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Abstract ,

This report containg results of the Fluidized-Bed Leaching (FBL) initially adapted to improve Leaching-Flotation
{LF) processing of Delta ores in gulfate solution. The research carried out in the continuous laboratory installation
show, however, that the new, 3-phase (solid-liquid-gaseous) reactor also performs satisfactorily in other leaching
systems. A new process of pyritic matrix destmction for precions metals recovery in the FBL reactor, and a new process
for recovery of zinc and other metals in a chloride gystem are proposed on the basis of laboratory results.

1. Introduction

The general research program on hydrometallmrgy of Delta ores conducted for the Nerco Minerals Company in
1986/87 was divided into two parallel investigations:

1st - research on fesric chloride leaching, conducted by Dr. Hsing Kuang Lin, and

2nd - supplementary research on the Leaching-Flotation (LF) process in suifate solution under elevated pressure
of oxygen, conducted by Dr. F. Letowskd.

This report containg results of the supplementary research but they are not necessarily limited to sulfate leaching.
The Fluidized-Bed Leaching (FBL) system initiaily adapted only for improving the LF process in sulfate solution was
tested for mixed sulfate/chloride and different chloride systems also.

Results of the following research are described:

1. Experiments on Leaching-Flotation processing of the old (1986) LPU ore-sample, The tests were carried

out to confirm results described in the 1st stage report (1986)0,

2.  Fluidized-Bed Leaching and Flotation tests conducted on the new (1987) LP ore-sample, under elevated
oxygen pressure in sulfate solution. The tests, carried ontina o‘onu‘nuous laboratory installation were extended
by chloride leaching of lead and silver immediately following sulfate leaching in the same installaton,

3. Fluidized-Bed Leaching tests on the LP-86 new ore-sample in ferric chloride and cupric chloride solutions
under oxygen pressure,

4.  Supplementary investigation of Delta ore processing with mixed sulfate/chloride and other chioride systems.
This investigation was done as a conseqnence of features of the Fluidized-Bed Leaching system that allow
considerably improved recovery of metals from ore.

S. Gold and sulfur extraction from residues after FBL processing.

6. Study of FBL adaptation (0 existing and new processes.

The research described ia this report was performed with active participation from Mrs, Wendy Atencio. Her

contribution, apart from the routine chemica) analysis, was as follows:

- Carrying out the non-pressure experiments on the leaching and leaching-flotation processes, including
calculations and graphical representation of the results, and participating in the final analyses of expetimental
data and final preparation of the report.



2. Suppiementary Tests on the LPU Ore

The supplementary tests of ferric sulfate leaching were performed in the same gesieral conditions as the test described
in the 1st stage report (1986) but with concentration of ferric sulfate halved. Initial iron concentration was diminished
from about 60 g Fe/l in previcus tests, to 34 g Fe/l in this test

Two LPU ore-samples were leached according to the 2-step flowsheet presented in Figure 1. The first sample
was leached by new solution in steps L.S-93 and LS-95. The second sample was Jeached in the first step LS-94 by
the spent solution after LS-93, and in the second step LS-96 by the new solution. Solid residues from flows (4) and
(7) were directed to the three-step Leaching-Flowmtion processing LF-97-99 in the spent solution from the previous
leaching.
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Figure I  Experiments flowsheet carrfed out with the old ore sample LPU (1986). LS-93 to LS-96: ferric
sulfate leaching nnder atmospheric pressure; LF-97 to LF-99: 3-step flotation under atmos-
pheric pressure in the ferric sulfate solution; L.C-102: calcinm chioride leaching; L.C-103;
ferric chloride leaching; NF - nonflotable fraction; FF - flotable fraction, M - mixed fraction.
The numbers identify flows according to Table 1 and 2.

Three fractions were collected after LF processing: non-flotable (NF), mixed (M) and flotable fraction (FF).
Fraction NF was leached in calctum chloride solution (LC-102) and fraction FF in ferric chloride solution (LC-103).
The mass balance for the experiments, calculated from metal concentration in solids, is presented in Table 1. Metal
concentration in solutions are shown in Table 2.

Metals extraction at different stages of processing, caicnlated from the mass balance in solids, is presented in Table
3 and extraction progress during the leaching steps is shown in Figure 2. Kinetic characteristic of the Leaching-Flotation
step was pot controlled. The time required for this step wag not longer than 30 minates. The metals partition among
the solution and the different solid fractions after the LF step are presented in Table 4.

General results of these 1ests confirm the data presented eartier in the 1st stage report (1986). Even with only half




Table 1. Leaching-Fiotalion processing of the LPU-ore sample

flowsheet m Figure 1,

(325-400 mesh ). Mass balasce of the pxperiments in
sulfste and chioride solulioa accordimg to

h Orams in Solids (Ag: milligrams)
Specifications 1D Weight semmmcemmmmcs oot m st e
No®) Gramy Cu Fe In Pb Ag Ca
) Ist Total Inket 1 400 152 1% 2652 1132 3708
Steps infet 1 LS-93 2 200 0.76 645 1326 566 (8.54
of After LS-93 o 1S9 3 180.29 0.33 593 479 na. na
Leaching | After LS-9$ 4 16968 | 0117  S61  BS1 SO08 1959
Perric 2nd nlet 1o LS-94 s 200 0.76 645 1326 566 1B.54
Sulfaie  Siepsof | After 1S-94 1o LS-96 3 19484 | 158 05 1146 na.  na
Solwioa Leaching | After LS-96 7 17276 | 0322 493 . 427 515 2006
Loaching- | Inlet 10 LP-97 8 34744 | 0449 1083 489 1048  40.58
Flowtion | Noa-Flowble fraction from LE-99 12 6053 | 0.007 107 0038 735 437 1360
Sieps Mixed Fraction from LP-99 13 2608 | 0.03t 22 033 042 3n
Flowble Fractos from LF-98 14 24090 | 0270 8306 326 217 3036 002
Chioride Final residue after LC-102 15 4730 | 0.006 083 0035 Ot44 075 050
Solations Final residue ater LC-103 16 20582 | 0126 1002 00988 103 423 3580

Cmoemaneasmn=a

) Ildentification numbcrs of tha flows according w 1he (lowsheet (Figurs |).
Metak concentraons in LPU-ore sample: Cu - 0.36%, Fe - 32.25%, Zn - 6.63%, Pb - 283%, Ag - 92.7 ppm, Ca - 035%.

Tabie 2. Leaching-Floistion processing of the LPU (old) orz sampie. Coucentrtioa and
volunses of sofuiioas uged in experimentis accocding (0 Rowsheet in Figure L

Volume

A Amm et o ARG ad M S A MAm A A AN A S s N me A A mar Y e Y B AN P o man m e m AN e A G A Am dmmm NS A NAA M TS AEEAS AL n s

Concentration, ght (Ag: mgh)

Swﬁﬁm ------------------------------------------------- S VT PR
No®) (liters)!)  Co Fe Za Pb Ag Ca pH
Lesching solution imbecing
w £$93 1 1.60 0.5 338 82 - . - 0.63
Leaching solution inleting
1o w 1593 18 1.28 05 138 82 - - .- 0.63
Leaching sodution inlsting
Salfaze 0 LS-96 19 128 0.5 338 82 -- . -- 0.63
Solutions Soluion from LS-93 20 154 0.8 355 17.) - . -- 0.91
Lesching sclapion w0 LS-94 21 151 ot 358 170 - - - 0.9]
Solution from L.8-94 b} 1.57 .- 312 175 - - -- 0.89
Sokutioa from (5-95 2 123 a7 33.9 138 - - - 077
Solntion from 18-96 24 1.2¢ %] 350 184 -- -- - 0.66
Solutios isleting w0 LF.97 25 1.0 0352 357 83 - - 02
Soltion from LF-97-990) 24 (1.5) (048) (4.0 (6.4  -- - v na
Salaon isleting to LC-1023) 27 1.05 - .- -- 0.50 0.62 282 na
In Solgtice from LC-102 28 099 0004 006 0017 696 3.68 30.l na
Choride oA am et SR N e A hlee =R o 445 Sm 0 A% AR A " # A A A AT R e tAP RS AT AN NS A AL AT A < mpanm Aty PO rvanann
Soluiions Solulion isletng 10 LC-103 7] 114 - 38 0003 000 - 326 o2
Soluon froey LC-10) 3 1.23 0.068 328 1.47 1.0% 1320 318 oa

®  Idendification cumbery of tha flows ia Figare (.

