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Abstract
1

ABSTRAcr

A s~ries of experiments determined the influence of oxygen panial pressure and SiO,

content in soda slag on t!le distribution of metals between soda slag and dore met:Ù. Oxygen

parti:ù pressure ranged from 10'· to one atmosphere and the SiO, content from 0 to 10 wt"1o.

At Canadian Copper Refine!S (CCR), copper tankhouse slimes, bearing precious metal,

are treated in batches in a Top Blowing Roœry Converter (TBRC). The treatment is carried out

in three stages - smelting,lead converting and reF.ning. In the final stage of the treatment, sodium

carbonate is added te the TBRC vessel and is followed by oxygen blowing. The purpose of the

soda refining step is to eliminate tellurium and some copper from the melt Minor elemer.ts,

inc1uding the precious metals, panition between the dore metal and the soda slag. The main

purpose of this research was to determine the process parameters which influence this

distribution, and the nature and forms of the precious metals in the metal and in the slag phases.

From the results of the experiments it was found that:

(a) Increasing oxygen panial pressure from 10" to 1 atm does not influence gold, palladium

and platinum removal from dore metal, but leads to the practically complete removal of

Te (down to 4.8 ppm), Rh (down to 2.7 ppm), Pb (down to 6.0 ppm) and quite good

removal of Se (down to 0.0112 wt"1o) and Cu (down to 0.42 wt"1o) from the dore metal.

(b) Silica content of the soda slag does not influence gold, palladium and platinum chemical

losses with soda slag. However it was found that increasing silica in slag leads to an

increase of mechanica1loss of precious metals because of the increase in slag viscosity.

(c) Increase in silica content of slag increased lead and copper removal from dore metal, and

decreased the removal of rhodium, selenium and tellurium, especially at low oxygen

potential.

•
(d) It was concluded that MOst of precious metals leave dore metal in the form of mechanica1

losses, but silver and rhodium were found in slags as intermetallic phases with the ether

components. Rhodium is a1so lost in the form of the volatile oxide Rh02-
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RESUME

Des expériences ont detennine l'inflllence de la pression partielle d'oxygène et de la teneur

en SiO: dans la scorie sodique sur la répartition des métaux entre la scorie sodique et le métal

doré. La pression partielle d'oxygène varie entre lC" et 1 atm ~t la teneur en SiO: cie 0 à 10%

en poids.

Une innovation récente est utilisée à Canadian Copper Refiners (CCR) pour fondre des

boues anodiques riches en métaux précieux dans un convertisseur rotatif à soufflage par le haut

(Top Blowing Rotai)' Converter TBRC). Le TBRC est opéré en mode discontinu à CCR. Lors

de l'étape finale d'affinage de la charge, du carbonate de sodium est ajouté dans la cuve du TBRC

suivi d'un soufflage d'oxygène. Le but de cette étape d'affinage à la soude est d'élimine le tellure

ainsi qu"une partie du cuivre. En plus, des éléments mineurs, essentiellement des métaux

précieux, se répartissent entre le métal doré et la scorie sodique. Le but principal de la recherche

a été de distinguer quels paramètres du procédé influencent cette distribution ainsi que la nature

et les fonnes des métaux précieux dans le métal et dans la scorie soclique.

A partir des résultats des expériences. il a été trouvé que:

(a) L'augmentation de la pression partielle d'oxygène de 10" à 1 atm n'influence pas

le retrait de l'or, du palladium et du platine du métal doré mais entraine une

élimination pratiquement totale de Te Gusqu'à 4.8 ppm), Rh Gusqu'à 2.7 ppm), Pb

Qusqu'à 6.00 ppm) et une assez bonne élimination de Se Gusqu'à 0.0112% en

poids) et Cu Gusqu'à 0.42% en poids) du métal doré.

(b) La teneur en silice du scorie sodique n'influence pas les pertes chimiques d'or, de

palladium et de platine avec la scorie. Cependant, il a été trouvé qu'une hausse en

silice entraine une augmentation des pertes mécaniques des métaux précieux à

cause d'une augmentation de la viscosité de la scorie.
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(c) Une hausse en silice dans la scorie augmente le retrait du plomb et du cuivre du

métal doré e' diminue le retrait du rhodium, du selenium et du tellure.

particulièrement à faible potentiel d'oxygène.

(d) Il a été conclu que la plupart des métaux précieux quitte le métal doré sous forme

de pertes mécaniques, mais l'argent et le rhodium ont été trouvés dans les scories

sous forme de phases intermétalliques avec d'autres composants. Le rhodium est

aussi perdu sous la forme d'oxide volatile RhO,.
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CHAPTER 1.

1.1 Introduction

!NTRODUCfION

•

•

Precious metals such as silver, gold and the platinum group metals have many unique and
useful properties, for example, the ability to fonn workable alloys with each other and with
additional elements. The catalytic properties of the platinum group metals are outstanding and
the beneficial charaeteristics of Ag, Au and Pd as electrical contacts are generally recognized (l,
2.3.4.5.6). Ali these properties are extensively exploited in commercial practice, Table 1.1.

Table 1.1. Applications of precious metals.

Precious metals demand by application: Western World (%), 1988

Pt Pd Rh Ir Ru Au

Jewelry 33 5 - - - 80
AUlocalalysl 32 6 73 - - -
InVéSlnlélll 17 . - - - 7
Chemlcal 5 - 10 36 38 -
Electncal 5 51 4 - - -
Glass 4 - 6 - - -
ûthers 3 8 7 29 11 3
Petroleum 1 - - 12 - -
Dental - 30 - - - 3
Electronics - - - - 51 7
Catalyst - - - 9 - -
Crucibles - - - 14 - -

Gold . silver and platinum often occur as a native metals. Before 1914, most of the native
préCIOUS metals came from Russia and South America. Today, major sources of native metals
Include Alaska, Colombia, Russia and South Africa (the average amount of newly mined native
gold IS now around 1000 metric tonnes per annum), but the contribution of native metals to
overall output is only a half of world production, Table 1.2.
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Tab", 1.1. Platinum, palladium and gold world output for 1988 (1).

Precious metals supp1y for 1988, (tonnes)

Pt Pd Au Ag

South Africa 80.2 34.4 621 -
Canada 4.5 5.3 128 1216

Others:
Other Africa - - 67 -
USA - - 205 -
Latin America - - 226 4054.4
Asia (India) - - 81 (822.4)
Europe - - 19 -
Australia . - 152 1123.2
Total 3.0 8.4 - -
USSR ( Sll1es) 13.7 55.1 258 -
Total 101.4 103.1 - -

The other half of world production of precious metals is derived from the copper-nickel
sulphide ores of Canada, South Africa and Russia. These ores contain of the order of on1y grams
of these metals per tonne. Thus full treatment of complex ores to recover precious metals has
become a world wide focus. Each company is trying to find its own. better way of treating the
ores tO recover as much of the precious metals as possible and at the lowest cost.

