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Purpose. Demonstration of the positive effect of an applied electrochemical impact on the i) flotation of lead-zinc (Pb-
Zn) and copper-molybdenum (Cu-Mo) ores with the aim to improve the metals recovery from impoverished and lean ores, ii)
treatment of wastewater from mineral processing to meet the environmental regulations.

Research methods. Laboratory, pilot scale and industrial experiments on electrochemically aided flotation and waste
effluents treatment, instrumental analytical methods - pH and oxidation-reduction potential measurements, AAS and ICP-
OES.

Scientific and practical value. An attempt to explain i) the improved flotability with the semiconducting properties of
minerals, ii) removal of elements from waste effluents with the oxidation-reduction potential of the corresponding water pol-
lutants.

A possibility to improve the flotation separation and to increase flotation recovery at decreased use, even avoidance, of
some toxic flotation reagents and to decrease discharge of polluted water into environment.

Research results. Experimentally derived at laboratory level relation between i) flotation recovery of sulfide minerals
and contact potential difference (CPD) between the mineral surface and an Au electrode; ii) copper, molybdenum and iron
recovery in the flotation concentrate and the pulp oxidation -reduction potential (vs. SHE).

Data showing the positive effect of applying an electrochemical impact i) improved copper-molybdenum selection at pi-
lot scale, ii) recovered copper and removed pollutants (arsenic, sulfates) from waste effluent at semi-pilot scale, iii) increased
lead and zinc recovery at industrial scale.
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Problem and its connection with scientific and practical tasks. In the conditions of the increas-
ingly impoverished ores and the more and more complex composition of polymetallic ores and at the
same time the higher requirements for protection of environment and human health, it is necessary to
create technological solutions for ore processing in order to increase extraction of valuable compo-
nents while minimizing the amount of harmful reagents used. New effective technologies are also
needed for the treatment of wastewater and leachate from technological processes, aimed not only at
bringing waste effluents to regulatory requirements for environmental protection, but also the recovery
of valuable components from them.

Analysis of recent achievements and publications. The idea to improve the technological re-
sults by applying an energy impact on the minerals before the flotation or on the flotation pulp has
been laid down in the works of Plaksin and his colleagues [1], Carta and co-workers [2], Glembotsky
and co-authors [3], Hoberg and Shneider [4], Rao and coauthors [5]. The theory and practice of impos-
ing an electrochemical impact with the aid of electrodes immersed in the flotation pulp during the
conditioning stage or directly during the flotation stage has been developed and presented to the scien-
tific community by Chanturia and his colleagues [6,7], as well as by Abramov [8]. The aim of apply-
ing an energy impact is to change the minerals surface properties in a suitable manner, so to ensure
higher activation of some minerals and deeper depression of others - both resulting in better minerals'
selection. For example, different methods can be used to change the oxidation of molybdenite and
chalcopyrite thus to ensure their better separation, such as application of plasma treatment [9], use of
sodium hypochlorite [10], electrolysis or ozone treatment [11].

Statement of the problem. The current work presents our experience in the application of elec-
trochemical treatment of flotation pulp in flotation of lead-zinc, copper-molybdenum-pyrite ores with
minimizing the use of classical reagents. This leads to an increase in both the extraction of the main
components and the noble ones, as well as a significant environmental and social effect. At the same
time, a similar type of impact was applied in the processing of waste fluids - leaching acids generated
during the processing of sulfide ores in metallurgical plants, as well as mineral processing wastewater
that contains molybdenum and sulfates.
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The motivation for our choice is that applying an electrochemical impact is easily realizable and
controllable. The process fundamental nature is the charging (positively or negatively) of the mineral
particles in the flotation pulp with the help of the working electrodes, immersed in the pulp or
wastewater. In the case of flotation the charging can cause a proper activation or depression of mineral
particles, thus leading to the improvement of the selection, recovery and concentrates' grade, as well as
to the decreased use or substitution of reagents that are dangerous to humans and to the environment.
In the case of wastewater treatment the imposed electrical potential causes reduction and oxidation
processes to proceed on the electrodes thus leading to effluent purification and metals recovery.

