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Pilot-scale tank biooxidation of gold bearing arsenopyrite concentrates

This article shows the results of experimental tests of bacterial oxidation of arsenopyrite gold concentrate that
contains gold (60 g/t), sulfides (23 %), iron (26 %) and arsenic (11 %). A consortium, consisting of the
mesophilic strain Acidithiobacillus ferrooxidans AF-2 and moderately thermophilic strains of Sulfobacillus
thermosulfidooxidans OT-1 and Sulfobacillus thermosulfidooxidans SK-4, was used in the test. The tests were
carried out on the equipment, consisting of 6 reactors with a volume of 1.5 m® each. The concentration of sol-
ids in the pulp was maintained at 20 % (w/w). In the process of optimizing the parameters of the bacterial ox-
idation plant, the retention time of the concentrate was reduced from 12 to 6 days. During the test, the de-
struction of sulfides was over 90 %, which provided gold recovery from biooxidation products by cyanide
leaching over 94 %. In addition, the average gold recovery rate reached 95 %. The removal of arsenic from
the leaching solutions was carried out by means of two-stage neutralization with calcium carbonate. Due to
high oxidation degree maintained throughout the entire operation of the experimental plant, a high ratio of
iron to arsenic concentration in the solution was observed, which provided ideal conditions for arsenic precip-
itation in the form of trivalent iron arsenate. Determination of the stability of precipitate residuals was carried
out according to the protocol Toxicity Characteristic Leaching Procedure (TCLP). The precipitate obtained
after neutralization of the leaching solution does not require special disposal, since the final concentration of
arsenic in the extracts of TCLP tests was 0.14 mg/L.

Keywords: arsenopyrite concentrate, biooxidation, tank leaching, Acidithiobacillus ferrooxidans, Sulfo-
bacillus thermosulfidooxidans, gold, arsenic, pilot-scale.

Introduction

The main problem of gold mining in Kazakhstan is that in most cases (65 %) the gold-bearing ores are
classified as refractory ores. The deposits with these stubborn ores are hardly developedin our country [1]. In
this regard, a necessity to use additional procedures at the processing of these ores arises. Currently, there are
several approaches to «openy the refractory ores; these are physicochemical methods (oxidation under the
high temperature and high pressure) and biological method (bioleaching) [2].

Pressure leaching is the method of oxidative decomposition of the sulphide minerals of iron and non-
ferrous metals, with which the particles of gold associate in the ore. It occurs in industrial autoclaves under
the high pressure (1 MPa or higher) and high temperatures (150-200 °C).

Bacterial leaching (bioleaching) is a relatively new and promising method based on the use of the abil-
ity of some natural bacteria (iron-and sulfur-oxidizing) to oxidize sulfide minerals and to produce energy at
normal temperatures and pressures:

2FeAsS +702 + HQSO4 + 2H20 — 2H3ASO4 + Fez(SO4)3
4FeS + 902 + 2HZSO4 — 2F62(804)3 + 2H20
4FeSz + 1502 + 2H20 — 2F62(SO4)3 + 2HQSO4

However, for refractory gold ores and concentrates with a low arsenic content, the choice between the
two technologies (the physicochemical and bacterial) has an individual character for each particular deposit,
depending on size and physicochemical characteristics of the deposit. Moreover, for arsenopyrite ore with a
high arsenic content, the use of physical and chemical methods is limited by both environmental problems
and economical issues. It poses a risk of the release of highly toxic arsenic into the surroundings [3].

Tank method of bacterial leaching is a relatively new and promising method for the processing of arse-
nic-containing ores and concentrates. In this process, the gold extraction occurs by the destruction of the
crystal lattice of sulfide minerals which finely disseminate the gold. One of the benefits of this method is that
it can be used for the cleaning of the concentrates from the harmful compounds such as arsenic. Finally, the
bioleaching is the up-to-date tool for the selective extraction of metals from collective concentrates or indus-
trial products [4].
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Methods

The microbial culture, used in this study, were mixed culture of mesophilic and moderately
thermophilic microorganisms: Acidithiobacillus ferrooxidansAF-2 (B-RKM 0797), Sulfobacillus thermo-
sulfidooxidans OT-1 (B-RKM 0794) and SK-4 (B-RKM 0796), which was deposited in the official collec-
tion at the RSE «Republican Collection of Microorganisms» of the Committee of Science of Ministry of Ed-
ucation and Science of the Republic of Kazakhstan.

The pH and redox potential (Eh) were determined by the analyzer «Mettler Toledo Seven Multi S47-
K». The concentration of metals in solid samples and solutions was determined using atomic emission spec-
trometry on the spectrometer iCAP 7200 ICP-OES Analyzer of «Thermo Scientificy company and using the
method of atomic absorption with atomization in a graphite furnace using the «KQUANTUM-2AT» atomic
absorption spectrometer [5]. The concentrations of Fe’* and Fe*" ions in the liquid phase were determined
spectrophotometrically on «KFK-3-01» colorimeter (at wavelength A=510 nm) [6]. The sulfur content in the
sulfide concentrate and in the residues of leaching was determined gravimetrically [7].

