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Introduction

A
t the enterprises where galvano-chemical processes 

are used for surface treatment of various metals, 

the sewage contains a large quantity of non-ferrous 

metal ions (Cu, Ni, Zn, Cd, Co, Sn, Pb, Cr, Al, Fe) as well 

as various acids (HCl, HNO3, H2SO4, H3PO4), neutral-

izing of which produces inorganic salts (NaCl, NaNO3, 

Na2SO4, Na2CO3, Na3PO4) that affect coagulation, 

sedimentation and flotation [1–3]. There are published a 

wide range of works on wastewater treatment from non-

ferrous metal ions using various methods: chemical, phys-

ico-chemical, membrane, sorption, and electrochemical 

[4–9]. Among the electrochemical methods for the puri-

fication of sewage from non-ferrous metal ions, electro-

coagulation [5, 10–12] and electroflotation [13–16] are 

widely used. Processes of wastewater purification from 

non-ferrous metal ions get frequently complicated by the 

presence of emulsions, SAS, ligands, organic solvents, and 

other inorganic contaminants [14, 17–18]. In practice, 

when treating the sewage of complex composition, several 

technologies are used together, being combined into wor-

king modules. Thus, coagulation, filtration, segmentation, 

pressure flotation, electroflotation and centrifugation are 

used for wastewater treatment from suspended substances 

(metal hydroxides) [1, 4, 8, 15, 19–20]. For the extraction 

of hydrophilic sediments (metal hydroxides) at low con-

centrations, electroflotation has a number of advantages [4, 

15–16]. The treatment of alkaline water-ammonia efflu-

ents containing complexing agents as well as copper, zinc, 

nickel, cobalt, and iron ions is a complex task. Information 

on the treatment of such wastewater of complex composi-

tion and multicomponent systems is limited.

The laboratory tests permit to work through the tech-

nology of complete extraction of a mixture of non-ferrous 

metal hydroxides in the electroflotation module and re-

duce the load on the microfiltration module. This article is 

devoted to the experimental results obtained on investiga-

ting the model wastewater.
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extraction of non-ferrous metal (Cu, Ni, Zn, Co, Fe) 

hydroxides from wastewater of various compositions in 

the presence of industrial surfactants 
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Objective: To improve the technology of electroflota-

tion recovery of non-ferrous metal hydroxides (Cu, Zn, 

Ni, Co, Fe) from wastewater of various compositions in 

the presence of industrial SAS on a laboratory installation 

of non-flowing type.

Main tasks: 
1. To determine the influence of the electrolyte na-

ture and pH of the solution upon the recovery ratio of 

Cu, Ni, Zn, Co, Fe hydroxides (NaNO3, NaCl, Na2SO4, 

Na2CO3, Na3PO4, NH4OH electrolytes).

2. To investigate the effect of SAS of various nature on the 

recovery efficiency for a mixture of non-ferrous metal hydro-

xides from sulfuric acid and ammonia solutions of electrolytes.

3.  To define passing conditions of the electroflotation 

process with a high recovery ratio for toxic contaminants, 

non-ferrous metal hydroxides. 

Research methodology

The electroflotation process study has been carried out 

on laboratory and experimental-industrial installations.

The influence of the wastewater composition, SAS, the 

nature of the ions forming the dispersed phase (hydro xide, 

carbonate, phosphate) and the role of a complexing agent 

have been studied on a non-flowing laboratory installation. 

The modes of gasing and mixing of solutions, current loads, 

the foam product stability and the time of water treatment 

in the apparatus have been studied at flow-through labo-

ratory and experimental-industrial installations.

The electroflotation process efficiency was evaluated 

by the recovery rate � (%) calculated by formula (1):

� = (Сinit. – Сcon.)/Сinit. · 100%. (1)

The concentration of iron, chromium and aluminum 

ions was determined by atomic adsorption method on a 

KVANT-AFA (“КВАНТ-АФА”) device (Russia).

