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The thermodynamic analysis of the reactivity of metal ions’ complexes with flotation
reagents

Abstract: The interrelation between the kinetic and thermodynamic characteristics of metal ions’
complexes with potassium butylxanthate and sodium dibutyldithiophosphate, and physical-chemical
parameters of minerals were considered. The correlation dependences for the activation energy of the
decomposition of dibutyldithiophosphate complexes of metals and an average atomic Gibbs energy of
formation of sulfide minerals were determined. The Evans-Polanyi-Semenov principle for complexes
of metal ions with S- and P-containing ligands was confirmed. The X-ray results analysis showed
that the concentrate contained chalcopyrite, pyrite, chalcocite and galena minerals. Further the
thermodynamic and kinetic parameters of formation of complexes on the sulfide minerals’ surface
were calculated according to the proposed dependencies using the averaged atomic Gibbs energy.
The interaction process of sodium dibutyldithiophosphate with sulfide minerals of Py-Cu-Zn ore was
described as diffusional interaction observed for the majority of minerals, and the kinetic interaction
observed only for chalcocite, which corresponds to the formation of durable surface compounds.
It was established that heat of complex formation processes correlates with the energy density of
minerals in particular. In this regard, both kinetic and thermodynamic components of solution
and solid substance (mineral) should be taken into account to develop flotation reagent regime for
polymetallic ores.

Keywords: average atomic Gibbs energy of formation, sodium dibutyldithiophosphate, com-
plexes, enthalpy, energy of activation, minerals, flotation reagents

Introduction. The crucial issue in the enrichment of polymetallic ores is to establish the re-
lationship between the structure of organic compounds and their properties, for example, between
the electronic structure and the sorption to minerals, structure of metal complexes and flotation
ability. The solution to this problem is a key to the creation of a new thermodynamic approach in
the development of enrichment reagent modes of polymetallic ores.

As it has been shown in [1-2], the effectiveness of the influence of S-containing organic compounds
to their flotation ability depends on the nature of the active groups.

High flotation ability of sulfur-containing organic ligands into the pulp of polymetallic ores can
be achieved by combination of following factors:

- presence of large hydrocarbon radical and functional groups (collecting agent), capable of reacting
with sulfide minerals of polymetallyc ores or sulfidation products;

- high concentration of oxygen to oxidate the mineral surfaces;
- pH in the range of 8-10 providing the stability of collecting agents.
Nowadays there are six main energy approaches based on the following concepts used to explain

the properties of minerals and inorganic crystals:
1. The energy of crystal ion lattice (decomposition energy of the crystal to free ions);
2. The atomization energy (decomposition energy of the crystal to free neutral atoms);
3. The adhesion energy of atomic cores and coupling electrons of a crystal;
4. Electronegativity of atoms;
5. Structural friability parameters of compounds;
6. The average atomic Gibbs energy of minerals.
In this paper, the interpretation of data is based on a comparison of approaches 1-2 and 6. The

first approach was developed in the first half of the XXth century, and it is based on works of the
following authors: Goldschmidt [3], Madelung [4], Pauling [5], Zahariasen, Wasastyerna [6], Born
and Lande [7-8], Haber [9]. However, this approach failed to provide the detailed explanation and
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prediction of crystals’ properties [10-11]. Apparently, this lead to emergence of a second-energy
approach formed in the second half of the XXth century described in the scientific papers [12-14].
The sixth approach was formulated by professor Kh.K. Ospanov [15-18].

Purpose of research is to evaluate the relationship between the physical-chemical parameters of the
complex formation of non-ferrous metals’ ions and the thermodynamic parameters of the formation
of minerals.
Experimental part. The copper sulphide ore (Deposit from Central Kazakhstan) has been

used as an initial ore.
Initial solutions of metal salts CuSO 4 , FeSO 4 , Pb(NO 3 ) 2 and potassium butylxanthate, sodium

dibutyldithiophosphate (10 −3 mole•L −1 ) have been prepared by dissolving an accurately weighed
quantity of the sample in bidistilled water; working solutions have been diluted to concentrations
10 −4 mole•L −1 .

Initial solution of hydrochloric acid (0.1 M) was prepared from fixonal by dilution in 1 L of
bidistilled water. Working solution of hydrochloric acid was prepared by dilution of initial solution
to concentration 10 −3 mole•L −1 .

