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ABSTRACT

This paper presents astudy for leaching kinetics of refractory gold concen-
trate (RGC) with ozone in ferric sulfate solution. The influence of various
parameters such as 0zone concentration, temperature, reaction time, solid/
liquid ratio and particle size on the iron extraction rate was investigated.
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The shrinking core model was suggested to describe the leaching process
of RGC analyzing the kinetic data. The activation energy for the leaching
processwas found to be 11.47 k¥mol in thetemperature range of 70-100°C.
Consequently, the rate of the reaction based on a reaction-controlled pro-
cess could be expressed as 1- (1-a) %2 =22303.97e4"RT t. The dissolution
of RGC with ozone and ferric sulfate sol ution was found to be controlled by

diffusion-controlled process.

INTRODUCTION

Thegoldisfrequently finely disseminatedinthe
pyritematrix and cannot be extracted by conventional
cyanidation method™. Along with arsenopyrite and pyr-
rhotite, pyriteisthemost prevaent host for gold. The
conventional method of recoveringgold fromRGCin-
volvestheroasting-leaching-el ectrowining process.

Theneedto utilize small and complex depositsand
theenvironmenta restrictionsimposed on sulfides(in-
cluding arsenopyrite) smetersstimul ated the devel op-
ment of dternative methods, especidly hydrometa lur-
gical routes that avoid the production of SO2 and
As203 asapollutant.

Theeimination of roasting stepisan important ad-
vantage and high gold extraction increasestheimpor-
tanceof hydrometd lurgica trestment processes. For this
purpose, variousleaching studies have been performed
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by many researchers, such as pressure oxidation?,
chemical oxidation>® and bacterid oxidation®*2,
Ozoneisoneof themaost important oxidative agents
inleaching process and was reported that ozone has
more advantage than other oxidative agents. A limited
number of investigationg*** indicatethat goldinRGC
can beleached readily after ozone oxidation under cer-
tain conditions. Although RGC oxidation by ozonehas
been investigated by limited researchers, few papers
on kinetic modeling of RGC oxidation by ozone and
ferric sulfatein acidic mediaseemto be published.
Thedissolution kinetics of asolid compound de-
pendson the processestaking place at the solid-liquid
boundary; the processes are complex and involve both
chemical reactionsand masstransfer. The solid-liquid
reaction can occur at thesurfaceof thesolid, inthefilm
around the solid or intheliquid bulk phase. Different
steps, such as mass transfer, chemical reaction, and
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chargetransfer, can determinethe dissol ution rate 628,
Theclassical modelsused for solid-fluid reactionsare
the shrinking particle and the shrinking coremodel§%9.
The shrinking core model (SCM) isapplicableto an
initidly non-porousparticle, which reactswith areagent
leaving areacted layer around the unreacted core. The
shrinking particlemodel issimilar to the SCM except
that no product layer isleft around the unreacted core.
The SCM hasbeen widely used in thearea of hydro-
metallurgy tomodd leaching systems.

Hence, the objectives of thisstudy weretoinves-
tigatethemainfactorsinvolvedin theoxidation of RGC
by ozoneand ferric sulfate, such as ozone concentra-
tion, solid/liquid ratio, particle size and temperature,
and also to determine what process controlstherate
of the dissolution of RGC or what kinetic model can
be applied.

MATERIALAND METHODS

Material

Theminera samplesused inthiswork weregold
concentratesobtained from theZhongyuan Gold Smelt-
ing Plantin Henan province. TABLE 1 shows Compo-
gtionof refractory gold concentrate used in thisexperi-
ment. Auand Ag were analyzed by fire assay, Swas
analyzed by gravimetric anadysisand Fewasandyzed