To determine the physical and chemical characteristics 

of the dispersed phase particles, an Analysette NanoTec/

MikroTec/XT laser particle analyzer and a Malvern Zeta-

sizer Nano laser analyzer of particle characteristics in the 

submicron range and nanorange were used.

The investigations has been carried out using the equip-

ment of the CCU of Mendeleev University of Chemical 

Technology.

The details of the principles are described in the works 

of the authors presented in the reference list [21–22].

The main characteristics of SAS produced from hard-

wood (MTMh) and softwood (MTMs) species (anionic 

surfactants) are presented in Table 1.

Amine-type nitrogen-containing cationic SAS (col-

lectors) (R1 – R2 – NH2), as well as cationic surfactant 

SeptaPAV (СептаПАВ) based on didecylmethylammo-

nium chloride were used in the work.

In this article, we will consider the electroflotation 

process of extracting a mixture of hydroxides (Cu, Zn, Ni, 

Co, Fe) for two different systems:

System A. H2O + �Me(OH)2 + electrolyte (pH = 

= 8–11), where electrolyte: NaCl, NaNO3, Na2SO4, 

Na2CO3, Na3PO4, NH4OH.

System B. H2O + �Me(OH)2 + electrolyte + SAS 

(pH = 8–11), where SAS: Flon-1(cat.), STMs (an.); 

(Na2SO4, NH4OH).

Experimental results

The experimental data presented in Table 2 allow us to 

evaluate the kinetics of the process and its efficiency for each 

Table 1
Characteristics of the surfactants in use

Composition MTMh MTMs

Crude tall oils (%) by weight:

Fatty acids 37.7 36.0

Tarred acids 31.8 15.9

Stearins 7.0 13.8

Esters 2.2 4.8

Aliphatic alcohols 11.2 15.7

Resins 9.1 11.8

Water 1.0 2.0

Molecular mass, g/mol

333 345

CH3

CH3 Cl
–

+

N

R

R
�

�

��

Table 2
Influence of the background electrolyte nature upon the recovery rate of a mixture of non-ferrous metal

hydroxides at different times of EF

�, min

Recovery rate �, %

NaCl Na2SO4 Na3PO4

Me Me Me

Fe Ni Zn Co Cu Fe Ni Zn Co Cu Fe Ni Zn Co Cu

5 92 89 92 95 94 63 84 80 87 82 7 10 1 1 1

10 94 91 95 98 96 69 95 92 97 93 11 28 3 2 3

20 96 95 96 99 98 75 96 94 98 95 17 34 4 4 6

20* 99 99 99 99 99 81 99 95 99 99 83 94 94 94 95

* Additional filtering.
  Experimental conditions: с (�Men+) — 100 mg/l, с (Me2+) — 25 mg/l; с (of electrolyte) — 1 g/l; рН–10; Jv — 0.4 A/l.
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metal. In the NaCl solution, the rate of electroflotation re-

covery is high; 90–95% of all metals are extracted in 5 minu tes 

of the process. The hydroxide precipitate easily forms a flota-

tion complex; it is stable under long-term electrolysis (up to 

30 minutes) and has a flaky structure. In Na2SO4 solutions, 

the structure of the precipitate becomes diffe rent compared 

to that in NaCl: small flakes on which the gas bubbles H2, O2 

are poorly fixed. The main reason is the negative surface 

of the dispersed phase (�-potential �20–25 mV). Fe2+ 

ions are the least efficiently recovered: by 75% in 20 minutes 

(filtration provides a recovery rate of 81%), some of the ions 

are present in the solution as Fe2+ cations (at pH = 8–10) 

or FeO2
2–anions (pH = 10–11). The interfacial characte-

ristics of various metal hydroxides in aqueous solutions of 

electrolytes are presented in the review [4].

The influence of industrial SAS of various nature used 

in enrichment of aluminum oxide concentrates is studied. 

Previous investigations have shown that the positive SAS 

effect on electroflotation processes becomes apparent at 

low concentrations of 100–200 mg/l of metal hydroxides; 

5–10 mg/l is sufficient.