DA, - 0ot anatyzed

1) Volumes of wash warars are nok tacluded.
2) Lack of daa; vohene and conceapanions cstimaled from the balance (n the solids (Table 1).
3) Recalenimad from cxperiment camicd owt on 3735 NF99 sampla (0 the resd weight of flow 12, i.e. 60.63g.
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Figure 2  Progress of zine, copper, lead and silver extraction during experiments carried out according
to the flowsheet presented in Figure 1. Temperature 90-95+C.

the iron(TIT) concentration in the leaching solution, the final copper extraction (after ferric sulfate and subsequent chloride
leaching) exceeds 90%. The silver extraction exceeds 85% (Table 3). However, for zinc leaching in ferrc suifate
solution only, the yield strongly depends on the leaching solution properties. The best zinc recovery was observed
during leaching LS-93 and LS-96 (Figure 3). The 2nd steps of leaching L.S-95 and 1.S-96 produce relatively high ferric
ion concentrations. Daring L.S-95 about 45% of the total iron in solution is in ferric form; during LS-96 about 30%
i8 in ferric form. During 1 step-leaching (LS-93), the ferric ion concentration drops from an initial concentration of
0.46 mol/1 to0 0.12 mol/l after the first hour. This corresponds to about 20% of the Lotal iron concentration remaining
in the oxidized form, Fe*.

During 1st step leaching (LS-94), new LPU ore {8 contacted with Lhe 10 solution from LS-93 which contains only
20% of wtal iron in oxidized form, (6.7 g Fe*/1). After some minutes of leaching, in spite of drastc diminighing of
the oxidation potential, both sulfides - PbS and ZnS, decomposed and H,S evolved. During this period of leaching,
total copper was precipitated from the solution in the form of CuS (Figure 2).

Such behavior of the reactive medias during these experiments is clear in light of basic bibliographical data, and
indicates the chemically-controlled rate of ihe 2inc sulfide decomposition. A tsmporary precipitation of zinc from the




Table 3. Metais extraction during Leaching-Flotation processing of the LPU (old) ore
sample (375-400 mesh) calculated from metals content
in solids, according to the flowsheet in Figure 1.

...................................................................................................

Extraction %
Specification =~ peevvmememmweammsmmssosammomseiess.ooaciesccsesemensos
Cu Fe Zn Pb Ag

Sulfate Aflee leaching LS-93 56.57 8.56 76.92 . N
Leaching  After leaching LS-9%¢ 6050 620 11857 -
lst Step
Sulfate Cumulativs afier
Leaching 1LS-93 and L.S-55 84.6 1296 96.13 - -
2nd Siep Cumulmive afier

1.5-54 and LS-9%6 70.46 1601 81.56
Salfats Cumulagive afier
Leaching leaching LS-93-LS-95 .
and Flotation and LF-97-99 79.74 28.40 8623 .- -

From non-(totable (NF)

fraction afier CaCly
Chloride leaching LC-102 143 24 39.6 98.04 96.32
Leaching  From flowble fraction (FF)

after FeCly teaching

LC-103 5816 -133%  9724. 8918 8143
Sulfste and Total cammulative extracti
Chloride  after chioride leaching 913 19.14 99.54 89.96 85.25
Leaching

*) Precipitation from solution ex

flows 1, 13, 15 and 16.

pressed as excess W toml initial concentration in solids.
»») Calenlned as 1-([(1+(16)(L)-(130): (1), (13). (15) and (16) amount of silver in the

Tsble 4. Leaching-Flotation processing of LPU (old) ore sampls, Metals partition

among flotation fractions and

solntion (in weight percemt).

Pex cent
Weight Cu Fe Zn Pb Ag
grams
Sulfate soludon 18.12°) 19.74 2840 86.25 . --
Non-tlotable fraction 15.15 0.46 0.83 022 7395 1149
Mixed fraction 6.51 204 6.37 1.24 i1 8,70
Flolable Fraction 6022 17.76 6439 1229 2183 7981

[ PR ST PP 28 e Ll bl bl

*) Loss of sample weight during leaching.

solution observed during the first 30 minutes of LS-95 leaching did not seem to have any importance during this kind
of leaching.

Extraction of lead and silver from the non-flotable fraction by calcium chloride leaching, and from the flotable
fraction by ferric chloride leaching, is fast and easy (Figure 4). However, both cases confirmed secondary precipitation
of lead and silver that would probably also occur during prolonged leaching.

The general conclusions after supplementary research on the LPU ore leaching are as follows:

1.  Effective leaching with lower concentration ferric sulfate solution can be conducted with simultaneous
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Figure 4, Behavior of silver leaching during

| the leaching tests LC-101 (CaCl2
soln.) and LC-103 (FeC), soln.).
Figure 3, Zinc behavior during the leaching Temp. 90-95:C, other conditions and
tests LS-93 to LS-96, results: Table 1 ang 2.

reoxidation of ferrous jons to fesric jons.

2.  Zinc extraction from LPU ore-sample using the above solution is about 96% after 5 to 8 hours of leaching.
Short-time (1 hour) leaching in chloride solution increases the total zinc extraction to 99%.

3.  The degree of silver extraction from solid residues after “sulfate rearment” by leaching with chloride solution
i3 about 85%.
The degree of copper extraction from the same residues in the same conditions is aboat 90%.
From the meteals remaining in solid residoes 0% of iron, 88% of zinc, 88% of copper, 80% of silver and
70% of gold are accumulated in the flotable fraction, while 74% of lead is collected in the non-flotable fraction.

3. Sulfate Leaching Under Oxygen Pressure

Process description

The laboratory installation built from Coming glass elements and schematically shown in Figure § is a mini-copy
of the leaching section of the ore reatment plant® suggested earlier.

The scale of this mini-pilot installation ig 1:63,000 and the retention time of ore in the leaching reactor (R)) is about
4 hours. Unfortanately, this glass-built installation while excellent for direct visual observation did not allow for
experimentation nnder pressure higher than 50 psi. The oxygen pressure, necessary for rapid ferrous ion reoxidation
in sulfate solution with low cupric ion concentration is about 150 psi.

One conclusion was that the injtial concept of the Leaching-Flotation process needs modification. The acceptable
zinc extraction (96%) requires several hours of leaching, Meanwhile, the continaous, simultaneous, much faster flotation
causes too early removal of non-reacted sulfides from the leaching solution. Of course the possibility of zinc extraction



Figure 5.

%

Laboratory Corning-glass installation for the continuous leaching and flotation under elevated
pressure of oxygen:

R, and R, - Column reactors (dia_ 4 inch, height 48 inch, max. pressure 50 psi)

R, - Pressure liquid/solid separator (150 psi)

S, and S, - Separators for sedimented fraction of suspension (50 psi)

B - Pulp prepararion beaker

C - Pressure crystallizes (100 psi)

D and D, - Fritted-glass discs for oxygen dispersion in reactors (60 psi)

F, and F, - Oxygen flow-meters (150 psi)

G-G, - Gauges (oxygen, 150 psi)

H,-H, - Heating tapes

H, - Immersion heater (in fused quartz mbe)

M, and M, - Magnetic stirrers

M-H - Hot plate with magnetic stirrer

P -P, - Tubing purnps Masterflex with Narprene tube, adapted to pulp transportation under 50 psi pressure
P, - Piston metering pump for solution (150 psi)

T1-T, - Thermometers

1-13 and 22-24 - Teflon plug valves joint with teflon pipes (100 psi)

14-19 - Teflon needle valves for oxygen flows regulation (100 psi)

20 and 21 - 3-way valves for pulp or foam direction (50 psi)
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from the ore particles suspended in the flotation froth is evident, especially under elevated oxygen pressure, but minal
investigations carried out during fall,1986 were not sufficient for any quantitative conclusion.

In spite of these difficulties, the following operatonal modifications were carried out:

The oxygen supply to the 1st leaching reactor (R,) had 10 be stopped for a time sufficient for nearly total
zinc extraction from the ore.

Ore paip had to be fed from the pulp preparation beaker (B) to the 1st reactor (R,) while the solution is
recircalated upward through the reactor at a rate atlowing for the ore particles suspended in the leaching
solution to have the retention time necessary for zinc extraction. Such a process was named Fluidized-Bed
Leaching (FBL).

Soluticn from the 1st reactor had to be transported 1o the second reactor (R,) while oxygen, dispersed by
porous glass disc (D,) under elovated pressure, oxidized ferrous ions to ferric ions. The soiution then went
through the crystallizer (C) and had to be directed to the bottom of the reactor (R)).

Whea the zinc extraction is nearly completed, oxygen can be injected into the istreactor (R,) and the Leaching-
Flotation (LF) process is begun. During the 2-step LF process carried out in both reactors (R, and R)), the
flotable fraction from the 2nd reactor (R,) is collected in the separator (R,). The mixed fraction from the
boitom part of the second reactor is recycled through a separator S, to the st reactor (R,). The non-flotable
fraction sedimented in the 1st reactor (R,) is recovered from the separator (S,).

During the Fluidized-Bed Leaching process a segregation of solid particles as a function of their specific gravity
takes place. The “heavy” fraction i suspended in the fluidized-bed in the 1streactor. It contains the particles of sulfides,
lead sulfate and other minerals with a specific gravity higher than 3.5. The “light” fraction, containing perticles of
gangue minerals and gypsum having a specific gravity lower than 3, is accumulated in the separator (S,) and the
crystallizer (C). In the crystallizer, additional crystaltizagon of gypsem is going on from the solution.

