

One of the key mechanisms of heavy metal
toxicity is the induction of oxidative stress. Once
inside the body, metal ions stimulate the excessive
generation of reactive oxygen species. This leads
to damage to cell membranes through the oxida-
tion of lipids, proteins, and DNA, disrupting ho-
meostasis and causing cell death. The toxic effects
of metals manifest in reduced growth and survival
rates, impaired reproductive function, and behav-
ioral abnormalities [Antoninova et al., 2023].

Traditional methods of treating industrial
wastewater from heavy metals (ion exchange, re-
verse osmosis, chemical precipitation) are often
expensive, energy-intensive, or lead to the forma-
tion of large quantities of toxic sludge, necessitat-
ing the search for new, more efficient, and cost-
effective solutions [Singh and Sharma, 2024].

Heavy metal pollution of water bodies is a
complex environmental and socio-economic prob-
lem that requires stricter control over industrial
wastewater discharges, the development and im-
plementation of effective and affordable treatment
methods, and continuous monitoring of the state of
water bodies. The industrial wastewater from me-
chanical engineering plants often contains elevated
concentrations of metals, both from the original
tap water and from industrial processes [Kharko
& Danilov, 2025]. Common contaminants include
iron, manganese, zinc, copper, nickel, and chro-
mium. Particularly stringent quality standards are
established for the water bodies used for fisher-
ies, which often require the use of highly effective
treatment methods [SanPiN, 2021].

Among the promising approaches to waste-
water treatment for heavy metals, electroflotation
stands out. It is based on the separation of gaseous
products of water electrolysis (hydrogen and oxy-
gen), adsorption, and the floating of hydrophobic
particles of pollutants in hydrogen and oxygen
bubbles [Petrov et al., 2023]. The process is char-
acterized by high efficiency in removing undis-
solved particles, compact equipment, the possibil-
ity of full automation, and the absence of reagent
requirements [Shunkevich et al., 2025]. Heavy
metal extraction is possible, but the effectiveness
of the process will depend on the quantitative
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and qualitative composition of pollutants in the
wastewater [Lobacheva et al., 2020].

Furthermore, the efficiency of water purifica-
tion from various contaminants using electroflo-
tation may be affected by processes of the elec-
trode passivation—the formation of an oxide film
on the metal surface that prevents the formation
of gas bubbles. The results of a study [Akarsu et
al., 2021] demonstrate the high efficiency of elec-
troflotation for removing microplastics, which
is typical for large supramolecular particles, but
do not consider the passivation of aluminum and
iron electrodes.

A study by Abdollahi et al. [2023] also dis-
cussed passivation in wastewater, noting that this
phenomenon should be studied for specific types
of wastewater based on their chemical composi-
tion. Abdollahi et al. [2023] did not disclose the
specifics of the electrodes used, but instead fo-
cused on studying current conditions. The same
study by Akarsu et al. [2021] examined distilled
water and tap water as electrolytes, but since
electrolytic properties are determined by the sub-
stances contained in the water, it was necessary to
use real wastewater in the study.

The results obtained by Brodskiy et al. [2021]
noted the rapid solubility of iron and aluminum
electrodes and secondary water contamination
during the purification process. Furthermore, the
study results indicate a slowdown in the electro-
flotation process in the presence of salts in the
electrolyte, indicating the need to study the elec-
trolytic properties of the water in question.

Soliz et al. [2024] described the occurrence of
pitting corrosion — a localized type of destruction
of passive metals (stainless steel, aluminum), in
which deep ulcers or cavities (pitting) form on the
surface, leading to penetrating damage. The main
cause is the disruption of the protective oxide film
by activator ions (chlorides, bromides), which are
typically present in high concentrations in seawa-
ter, which was studied in this article. It is worth
noting that the study involved electrodes made of
alloy Ti Gr 2, but stainless steel and titanium coat-
ed with ruthenium oxide have not been studied.