It was found that the cationic surfactant Flon-1 has a 

negative effect: the extraction ratio is reduced. The effect is 

due to the fact that the charge of the dispersed phase met-

als hydroxide is positive at pH = 10, since Cu(OH)2 and 

Zn(OH)2 precipitates are present in the solution as well as 

partially Ni+2, Fe+2, Co+2 ions, that form hydroxides at 

pH = 10–10.5 (Table 3). On the other hand, the anionic 

SAS have a positive effect on the kinetics of electroflotation 

process. The maximum degrees of extraction are achieved 

within the first 5–10 minutes. The main effect is associated 

with a change in the charge of the dispersed phase, small 

positive values of the electrokinetic potential at pH = 10, 

and the formation of negative �-potentials at pH > 10. 

Owing to the displacement of water molecules from the 

surface with the addition of anionic SAS, the surface is 

hydrophobized, which intensifies the process of electro-

flotation.

The weak effect of anionic SAS becomes evident as 

a result of the fact that in a solution of Na2SO4 there is 

present the surface-active anion SO4
2–, which competes 

with anionic SAS on adsorption points on hydroxide pre-

cipitates.

In the wastewater of many industrial plants, there 

are ligands, an ammonia solution, tartrate ions, various 

amines along with non-ferrous metal ions, which can 

form complexes. In this case, the extraction of non-fer-

rous metal ions passes less efficiently than in solutions of 

NaCl, Na2SO4, NaNO3, where strong complexes do not 

arise.

The low recovery rates of ions, primarily Cu, Zn, cor-

relate with the formation of ammonia complexes. Values 

of the stability constant of ammonia complexes Cu, Zn, 

Ni, Co, and Fe are presented below [23].

1) рК(Cu – NH3) = 12 

2) рК(Zn – NH3) = 9.3 

3) рК(Ni – NH3) = 7.5 

4) рК(Co – NH3) = 5.13

5) рК(Fe – NH3) = 3.7

The strongest complexes are formed by copper ions 

(the maximum value of pK); the Cu(OH)2 sediment for-

mation is hampered. Adding cationic surfactant into the 

H2O – �Me(OH)2 – NH3 – system provides high reco-

very rates, since the charge of the dispersed phase in excess 

of ammonia is negative. The �-potential � –10–12 mV 

cat. SAS is adsorbed in the dispersed phase. In the pre-

sence of cat. SAS the degree of electroflotation extraction 

reaches the greatest possible values.

Anionic surfactant STMx has a positive effect on the 

electroflotation process, primarily affecting the ions, 

which are less prone to form complexes. The main effect 

is connected with the displacement of NH3 molecules by 

anionic SAS and hydrophobization of the surface [4, 23]. 

The Cu-NH3 complex is quite strong and 14% remains in 

the soluble form [Cu(NH3)6]2+.

It was found that action of the second industrial sur-

factant STMh(an) is less effective, the difference in the re-

covery rate for the second surfactant (STMh) in a number 

of systems is 8–12% lower than that for STMs. Thus, 

despite the course of complexing processes, non-ferrous 

metals — NH4OH in the presence of SAS, as shown by 

Table 4, it is possible to extract efficiently the precipitation 

of non-ferrous metal hydroxides [4, 13].

It was established that the introduction of SAS into 

the solution affects not only the dispersed phase (charge 

change, particle sizes, surface hydrophobization), but 

Table 3
Influence of SAS upon the recovery rate of a mixture of non-ferrous metal hydroxides sulfate solutions

at different electroflotation times

�, min

Recovery rate �, %

Na2SO4 Na2SO4 + STMs (a) Na2SO4 + Flon-1 (c)

Me Me Me

Fe Ni Zn Co Cu Fe Ni Zn Co Cu Fe Ni Zn Co Cu

5 82 84 820 87 63 93 93 94 90 75 50 49 49 42 41

10 93 95 92 97 69 96 97 97 97 81 79 79 78 77 70

20 95 96 94 98 75 97 98 98 94 94 84 83 81 81 74

20* 98 99 95 99 81 98 99 99 99 91 99 99 93 98 95

* Additional filtering.
  Experimental conditions: с (�Men+) — 100 mg/l, с (Me2+) — 25 mg/l; с (Na2SO4) — 1 g/l; с (SAS) — 5 mg/l; рН–10; Jv — 0.4 А/l.



