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Abstract: This paper presents an experimental study on teoldition kinetics and solvent extraction of taald from
ljero-ekiti (Nigeria) gold ore deposit by hydrochitbacid leaching followed by extraction with Trilgiphosphate (TBP)
in kerosene. The leaching investigation showedttiggold ore dissolution in HCI solution increaséth increasing acid
concentration, temperature and with decrease iticlgadiameter at a stirring rate of 300rpm.Theekics data has been
analyzed and was found to follow diffusion contnoéchanism with surface chemical reaction as the Inatiting step.
About 81.27% of the initial 10g/L of the ore contrate was dissolved within 120 minutes by 2M HQuson at 86C
using 0.099<0.12mm particle diameter. The analysis of thedwesi product (18.73% of the initial gold ore) shavat it
consists primary ofi—quartz. Furthermore, the solvent extraction std&vealed the extraction efficiency of about
85.28% by TBP in kerosene. This was determinedrajyaing the orange-red complex of gold with 4-(2igylazo)
resorcinol (PAR) spectrophotometrically at 450 monf the ore leach liquor at optimal conditions.dHiyp the calculated
enthalpy and entropy change of 3.56kJ/mol and &118ol/K were obtained for the extraction systesspectively.

Keywords: Gold ore, Nigeria, dissolution kinetics, solvemtraction, gold, hydrochloric acid, tributylphospé.

1. Introduction complex; these solutions usually contain relativhigh
concentration of basic metals, as well as smalterds of

Gold is widely distributed throughout the world,other rare metals, frequently precious metals [4].
normally in very low concentration and generallyniative With gradual depletion of rich ore deposits, it is
form as metal. It is usually alloyed with silverdanften Pecoming increasingly difficult in many situatiotesapply
contains small amount of copper. The 0n|y Compouhd the conventional pyrometallurgical methods for rheta
gold found in nature are tellurides, typically cadste €xtraction. Hydrometallurgical processes are sifbedean
(AuTe,), petzite [(AuAg)Te], sylvanite [(AuAg)Tel, and complex ores. If there is too much gangue iroran
among others then, processing of the ores at high temperatutsesa

Gold in Nigeria is found in alluvial and eluvialgzlers Waste of energy as well as disposal of slag and als
and primary veins from several parts of supractustgvolution of gaseous pollutant to the environmét [
(schist) belts in the northwest and southwest afeNa. Consequently, solvent extraction used in gold recpv
The most important occurrences are found in Marmkao,\ offers hlgh CapaCity, better SE|eCtiVity and fadteretics.
Malele, Tsohon Birnin Gwari-Kwaga, Gurmana, Bin yiau With the increased popularity of heap leaching mfér
Okolom-Dongodaji and Iperido areas, all in the hotst grade gold ores, there is scope for the developroént
and southwest Nigeria. The Nigeria Mining Corparati solvents to treat these relatively clean, clarifigdors [6].
started exploration for Gold in Nigeria in the gat980s, TO the best of our knowledge, there is limited datathe
but failed to be sustained due to lack of fundse Thhydrometallurgical processing of gold ore deposinf
discovery of petroleum and its subsequent dominatib Nigeria origin as reported by Mesubi et al [7]. Tefere,
the Nigerian economy also contributed to the ladk d¢his work is aimed at presenting a dissolution #aseand
attention to gold exploration despite the widesgreasolvent extraction data on total gold recovery frhemo-
potentials [2]. ekiti (Nigeria) gold ore deposit by hydrochloric idc

The enrichment and recovery of gold from the sohuti leaching followed by extraction with Tributylphosgte in
is an important stage of production. Gold is usuallkerosene. Gold analysis was carried out by meaguri
associated with other noble metals, such as silmdrother Spectrophotometrically its complex with 4-(2-pyriizo)
base metals, such as copper and iron. These meilals resorcinol.
enter the leaching solution with gold during leachiso

the separation of gold and these other metals hdset 2. Experimental
considered during the recovery of gold from thecléag
solution [3]. The gold ore concentrate used for this study was