A large study conducted by Jima et al. [2023]
was carried out on electroflotation with iron-based
electrodes for the removal of heavy metals from
electroplating wastewater. However, the process
results in high electrode consumption due to iron
dissolution, confirming the secondary contamina-
tion of the water, and this approach will not en-
sure fishery-grade quality of the purified water.
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Jiang et al. [2023] examined water purifica-
tion using ruthenium oxide electrodes, but pro-
poses applying the treatment to microalgae, not
heavy metals.

Diffusion control exists—an effect in which
the flotation rate is limited by the ability of pollut-
ant particles in the water to diffuse to the surface
of the formed bubbles, or conversely, by the abil-
ity of bubbles to reach the pollutant particles. The
results of study by Sebastian et al. [2017] pointed
out a fundamental drawback of existing models:
they ignore the overlap of diffusion zones. Ac-
cording of Mamme et al. [2017], this effect is
examined for a specific water quality, and the au-
thors generally note the need to study and account
for this effect in each specific case.

A study by Palomar-Pardavé, [2005] ex-
plained the need to determine current density pa-
rameters and processing time when studying the
electroflotation of water of a specific quality.

Anodic polarization is also of great interest
for study. Anodic polarization is a phenomenon
in which a current source connected to the anode
begins to draw electrons from the metal atoms of
the anode, inducing a positive charge in them and
facilitating their transition from the crystal lattice
into solution. This process leads to gradual disso-
lution of the anode and secondary water pollution
[Akarsu et al. 2021].

The aim of this study was to experimentally
substantiate the feasibility of removing heavy
metals from industrial wastewater generated dur-
ing abrasive waterjet cutting using electroflota-
tion to meet standards established for fishery
water bodies. To achieve this goal, the following
objectives were addressed in this study: the in-
fluence of anodic polarization and passivation on
gas formation and secondary water pollution; the
role of diffusion control in limiting the rate of pol-
lutant mass transfer; optimal conditions (current
density, processing time), and selection the elec-
trode materials to ensure maximum metal extrac-
tion with minimal energy consumption.

MATERIALS AND METHODS

The object of the study was industrial waste-
water generated at the production site of a me-
chanical engineering enterprise. Sampling was
carried out over the course of one year. Chemical
analysis was performed using inductively coupled
plasma atomic emission spectrometry (ICP-AES)

on an ICPE-9000 spectrometer in accordance

with the certified M-02-1109-08 method [M-02-

1109-08. 2008].

To assess the distribution of metals by spe-
cies, some samples were filtered through mem-
brane filters with a pore diameter of 0.45 um. The
filtrates were acidified with concentrated nitric
acid for preservation.

A comprehensive analysis of the enterprise’s
production facilities revealed that the primary
sources of wastewater were waterjet metal cut-
ting machines. The cutting technology utilizes
high-pressure water with garnet sand added as an
abrasive. The resulting wastewater enters hold-
ing tanks, where it settles under continuous flow
and is then sent to the sewer system [Shtripling &
Turenko 2005]. To determine the sources of man-
ganese, X-ray spectral analysis of the garnet sand
used in the process was conducted. The analy-
sis was performed using an X-ray fluorescence
spectrometer.

A laboratory electroflotation unit was de-
signed for the study. The design was based on the
principles outlined in [Kolesnikov et al., 2007]
and adapted to specific conditions. The unit
includes:

e 15-liter glass housing;

e block of vertically oriented electrodes (tita-
nium cathodes, stainless steel anodes (which
was later recognized as a mistake, despite the
chemical neutrality of stainless steel), subse-
quently replaced with titanium with a ruthe-
nium oxide coating);

e Dblock of horizontally oriented mesh electrodes;

e circulation pump with flow rate control;

e DC power source with adjustable voltage and
amperage (up to 72 V, up to 20 A);

e system for collecting the froth product (flota-
tion concentrate).

The experiments were conducted in both
flow-through and circulation modes. Samples
were collected at fixed time intervals (5, 8, 10,
12, 15, and 20 minutes). Temperature, pH, and
current load were monitored.

