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Investigation of the processes of copper ions transition into a solution
from oxide and sulfide compounds under the influence
of organic complexing agents

The article describes the results of studying of the process of copper leaching from model grounds containing
0.02 % of copper oxide or copper sulfide, with solutions of natural and chemically modified complexing
agents. The total amount of one ground sample was 500 g. The model grounds were placed in columns, and
the solutions of complexing agents were passed through the columns at a given rate. Sodium humate,
sulfonated and oxidized humic acid, native and oxidized fulvic acid, and sodium lactate were studied as
leaching agents. It is shown that solutions of all reagents with a concentration of 0.01 % can produce a transi-
tion of copper into the solution from both the oxide and sulfide mixtures. It was established that oxidized and
native fulvic acids and sodium lactate are most effective for copper extracting. For oxide copper minerals, the
most effective complexing agent is the lactate ion, and an oxidized derivative of fulvic acid has a little lower
efficiency. Further, less effective agents are the sulfonated humic derivative and the native fulvic acid which
have approximately equal effectiveness. The sodium humate is less active and the oxidized humic derivative
has lower efficiency. In the case of sulfide minerals, the most effective complexing agent is the oxidized de-
rivative of fulvic acid. The lactate ion, the sulfonated humic derivative and the native fulvic acid are a little
less effective agents. The sodium humate and the oxidized humic derivative have comparatively low efficien-
cy. By the mathematical processing of kinetic data, the rate constants of copper leaching processes from
model grounds were estimated. The values of the found constants are in the range from 1.05-107 to
1.28-107 s, The kinetic curves for the transferring of copper ions to the solution under the action of
complexing agents are characterized by a relatively small transition period and fast reaching concentrations
which are close to equilibrium ones.

Keywords: humic acids, fulvic acids, sulphonated humic acids, oxidized fulvic acids, oxidized humic acids,
malachite, kinetics of copper leaching.

Introduction

The development of methods for additional extraction of non-ferrous metals from poor and off-balance
ores and dumps is an important and actual task due to permanent decreasing of mineral reserves in rich de-
posits. The purpose of the research is to develop methods for recovery off-balance metals in depleted copper
deposits and dumps by transferring copper minerals to a soluble form with using of complexing agents and
followed by fixation of copper ions on carbonate collectors.

The formation of malachite under natural conditions occurs in the presence of carbonate rocks in the
zones of oxidation of sulfide copper deposits, as well as in places of development of copper deposits, in
waste mines and dumps [1-7]. Earlier it was shown that for the intensification of this process it is expedient
to use limestone as a carbonate collector and donor of carbonate ions, as well as the use of environmentally
safe organic complexing agents [8, 9]. In order to investigate the processes that affect secondary mineral
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formation under these conditions, the effect of organic complexing agents on the solubility of copper miner-
als has been studied.

The main objective of the research is to describe the dissolution of sulfide and oxidized copper minerals
under model conditions for the subsequent accumulation of copper ions on carbonate collectors, with using of
various physicochemical methods. The scientific novelty is in the estimation of the efficiency of conversion of
copper minerals into solution in the form of complex compounds with chemically modified organic ligands.

Experimental

The experiments were conducted to measure the effect of organic complexing agents and their
sulfonated and oxidized derivatives on the process of mineral formation of basic copper carbonates on model
grounds. The model grounds were mixtures of copper oxide or copper sulfide with inert filler consisting of a
mixture of sand and perlite, the content of copper in the soils was 0.02 %. The total amount of one sample of
ground was 500 g. Model grounds were placed in columns, through which solutions of complexing agents
were passed at a given rate. Six types of complexing agents were used: the lactate ion in the form of a buffer
mixture (conventionally designated as Lac), sodium humate (Hum-Na), free fulvic acid (Ful-H), sulfonated
(Hum Sulf) and oxidized (Hum Ox) humic derivatives and oxidized derivative of fulvic acid (Ful Ox). The
initial concentration of solutions of complexing agents was 0.01 %:; the rate of passage of solutions through
the columns was between 30 and 50 ml/h. The controlled parameter in carrying out these experiments was
the concentration of copper in the solution. The current analytical control of copper in the solutions was car-
ried out by the photometric method on the KFK-2 colorimeter with using of sodium dithiocarbamate [10].