1.2 Recovery and refining of precious metals

The variety of processes used in the recovery and refining of precious metals may be
c1assified into two categories. These process categories are based on the differences in the raw
materials sources:

a) from the concentrates of mined platinum bearing copper-nickel sulphide ores;

• b) from secondary material sources such as recycled industrial products.
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Several different processes for recovery and refining of these secondlll)' raw materials
sources have been practised industrially. The method chosen depends on the physica1 form of the
source, its precious metal content and the nature of other elements present Generally speaking,
the first step is to make a solution by acid leaching. Precious metals are recovered by
eleetrowinning, ion-exchange or group separation precipitation (GSP)-.

1.2.1 Recovery and refining of platinum group metals

Precious metals become concentrated in the sulphide matte which is produced during the

smelting of the ore concentrates. In the Orford process (7), sodium sulphide is added to the matte,

thereby forming two separate copper and nickel matte phases. The metals are recovered from

these mattes by a converting process which yields a crude metal product suitable for

electrorefining. The anode slimes obtained by electrorefining the crude nickel contains the main

portion of the platinum group metals.

• The slime concentrates are air roasted. Copper and nickel are ieached out with sulphuric

acid, to yield PGM-enriched residues from which the platinum group metals are further

concentrated by melting them with charcoal and litharge to form a lead button. The resulting lead

alloy is nitric acid leached. The acid insoluble residue becomes a raw material for further

refining. The pressurized carbonyl process practised by INCO Canada strips nickel as a gaseous

nickel carbonyl, and leaves a residue that contains the platinum group metals (8, 9).

INCO Canada have also developed a new pressurized carbonyl process for the crude

nickel metal and now operates a solvent extraction process for precious meta1s recovery refining.

For this process the raw materials are the copper eleetrorefining anode s1imes (10, 11)

The Matthey Rustenburg Refinery has also developed a solvent extraction process which

uses oximelamine extractants. This technology is based on the "straight chain process" (12, 13).

• -GSP IS • mahod bucd on lCpIR&C prccspiZabon or. poup or CODpouMa~me lime prccioua mc&aL
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1.2.2. Recove'Y and refining of gold and silver

As already mentioned, much of the world gold and silver production derived from the

base metal sulphide concentrates such as copper, lead and zinc, including their arsenides,

tellurides and antimonides. The gold and silver become concentrated in the e1ectrolytic refining

anode slimes. Go1d and silver si1icious ores have been used as a slag forming fluxing agents in

the pyrometal1urgical processes for the production of copper and lead, whereby the gold and

silver 1ater become concentrated in the e1eetro1ytic slimes (14, 15, 16).

The following is the general process out1ine for gold and silver recovery from copper

anode slimes (1).

•
1. The anode slimes obtained from eleetro-refining crude copper contain all the

precious metals along with other e1ements such as Se, Te, Pb, Cu, As, Bi, Sb, Ba,

Si and insoluble sulphide compounds.

•

2. Slime pretreattnent eliminates much of the base metal content. Copper is removed

by leachint with sulphuric acid and agitated air; sulphides, e.g. lead sulphide, are

removed by flotation.

3. The slime is then me1ted in a small reverberatory fumace where selenium is

volatilised as selenium dioxide, which is recovered in an absorption tower.

Litharge, fluxes and carbonaceous material are added for reductive melting to

produce a lead alloy containing gold and silver.

4. The lead alloy is transferred to a rotary fumace, where it is me1ted with soda ash,

sodium nitride and oxidized by air-lancing. This oxidation operation transforms

lead and other base metals into oxide slags and silver-gold alloy remains at the

bottom of the fumace. The silver-gold alloy is cast into anodes, which are

e1eetrorefined.
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1.3 Slime treatment process at Canadian Copper RefineIV

As already mentioned, the recovery of precious metals is widely praeticed. But each

producer struggles to develop the cheapest process for each particu1ar type of ore. One such

company is Canadian Copper Refinery (CCR), Noranda, the largest producer of refined silver in

Canada (approximately 1000 tonnes per year), and one of the world largest selenium producers

(about 400 tonnes per year).

CCR four years aga started to use a new, unique process for the s1ime treatment: the

TBRC (Top Blown Rotary Converter) process. Previously, CCR used a conventional flowsheet

for slimes treatment, which included three roasters for selenium removal and a Dore fumace to

produce silver anodes. Unfortunately, the conventional flowsheet contained four sources of

selenium emission to the atmosphere (the roasters and the Dore fumace), requiring four

independent scrubber systems which are costly to operate under the stringent requirements of the

Montreal Urban Community, where CCR is located.

The main purpose of the new TBRC sme!ting process was 10 reduce the number of

possible sources of emission through the use of a rotating vesse!, oxy-fuel bumers and tonnage

oxygen. This kind of process has long been established in the ferrous and many sectors of

nonferrous metallurgy, but is only now being applied to precious metals processing. A new slimes

smelting process was envisaged, wherein the tumbling action of the anode s1imes in a rotating

fumace. intensive heating from an oxy-fuel bumer wou1d accelerate elemental selenium separation

by volatilization prior to smelting and wherein the impurity e!ements, principally selenium and

lead, would be separated from the molten phase containing the precious metals by intensive

blowing with commercially pure oxygen. The funetions of the three roasters and the Dore fumace

were thus combined into a single intensive sme!ting unit, the Top Blown Rotary Converter,

TBRC.
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1.4 Treatment of de-copperised slimes in TBRC

De-copperised s1imes are a complex mixture of elements and compounds which are not

elec:trolyticaIly oxidized in the anodic dissolution process, e1ec:trorefining, or oxygen pressure

leaching (17).

The compounds remaining after de-copperizing include e1ementaI silver, golel, platinum

group metaIs, elementaI selenium, Ag~Se and AuAgTe. Compounds such as PbSO. and NiO

which are formed during anodic dissolution aIso report to the de-copperised s1imes. CCR s1imes

aIso contain a significant amount of BaSO. originating from the bante mold wash used in copper

anode casting.

TypicaI assays of the de-copperized CCR slimes as well as foreign s1imes treated at CCR

are shown in Table 1.3.

The Top Blown Rotary Converter was chosen for s1ime treatment at CCR, because it

combines high roasting and smelting rates with high oxygen efficiency. Advantages of the TBRC

include (17):

•

(a)

(b)

(c)

(d)

High srnelting rates: the rotating action of the vessel continuously exposes fresh

surfaces te the flame aIlowing uniform heating of the charge, good selenium

elimination prior te melting. and fast melting of the charge.

Ideal shape for blowing: the vessel shape presents a deep bath for blowing over

the wide range of fil! volumes.

Good access to the bath: the large mouth of the vessel combined with the ability

to tilt the fumace gives the operators good access for slag removaI.

