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Abstract

The growing issue of heavy metal contamination in water threatens ecosystems and
human health due to their toxicity, bioaccumulation, and carcinogenicity. This study examines
how background electrolytes and pH affect the efficiency of electroflotation in removing
heavy metals from wastewater. The highest removal efficiency (>99%) was observed at pH
10.0 in chloride-containing electrolytes. Sulfate, nitrate, and carbonate anions slightly reduced
efficiency (by 1-3%), while phosphate anions nearly halted the process due to less soluble
compounds and reduced bubble adhesion. Electroflotation of metal mixtures (Cu-Ni, Ni-Zn,
Cu-Zn) with organic additives showed varied results: solvents significantly improved Cu-Ni
removal, while purifying liquids reduced it. For Ni-Zn, penetrants boosted efficiency by
300%. In the Cu-Zn system, varnish and purifying liquids increased removal by 200%, but
penetrants decreased it by 400%. The resulting metal-rich sludge is suitable for further
processing, and treated water can be reused in industrial cycles.
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1. Introduction

The rapid growth of industrial production poses a significant threat to the environment.
Key contributors to this impact include the generation of large volumes of mining and mineral
processing waste, gas-air emissions, and industrial wastewater discharges. As production
volumes and the diversity of manufactured goods increase, both the quantity and complexity
of industrial wastewater also rise.

Equally pressing is the global shortage of clean freshwater, which is essential not only
for human consumption but also for various industrial processes such as recycling, cooling,
steam generation, and heating. In line with the internationally recognized principles of
sustainable development, modern industrial enterprises increasingly aim to minimize
wastewater discharge through the implementation of closed-loop water systems and to
maximize the recycling of production and consumption waste. These initiatives align with the
broader goal of transitioning to a circular economy [1-2].

Ongoing efforts to improve the environmental performance of electrochemical
industries include the adoption of "green” electrolytes [3-5], the use of advanced reagents for
wastewater treatment [6-9], the development of technologies for deep removal of heavy metal

115



https://doi.org/10.61640/ujeas.2025.0512
mailto:ciraqov@mail.ru

H.T. Aung et al.: Effect of background electrolytes and pH on electroflotation efficiency for heavy ...

ions from water [10-15], and the establishment of closed water cycles to reduce both
freshwater consumption and pollutant discharge [16-17].

A significant body of research focuses on wastewater treatment in the metallurgical and
related industries, particularly on the removal of heavy and nonferrous metal compounds [18—
21]. Due to their high toxicity, bioaccumulative nature, and teratogenic and carcinogenic
effects, the discharge of untreated wastewater containing these metals into municipal sewage
systems or natural water bodies is unacceptable [22-23].

An additional benefit of treating metal-laden wastewater is the potential for resource
recovery. The extracted metals can be reused in production or sold to recycling facilities,
offering economic as well as environmental advantages.

Conventional treatment of heavy metal-containing wastewater typically involves
physicochemical methods such as neutralization, precipitation, and reduction, often combined
with coagulation and flocculation. These reagent-based methods are capable of removing 95—
99% of poorly soluble metal compounds and associated pollutants [24-27]. In certain cases,
electrochemical, adsorption, or biological methods may be applied to target specific
contaminants [28-32]. For achieving very low metal concentrations—suitable, for example,
for fishery standards—advanced processes such as reverse osmosis, electrodialysis, or ion
exchange may be employed [33-34].

Among the emerging technologies, electroflotation has shown great promise for treating
wastewater with high concentrations of metal ions. It is particularly effective in removing
poorly soluble metal compounds, petroleum products, and surfactants [35-37].

The objective of this study is to assess the influence of pH and background electrolytes
on the electroflotation efficiency for removing poorly soluble compounds of heavy and
nonferrous metals—specifically, binary mixtures of Cu-Zn, Ni-Zn, and Cu-Ni—from aqueous
solutions, both in the absence and presence of various organic additives.

2. Experiments

To study the flotation process, a laboratory unit with insoluble ORTA anodes and
stainless steel cathodes was used. The DC source was a power supply unit HY 1803D (Japan),
volume of the unit 500 ml, cross-sectional area (electrode surface area) 10 cm?, height of the
liquid column 80 cm.

