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Introduction

R
educing the level of irretrievable losses of metals

RRduring processing by transferring them into a po-RRtentially recoverable reserve, which can be moreRR
than 20%, may be achieved by selecting the optimal com-

bination of reagents in flotation modes, that provides an

additional extraction of target metals and, in that way, a

reduction of their losses with regard to the basic level of 

recovery indicators [1–6].

Analysis of the results of our earlier studies has

showed that the use of tertiary alcohols with triple bonds

as additional collectors in the flotation modes of various

types of non-ferrous and precious metal ores allows us to

obtain in some cases a significant increase in gold extrac-

tion [7–9]. 

Obtaining stable results on selective additional gold 

extraction has required the formulation of theoretical

points on the influence interpretation for DC and DC-80

alcohols with triple bonds on the flotation indicators of 

gold-bearing sulphide ores. The sulphide minerals sur-

rounding gold contribute to additional recovery, however,

we were interested in the interaction of acetylene reagent

molecules with gold cations located in the structure of sul-

phide minerals.

The objective of the present research in the theore-

tical aspect was to identify the cause-effect relations 

between the properties of reagents based on alcohols

with triple bonds and metal cations of minerals as well

as to establish the interaction regularities of reagents of 

the acetylene derivatives class with sulphide ore minerals

during flotation.

Methods and discussion of the results of modeling
quantum-mechanical parametersand investigating

the interaction regularities of reagents of the acetylene 
derivatives class with gold atoms

Modeling and calculating elementary quantum-chem-

ical parameters of the structures under study formed in the

flotation system were performed applying the methods of 

molecular mechanics, semiempirical and ab inito quan-

tum-chemical techniques with the use of Chem Bio3D 11.0 

package included into the ChemBioOffice 2008 suite of 

scientific applications (for Windows), developed by Cam-

bridgeSoft Corporation.

The MM2 technique was chosen as an intermedi-

ate step for preliminary structure optimization of the

complex organic compounds. The MM2 (Molecular 

mechanics) technique is designed for modeling and cal-

culating orga nic molecules. It takes into account the po-

tential fields generated by all the atoms of the calculated

system, in comparison with other methods of molecular 

mechanics [10].
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Because of the collision of a DC molecule, which

is a tertiary acetylene alcohol, with the surface of sul-

phide minerals containing gold cations, the formation of 

�-complexes can proceed in two ways, namely, nucleo-

philic and electrophilic. For calculated 2D models of DC 

molecules, in Fig. 1 there are shown the ball-and-stick 3D 

models of (DC+Au) complexes in (HUMO) state (Fig. 2, a)a
and in (LUMO) state (Fig. 2, b)bb .

For calculated 2D models of DC-80 reagent mol-

ecules (Fig. 3), there are shown the ball-and-stick 3D 

models of (DC-80+Au) �-complexes formed by a nucleo-

philic mechanism in the states: (HUMO) — Fig. 4, a anda
(LUMO) — Fig. 4, b.

Table 1 aggregates calculated data of the total poten-

tial energies of �-complexes formed by (DC+Au) and

(DC-80+Au) molecules, according to a nucleophilic 

mechanism.

Notation conventions for Table 1 are as follows: N is the 

selected molecular orbital in the HUMO/LUMO state, in

which the ionization field is measured by energy in elec-

tronvolts (eV).

Calculated data of the total potential energies of com-

plexes formed by (DC+Au) and (DC-80+Au) molecules

listed in Table 1 show that they have a very close value.

A DC reagent can form electrophilic �-complexes ac-

cording to the model shown in Fig. 5; the ball-and-stick 

3D models of (DC-80+Au) �-complexes are shown in

Figs. 6, a, b.
Table 2 represents calculated data of the total potential

energies of (DC+Au) �-complexes formed by an electro-

philic mechanism.

Comparison of calculated data of total potential en-

ergies of �-complexes showed that the energy of com-

plexes formed by (DC+Au) molecules by an electrophilic

mecha nism (Table 2) is an order of magnitude lower than 

the energy indicators of �-complexes formed by (DC+Au)

and (DC-80+Au) molecules by a nucleophilic mecha-

nism (Table 1).

Our earlier instrumental spectral IR studies and quan-

tum-chemical calculations have showed that chemical 

bonds are formed on the surface of floatable sulphide mi-

nerals as a result of adsorption of reagent molecules with 

triple bond [11].