During the pilot test, the arsenopyrite concentrate was obtained from the Bestobe deposit (JSC «Mining
and Metallurgical Complex «Kazakhaltyn»). The average gold content is 60 g/t, the content of sulfides is
23 %, iron is 26 %, arsenic is 11 %. The concentration of solids in the pulp of the pilot plant was maintained
at 20 % (w/w).

The pilot plant for bacterial oxidation of arsenopyrite concentrates consisted of 6 reactors with a volume
of 1.5 m’ each. The bioreactors are equipped with stirring devices, bubbling rings for air supply and heaters
to maintain the temperature at 40 °C. Pulp preparation was carried out in a 2 m’ conditioning tank, provided
with a stirring device.

First three bioreactors worked in parallel and formed the first stage. A combined stream from these bio-
reactors was then cascaded into a series of three bioreactors. The use of the first three bioreactors in parallel
had a crucial role in the growth and stability of bacterial populations due to the fact that the retention time at
first stage increases threefold. Schematic diagram of the installation is shown in Figure 1.
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Figure 1. The scheme of pilot-scale plant

The cyanidation of bacterial leach residues and untreated concentrates was carried out in 100 ml Erlen-
meyer flasks at a working volume of 40 ml with 40 % pulp on a shaker at 25 °C and 200 rpm for 24 hours.
The pH of the pulp was maintained at pH 10.5—11.0 by the addition of 10N sodium hydroxide.

Results

Initially, the retention time of the concentrate in the plant was 12 days. Due to the slow flow rate into
the primary reactor, the feed was supplied hourly from the pre-weighed packages of the concentrate, and the
water was added continuously. After the stable operation with a certain retention time was demonstrated, the
feed rate had increased.

In the process of bacterial oxidation special attention was accentuated on the maintenance of the opti-
mum acidity of the pulp (pH 1.0-1.5). Controlling the acidity of the pulp is necessary to prevent a decrease
in the activity or death of acidophilic bacteria, as well as the precipitation of iron and arsenic compounds
with an increase in acidity [8]:

2H3ASO4 + Fez(SO4)3 — 2FeASO4 + 3HQSO4
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3F62(SO4)3 + 12H20 + MzSO4 — 2MFC3(SO4)2(OH)6 + 6stO4
where M — is K", Na', NH,'or H;0".
Samples were taken from each reactor for chemical analysis on a daily basis. The analysis included the
determination of total iron, total sulfur, sulfide sulfur and arsenic in the solid samples and iron, sulfate sulfur

and arsenic were analyzed in the solutions. The parameters of the bacterial oxidation process are shown in
Table 1.

Table 1
Parameters of bacterial oxidation in a pilot plant

Pulp density, % 20
Retention time, days 6
Temperature, °C 40
Iron, g/LL 45-49
Arsenic, g/LL 16-19
pH 1.2-1.3
Eh, mV 640-720
The concentration of dissolved oxygen, ppm 2.0-5.0
Weight loss, % 38
Sulfide oxidation, % 90
Removal of As, % 92
Average recovery of Au, % 95

In the process of optimizing the parameters of the pilot bacterial oxidation plant, the retention time of
the concentrate was reduced from 12 to 6 days. The recovery of gold was determined by standard bottle tests.
Gold recovery, obtained from bacterial oxidation products, is shown in Figure 2.
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Figure 2. The gold recovery obtained from the bottle tests

According to the data presented in Figure 2, it can be seen that high levels of the gold recovery were
observed throughout the test period. Figure 3 shows the graph of the gold recovery, depending on the total
oxidation of sulfides.

According to the data presented in Figure 3, it can be seen that during the tests, the destruction of sul-
phides was over 90 %, which ensured the recovery of gold frombiooxidation products over 94 %. The aver-
age gold extraction was about 95 %.

Many researchers have shown that in order to effectively remove arsenic from the solution and obtain a
stable precipitate of iron (III) arsenate, neutralization should be carried out step by step [8—11].
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Figure 3. Dependence of the gold recovery on the oxidation state of sulfides

In the first stage, arsenic is deposited in the form of stable iron arsenate at pH 3-5, after that, the pH is
raised to 6-8, in order to reach an environmentally acceptable level. The chemical processes that occur in
this case can be described by the following equations:

Stage 1: Neutralization to pH 3-5

Fez(SO4)3 + H3ASO4 + CaCO; + 2H20 —
— Fe(OH);(s) + CaSO4(s) + FeAsOy(s) + 2H,SO,4 + CO,

Stage 2: Neutralization to pH 6—8

HZSO4+ CaCO3 — CaSO4(s) + C02+ Hzo

The formation of calcium arsenate Caz;(AsQ,), should be avoided during the neutralization of the arse-
nic solutions. Calcium arsenate is more soluble than iron (III) arsenate and is not a suitable form for long-
term storage due to decomposition to carbonate under the influence of carbon dioxide contained in the air.
The formation of calcium arsenate can be prevented with a molar ratio of iron (III): arsenic above 3: 1 and an
increase in pH in the first stage of no more than 4-5 [12].