The rotation of the TBRC prevents formation of a slag line which would rapidly

erode the refraetory lining of the vessel under intense blowing operations.
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Because of these advantages the application of the lBRC in anode s1ime smelting

is gaining increasing prominence (17).

Table 1.3. Analysis of slimes.

•

FJement CCR De-Copperized Slimes, wt % Foœien Slimes, wt %

(k&/t)

Average Range Range

Cu 0.8 0.3-1.0 0.4-2.5

Se 16 12-20 0.2-58

Te 0.5 0.3-0.7 0.02-0.4

Pb 15.7 12-28 3-50

As 0.5 - 0.05-0.2

Sb 0.4 - 0.1-3.2

Bi 0.7 - 0.1-0.5

Ba 4.0 - -
Sn - - 0.2-0.8

Ae 32.5 24.5-38.0 7.5-32.5

Au (ke/t) 0.98 0.84-1.12 (0.25-2.2)

The lBRC process consists of three main steps:

(a) Smelting

. (b) Lead Converting

• (c) Refmïng
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The purpose of the smeltinl: step is 10 smelt slimes, charge reverts and scrap and to

eliminate easily removed impurities with a silica flux.

The fumace atmosphere during smelting is slightly oxidizing, because bumers are

operating in stoichiometric ratio, and sorne oxygen is released as a result of decomposition of

compounds, such as PbSO., Ag,O and Ag,SO•. In general, all the refraeto'Y oxides and sulphates

present in the feed such as AI,O], BaSO. and SiO, report 10 the slag. Also, a large quantity of

PbSO. reports 10 the slag according to the reaction:

PbSO. + lIE4.T = Pb0"4 +SO,+ 0.50, (Bq. 1.1)

•
The refraeto'Y oxides, the high SiO. content, and the large percentage of unreaeted

sulphate material tend to make a "sticky" slag with a high liquidus temperature, compared 10 the

slags without SiO. or with low SiO. content. This contributes 10 a high precious metalloss (as

much as S.S wt % Ag) in this initial slag (18).

Due 10 the high partial pressures of SO. above the melt, the remaining Pb in the system

exists as PbS in solution with a silver selenide matte (18).

The lead conveJ1inl: part of the process eliminates lead from the melt. The slags formed

in lead converting are relatively simple: they are composed mainly of PbO and the SiO. that is

added as flux in order to reduce lead vapour pressures (lead repoJ1ing to scrubber) and 10 render

slag less chemically aggressive towards the TBRC lining. The basic lead converting reaetions are:

•
PbO + SiO, - (Pb0 * SiOJ (1l<rJ

(Eq.1.2)

(Bq.1.3)
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After most of the lead has been removed as a lead silicate slag and the slag has been

skimmed. the bath is essentially silver selenide matte (Ag:Se) . The oxygen lance continues to

blow and selenium is volatilized from the bath according to the reaction:

AgSe + O. = 2Ag + SeO.
"W ·w (EIj. 1.4)

The refilÙn~ step is a soda ash (Na:C03) treatment te eliminate the remaining minor

elements. especially Cu and Te. Oxygen injection and soda ash result in copper being slagged

as Cu:O while Te most likely reaets with the sodium carbonate to form sodium tellurite,

according to the following equation (18):

• (Eq. 1.S)

•

Interaction between tellurides present in the system and sodium carbonate does not

produce tellurium trioxide (19). Matveeva and Soshnikova found that the first oxidation produet

was sodium tellurite, which is water soluble, but if the mixture of tellurides contained a copper

compowid the yield of water-soluble teUurium was \owered. This observation was attributed to

the formation of insoluble sodium copper tellurites and tellurates. Also, extra NlI:lO was left in

the system helping to fluidize the slag by a sodium oxide-silica chemica1 interaction, since there

is always some silica remaining in the system after the previous steps.

Typica1 composition of slags for each step of the TBRC process is shown in Table 1.4.
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Table 1.4. Typica1 s1ag composition for three steps of the TBRC process (18).

Compound S\ag composition, %

Smelting Lead Converting Refining

Pb 22.6 8.6 4.9

SiO: 17.6 37.5 9.3

BaSO. 4.2 3.5 -
SO. 5.7 - ·

AI:O, 1.3 0.34 ·

Te 0.3 0.6 9.4

Se 2.1 2.9 ·

Cu 2.0 3.3 11.8

Ag 5.5 9.9 11.3

During the refining step of the TBRC process, significant loss of precious metals with

soda slag occurs. The soda s1ag is not easily cleaned of precious metals by milling due 10 its

high Na content, and because of this, this low tonnage material is stored separate1y and recycled

to the TBRC during the initial phases of subsequent cycles. This means that a significant amount

ofTe and noble metals are retumed 10 the fumace. Chemica1 analysis of soda siags can show up

10 12 % Ag, 3700 ppm Au and 1000 ppm Rh. Because ofthese high values ofprecious metals,

it is ofgreat commercial interest 10 find out in what form the precious metals report 10 the soda

slag so as 10 discover a way 10 reduce the losses.
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1.5 Objectives of the present woJk

Behaviour of minor elements in the dore metal - soda slag - gas phase system is

influenced by a number of factors. The literature review will show that the most important

factors for this type of system are the Po: of the gas phase, the chemistty of soda slag and the

chemistty of the metallic phase.

The objectives of the present work were:

(i) To find out the influence ofPo: on the system by performing equilibrium "anition

experiments under different oxygen potentials of the gas phase:

- F-A-C-T modelling to prediet the behaviour of the system

• - Experimental work to show the influence of the Po: on the distribution

coefficients of minor elements between dore metal and soda slag.

(ii) To examine the influence of the SiO: content of the soda slag on the distribution

coefficients of minor elements between dore metal and soda slag.

(iii) To see what changes have to be introduced to the TBRC process to reduce

precious metals losses.

•



• ÇHAPTER 2. LITERATURE SURVEY.

2.1 Introduction

Study of the impurity behaviour, from the point ofview ofmetalloss and the compounds

containing precious metals which form within the liquid slag during soda ash refining of dore

metal is an important matter, because a reduction in metal loss with a slags can be achieved

much more effectively with such knowledge. This type of knowledge will also help prognosis

the metals' behaviour involved when there are changes in refining technology.

•

•

Some work bas been done in order to solve this problem (20,21,22) for different types

ofprocesses: flash smelting, bath smelting, slag-cleaning smelting. However, the published results

did not give a clear answer to the question of how noble metals loss occurs, especialiy in dore

metal refining

Riabco et al. (23) developed an empirical method of calculation based on experimental

results for slag-cleaning and ore-smelting fumaces. These calculations distinguished amounts of

noble metals lost chemically and mechanically. However, the report did not identify phases

containing precious metals in slag and gas phase. Samoilov et al. (24) found in their work on

nickel concentrates treated in an industrial flash smelter that all the noble metals, including Ag

and Os, had 90% recovery. Some was present in the slags and up 10 0.5% Ag and Os was found

in e1emental sulphur produced from the outgoing gases in the sulphur plant. In a work (24a) on

the behaviour of platinum group metals in production of anode Ni by oxidizing-vacuum

technology it was also mentioned that the average composition of dust during all the $teps of the

process had the sarne chemical composition as the anode Ni (Ni-S1.l7-67.S2%, Cu 5.11-S.10%

based) excluding silver, which was 10 times higher than in the anode Ni.