Synthesis of modified complexing agents

Sodium humate (manufactured by LLC «NVP BashIncomy, Ufa, Russia) and free fulvic acid (manufac-
tured by Tagrow Co., Ltd., USA) were used as initial complexing agents. The content of water-soluble
fulvates in fulvic acid was 96 % from the dry residue with a fulvic acid content of 70 %, the moisture content
was 10 %; for the sodium humate, the content of the main substance was not less than 80 %, the rest 20 %
represent mainly with water. To characterize the compounds, infrared spectra were registered (Fig. 1 and 2).
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Figure 1. Infrared spectrum of the initial humate
0.5 0.5
0.4 0.4
3
L o034 0.3
c
kel
g
go02 0.2
Qo
[}
0.1 0.1
7
0 0

2000
wawwlength / cm-1

Figure 2. Infrared spectrum of initial fulvic acid
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It can be seen from the figures, the starting compounds are characterized by a complex structure of ab-
sorption spectra, among which one can distinguish regions related to the vibrations of functional groups
(500-1400 cm™), the range of vibrations of carbonyl groups at 1635-1640 cm™ [11], a wide absorption band
of bound water near 3410-3440 cm™. The IR spectrum of humate also clearly shows the vibrations of free
water molecules.

The initial treatment of the starting materials consisted in their heat treatment at 80—90 °C to remove
excess moisture and volatile compounds. Two main variants were used for the chemical modification of the
starting compounds. First, treatment with oxidants for both a general growth in the number of oxygen-
containing functional groups, which, as a rule, exhibit good complexing properties, and to increase the oxy-
gen content in them and, accordingly, to enhance their electron-donating properties and to extend the chemi-
cal affinity for metal ions. Second, another variant of the chemical modification involves the introduction of
sulfonate groups into the structure of compounds. These groups, in accordance with reference [12], contrib-
ute to an increase in the solubility of the humic compounds with content of metals, and, as a result,
intensificare their geochemical mobility.

Synthesis of oxidized derivatives from the initial complexing agents

The prepared starting materials were treated with 10 % hydrogen peroxide solution at room temperature
for 24 hours. The reaction mixture was evaporated on a sand bath; the residue was dried in a drying oven at
110 °C to constant weight. Infrared spectra of oxidized derivatives of the complexing agents are presented in
Figures 3 and 4.
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Figure 3. Infrared spectrum of oxidized humate
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Figure 4. Infrared spectrum of oxidized fulvic acid

The main differences between the spectra of the modified compounds and the spectra of the initial sub-
stances consist in an increase in the intensity of absorption of carbonyl groups at 1635-1640 cm™ for humic
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and fulvic acids, which indicates an increase in their mole fraction in the oxidation process. For fulvic acid,
an additional peak of ketone groups appears at 1730 cm™. An increase in the number of these functional
groups leads to an increase in water solubility and a tendency to formation of complexes with the metal cati-
ons that are part of the carbonate collectors, i.e. calcium and magnesium.

Synthesis of sulfonate derivatives from the initial complexing agents

The starting materials were treated with a dilute solution of sulfuric acid (concentration 32 %) at the
boiling point of the solution for 4 hours in a cup for evaporation. During the reaction, fulvic acid completely
dissolved in the reaction medium, where it could not be isolated. The infrared spectrum of the humic deriva-
tive is shown in Figure 5.
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Figure 5. Infrared spectrum of sulfonated humate

The presence of sulfate groups in the structure of the sulfonated derivative is confirmed by an absorp-
tion band at 1261 cm™. It should be noted that along with sulfonation, other processes occur, including the
formation of ammonium salts of sulfuric acid with amino groups of humic acid and also the formation of
ketone groups (1703 cm™), apparently in the hydrolysis of unsaturated esters and polysaccharide chains.

Results and discussion

Collection of data on the transfer of copper into a solution from model grounds with the using of
complexing agents was carried out over a period of 50 weeks. All types of complexing agents showed appre-
ciable activity for the dissolution of copper from sulfide and oxide minerals. Figures 6-9 show the copper
content in solutions passing through the columns. For convenience of perception, the obtained values are di-
vided into four groups: data on the humic complexing agents for the copper oxide and for copper sulfide,
and, similarly, on the fulvic complexing agents (together with lactate ion) for copper oxide and copper sul-
fide. The scale on the ordinate axis is the same for all plots.
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Figure 6. Dependences of copper extraction from copper oxide into solution by humic complexing agents
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Figure 7. Dependences of copper extraction from copper oxide into solution
by fulvic complexing agents and lactate ion

It can be seen from the graphs given, the copper extraction rates in the solution are quite stable, alt-
hough they are relatively sensitive to the rate of passage of solutions through the columns, and show a certain

tendency to increase with time.