TABLE 1: Composition of refractory gold concentr ate used
inthisexperiment

Element (%) Content
Na 0.69
Mg 1.88
Al 7.61
Si 15.8
S 13.91
Ca 3.88
Ti 0.71
Fe 16.8
Cu 0.03
As 754
P 0.11
Ni 0.07
Mn 0.08
Au (ght) 48.03
Ag (glt) 8.46
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by titration analysisand other e ementswereana yzed
by XRF. Theelemental analysisof the orewas deter-
mined by X-ray fluorescence (XRF) andysisand chemi-
ca anadysis. Furthermore, from the X-ray diffraction
pattern of the head sample (Figure 1), themineral com-
position of thehhead samplewas cal cul ated to be 24%
pyrite, 17% arsenopyrite, 2% anatase, 37% muscovite
and approximately 17% quartz.
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Figurel: X-ray diffraction pattern of thehead sample

Experimental procedure

The pretreatment processwas carried outin a500-
ml three-necked bottle equi pped with awater-cooled
condenser, thermometer, amagnetic stirrer and apo-
rousnozzlefor injection of ozone. Thereflux condenser
was used to prevent evaporation of the solution and to
maintain the pretreatment process under atmospheric
pressure. Thereactor was heated using ahesting mantle,
whosetemperature wasthermostatically controlled by
anelectrical bar, withaprecision of +£1°C. Theozone

< D) =

Figure?2: Experimental apparatus, (1) oxygen sted bottle, (2)
ozonegener ator, (3) heating mantle, (4) magnetic stirrer, (5)
thermometer, (6) reactor, (7) condenser, (8) ozonedestructor
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was produced from extra dry pure oxygen using a
Guolin Ozone Technol ogy (L22) generator. Figure 2
showsthe experimentd apparatus.

Inatypica experiment, theglassreactor wasfilled
with0.25L 0.7 M ferric sulfate solution and asmall
amount of sulfuric acid to maintainapH of 1 and then
heated to the desired | eaching temperature under speci-
fied agitation and ozone flow. Oncethe set tempera-
turewasreached, the mineral sampleswere charged
into thereactor and agitated with astirrer at 800 rpm.
Previous experiments results had shown that further
increases of the stirring speed had no effect onthe Fe
extraction rate. The unreacted ozone was absorbed
by the ozone destructor. Experimentswere carried
out with varied ozone concentration, solid/liquid ra-
tio, reactiontimes, particle sizeand processtempera-
tures. Thereaction was stopped by placing the reac-
tor in an ice bath at the end of each reaction. The
slurry wasthenfiltered and the solid analyzed for Fe
content after drying at 100 °C. The Feextraction rate
was caculated asfollows:

C =W, xX -W,xX)/ (W, xX) D
Where C is Fe extraction rate; W, is weight of head sample;
W, is weight of oxidized residues; X, is Fe content of head
sample; X, isFe content of oxidized residues.

Analysismethod
Titrationof iron

Theiron content of themineral sampleswasdeter-
mined by atitration method accordingto GB/T7739.7-
2007(Chinalndustrial Standard). After the dissolution
with hydrochloric acid theminera samplewasdecom-
posed by nitric acid and sulfuric acid, respectively, and
then evaporated to dry. Thereafter, the mineral resi-
dueswasredissol ved with dilute hydrochloric acid and
titrated with potass um dichromate standard sol ution.

Gravimetricanalysisof sulfur

Determination of sulfur from mineral samplewas
anadyzed by gravimetric analysisof barium sulfate.

Titration of ozone

The ozone content of gaswas determined by lo-
dimetry.
X-ray diffraction (XRD)

X-ray diffraction (XRD) anayseswere performed
usngaCuKa(1.5418A) source (40KV, 40mA) from
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Siemens D-501, with agraphite secondary monochro-
mator and ascintillation counter detector. The pow-
dered samplewas placed on aflat plastic plate, which
was rotated at 30 rpm. The scanswere performed at
25°Cinstepsof 0.04 °C, witharecordingtimeof 2s
for each step. Whereaccurate 20 val ueswererequired,
Si was added as an internal 20 standard.

XRF

The chemica composition of themineral samples
wasanayzed by energy dispersive X-ray fluorescence
(XRF) (Bruker AxsGmbh $4 Explorer moddl).