From private communication it was leamed that some study was done at Noranda

Technology Centre (NTC) on precious metalloss to smelting and convening slags in the TBRC.

ln general, results indicated two principal features of slag chemistry which influenced Silver loss

10 slag: (i) the slag Pb:Si02 ratio and (ii) the amount of sulphate sulphur in slag. The general

comment was that precious metal content in slag increased with increasing slag viscosity. The

experience of all these researchers was very interesting, but nothing was found in a literature
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about dore-metal - soda slag interaction and also about the behaviour of the impurities during the

TBRC process.

As was presented in the Introduction, the TBRC dore metal production is unique and does

not have any analogies elsewhere a world industry. Perhaps because of this fact any research

results about the behaviour of impurities (Au, Cu, Pb, Se, Te, Pd, Pt) during the TBRC process

have not been published .

In order to understand in what forms and chemical compounds impurities can be present

in dore metal and soda slag it is necessary to star! from the chemistry of anode slimes - the

starting material for dore metal production.

2.2 Anode slimes

• The mineralogical characterization of the anode slimes trcated at CCR was carried out at

CANMET Mineral Science Laboratories (25, 26). There was found that raw anode slimes "consist

principally of various Ag-Cu oxides, PbSO., BaSO., CuSO.-5H,O and an oxidate matrix phase

which agglomerates the slime particles". The ",xidate" matrix phase consisted ofmajor amounts

of Ag, Sb, Pb, SO. and Se together with minor quantities of Si, Te, As, Bi, Au, Pt and Pd.

Copper occurs principally in the se1enide phases, but a minor amount of this element is also

present in the copper sulphate. Gole!, platinum and palladium sometimes are detected in the

oxidate matrix phase but the minerai form of this elements are not known.

Selenium and tellurium occured preferentially in the Ag-Cu se1cnides where tellurium

substitutes for selenium structure (26). A small amount of both e1ements also occ:urs in the

oxidate matrix phase. Silver is present in a lcach product as euhedra1 crysta1s of Ag,SO., as

copper-free Ag,Se and as an oxidate matrix phase different compositionally from that in the raw

anode slimes. Tellurium is lcached from the original Ag-Cu selenides, but is rcpreclpitated in the

oxidate matrix phase, possibly as Ag-Pb selenite-antimonatc-te1lurate. The main carrier of Ag

in the oxidate matrix is AgCI.

• Tellurium is mostly present, possibly as a Ag-Pb antimonate-sclenatc-te1lurate, in the

oxidate marrix phase, but some is retained in the Ag,Se. Silver and gold tellurites were not found

(26).
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When the slimes are healed al the star! of the TBRC refining the chemical makeup of the

slimes change. Okubo el. aI.(27) studied one of the refining steps and round that minerai

composition changes with an increase in temperature. Table 2.1.

Table 2.1. The minerai composition change as a function of heating rate and temperature

Healin~ Minerais Dried Tempenature, oC
Rate,

Oc/min 300 400 500 600 700

CuA~Se 0* 0

AI:>Se 0 0 0

CuO*CuSeO. 0 0 0

2.5
AI:>Se03 0 0 0

A~ 0 0 0 0 0
3CuO*TeO. 0 0 0

CuO 0 0 0

CuA~Se 0 0
AI:>Se 0 0 0

CuO*CuSeO) 0 0 0

AI:>SeO. 0 0 0
10

A~ 0 0 0 0
3CuO*TeO. 0 0

CuO 0 0 0

NOle·: Sizc of circlc in Table 2.1 n:pn:scnlS qualitative amo""t of clement or compound Iistcd
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From Table 2.1 it may be seen that all the seleni~m is supposed to be completely removed

when the temperature in the system reaches 700·C. The chemistIy of Se recovery was discussed

in (28). where it is shown that Se is generally present in the s1imes in the form of either

elemental selenium or intermetallic selenides. typically silver selenide. Oxidation of the elemental

selenium generally occurs in two steps: selenium is first volatilized and then convened to

selenium dioxide (28), Equation 2.1.

Se + 0 = SeO.
~~ :~~ -œ~

(Eq.2.I)

•
Oxidation of intermetallic selenides such as silver se!enide, is generally believed to occur

as a two stage process. In the first stage silver se!::''1ide is oxidized to the selenite, Equation 2.2.

In the second stage silver selenite decomposes to either silver or silver oxide plus selenium

dioxide, Equation 2.3-2.4. The reactions are shown below (28).

Ag~e + 1.50: = AgSeOJ,••(.) /IC) • ..,

A ,~eO =AgO +SeO
g~, J(.) : (.) :/IC)

Ag 0 =.zAg + 0.50
: (.) (.) :(R-)

(Eq.2.2)

(Eq.2.3)

(Eq.2.4)

•

During the process of soda slag treattnent Te, Cu and Pb are also supposed to be removed

from the dore metal. Lead has to be reduced in dore metalto 100 ppm during the second-lead

converting step (see Introduction). The third step of the TBRC process is designed to remove Te

and Cu from dore metal and retain all the precious metals in the metal phase. There are different

efficiencies of impurity removal at each of the different steps of the TBRC process. The resu1ts

of pilot experiments performed on the TBRC working mode! are portrayed in Figure 2.1(29).
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Impurity element elimination during converting and refining stages (29).
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•

The conclusion that the most important stage in the recovery or 10ss of precious metals.

is the third stage of the TBRC process - soda slag refining - was made on the basis of research

heid in Noranda Technology Centre (NTC) and CCR. It was mentioned (30) that precious metals

were lost. but the reasons for these losses are not clear.

Scanning Electron Microscope (SEM) examination of dore/matte interfaces in laboratory
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experiments al NTC using CCR slimes has revealed small particles of a condensed Ir-Ru phase

along the boundary between silver and Mane. Il was decided thal since Rh is similar 10 Ir and

Ru it too May concentrate along the silver boundary (30).

The third soda refining step can be approximately described as a high temperature dore

metal - sodium carbonate interaction with oxygen injection into the system (see Introduction).

In order to understand what can cause precious metal loss it was decided to investigale the

influence of Po, of the gas phase and the basicity (Si02 content) of soda slag on the distribution

coefficients of minor elements.

No publications conceming dore Metal chemistry, structure or impurities were found in

the literature. The only information available was found in binary and temary phase diagrams.