The intrinsic nature of chloride leach liquors fdéag  sourced from ljero-ekiti origin, Ekiti State of Niga. The
from the hydrometallurgical treatment of ores ishea elemental analysis of the gold ore concentrate ceased

29



Chem. Bull. " POLITEHNICA" Univ. (Timisoara) Volume 56(70), 1, 2011

out by Inductively Coupled Plasma-Mass Spectrometyolume of dilute HSO, or NaOH solution under agitation
(Yokogawa model HP-4500) and the test for théo prevent precipitation of elemental sulphur. Aqual
mineralogical purity was examined by X-ray diffragteter amount of the organic phase was added to maintfikea
(Philips PW 1800). phase ratio of 1:1. When equilibrium was reachédjrg

All chemicals and reagents used were of analyticalas stopped. The gold content in the aqueous plvase
grade. The doubly distilled water and distilled dsane determined using AQUAMATE  Thermo-electron
were used in the preparation of all aqueous andhetgint Corporation UV-visible spectrophotometer [13, 14].

solutions, respectively. The same procedure was repeated for the analysis of
the total gold from the leached liquor from sectibB.2 at
2.1. Concentrate processing optimal condition.

The gold ore concentrate was grinded with the &id 0 2 4. Total gold analysis

mortal and pestle in order to decrease the paudizie The

powdered concentrate was then sieved into thrderelift The total gold analysis in the metallic gold sajuti
sizes: 0.099<0.12mm, 0.12€<0.212mm and and the leachate was determined spectrophotonibtrina
0.2120<0.345mm and the fraction with diametermeasuring the change in absorption of the reactibn
0.09<0<0.12mm  was retained for  subsequen#i50nm. For each determination, 5ml of the gold tsmtuor
investigations by ICP-MS and XRD [8]. Dissolutionleachate was measured into 10ml volumetric flagk2mL
studies by acid leaching were also examined usihig t PAR (4-pyridyl 2-azo resorcinol), 0.6mL buffer dfi[9.25
sized fraction unless otherwise stated. All meaverds were added and then make up to mark with doubkjlldis

were carried out in triplicate. water. This chromogenic mixture was left for 10 utes
for complexation after which a portion of the s@atwas
2.2. Leaching procedure transferred into 1.0cm quartz cell and the absarbamas

) ) measured and recorded at 450nm. The standard atiadir
A 1.0g of the gold ore concentrate of particle d#én curve of the change of absorbance of the diffetetsl

0.09 <@ < 0.12mm was put into a glass reactor containingold concentration was constructed. This proceduas
0.1M HCI solution and the magnetic stirrer wasddticed a|so used in determining the concentration of tGld in

into the reactor containing the sample mixturet@nBibby  the leach liquors.
stuart hotplate. The sample mixture was then heateal
temperature of 58C and stirred at the rate of 300rpm. The
same procedure was repeated for other concentrafion
HCI: 0.5M — 4.0M. Each HCI sample was contactechwit
1.0g of the powdered concentrate for 10, 30, 6@, 20 3.1 Result; of the gold ore concentrate elemental
minutes, respectively. At the end of the leachimgcpss and phase studies by ICP-MS and XRD

and for a given contact time, the mix'Fure was addwo The elemental analysis of the gold concentrate skdow
cool anq filtered using a Whatmann filter paper dmeh that Au(14.42%), Ta(l.65%), Fe(2.42%), Te(1.23%),
°Ve”?drr]'eg' ?them for_about f12 h°‘frs d‘f"”dlwas theng g 149%), Si(12.09%) and Ag(0.97%) form the major
reweighed. The percentage of sample issoleedwas elements. Other minor elements include Ti(0.049%),
calculated from the initial mass (mand from the 7,4 05706) Cu(0.051%), Sb(0.034%) and Pb(0.021%).
undissolved amounts at various time intervals digsb However, elements such as W(0.0014%), Mg(0.0007%)
B . 0 —_ _ X X L . ’ " 1
(my), by using the relatiom(%) = (m — m)/m; x 100 [9].  Nj(0.00016%) and V(0.00025%) are recorded at trace
This calculation was done for all concentrationsH€| levels. The remaining 66.89%, obtained by diffeeeiis