Processchemistry

Previousresearchershave a so el aborated the oxi-
dation of pyritd?24 and the oxidation of arsenopyrite?.
A few possiblereactions may take placein ozonation
solutionsasfollows:

FeS,(s) +14Fe* + 8H,0 — 15Fe* + 2S0,% + 16H*  (2)
2FeS(s) + 60, +2H*—> Fe,(SO,),+H,S0,+30, (3)
FeAsS+ 13Fe* + 8H,0 - 14Fe* +

13H*+H AsO, + SO,> 4)
FeAsS+70,+3H*+H, O > Fe* +

H.,AsO, +70,+S0,> )
3Fe* +20, - Fe*" + 30, (6)

A lot of gudiesdemonstrate that pyriteisnormally less
reactivethan arsenopyrite. So (4) and (5) reactionstake
place faster than (2) and (3) reactions. There are no
meansof initialy determining which of thesereactions
areoccurring, or if morethan onereaction occursover
thelifetimeof an experimentd run. Therefore, because
speciationisunknown and may aso shift asthe experi-
ments progress, the pre-oxidation effect of ozonemay
be measured by Feextractionrate of mineral samples.

RESULTSAND DISCUSSION

Effect of ozoneconcentration

Theeffect of 0zone concentration on Feextraction
wasinvestigated for an oxidationtime of 8 hat 100°C.
Asobserved from Figure 3, the Fe extraction increased
with increasing ozone concentration. At theend of 8h
oxidation, 50 and 78.3% Fe extraction were achieved
with 16ppm ozone and 54ppm ozone, respectively. On
the other hand, 40% Fe extraction was achieved with-
out ozone at the end of 8 h oxidation. These results
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show that ozone hasimportant effectson Feextraction
of RGC. Themoreozoneinvolvedinreactionis, the
more RGC areoxidized. Therefore 54ppm ozonewas
sdl ected asthe optimum ozone concentration.
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Figure3: Effect of ozone concentration on Feextractionrate
from RGC: (temperature: 100°C; particle size: 50-74 um;
solid/liquid ratio: 1/20)

Effect of temperature

Theéeffect of temperatureon Feextraction wasex-
amined intherange of 70-100°C with ozone concen-
tration of 54ppm. Asobserved in Figure 4, the Fe ex-
traction increased with oxidation timeand temperature
intherange. Whilethe Feextraction after 2hwas27.34
and 33.46%, the extraction after 8 hreached to 64.79
and 80.35% for 70 and 100°C, respectively.

Temperature, °C
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Effect of solid/liquid ratio

Theeffect of solid/liquid ratio onthe Feextraction
wasinvestigated in the range of 1/10-1/20 (100-50g/
L). Theresultsare presented in Figure 5. The Fe ex-
tractionincreased with decreasein theamount of solid.
TheFeextraction after 8 hreached to 54.3 and 80.07%
at ratios 1/10 and 1/20, respectively.
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Figure5: Effect of solid/liquid ratioon Feextraction of RGC;
(temperature: 1000C; particle size: 50-74 um; ozone con-
centration: 54ppm)

Effect of particlesize

Figure 6 presentstheresultsfrom oxidation with
various particlesizesof gold minerals. The Feextrac-
tionincreased with oxidation time, but with thedecreas-
ing particlesize. The Feextraction reached 63.44 and
82.23% after 8 hleaching for 50-74 and 74-154 um
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Figure4: Effect of temperatureon Feextraction of RGC;
(particlesize: 50-74 um; solid/liquid ratio: 1/20; ozone con-
centration: 54ppm)
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Figure6: Effect of particle size on Fe extraction of RGC;
(temperature: 100°C; solid/liquid ratio: 1/20; ozoneconcen-
tration 54ppm)
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particlessize, respectively.
Kineticanalysis

Inan acidleaching process, most sulfidesfollow a
kinetic model known as the shrinking core model
(SCM). The shrinking core model considersthat the
leaching processiscontrolled elther by thediffusion of
reactant through the sol ution boundary layer, or through
asolid product layer, or by rate of the surface chemical
reaction. Thesimplified equationsof the shrinking core
moded when either diffusion or thesurfacechemicd re-
actions are the slowest step can be expressed asfol -

lows, respectively:

2 2M . DC
1-Za-(1-a)?P =" "2 t=k, t
3 (1-a) ppars ¢ 0
1—(1—0,)2/3=M t=k,t ®)
Ps &y

whereo isthefractionreacted, K _ thekinetic congtant,
M, the molecular weight of the solid, C, the concen-
tration of thedissolved lixiviant A inthe bulk of the so-
[ution, athestoichiometric coefficient of thereagentin
theleaching reaction, r, theinitia radius of the solid
particle, t thereaction time, D the diffus on coefficient
in the porous product layer and k ,and k aretherate
constants, respectively, which are calculated from Egs.
(7) and (8), respectively.

