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ABSTRACT
Solid waste from the copper smelting industry meyharmful if disposed of in the environment,
but it may be a valuable resource if metals carebevered. The purpose of this study was to
evaluate the acid bioleaching of metals from a dampfinal smelter slag and the recovery of
metals from the leach liquors. Bioleaching wasa@sh a continuously stirred tank reactor (CSTR)
at 20-25 °C with 5% pulp density (particle size 75%7 pm). The yields of metal solubilization
after 29 days of contact were 41% Fe, 62% Cu, 38% ] 44% Ni. Metals were precipitated in a
separate CSTR by titrating the leach liquors witlide-rich effluent from a sulfate-reducing
fluidized-bed reactor (FBR) (25 °C) to desired mues. Over 98 % of the Cu precipitated atpH
2.8 and over 99% of the Zn precipitated atB49. The precipitation of Ni and Fe required highe
pH values and was less efficient than Cu and Zovey. In addition, bulk precipitation of metals
was also tested by feeding the leach liquor diydotlinother sulfate-reducing FBR. In order to
reduce its toxicity and maintain stable sulfateucn performance in the FBR, the leach liquor

had to be diluted ten-fold and the pH adjusted ftbfhto approximately 4.

KEYWORDS: bacteria, bioleaching, biotechnology, tegarocessing
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INTRODUCTION
Solid waste streams from the copper industry cantagh concentrations of metals that are
harmful if released to the environment. These wssgams can be potentially valuable sources of
metals (Bosecker 2001; Solisio et al. 2002). Inldfid, final slag from the copper smelting
industry is one of the most important metal-contgjrwaste materials that are currently disposed
of in land fills. Annual generation of final slag Finland is about 352 900 tons. If the copper of

the final slag could be recovered, it would sudpB % of the annual Cu production in Finland.

The traditional method for solubilizing metals framlid waste materials is chemical leaching with
strong acids. However, chemical leaching is econamly when recoverable metals are present at
relatively high levels. Bioleaching with acidophiliFe- and S-oxidizing microorganisms has been
proposed as an alternative treatment method fotewaaterials that have relatively low levels of
valuable metals or are otherwise difficult to handt treat (Brandl and Faramarzi, 2006; Vestola
et al 2010). Once the metals are in the solutidditenal unit processes are needed to recover the
metals. Precipitation of metals as sulfides usiimagénic HS offers several advantages over
chemical hydroxide precipitation: lower effluent noentrations of metals, better thickening
characteristics of the metal sludge and the pdagilbtd recover valuable metals (Kaksonen and
Puhakka 2007). The bioprocess is based on bioloHiga and alkalinity (HC®) production by
sulfate-reducing bacteria (SRB) (reaction 1), medalfide precipitation with biogenic 3
(reaction 2), and neutralization of the aciditytloé water with alkalinity produced by the SRB in

the oxidation of provided electron donors (reacBdiiKaksonen and Puhakka 2007).

SO + 2CH0 > H,S + 2HCQ where CHO = electron donor (1)

H,S + M > MS(s) + 2H where M* = metal such as Zf 2)
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HCO5 + H" > COy(g) + HO (3)

The aim of the present work was to evaluate thsilfddy of the bioleaching of metals from final

slag waste and precipitating the metals from theHdiquors using biogenic sulfide.

MATERIALS AND METHODS
Final slag

The patrticle size of the final slag sample was Z@m, most particles being smaller than 0.06
mm. The slag contained 40.7% Fe, 1.7% Zn, 0.35% C&9%.Ri, 0.19% S and 0.09% C. The slag
consisted mostly of fayalite (F®iO,), magnetite (F,), calcite (CaC@ and chromite
(FeCrQOy4). Additionally the slag contained galena (PbS);aFsenides (FeAs), quartz, barite
(BaSQ), pentlandite ((FeNgBs) and Cu-Fe-Sn-Sb phases. Copper was present nagsssiylfides
and partly as arsenide and metallic copper. Irah most of the zinc and nickel were oxides in

fayalite and magnetite. The material was freezeddbefore bioleaching.