A simplified flowsbeet of the sulfate process carried out in the installation is shown in Figure 6.

Figure 6.
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The flnidized-bed sulfate leaching conducted under oxygen pressure does not necessarily have 1o be ended by the
leaching-flotation process. It can be continued by chloride leaching, also carried out in the fluidized-bed system, but
under atmospheric pressure. Such an exchange of the leaching agent can be done immediately by a simple introduction
of the new chloride solution to the 1st reactor (for example, through the sampling tube, valve 12, pump P4 and valve
5) or with intermediate washing by water to diminish the zinc sulfate transfer to chloride solution. During these
operations sulfate solution is collected in the separator (R,). Because of very fast lead and silver leaching, a single
pass of the chloride solution through the 1st reactor is sufficient to complete extraction of these metals. This solution
was recovered during experimentation from the sampling mbe and valve 24,

Fifteen different experiments were carried out 0 find the best reatment method.

A schematic flowshest is presented in Figure 7. Generally, the left branch of the Bowshest, beginning with flow
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Figure 7.  Flowsheet of experiments on Fluidized-Bed Leaching and Flotation in sulfate solution in the

laboratory instailation (Figure 5). Circled numbers of flows correspond to the identification
nambers in Table 6.



#2, joins the fluidized-bed leaching with the leaching-flotarion processes. The right braoch, beginning with flow #37,
is composed of the flnidized-bed leaching process without flotation, Both groups of processes staried from direct
leaching-flotation steps (ILF 203-208 left side, and LF 221 right side) to withdraw the non-flotable fractions from the
multistage proceseing. The non-flotble fractions were further leached together in a calcium chloride solution in the
fluidized-bed system (FBL 225).
The flows of the flotable or “heavy” fractions are shown in Figure 7 by coarse lines and the non-flotable, “mixed”
or “light” fractions by fine lines. The following symbols are used for the tests identification:
LF Direct ore leaching-flotaton process
FBL  Fluidized-bed leaching
FBL/F Fluidized-bed leaching followed by flotation
LF-M Supplementary leaching-flotation of the “mixed” fractions carred out in a separate non-pressure instal-
lation
LC Supplementary ferric chloride leaching of final residues after reatment in the contincous installation,
carried out in a typical laboratory glass-reactor under atmospheric pressure.
General experimental conditions of the continnous tests are presented in Table 5. The rans of experiments performed

Tabie 5. Run of the continuous tests in pressure installation.

Weight of feeding Time of feeding ~ Retention time Flotation time Rcmerks
solia)) (g) (min) FBL time (min) FL time (min)

LF 203-208 2.500.0 102 -252) 124 See Figure Ba)

FBL/F 209 n.ad3) -100 4) 105 15 ~85°C 30 psi

LE-M nd.?) nd .- 60 95°C. LF In another
fOf Preasure reactor

FBL/F 210-211 907.1 66 30 1S See Figure 8b)

FBL/F 212 700.0 212 98 12 80-100°C; 20 pst

FBL/F 213 nd. 2635) .- -- 90°C. 30 psi, L-F step in another
NOD pressure reacior

FBL/F 214 800.0 15 86 -- See Figure 8¢)

FBL/F 224 1,1025 146 0 15 See Figwe 9

FBL. 227 6153 50 6) 90 7 -- Single passing of CaClp lesch golution
through Nuidized bed (see Figure 9)

FBL 218 545.6 206) &N - 90°C, 3tm. pressure, single passing
of CaCly leach sohmion

FBL 221 1,050 45 40 10 75-80°, 20-36 p

FBL 222 8024 ~60 160 - 80-85°, 18-24 psl

FBL/F 123 5361 15 60 10 90-95°, 10 psi

FBL 226 5135 -- s0 .- 80-107°, 5-t0 psi CaCly

FBL 229 583.7 40 110 - 92.95°, 18-24 psi

FBL 225 3985 308 607 - 90°C, atm. pressare; single passing

of CaCly leach sotution
1)  This real weight of solid can be different from mass of the samc flows indicated in Table 6. Values in Table 6 are recaiculated from real
values to the correct theoretical mess balance.
2)  This is an average time from 5 feeding openations during L-F processing.
3)  Not determined and not snalyzed; weight of products from FBL/F209 in Table 6 is determined.
4)  Not precise bocsuss some interruption during feeding.
§)  Experiment stopped after feeding because of technical probloms. LF-step in anothcr nop-pressure reacior.
6) Coresponds 10 1he time of washing with water.
7)  Cormesponds to the ume of chioride leaching.

10




on the ore-sample-flow #2, and on the flotable fractions of the left branch of flowsheet (Figure 7) are shown in Figures
8 and 9. The feeding time was different and was a function of the quantity of sample and the testing conditions. However,
the rate of solution transportation, using the pump P,, was relatively stable. It was varied from 80 ml to 160 ml per
minute. The rate of transportation was adjusted to stabilize the fluidized-bed of solid particles suspended inside the
reactor for different liquid/solid ratios. The average rate was about 114 ml/min. The liquid/solid ratio varied from
238 Vkg to 1.18 kg with an average value of 1.65 Lkg.

During the first experiment LF 203-208, the total sample (2.500 g) was supplied to the reactor as pulp in 5 equal
portions. Each partion of pulp was introduced with sulfuric acid (H,SO,) (marked by arrows in the graph in Figure
8a). H,SO, was added to stop observed iron precipitation from the leaching solution. During the entire time of the
experiment, the 2-step leaching flotanon, including recycling of mixed fractions from the 2nd and Istreactor, was carried
out Technical problems transporting pulp to the reactor caused a one-day intemruption of processing just after feeding
the 1st beaker of ore.

Temperamure and pressure were congolied duning experiments in the points indicated in Figure 5. Concentration
of ferrous jons, and total iron were analyzed from the samples of solutions. The mass balance in the experiments is

0 3} o) .
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Figure 8.  Characteristics of the continnous fluidized-bed sulfate leaching tests described as LF 203-209,
FBL/F-210, 211 and FBL-214 (Figure 7 and Table 6). Description in the text.
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Figure 9. Characteristic of the continuous tests FBL/F-224 in sulfate solution and followed FBL-227 in
caldum chioride solution carried out with the flotable fraction from FBL/224,

presented in Tabis 6. It is based on the analyses of metals in solid samples. :lxnalyses of solutions could not be applied
10 these calculations becanse of imprecise measurement of their total volumes. The degrees of metals extracion from
LP ore-sample during fluidized-bed leaching and flotation in sulfate and chioride solution at the different smages of
the ore reamment are shown in Table 7. They are calculated from the mass balance in Table 6.

Becanse of relatively low extraction of zinc (84.4%) from ore in sulfate solution, and lead (91.9%) in calciwn
chloride solution, additional Jeaching of solid residues with ferric chioride solution were carried out after FBL and FL.
processing. The following solid samples were submited to this leaching:

Total residue after FBL 225

Total residus after FBL 227

Heavy fraction after FRL 228

Light fraction after FBL, 228

Heavy fractios after FBL 229

Light fraction after FBL 229

About 30 g samples of these residues were leached with 0.7 1 of chloride solution containing:

Fe» from 21 to 22 g/l as FeCl,
Ca* from 16 to 22 g/l as CaCl,
Mg from 14 to 18 g/l as MgCl,
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Table 7. Metgls extraction during {luidized-ded leaching and lflotation in suifate and chlorlde solutions
calculated from mcials coprent in solids (see Table 6 and Figure .

T ecincaions Processing Exmaction (%)
Specifications Time (min) Cu Fe Zn Pb Ag ) As Ay L
""""" Extraction after sieps 203211
: ! and LF-M - av30 4737 n.d. 64.69  -- - 43.3 6.1
o Cummuoiative exgaction from
§3“"- 203-214 g 135 D) 9.8  nd. 7859 .- .
-3 i 203.214, 224
£8 Exzt;vm .u: 5‘3" ) 6668  nd 8442 9097 560 nd.  nd.
- ion from flow
@ T‘}‘.’}é‘f}f&‘im and m)m 503 3 814  nd 9365 95399 To¥nd  ad -
o Exrraction afier LF 29-.; 39.01 %65 MR’ - .- T2 1949 B
. & |Extraction afier FRL 222 20D 393 3690 T161 .- -
= 7 'Exmaction neps: 221-223,
g q 3 Mandzagﬂ 404 631D (361D sdar 9362 589410ad n.d. --
= 5 T um‘ n m flow 3 g
= wa.c,mm 137 en 490 %) 62.9 629Y) 9927 9768  60.12iDnd nd
@ Total exmaction from flow (1)
g v | after "washeleaching” in FBL
2 3| 7228 and FBL 227-229 with
5= 4369 64.28 3715 fdd 9194 S897 T246 nd.
z2 CaCla solucion " 59,058 7188 328
'g =E Total extraction from flow (1)
after final FeCly leaching .
& (LC-121, 128, 135-138) av 5067 83.9 4065 9888 9906 71944 ad. n.d. .