The required purification efficiency was cal-
culated as the ratio of the difference between the
initial concentration and the limiting concentra-
tion to the initial concentration. The current den-
sity was determined using Ohm’s law, taking into
account the geometric area of the electrodes.

Electroflotation is a promising approach to
wastewater and process solution treatment, due to
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its high process speed and the intensive separa-
tion of the dispersed phase into a foam product.
The extraction of suspended and colloidal par-
ticles occurs as a result of their adsorption to H,
and O, gas bubbles formed on electrodes when
a direct electric current is passed through the
wastewater [Rudzisha et al., 2022]. Aggregates of
gas bubbles containing particles float to the sur-
face, forming a foam layer (flotation concentrate),
which is removed by a scraper into a sludge col-
lector [Petrova et al., 2022]. Individual soluble
compounds that are physically adsorbed on par-
ticles are also taken out here (Figure 1).

Electroflotation can be performed using ei-
ther soluble anodes or anodes made of insoluble
materials. Electroflotation with soluble anodes is
called electroflotation coagulation [Sverchkov &
Gvozdetskaya, 2024]. Electroflotation provides
high efficiency in removing contaminants in the
form of suspended solids, suspensions, and emul-
sions from wastewater, as well as partial mineral-
ization of organic compounds [Wang et al., 2021].
Depending on the physicochemical properties of
the treated water and the phase-dispersed state of
the extracted substances, electroflotation is typi-
cally preceded by neutralization of acidic or al-
kaline components, conversion of substances into
insoluble compounds, coagulation, or floccula-
tion to achieve the desired purification efficiency
[Palomar-Pardavé et al., 2005].

This raises a number of questions that sig-
nificantly influence the rationale for using elec-
troflotation over, for example, reverse osmosis,
the main drawback of which in this case is the
potential for rapid fouling of filter membranes,

sludge collector

requiring more frequent membrane replacement
and maintenance of the entire treatment equip-
ment. An electroflotator with insoluble electrodes
is a kind of automated system, requiring only the
disposal of flotation sludge, which does not re-
quire any downtime [Brodskiy et al., 2023].

However, if the desired purification efficien-
cy cannot be achieved with the existing compo-
sition and properties of the wastewater and pre-
treatment is required, including pH adjustment,
filtration, the addition of flocculants or electro-
lytes, and the conversion of metal compounds
into insoluble forms, then the advantages of
the electroflotation method—simplicity, conve-
nience, and low cost of operation along with a
high degree of purification—are significantly
reduced [Singh, 2026]. Furthermore, due to its
effectiveness in removing heavy metals, electro-
flotation is typically used in large-scale galvanic
production facilities as one of the initial purifica-
tion stages to significantly reduce concentrations.
Subsequent stages, using other purification meth-
ods, bring the wastewater composition to regula-
tory limits. As a result, open sources report the
high efficiency of electroflotation for wastewater
treatment of heavy metals only in the concentra-
tion range of 50 to 500 mg/dm?.

All stages are mandatory for the process to
proceed. Purification efficiency is affected by the
physicochemical parameters of the system, the
geometric dimensions of the apparatus, the elec-
trical treatment mode, the initial metal concentra-
tion, pH, the nature and concentration of back-
ground electrolytes, and the presence of organic
compounds [Sverchkov & Povarov, 2024].The
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Figure 1. Operating principle of the electroflotation unit
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Figure 2. Diagram of the experimental electroflotation unit: (a) scheme, (b) photo of the unit
1 — electroflotator body; 2 — connection for feeding purified water; 3 — connection for removing flotation
concentrate; 4 — connection for discharging purified water; 5 — container with feed water; 6 — PVC hose; 7 —
circulation pump; 8 — shut-off valve; 9 — flow meter; 10 — block of vertically oriented electrodes; 11 — block of
horizontally oriented electrodes; 12 — DC power source; 13 — current leads; 14 — exhaust; 15 — foam collector

electroflotation unit is shown on Figure 2 [Rus-
sian Patent 2853498 2025].