2.3 Interaction of comoounds in dore metal (phase diagram evaluation).

Chemical analysis of the average dore Metal was provided by CCR Noranda Minerais Inc.

This analysis showed up to 92% of Ag and 3% of Au in an alloy before the soda slag treatment.

50, dore Metal before the third step of treatment is a silver based alloy with a lot of impurities,

the biggest one being Au (Table 3.3). According to binary diagram (31) the equilibrium phases

of the A&-Au system are liquid and face centred cubic continuous solid solution, which shows

the short range order, expected from the negative sign in the enthalpy of mixing. Two possible

intermetallic phases exist: Ag)Au, AgAu.

The other e1ement present in dore metal in significant amounts (0.5%) was Pd.The A&-Pd

system shows complete miscibility at ail compositions (32). However, irregularities have been

observed in hardness, electrical resistivity, and strain sensitivity measurements over the

concentration range 40 to 65 al% Pd below 12000C. These irregularities were attributed te the

existence of possible intermetallic compounds-Ag~d) and AgPd by(33,34). It was suggested that

these phases could not be detected by X-ray analysis because of similar atomic scattering factors

for Ag and Pd.
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The thennodynamic properties of Ag-Pd solid solution, which shows negative deviation

from idea1ity (35), may also be used to support speculation about an interaction of a similar kind.

However, the authors (32) believe that the evidence for an intennetallic phase is inconclusive.

As already mentioned, a high arnount of precious metals was lost on the third refining

step, especially Ag and Rh. The Ag-Rh system was investigated by AA.Rudnitskii and

A.N.K1otinskaya (36). A rather wide region ofimmiscibility was found in the liquid state. It was

experimentally established that the solid solubility of silver in rhodium is about 5 wt"Io, which

increases on raising the temperature and at 14000C amount is about 10% Ag. The solubility of

Rh in silver is extremely small.

The other pair of elements reviewed were Au and Rh (37). Rossler (38) found that liquid

gold dissolves more than 1% of rhodium, but in solid alloys rhodium is present as free metal.

Linde (39) concluded that at 9000C the solubility is about 0.6 a1"l0 or 0.3 wt. % of rhodium.

Drier and Walker (40), from X-ray examination, found gold-rhodium alloys ta consist of two

solid solutions, with up to about 2.25 wt.% of rhodium in gold (possibly even 4.5%) and up to

2-4.5 wt. % of gold in rhodium.

According to the results of investigation by A.A.Rudnitskii and AN.K1otinskaya (36),

about 5 wt.% of Au dissolves in solid rhodium and less than 1 wt.% Rh in solid gold; at higher

temperatures there is some increase in these values.

Pd-Rh alloys were studied by Tarnman and Rosha (41) who found few solid solutions of

different compositions. Nemilov et al.(42) found that mutual solubility ofPd and Cl-Rh is limited.

Raub (43) found that solid solution in the system decomposes be10w 8500 C with the formation

of face-centred cubic lattices of different parameters.

It has been established (44) that the unlimited solubility ofPd in Ag becomes very limited

when more than 1 wt. % of the third component, Rh, is added.

Also it was found (45) that the unlimited solubility ofpalladium with gold becomes very

limited when more than 1% of the rhodium is added. When more than 40 wt.% of palladium is
added to the binary Rh-Au alloys, the liquid immiscibility region vanishes.
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The other two elements present in dore Metal in noticeable amounts before the refining

step were Se (0.5%) and Te (0.2%). The possible phases of A~-Se system (46) include: the

liquid, possibly with two miscibility gaps; two solid phases - fcc (Ag), hep (Se), and Ag:Se, with

twO polimorphic modifications. The solubility of Se in solid Ag is very limited; it was reported

that an alloy with 0.27 at.% Se is heterogeneous after cooling from the mell

The A~-Te system (47) inc1udes a liquid with a miscibility gap and five solid phases - fcc

(Ag), hexagonal (Te), AgTe, Ag'.9Te, and AgsT~. AgsT~ forros by a peritectic reaction between

Ag)Te and a liquid more rich in Te. AgsT~ has been described in various ways; namely Ag)Te:.

Ag,:Te" Ag,Te., Ag1.6Te. Two different crystallographic structures are thought to exist.

Hexagonal « - AgsTe) transforms into the 6 form at 2950C in the presence of excess Te. Agl..Te

is reported to exist in a narrow composition range (34.35 to 34.7 at % Te) between 120 and

460oC. Below 1200C it decomposes to Ag:Te and Ag,Te,.

Room temperature examination of the Rh-Se system by X-ray powder diffraction was
conducted by Rummery and Heyding (48). Eleven phases were observed. The compounds

RhSe:_. and RhSe:.67 have defect pyrite lattices. Authors (49-50) showed that Rh-Se and Rh -Te

systems can contain compound with different types of lattice:

Se

Te Rh,••Te:

Rh,.,Te:

Rh)Tea

: IrSe: type

: FeS:-p type, homogeneous ;ange

: Prototype

: Cd(OH): type, homogeneous range

: FeS:-p type, homogeneous range

: Rh)Sea type

•

GeBer (51) describes three phases: RhTe (NiAs type), RhTe: (FeS:-p type) and RhTe: (Cd

(OH): type). However the only phase properly characterized with respect 10 composition and

structure is Rh)Te: (52,53 ).

The most Rh rich phase in the Rh-Te system appears to be Rh,Te:. This phase exists at

temperatures above 5500C and exhibil~ no appreciable range of homogeneity. Below 5S0oC
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Rh1Te;, disproportionates into Rh (no solid solubility of Te in Rh can be deteeted) and a phase

of approximate composition RhTCo.9 (structure unknown). The latter does not appear to exist

above 5590C where disproportionation into Rh1Te: and an"NiAs-like" phase occurs. The NiAs

type phase that GeIler (51) reponed to be of equi-atomic composition is, in faet close 10 RhTel.l

[hexagonal; a=3.987(1). o:=5.661(1)A] with only a v.:ry narrow range of homogeneity.

This matching of the aystal structure possibly explains why Rh is present in a phases

containing mainly Cu, Te, and MOst importantly Ni. According 10 the phase diagram. the MOst

probable composition of Rh -Te component is Rh1Te•.

The Rh-Se and Rh-Te systems differ frem tlje others by forrning two compositionally

different FeS:-p-like phases of which Rh,..Se: and Rh,.,Te: exhibit broad ranges of homogeneity.

Although Rh.Sea and Rh1Tea have weIl defined stoichiometric compositions. they differ from their

homologies in the degree of rhombohedral deformation and also by undergoing peritectic

decompositions rather than order-disorder transformations at higher temperatures.

The system Al-Pb is a eutectic type with limited solid solubility at both the Ag and Pb

sides of the diagram (54). Extrapolation of the data suggests zero solubility of Pb in Ag at

200oC. 0.3 al.% solubility was measured at this temperature by thermoe1ectric power

measurements (46). The solid solubility of Ag in Pb is very restrieted; the maximum solubility

was reponed as 0.19 al.% at the eutectic temperature.