Humic complexants generally show a lower efficiency when copper is transferred to the solution; nev-
ertheless, average values in the transition of copper to solution are observed for the sulfonated humic deriva-
tive. At the same time, the humic complexing agents show approximately the same efficiency with respect to

the oxide and copper sulfide.
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Figure 8. Dependences of copper extraction from copper sulfide into solution by humic complexing agents
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Figure 9. Dependences of copper extraction from copper sulfide into solution
by fulvic complexing agents and lactate ion
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For the other group of complexing agents, the oxidized derivative of fulvic acid has higher efficiency
for copper sulfide. The lactate ion and the oxidized fulvic acid have a little lower efficiency for copper oxide.
For copper sulfide, the lactate ion has less efficiency.

For chemically modified humic derivatives, the sulfonate derivative is more effective than sodium
humate, and the oxidized derivative has a little lower efficiency. The oxidized derivative of fulvic acid has a
higher efficiency than the native fulvic acid. For these compounds, Figures 10 and 11 show the kinetic
curves of the copper ions transition into the solution with complexing agents at the initial stages of time.
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Figure 10. Kinetic curves for the lactate ion and oxidized derivative of fulvic acid for copper oxide
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Figure 11. Kinetic curves for the lactate ion and the oxidized derivative of fulvic acid for copper sulfide

It can be seen from the figures, the kinetic curves for the dissolution of copper oxide and sulfide com-
pounds with the participation of the complexing agents are characterized at the initial stage by a very steep
rise, followed by a gradual increase in the concentration of copper ions in the solution to equilibrium. Analy-
sis of the graphical shapes of kinetic curves allows us to conclude that the equilibrium value of the concen-
tration of copper ions in solution for the lactate ion is in the range 2.5-3 umol/l, and for the oxidized deriva-
tive of fulvic acid is in the range 3—3.5 pmol/l.

Since the rate of accumulation of products during the dissolution of copper compounds obeys the rela-
tions dc/dt<0 and d*c/dt’<0, the processes correspond to a simple chemical reaction with a low order of reac-
tion in the final product, which slowly approaches equilibrium concentrations. Under the considered condi-
tions, the proceeding reaction is heterogeneous, and due to the low dissolution rates of the copper com-
pounds, the interface area can be considered a constant value, and the concentration of the complexing agent
in the solution is also maintained at a constant level. Thus, the concentration of the initial substances does
not have a decisive influence on the kinetics of the process (that is, they enter the kinetic equation in the form
of constants). Formally, the kinetics of the reaction can be described by the reaction product, that is, by the
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concentration of copper in the solution, which enters the kinetic equation as the difference between some
conditional initial concentration of copper in the solution that is greater than the true equilibrium concentra-

tion of copper in the solution:
v = k([Culini — [Cu*]).

When the equation is differentiated, all constants are transformed into a new constant. The linearization
of the resulting equation by logarithm gives an array of velocities in the investigated interval (Fig. 12, 13).
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Figure 12. Kinetic equations of lactate ion and oxidized fulvic acid derivative
for copper oxide in logarithmic form
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Figure 13. Kinetic equations for the lactate ion and oxidized fulvic acid derivative
for copper sulfide in a logarithmic form

The dependences obtained are satisfactorily described by the equation of a straight line. The rate con-
stant for the reaction involving the oxidized fulvic acid derivative is the same value 1.16-10” s in both cas-
es, whereas in the lactate-ion reaction the rate constant is 1.28-107 s for copper oxide and 1.05-107 s for
copper sulfide. Thus, the oxidized derivative of fulvic acid has the same efficiency with respect to oxide and
sulfide minerals, and the lactate ion has a somewhat higher efficiency in the case of oxide minerals.