The initial design of the electroflotator unit in-
cluded a body made of 5 mm thick monolithic poly-
carbonate, eight electrodes measuring 10x10 cm,
and a 12-30 V power supply. However, when filled
with water, the body deformed and started leaking,
which required replacing the material with glass.
The key challenge in the initial phase of research
was the inability to achieve the estimated current
load of 300 A/m? (10 A with an electrode area of 0.1
m?). The actual current did not exceed 1.5 A. Dur-
ing the debugging process, various power sources
and electrode configurations were tested.

RESULTS AND DISCUSSION

The results of the industrial wastewater anal-
ysis are presented in Table 1. The data indicate a
consistent excess of the standard values for iron,

manganese, zinc and copper content throughout
the entire observation period.

During independent sampling from the river
from which water is taken for the needs of the
enterprise, excess levels of some metals were de-
tected (Table 2).

Thus, due to the elevated geochemical back-
ground of this region, unsatisfactory water treat-
ment, and deterioration of the water supply net-
work, the water used is characterized by the pres-
ence of exceedances of standard indicators for the
content of metals, such as Fe, Zn, and Cu.

The maximum recorded concentrations were:
Fe — 4.58 mg/dm? (91.6 times the fishery maxi-
mum permissible concentration), Mn — 0.129 mg/
dm? (2.58 times), Zn — 0.085 mg/dm? (1.7 times),
and Cu — 0.0562 mg/dm? (11.24 times).

The required purification efficiency, calcu-
lated based on the maximum concentrations, was:
Fe — 98.91%, Mn — 61.24%, Zn — 41.18%, and
Cu-91.10%.
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Table 1. Properties and average composition of wastewater discharged from the production site

Indicator Concentration in discharged water, Fishery maxim_um permissible
mg/dm? concentration, mg/dm?
Suspended solids 9+2 10
BOD, 2.0+0.7 21
COoD 25.0+0.7 30
Total nitrogen 0.10 £0.02 0.242
Petroleum products 0.0026 + 0.0250 0.05
Phenols 0.0008 + 0.0002 0.001
S 0.0030 + 0.0001 0.005
SO,> <50 100
Cr 2702 300
Al 0.0351 £ 0.0046 0.04
Fe 3.1+£0.341 0.05
Mn 0.129 £ 0.017 0.05
Cu 0.0562 + 0.0089 0.005
Zn 0.085 + 0.026 0.05
Cr(l) 0.010 + 0.002 0.07
Cr(VI) <0.005 0.02
Ni 0.005 + 0.001 0.01
Cd <0.005 0.01
Pb <0.005 0.01
As <0.005 0.01
Hg <0.005 0.0001
Note: Temperature: 16.3 £0.2 °C, pH: 7.53 + 0.10.
Table 2. Concentrations of metals in the river
Sample Cu, mg/dm? Fe, mg/dm? Mn, mg/dm® | Zn, mg/dm? Ni, mg/dm?® | Cr(total), mg/dm?
1 0.015 1.26 0.033 0.086 0.0075 0.010
+0.002 +0.14 +0.03 +0.026 +0.0009 +0.002
9 0.0049 0.49 0.026 0.026 0.0045 0.0026
+0.0007 +0.05 +0.003 +0.008 +0.0006 +0.0008
3 0.0037 0.724 0.0087 0.017 0.0013 0.0021
+0.0006 +0.079 +0.0011 +0.005 +0.0002 +0.0007
4 0.027 1.10 0.0218 0.110 0.0017 0.019
+0.004 +0.12 +0.0028 +0.033 +0.0002 +0.006
5 0.0100 0.66 0.0341 0.050 0.00030 0.004
+0.0016 +0.07 +0.0044 +0.015 +0.00004 +0.001
6 0.0031 1.89 0.0078 0.071 0.0009 0.010
+0.0005 +0.21 +0.0010 +0.021 +0.0001 +0.003
pemfii:;ig L“Oarf;’:n“t?;ﬁon 0.005 0.05 0.05 0.05 0.01 0.02

Analysis of the tap water entering the facility
(Table 3) revealed that certain metals exceeded
their maximum permissible concentrations even
before their use in technological processes. This
indicates the contribution of external factors to
wastewater pollution. The distribution of metals
by species is crucial for selecting a purification
method. The study results are presented in Table 4.