All theoretical computations were formulated based on

fundamental classical concepts accepted in chemistry and
Fig. 1. Optimized computational 2D model of �-complex with DC

reagent, formed by a nucleophilic mecha nism
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physics. Based on the electronic structure, models of the

proposed complexes for alkynes [Аu]С2Н2 and alkenes

[Аu]С2Н4 were constructed, as well as the distinction in 

kind between the mechanism of their action in the process

of flotation was formulated.

We believe that the reason for additional gold recovery 

during flotation with the use of unsaturated alcohols with

triple bonds in the basic flotation modes is the specific be-

havior of alkynes, leading to the formation of �-complexes

in the course of collision of reagent mole cules with the

surface of sulphide minerals containing gold cations.

Meanwhile, the mechanism of forming �-complexes,

analyzed from the standpoint of electronic structure, has 

showed that the metal cation have to be in the ground 

state (В*=4) according to the electronic formula 79Au:
Fig. 3. Optimized computational 2D model of �-complex with DC-80 

reagent, formed by a nucleophilic mechanism
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Table 1
Values of calculated indices for total potential energy of ��-complexes formed by a nucleophilic mechanism

Calculated parameters
Index value for complexes

DC+Au [N-31], [-5.683 eV] DC-80+Au [N-24], [-5.703 eV]

Stretch 133.7206 133.1592

Bend 2437.9953 2433.1112

Stretch-Bend –28.3894 –27.4191

Torsion 0.4823 1.2066

Non-1.4 VDW –3.7237 –1.6617

14 VDW 4.2952 2.4300

Dipole/Dipole 0.9781 0.9926

Total energy, kcal/mol 2545.3584 2541.8187
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[Xe]5d106s1p2 in order to form [Аu]С2Н2 complex.

In this case, formation of �-complexes shown in Fig. 2, a

and Fig. 3, a will proceed by a nucleophilic mechanism

shown in Fig. 7, which has the structure of electron clouds

in (HUMO) state.

The ground (HUMO) state is characterized by the nu-

cleophilic substitution in the MO method, when electrons

are transferred from nucleophile (С2Н2) to the lowest free 

MO of the ligand (Fig. 7), and contact between the re-

agent molecule and metal cation is necessary. Additional 

energy is not required for the formation

of a nucleophilic complex.

At the same time, the formation of 

[Аu]С2Н2 complex can also take place

when the metal cation is in an excited 

(В* = 5) state with the electronic for-

mula 79Au*: [Xe]5d96s1p1. In this case, 

the formation will proceed according to 

the electrophilic mechanism shown in 

Fig. 8. The structure of electron bunches 

in (LUMO) state is shown in Fig. 2, b and

Fig. 3, b.

The excited state of a metal atom is

characterized by the electrophilic substi-

tution reaction in the MO method, when

electrons are transferred from the lowest

unfilled MO of a ligand to unfilled MO

of a nucleophile (С2Н2). Formation of an 

electrophilic �-complex requires external

additional energy so that electrons from 

5d orbital can move to an unoccupied d

valency 6d orbital, and a complex couldd

form upon collision with a reagent mo-

lecule, as shown in Fig. 8.

Formation of a �-complex for DC re-

agent can similarly proceed by an electro-

philic mechanism not only with a triple,

but also with a conjugated double bond 

existing in the structure of its molecules.

The nucleophilic model is construct-

ed taking into account the substitution

in the MO method, when electrons are

transferred from a nucleophile (С2Н2) to 

the lowest free MO of a ligand. The excit-

ed state is characterized by electrophilic

substitution in the MO method, when

electrons are transferred from the lowest

unfilled MO of the ligand to the unfilled

MO of the nucleophile (С2Н2) [12].

The universal property of acetylene

reagents is the priority of nucleophilic

nature (reagents transfer electrons) of 

substitution with metal sulphides in the

ground state, and electrophilic substi-

tution (reagents receive electrons from

transition metal atoms) with metal sul-

phides in the excited state, typical for al-

kene hydrocarbon atoms.

Based on the presented data, it is

possible to formulate some differenc-

es in formation of MeS �-complex in

(HUMO) and (LUMO) states: for the

Fig. 5. Optimized computational 2D model of formation of �-complex

with DC reagent by an electrophilic mechanism
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(HUMO) state, the lower (close

to the core) location of p-orbitals

provide greater stability of the

formed �-complexes than in the

(LUMO) state by the amount of 

energy equal to �+1.2 Ev, and, be-

sides, the arrangement of mo-

lecular orbitals in (HUMO) state

ensures selectivity with respect

to metal (in particular, gold) cat-

ions, what is relevant for provi-

ding additional selective recovery 

and separation of minerals in the

flotation process.