—_ P ]
e emmm———d wwmasn

av: average; n.d.: not determined

1) Time of processing in sulfste solwion

2) 353 min in sulfare solation and 90 min in CaCly soluton

3) As above with additional 60 min in FeChy soludoa

4) 370 min in suifate solution snd 60 min in CaCly solution

S) As above with additional 60 min in FeCl3 solution

6) Average from 2) and 4) _ ' _

7) Average from 3), 5). and simultansous kead\ingolNFﬁawpmw CaCly salution
(FBL-225) - 60 min, and in FeCly solution (LC-133) --60 min

§) Calculated from metals balance in sodutions

9) As yield from flow (25)

10) As yield In PBL 226 from flows (47) 10 (49) _

11) Eaumction (rom Row (37) after FBL 226 sxcluding sitver m flow (40)

12) Exuraction from Now (37) after FBL 223.

and 100 m! of 36% HCl per liter. The solution used for leaching samples FBL 228 also contained 6.4 g/l Zn as ZnClL,
and 3.3 g/l Pb as PbCl,

Each leaching was carried oot at a temperature of 90-95* C for 4 hours in a glass reactor with stirrer. Results of
these supplementary leachings are presented in Tables 6 and 7.

The behavior of silver, lead and antimony during suifate treatment, and especiaily the possibility of their earlier
extraction from solid products are important. The silver content in solid residues drops from one step of suifate treatment
to another. One probable reason of such a silver behavior is its slow dissolution in the sulfate solution as silver sulfate
(Ag,S0).

For this reason, the leachability of silver, lead and antimony by a non-oxidative calcinm chloride solution was
investigated in ten samples taken from different solid residues from the left branch of the flowsheet. The leaching
tests were carried out on 20-30 g of samples in 0.7 1 of solution containing 52 to 66 g Ca/1 and 10 ml of HC1 (36%)
during 4 hours at 90-95« C in a standard laboratory installation. The results are presented in Table 8. The kinetics
of leaching for more typical samples is shown in Figures 10 and 11. General conclusions after sulfate leaching are:
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Table 8. Resulls of control chloride leaching of lead, silver and antimony

(experimental conditiops - sec text).

Extraction %

No. of 1.D. No. from sample?)
Test Solid Sample of Now!) Pb Ag
LC-113  NF fraction from FBL/L 209 ] >99.9 925
LC-114 M fraction from FBL/L 209 7 85 62
LC-115 NF from FBLJ/F 210-211 11 93.5 87
LC-116  FF fraction from LF-M 12 99 703
LC-117 FF from FBL/F 210-211 10 97.8 7s.1
LC-118 FF from FBL/JF 212 20 >9%9 74
LC-119 FF from FBL/F 213 2 >999 70
1.C-120 Heavy faction from FBL 214 \6 >99.9 8
LC-121 M from FBLU/F 213 and FBL 214 23 98._ by
LC-122 NF from FBL/F 213 and

light fraciion from FBL 214 24 96.8 187
LC-123 M from LF-M and 7

FBL/P 210-21) 13 9 9719

NF - non-flowsble fraction
M - mixed fraction
- flowable fraction

Numbers of flows from Figure 7

FF
nd. not determined
1)
2)

Yield in the carried out lest (not cumnbative extraction degree)

€ntraglran Il

20

a

e

AQ from M_

15
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Figure 10. Leachsbility of lead, silver and antimony from nonflotable (LC-113) i
-113) and mixed (LC-114
fractons after FBL/F-209 in calcium chloride solution. For other conditions see text. )

Sulfate leaching in flnidized-bed coupled with flotation or not, allows for relatively selective zinc extraction

from complex sulfide ores. Simuitaneous extraction of copper depends on its concentration and its sulfidic
form in the are,

Slow reoxidation of ferrous ions under oxygen presswre of 20-30 psi and low temperature (80-85° C) caused
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Figure 11, Leachability of fead, silver and antimony from different fractions after FBL 212 to 214 in
calciuma chloride solution:
) from mixed fractions after FBL 213 and 214 (LC-121)
b) from flotable fraction after FBL 212 (LC-120)
¢) from flotable fraction after FBL 213 (1L.C-119)
d) from flotable fraction after FBL 214 (LC-120)

poor‘zinc extraction. After 7 hours of treatment only 84 % of the zinc was extracted. This degree of extraction
was lower than in previous classical experiments described in the 1st stage report®and in Section 2 of this
report. After an additional hour of ferric chloride leaching the cumulative zinc extraction augmented to an
accoptable level of 94-99%. The classical experiments were performed on the LPU sample without iron
reoxidation by oxygen. The amount of ferric ions was high enough to protect good kinetics of leaching becanse
there were high liquid/solid (L/S) ratios from 8 to0 11 Lkg. (The exception was one 3-step experiment where
L/S was about 3.6 kg but final ferric ions concentration was high enoogh: 40.7 g/l in st step, 77 in 2nd
and 126 gl in 3rd.) During FBL processing the liquid/solid ratio was from 1.18 to 2.38 I/kg and final ferric
ion concentration was often only 7109 g Fe¥/l. Leaching with low L/S ragio is important because of diminished
reactor volume and higher zinc concentration in solution. However, the rate of leaching in these conditions
must be protected by higher oxygen pressure (from 100 to 150 psi) and higher temperature from 90 to 95¢
C.

3. Lead extraction to the calcium chioride solution during the non-oxidative, fluidized-bed leaching that follows
sulfate-FBL processing, achieves 92%. Lead extraction increase to 99% after one hour of oxidative leaching
in fezric chloride solution (Table 7). Non-oxidagive chloride leaching easily shifts into oxidative leaching
by increasing the ferric chloride concentration in the leaching solution.

4.  Simultaneous with lead, silver extraction achieves 59% in the non-oxidative conditions and 79.4% in oxidative
conditions (Table 7).
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5. Aboul 96% of total lead and 71% of (otal silver contained in LP ore-samples are transformed into soluble
compounds in the chlonde-non-oxidative solution, during the initial stage of sulfate treatment (Table 8), The
extraction of lead, silver and in some cases, antimony from different samples is schematicaily shown in Figure
12, Itis evident that not more than about 30% of the total silver is dispersed in the non-soluble pyritic matrix.

ORmE,
Sampie LP

10 LF - 221

Eunrtacrion:
PD-3),74)
Ay=25.0048

7 133
KXLLACEION |
vy 398 o
257,94

H A s ————
: 7YY}
[V ERTTY N1 Putsadtion)
. yo—-96.748
» . 1] .

Ag=11.600

Figure 12. Leachability of lead, silver and antimony from solid semf-products at different steps of treat.
ment of the flow (2) (left branch of the flowsheet in Figure 9).
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4. FLUIDIZED-BED LEACHING IN CHLORIDE SOLUTIONS

Oxidarion of ferrous ions In chloride solution is considerably faster under 40-50 psi of oxygen pressure than in
sulfate solution and oxidation of cuprous ions in chloride solution is even faster under both atmospheric and increased
pressures. For this reason leaching by FeCl, and CuCl, solution was chosen as the best attainable at MIRL., Such a
demonstration of the Fluidized-Bed Leaching feanres contributes the 1st “chloride” sub-program conducted in MIRL
and another Nerco's eagagement in hydrometallurgical chloride technologies.

The tests were carried out according to a flowsheet preseated in Figure 13 in the mini-pilot laboratory installation
shown in Figure S. When the ore suspeasion was introduced to the 1st reactor (R ), the leaching solution circulated
from the reactor (R,) 10 the oxidation reactor (R,); through valve 20 to the crysuallizer (C,); then through the pump (P)
10 the boutom part of the reactor (R,). The particles with specific gravity above 4.5, genorally the pyrite fraction of
the ore, were retained in the fuidized-bed . Particles with specific gravity below 4, and all very fine particles were
transported with the solution to the second reactor (R,), where the heavier fraction with specific gravity 34 (FeOOH,
jarosite, gangue minerals) scdimented in the separator (S,), and lighter fraction particles below 3 (gypsum, quartz)
sedimented in the crystallizer (C).

ORE
Sample LP
Leaching ] e
golativa Pulp Preparaiion
R9.82
Oxidetlon
A s
Fluidized Bed o toa b
Leach [a} Sedimentation
Laaching Soltion (,w‘n —j—}:’*_ Filtcasion |mmp Reuvidus
Residue
Final Leagh
¢ Solulion
all Cryatell. &
cecly Cagly Fluldized Sedimentatio
Salution Sed Leaching 1
——————
[ . Cryetals Lemoh Chloride)
Boletion
Crywisllizn- Cryatals
tiom
Ay c
Badimenta-
Flulgized tioa
Bed
Water washing
Residus Wash Wuter

Figure 13. General flowsheet of experiments carried out in chloride solutions in the pressure installation
presented in Figure §.
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It was expected that some part of the lead would crystallize in the form of lead chloride and sediment in the
crystallizer also. The continuous reoxidarion of the used leaching reagent was carried out by oxygen dispersed under
pressure in the second reactor (R,). When leaching was finished the calcium chloride solution had been fed continuousty
to the 1streactor, throngh the valve (12) and the pump (P,) in a volurne necessary to dissolve insoluble-in-water metals
compounds. At the same time the spent solution previously filling the 1st and 20d reactors was directed to the collector
(R, and then outside the installation. The spent CaCl, wash solution was transported, bypassing the 2nd reactor, directly
to the crystallizer and then outside the installation.