As it can be seen from the presented data, the
majority of heavy metals are in undissolved form
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and can theoretically be removed by flotation
methods. The content of dissolved metals, taking
into account measurement error and background
values, is close to the maximum permissible
concentrations for the corresponding elements.
This suggests that purification can be effectively
implemented without prior conversion of metals
into insoluble forms using reagents.

The waterjet cutting machine was used for
the processing of incoming workpieces made
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Table 3. Metal concentrations in tap water

Indicator Concentration of pollutants in discharged water, Maximum permissible concentration,
mg/dm? mg/dm?
Cr(total) 0.0075+0.0016 0.02
Fe 0.266+0.029 0.05
Cu 0.0064+0.0010 0.005
Mn 0.0215+0.0028 0.05
Zn 0.074£0.022 0.05
Ni 0.0045+0.0006 0.01
Table 4. Content of heavy metals in water in various forms
Form Cu, mg/dm?® Fe, mg/dm? Mn, mg/dm? Zn, mg/dm?®
Dissolved 0.0036+0.0006 0.0385+0.0042 0.0078+0.0010 0.0112+0.0034
Undissolved 0.0191+0.0031 0.5685+0.0625 0.0638+0.0083 0.0968+0.0290
Gross 0.0227+0.0036 0.607+0.067 0.0716+0.0093 0.108+0.032
Background 0.0010+0.0002 0.013+0.001 0.049+0.006 0.0075+0.0023
Dissolved-Background 0.0026+0.0008 0.0255+0.0052 0.0412+0.006 0.0037+0.0057
Gross-Background 0.0217+0.0038 0.594+0.068 0.0226+0.0153 0.1005+0.0343
Fishery maximum permissible concentration 0.005 0.05 0.05 0.05

of high-alloy structural steel grade 14X17H2,
36X2H2M®A, 38XH3MDA (Russia),
X20CrNil7-2, 34CrNiMo6, 34NiCrMoV14-5
(European Union), AISI 431, AISI 4340 (USA)
in which the main alloying elements are Cr, Ni,
and Mn. The composition of the garnet sand
was determined using X-ray spectral analysis.
The content of Fe was 220.3+2.1 g/kg, Mn —
3.916+0.413 g/kg, Ti — 0.084+0.010 g/kg, Sr
— 0.025+0.002 g/kg, Ca — 54.5+2.1 g/kg, K
— 7.89+1.17 g/kg revealed a high content of Mn
(3.916 g/kg), which allows explaining the excess
of Mn in wastewater by the products of destruc-
tion of abrasive material.

Thus, a complex contamination picture
emerged: the initial influx of iron, copper, and
zinc from tap water was supplemented by man-
ganese contamination from abrasive degradation
and additional iron from wear of the metal being
processed. The next stage of the work was the
development, design, and commissioning of an

Table 5. Results of analysis of anode corrosion

electroflotation unit. Experiments revealed that

achieving the required current density required:

e increasing the electrode area (each additional
electrode increases the current by approxi-
mately 1 A);

e using higher voltage (>50 V) to overcome an-
ode passivation;

e using titanium anodes with a ruthenium oxide
coating instead of stainless steel.

When using stainless steel anodes, active cor-
rosion, metal dissolution, and secondary contami-
nation of the treated water were observed (Table
5). It shows, during electrical treatment, metal
concentrations increased, rather than decreased,
indicating electrode dissolution. The electrodes
became coated with traces of corrosion, and the
water acquired a reddish tint due to the dissolu-
tion of iron compounds (Figure 3).