investigated. The concentration which gave the dsgh attributed to the presence of oxygen and other coempts
percentage of dissolution (2M) was used for thﬁ1 the concentrats ¥a

optir_nizati_on of other_par_ameters including tempnmaland Also, the result of the mineralogical purity by Xyr
particle size. The activation energy and Arrhemioisstants diffraction is shown in Fig. 1

were obtained from the Arrhenius relation [10]. The It is im :
) . i portant to note that the predominant cormutsu
residue at the optimal condition was also analyfoedhe identified from Fig. 1 include sylvanite [(AuAg)Jleand

presence of chloride and other metal ions afterotigh silica (@-Si0O,). Other minerals present in the concentrate

washing by de-ionized water [11, 12]. are pyrrhotite (F£Ss), iimenite (FeTiQ), tantalum oxide
(Ta,0s) and chalcocite (G$). The results obtained from
the XRD analysis supported the elemental compasibip

Batch experimﬁecnts were carried out at ambier{FP'MS'

temperature (25 + 2C) by equilibrating equal volume of .

1M TBP in kerosene and 25mL of metallic gold dissall 3.2. Leaching test
in aqua regia with Gallenkamp orbital shaker (AMPS)
30 minutes. The equilibrium distribution of metakstween
the aqueous and organic phase was determined bggmix
the two phases using a magnetic stirrer. The swolubH
was 2.5 and was adjusted by addition of a very Ilsm

3. Results and Discussion

2.3. Solvent Extraction Procedure

3.2.1. Effects of HCI concentration
The results obtained as seen in Fig. 2 showedthieat

rate of gold ore concentrate dissolution is affeaaectly
y the hydrogen ion [H concentration. This is true up to
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HCI, 2M concentration, after which there was a imhecin  compared to 2M HCI dissolution. The reason for this
the amount of the gold ore dissolved. Thus, 4M HGdecline could be probably due to the precipitation
concentrations gave a relatively lower value whephenomenon [10].
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Figure 1. The X-ray spectra of ljero-ekiti gold @@ncentrate showing the most important compoutheistified.
The Joint Committee on Powdered Diffraction StaddddCPDS) file numbers is in curl bracket. (1) A8)iTe, {29 — 1427}, (2)a-SiO, [46 - 1045], (3)
Fe:Ss{(24-0079}, (4)FeTiQ {29-1360}, (5) TaOs {13-4025}, (6) CuS {33-0490}
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Figure 2. Fraction of gold ore concentrate dissblersus contact time at different HCI concentratio
Experimental conditions: Mass of concentrate us&é@giL, HCI concentration = 0.1M — 4.0M, System pemature = 5%,
Stirring rate = 300rpm, Particle diameter = 0.@<<0.12mm
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3.2.2. Effect of system temperature a homogenous spherical solid phase [15].
Since the rate of a heterogeneous process is lglirect
The rate of gold ore concentrate dissolution wagroportional to the surface area of the reactidid sthen
studied over the system temperature ranges of@7o the kinetic model of such reaction must account tfe
80 °C. The result are shown in Figure 3. As expectediminishing surface area of the solid. Hence, tiwiriing
increasing the system temperature greatly accelerdte core models defined by equations (1) and (2) wessl uo

dissolution rate. interpret the dissolution rates in this study:
3.2.3. Effect of particle diameter 1-(1-a)P=kt (1) 9, 12, 16]
1-2/3— (1 -0)*P =kt (2) [10, 17, 18]

The influence of particle diameter on the rate ofdg
ore concentrate dissolution was examined by 2M HCI
solution at a system temperature of’8over three sized
fractions: 0.099<0.12, 0.129<0.212 and
0.212<Pp<0.345mm.