Conclusion

The kinetic curves of the transition of copper ions to the solution under the action of complexing agents
are characterized by a relatively small transition period and a rapid yield to the steady-state regime. The ab-
sence of an induction period and early attainment of concentrations close to equilibrium indicate a good abil-
ity to transfer copper ions to the solution for the selected complexing agents.

The use of chemical modification of chelating agents, as a rule, promoted their effectiveness. Neverthe-
less, the oxidized humic derivative showed a little lower efficiency than the original sodium humate. In gen-
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eral, the investigated complexing agents are placed in following series in accordance with their effectiveness
in the case of copper oxide:

Hum Ox < Hum-Na < Ful-H < Hum Sulf < Ful Ox < Lac,
and in the case of copper sulfide:

Hum Ox < Hum-Na < Ful-H < Hum Sulf < Lac < Ful Ox.

For oxide copper minerals, the most effective complexing agent is the lactate ion, and the oxidized de-
rivative of fulvic acid has a little lower efficiency. Less effective agents are the sulfonated humic derivative
and the native fulvic acid which have approximately equal effectiveness. The sodium humate and the oxi-
dized humic derivative are least effective agents. In the case of sulfide minerals, the most effective
complexing agent is the oxidized derivative of fulvic acid. The lactate ion, the sulfonated humic derivative
and the native fulvic acid are a little less effective agents. The sodium humate and the oxidized humic deriva-
tive have comparatively low efficiency.

The effectiveness of the complexing agents studied can be given some relative quantitative assessment
if it is described their ability to transfer copper ions into solution as compared to the concentration of copper
in the solution obtained by passing pure water through the column without the participation of complexing
agents. This concentration is 0.15 pmol/l in average. In view of this, the above series can be written for the
case of oxide minerals as:

5.6 Hum Ox < 9.1 Hum-Na < 15.1 Ful-H < 15.3 Hum Sulf < 17.6 Ful Ox < 19.6 Lac,
and for the case of sulfide minerals:
4.5 Hum Ox < 6.4 Hum-Na < 14.9 Ful-H < 15.2 Hum Sulf < 16.5 Lac <22.1 Ful Ox.

Thus, among studied complexing agents the lactate ion and the oxidized derivative of fulvic acid are the
most effective complexants towards both copper oxide and sulfide minerals.

The research was supported by the Science Committee of the Ministry of Education and Science, the
Republic of Kazakhstan, under scientific grant No. 0214/GF4 «Developing methods aimed to stimulate the
secondary mineral formation of malachite in copper deposits and waste dumpsy.
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H.b. T'orons, U.E. Poxkosoi, J1.JI. [Tonomapes, B.H. ®omun

OprasukajbIK KOMIUIEKCTY3Y1i dCePiHeH TOTHIKTHI 5KdHEe CYJab(uaTi
KOCBHLIBICTAPAaH MbIC HOHJIAPBIHBIH ePiTiHaire Koy yAepiciH 3epTrey