Solid solubility of Cu in Al exists and was reponed to be about 8-9 wt% of copper at

7790C ( the eutectic temperature). strongly decreasing with the decreasing temperature (55). At

200°C solubility of Cu in Ag faIls 10 zero.

Copper May be one of the possible carriers of Rh and other precious metals 10 the slag.

The equilibrium phases in the Cu-Rh system are: the liquid and the face-centred cubic phase

which forms a continuous solid solution berween copper and rhodium at high temperatute and

decomposes at lower temperatures into two face-centred-cubic solid solution phases. one rich in

copper. IUld the other rich in Rh (56).The system is charaeterized by the presence of an

isomorphous solid across the entire diagram in the temperatute region immediately below the

solidus. Basee! on thermal. microstruetural. X-ray. and hardness results, (57) postulated a limited

solubility of the components with approximately 0 10 20 and 90 10 100 at.%Rh, respectively. and

a peritectic reaction at about 1l000C. No experimentally measured thermodynamic data are
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available on me Cu-Rh system.

The equilibrium phases in me Cu-Pd phase diagram are: me liquid and fcc continuous

solid solution, ordered Cu~d and ordered CuPd. The ordering process was investigated in a Cu

41.3 at.% Pd alloy by e1ectron diffraction and metallography. Results (58) showed mat me

ordered phase forms by nucleation along me grain boundaries of me parent disordered phase and

subsequent growili of me randomly oriented nuclei.

The Pd-Pt system forms a continuous solid solution. The existence of a miscibility gap

in me solid state wim me critical point at 7700C based on me differen.-:e of me melting points

of Pd and Pt was predicted (59).

2.4 Oxidation of precious metals

One of me factors employed in me mird step of me TBRC process is oxygen injection.

Thus, oxidation of precious metals has ta be reviewed.

The oxidation of precious metals was discussed in (60). High temperature oxidation of

Pt group metals results in me formation ofvolatile oxides. The evaporation ofwhich considerably

increases me metal losses in oxygen-containing atmospheres when compared wim high vacuum

or inert atmosphere conditions. Solid or liquid oxide scales cannot be formed at high temperature

because me dissociation pressures of me oxides are higher man latm, Table 2.2.

Table 2.%. Dissociation temperature of platinum- group metals in oxygen (lann).

•

Oxide RuO, Rh,O) PdO Ir Pt OS02

Temperature, oC 1580 1140 877 1124 650 .

In Figure 2.2 me metal losses are compiled for me oxidation of platinum group metals

in oxygen or air of atmospheric pressure. The straight full line represents the pure metal

evaporation in high vacuum. The dashed line 2-3 orders of magnitude below the vacuum curve

gives the estimation of the vacuum evaporation in an inert atmosphere of atmospheric pressure.
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The metal evaporation rate is decreased by the effect of the inert gas molecuIes in the gaseous

boundary layer. Differences in evaporation rate of severa! orders of magnitude can be caused by

the surface of the sample, geometry and size of the sample, the equilibrium conditions and

whether the oxidised molecuIes have enough energy to leave the surface or not.

From the resuIts of (60) it can he seen that Pt, Rh and Pd show the best oxidation

resistance, Ru and Ir have markedly higher oxidation rares, and Os oxidizes most rapidly. This

order corresponds to the equilibrium vapour pressure of the volatile oxides, thus pointing to the

faet that the high temperature oxidation of the platinum group metals is govemed by the

equilibrium conditions of the oxide formation reaction.

Il"'1Dh;---:.15.----;;m=--~75
UT inll"'.r

Fi&ure 2.3. Platinum losses in oxygen

as a function of oxygen pressure and

ternperature (61)
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2.5 Chemical and thennodvnamic propeJ1Ïes of sodium carbonate

The third step of the lBRC process is designed to remove all the impurities left after the

previous treatment, especially, tellurium and copper from dore metal. For this purpose sodium

carbonate is used as a slagging agent. No references were found relating to the Dore-metal 

soda sIag interaction, but some research has been done ta understand the nature of sodium

carbonate as an addition ta regular slags.

The function of sodium carbonate as a sIag component was discussed in (62). The

thermodynamic stabiIity of soda ash was exarnined by Toshio Yokokawa and Masashiro Shinmei

(62) as a function of the carbon and oxygen potentials of the atmosphere and the basicity of the

slag, Figure 2.6. This work identified the high affinity and oxidizing ability of sodium carbonate

for phosphorus and suIphur removal from steel.

Maddoks and Turkdogan published series of papers (63) in which they showed that the

thermodynamic stability of sodium carbonate depends on the potential of carbon and oxygen

according to the decomposition reaction and the basicity of slag. In (64) it was considered that

the .,nly basic compound of the slag was N~O, and basicity was defined as" -log 8tI020 ", where

the standart state was pure N~O.

As a resuIt of sodium carbonate decomposition to component oxides, Equation 2.5:

Na,CO. = Na,O + CO, (Eq.2.5)

an equilibrium constant of 10.57 at 13000K was calcuIated. Further calcuIation (62) provided the

following numbers:

(a) Under 1 atm of P~ , the activity of N~O in N~C03 is 10-5·7, compared to 1006.5 in

Nll::Si03•

•
(bl If the activity of Nll::O is less than 10.57 in a sIag containing Nll::O, CO: starts ta boil,

This assumes the activity ofNll::C03 always to be 1. Thus the sIag is capable of accepting

oxides more acidic than CO: in exchange for the CO: dissolved in advance.
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Figure 2.6 Stability of Na,C03 as a function of Po, and C activity (62).
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(c) If the if the activity of NlI:!O is lower than 10·s.7 and Pco, is near latm, CO, dissolves in

a slag. Thus, NlI:!O slag is never stronger than 5.7 in basicity. This is a reason wby soda

ash is a milder base than would be expeeted.
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2.5.1 Influence of silica addition on the properties of sodium cariJonate

Silica is added to the TBRC to essentially "flux" PbO in smelting and converting s!ags.

The objective was to make slag with the rough composition PbO:Si02• In reality it works to keep

slags Jess aggressive towards refraetories, it reduces !ead vapour pressure, and it renders the s!ag

more "crushab!e" when si!ica additions are far beyond the stoichiometric ideal. However, it is not

very easy to know exactly how much silica should be added since the overall composition of

reven material is rarely known. This is another reason excess silica is added; to prevent the

possible formation of high lead slags (65, 66, 35).

At the third stage of TBRC process silica is never added on purpose, but there is silica

left from the previous stages. Because of that it, also very interesting to investigate how the

presence of silica can influence the results of the soda refining process. The stability of sodium

carbonate slag as a function of P02 and the basicity of slags were shown, Figure 2.7, and

• discussed in (62) and the following conclusions were drawn:

(a) N~CO) or an appreciable amount of dissolved CO: in N~O slag is stable only in the

area ABCDE, Figure 2.7. Beyond this limit CO: desorbs from slags or decomposes into

gaseous species or dissolves into liquid metal.