As seen from Table 1, the rate of the ore dissmiuith HCI
media is inversely proportional to the average iahit
diameter of the ore particles.

From equations (1) and (2),is the fraction of gold
ore concentrate reacted at contact time, t anthkare the
apparent reaction rate constants. Model equatigniq1
based on the assumption that the rate controllitegp s
occurs by surface chemical reaction, and the model
equation (2) is on the assumption that the ratdreling
step is by diffusion through a semi-permeable pcodu
layer.

TABLE 1. Results of the influence of particle diameter on gold ore It is worthy to note that out of the two kinetic d

dissolution tested in this study, only equation (2) has beamdoto
Particle diameter (nm) _ Fraction of gold ore dised| give a perfect straight line with average correfatiof
0.090<0.12 0.827 0.989. Consequently, the kinetic data in Fig. 2 was
0.124p<0.212 0.534 linearized by means of model equation (2) as seé&ng. 4.
0.2120<0.345 0.261 The resulting slopes of each line in Fig. 4 were
] ] ) calculated and these represent the apparent reagcite
3.3. Dissolution rates analysis constants k The plot of this relation, Ink as a function of

] ) ) o InN[HCI] was obtained (Fig. 5), from which the reaat
Understanding the dissolution kinetics of the gole  order ‘of 0.47 was derived. This value suggests that

concentrate is one of the aims of this study. Tioeee the  grder of reaction with respect to HCI concentratistalf
rate of the ore dissolution was analyzed with ten&ing  (1/2) order for the ore dissolution process.

core models based on the assumption that the coateis
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Figure 3. Fraction of gold ore concentrate dissblersus contact time at different temperatures.
Experimental conditions: Mass of concentrate us&8gfL, HCI concentration = 0.1M — 4.0M, System pemature = 5%,
Stirring rate = 300rpm, Particle diameter = 0.@<<0.12mm
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Figure 4. Plot of 1 — 28— ( 1 —a)2/3 versus contact time at different HCI concerdrafor the data extracted from Fig. 2.
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Also, the linearization of dissolution data in F&gywas
done using equation (2) to obtain the kinetic refashown of surface diffusion reaction [17].

in Fig. 6.

The apparent rate constants, kr derived from tbpes| found to be 12.435 This was obtained from the re-plot of

Figure 5. In k versus In [HCI]

This value falls within the range expected for thee

The Arrhenius constant for the dissolution proceas

of the linear plots in Fig. 6 were used to deteemthe Fig. 7 from the origin [10, 18]. Finally, the lingzation of
activation energy, Fas shown in Fig. 7. The Fig. 7 clearlythe kinetic data in Table 1 was also carried outn®ans of

shows that the kinetic data fitted relatively wiito the

equation (2). Consequently, the value of the ratestant k

surface diffusion model as proposed by several casth were then plotted against the reciprocal of theiglarradii
including Zuo-mei, et al [16]. Hence, the, Hetermined (1/ry), yielding a linear relation (Fig. 8).
using this surface diffusion kinetic model was B&Zmol.
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Figure 6. Plot of 1 — 2(8— (1 —)?® versus contact time at various temperatures
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Figure 7. Arrhenius plot of Inkrersus 1/T(K)
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Figure 8. Plot of rate constant, k on inverse afiple radii

However, the plot of the rate constant k versus thehowed the absence of both chloride and other nwatal
square of the particle radii (3% did not result to a linear in the post-leached residue [12].
relation. Thus, the linear dependence of rate emistk on

the inverse of initial particle diameter indicatdsat a 3.4. Solvent extraction studies
surface chemical reaction is the rate limiting stepthe
ore dissolution process [18]. Hence, the mechamwithe 3.4.1. Working curve for total gold analysis

dissolution therefore follows the diffusion modeh \the

influence of H ion diffusing from the bulk of the solution =~ The calibration curve for total gold analysis by

into the gold ore concentrate. spectrophotometric technique used in this study is
The analysis of the post-leached residuained by represented in Fig. 9.