According to preliminary test results, elec-
trode passivation can significantly impact the

Sample Fe, mg/dm? Mn, mg/dm?® Zn, mg/dm?®
Original 0.367+0.040 0.0206+0.003 0.131+0.039
5 minutes of processing 1.741+0.191 0.0391+0.005 0.132+0.040
10 minutes of processing 3.082+0.339 0.0543+0.007 0.131£0.039
15 minutes of processing 2.996+0.329 0.0441+0.006 0.095+0.028
Fishery maximum permissible concentration 0.05 0.05 0.05

49



Journal of Ecological Engineering 2026, 27(9), 43-56

Figure 3. Reddish-colored foam formed during the operation of the electroflotator (a), not related to the
composition of the water, and traces of corrosion on the stainless steel anode (b)

efficiency of the electroflotation process. The
phenomenon of titanium anode passivation re-
quired further study. During passivation, an oxide
film with dielectric properties forms on the anode
surface (Figure 4). The electrochemical reaction
rate, initially reaching peak values, then drops to
near zero, causing anodic concentration polariza-
tion. This occurs because, as the electrochemical
reaction proceeds, an oxide film forms on the an-
ode surface, the concentration of reactants on the
anode surface decreases, and the concentration of

€p
Ecp

Ebp

€rp

Eo2

€A

~.4d

Figure 4. Anodic polarization curve for a passivated
metal: €~ potential of the beginning of passivation, €,
— potential of complete passivation, €,y — breakdown
potential, €, — repassivation potential, ¢, — potential
of oxygen evolution, &, — anodizing potential, i —
passivation current density, i,, — current density of
complete passivation, K, K, — cathodic curves
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reaction products increases. The resulting con-
centration gradient hinders further progression of
the process.

At relatively high current densities, the polar-
ization process occurs within one to two seconds,
while at minimal current densities, it takes several
minutes. A “breakdown” voltage across the oxide
layer is required to maintain the reaction. Experi-
ments have shown that at voltages below 30 V,
the reaction subsides within 1-2 minutes; stable
electrolysis is observed at voltages above 50 V.

The electrode material also has a significant
impact on water composition. It has been estab-
lished that the anode should be titanium coated
with ruthenium oxide [Jiang et al., 2023]. Upon
oxidation, this forms a thick passivating oxide
film, but upon reaching the oxygen evolution
potential, the film “breaks down” and intense
gas formation begins [Berkinbayeva et al., 2022;
Nyein et al., 2024]. Unlike stainless steel, titani-
um with a ruthenium oxide coating is not subject
to corrosion and does not contaminate the puri-
fied water with its own dissolution products.

Like the electrode material, the electrolyte
composition affects the process efficiency [Aung
et al., 2024; Mangarengi et al., 2025]. Electrolyte
composition significantly influences the efficiency
of the electroflotation process. Primarily, this influ-
ences electrical conductivity, which determines the
generation of gas bubbles on the electrodes. Low
electrical conductivity leads to a decrease in the in-
tensity of electrolysis and a reduction in the num-
ber of bubbles formed [Aung et al., 2025].

Electrodes are known to corrode during elec-
troflotation [Biswas et al., 2025; Medvidovi¢ et
al., 2023]. Experiments have shown that the ox-
ide film formed on the surface of stainless steel
and titanium is unstable to sulfates and, espe-
cially, chlorides, which can locally penetrate the
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protective layer, causing pitting corrosion (Fig-
ures 5 and 6) [Latypova et al., 2018]. This leads
to the secondary contamination of the purified
water, degradation, and through-corrosion of the
electrodes [Tang et al., 2025].

During operation, titanium conductors can
overheat (Figure 7). An additional problem was
overheating of titanium conductors at current
densities above 420 A/m? (15 A) due to the low
electrical conductivity of titanium. At operating
voltage and current, the titanium wire overheated
and melted, breaking at its weakest points—in air
at the bending points [Elo et al., 2017]. This lim-
ited the upper limit of the installation’s operating
parameters.