Fluidized-bed calcium chloride (CaCl)) washing was conducted nnder atmospheric pressure but at elevated
temperatures (80-90%), and some sointion componeats had crystallized after cooling in the crystallizer. Of course, the
spent wash solution could be mixed with the spent leaching solution, but this was not done during the tests,

The final fluidized-bed washing with pure water was conducted in the same manner as the first CaCl, washing.
A schematic flowsheet of the two experiments is presented in Figure 14. Two steps of leaching were carried out with
the same solution. The left branch of the flowsheet, beginning from the flow #2 corresponds to the 2-step cupric chloride
leaching, the right branch, beginning from the flow #10 corresponds to the 2-step ferric chloride leaching. Two LP

ORE,
gample LP
—_—
0
&
%?. FLuldized el
L:::hﬂ
FeCl. 3 7"
o Sonmion | Fredited (ioa ™
LC =215 | Lamohing Q)
muzur
E; LC-218 k@
Raactor 5= | a.’-‘élul
7, _.'!':
® _ragetor |
@
rnkn —Fr;:?ﬂ }g :f}
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] szl
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A
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Other ARenidues

e ®
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Figure 14. Flowsheet of expe!'iments on the Fluidized-Bed Leaching io cupric and ferric chloride solutions
in the laboratory installation (Figure $). Circled numbers of flows correspond to the identifi-
cation numbers in the Table 9 and 10.
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ore~-samples, 700 g each of the fraction 400 mesh x 20 um, were leached according to the above procedure (Figures
13 and 14). The tests were carried out in the following steady state conditions:
Temperature:50-95°C in the 1st, FBL-reactor, and
75-90+C in the 2nd, oxidation-reactor
Pressure: 16 psi during CuCl, leaching test, and
17-20 psi during FeCl, leaching test
Time of heating the ore pulp to 90<C in the beaker (pulp preparation in B, Figure 13): 3040 min
Timo of pulp feeding to the 1st reactor:
CuCl, leaching: 1 step (LC-215) 40 minutes
2 step (LC-217) 34 minutes
FeCl, leaching: 1 step (LC-216) 20 minutes L
2 step (LC-219) 25 minutes
Time of ore retention in the fluidized-bed state (after feeding):
CuCl, leaching: 1 step 83 minutes
2 step 116 minutes
FeCl, leaching: 1 step 100 minutes
2 step 117 minutes
Rate of transportation of the circulating solution during Jeaching period:
CuCl, leaching: 1st step: 100-150 ml/minutes
2nd step: 100-175 rml/minutes
FeCl, leaching: 1st step: 120-160 ml/minutes
2nd step: 85-125 mi/minutes
Initial composition of the leaching solution:
CuCl, leaching: Cu 35.48 g/t
Fe 9.96 g/
Ca637 g1
FeCl, leaching: Cu 8 mg/l
Fe 27.28 g/l
Ca 763 gl
Calcium chioride washing solution composition:
Cu(q, leaching: Ca 464 gh
Fe 4531
Pb 1.86 g/
Cn 1261
Zn 0321
Ag 2.15 ppm
FeCl, Jeaching: Ca 1427 g/l
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Fe 0.02 gt
Pb 289 g/
Cy —

Zn 0.06 g1
Ag 7.18 ppm

Hydrochloric acid (36% HCI) added 1o the leaching solution:

CuCl, leaching: 1st step: 150 ml
2nd step: 70 mi
1st swop: 150 ml
2nd step: 100 ml
Liquid/solid ratio in the 1st reactor;
CuCl, leaching: 1st step: 1.75 lkg
2nd step: 2.08 Vkg
18t swep: 2.00 kg
2nd step: 2.70 Vkg

FeCl, leaching:

FeC), leaching:

Other conditions and data are presented in Tables 9 and 10 - the mass balances of metals in solid and in solution.

Results of the leaching tests are presented in Table 11.

Tabie 9. Fluidized-bed leaching. Mass balasce of metais content in solids during cupric- and ferricchloride
beaching according to the Nlowsheet In Figure 13.

.............. e

........

Conteng in Solids, grama (Ag, Au: mg)

Specificapons ID
MNo®) weight Cu Fo Zn Pb Ag Sb As Au Ca
Total Iniet 1 1,400 1948 4304 952 4928 12192 0.882 135S 2814 02
| [ fnfet o LC-215 2 700 1974 2152 416 2464 6096  0.44) 6.78 1407 0.
4 [ Crystalg from cooling system 3 68.1 0.021 485 09 0.01 0.48 0.005 013 na 142
3 | Oudet from LC-215 4 680.3 1428 2113 1703 045 2496 0.8 838 na 10.8
-— b4 - AN T - ———-——AN A& »— At ANG e e e e m AN T AL AL N Ge AU PRSP R A A .-
5? fnles © LC-217 s 6729 1416 2704 1705 045 2492 018 829 na 106
2 N || Afrer Leaching - 1st reactoe 6 285.3 0213 177 1.07 0.183  4.89 0055 2.57 0.54  0.01
3 G| After Leacting - 2nd reatior 7 1mas8 0171 . 573 084 0097 392 0039 145 0390 140
Crysuls from Cooling Sysiem B 18.7 0.098 1.9 0002 - 024 .- 0.06 0012 19
Owdet From 217 457.1 0384 1750 191 0.28 881  0.094 4.0 0934 14
of Inlet to LC-216 10 700 1974 2152 476 UB4 6096 044l 6.78 1407 0.1
_g 3| Crysuls rom caofing sysem 11 411 0.007 102 0.02 0061 021  0.004 0.0¢ bpa 3.78
2 § 7] Ouer from LC-216 12 5242 1327 2248 1289 0638 3500 032 643 na na
L § i Injet 0 LC-219 13 5215 1320 RI6 128 0632 3491 0321 640 pa ns.
5 7 |=| Afier Leaching - 1st reactor 14 358.1 0895 1329 2.15 037 211l 0166 482 na 0.02
% |3 Afier Leaching - 2nd ceactor 1S 49.9 0.074 6.9 014 0.04 L9 0.018 058 14 0.003
Crysals from cooling fysiem 16 4705 0020 16.1 0.08 0.05 1.76  0.015 0.44 na 0.05
Ouilet from LC-219 17 408.0 056 1498 y .} 041 2302 0.84 540 na 0.02
Sold residpes from reaciors
cleaning afior LC-217 and 219 18 194.6 028 .78  08S 0.19 533 0047 189 aa 0.95
Total in solid residues after B )
leaching L.C-217 and LC-219 19 2650 1383 348 420 069 2302 0278 9.42 1.43

Rt T T Tt PO Y PPN ————

® Idemification numbers correspond 1o the flow numbers in Figure 13.
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Table 10. Fluldized-bed leaching. Mags balance of metals contest in solutiobs during cupric- and ferric-chloride
lenching accordiag to the flowsheet in Figure 1.

L T T T T N N N L L L PP P S r e ReEsmmcAsAE e mmam————

Spesifications 1D Volume Consent in Solution, grams (Ag, Au: mg)

: No") (liters) Cu Fe n Pb Ag Sb As Au Ca
Cupric | Inlet 1o LC-213 20 838 147.47 5970 632 1235 2744 014§ wa - 451.8
Chlorde | Outlet from LC-215 21 10.70°°) 14935 5604 44358 3559 7214 0564 na .- 6174
Leaching | Inlet to LC-217 2 5.59 133.12 4901 3135 24,10  §695 0488 aa. .- s132
Outler from LC-217 pxi 648°%) 117.06 4761 4120 2126 6319 0482 1.34 . 2358
Ferric | Inlet o LC-216 u 8.74 0.038 1229 026 1232 3089 046 na .- 4038
Chioride | Outlet from LC-216 25 9.02°%) 1501 1225 3739 3060 5258 0389 057 .- 6133

Leaching | 12let to LC-219 2% 1500 1168 2698 1740 2638 0.16S . na.

Oullet ta LC-219 val 706°°) 2228 (144 33595  17.65 3405 0255 1.17 - na

*  (denificatlon aumbers carrespond 1o the flow aumbers in Figure (3. P

** Inchuding wash-wakers.

Tabte 11. Metals exirsctiom during Muidized ded (eaching in chioride spjutions, calculated from metsls
contert ia solids (see Table 9 and Flgure 13).

Specificadons Extraction, %
Time {min) Cu Yo Zn b Ag S As

Conditioned at 60°C") 15 -13.72) 18 26 40.2 30.7 18 na.