Due to high oxidation degree is maintained throughout the entire operation of the experimental plant, a
high ratio of iron to arsenic concentration in the solution was observed, which provided ideal conditions for
the arsenic precipitation in the form of trivalent iron arsenate. Determination of residual precipitation stabil-
ity was carried out according to the protocol U.S. EPA-TCLP. The threshold concentration of TCLP for ar-
senic is 5 mg/L. The test results are shown in Table 2.

Table 2
Data of solution and residue analysis
Biooxidation solution In solution after precipitation In TCLP extract
Fe, g/L As, g/L pH As, mg/L As, mg/L
47 18 1.2 0.05 0.14

According to Table 2, the precipitate obtained after neutralization of the leaching solutions does not re-
quire special disposal, since the final concentration of the arsenic in the extracts of TCLP tests was
0.14 mg/L.

Conclusion

The pilot test have shown a high efficiency of biooxidative pretreatment of the arsenopyrite concentrate
using Acidithiobacillus ferrooxidans AF-2, Sulfobacillus thermosulfidooxidans OT-1 and Sulfobacillus
thermosulfidooxidans SK-4 for the gold extraction. 92 % of arsenic was recovered in 6 days of treatment.
Only 47 % of gold is recovered through the direct cyanidation of the concentrate, while cyanidation after
biooxidation has shown 95 % of the gold recovery.
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APCEHNMPUTTI AJTHIH KOHUEHTPATTHI KYOijle OMOTOTHIKTHIPY/IbIH
TIXKipHOeJi ChIHAFBI

Makanana Kypamsiaga anteiH 60 1/T, cynsdunrep 23 %, temip 26 %, xymono 11 % apceHNUpHUTTI anThH
KOHICHTPATThl KYOiZe OHOTOTHIKTHIPY CHIHAKTAPBIHBIH HaTIXKedepi kepcerinreH. CplHaK Ke3iHze
Acidithiobacillus ferrooxidans AF-2 wme3obunai mTaMMHaH J>KOHE opTama-TepMo(WIAl IITaMMIapAaH
TYPATHIH KOHCOPLMYM Maiixamansl. ChIHAKTAPABIH op6ipi 1,5 M° KeneMi 6 peakTopaaH TYpaThiH KOHIBIP-
FbIga Kyprisinni. KoHAbIpFbl KyaT Ke3iHAe KaTThl 3aTTap KoHueHTpauuschi 20 % (Mac./mac.) IeHreiinne
ycragsl. Kybine OakTepHsuIBIK TOTHIKTBIPY KOHIBIPFBICHIHBIH OHTAIIAHABIPY OaphICEIHAA KOHIIEHTPATTHI
ycray yakbITHl 12-1eH 6 Toyiikke neiiin KeIcKapTeuiasl. CeIHAK YeTiHAe cynbduarep Oy3puryst 90 % sxorapsl,
OyJ1 OMOTOTHIKTEIPY OHIMHEH alTHIHABI iy 94 % »KoFapsl, ChIHAK INIiHAE aNTHIHABI opTama aaysl 95 %
kypansl. Illafimanmay —epiTiHAUIEpAeH KYMIONOHI apbUITy KanblMii KapOOHATBIMEH €Ki  Ke3eHHl
OeiiTapantanablpy )KOJBIMEH JKYPri3iiai. DKCIEPUMEHTTIK KOHIBIPFBIHBIH 0ap KYMBICHI OOHBI YCTaNBIHATHIH
TOTBIKTBIPY/IBIH JKOFaphl ACHreHiHEH YIII BAJICHTTI TeMIp apceHaThl TYPiH/Ae KYIIQIoHIH TYHYbIHA KEMILTIKCi3
JKaFIalabl TyIbIPFAH epITIHAIAC KYLISNSFa YII BAJICHTTI TEMIip KOHLCHTPATBHIHBIH JKOFapbl KATBIHACHI
6aiikanasl. ConbiMen Oipre temip apcenatbinbly (III) TypakTbl TyHOach! maiiga 6osabl. TyHy TyHOACHIHBIH
TYPaKTBUIBIFBIH aHbIKTay Toxicity Characteristic Leaching Procedure (TCLP) xarramacer OoiibiHima
xyprizinni. I[laiimanmay epitinnicin OeirapantaHablpy HoTibkeciHne anbiFaH TyHOa TCLP Tectrep
cipiHainepiHae KYIIONoHIH COHFBI KoHIeHTpanuscs! 0,14 Mr/m KyparaHABIKTaH, apHAMbl caKTaybl Taall
eTIIeH .