There is an effect called diffusion control
[Abyaneh, 2006; Luo et al., 2018; Sebastian et
al., 2017]. The limitation of the electrochemical
reaction due to the limitations in electrolyte diffu-
sion is called diffusion control. The ions required
for electrochemical reactions (gas formation
at the electrodes) must diffuse to the electrodes
[Mamme et al., 2017; Barrera-Diaz et al., 2014].
However, if the diffusion rate is low, this leads to
a decrease in current and a reduction in the rate of
gas bubble formation [Luo et al., 2022].

Initially, due to the similarity between the
effects of diffusion control and anodic polariza-
tion, suspicion fell on the former option. How-
ever, the volt-ampere characteristic in this case

Figure 7. Traces of overheating on current leads made of titanium
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would have only one extreme, and the voltage
as well as current parameters would change
smoothly over time, unlike anodic polarization.
However, under the conditions of high current
density, relative water purity and, consequent-
ly, low electrical conductivity, as well as slow
water exchange, this problem may manifest it-
self in the future.

A key component of the development of a
laboratory electroflotation system is the optimi-
zation of electroflotation purification parameters.
After refining the design and operating modes of
the system, final experiments were conducted, the
results of which are presented in Table 6.

The required degree of purification is achieved
after 20 minutes of water treatment in the electro-
flotator. With a chamber volume of 15 liters, this
corresponds to a flow rate of 0.75 I/min. The opti-
mal process parameters were:

e current density — 420 A/m? (14 A with an elec-

trode area of 0.1 m?),

e voltage >50V,
e processing time — 20 minutes,
e temperature — unadjusted (natural heating to

25-30 °C),

e pH — unadjusted (initial 7.53 + 0.10).

It should be noted that to achieve the re-
quired efficiency, the current density had to
be increased from the calculated 300 A/m? to
420 A/m?. Further increases in current density
(over 15 A) resulted in intense corrosion of the
titanium electrodes, forming a white titanium
oxide deposit.

The obtained results confirm the fundamen-
tal feasibility of removing heavy metals from in-
dustrial wastewater using electroflotation without
the use of reagents or additional pH adjustments.
The purification efficiency achieved in the experi-
ments exceeds 98% for iron, 99% for manganese,
98% for copper, and 88% for zinc.

It was established that the critical factors de-
termining the success of the process are:

Table 6. Electroflotation purification results

e the form of metals in the wastewater — the pre-
dominance of undissolved forms ensures ef-
fective flotation;

e the electrode material — the use of titanium
anodes with a ruthenium oxide coating elimi-
nates secondary contamination;

e the electrical parameters — high voltage is re-
quired to overcome anode passivation.

The identified electrochemical phenomena
(passivation, polarization, corrosion) are charac-
teristic of the processes using insoluble electrodes
and require careful monitoring. The phenomenon
of anodic polarization of passivated metals de-
serves special attention; it can only be overcome
by achieving the oxygen evolution potential of
the material.

A comparative analysis of the obtained data
with literature sources [Kulsky et al., 1978]
showed that the efficiency of electroflotation
purification at low metal concentrations (less
than 50 mg/dm?®) has been insufficiently stud-
ied. Most studies have focused on concentrated
solutions from galvanic production [Smirnov et
al., 2023]. This study bridges this gap by dem-
onstrating the applicability of the method for
the post-treatment of water with relatively low
levels of contamination [Smirnov & Suchkova,
2019; Eremeeva et al., 2026].

Importantly, the experiments did not require
the addition of flocculants, coagulants, or pH ad-
justment [Matveeva et al., 2024]. This significant-
ly simplifies the process flow diagram and reduc-
es operating costs compared to reagent methods,
the efficiency of which typically does not exceed
60% [Borisova et al., 2025], as well as membrane
methods, which require frequent replacement of
filter elements. This property will be especially
relevant when using electroflotation in water pu-
rification processes and in specific processes that
do not allow the introduction of foreign impuri-
ties [Eremeeva et al., 2025; Orekhova et al., 2024;
Strizhenok et al., 2019].