Bioleaching culture

The culture used in the bioleaching experiment hadn enriched from acidic waters of the
Talvivaara mine, Finland as previously describedlifhén et al. 2009). The culture was originally
enriched in media containing mineral salts andljirground black schist ore,’Sand ferrous
sulfate, pH 1.8. The enrichment culture containactdria related técidithiobacillus ferrooxidans

(99% similarity of the 16S rRNA gene)Acidithiobacillus thiooxidans (100%), Acidithiobacillus
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caldus (96%), Leptospirillum ferrooxidans (98-99%)and Sulfobacillus thermotolerans (99%) (Dopson

et al. 2007; Halinen et al. 2009). For the biol@aghexperiments the culture was grown at 25 °C in
shake flasks in mineral salts medium (MSM) describg Dopson and Lindstrom (1999), with the
exception that HB® was replaced by #80; and the initial pH was 1.8. The medium was

supplemented with 1%°Ysterilized at 105C for 24 h) and 4.5 ¢'IFe€* asFeSQ-7H;0 (filter

sterilized).

Bioleaching of final slag

Bioleaching of the final slag was evaluated at 22€2in a 125 | continuously stirred tank reactor
(CSTR) with an 85 | working volume. The reactor veagiipped witta mixer (0.78/0.45A 0.12 kW,
1380 U/min VEM VEB Elektromotorenverke, Thurm DDHJI&) and aeration was supplied from
the bottom at 1.5 | mih The medium (MSM) was supplemented with 18@8d 5% final slag, but
no ferrous iron was added. The medium was adjustqaHtd. with HSO, and a 10% inoculum
was used. The pH was manually readjusted wi®@® to pH 1 daily for the first 8 days before the
biological S oxidation produced enough acid to lower the ptbivel. The leach solution was
analyzed for redox potential, e sulfate and dissolved metals (Fe, Cu, Zn anddie a week.
Distilled water was added to compensate for the tfswater due to evaporation. After 39 days of
contact, the solution was collected and storeddatG-for metal precipitation experiments. The solid
were washed twice with dilute,BO, (pH 2), rinsed twice with Milli-Q water, and dried 25°C for

elemental analysis.
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Sulfidogenic fluidized-bed reactors

The precipitation of metals from the bioleach liguiavas studied at 25 °C using two sulfidogenic
fluidized-bed reactors (FBR A and FBR B) with a Wiog volume of 0.55 | and with 0.32 |
silicate mineral (@ 0.5-1 mm, Filtralite, Norway} ¢he biomass carrier (Figure 1). The carrier
material was previously used in sulfidogenic FBBS With lactate, ethanol and reed canary grass
hydrolyzate as electron donors (Kaksonen et al620@kaniemi et al. 2010). The mixed FBR
culture contained SRB related to the genBesulfovibrio, Desulfotomaculum, Desulfobulbus,
Desulfurispora, Desulforhabdus and Desulfobacca (Kaksonen et al. 2004b,c, 2007). The carrier

was fluidized by FBR recycle flow maintaining 20%doexpansion.

Gas bag

1

}- Effluent

Fluidized-bed
reactor (FBR) T

\ / o
Titrator |- probe

Fridge ( J
Synthetic } Continuously

Temperature probe
and heating coils

TR

feed stirrer tank
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Electron | | l - I
donors
Magnetic stirrer

Figure 1. Schematic diagram of the sulfate-reduEiB& and CSTR.
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The FBRs were initially operated in batch mode Sodays and thereafter fed with a synthetic
sulfate-containing solution, increasing the conaidn stepwise (Table 1). Lactate and ethanol
were fed as electron and carbon sources from deperservoirs. The hydraulic retention time
(HRT) in the empty bed volume was gradually de@ddsom 24 h to 20 h on days 87 and 76 in

FBR A and FBR B, respectively, and in FBR A furth@16 h on day 123.

Precipitation of metals from bioleach liquor usingbiogenic sulfide

After 130 days of operation the effluent of FBR Aasvused for precipitating metals from the
bioleach liquor in a CSTR (Figure 1). Known volunaéghe bioleach liquor (pH 0.6) with metal
concentrations of 9900 mg Fe, 117 mgt Cu, 235 mgt zn, and 15 mg t Ni were placed in
the CSTR and titrated to desired pH values (1.7—@ith the sulfide-containing effluent from
FBR A using a high-precision 780 pH meter (MetroA@) with a LL Syntrode PT1000 30 P.F
pH electrode (Metrohm AG). Nine separate experism&rdre conducted to test the precipitation of
metals at various final pH values. Due to the Mery pH of the initial bioleach liquor and the
limited operational volume of the CSTR, the alkiyirof the bioreactor effluent was not sufficient
to increase the pH to values above pH 5. Thereforegesting final pH values over 5, additional
CaCQ supplementation was used. After reaching the fptd) the solution in the CSTR was

sampled for analysis of dissolved metals.