(b) Under the line AB, or in the region V, N~CO) decomposes into gaseous Na and 0:, the

latter acting as an oxidizing agent.

(c) ln the region S and above, NlI:!CO) loses CO:. However, NlI:!O reaets with SiO: to

produce a silicate slag.

(d) After all the silicon is gone from the steel to the slag phase, the oxygen pressure rises

and the rest of the impurities start to be oxidised.

Authors (62) suggested that the most effective way of utilization of NlI:!CO) for the

steel making process would be combination of soda ash with another oxidizing reagent such as

• 0: gas so that region V may be avoided and the region S can be realised as soon as possible
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Figure 2.7.

Figure 2.7 Stability of Na2C03 and Na20 slags as a function of P~ and the basicity of the
slags (62).
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2.6. Changes in oxygen potential in slag and me13l during the soda ash treatInent

Several publications were found on the measurements of oxygen potentials during the

soda ash treatment of liquid iron (67,68,69). Nagata and Goto (67)found that the oxygen potential

decreases markedly in slag, gas, and at the slaglmetal interface during the treatment, while the

oxygen potential in a metal phase remained essentially constant Other investigations (68),

however, concluded that the oxygen activity in the metal phase decreases during the treatrnent

The oxygen activity was influenced by fumace atmosphere (69).

Immediately after soda ash addition the bath temperature dropped about 70'C due to the

endothermic nature of the soda ash decomposition.

Desulpl:urisation and dephosphorization effect of soda ash on molten iron was discussed

in work of Murayama and Wada (66). It was found that the oxygen activity in the melt was

increased immediately after the soda ash addition, decreased rapidly to the minimum value, then

increased gradually.

2.7 Copper recoverr by sodium carbonate <Cu..O-Si9,-Na,X System X = O. COJ

Research on slag-metal and slag matte equilibria was carried out by Akira Yazawa (70).

Figure 2.8 illustrates the liquid isotherms for the C~O-Si02-(Na,C03+Na,O) system equilibrated

with liquid copper at 1250'C (71). Na,CO. was used as a starting compound, but remained as

carbonate just in a region low in Si02 and C~O contents. The amounts of CO2 dissolved in the

me1t in this region are also shown in top left ofFigure 2.8. The prominent feature ofthis system

is the existence of two miscibility gaps. one between carbonate and C~O - Na,O oxide, and the

other between sodium silicate and cuprous oxide. Miscibility gaps between sodium carbonate and

oxides are also observed in other systems (72-73).

ln the practical use of the soda slag in the copper refining processes. the copper content

in slag is of grear concem and may be evaluated quantitatively by the iso-activity lines of CuOO.5

• illustrated in Figure 2.8.
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Fieure 2.8. Liquidus isotherm and iso-activity lines of Cu,O at 12500C for the system of

Cu,O-SiO~-Na,X(X = 0, CO) equilibrated with liquid copper under a flow of

argon gas. The figure in top left represents CO~ content in the carbonate-oxide

melt, (70).

•

•

s,o" 20 40 60
wl% Cu.O

80 Cu~



• Chapter 2. Lileralure survey
3Q

Copper content is ploned in Figure 2.9 as a function of oxygen potential and the molar

ratio of Na:,XI(Na:,X + SiO,,) in slag. Dissolution of copper as cuprous copper is confirmed from

the slopes and lines. and the region of IWO miscibility gaps are recognised in the upper right of

the figure. The content of copper decreases with decreasing Na:,O in the silicate as shown by

solid lines. and also decreases with increasing carbonate as illustrated by dashed lines.

Dissolved copper in liquid silicate (solid lines) and carbonate (dashed lines)

ploned against log P02 at 1250·C
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Akira Yazawa, in a review paper (70), pointed that in the refining process of liquid

metals, iron is not necessarily an indispensable component, and slag systems free from iron oxide

have recently received attention of many meta1lurgists. The behaviour ofgroup V A elements in

soda slag systems is one of the most interesting subjects, because of the necessity of control of

distribution of these elements in a metal-slag-gas systems.
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Some investigations indicated that the distribution ratios of antimony are related to

oxygen potential, that distribution ratios in the sodium silicate slag containing rather high silica

have the same order of values as in ferrite slags. High removability of antimony is expected with

highly basic sodium silicate slag or N~O-N~CO)flux. It is note worthy that the distribution ratio

of V-group elements in plain sodium carbonate is not so high under lower oxygen potential, but

increases markedly with the increasing oxygen potential. The dissolved species of antimony in

sodium carbonate seem to change from trivalent to pentavalent depending on oxygen potential,

while predominant species may be trivalent in other slags (70).

2.8 The Thermodynamics of Cooper Fire-Refining by Sodium Camonate.

Interesting research was performed by Kojo, Taskinen and Lilius on the thermodynamics

of copper fire refining by sodium carbonate (74). They examined the behaviour of Se, Te and Cu

• in soda slag.

Fieure 2.10. Observed and calculated slag-metal distribution coefficients for Se and Te between

liquid Cu and sodium carbonate.
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The equilibrium distribution for tellurium in oxidizing conditions is favourable for

effective removal, but selenium can be refined from crude copper with difficulty, its distribution

coefficient remaining close to unity even at oxygen saturation of the a1loy. However, the

thennodynamic equilibrium favours the removal of both selenium and tellurium in an anionic

fonn, their s1ag metal distribution coefficients.L..~"'ss, being greater than 1000 in reducing

conditions at Po, =10'" bar, as shown on Figure 2.1 0

Fi~1II1! 2.11 Observed and ca1culated slaglmetal distribution coefficient for Sb, As, and Cu

between liquid copper and sodium carbonate at 1200 ·C (74).

-4 "'"--'-__....I....----'"--...J....---'
-10 -8 -6

Ig Po: / bar

As Figure 2.11 clearly shows, the s1agging of copper in refining is insignificant. At

oxygen saturation and in contact with pure copper, the solubility of copper in sodium carbonate

slag is only 0.85% (75) and copper losses in sodium carbonate are of a chemica1 nature. Copper

content tends to increase in decomposed Na,O - Na,C03 melt (71).

Above Po, = 10" bar selenium and te1lurium were found 10 exist in the soda s1ag as

tetravalent, seO, and TeO, ,and copper as monovalent cationie species, Cu,O. Under more

reducing conditions selenium and te11urium dissolved in the s1ag as a divalent anionie species:

Na..Se, Na..Te.- .
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It can Ile concluded lbat:

1. No research has been carried out on the behaviour of minor elements during the dore

metal - soda slag interaction.