Presentation of the main material and results. The changes caused by the electrochemical
treatment of the flotation pulp are based on the semiconductor properties of the minerals. The flotation
ability of a mineral-semiconductor can be expressed by the flotability coefficient K; which depends on
the Fermi level energy Eg; before flotation (or the Fermi level E[, after a preliminary treatment of the
mineral, for instance by doping with proper donor or acceptor impurities, as well as treatment in an
atmosphere of 0zone or oxygen, operating as acceptors) and the Fermi level Eg, after flotation
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where E;=E,/2 is a mid-way of the forbidden band E,, around which the Fermi level varies. If Eg; or
E{, is situated near to E;, and Er, (after flotation) comes near to the bottom of conductivity band Ec or
to the top of the valence band E,, maximum flotability shall be achieved. If Eg; is far from E;, good
flotability would be achieved, if after proper preliminary treatment E;, gets close to E;. Obviously,

the difference |EF1 - E;1| expresses energy flotation deficiency and determines the intensity of energy

impact needed before flotation, in order to achieve maximum flotability of minerals [12].

When the mineral particle comes into contact with a charged metal electrode for milliseconds, the
particle receives the charge of the working charged electrode, which leads to a change in its properties.
The main impact is observed on the surface of the mineral-semiconductor particle. A bands' bending
appears in the surface areas in one direction or another (fig. 1), which is associated with the enrich-
ment or depletion of electrons in the near-surface area. This in turn effects the interaction of the min-
eral with a given reagent and as a result can lead to depression or activation of the mineral particle

without the use of typical depressant reagents or activators.
Fig. 1. Common view of the energy state of the
% L2 mineral surface at activation (A) and depression (D):
E. - conduction band; E, - valence band; epy and
& e, - surface barrier formed after the electrochemi-
Epy Er  cal impact; Lp; and Lp;, - Debye length of screening

Ec

E, /?f e The measurement of the degree of bend-
L1 ~ ing of the energy zones on the mineral's sur-
/ face is carried out using the method of con-
@ @ tact potential difference (CPD) - the Kelvin-
Zissman method. The measurement is per-

formed against a standard electrode (a gold plate). The principle of this measurement is shown in fig. 2.

E E Fig. 2. Zone energy diagrams of n-type semiconductor
E, E, mono-mineral sample: a - initial sample; b - after ozonation;
Epp=——————————a -t— \.— E¢ - bottom of conduction band; E,, - the top of the valence
D }E_F_ e band; E; - middle of the forbidden band; Eg - the Fermi level

Dy P ! in n-type semiconductor; Era, - the Fermi level in a gold
electrode; L, - width of the near surface bending area (barri-
er layer)

Ej

E, E, !
Ipd——7—"-—

Lo The concept of changing the flotation prop-
3 % erties of semiconductor minerals by modification
of their surface (traced by measuring the CPD) through ozonation was tested. Investigations were car-
ried out with mono-mineral samples of galena, sphalerite and chalcopyrite from Bulgarian deposits.
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Samples were ground to 0.1 mm and put in a special porcelain chamber, filled with ozone, produced
by a laboratory ozonator with an output of 6 g/h. The ozonation varied from 2 min for sample Ne 2 to
12 min for sample Ne 7 with a step of 2 min and from 13 min for sample Ne 8 to 20 min for sample No
I5 with a step of 1 min, sample 1 was not treated. Immediately after the CPD measurement, ozonated
samples were subjected to 5 minutes flotation under standard conditions (collector - potassium isobu-
tyl xanthate - 40 mg/L, frother - pine-oil - 0.075 mg/L, distilled water - as flotation medium).

Typical experimental dependencies between the recovery ¢ and CPD of studied minerals n-PbS,
n-ZnS and n-CuFeS; are shown in fig. 3.
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Fig. 3. Experimentally derived dependence of flotation
recovery ¢ from the contact potential difference

As it can be seen in fig. 3, in the interval of
CPD from 140 to 80 mV the recovery sharply
increases from 10% to 90%. Further prolongation
of ozonation lead to saturation, i.e. the curve
tends to the maximum value of &.