140 Table 1. Composition of synthetic feeds (pH 4.@watdd with HCI) in FBR A and FBR B.
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Concentration (g ')

Synthetic feed
A:0-75d| A:76-98d A:99-109d | A:110-140d| A:141-192d
B:0-75d| B:76-103d | B:104-119d
NaxSO,-10H0 1.45 1.45 2.18 2.90 3.08
MgSO,- 7H,0 1.2 1.2 1.8 24 25
NH,CI 0.11 0.11 0.11 0.11 0.11
KH,PO, 0.056 0.056 0.056 0.056 0.056
FeSQ-7H,0 0.3 0.3 0.45 0.6 0.3
Ascorbic acid 0.1 0.01 0.01 0.01 0.01
Na-thioglycollate 0.1 0.01 0.01 0.01 0.01
Electron donors
Yeast extract 0.2 - - -
Na-lactate 0.4 0.4 0.6 0.8 0.8
Ethanol 0.16 0.16 0.24 0.32 0.32

Bulk precipitation of metals within the bioreactor

From day 120 onwards FBR B was used for the pratiph of metals directly from bioleach
liquor. The bioleach solution was diluted due te thigh sulfate and metal concentration,
supplemented with mineral nutrients and the pH adjasted with NaOH from 0.6 to 3.5-4.3. The
dilution of the bioleach solution was decreasegwige to increase loading of the FBR B (Table
2). The performance of FBR B was monitored by mesaments of the feed and effluent pH,
acidity or alkalinity, sulfate, dissolved organiarbbon (DOC) or lactate, ethanol and acetate and

dissolved metals. The effluent was additionallylyred for dissolved sulfide.
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Table 2. Composition of diluted bioleaching liquded to the fluidized-bed reactor (FBR) B. The
water was supplemented with 0.22"gNH,CI, 0.056 g T KH,PQj, 0.01 g T ascorbic acid and

0.01 g I* Na-thioglycollate.

Composition

Parameter 120-139 | 140-152 | 153-201 | 202-238 | 239-247 | 250-259

d d d d d d
Dilution factor of

50 40 20 13 10 5
bioleaching liquor
Na-lactate (gT) 0.8 0.8 0.8 1.2 1.6 3.2
Ethanol(g I'") 0.32 0.32 0.32 0.47 1.3 2.5
pH 3.5-4.0 3.8 4.0 3.7 4.3 4.1

Analytical methods

Solution pH was determined in unfiltered sampleagia WTW315i - or WTW330i-pH meter and
a SenTix21 -, SenTix41- or SenTix81 -electrode. dXepotential was measured from unfiltered
samples using a Platin Combination Electrode BhgeB1 Rx (Schott Instruments GmbH, Mainz,
Germany). Total alkalinity was analyzed by titrgtinnfiltered samples with 100 mM HCI to
4.50+0.05 according to the standard SFS-EN ISO 99@3nnish Standards Association 1996).
Mineral acidity was analyzed by potentiometricatiton with 100 mM NaOH to pH 4.5 and total
acidity by titration to pH 8.3 according to therslard SFS 3005 (Finnish Standards Association

1981).

For analyses of sulfate, ethanol, lactate, acetaleple metals and dissolved sulfide, solids were

removed from the samples by filtration (0.45 pmisdolved sulfide was analyzed colorimetrically
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(Shimadzu UV-1601, Japan) (Cord-Ruwisch 1985) anthte by ion chromatography (Dionex
DX-120, Sunnyvale, CA) according to standard SFS-BBO 10304-2 (Finnish Standards

Association 1997).