The pH-metric measurements have been performed using a 410 pH-meter by procedure [19].
The potentiometric investigations of the metal complexes decomposition in acidic medium (0.001М

HCl) have been performed using an I-500 ionomer with ion-selective electrodes from chalcosite
(Cu 2 S), pyrite (FeS 2 ) [19].

X-ray diffraction analysis of the investigated mineral samples was carried out on DRON-3M [20].
The common constants of the complex formation were determined according to procedure [21].
The thermodynamic and kinetic parameters of complex formation processes heave been calculated

by equations from [22-23]. The Arrhenius equation has been used to calculate the kinetic parame-
ters. Activation energy of the decomposition of metal-dibutyldithiophosphate complexes has been
calculated graphically according to the equation (1):

lgk = lgA0 −
Ea

2.303RT
(1)

Results and discussion. The thermodynamic and kinetic parameters of complexation processes
between metal ions of ores and S- and P-containing reagents were calculated. Fe-containing minerals
in the sulphide ores are mainly represented by pyrite and chalcopyrite, Cu-containing minerals - by
covellite, chalcocite and chalcopyrite, Pb-containing minerals - by galena, Zn-containing minerals -
by sphalerite [24-26].

The interaction of flotation reagent with the surface of minerals occurs in several stages: the
interaction of mineral with medium regulated ions in the presence of a solvent and dissolved oxygen;
the diffusion of reagent to the mineral’s surface; the replacement of surface compounds by flotation
reagent; the fixing of reagent on the surface (formation of surface complexes) [27].

The interaction between a flotation reagent and mineral surface not only depends on the bonding
atom, but also depends on the adjacent atom of mineral surface, a flotation reagent and the medium
in the system of flotation. Energy equation of a reagent interacting with mineral surface has been
deduced from this model. Research results indicate that the interaction energy between mineral
surface and a reagent is about several dozen kJ·mole −1 , and the relationship between adsorbing
concentration of xanthate on mineral surface and energy of interaction is the exponent form.

Generally, from the thermodynamic viewpoint it is described by equation (2) [28]:

4G = 4rG
0
(Comp) −

(
4fG

0
Li +4f Ĝ

0
T (Min)

)
(2)

where 4rG
0
(Comp) is free Gibbs energy of formation of the flotation reagent’ (ligand) complex on

the surface; 4fG
0
Lig is free Gibbs energy of formation of the ligand; 4f Ĝ

0
T (Min) is average atomic

Gibbs energy of formation of mineral.
Considering that, the fixation of collector reagent on the surface of mineral occurs predominantly

in alkaline medium, and the fact that the primary reagent is the medium regulator (lime), and
predominant ion is hydroxide one. Then, products of oxidation of sulfides mostly thiosulfates or
sulfates of same metals are formed on the surface of the mineral [29].
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Therefore the flotation reagent reacts with a metal salt on the mineral surface and forms a complex.
Further, values of the rate constants of decomposition of these complexes were calculated using
method of comparative calculation. It makes possible accurately calculate the activation energy for
complexes of Pb(II) ions with potassium butylxanthate and sodium dibutyldithiophosphate (Table
1).

Table 1 – The analysis of thermodynamic and kinetic parameters of formation of complexes which correlates with the
average atomic Gibbs energy

Mineral Thermodynamic parameters Kinetic parameters
а) minerals b) complexes of 1:2
−4rG

0
T ,

kJ ·mole−1 · g − atom−1
−4rH

0
T , kJ ·

mole−1
lgk E, kJ ·mole−1

298 K 318 K
C4H9OCS2K

Cu2S* 28.70 34.05 7.88 8.48 53.67
FeS2 54.70 47.20 -6.32 -1.55 439.53
PbS 60.72 -276.84 -9.61 -3.87 520.59

(C4H9O)2PS2Na
Cu2S 28.70 26.30 -2.92 -1.65 115.26
FeS2 54.70 -47.95 -4.74 -1.91 257.00
PbS 60.72 -57.12 -5.16 -1.97 289.86

Table1 presents that the rate constants decreases with increase of average atomic Gibbs energy,
in particular the flotation agent reacts with mineral surface at less rate. The data of table 1 shows
that the complexing ability of sodium dibutyldithiophosphate correlates with the change in average
atomic Gibbs energy. Therefore, a similar correlation should be observed for kinetic characteristics
as well, namely for the activation energy

E = 5.46 · 4rG
0
T − 41.44, R = 0.99.