leaching gold ore concentrate a8y 2M HCI solution

for 120 minutes showed that the unreacted produmsist 3.4.2. Influence of extractant concentration on tal

primarily of silica f-quartz). Its purity level was analyzedgold extraction

for the presence of chloride or other metal ionteraf

thorough washing with de-ionized water followingeth The result of the influence of extractant conceitra

standard procedure [19] The results of these rigm“ on the rate of total Gold extracted from the |eabge|d
ore concentrate is shown in Fig. 10.
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Figure 9. Calibration curve for the total gold a#$& (max= 450nm)
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Figure 10. Result of the extractant concentrationotal Gold extraction.
Experimental conditions: Temperature = 25£2, TBP concentration = 0.05M — 2.0M

From Fig. 10, it results that an increase in the The reagent HL = TBP, initially dissolved in kerose
extractant concentration (0.05M — 1.0M TBP in keres reacts with a metal ion, W (leachate) in agqueous solution
leads to a simultaneous increase of total goldaetitrn, to form a product, MLn [20].
since the ratio of the TBP concentration to totaldg
increases. Hence, increase in the initial TBP coimagon TABLE 2. Values of equilibrium constant, K and the free energy,
in the organic phase considerably improve the etitlm AG for total Gold extraction versus system temperature
efficiency and thus reaches a maximum at 1.0moBPT
when about 85.28% total gold has been extracted.

temperature, £C)
27 32 37 42

85.28 78.14 72.59 64.11

Total Gold extraction

3.4.3. Influence of temperature on the total Gold (%)
extraction K (mol/L) x 16 868.15 | 641.33] 50349 387.2F
AG (kJ/mol) 2333 | 24.48] 2509 2661

The effect of temperature on the total Gottraetion ) o
by TBP in kerosene was examined. As seen from Taple ~ The free energyAG, for the ore dissolution is related
the temperature increase led to the decrease bftotal to the entropy and enthalpy by the relation:
efficiency of gold extraction and equilibrium coaust [19]. _
The reaction is endothermic pathway. The evolutbthe AG =AH - TAS ®)
free energy change as a function Of_ system temperat  Tpe piot of the relation betweexG and the system
(Table 2) was drawn using the relation: temperature is shown in fig. 11.
- From Fig.11, the slope of the resulting line isipes
AG = -RTInk (3) (AG>0). From this positive slope, it resulsG = -AS and
The equilibrium constant, K in equation (3) is€ntropy change for the system is -21.83J/mol/K réfoee,
proportional to temperature coefficient extractapil the system enthalpy was calculated form equationtd5

expressed in terms of reacting species accordinthgo Obtain 3.56kJ/mol and thus suggesting the endoiberm
following equation: pathway for the ore dissolution process. This pasitalue

is amenable to some reported literature works which
proposed that most extraction processes are emnddthe

M™ ag) + NHLorg) = MLN(org) + NH'(ag) @) o]
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Figure 11. Dependence of free energy as a funofitemperature

4. Conclusions

On the basis of experimental results, this study hi&-

shown that ljero-ekiti (Nigeria) gold ore concetdrds
amenable to hydrometallurgical treatment by hydiarit
acid leaching prior solvent extraction by TBP indaene.
The leaching studies showed that the gold ore Wissa
in HCl solution increases with increasing aci
concentration and temperature and with a decrease
particle diameter at a stirring rate of 300rpm. M2V HCI

solution, about 81.27% of gold ore concentrate W&fﬁ

dissolved within 120 minutes at temperature ofGBby

0.09<0<0.12mm particle diameter. The calculated orde
activation energy and Arrhenius constant
18.23kJ/mol and 12.43swere obtained for the dissolution
process, respectively. The results of the dissmiustudies

showed that the kinetic data fitted diffusion cohtr
mechanism with surface chemical
limiting step. Finally, the results of the solvexktraction
studies revealed the possibility of extracting thial gold
from the gold concentrate leach liquor at optin@idition
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