Lactate, ethanol, and acetate were determinedligitby liquid chromatography (Waters 510)
using a Shodex Sugar SH1011 column (Showa Denko) kaid refractive index detector (WGE
Dr. Bures GmbH & Co. KG). After 175 days of reactmperation ethanol and acetate were
measured by gas chromatography (Hewlett Packar@IE&orvallis, OR) using an HP-Innowax
column (Agilent, USA) and a flame ionization detectThe concentration of lactate was then
calculated as the difference between DOC (Shimd@2G-5000 Total Organic Carbon Analyzer,

Tokyo) and ethanol and acetate concentrations.

Ferrous iron (F&€) was determined colorimetrically with tfephenanthroline method 3500-Fe
(APHA 1992). Soluble metal concentrations were mesas with an atomic absorption
spectrophotometer (AAS, Perkin Elmer 1100, Oak Bydb) according to standards SFS 3044
(Finnish Standards Association 1980a) and SFS 3B#ihish Standards Association 1980b).
Additionally selected samples were analyzed byatiglaly coupled plasma emission spectrometry

(Thermo Jarrel Ash Iris ICP-AES, USA) at LabtiunaLt

Total suspended solids (TSS) and volatile suspesdbéds (VSS) were analyzed from the FBR
samples according to standard EN 872:2005 (Fingiahdards Association 2005). Volatile solids
(VS) were determined from FBR carrier material adow to standard SFS 3008 (Finnish
Standards Association 1990). Elemental compositibthe leaching residues was analyzed by

inductively coupled plasma emission spectrometrg lopmmercial laboratory.

10
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RESULTS AND DISCUSSION
Bioleaching
The pH of the bioleaching liquor was adjusted dyrihe first 8 days with $80, to 1.0. The
cumulative acid consumption during this period Wasl kg BHSOy/kg of final slag. Thereafter,
biological oxidation of the supplemented sulfurHg5O, decreased the solution pH from 1.0 to
0.6 within 39 days of operation (Figure 2A). Cond@mtly the sulfate concentration increased to
106 g I* (Figure 2A). F&" concentration increased initially to 5.7 5ds Fe was solubilized from
the slag, but after 20 days the concentration neesbi< 0.1 gt F&€* due to biological F&
oxidation as indicated by the increase in redoxeipioal from approximately 450 mV to >700 mV
(Figure 2B). The yields of metal solubilization&aft29 days of contact were 41% Fe, 62% Cu,
35% Zn and 44% Ni (Figure 2C). By day 39, the ygetd Fe and Cu solubilization increased to
58% and 65%, respectively, whereas the yields of&th Ni decreased, suggesting precipitation

(Figure 2C).

The final concentrations of the metals, the cowasing yields, and the residual levels of metals
in the solids are summarized in Table 3. The yielogined with CSTR leaching for Fe, Cu, Zn

and Ni were lower than those reported by Vestol.€2010) for the same final slag sample (64%
Fe, 100% Cu, 100% Zn and 100% Ni). Vestola et2010Q) leached the slag in inoculated shake

flasks which were supplemented with&® pH 1.5 and incubated at 25 °C for 42 days.

11
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208 leaching of final slag.

209

12



210 Table 3. Initial metal concentration and decreasmeétal content of final slag after CSRT leaching

211 for 39 days.

Metal Initial Final Solubilized (%) Decrease (%) in final
concentration | concentration in based on slag metal content
in slag (mg kg | solution (mg I') | solution analysis during bioleaching

D) based on solids analysis

Al 4600 40 17 26
As 337 13 77 79
Cd 17.3 0.8 92 69
Co 508 16 63 66
Cr 301 1.0 7 16
Cu 3530 120 68 66
Fe 407000 11800 58 55
Mn 424 11 53 91
Mo 825 1.7 4 20
Ni 845 18 43 46
Pb 754 4.0 11 12
Ti 1220 7.5 12 16
Vv 51.7 0.3 10 49
Zn 17400 565 65 64
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Performance of sulfidogenic FBRs
The precipitation of metals from the bioleach liggievas tested using sulfidogenic FBR A and
FBR B for selective and bulk precipitation, respesty. Figures 3-7 show the performance of the