It is known that all chemical

reactions proceed through the

elementary stage of the forma-

tion of an “active complex” in the

transition state, when chemical

bonds in the starting substances

have already been broken, and

new ones are still at the stage of 

formation. Between the stages of 

initial and final states, it is neces-

sary to overcome an energy bar-

rier, the height of which corre-

sponds to the activation energy of 

this process, therefore, the small-

er the barrier value, the faster the

chemical reaction proceeds [13].

It is necessary to note the new

fundamental data obtained by 

theoretical physicists and con-

firmed by practical calculations

on electronegativity. Therefore,

for example, according to L. Pau-

ling, it has indicators for Au =

= 2.54 Ev–1/2, Fe = 1.8 Ev–1/2

and S = 2.5 Ev–1/2 [14]; the re-

fined values of electronegativity 

on the thermochemical scale are

a dimensionless number for Au =

= 2.81, Fe = 2.32 and S = 3.44. In

the new interpretation, all metals

have a lower electronegativity than

boron and hydrogen, which is in

better agreement with chemical

intuition than the Pauling values

[15–16]. Electronegativity is a

fundamental property of chemi-

cal elements that characterizes

the prevalence of an atomic bond,

if its value is less than 1.7, or an

ionic bond, if its value is greater 

than 1.7.

The addition of electrons is

accompanied by a decrease in

79Au: [Xe] 5d106s16p2

Electronic structure of [Au]C2H2 complex

C2H2:2P
2
 

2p 5d 6s 6p

79Au: [Xe] 5d86s16p2

Electronic structure of [Au]C2H2 complex

C2H2:2P
4
 

2p 5d 6s 6p

Fig. 7. Nucleophilic substitution in �-complex [Аu]С2Н2

Fig. 8. Electrophilic substitution in �-complex [Аu]С2Н2

Table 2
Values of calculated indices for total potential energy of ��-complexes

formed by an electrophilic mechanism

Calculated parameters
Index vzalue for �-complexes

DC+Au

Stretch 27.8788

Bend 213.4842

Stretch-Bend –11.2841

Torsion 42.5020

Non-1.4 VDW –1.6636

14 VDW 3.0133

Dipole/Dipole 0.0480

Total energy, kcal/mol 273.9786
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oxidation degree of gold atoms; these restrictive condi-

tions for alcohol compounds with triple bonds determine

their selectivity with respect to floatable minerals. The re-

fined values of electronegativity help to more accurately 

predict the result of the interaction of reagent molecules

with the surface of floatable minerals.

When reagents interact with floatable minerals, it is

necessary to take into account such an important property 

of some metals as the skip of electrons from an s-sublevel of 

the outer layer to a d-sublevel of the previous layer, which is add

deviation from the general rules for most elements in the fil-

ling of 1s, 2s, 2p2 , 3s, 3p3 , 4s, 3d, etc. electronic shells [17–18].dd

This is caused by the fact that it is more energy-advan-

tageous for such atoms when there is a half or fully filled 

sublevel р3; р6; d5dd ; d10; f7ff ; f14ff  in the atom [19].

In the atoms of elements in which the electron shell

structure is close to the aforesaid, premature filling of the

d-sublevel can be observed due to an irregular skip of andd

electron from the external s-sublevel to the underlying

(pre-external) d-sublevel (regular skips).dd

This rearrangement proceeds in the atomic valence

band (AVB) of the electron shell, which can be rear-

ranged during the formation of a chemical bond. AVB

includes, as a rule, an external s-sublevel (ns) and the 

sublevel that is filled in for this element. For gold, the

theoretical structure of the atom is 5d9dd 6s2, whereas the

actual one is 5d9 dd 6s2ss . 

Experimental verification and results of process
approbation of the use of collecting

reagents based on acetylene hydrocarbons
during flotation of gold ores

The selective effect of DMIPEC reagent in relation

to gold was shown during the flotation of copper ores 

of planned processing of the Novy Sibay and Nizhnyaya 

Zalezh deposits, where the increase in gold extraction 

averaged 2.5–5.0%; during the flotation of gold ore of 

the Akbakaysky mining and processing enterprise (Re-

public of Kazakhstan), the quality of the concentrate 

was improved by 20 g/t; an additional recovery by almost 

10.6% was obtained; the flotation rate has increased by 

65% [20]. 