So the correlation between the thermodynamic and kinetic characteristics is described by

E = −2.02 · 4rH
0
T + 167.61, R = 0.99

for sodium dibutyldithiophosphate and

4rH
0
T = −136.30 · lnE + 570.44, R = 0.99

for potassium butyl xanthate, which can be the Evans-Polanyi-Semenov’s principle was observed
[29].

However, the relationship between activation energy and heat of sodium dibutyldithiophosphate
complex formation is more complicated. For that reason, the correlation between the heats of
formation and data of the energy density of minerals has been established:

4rH
0
T = −0.42 · E2

ν + 38.35·Eν − 825.19.

The minerals’ oxidation in an aqueous solution can possibly explain the way pyrite reacts. In
presence of oxygen some compounds that have a high energy density such as goethite or hematite
containing oxygen atoms can be formed on the surface [30]. Therefore, in order to cause an inter-
action between potassium butyl xanthate and highlighted compounds the reasonably high energy
consumptions are required. The resulting compounds are not stable enough to form a durable
hydrophobic layer [31].

It was shown that the collector fixation process on the mineral surface occurs according to the
laws of the first order. Moreover, the data of complex formation are included into the sorption
equations [32-35]. Therefore, it is important to rely on the results of X-ray diffraction analysis of
concentrates obtained during ore dressing by froth flotation using sodium dibutyldithiophosphate as
a flotation agent.
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The formation of surface compounds during the interaction of complex agents with sulfide minerals
occurs by the same mechanism, and can be characterized by thermodynamic and kinetic sorption
parameters for surface-exchange reactions. Subsequently, a qualitative X-ray diffraction analysis of
samples of Cu-containing ores was carried out. The results are shown in Table 2.

Table 2 – The results of X-ray diffraction analysis of the concentrate samples

1, h, mm d, A I/I0 Mineral
3.44 8 5.59 PbS
3.13 70 48.95 FeS2

ZnS
3.03 143 100.00 CuFeS2
2.96 31 21.68 Cu2S
2.42 18 12.59 FeS2

ZnS
2.20 13 9.09 FeS2

ZnS
1.91 46 32.17 FeS2

ZnS
1.81 13 9.09 PbS
1.63 33 23.08 FeS2

ZnS
1.59 37 25.87 CuFeS2
1.57 21 14.69 CuFeS2
1.54 7 4.89 FeS2

ZnS

The X-ray analysis results show that the concentrate consists of chalcopyrite, pyrite, chalcocite
and galena minerals. Further the thermodynamic and kinetic parameters of complexes formation on
the surface of sulfide minerals were calculated from proposed correlations with the average atomic
Gibbs energy (Table 3).

Table 3 – Calculations of physical and chemical characteristics of complex formation on the concentrate surface

Mineral E#, kJ·mole−1 −4rH
0
T , kJ·mole−1

PbS 289.92 -60.48
FeS2 257.07 -44.24
ZnS 553.94 -191.00
CuFeS2 202.50 -17.25
Cu2S 115.18 25.93

It was demonstrated that interaction process of sodium dibutyldithiophosphate with sulfide mine-
rals of polymetallic ore could be described as diffusional for the majority of minerals, and as kinetic
only for chalcocite. The kinetic interaction causes the formation of durable surface compounds.

Therefore, both kinetic and thermodynamic components of solution and solid substance (mineral)
should be considered at the development of flotation reagent regime of polymetallic ores. It sug-
gests that sodium dibutyldithiophosphate could be used as the primary flotation reagent during the
enrichment of polymetallic ores in pure or mixed states.

Conclusion. A systematic analysis of the heats of complex formation, rates constants and
activation energy for complexes of ions which are part of the basic minerals, shows that the activation
energy is directly dependent on the average atomic Gibbs energy of minerals, and therefore also
depends on the heat of formation of sodium dibutyldithiophosphate complexes.