FBRs before and during the precipitation experirsent

Sulfate reduction rates increased in both FBR ARBBR B as the influent sulfate concentrations
increased (Figure 3A). During the selective preatmn of metals using effluent from FBR A, the
average sulfate reduction rate was 1210 + 360 g™l (Figure 4A) with 39 + 8% sulfate
reduction (Figure 5A). The average total dissohsdfide concentration in FBR A in the
precipitation experiments was 324 + 72 rifgahd the HS concentration 34 + 35 mg (Figure
6A). In FBR B the highest average sulfate reductiaies (1550 + 390 mg'ld™") with stable
performance were obtained with ten-fold diluted Iddoh solution (Figure 4A), and the
corresponding percent sulfate reduction was 28 +(Blgure 5A). The average total dissolved
sulfide concentration in FBR B with ten-fold dildteioleach solution was 175 + 92 mydnd the
H,S concentration 68 + 29 mg.IThe highest average total dissolved sulfide cotmaton (271 *+
139 mg 1) was observed with 13-fold diluted bioleach salntiand the corresponding.$i
concentration was 101 * 53 m§ (Figure 6A). With the five-fold diluted bioleachlstion as the
FBR B influent, biological sulfate reduction ceasedsulting in a decrease of the effluent
dissolved sulfide concentration (Figure 6A). Théfada reduction rates and efficiencies in the
present study with the FBRs at 25°C are lower ttherse previously reported for lactate- and
ethanol-fed sulfidogenic FBRs operated at 35°C f¢alen et al. 2003a; 2003b; 2004a; 2006).
However, the rates were higher than reported byin®apa et al. (2007) for ethanol-fed

sulfidogenic FBRs operated at 8°C and at 65°C.

14
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Lactate oxidation was nearly 100% in both FBR A df8R B, and the effluent lactate
concentration remained below the detection limitirty the first 150 days of the time course
(Figures 3B, 4B and 5B). However, in the lattert phthe time course, when lactate oxidation was
estimated from the DOC, ethanol, and acetate meamnts, the extent of lactate oxidation was
calculated to be 87 + 8% and 81 + 8% in FBR A aBRPB, respectively (Figure 5B). The
efficiency of ethanol oxidation was 100% in bothARBthroughout the study (Figures 3C, 4C and
5C). The influent lactate and ethanol were paytiakidized incompletely to acetate, and the
effluent acetate concentrations increased (Figlrpv@ith lactate and ethanol loads (Figures 4B
and C). The average effluent acetate concentratiah acetate oxidation efficiency in FBR A
during the selective precipitation of metals wei®8 5 90 mg T and 34 + 5%, respectively
(Figures 4D and 5D). The corresponding values iR FB during the highest loading (ten-fold
diluted leach solution) were 1240 + 130 mg &nd 15 + 6%, respectively (Figures 4D and 5D).
The acetate oxidation efficiencies were lower tthenrse reported by Kaksonen et al. (2004a) for an
ethanol-fed sulfidogenic FBR operated at 35°C. Saya et al. (2007) also observed that the
acetate oxidation efficiency was relatively low (389%) in an ethanol-fed sulfidogenic FBR
operated at 8°C. Acetate oxidation is important &dkalinity production in sulfidogenic
bioreactors. Sulfidogenic lactate oxidation produs®me alkalinity even if the oxidation is
incomplete and acetate accumulates, whereas widnek the complete oxidation is required to

produce alkalinity.
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In this study, alkalinity production in the FBRsrohg sulfidogenic electron donor oxidation

increased with loading rates. The alkalinity thusdoiced increased the pH of the acidic (pH 3.5-

4.3) influent to near neutral values in both FBRS=BR A the average effluent pH throughout the

study was 7.5 + 0.5 and alkalinity 8.5 + 3.6 mMgflities 6B and C). In FBR B average effluent pH

was 7.1 + 0.4 and alkalinity 12 + 8 mM (Figures &&l C).
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acidity and effluent alkalinity (C) in FBR A (figas on the left) and FBR B (figures on the right).

The bold arrow shows the time of selective metatipitation with FBR A effluent and thin arrow

the bulk precipitation of metals in FBR B.
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Accumulation of metal sulfide precipitates and bas® in the FBR was monitored by analysis of
TSS and VSS. The TSS and VSS concentration vaned time in both FBRs. The highest
concentrations (approximately 3900 mg TSShd 840 mg VSS?) were observed in the FBR B
with the five-fold diluted bioleach solution as thefluent (Figures 7A and B). The VS
concentration of carrier materials increased owee in both FBRs, indicating biomass growth. In
FBR A the increase was from 6 to 12 mg V&and in FBR B from 7 to 25 mg VS'gFigure
7C). The average VS concentrations were in a girmallage to those observed by Kaksonen et al.
(2003Db) in lactate-fed sulfidogenic FBR operated3atC and by Sahinkaya et al. (2007) in
ethanol-fed FBR operated at 65 °C, but higher thase of ethanol- or formate-fed FBRs operated

at 8 °C (Sahinkaya et al. 2007) and 9°C (Auvineal €2009), respectively.