6

B E N E F I C A T I O N

also the release of H2, O2 bubbles on the electrodes. The 

main effects manifeste themselves during stabilization of 

the bubble size (�25 μm H2, �40 μm O2) the adsorption of 

SAS on the surface of the gas phase, which contributes to 

the effective operation of electroflotation not only in the 

laminar mode (Re < 1.0), but also in the transition region 

1 < Re < 40, which is important from a practical point of 

view for increasing the saturation gas maode [4, 13, 22].

To analyze the efficiency of wastewater treatment from 

a mixture of non–ferrous metal hydroxides, we can use 

�av = (z · �Me)/n, where n is an amount of metal instead of 

assessment of the recovery rate for each of the presented 

metals (�). It is important to note that the use of �av in 

this system is justified, since the toxicity of Cu, Zn, Ni, 

Co, and Fe ions is comparable, and one of the maximum 

permissible concentration (MPK) criteria is �0.01 mg/l 

for all ions, the maximum permissible discharge is at the 

level of 1–0.5 mg/l. In fact, the �av value сharacterizes 

the percentage of recovery of suspended matters (SM), 

namely a mixture of metal hydroxides.

The precipitates formed with Cu, Zn, Ni, Co, Fe 

cations and flocculating reagents NaOH, Na2CO3, 

Na3PO4 have different solubility and largely determine 

the residual concentration of ions in the solution. The 

solubility of hydroxides decreases in the following row: 

Co(OH)2 > Fe(OH)2 > Ni(OH)2 > Zn(OH)2> Cu(OH)2.

For the Cu(OH)2 precipitate, the solubility product 

(SP) is 5·10–20, whereas SP = 1.6·10–15 for Сo(OH)2.

Precipitates of carbonates are more soluble than hy-

droxides. The SP values are 1.4·10–10 for CuCO3 and 

1·10–10 for CoCO3.

The solubility of phosphates is significantly lower 

than that of hydroxides and carbonates and is as fol-

lows: SP Cu3(PO4)2 — 1.3·10–37; 9.1·10–31 — Zn3(PO4)2; 

5.3·10–31 — Ni3(PO4)2.

Complete information on the solubility of precipitates 

of hydroxides, carbonates, sulfides, and phosphates is pro-

vided in the reference books.

The recovery rate of the hydroxide mixture from pH of 

the medium and the nature of the background salts present 

in the wastewater (NaNO3, NaCl, Na2SO4, Na2CO3, 

Na3PO4) were studied.

The analysis of the experimental data presented in 

Fig. 1 has showed that the average rate of extraction of 

Cu, Zn, Ni, Co, and Fe ions in the pH range from 8 to 0 

for NaCl is 96–98%. The process of electroflotation pro-

ceeds quite quickly, the stationary values of � are set in 

4–5 minutes. High efficiency of the electroflotation proc-

ess for this system is determined by the structure of the 

dispersed phase, the particle size of 50–70 μm and small 

values of the �-potential at pH = 8–10 varies from ±2 mV 

to –6 mV. 

The specified conditions create a high efficient for-

mation of the flotation complex. In solutions of NaNO3, 

the recovery rate is by 6–10% lower than in solutions of 

NaCl, especially at pH = 8, where the solubility of the 

hydroxide precipitation environment a high degree of re-

covery of 81% (curve 2) is primarily due to the extraction 

of Ni (� = 82%), Co (� = 69%), Fe (� = 69%) is not ef-

fective.