Hence, there is an optimum duration of the
preliminary treatment, resulting in maximum re-
. ' ‘ . . . _cpp - covery. For example, for n-CuFeS, under consid-

0 50 100 150 200 250 300 35 mv eration the optimum time was 20 min.

In laboratory experiments on copper-molybdenum selection one kg of Cu-Mo-Py ore was used in
laboratory experiments and the flotation was carried out with Denver flotation machine (3 L) and
newly developed flotation cell [13]. Electrodes' immersion into the flotation pulp with the aid of
auxiliary spaces of the new cell ensured the electrochemical impact. Graphite and stainless steel were
used for anode and cathode correspondingly. The applied potential was controlled by a laboratory
potentiostat. The ORP in all experiments, described in the paper, was measured with a laboratory

Metrohm pH-mV-meter and combined ORP electrode.

In the “classical” experiments Nockes (sodium dithiophosphate) was used to depress copper
minerals, Ca(OH), - to depress pyrite and Na,CO; was the pH regulator.

In the both sets of experiments potassium xanthogenate was used as collector and the frother was
Dowfroth. The experiments were conducted with different flotation times — from 1 to 7 min. The obtained
rough concentrates for the different flotation times were collected, analyzed and results are presented in fig. 4.

Fig. 4 points at the relationship between the pulp potential, which changes by changing the degree of
electrochemical impact and the extraction of copper and molybdenum minerals. This creates conditions for
optimal selection without the use of the typical depressor of copper minerals - in this case Nockes.
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Fig. 4. Relation between the recovery of Cu, Mo and Fe in the flotation
concentrate and the pulp ORP (vs. SHE): A - Mo, ¢ - Cu, m - Fe

LA AT
Mo’,‘—";r_*_‘% Copper recovery was increased with 6.7 %, molybdenum re-
= s <9 covery was increased with 4.9 % with respect to “classical” ex-
g ;"/'Fe/ by periments. In addition, silver recovery in copper concentrate was
g |/ 21| risen with 8.8 %.
Ve Cu k The results of pilot studies with the same type of ore,
1 conducted with 20 times more material, with a corresponding

scaling of flotation conditions, are shown in table 1.
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Table 1
Results from experiments on Cu-Mo selection, made under different conditions
Conditions Nockes % Recovery Mo, % Recovery Cu, % Machine
Standard (air) 100 94.05 19.04 Wemco
Elchem. treatment - 6 min; (air); 15 mA/cm? 20 95.47 16.54 Wemco
Standard (N,) 100 95.62 15.45 Wemco
Elchem. treatment - 6 min.; (N,); 15 mA/cm? 10 96.04 12.95 Wemco
Elchem. treatment - 6 min.; (N,); 15 mA/cm? 20 96.93 3.24 Agitair

Elchem. = Electrochemical; 100 % Nockes = 2,5 g/L
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In laboratory experiments on lead-zinc selection one kg of the sulfide lead-zinc ore, bearing 1.12
% Pb and 1.41 % Zn was used. Electrodes, immersed in the flotation pulp and made of different mate-
rial, were used in experiments on zinc activation and depression. No other changes were made with
respect to classical conditions except of replacement of sodium cyanide (NaCN) and copper sulphate
(CuS0,) addition by direct current imposing. Results are presented in fig. 5.
{ Fig. 5. Results from laboratory experiments on depression and

activation of sphalerite without NaCN and CuSO, but with an ap-
plied electrochemical impact

.
e, %1

The results shown in fig. 5, after additional extend-
ed laboratory experiments, made it possible to move to
industrial study of the proposed technological ap-
S T e S e S5 proach. Denver 300 machines were used, the ore con-

b tained 2.17% Pb and 1.92% Zn.