The model system was prepared by dissolving metal salts (CuSO4¢5H20; NiSO4¢7H20;
ZnS04+7H20; CoS04+7H20; FeSO4+7H20) in distilled water. Salts (Na2SOs, NaNO3, NaCl,
NasPO4, Na2CO3) with a concentration of 1 mg/l were used as a background electrolyte. The
pH correction was carried out with 1% NaOH solution.

The additives that are widely used in surface treatment of nonferrous metals and alloys
were selected for the study. The data on their composition are presented in table 1.

Name Active component Additive type

PL-1 (Purifyingliquid) Polyethylene glycol alkylaryl ether Hydrophobic
Penetrant LL-6A (Luminescent . . Hydrophylic /
liquid) Ditolylmethane in butanol Hydrophobic

Solvent S-5 A mixture of acetone (50%), butyl acetate (10%), xylene Hydrophylic /

(40%) Hydrophobic

VarnishPV-5111 (Phenol- } - . Hydrophylic /
formaldehyde varnish) Resol phenol-formaldehyde resin in ethanol solution Hydrophobic

Table 1. Active components of organic additives

Experimental conditions: C(Zn?*) = 50 mg/l, C(Cu?") = 50 mg/l, C(Ni?*) = 50 mgl/l,
C(salt)=500 mg/l, Jy = 0.4 A/l, pH=10.0£0.1, process time 20 min.

The concentration of metal ions was determined by atomic adsorption spectroscopy and
atomic emission spectroscopy with magnetic plasma [27, 38].
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The purif'ication process was performed on a laboratory electroflotator for 20 min. The
purification efficiency was calculated according to the following formula [21]:

OEF= [(Cinit - Cres)/cinit] *100%,
where Cinit, Cres are initial and final (residual) concentrations of metals in water, mg/dm?.
3. Results and discussion

Figure 1 shows the data on the impact of pH on the efficiency of electroflotation
removal of metals from the model system with Na.SO4 background electrolyte at different pH
values.
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Figure 1. Metal removal efficiency of Na>SO4 background electrolyte depending on pH

The data in the diagram show that the removal efficiency of iron compounds, on
average, does not exceed 75% and significantly (2.0 times) decreases at pH 11.0. The
maximum efficiency (more than 96%) of removal of nickel, zinc, copper, and cobalt
compounds is observed at pH 9.0-10.0, which agrees well with the data on the formation of
hardly soluble forms of metal hydroxides. A further increase in pH leads to the beginning of
dissolution of amphoteric metal bases, reduction of removal efficiency by 40-55%, and
reverse transition of metals into solution. The alkaline medium has the least effect on the
removal efficiency of cobalt compounds; the difference does not exceed 20%.
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Figure 2. Metal removal efficiency of NaCl background electrolyte depending on pH

Figure 2 shows the results of electroflotation removal of metals from the model system
with NaCl background electrolyte.
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In the system with a chloride anion, the electroflotation removal of heavy metals from
aqueous media is significantly intensified. The minimum efficiency (95%) is observed for
iron compounds, which is due to the process of oxidation of iron (I1) compounds in alkaline
medium at high oxygen content with the formation of intermediate phases of iron (1, I1I)
characterized by particle size of less than 1 micron, which significantly complicates the
process of their adhesion with gas bubbles.

At pH 9.0, a slight decrease in the removal efficiency of all cations is observed, which is
probably due to the formation of finely dispersed intermediates with reduced adhesion to gas-
air bubbles. The presence of a chloride anion in the system significantly inhibits the processes
of hydroxide dissolution at pH greater than 11.0.

The impact of pH on the efficiency of electroflotation removal of metals from the model
system in the presence of NaNOs as a background electrolyte differs slightly from the two
previous experiments (figure 3).
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Figure 3. Metal removal efficiency of NaNOsbackground electrolyte depending on pH

This system is the least effective for the removal of iron (I1) ions, which is associated
with the process of its oxidation; the maximum result with an efficiency of 80% is achieved at
pH = 10. Ni, Zn, Co, Cu cations in the presence of nitrate anion are removed almost
completely from aqueous solutions, while similar to chloride-containing system inhibition of
hydroxide dissolution processes at pH greater than 11.0 is observed.