CuCl2 | Conditionea ar 95°¢Y) k) 2.42) 2.7 13 73.0 40.3 259 na.
Leaching | Ager LC-2159) n 118 2612 642 982 5.0 »2 na
After LC.2173) rYx! 76.9 1.7 95.5 97.6 82.8 15.2 282

FeCly | Anher LC-214%) 120 738 -452) 79 974 424 268 5.1
Leaching | After L.C-2197) 252 467 16.5 94.1 98.1 59.4 4.7 16

svawa meesmmmmmme—AmFe e —p g ———

[) During Lst beaker feeding w the 1t reactor (LC-215); 350 g of solid (LP) in 700 ml of the solution: flow (20).

2) Precipitation from sojation. Expressed as excess in solig residue after leaching (-13.7 means (3.7% of copper in solid afier keaching).
3) During 2nd besker feeding @ the 18t reactor (LC-215); 350 g of solid (LP) in 700 mi of the soiution: flow (20).

4) Temp: s reactar 85.—> $6°C: Ind reactor 78 --> 83°C: average O presmws 16 psi: solidiquid raio (S/L) in st reacion: 0.37 kg/L.
5) Temp: 1st reactor 95°C: 2nd rescior 80°C; O7 pressure: 1642 psi; S/ (15t reactor): 0.48 kgL,

6) Temp: |8t reactor 95°C; 2nd rescior 75°C; averago O pressure 20 psi: SAL (15t reacsor): 0.50 kg/l.

7) Temp: 1st reacior 92°C; 2nd reactor §0°C: average O presvare 17 pst; S/L (Lst reactor): 0.37 kg/l

Extraction of metals after 4 1/2 hours leaching in both cases attains 94% for zinc and 98% for Jead, Extraction
of copper and silver is higher in the cupric than in the ferric chloride solution, Copper extraction attains 76.9% and
46.7% in CuCl, and FeCl, solution, respectively; and silver extraction 82.8% and 59.4%, respectively, in the same
solutions. The better extraction in the cupric chloride solution probably results from the following advantages of copper
over iron in chloride solution:

- higher oxidative potential Cu*/Cy* than Fe* /Fein

- faster reoxidation of cuprous than femrous ions by oxygen;

- catalytic properties of cupric jon:

- more favorable mechanisms of secondary chemical reactions of copper in solution.



Maoreover, in our case, the oxidative capacity of the cupric chlorcide solution was higher than the ferric chloside
solution because of higher concentration of oxidant in the cupric solution, The results of the fluidized-bed chlonde
leaching generally confirm the advantages of this system.

""" Probably the most important advantage of the fluidized-bed chloride leaching is the possibility of producing a high

- concentration zinc chloride solution with minimal concentration of oxidant CuCl, or FeCl,, that would be reoxidized
f;f continpousty under elevated oxygen pressure.

gﬁ For this reason, the tests were carried out on metals extraction from LP ore by a chloride solution in which a low
ns concentration of oxidant and a high zinc concentration were used. The conditions of the leaching tests and some results
33 are presented in Table 12. A kinetic characteristic of the leaching test LC-12§ is shown in Figure 1S, Excellent results,
B mexpecied by the authors, were obtained. 97% of the zinc extracbon after two hours of leaching should be confirmed

in the fluidized-bed system with simultaneons reoxidation of the Jeaching agent under oxygen pressure,

Tabie 12. Della ore leaching by low concentration ferric chloride solation
with high concestratioa of zinc chloride. Sample LP, fraction 400 mesh,
without cyclone cinders below 20um
typical laboratory glass resctor, temp 50-95°C,

leaching time 4 h.
Leaching Leaching
1est test
LC 124 LC 125
Initial Concenration Za 183 170
in leaching Fe+ 24 20
salution (g/1) HCl 36 30
Solid/liquid ratio 50g/700 ml 20g/700m!
Loss of weight during 203 2.8
leaching (%) ~
------------ Cu 4437 5789
Fe 104 2846
Extraction {0 Zn 97.38 2935
salutjoa after Pb 98.42 9834
4 tovry, (%) Ag 7114 70
Sh 5628 5342
As a.d. 10

100

80 H

Figure 15. Extraction of metals
during leaching of the LP
e ore sample with zinc
chloride/ferric chioride
solution. Experimental
i conditions see Table 12.

-]
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5. Supplementary Tests on the Mixed Chloride/Sulfate Leaching

Two supplementary tests were performed with alaminium chloride solution. In the first test, ferric chloride, and
in the second test, ferric sulfate, were used as oxidizing agents, By such a combination the influence of the high
concentration of sulfate ions on chloride teaching, without gypsum precipitation occurring because of a calcium chloride
solution, was investigated. Resuits presented in Figure 16 indicate good extraction of lead and zinc in chloride solution.
At sulfate ion concentrations of about 1.6 mol/l, no negative impact was observed on the lead extraction (Figure 17).
However, a retarding effect of sulfate ions on the zinc extraction is visible, althongh the extraction degree is higher
than in pure ferric sulfate solution under the same leaching conditions.

g

8

3

fi

Exlrtacllion 1%)
Estraction (%)

) ) 1 1 L L I":‘,I. 1
° 20 0 80 80 100 120 Q 20 40 80 a0 00 120 140 160 180
Time (min) Time (min)

Figure 16. Kinetic of leaching in ferric chloride- Figure 17, Kinetic of Jeaching in ferric sulfate-
alumipum chloride system, Sample aluminum chloride system. Sample
LP, fraction 200-270 mesh. Solution LPU (old) fraction 325-400 mesh,
concentration: [Fe] = 30 g/1; [Al] = Solution concentration: {Fe] = 60 g/,
27 g/, [CI] = 5.6 mol/t; [HC1] = 18 g/ {Ca] = 1.7 g1, [Al] =40 g/1, [SO?*] =
I, liquid/solid ratio = 0.7 /50 g, temp. 1.60 mol/l, [Cl] = 3.5 mol/], temp.
950C. 95+C, liquid/solid ratio = 0.7 50 g.

6. Sulfur and Gold Extraction from Residues after FBL Processing

Gold extraction from the residues after Fluidized-Bed sulfate processing was investigated in a function of the pyritic
matrix decomposition. For this purpose the solid residues were leached in ferric sulfate solution with continuous addition
of small quantities of nitric acid. In this condition sulfidic sulfur can be oxidized to the elemental form:

3FeS, + 2NO, + 8H* = 2NO + 4H,0 + 3Fe* + 6S*
Competitive reaction in stronger oxidative conditions leads 10 partial oxidation of sulfides to the suifates.

3FeS, + 6NO, + 8H* =2 6NO + 4H,0 + Fo* + 48* + 250>
In both cases the ferrous ions are nearly instantaneously oxidized to the ferric ions:

3Fe* + NO, + 4H* = NO + 3Fe* + 2H,0

Results of tests on the gold recovery as a function of the pyritic matrix destruction are presented in Table 13. The
heavy flotable fraction of the sample LP, after sulfate processing and fluidized-bed calcium chioride washing FBL 227
(Figure 7, flow 34), was leached by feric suifate solution with continuous addition of nitric acid. In the experiments
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about 32%. ad 54% to 72% of pyrite was decomposed, respectively, during 1st (LN-142) and 2nd (IN-230/231)
“nimrate” leaching, The solid residues obtaioed after these leaching tests, as well as the sample from FBL 227 not reated

1
\ by “nitrate” leaching, were leached with cyanide solution under conditions described in Table 13, Elemental sulfur
. generated during “nitrate” leaching was not extracted from the sample and remained in the solid residues during cyanide
leaching. However, in an additional experiment sulfur was exgracted by xylene from another portion of the solid residue
after “nitrate” leaching LN-142; it was then directed to cyanide leaching under the same conditions ag the other samples.
iti i " " flotable
treated ore in function of the pyritic matrix destruction by “nitrule leaching. Sample LP; heavy,
Table 13. Gol rmn:ry“f:x after ¥BL237 (flow 4 Ia Figure 7). Gold concealration in the sample 2.51 ppm.
Loss Concentration of metals Degres o } Cyanide Leaching )
id Sample of and sulfur afier leaching of pyrie qumd/_sobd , Change of Gold_ Silver
wfm weight Cu Fe Za Pb  Ag S decompo- Ratio ¢ opH _dunng cxunfyg)n exiraction
- Spest (%) (%) (%) (%) (ppm) (ppm) (%)  udod (%) /g leaching (pH) (%) (%)
-_L ...................................................................................
. e omFBLY - 008 3240 L6l 897 E16T 531 .- 03151 11541012 53./58.1 665
- Residuc from LN142 1962 017 2752 036 744 10611 995 31 0539 1165/10.56 6274653 nd
= ) r@. L‘Sfﬁz’"““’ . 1207 0.49° 3056 0.40° 826 ° 11785 -- 32 0.5/33 11.78/1031  69.0/73.4 754
| Residue [rom LN2302231 §267 023 28°° 061 1033  83.13 1998 6310 05442 12.05/10.50  74.8/84.7 326 B
- Uraching conditions - LIN-142: [Feg(SO4) = 012 moUL: [H7504) = 1.35 moVL; Av. rate of HNO3 (TO%) feeding = 0.6 mumin.; leachiog time
205 min; Iniial Liguid/solid a..f[;:)e?r:uot)).:ﬂ.llom_; Temperalue; progressive increase from 68° 10 93°C. LN-230231; ist step: (Peg(S0413) = 0.12
mal/L; {H2804) = 135 mol/L; Av. rate of HNO3 (70%) feeding ~ 0.3 wl/min; Leaching time 140 min; Inkial L/S - 033 {.mm;; 'Tunp. 82-92°C.
-—-] ond siep: [Rea(SO4)3) = 0.19 molL [HNO3] = 2.8 molL: Leaching tme - 18 min; Imical L/S owio = 0275 L/73.2g. Cvanide Lesching: (NaCN] = 1g/L
o