The average influent and effluent Fe concentratiorfSBR A throughout the study were 70 + 24
mg I* and 2.2 + 2.0 mg" respectively, corresponding to 84 + 39 mgil* precipitation rate and

97 = 3% precipitation efficiency (Figures 3E, 4Hl&E). In FBR B with the synthetic feed, before
starting the experiments with bioleach solutiong thAverage influent and effluent iron
concentrations were 60 + 12 mg and 5.9 + 3.2 mg™, respectively. The corresponding Fe

precipitation rate 64 + 18 mg'Ld™* and precipitation efficiency 90 + 5% (Figures 3E, a@nd 5E).
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Recovery of metals from bioleach liquor

The recovery of metals from the bioleach liquoraidieéd from final slag was studied in a CSTR by
titrating the bioleach solution with sulfide comtimg alkaline effluent from FBR A to the desired pH
values. Table 4 is a summary of the precipitatib@w, Zn, Ni and Fe, volume ratio of the FBR effttito

the bioleach liquor, and additional Cagx&eded to adjust the pH.

Table 4. Percent metal precipitation, the ratifiwtlized-bed reactor (FBR) A effluent to
bioleaching liquor, and additional use of Ca0lution in precipitating metals from the finahgl

bioleach liquor (initial pH 0.6) in a CSTR usingdfgle containing fluidized-bed reactor effluent.

Precipitated (%) FBR A vol-% of added 0.1 M
effluent/bioleaching [ CaCOs; (% of final

pH | Cu Zn Ni Fe liquor (vol/vol) volume)

1.7 23 0 0 3 9 -

19 28 0 0 0 13 -

2.8 98 0 0 0 26 -

3.2 97 0 0 0 37 -

3.9 | 100 99 0 0 40 -

4.7 | 100 | 100 0 0 58 -

5.2 96 100 0 0 44 4

6.1 94 100 43 14 61 3

6.5 | 100 | 100 63 28 92 6

22



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

Over 98% of the Cu precipitated atpBE.8 and over 99% of the Zn precipitated ab@0 (Table

4). The precipitation of Ni and Fe required higpet values and was less efficient. Only 43% and
63% of the Ni precipitated at pH 6.1 and 6.5, retipely. For Fe, the corresponding values were
14% and 28%, respectively (Table 4). Because acetatiation and alkalinity production in FBR
A were incomplete (Figures 3D, 4D, 5D and 6C), treddy large volumes of FBR effluent were
needed to increase the pH of the very acidic (pb) Dioleach solution (Table 4). One way to
decrease the required effluent/bioleach liquooratuld be to leach the metals from the final slag
at a higher pH as less alkalinity would be needetht¢rease the pH of the liquor. However, this
may involve less optimal conditions for the ba@eand reduce the solubility of metals.
Enrichment of acetate oxidizers in the FBR coultiaete the acetate oxidation efficiency and
alkalinity production in the sulfidogenic FBR. Tpél ranges required for the precipitation of Cu
and Zn were similar to those observed in previdusdiss, but Ni and Fe precipitation required
higher pH values (Tabak et al. 2003; Bijmans et 2409). Tabak et al. (2003) testéde

precipitative recovery of metals with a four-stggyecess using biogenic sulfide and mine waterhéirt
study 99.8-100% of Cu (223 mg)lprecipitated at pH 2.2-2.8, when the pH was ddpisvith KOH. The
precipitation of Zn (630 mg?) was 99-100% at a pH of 4.5, and that of Fe (544t 98-100 % at pH

5.7-6.6 (Tabak et al. 2003). In the study by Bijmanal. (2009), Ni was efficiently precipitatedoat 5.0.