A significant difference from the first three considered systems is characteristic of the
background electrolyte NasPOs (figure 4).
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Figure 4. Metal removal efficiency of NasPO. background electrolyte depending on pH
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The phosphate anion leads to a sharp inhibition of the electroflotation process (by 40 -
50 %) for copper, nickel, zinc, and iron in weakly alkaline medium (pH 8.0-9.0), which can
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be explained by the mechanism of dispersed phase release: at these pH values, mainly metal
hydroxides are formed; the increase in the pH of the medium leads to the formation of hardly
soluble metal phosphates, which apparently have extremely low adhesion to gas-air bubbles.
At pH=11 the process of removal of all investigated metals stops completely (efficiency less
than 10 %).

Figure 5 presents data on the impact of pH on the efficiency of electroflotation removal
of metals from the model system with the background electrolyte Na;CO:s.
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Figure 5. Metal removal efficiency of Na.CO; background electrolyte depending on pH

The presence of the carbonate anion has no significant effect on the electroflotation
process, and the achieved removal rates of hardly soluble metal compounds were comparable
to chloride, sulfate, and nitrate systems in the range of pH 10-11.

The maximum removal efficiency for all cations was observed at pH 10.0, which
probably corresponds to the formation of the least soluble form of metal carbonates. The
sharp jump in electroflotation efficiency for cobalt compounds at pH 10.0 can be explained by
hydration of the cobalt carbonate surface and an increase in the degree of its adhesion to gas-
air bubbles.

Primary water purified by electroflotation subjected to post-treatment can be directed to
municipal deep biological treatment facilities or reused for technological purposes (recycled
water supply) [24-25].

At higher pH levels (particularly around pH 10.0), metal ions such as Cu?*', Ni**, and
Zn** readily form insoluble hydroxides. These hydroxide precipitates exhibit favorable
aggregation properties and increased hydrophobicity, which enhances their attachment to
rising gas bubbles during electroflotation. Additionally, higher pH promotes a more stable and
voluminous gas generation at the electrodes, improving the flotation and removal of
particulate matter.

Regarding organic additives, we have added mechanistic details on the role of ethanol
present in the PL-1 purifying liquid. Ethanol can modify the interfacial tension and alter the
surface properties of metal hydroxide particles, potentially decreasing their hydrophobicity
and reducing their adhesion to gas bubbles. This may explain the observed decrease in
removal efficiency when PL-1 is introduced. In contrast, other additives such as penetrants
may promote surface activation or stabilization of dispersions, thus enhancing flotation under
certain conditions.

Figures 6-9 present data on the efficiency of electroflotation removal of metal ions
(double co-presence) depending on the type of the organic additive used. In all experiments
of the considered cation pairs, the increase in the additive concentration above 10 mg/I did not
give additional increase in the purification efficiency, but created secondary water
contamination by organic substances.
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Figure 6. Efficiency of electroflotation removal of metal pairs depending on the concentration of
organic additive PL-1
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Figure 7. Efficiency of electroflotation removal of metal pairs depending on the concentration of
organic penetrant additive
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Figure 8. Efficiency of electroflotation removal of metal pairs depending on the concentration of
organic varnish additive
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Figure 9. Efficiency of electroflotation removal of metal pairs depending on the concentration of
organic solvent additive

The graph shows (figure 6) that an insignificant amount of the additive (1 mg/l) has a
negative effect on the electroflotation removal of all metal pairs. When the concentration of
the additive is increased, the purification efficiency significantly increases in all systems and
is especially pronounced for the Cu-Ni pair (2-fold increase in removal efficiency).