Sample Cu, mg/dm?® Fe, mg/dm? Mn, mg/dm?® Zn, mg/dm?®
Original 0.0517+0.0089 2.793040.3072 0.1251+0.0163 0.0085+0.0026
5 minutes of processing 0.133040.0213 0.7431+0.0817 0.0784+0.0125 0.0068+0.0021
10 minutes of processing 0.0417+0.0067 0.2430+0.0267 0.0163+0.0021 0.0054+0.0016
15 minutes of pocessing 0.0160+0.0026 0.0884+0.0097 0.0160+0.0021 0.0018+0.0005
20 minutes of processing 0.0018+0.0003 0.0014+0.0002 | 0.00030+0.00004 | 0.0010+0.0003
Fishery maximum permissible concentration 0.005 0.05 0.05 0.05
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CONCLUSIONS

This study established that the industrial
wastewater generated during hydroabrasive cut-
ting of metals at a mechanical engineering plant
is characterized by a consistent exceedance of
fishery water quality standards for iron (91.6
times of the fishery maximum permissible con-
centration), manganese (2.58 times), zinc (1.7
times), and copper (11.24 times). The obtained
results revealed that the main factors are: elevated
background concentrations of metals in tap wa-
ter (iron, copper, zinc), the hydroabrasive cutting
process leading to additional iron input, and the
destruction of garnet sand containing manganese
in amounts of about 3.9 g/kg.

This work confirmed the fundamental feasi-
bility of treating this wastewater by electroflota-
tion without preliminary reagent precipitation,
without pH adjustment, and without the introduc-
tion of flocculants. This is achieved because the
majority of heavy metals are in an undissolved
form and are effectively extracted by bubbles of
electrolytic gases (hydrogen and oxygen). The
optimal process parameters ensuring compliance
with fishery maximum permissible concentration
standards were: current density of 420 A/m?, volt-
age above 50 V, and treatment time of 20 min-
utes. The achieved residual concentrations were:
Fe — 0.0014 mg/dm?, Mn — 0.0003 mg/dm?*, Zn
— 0.0010 mg/dm?, Cu — 0.0018 mg/dm?, which
corresponds to a treatment efficiency of 98-99%
for most metals.

The typical results demonstrate high electro-
flotation efficiency at relatively high initial metal
concentrations of 50-500 mg/dm?. However, the
obtained results indicated the possibility of pol-
ishing low-concentration wastewater (<5 mg/dm?
for iron), showing that the method maintains an
efficiency of over 98% even at such low pollution
levels. This is particularly important for meeting
stringent fishery standards. The conducted ex-
periments with stainless steel anodes fully con-
firmed this effect; the iron concentration in water
increased from 0.37 to 3.08 mg/dm*® within 10
minutes. The use of titanium anodes with a ruthe-
nium oxide coating completely eliminated sec-
ondary contamination. The phenomenon of pas-
sivation of titanium anodes leads to a sharp drop
in current; at voltages below 30 V, the reaction
ceases within 1-2 minutes. It was experimentally
established that stable process operation requires
a voltage above 50 V, which corresponds to the

oxygen evolution potential on titanium (“break-
down” of the oxide film), while the other studies
recommended voltages (12-30 V) proved insuf-
ficient under our conditions.

This work established that under the condi-
tions of relatively clean water and low electrical
conductivity, the diffusion control effect may po-
tentially manifest itself during process scaling.
However, in experiment (unit volume of 15 dm’,
circulation mode), the determining factor was
anodic polarization, rather than diffusion limita-
tions, since the studies demonstrated a sharp cur-
rent drop characteristic of passivation, rather than
the smooth change typical of diffusion control.
High sensitivity of titanium electrodes to pitting
corrosion in the presence of chlorides has been
noted. The studied wastewater contained chlo-
rides at a level of 270 mg/dm?, which is below the
threshold of aggressive impact; however, traces
of pitting corrosion were recorded during long-
term experiments. The overheating of titanium
current leads at current densities above 400 A/m?,
was found beacuse of the low electrical conduc-
tivity at currents exceeding 15 A.
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