For Na2CO3, Na2SO4 solutions, the �av values for 

pH = 8–10 practically coincide with that of NaNO3 

Table 4
Influence of SAS upon the recovery rate of a mixture of non-ferrous metal hydroxides in ammonia solutions

at different electroflotation times

�, min

Recovery rate �, %

NH4OH NH4OH + STMs (a) NH4OH + Flon-1 (c)

Me Me Me

Fe Ni Zn Co Cu Fe Ni Zn Co Cu Fe Ni Zn Co Cu

5 66 61 12 70 40 97 94 95 93 54 94 94 93 89 89

10 82 78 54 80 47 97 95 96 93 80 97 98 97 97 93

20 83 80 55 81 50 98 95 97 94 86 98 98 98 99 95

20* 92 94 71 96 57 99 98 99 98 86 99 99 99 99 96

*Additional filtering.
  Experimental conditions: с (�Men+) — 100 mg/l, с (Me2+) — 25 mg/l; с (NH4OH) — 500 mg/l; с (SAS) — 5 mg/l; рН–8.0; Jv — 0.4 А/l.
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Fig. 1. Influence of pH and the electrolyte nature upon the recovery rate 

of a mixture of hydroxides (Cu, Zn, Ni, Co, Fe): 

 1 — NaCl; 2 — NaNO3; 3 — Na2CO3, 4 — Na2SO4; 5 — Na3PO4, 

6 — Na3PO4 + SASc.

 Experimental conditions: с (�Men+) — 100 mg/l, с (Me2+) — 

25 mg/l; с (of electrolyte) — 1 g/l; с (SAS) — 5 mg/l; � — 20 min; 

Jv — 0.4 А/l
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solutions, at pH = 10, the value of �av is 94% (Na2SO4); 

96% (Na2CO3); 94 % (NaNO3).

During alkalization of the solution up to pH = 11, the 

recovery rate in Na2CO3drops to 84%, in Na2SO4 — up 

to 53%, in Na3PO4 — up to 4%. The indicated effect of 

a decrease in the � value correlates with a growth in the 

negative values of �-potential to 20–25 mV (Na2CO3) — 

25–30 mV (Na2SO4) and — 30–40 mV Na3PO4. With a 

change in �-potential, the particle size of the dispersed 

phase of oxides decreases up to 30±5 μm. The most 

significant effect is shown for the Na3PO4 solution 

(curve 5).

The prime reasons for low efficiency are the negative 

charge of the surface of the dispersed phase, the comple-

xity of the flotation complex formation (negative particles, 

the negative charge of H2, O2 bubbles), and the low reco-

very rate [4, 9, 11].

On the other hand, the addition of a cationic SAS 

to the solution (curve 6) increases the efficiency of the 

electroflotation process by 25% (pH = 8) by 40% (pH = 

= 11). The cationic SAS action is efficient for the dipersed 

phase of metal phosphates in an alkaline area, where the 

�-potential magnitude change from –20 mV (pH = 5) and 

to –40 mV (pH = 11).

The Mendeleev University of Chemical Technology 

and its industrial partner Evroekoplast JSC have held tes-

ting of the EF equipment production pieces with the ca-

pacity of 5 and 10 m3/h with insoluble anodes Ti/TiO2, 

RuO2.

Electroflotation cell for 5 m3/h. A single-sectional ap-

paratus with overall dimensions 1820�800�1600 mm, cur-

rent load 25 A, voltage 20 V (salinity 1 g/l).

Electroflotation cell for 10 m3/h. A two-sectional ap-

paratus with overall dimensions 2500�300�1600 mm, 

voltage 32 V, current load 50 A.

The efficiency of the EF device is 94–96% in the flow 

mode, the presence of organic emulsions and SAS in the 

sewage stabilizes the foaming process, reduces the time of 

wastewater treatment and increases the purification effi-

ciency. The production pieces of equipment are presented 

in Fig. 2.

Thus, using electroflotation with the greatest possible 

rate of extraction, one can reduce the load on 

the microfiltration module and to ensure its 

effective operation (Fig. 3).

For wastewater containing non-ferrous 

metal hydroxides, it is recommended to add 

industrial anionic surfactant STMs at the rate 

of 5–10 g/m3 at a suspended matter concen-

tration of 100–200 g/m3. The price for 1 kg of 

the STMs surfactant is 20–30 rubles/kg. With 

the content of ligands (NH3) and complexing 

agents Cu, Zn, Ni, Co in water, high recov-

ery rates are achieved when the cationic sur-

factant Flon-1 is introduced into the system.