Maxkamana xypambeiaga 0,02 % oxcuai MeH cyibhuni 6ap TONBIPAKTAaFbl MBICTBI TAOWFU JKOHE XHMUSIIBIK
MOANGHIMPICHIeH KOMIUISKCTY3YLIIEpAiH epiTIHAIepiMeH CIITici3AeHaipy YPAICiH 3epTTey HoTHKenepi
kentipinredn. I'pyHTThIH Oip yiricidin sxammet memmepi 500 r. Kommiekcry3ywi epitinainepi OGepinren
JKBULIAMIBIKIICH OTKi3iNeTiH OaraHanapra TONBIPAKThIH YJriiepi opHamacThipbuiibl. CinTici3meHmiprimn
areHTTep peTiHJe HAaTPUH TIyMaTbl, CYJb(HUPICHICH )XOHE TOTHIKKAH T'YMHMH KBILIKbUIbI, TaOMFU HKOHE
TOTBIKKaH ()YJIBBOKBINIKBUT JKOHE HATPUM JakTaThl 3eprrenni. bapneik pearenrrepain 0,01 %-1bIK
epITIHALIep] OKCHUATI JKoHEe CYNbGUATI KocHalapJaH MBICTHIH epiTiHaire oTyiHe cenTirid turizeni. Ex tnimai
MBICTBI TOIBIPAKTAaH aJbII IIBIFAPYIbl TOTHIKKAH JKOHE TaOMFH (YIbBOKBIIKBUI MEH HATPHH JIaKTaThl
kepcerTi. JlakTaT-MOH MBICTBIH OKCHATI MUHEPAIAAphl YIIIH HEFYPJIbIM THUIMJl KEIIeHAl TY3rim OOkl
TaOBUIA/IbI; TOTHIKKAH TYBIHIBI (DYIbBOKBIIIKBUIBIHBIH THIMIUTITT HEFYPIIBIM a3bIpak. TOMEH THIMILTIKKE He
are’TTep cyibdaTTaaFad IyMaTThl TYbIH/ABI MCH €PKiH (Y/IbBOKBIIKBLUIBI OOJIBIN TaObLIALbI, ONAp THIMALTIT]
GoiipiHIna KybIKTaranaa Gipaeil. Hatpuii rymaTbiHbIH OenceHiiri 6asy, Oyt xarqaiia TOTHIKKAH T'YMaTThl
TYBIHABl HEFYpNIBIM a3 THiMALTIKke wue Oomaxel. Cynpduari MuHepaigap KargalblHIa ©H THIMIL
KOMIUICKCTY3YIII G0JIbIN (YJIbBOKBILIKBUIABIH TOTHIKKAH TYBIHABICH! TaObu1a/bl. JIakTaT-HOH, cyinbdarTanran
TYMAaTTBl TYBIHJIBI MEH €pKiH (yJIbBOKBIIKBUIEI THIMAITITT HEFYPIIBIM TOMEH areHTTEep PETiHJe eCeHTeNesi.
Harpuit TymMaTtsl MeEH TOTBIKKAH TyMAarThl TYBIHIBIHBIH THIMAUIIN CaJBICTBIPMANBL TYpJAE TOMCH.
Kunernkanbslk MoniMeTTep/i MaTeMaTHKAJIBIK OHACY HOTIDKECIH/IE MBICTHI TONBIpaKTapAaH CLITICI3ACHIIpY
IpOLIECTEPiHiH KbULIAMIBIKTAPBIHBIE, KOHCTAHTANAPHI AHBIKTaNFaH. Onapis mamanapel 1,05-107-ten
1,28'10’7 ¢! NeiiH apanbiFbIiHAa. MBICTBIH MOHAAPBIHBIH EPITIHAIre aybICYBIHBIH KUHETHKAIBIK KUCHIKTApPhI
KeLIeH TY3rilll dcepiHeH a3faraH aybIClajbl Ke3eH MEH Tele-TeHIIK Kyire »akblH KOHLEHTpPAaLUsFa
XKbLIJaM KOJDKETKI3yMEH CHIIaTTANIBI.

Kinm coe30ep: TyMUH KBILIKBUIAAPHL, (YIbBOKBIIKBUIAAPEL, CYIbGHUPICHICH TyMHHI KBIIKBUIAAPHI,
TOTHIKKaH TYMHHII KBIIIKBUIAAPHI, TOTHIKKAH ()YIbBOKBIIIKBUIIAPEL, MAAXUT, MUHEPAIIAP KAIBIITACTHIPY,
MBIC IIafiMaay KHHETHKACHL.

I.b. T'orons, U.E. Poxkosoi, J1.JI. [Tonomapes, B.H. ®omun

N3ydenue npoueccoB nepexoaa HOHOB MeIH B PaCTBOP
W3 OKCH/IHBIX H CYJIb(HMIHBIX COeTHHEHHI MO/ IeiicTBHEM
OpraHHMYecKUX KOMILUIEKC000pa3oBaTeeii