Kinm ce30ep. apceHNUPHUTTI KOHLCHTPAT, OMOTOTHIKTHIPY, aHAa waiimanay, Acidithiobacillus ferrooxidans,
Sulfobacillus thermosulfidooxidans, anTbiH, KYIIaJI, ChIHAMAIBI CHIHAY.

B.M. Hlaiixyraunos, H.K. XKanmap, O.A. Ten, I.C. bannanos, E.H. Kanadwus,
P.A. Xannanos, P.11I. EpkacoB, A.A. baku6aes, A.T. Keznuk6aeBa

OnbITHOE UCNIBLITAHNE YAHOBOI'0 OMOOKHMCJICHUSA
apPCeHONMUPUTHOIO 30JI0TOI0 KOHIIEHTPAaTa

B crarbe npuBeNeHBI PE3yJIbTAaThl ONBITHBIX HCIBITAHMN YaHOBOTO OAKTEPUAIBHOTO OKHCIICHHUS apCEeHOINH-
PHUTHOTO 30JI0TOTO KOHIIEHTpara: coiepxaHue 3o10ta 60 r/T, cymbdunos 23 %, xenesa 26 %, MbllIbika
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11 %. IIpu HCTIBITAHUM MCTIOIB30BAIM KOHCOPLIMYM, COCTOSIINH U3 Me30duibHOro mramma Acidithiobacillus

ferrooxidans AF-2 u ymepenHo-tepmoduibHbIx mwtammoB Sulfobacillus thermosulfidooxidans OT-1 n SK-4.
VICIIBITAHMS POBOIMIIHCH HA YCTAHOBKE, COCTOSIIIEH 13 6 peakTopoB, oGbemoM 1,5 m° kaxmpiit. KoHmeHTpa-
LU0 TBEPABIX BEUIECTB B IIMTAHNH YCTAHOBKHU HOZepkuBanu Ha yposHe 20 % (mac./mac.). B mponecce on-
THUMU3aIUH ITapaMETPOB YCTAHOBKM YaHOBOTO OaKTEPHAJIBHOTO OKHCIICHUS BPEMs yAep KaHHS KOHLIEHTpaTa
65110 cokpamieHo ¢ 12 no 6 cyrok. B xone ucnbiTanus paspyuieHue cynbpuiaoB coctaBmio cbime 90 %, xo-
TOpOoe O00ECIeUMIIO M3BJICUCHHE 30J10Ta W3 NPOJYKTOB OMOOKHCIICHUS IPH IHAHUPOBAaHWU cBhIme 94 %,
cpelHee M3BJIE€UYEHHE 30JI0Ta B TEUEHUE HCIBITAHMH cocTaBuino 95 %. YnaneHue Mbllbska U3 pacTBOPOB
BBILIETIAYMBAHUS [TPOBOJIIIN IIyTeM ABYXCTaJUHHONW HEHTpanu3aluu pacTBopa kapOoHaToM Kaibuus. M3-3a
BBICOKOH CTENEHU OKHCIICHUS, MOANCP)KUBAEMON HA MPOTSHKEHUH Bcel pabOTHI HKCIEPUMEHTANBHON ycTa-
HOBKH, Ha0JII0/1aJI0Ch BBICOKOE OTHOILIEHHE KOHIIEHTPALMH TPEXBAJIEHTHOTO JKeNe3a K MBIIIbIKY B PacTBOPE,
4YTO0 00ECHEeUIO0 HAeabHBIC YCIOBHS M OCaXKACHUS MBIIIbSKA B BHJE apceHaTa TPEXBAJCHTHOTO Kelle3a.
Ompenenenne CTaOMIEHOCTH OCAAKOB OCaXJICHUSI IPOBOIWIN 110 IpoTokoiry Toxicity Characteristic Leach-
ing Procedure (TCLP). Ocanok, moxydeHHBIH B pe3ynbTaTe HEWTpalM3alliid pacTBOPA BEHINIEIAYNBAHUS, HE
TpeOyeT CIeMaIbHOTO 3aXOPOHEHNUs, TaK KaK KOHEYHasi KOHIIEHTpanus MbIIbsika B okcTpaktax TCLP tec-
TOB coctaBuia 0,14 mr/m.

Kniouesvie cnosa: apceHONMPHUTHBI KOHLEHTpAT, OMOOKHCIEHHE, YaHOBOE BBIILENAUMBAaHME, Acidithio-
bacillus ferrooxidans, Sulfobacillus thermosulfidooxidans, 3070TO, MBIIIBSIK, OTIBITHOE HCIBITAHUE.
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