{NaOH) = 1g/L; Leaching time = 48 .
#) Cakculase from balancc
%) Low accusacy 110%

#s%) Analytical result from two digested solid samples.
o.d - ¢ determined

A relatively strong increase in the gold récovery with the pyritic matrix destruction (Table 13) is vigible. Indeed,
oaly about 80% of gold is extracied if two-thirds of pyrite is decomposed, bixt thisresult is not final. The sulfur extraction
from the solid residue before cyanidation improves the gold recovery even when a third of pyrite is decomposed. This
result confinms previous observations (1st Stage Repart, 1986).

Stranger oxidation condidons diminish elemental sulfur formation. The amount of elemental sulfur found in the
residue after strong “nitrate” Jeaching (LN 231) corresponds only to 35.4% of total sulfidic sulfur that was oxidized
in this leaching. The remaining amount is oxidized 10 sulfates.

Mild oxidizing conditions promote elemental sulfur formation. During “nitrate” leaching with controlled addition
of nimric acid (LN-142 and LN 230) abowut 66 to 68% of total sulfur is oxidized 10 the elemental form, but it is difficult
to forecast now if more, and how much more pyritic sulfur can be generated in elemental form in technically acceptable
conditions. _

Cyanide leaching seems to be suitable for gold recovery from residues after sulfate leaching. The degree of the
gold extraction indicated in Table 13 is agtamable after 16 to 26 hours. The fluidized-bed system should be tested for
the cyanidation process also.



7. Summary and Conclusions
7.1. Leachability of LP Ore-samples

LPU ore-sample (old sample from 1985) represents betier leachability than new LP (1986) sample. The comparison
of some results is presented below:

LPU LP
(old, 1985 sample) (new , 1986 sample)
Concentration Zn 6.63% 6.80%
in Pb 2.83% 152%
ore Cu 0.38% 028%
Ag 927 ppm 87.1 ppm
Aag 3.48 ppm 2.10 ppm
Extraction Zn  89-96 ~96
in P 9699 98-99 ¢
comparative Cu 60-84 ~60
conditions Ag 7091 60-80
(%) Au 70-90~ 60-80=

*)  in chloride FeCl, leaching
**)  in cyanide leaching followed sulfate/chloride and sulfur cxtmcﬂon steps
***) in cyanide leaching after “pitrate” leaching

The comparison of metals extraction from the LP ore-sample is presented for the different leaching processes in
Table 14. These results should be analyzed carefully becauss of the differant experimental systems that were nsed.

Table 14. Metals extraction from Delta ore (sample LP) in the
invesiigated leaching systems.

Kind of Time of Cummulative Extraclion, %

No. L eaching System Processing  Processing (h) Cu Fe n Pb Ag S  As
s Fea(SOas. CaClzn O2 TUURBLR 73 617 305 844 9S4 3897 1246 32
1b Fea(S04)3, CaCly, FeCl3, 02 FBLUF 84 nd 4086 9899 906 7944 ad. n.d.
Ic Fex(504)3 - Op, CaClz, HNOy FBL/F-LC n.d 0 66 972 nd 8156 n.d o.d.

1d  Fey(SO4)3 - Oy . CaCly, HNO3, NaCN FRLF-LC nd. £23 nd nd ot 98 nd  nd

2 PeCly - CaCly, 02 FBL 4.37 46,1 165 9475 9815 394 47 716
3 CuCly-CaCly, 02 FBL 4.55 769 nd 955 976 828 752 282
4 PeCly - ZnCly LC, 40 579 285 99.35° 983 730 538 100
§  FeCly - AlCh Le 20 586 251 913 976 S8S 20  nd
6 Fe2(S04)3 - AKTy LC 3.0 558 242 7.2°° 977 5166 nd  ad

FBL/R - Fluidized-Bed Leaching and Flowkion

FBL - PRuidized-Bed Leaching

LC- Noo -continuous experiment ia claspical glass reacsar

n.d.- Not determined

Ic - commulmive extraction afier partial destroction (~63%) of pyriuc mamix (see Table 13)
1d - commulative extraction after cysalde leaching (see Table 13)

Al] experiments, excepx No. 6 Ore ssmple (P(1987); Experiment 6: Sample LPU (1986).
All cxperiments, except No. S and 6 Fractioa 400 mesh, without Cycloae cinders -200um; No. 5: 200-275 mesh:; Na. 6; 325400
mesd.

. After 2h of leaching; 97%

had Low sccuracy £ 15%
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Nevertheless, visible superiority of the silver extraction in CuCl, solution, the total and fast zinc extraction in ZnCL/
FeCl, solution, as well as relatively good resnlts of the fluidized-bed, multistadial, sulfate/chioride leaching is evident.

A high degree of silver and gold recovery is confirmed by cyanide leaching carried out after partial destruction
of the pyritic matrix. Probably the same silver recovery (96.8%) can be obtained in chloride leaching conducted after
pyrite destruction. 80% of the gold extraction with cyanide solution, from residue left after decomposition of about
60% of the pyrite should be improved in the next experiments.

72. Fluidized-bed leaching (FBL) reactor.
The Leaching-Flotation (LF) process was modified by coupling with the Fluidized-Bed leaching (FBL) process.

This improvement is important becaunse it combines adjustment of long leaching time with fast flotation, under elevated
oxygenpressure. The tests on the fluidized-bed leaching accumulated evidence about advantages of this leaching system.

Low capital investment and fow operating costs are expected due to the high capacity of the FBL reactor (liquid/
solid rago: 1+1.5); its simple construction and the applicability of the similar units to different leaching or precipitation
processes; easy transport of reactive medias; and segregation of different solid components constrained by their physical
and physico-chemical properties also under elevated pressure of gaseous reagents. The fluidized-bed leaching system
creates conditions for producing solutions with high concentration of extracted metals, For production of very
concentrated leach solutions the FBL process can be conducted on a semicontinuous cyclic base, like elntion from loaded
ion exchangers, where the solution only is transported through fluidized-bed, ar solids only are transported through
the same solution.

Fluidized-bed leaching segregates particles according to their specific gravity, shape and size:

Specific Gravity

Heavy Medium Spec. Light
Minerals Gravity Minerals Mineral
PbS 7576 FeS, 4.9-5.0 ReSO,HO 297
AgS 1274 CuS 46438 ZnCY, 291
PbSO, 6.2-6.35 CuFeS 4.14.3 §i0, 265
FeAsS 6.1-6.8 Zas 3.94.1 CaSO2H,0 2.3-2.37
PbCl, 58 FeOOH 3343 s 2.07
AgCl 558 Jarosites  2.9-3.3 ZaSO 1.98

4

For instance, during fluidized-bed sulfate leaching, non-reacted PbS, new formed PbSO, and arsenopyrite FeAsS,
were collected in the bottom part of the reactor. Other sulfides were suspended in the fluidized-bed in the central part
of the reactor. Elemental sulfur, that isnon-agglomerated with sulfides, gypsum and silica were transported with solution
outside the reactor and sedimented. The fluidized-bed leaching can be coupled with the flotation under oxygen pressure
to segregate the leached particles according to their flotability.

The FBL process can work in any kind of leaching solution, including cyanide, and can be vsed for recovery of
any metal from disintegrated material.

The fluidized-bed leaching conducted under oxygen pressure is thought to be a new process. No bibliographicat
references are known by the author. From an engineering point of view, the fluidized-bed leaching reactor belongs
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10 a group of three phase (solid-liquid-gaseous) reactors being developed by the author since 1983 and described in
a nonpublished research proposal (Feb. 1987).
The details of the FBL-reactor (not the research ingtallation) will be described in a patent application.