B craree omnmcaHsl pe3ynbTaThl U3y4eHHs NPOIIECcca BBIIIENAYUBAHUA MEAU U3 MOJEIBbHBIX TPYHTOB, COAEP-
wammx 0,02 % okcuna wim cyibduaa MeAd, pacTBOpPaMH MPUPOAHBIX M XUMHUYECKH MOANU(UIMPOBAHHBIX
KOMIUIeKcooOpa3oBaTeneid. OOImee KoIM4ecTBO OAHOro obpasuma rpyHta coctaBisio 500 r. MonenbHble
TPYHTHI pa3MeIaINCh B KOJOHKAX, Yepe3 KOTOPhIE ¢ 3aJaHHON CKOPOCTHIO MPOITYyCKAaJINCh PacTBOPHI KOM-
IIeKcooOpa3oBarenell. B kauecTBe BBINETaYNBAIONINX ar€HTOB MCCIIEJOBAHbI I'yMaT HAaTpus, cyiab(upoBaH-
Hasl U OKWCJIEHHAs] TYMHHOBAsI KHCIIOTa, HATUBHASL M OKHCIICHHAs ()yJIbBOKUCIIOTA, a TAKXKE JIAKTAT HATPHSL.
ITokazano, 4TO pacTBOPHI Bcex peareHToB ¢ KoHmeHTparueii 0,01 % BBI3BIBAIOT IEpexo]l MEAU B pacTBOP Kak
U3 OKCHJIHOH, TaK U 3 Cynb(QUAHOH cMecH. Y CTaHOBIIEHO, 4TO Hanbosee 3(EKTUBHBI U1 3BICYECHHUS MEH
OKMCIICHHasl ¥ HaTHBHas (YNbBOKUCIOTA M JNAKTaT HaTpus. 11 OKCHIHBIX MHHEpAJIoOB Meau Hanbosee 3¢-
(EeKTHBHBIM KOMIUIEKCOOOpa30BaTeNeM SBISACTCS JIAKTAT-MOH, OKUCIEHHOE MPOU3BOAHOE (YJIbBOKHUCIOTHI
obiazaeT HEMHOTO MeHbIel dpdexkTuBHOCTHIO. [Janee MeHee 3P PEeKTHBHBIMU areHTaMH SIBIISIIOTCS CYbdu-
pOBaHHOE T'yMaTHOE HMPOU3BOJHOE M CBOOOIHAS (YIEBOKUCIOTA, KOTOPbIE MPHOIM3UTEILHO PAaBHEI IO 3¢-
¢exTuBHOCTH. ['yMaT HaTpusi MeHee aKTHBCH, OKHCIEHHOE I'yMaTHOE IPOM3BOJHOE MMeEeT Ooyiee HHU3KYIO
a¢dexTuBHOCTE. B cirydae cynmbumHbIX MHHepanoB Hanmboiee 3(PQeKTHBHBIM KOMIUIEKCOOOpa3oBaTeneM
SIBJIICTCSl OKHUCIICHHOE IPOU3BOAHOE (DYITEBOKHCIOTHL. JlakTaT-MOH, Cynb(pHUPOBaHHOE TyMaTHOE IPOU3BOI-
HOe U cBOOOAHAs (YJIBBOKMCIOTA SBISIOTCA HEMHOrO MeHee S(G(EKTUBHBIMU areHTamu. I'ymar HaTpus u
OKHCJICHHOE T'YMaTHOE NPOM3BOAHOE MMEIOT CPaBHHUTEIBbHO HU3KYIO 3(dexTuBHOCTh. [lyreM MaTemaTHue-
CKOI 00pabOTKM KMHETHYECKUX NAaHHBIX YCTAHOBJIEHBI KOHCTAHThI CKOPOCTEH MPOLIECCOB BBIIMIETAYNBAHUS
MeIH M3 MOJENBHBIX IPYHTOB. 3HAUCHHS HAiICHHBIX KOHCTAHT HAXOATCA B mpegenax ot 1,05-107 go
1,28-107" ¢”'. Kunernueckue KpuBbIe EPeXoia HOHOB MEM B PACTBOP HOJ JCHCTBHEM KOMILIEKCOOOPa30Ba-
TeNed XapaKTepU3yIOTCSI CPABHUTEIBHO MAJIbIM NIEPEXOAHBIM IEPHOOM U OBICTPBIM JTOCTH)KEHHEM KOHIICH-
Tparui, 6IM3KNX K PaBHOBECHBIM.

Kniouesvie cnosa: TYMHUHOBBIC KHCJIOTHI, q)yJ'H)BOKI/ICIIOTa, CyIIb(i)I/IpOBaHHbIe TYMHUHOBBIC KHUCJIOTbBI, OKHUCJICH-
HbIE TYMHHOBBIC KUCJIOTBI, OKHUCJICHHBIC (l)yHbBOKI/ICHOTLI, MaJIaXUT, MUHEPAJIOIC€HE3, KUHETHUKA BbILIEIIa-
YUBAHHUA MCIOH.
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