Table 5 contains the microfilter flushing 

calculations at different values of the electro-

Fig. 2. The production pieces of equipment, output:

 a — 1 m3/h; b — 5 m3/h; c — 10 m3/h

Fig. 3. The module for removal of suspended matters (a mixture of metal hydroxides): 

 1 — tank for neutralization of waste water; 2 — EF; 3 — industrial tank; 4 — 

microfilter; 5 — flotation mud (SM); 6 — tank for filtrate; 7 — tank with SAS; 

8 – flocculator; 9 — water for washing the filter

а

b

c

H2O + SM + salts
NaOH

pH = 8–10

pH = 8–10

95–98%

2

9

4

3

2

7

1

6

H2O (industr.)

H2O + of salts 
SM < 1% 

 2–5% SM 

filtrate
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flotation cell efficiency in the presented module of the sus-

pended matter removal (Fig. 3).

The following set parameters were used for the calcula-

tion: cell capacity of 10 m3 /h, three-shift operation mode 

(24 hours), sorption filter with filteration charging. Wash-

ing was carried out at a pressure of 0.8–1.4 bar, with a sus-

pended matter concentration of 5–10 mg/l and an NTU 

turbidity of 20–40 units one time per hour. The washing 

time is 45–60 seconds. As the concentration of pollutants 

increases, the frequency of flushing increases. The EF 

efficiency for the calculations was 50, 75, and 95%.

The use of electroflotation permits to dramatically re-

duce the load on the mechanical filter, which ensures high 

efficiency of its operation and reduces the amount of 

hydroxide sediment after flushing the filter.

Conclusions

The investigations have shown that high extraction 

rates of contaminants, in particular, mixtures of non-

ferrous metal hydroxides, in the electroflotation process 

ensure the efficiency of the entire process chain of equip-

ment at sewage disposal plant.

The advantages of the electroflotation processes are as 

follows:

–  short process time (5–10 min.) and high degree 

(up to 99%) of purification;

– the possibility of simultaneous extraction of impuri-

ties that have different phase-dispersed composition from 

10 to 100 μm;

– relatively low power consumption (from 0.1 to 

0.5 kW·h/m3);

– the possibility of smooth regulation of the gas bub-

ble flow to control the process;

– the positive influence of the electric field upon the 

change in the physical and chemical properties of the 

purified dispersed system, which intensifies the process 

of coagulation and flocculation owing to the change in 

the current load;

– the useful capacity of flotation devices is 10–20 times 

less than that of precipitaion tanks, the time of deposition 

and electroflotation differs by 3–5 times;

– production of foam products with a lower humidity 

(90–95%) than that of the sediment formed in the pre-

cipitaion tanks (95–99.8%).

The advantages listed above explain the attention paid 

to the development and improvement of the electroflo-

tation process in many countries of the world, including 

Russia.

To implement the described technical solutions, a 

model line of electroflotation devices with a capacity of 

1–10 m3/h is suggested [14, 22]. The separation time in 

the devices does not exceed 10 minutes, power inputs are 

up to 0.5 kW·h per 1 m3 of the treated wastewater with a 

recovery rate of 97–99%. The cost of an installation for 

10 m3/h does not exceed 1.5 million rubles, the specific 

output of the equipment is 5 m3 of the water being purified 

per 1 m3 of a plant.

To organize a highly efficient water treatment system 

with water rotation, it is necessary to use two additional 

modules M2 — a sorption module for removing the solu-

ble organic compounds and M3 — a membrane module 

(reverse osmosis) of demineralization. The cost of these 

modules depends on the manufacturer (domestic, foreign) 

and varies in the range of 1.7–2.2 million rubles per 1 m3 

of the water to be purified.

The work was carried out with the financial support of the 
Mendeleev University of Chemical Technology (project No. 
Z-2020-004).
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