7.3. FBL-Process application in the sulfate system.

The proposed flowsheet of processing is schematically shown in Figure 18. The principal elements are similar
1o the flowsheet for the second variant of ore treatmnent presented in the 1st Stage Report’, According to the current
version, the sulfate leaching steps are conducted in thres 3-phase (solid-liquid-gaseous) reactors (Figure 18). In the
1t reactor, production of the purified zinc sulfate solution with simultanecus separation of solid in two flows isresolved
by coupling the fluidized-bed leaching (FBL) process with flotation (F). In the 2nd reactor, three flows of the solid
suspensions in solution are separated: 1st, a flotable fraction with non-reacted sulfides and sulfur; 2nd, a light nonflotable
fraction, generally with products of iron hydrolysis, gypsum and quariz; and 3rd, a heavy noa-flotable fraction with
lead sulfate, silver chioride, some gangue minerals. Probably total gold will also accnmulate in the 3rd fraction. In
the third reactor, destruction of the pyrite matrix is carried out in the presence of nitric oxides. In this reactor, the 3-
phase froth (solid-liquid-gaseous) is the principal reactive medium. Elemental sulfur is separated from this reactor in
the flotable fraction. The suspension of the non-flotable pardcles is directed 10 the 2nd reactor.

we T

[ SOLOTTON | ELECTROLY -
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Figure 18. Simplified flowsheet of the Fluidized-Bed and Flotation Processing in the su)fate solution.
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The major part of the solid products of iron hydrolysis is precipitated in the 3rd reactor. However, the final formation
of easy-to-separate crystalline goethite and jarosite is formed in the 2nd reactor. This occurs in very favorabie conditions
becanse about 20 g/ of ferric ions remains in solution after precipitation.

The spontaneous decomposition of pyrite by leaching with nitric acid is known:

3FeS, + 6NO, + 8H* = 6NO + 4H,0 + 3Fe» + 45 + 280 *

Processes based on this reaction were proposed as one way to recover mefals from difficult-to~dissolve sulfides. A
disadvantage of these strong oxidative processes is that a considerable portion of the generated sulfur is oxidized to
sulfates. This spontaneous reaction can be changed into a controllable action of nitrous oxides with nitric acid generation
under elevated axygen pressure:

2NO(g) + O,(g) =2NO,(g)

3NO,(®) + H,0()) = 2HNO,(aq) o
This reaction is anainable in the proposed reactor during leaching-flotation (LF) processing, conducted in the 3rd reactor.
At the same time, small quantities of nitric acid ransported with the non-flotable fractian to the 2nd reactor, and with
recycled solution to the 1st reactor, accelerate the relatively slow decomposition of sphalerite,

Lead sulfate and insoluble (in these conditions) gold and silver are accumulated in the heavy nonflotable fraction
(2ad reactor). It is worth mentoning that the possible dissolution of silver can be lessened in the sulfate solution by
the addition of small quantities of chloride ions.

Lead and silver are recoverable from the heavy nonflotable fraction by short, simple non-pressure fluidized-bed
leaching in calcivm chloride solution. Gold can be extracted by the classical cyanidation, taking no longer than 24
hrs, or in the fluidized-bed cyanide leaching under elevated oxygen pressure with an expected retention time from 1
to 2 hours. The goid concentration in the cyanide soluton after fluidized-bed leaching is expected to be higher than
100 ppm.

7.4. FBL-Process in the chloride systems.

An application of fluidized-bed leaching to known chloride systems, does not change the general flowsheets of
the chloride processing. The most important new features arising from this modification are:

- diminishing the concentration of the leaching agent, and increasing the concentration of the extracted metals

undler elevated axygen pressure;

- coatinuous iron axidation with partial precipitation of the iron hydrolysis products, under elevated oxygen

pressure or by chlorine action;

- diminishing of the total volume of the leaching installation.

The activation of cupric chloride or ferric chicride leaching by nitric oxides accelerates leaching of the scarcely
soluble sulfides (CuFeS,, MoS,), allows for decomposition of nearly insoluble pyrite, and dissolves precious metals
which form complexes with chlonide ions. This is economicaily sound if reoxidation of nitrous oxide (NO) to nitric
oxide (NO,) is carried out. The Fluidized bed leaching/Flotation (FBL/F) reactor is particularly useful for this kind
of processing,
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7.5. Zinc-chloride leaching process.
Chloride leaching of complex sulfide ores with a high concentration of zinc chloride solution containing ferric

chloride is experimentally confirmed at MIRL as one of the best (Table 14). The following unexpected laboratory
results were obtained:
- LP ore Jeaching by solution with initial concentrations: 170g/1 Zn (354.6 g/1 ZnCl,), 20g/1 Fe (58 g/l FeCL),
and 30g/1 HC! in the rypical conditions (Table 12) give the following resuls:

Lead - 96.5% extraction after 10 min
Silver - 75% extraction after 1 hour
Zing - 96% cxwaction after 2 hours
Maximum ZnCl, solubility s very high - 48 moles ZnC), per liter of solution, at a temperanwe of 25-80°C. This

solubility is similar to the value for the eutectic mixture in the fused salts systems. The solution containing 7.8 mol/
1 ZnCl, has a freezing point of -62°C. Viscosity of the ZnCl, concentrated solution is many times higher tban that of
water. Specific gravity of concentrated solutions attaing 2.5. The solution with 6 mol/l ZnCl has pH = 1.

The concentrated sotntion of ZnCl, is an excellent clectrolyte for the electrolysis processes. Maximum conductivity
at 25* C has the ZnCl, solution containing 170 g/l Zn. This value is two times higher than ZnSO, solution containing
120 g/1Zn. Also cathodic current efficiency is best at this zinc chloride concentration: 87% efficient for cathodic current
density 1,100 A/m*, and 75% efficient for 2,200 A/m’. '

Other electrolysis conditions in the ZnCl, concentrated solution are compared in Table 15 with actually known
zipc chloride electrolytic cells in which compact, dendrite-free zinc cathodes are elecrowon.

Tabie 1S. Comparison of Zinc Electrolysis Conditions from Zinc Chloride Solutions, for
Three Known Processes.

Thomas and Technicas- CANMET
Fray - Cambridge Rexnidas Process’)
Univ. Esglond Process?)
Zinc coma:;num in soln. 150 60-70 0
fed W elecoolysis (g/)
Zinc solulion concenuation 142 3 15
in cathodic compariment
Zinc cORCENITRNON in spent 142 0.2 1
anolytc
Inert chloride in catholyie NH4Cl (0-70g/L) NaCl (166g/L) NaCl1 (0-1 mol/L)
HCl in catbolyte (/L) 2-3 L
Cell voliage (V) 398 2.9 4.1-5.5
Cathodic cuneat density (A/m?2) 2,500 700 328
Current efficiency (%) 76 n - 9
Calhode/Anods companment Honc carlon~cxchange dlaphragm
sepamior ” NAFION type DYNEL

1) B.K Thomas, DJ. Fray

2) E.D. Nogueirw. M. Refige, and M P. Viegas

3) DJ. MacKinnon, .M. Brannen and R.M. Mormison }

All from P.D. Packer (Editor), “Chloride Hydromeiallurgy” The Mewllurgical Socioty of AIME,
New York, 1982
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Itis worth mentioning that at a temperature of 9.6°C (40°F), chlorine gas produced at the anode during electrolysis
of chloride solution reacts with water and forms yellow crystalline chlorine hydrate. This solid product can be removed
from electrolysis as a slurry in the spent electrolyte, diminishing the risk of environmental contamination by gaseous
chlorine.

Zinc deposition from concentrated ZaCl solution (Thomas & Fray) undoubtedly presents the highest advantages;
itis simple, represents high yield from the same cathodic surface and operates in the best electrochemical concentration.
Only a decrease of the cathodic current dengity, i.e. 1o value 1,100 A/ (still higher than for comparative processes),
increases the cixrent efficiency to a level of 50%.

However, in spite of this obvious superiority, none of the kmown sulfide leaching processes was able to supply
a concentrated solution of zinc chloride of suitable quality. Most frequently, the solvent exiraction processes were
aimed to purify diluted solution after leaching and to concentrate it, but not so strongly. Af the same time, purification
of the high concentration zinc chloride solution containing 170-200 g Zx/1 can be carried out before zinc electrowinning,
without the solvent extraction step:

- iron is easy to precipitate in the form of crystalline goethite from a solution having such a zinc chloride

concentration;

- lead ig eagy to precipitate by zinc by the method of the last pagent of the Tecnicas-Reunidas, or by other known

techniques.

The flowsheet of complex sulfide-ore processing based on leaching with a concenrated solution of zinc chlaride
will be described in the patent application.

REFERENCES

1)  Hydrometallurgy of the Delta Sulfide Ores. First stage report for NERCO Minerals Company. F. Letowski,
Kuo Tung Chou (authors) and P.D. Rao (Principal Investigator), Mineral Industry Research Laboratory, UAF,
September, 1986, MIRL Report No. 82

2) 1st Stage Report, Chapt. 14: Conception of the Delta Ore Treatment, pp. 55-58, MIRL, Sept. 1986.

3)  1stStage Report, Chapt. 3: Tests of ore leaching with ferric sulfate solntion, pp. 11-17, MIRL, UAF, Sept. 1986.

4)  1st Stage Report, Chapt. 14, Technical conception of the Delta Ore Treatment, p. 50, MIRL, UAF, Sept. 1986.

a1