A collective-selective flotation scheme was implemented. In the classical mode, without electro-
chemical treatment, the reagents were: sodium isobutyl xanthate 60 g/t, sodium sulfide (Na,S) 55 g/t,
CuSQ,4 135 g/t, frother T-80 40 g/t, zinc sulfate (ZnSO,) 320 g/t, NaCN 20 g/t. In the flotation process
with electrochemical impact, the reagents NaCN, CuSO,4 and ZnSO, were removed. Electrochemical
activation and depression of zinc minerals were performed by introducing the corresponding electrode
modules in the flotation cells (fig. 6). The results are shown in table. 2.

In addition to the improved results in the Pb-Zn selection (table 2), the recovery of silver in Pb
concentrate was increased by 4.05 %.

Y
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Fig. 6. Modules in the industrial experiments: 6a. - A separate electrochemical module for depression of zinc minerals:
1,2 - working and auxiliary electrodes, respectively; 3,4 - power supply lines; 5 - studs regulating the distance between elec-
trodes; 6 - rubber limiters; 6b. - Photo from the industrial implementation - modules located in flotation machines

Table 2

Results from industrial experiments on Pb - Zn selection without lime, NaCN and CuSO,
Parameter Ore Pb Concentrate Zn Concentrate Tailings
Flotation type Pb,% | Zn, % | Pb,% | Zn,% | Pb,% | Zn % | Pb,% | zn % | o % | ez %
Classical 1.69 1.72 68.23 | 4.83 1.47 49.89 0.34 1.01 91.62 75.50
Technology
Electrochemical 1.62 1.12 71.41 2.87 1.04 51.09 0.26 0.95 94.35 | 81.06
Impact

Another possibility for application of the electrochemical impact is to treat wastewater generated
by the flotation of copper-molybdenum ores. The aim was to reduce the concentration of sulphates
(with initial concentration 2000-2200 mg/L) and dissolved molybdenum (with initial concentration
1.9-2.2 mg/L). The treatment was carried out in electrolytic cells with graphite electrodes and anodic
and cathodic compartments separated by a special ceramic membrane - fig. 7.
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Fig. 7. General appearance of the enlarged laboratory plant

Sulfate concentrations in the range of 900-1100 mg/L and
molybdenum concentrations in the range of 0.8-1.2 mg/L were
found in the treated water. No additional chemicals were intro-
duced in conditioned water and voluminous sludge was not
formed.

The method is based on electromigration, electroosmosis,
electrolysis and subsequent secondary processes.

Analyses showed that ions that migrated due to the electrical
field application were predominately sulfate, molybdate, sodi-

um, potassium, calcium

and magnesium. Sulfate ions were concentrated in anolyte. Precipitation/co-precipitation of some low-
soluble sulfates and/or sorption of sulfates on other solids precipitated in cathodic compartment addi-
tionally decreased their concentration in treated water. Anionic molybdenum species passed into
anolyte.

>[/)tifferent polymolybdates were formed due to anolyte high acidity. They were precipitated or re-
tained by the filter. The conditioned water met the standards with respect to its acidity - its pH value
was 8.0-8.5.

The electrochemical impact was applied to recover copper (Cu) and arsenic (As) from washing
acids from copper production without use of additional reagents. The washing acids contained these
elements in high concentrations (over 10 g/L).

Generally, commercial copper (85-92 % Cu and 3.5-1.5 % As) was deposited on cathodes due to
cathodic reduction of copper ions. After Cu separation, the electrode was changed and As was elimi-
nated on cathode as harmless (under normal conditions) solid material, containing elemental As and
some As species as a result of a series of reactions involving the reduction of arsenic species.