Application of DMIPEC reagent in the flotation mode

of the Northern Aktash deposit gold-antimony ore has

showed a positive effect on the recovery rates and flotation 

time (Table 3).
Additional gold extraction amounted to (from the op-

eration): 26.3% into the rougher flotation concentrate,

2.4% into the total concentrate.

Subsequent studies of the selective action of reagents 

of the unsaturated alcohols class with triple bonds during

flotation of the Bereznyakovsky deposit gold-quartz low-

sulphide ore and the Olympiadinsky deposit gold-bearing

ore were carried out using DC-80 reagent.

The use of DC-80 acetylene reagent in the process

of flotation of the Bereznyakovsky deposit gold-quartz 

low-sulphide ore allows to significantly (up to 6%) re-

duce the loss of potentially recoverable metal reserves in 

the intercycle flotation (the research was carried out in 

common with the Institute of Comprehensive Exploita-

tion of Mineral Resources Russian Academy of Sciences 

and Nosov Magnitogorsk State Technical University in 

2021) [21]. 

The results of the DC-80 reagent selective action dur-

ing the flotation of the Olympiadinsky deposit gold-bear-

ing ore are shown in Table 4.
Total Cu recovery was 9.25% in the basic mode and

11.01% in the mode with DC-80 reagent; an additional

extraction of gold was 1.76%. It should be noted that 

Table 3
Flotation indicators of the Northern Aktash deposit gold-antimony ore

Product name Yield, %
Content,  g/t Recovery, %

Reagent consumption

Au Sb Au Sb

Rougher flotation concentrate 6.1 10.2 2.86 30.7 64.4
Basic experiment.
Rougher flotation:
Pb(NO3)2 – 150 g/t,
СuSO4 – 300 g/t,
BPX – 200 g/t,
Т-92 – 40 g/t

Scavenger flotation concentrate 26.6 3.88 0.269 51.0 26.4

Total concentrate 32.7 5.05 0.75 81.7 90.8

Tailings 67.3 0.55 0.037 18.3 9.2

Initial 100.0 2.02 0.27 100.0 100.0

Rougher flotation concentrate 14.4 8.4 1.42 57.0 74.0

Rougher flotation:
Pb(NO3)2 –150 g/t,
СuSO4 – 300 g/t,
BPX – 200 g/t,
DC – 40 g/t

Scavenger flotation concentrate 22.1 2.6 0.225 27.1 18.0

Total concentrate 36.5 4.88 0.71 84.1 92.0

Tailings 63.5 0.53 0.035 15.9 8.0

Initial 100.0 2.12 0.28 100.0 100.0
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in the case of flotation with DC-80 reagent, the consump-

tion of the main collector – butyl potassium xanthate 

(BPX) – was reduced by 50%. It is noteworthy that ap-

plication of DC-80 reagent during flotation does not

have a deleterious effect on the further bacterial leaching 

of concentrates.

Conclusion

The results of the presented studies have made it possi-

ble to put forward a hypothesis that allows us to objectively 

interpret the additional selective extraction of gold-con-

taining sulphide minerals, from 2.4 to 5.0%, in the case of 

inclusion of reagents based on alcohols with triple, as well 

as triple and conjugated double bonds, into the reagent

modes of flotation.

The most significant conclusion from the results of 

the conducted investigations is that the molecules of re-

agents with triple bonds have a selective ability to form 

�-complexes with metal atoms of floatable sulphide 

minerals. Such �-complexes, when metal atoms are in 

the “basic” energy state, are formed by a nucleophilic 

mechanism. When metal atoms are in an “excited” en-

ergy state, �-complexes are formed by an electrophilic

mechanism. Thus, a rise in the flotation activity of sul-

phide minerals and gold, which provides an increase in 

metal extraction, is associated with the selective action 

of reagents with triple bonds, which are tertiary alcohols, 

with respect to the atoms of sulphide metals in various

energy states.

Fulfilled calculations of the simplest quantum-chem-

ical parameters of the structures under study, the analy-

sis of the electronic structure of �-complexes formed by 

electrophilic and nucleophilic mechanisms, as well as 

formulated theoretical assumptions about the selective 

interaction between molecules of unsaturated tertiary 

alcohols and ions of floatable minerals are confirmed by 

the results of numerous flotation experiments. The use of 

such reagents with triple bonds increases the sulphide ore

flotation efficiency, which will provide an increase in the 

extraction of target metals due to the flotation of the pre-

viously unrecoverable part of minerals.
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