Bulk precipitation of metals in FBR B
From day 120 onwards FBR B was used for studyiegptiecipitation of metals from pre-diluted (pH 3.5-
4.3) bioleach liquor within the bioreactor. Tablés5a summary of the precipitation efficiency of,n,

Ni and Fe inFBR B with the various dilution factors used. Ppéeition of Cu was 100 + 1% and

that of Zn and Fe 99 *+ 1% during the highest logdten-fold diluted bioleach solution).
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Table 5. Dilution of final slag bioleach solutioadf to fluidized-bed reactor (FBR) B, feed and
effluent pH, feed metal concentrations and perosgtal precipitation within FBR B during stable

reactor operation.

Dilution | Feed Effluent Feed (mg 1 Precipitated (%)

of pH pH Cu Zn Ni Fe Cu Zn Ni Fe
bioleach

liquor

50x 4.1+0.1| 7.4+0.1| 2.3x0.1 11+0.1 0.38+0.03 866 0041 | 98+1 96+5 96+2

40x 3.7¢0.1| 7.4+0.1] 3.2+0.1  14+0.7 0.47+0.01 11245 9743 97+1 94+3 96+2

20x 4.0+0.5| 7.3x0.5| 6.1+0.6 20.5+4j]1 0.98+0.18 96+6 99+1 99+1 98+4 99+2

13x 3.7¢0.3| 7.1+0.3| 9.1+0.9 27.5+3)8 1.35+0.13 F+2 99+1 99+1| 100+1| 100+l

10x 4.3+0.3| 7.0+0.3 12+1 351 2.4+0.1 245+] 1001 9+D | 96*1 99+1

The Ni precipitation efficiency was 96 + 1% (TaBle The highest precipitation rates were 294 +
2mg Fetd' 42+2mgzntd?!, 14 + 2 mg Cutd?, and 2.9 + 0.2 mg Ni* d*. The effluent

pH stayed at 7 with dilution factors of 10-50 of the bioleacbl#ion (pH 3.7-4.3) (Table 5).
However, when five-fold diluted bioleach solutiqgpH( pre-adjusted to 4.1) was used, the effluent
pH decreased below 7 due to diminished sulfateatemtuand alkalinity production. Consequently
stable metal precipitation could no longer be naamgd with the lowest dilution tested (data not
shown). The use of the bioleach solution as FBRiémit without diluting and pre-adjusting the pH
from 0.6 to approximately 4 was not possible asoinpletely inhibited the biological sulfate
reduction. The Zn precipitation rate observed mphesent study for FBR B was higher but the Fe
precipitation rate lower than the rates reported.dkaniemi et al. (2010) (16 + 2 mg Zhd* and
840 mg Fe't d) in a FBR fed with reed canary grass hydrolyzat85C. Higher Zn and Fe

precipitation rates (600 mg Zit 0" and 300 mg Fe'lid™) were also reported by Kaksonen et al.
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(2004a) in and ethanol-fed FBR at 35°C. The Feipitation rates reported by Sahinkaya et al.
(2007) for ethanol-fed FBRs at 8°C and 65°C wereelo(60 mg Fet d*and 90 mg Feli d?,

respectively) as compared to the results of theguriestudy.

CONCLUSIONS
The study was undertaken to evaluate the feagilbiiacid bioleaching of metals from a sample of
final smelter slag and the potential for recovermgtals from the leach solutions by sulfide
precipitation. Metal solubilization yields after 2ys of leaching in a continuously stirred tank
reactor (20-25 °C) with 5% pulp density were 41% &2% Cu, 35% Zn and 44% Ni. Cu and Zn
could be subsequently precipitated from the bidiesstution using an effluent from a sulfidogenic
fluidized-bed bioreactor (25 °C). Over 98 % of @ precipitated at pH2.8 and over 99% of the
Zn precipitated at pH 3.9. The precipitation of Ni and Fe required higpe values and was less
efficient. Due to the limited acetate oxidation atkilinity production in the FBR, the volume of
the FBR effluent needed to adjust the pH of thdebich solution was relatively large. The
effluent/bioleach liquor ratio could be decreasedléaching the metals at a higher pH and
increasing the alkalinity production in the FBR Igpriching for acetate oxidizers. Bulk
precipitation of metals from the bioleach solutiorthe sulfidogenic FBR required dilution of the

leach solution at least ten-fold and pre-adjustroéthe pH from 0.6 to approximately 4.
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