In order to elucidate the reaction mechanism of
RGC dissolutionwith ozoneinferric sulfatesolutions,
the experimental datawas analyzed onthebasisof the
shrinking coremodée (Eq. (7)-(8)).

Thegpplication of surface chemica reectionskinetic
modd isshowninFigure7. Figure 7 showsthestraight
lineplot of 1- (1-o)) 2% versustimewhich dlowstherate
to bedetermined fromthedope. Therateconstantsva-
ues(k,andk ) andtheir correlation coefficientsfor each
temperaturearegivenin TABLE 2. Theseresultsindi-

TABLE 2: Thekr, kd and correlation coefficientsvaluesfor
different temperatures

Apparent rate Correlation

Tempoerature constants (10* h™)  coefficient (R?)
(°C) kd kr kd ke
70 0.880 6.541 0.968 0.998
80 1.106 7.37 0.952 0.995
90 1.445 8.65 0951 0.996
100 1.800 9.575 0912 0.980

catethat the extraction rate of Feiscontrolled by film
diffuson control. Also, it wasdetermined that theintegral
rate expression obeyed thefollowing equation:

1-(1-a) 2=kt 9)

07

temperature. °C

06 [

04

1-(1-a)"

03

02

01 1 1 1 1 1 1 1 1
60 120 180 240 300 380 420 480 540

Time. min
Figure7: Reationship between 1- (1-a) Z*and timeat differ-
ent temperatures:

Using theArrheniusequation, k=k =T, aplot of Ink
vs. (1/T) should beastraight linewith aslope of -Ea/l
RT and anintercept of Ink . The equation was plotted
aslnk vs. (1/T) for each value of thereactiontempera
tureasshownin Figure8 and thefollowing vaueswere
cdculaed:

Ea=13.88kJ/mol, k = 0.08425

Theactivation energy isfound to be 13.88kJmoal, indi-
catingafilmdiffuson control mechanism. Thus, Eqg. (9)
could begivenas

1-(1- a)23=0.084¢38RT ¢ (10)
-6.90 =
-6.95-

-7.00+

-1.05+

1 Ea = 13.88 kj/mol
7104

-7.154

In kl_.h'l

-7.204
-71.254
-7.30+

-1.354
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1000/T. K*
Figure8: Arrheniusplot of reaction rateagainst reciprocal
temperature
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CONCLUSIONS

Thedissolutionkineticsof RGCinozoneand acidic
ferriculfatesolutionwasstudied inastirred batch reac-
tor. It wasfound that thereaction rateincreaseswithin-
Creasein 0zoneconcentration, reaction temperatureand
withdecreeseinsolidtoliquidratioandpartidesze Andy-
gsof thekinetic databy different kinetic mode sindicates
that thel eaching processfollowstheshrinking coremodd
with thesurface chemicd reaction astherate controlling
gep. Theactivation energy wasfound to be 13.88kJmoal,
whichiscongstent withfilmdiffusion control mechaniam.
Dissolutionrate can beexpressed by Eq. (10).

NOMENCLATURE

Q

stoichiometric coefficient of thereagent in the
leachingreaction,

concentration of thedissolved lixiviantA inthe
bulk of thesolution

Feextractionrate

thediffuson coefficientinthe porousproduct layer
Kinetic constant,

apparent rate constant defined in Eq. (7)
apparent rate constant defined in Eq. (8)
molecular weight of thesolid

initia radiusof thesolid particle

reactiontime

reaction temperature (K)

Fe content of head sample

Fecontent of oxidized residues

weight of head sample

welght of oxidized residues

fractionreacted
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