Meanwhile, the potassium butylxanthate’s interaction follows the Evans-Polanyi-Semenov’s princi-
ple. Based on the above ratios the thermodynamic and kinetic parameters of formation of complexes
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with minerals including to the Py-Cu-Zn ore by using sodium dibutyldithiophosphate as collecting
agent were calculated. Consequently, the obtained relationships allow predicting the behavior of the
complexes in solution during the flotation taking into account the mineralogical composition of ore.
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Металл иондарының флотореагенттермен комплекстерiнiң реакциялық қабiлеттiлiгiнiң
термодинамикалық анализi

Аннотация: Металл иондарының калийдiң бутилксантагенатымен және натрийдiң дибутилдитиофосфатымен
комплекстерiнiң кинетикалық және термодинамикалық сипаттамаларының минералдардың физика-химиялық
параметрлерiмен өзара байланысы қарастырылды. Металдардың дибутилдитиофосфатты комплекстерiнiң ыдырауының
белсендену энергиясы мен сульфидтi минералдардың түзiлуiнiң орташа атомдық Гиббс энергиясы арасындағы
корреляциялық тәуелдiлiктер анықталды. Металл иондарының күкiрт- және фосфор-құрамды лигандтармен
комплекстерi үшiн Эванс-Поляни-Семенов принципi дәлелдендi. Рентген анализ нәтижелерi концентраттың құрамына
халькопирит, пирит, халькоцит, галендi минералдар кiретiнiн көрсеттi. Әрi қарай орташа атомдық Гибсс энергиясы үшiн
ұсынылған тәуелдiлiктерге сәйкес сульфидтi минералдардың бетiнде комплекстер түзiлуiнiң термодинамикалық және
кинетикалық параметрлерi есептелдi. Натрий дибутилдитиофосфатының колчеданды-мыс-мырышты кеннiң сульфидтi
минералдарымен әрекеттесу процесi минералдардың көп бөлiгi үшiн диффузиялық, ал халькоцит үшiн кинетикалық
режимде берiк беттiк қосылыстардың түзiлуiмен жүретiнiн көрсеттi. Комплекстердiң түзiлу жылуы үлкен дәрежеде
минералдардың энерготығыздықтарымен корреляциялайтыны орнатылды. Осыған орай, полиметалды кендердiң
реагенттермен байытылуының флотациялық режимiн құруда ерiтiндi мен қатты заттың (минералдың) кинетикалық
және термодинамикалық компоненттерiн ескеру қажет.

Түйiн сөздер: түзiлудiң орташа атомдық Гиббс энергиясы, натрийдiң дибутилдитиофосфаты, комплекстер,
энтальпия, белсендену энергия, минералдар, флотореагенттер.
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Термодинамический анализ реакционной способности комплексов ионов металлов с флотореагентами

Аннотация: Рассмотрена взаимосвязь кинетических и термодинамических характеристик комплексов ионов
металлов с бутиловым ксантогенатом калия и дибутилдитиофосфатом натрия с физико-химическими параметрами
минералов. Определены корреляционные зависимости для энергии активации распада дибутилдитиофосфатных
комплексов металлов и средней атомной энергией Гиббса образования сульфидных минералов. Подтвержден принцип
Эванса-Поляни-Семенова для комплексов ионов металлов с серу- и фосфор-содержащими лигандами. Результаты
рентгеновского анализа показывают, что концентрат представлен халькопиритом, пиритом, халькоцитом, галеновыми
минералами. Далее были рассчитаны термодинамические и кинетические параметры образования комплексов на
поверхности сульфидных минералов согласно предложенным зависимостям для средней атомной энергии Гиббса.
Показано, что процесс взаимодействия дибутилдитиофосфата натрия с сульфидными минералами колчеданно-медно-
цинковой руды может быть описан как диффузионный для большинства минералов и как кинетический только
для халькоцита, который протекает с образованием прочных поверхностных соединений. Установлено, что теплота
образования комплексов коррелирует с энергоплотностью минералов в большей степени. В связи с этим при разработке
флотационного режима реагентов полиметаллических руд следует учитывать как кинетические, так и термодинамические
компоненты раствора и твердого вещества (минерала).

Ключевые слова: средняя атомная энергия Гиббса образования, дибутилдитиофосфат натрия, комплексы,

энтальпия, энергия активации, минералы, флотореагенты.
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