Conclusions and direction for further research. The following conclusions can be drawn from
the presented results:

The use of electrochemical treatment of flotation pulp makes it possible to improve the selection
and extraction of the main and noble components contained in the ore;

The technology makes it possible to eliminate the use (or reduce it to a safe minimum) reagents
harmful to the environment and humans;

In the future it is possible to control and manage the flotation processes based on the information
about the surface energy state of the mineral phase in the different stages of the process;

It is possible to purify wastewater and acids and neutralize them due to the electrochemical effects
without the use of reagents, as the process is effectively manages by controlling the electrical parame-
ters.
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OHIHKA CYYACHOI'O CTAHY TA IEPCHEKTUBHOI'O PO3BUTKY
I'TPHUYOJOBYBHOI'O KOMIUIEKCY YKPAIHHN

Meta. MeTo10 poOOTH € BCTAaHOBJICHHS OCHOBHHX MPOOJIEM, MOB’A3aHUX 3 TPUBAJIOIO Ta IHTEHCHBHOIO EKCILTyaTalli€lo
POMOBHII 3ali30pyAHOI CHPOBMHM, Ta BH3HAUCHHS OCHOBHHMX IIPIOPHTETHUX HANpPSAMIB IEPCIEKTUBHOIO PO3BUTKY
MiAPUEMCTB TIPHUYOI00YBHOTO KOMIUIEKCY YKpaiHu, peamizallis SKHX CIpsSMOBaHA Ha CTaOUTi3aIlifo BUPOOHMYOI Hisiib-
HOCTI, 33JIOBOJICHHS ITOTPE0 BHYTPIIIHBOTO Ta 30BHIIIHBOTO PHHKIB 3a1i30pyAHOI0 CHPOBHHOIO, 3HIKEHHS HETaTHBHOTO THCKY
BUPOOHHYO] AiSUTEHOCTI TPHUYOM00YBHUX IiIPUEMCTB Ha JOBKIILIS:

MeTtoau mociimkenHsi. BukopucTaHo KOMIDIEKCHUIT MeTOJ, SIKMH BKJIIOYAe B ceOe aHaii3 Ta y3aralbHEHHs HEraTHB-
HUX (aKTOpIB, IKi CTPUMYIOTH MOJAIBIINK Ta e()eKTUBHUI PO3BUTOK MiANIPUEMCTB TipHUYOI00YBHOTO KOMIUIEKCY Ta BILIMB
iX isTIBPHOCTI HA JOBKULIA, PAKTUYHUI CTAaH TipHUYHX POOIT Ta BUPOOHUYMX KOMIUIEKCIB, SIKi IEpEpOOIISIOTh CUPOBHHY, K
OCHOBH [UIsl BU3HAUCHHS MIPIOPUTETHUX HANPSAMIB CTAJIOTO PO3BUTKY MiAIPHUEMCTB TIpHHYOA0O0YBHOTO KOMIUICKCY Ha TPHBa-
Jy NEepCIEKTUBY.

HayxoBa HoBHU3HA. 32 paXyHOK KOMILIEKCHOTO MiIXOAy J0 BUPIMICHHS OCHOBHHX MpOOJIeM BCTAHOBIICHA 3aJICKHICTD
BIUTHBY Crieln(piuHUX 0COONMMBOCTEH Ha e()eKTUBHICTH BUPOOHNYOI JisITBHOCTI, 10 JO3BOJIMJIO BU3HAYUTH OCHOBHI TpiopH-
TETHI HaNPSIMU MOAANBIIOTO OUTBIT e()eKTHBHOTO PO3BUTKY TipPHUYOA00YBHHX MiIPHEMCTB Ha TPUBAITY HEPCIEKTHBY.

[pakTnuna 3HaymMicTh. Peamizaris NpIOPUTETHHX HANPSAMIB NEPCHEKTHBHOTO PO3BHTKY TipHUYOJ00YBHHX
HIiNPUEMCTB JT03BOJIUTh CYTTEBO PO3LUIMPUTH CHPOBHHHY 0a3y Ta CTBOPUTH MO3WUTHBHI YMOBH IOJAAJIBINOI MIATPUMKH BHPO-
OHMYMX MOTYKHOCTEH 3 BUIOOYTKY Ta MEPEepOOKH 3aIi30pyIHOI CHPOBUHH, BUPOOHHUIITBY KOHKYPEHTOCIIPOMOXXHOI TOBapHOT
MPOIYKIIii, 32I0BOJICHHS IOTPeO BHYTPINIHEOTO PUHKY Ta 30epEeKEHHS eKCIIOPTHOTO MOTEHIIIATy KpaiHu.