The addition of penetrant in any amount negatively affects the electroflotation removal
efficiency of the Cu-Zn pair (figure 7). For the Cu-Ni pair, the removal rate was maximal at
an additive concentration of 10 mg/l, whereas lower concentrations of the penetrant led to a
slight decrease in the pollutant removal efficiency. In the system Ni-Zn, even the minimum
additive allowed an almost 3.5 times greater removal efficiency, but a further increase in the
concentration of organic additive gradually reduced the purification efficiency from 75% to
50%. The results showed p-values > 0.05, indicating no significant difference between the
purification efficiencies at 10 mg/L and higher concentrations.

In all studied systems, the introduction of varnish makes it possible to significantly
increase the efficiency of electroflotation removal (figure 8). For nickel-containing pairs (Cu-
Ni and Ni-Zn), flotation efficiency initially increased (2.5 times for Ni-Zn and 1.5 times for
Cu-Ni), but a further increase of varnish concentration leads to a negative result.

As can be seen from the data in figure 9, the addition of solvent has a negative effect on
the efficiency of electroflotation removal of Ni-Zn and Cu-Zn pairs. For Cu-Ni system, a
pronounced increase in efficiency (8 times) was observed; the maximum result was achieved
in the range of additive concentrations 5-10 mg/I.

Significant differences in the influence of various organic additives on the efficiency of

electroflotation removal of metal mixtures can be explained as follows.
The components of PL-1 (figure 6) are non-ionogenic surfactants, which significantly inhibit
the electroflotation processes [39-40]. Ethanol, which is part of the purifying liquid, is able to
adsorb on the surfaces of copper and nickel hydroxide, increasing their hydrophilicity, which
also interferes with the efficiency of the process [39].

The penetrant based on hydrophobic ditolyl methane in a hydrophilic butyl alcohol
solution is characterized by a low degree of adsorption on the surface of nickel and copper
hydroxides, and therefore has no significant effect on the flotation efficiency [40]. Zinc-
containing pairs, probably, on the contrary, are exposed to the penetrant (high degree of
adsorption) and the degree of removal for these systems significantly increased (figure 7).

For varnish, the increase in flotation efficiency is primarily due to the binding effect of
phenol-formaldehyde component (a process similar to flocculation), aggregation of particles
and their increased hydrophobicity, since the resin is lyophobic (figure 8). The presence of
ethanol in the solution has an inhibitory effect on the flotation process.
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In systems with a complex composition solvent based on butyl acetate, acetone, and
xylene there are competing processes of adsorption on the surface of particles of hydroxides
ofhydrophilic and hydrophobic components, which, depending on the metal-containing pair,
can have no effect or, conversely, significantly intensify the process.

4. Conclusion

An analysis of the influence of anionic composition on electroflotation efficiency for
metal ion removal shows that chloride-containing systems are the most favorable, ensuring
stable flotation with ~98% removal at pH 10.0. Nitrate systems perform similarly, except for
Fe, which shows ~80% removal. Sulfate-containing media are also effective, especially
within pH 8.0-10.0, avoiding the formation of soluble amphoteric hydroxides. Under these
conditions, metals like Zn, Cu, Ni, and Co can be nearly completely removed. Carbonate
media also demonstrate high efficiency—over 95% for Zn, Cu, Fe, and Co, and ~90% for Ni.
Sodium carbonate is both cost-effective and a strong alkalizing agent, with an optimal pH of
10.0. In contrast, phosphate anions severely inhibit electroflotation, likely due to the
formation of stable, non-floatable complexes. Thus, phosphate-containing surfactants and
phosphorus-based compounds should be avoided. The second part of the study examined the
effect of organic additives on electroflotation of metal ion mixtures (Cu-Zn, Ni-Zn, Cu-Ni). In
the Cu-Ni system, a solvent improved removal more than threefold, while a purifying liquid
reduced it; varnish and penetrant had little effect. Zn-containing systems responded variably:
the solvent had minimal impact, but varnish improved efficiency. In Ni-Zn, purifying liquid
raised removal by 10%, and the penetrant boosted it by 300%. In Cu-Zn, varnish and
purifying liquid increased removal by 200%, while the penetrant caused a 400% drop. These
results underscore the importance of accounting for organic additives when designing
electroflotation systems, as they can significantly alter performance.
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