PesyabraTn. KOMIJIEKCHUH MiIXiA 10 BCTAHOBJCHHS OCHOBHHX MPOOJIEMHMX IUTaHb Ta X B3a€EMO3B’A30K 3 MOJAb-
MM 301TBIICHHSAM TIHOMHN PO3POOKH POIOBHI KOPHCHUX KOTAIWH B CKJIQJTHHUX TIPHHYO-TEOJIOTIYHMX YMOBAaX IIO3BOJIIE
ONTHMI3yBaTH 0OCSITH PO3KPUTTSI, TPAHCHIOPTHI CXEeMHU BHIavi FpHUYOT MacH Ha TIOBEPXHIO 3 HOAAIBIINM PO3BUTKOM Pi3HHX
BUJIIB TPAHCHOPTY, y TOMY YHCIIi B KOMOiHaMLisAX 3 MOTTHOJICHHSIM KOHBEEPHHUX TPAKTIB UKJIIYHO-TIOTOKOBHUX TEXHOJIOTIH.

KorouoBi ciioBa. 3amizopyaHa CHpOBHHH, KOS(DII[iEHT PO3KPUTTS, KOMIUIEKCHE BUKOPHUCTAHHS HaJp, TIIMOWHA po3po0-
KH POJIOBHIL, TPAHCIIOPTYBaHH, KOHBEEPHI KOMIUIEKCH, 30arayeHHs, KOHKYPEHTOCIIPOMOXKHICTh TOBapHOI NMPOAYKILil, Hera-
TUBHI HACIIIKA BUPOOHUYOI iSTIBHOCTI HA JOBKIJIIA.
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IIpo6siema Ta ii 3B'M130K 3 HAYKOBUMH Ta NMPAKTHYHUMHM 3aBAaHHsAMH. [locTiliHe 3pocTaHHS
HETaTUBHOTO THUCKY CIIEHU(IYHMX OCOOIMBOCTEH TpHUYOPYAHOTO0 BUPOOHHUIITBA HETATHBHO BIUINBAE
Ha e(DeKTUBHICTH pOOOTH IiIPUEMCTB TiPHUIOA00YBHOTO KOMIUIEKCY 1, HacaMIiepe, Ha KOHKYPEH-
TOCIIPOMOXKHICTh TOBapHOi MPOAYKLii, 5IKa 1 MO TEMepilliHii Yac 3aJMIIAETbCS AY)KE Bpa3inBa 0
Oyab-sSKMX KOJIMBaHb HA BHYTPIIIHBOMY Ta 30BHIIIHBOMY PUHKAX ii CIIO)KUBaHHS.

3 IHTEHCHBHUM 3HW)KEHHSM TJIMOMHU BiANPAIIOBAHHS 3allaciB 3aj1i30pyaHOT CUPOBHHHU B CKJIaj-
HUX TipHHYO-TEOJOTIYHMX YMOBaX THUCK IIMX HETaTWBHUX SIBHII TUTBKU MiJICHIIOEThCs. He3axaroun
Ha Te, 10 BUPILIEHHIO Ipo0JIeM, sIKi B IPOLeci eKCILTyaTallii poJOBUII KOPUCHHUX KOMAJIMH HAKOIIHYY-
BAJIMCS JCCATUPIYUSMH, MOCTIHHO MPUAsIIack oco0nnBa yBara, MUTaHHS LIOAO 30€peKEeHHS CHPO-
BUHHOT 0a3H, Mojiaiblia MiATPUMKa JIF0UUX BUPOOHUUYUX TIOTYKHOCTEH Ta MiIBUIIEHHS e(DEeKTUBHOCTI
POOOTH TipHIYO100YBHUX MiAMPHUEMCTB 3IMIIAIOTHCS AKTYaIbHUMH 1 Ha TETEPILHii Jac.
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