2. Research performed for other types of the processes claims the loss of ail the precious

metals as a mechanical loss, which is increasing with the increase of slag viscosity.

3. The oxidation of precious metals is possible.

4. An increase of oxygen potential influences soda slag chemistry.

S. Silica presence in sodium carbonate also changes its chemistry and ability to interact with

metal phase.

6. Dore metal is a silver based alloy with Au, Pd and Pt. having intermetallic phases as an

impurities.

To understand the nature of interaction between dore metal, soda slag and oxygen,

research based on different SiO: presence in slag, different Po: of the gas phase and

different types of dore metals is required and forms the basis for the remainder of this

thesis.
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CHAPTER 3. EXPERIMENTAL

Part 1. Distribution of minoT elements between dore met31 and soda s!ag

3.1.1 Introduction

The main purpose of the experimental program was ta determine the distribution ofminor

e1ements between dore metal and soda-slag under the influence of different P~ and SiO: content

in soda-slag. The influence of P~was studied by fixing the P~using a CO/CO:gas mixture and

an Ar/O: gas mixture in the system. The influence of the SiO: content in soda-slag on the

distribution of minor e1ements was studied by additions of 5 or 10 wt.% of SiO: to the soda

slag. Another variable was the Dore-Metal (DM). It was considered in order ta determine if

components that are usually not taken into account during TBRC- process assaying, can influence

the distribution of minor e1ements. Each experimental run used four crucibles simultaneously.

Three of them contained synthetic dore-metal (SDM) made !rom chemically pure components.

The fourth one contained commercial dore-metal (CDM) taken !rom an operating TBRC.

Synthetic DM was produced ta match the average assay of commercial dore-metal before the

last stage of the TBRC process, the soda-slag treatment.

After the experimen~ sarnples of dore metal and soda slag from each test were

chemically analyzed by Atcmic Absorption Analysis for Au, Ag, Pd, Se, Te, Rh, Cu, Pb, C and

some of the sarnples were analyzed by Scannïng Electron Microscopy ta determine the

microstructure and composition of the various phases present.

The paramelers that were fixed during experiments were:

1} Temperature inside the fumace - 12000C

2} Gas flowrate - 100 ml/min

3) Rates of cooling and heating
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3.1.2 Oxygen pressure in the gas phase

The ra.'1ge of gas phase Po, was from 10" atm ta latIn. The gas ratio for these

conditions was ca1culated by HSC (Outakumpu software for the thermodynamic caiculations).

From 10" to 10" the gas phase was based on CO and CO: at various ratios ta produce the

desired oxygen pressures. For the gas phase with Po: from 10" ta 1 atmosphere, the mixture

was Ar and 0, at 1200oC.

The results of the HSC ca1cu\ations and the gas phase composition are presented in

Table 3.1.

35

Number Po: CO/CO, CO/CO Mixture Ratio

1 1.00E-OS 3.27E-02 30.62 30:1 pure

2 1.00E-06 3.27E-03 306.2 CO/CO,+cO, 1:10

3 1.00E-04 3.27E-04 3062 CO/CO,+cO, 1:100

4 1.00E-02 3.27E-05 30620 O,+Ar 1:100

5 2.l0E-01 7.13E-06 14031S.5 O,+Ar 21:79

6 1.00E+OO 3.27E-06 306200 0, pure

•
Table 3.1. Compositions of the gas phase ca1culated by HSC.

•

The gas mixture CO/CO, - 30:1 was speciaily purchased pre-mixed because it was the

easiest way of preparation (If the desired gas mixtures.
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3.1.3 The slag composition

Slag compositions are listed in Table 3.2.

Table 3.2. Composition of the s1ags corresponding to the number of the crucible in an

experiment.

No. of crucible 1 n m IV

Composition of slag pure Na,CO, Na,CO,,95% Na,CO,,90% pure Na,CO,

SiO., 5% SiO.,10%

3.1.4 Dore-metal composition

Compositions of the two types of dore metal are given in Table 3.3.

Table 3.3. Composition of dore metal used for the experimental work.

Type of Au, Ag, Cu, Pb, Pd, Se, Te, Rh, Pt,

DM % % % % % % % ppm ppm

SDMI 3.81 93.4 1.61 0.0308 0.46 0.42 0.18 227 96

SDM2 3.08 94.4 1.51 0.0264 0.14 0.58 0.21 116 263

CDM 3.1 94.2 1.24 0.11 0.47 0.045 0.36 51.3 332

36
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3.1.5 ExperimentaI apparatus and materials

A silicon carbide reaction tube fumace with an aUlOmatic digital program temperature

controller, REX - P90, was usee!, Figure 3.1. Besides the two thermocouples built into the fumace

(under the tube and in the Middle of heating zone outside the tube), a third one was introduced into

the system between the crucibles to control temperature inside the tube ( N-type thermocouple with

inconel sheath from "OMEGA"). A specially shaped mullite reaction tube was placed inside the

silicon carbide fumace. One end of the reaction tube was closee!, and gas injection was made

through a specially machined gas tight plug placed in the other end. Crucibles used lO hold the dore

Metal and slag were magnesia, 2.54 cm (2.54 x l0·2 m) diameter, 11 cm (l1 x l0-2 m) high. and were

obtained from "Ozark-Technology".

3.1.5.1 Crocibles

The high density MgO crucibles used for the experiments were chosen because magnesia

refraetories are employed in commercial operations as the cheapest and least reactive type of

refraetories for Dore-metal production. The chemical composition of "OZARK"-magnesia crucibles

is presented in Table 3.4.

37

Table 3.4. Composition of magnesia crucibles used for the experimental work.

•

MgO,% CaO,% SiO,,% A1,03'% Fe,°3'% B,03'%

99.38 0.36 0.14 0.03 0.07 0.01

The high density compoSItion of the magnesia crucible used offers a fine grained

microstructure and a low open porosity, which is very important with the presence in the system of

such reactive components as Na, Se, Te, Si and 0,. The bulk density is a minimum of 3.3 gmlcc,

or 92% of theoretical. Typical density analyses are 3.45 gm/cc, or 96% of theoretical. Open



• Chapter 3. Erperimental. Part 1

porosity is less than 1%. The high density body contains up ta 3% of yttrium oxide (YzO,) as a

sintering aid in direct substitution for Magnesium oxide content

3.1.5.2 Experimental roaterials

Synthetic Dore-metal (SDM) was prepared from the pure metals. Silver, gold and palladium

were bought from "KlTKO"company (a Montreal company specialising in the melting and refining

of precious Metal scrap). The purity of gold was declared ta be 99.99%, the purity of silver

99.99%, and the purity of palladium 99.98%.

38

Copper r 1.5 wt"1o), used as an impurity was taken from a vacuum-reme1ted piece of

electrolytica1ly purified copper from CCR with a purity of 99.99+% of copper. A small amount of

lead (0.04%) was added. This was eut from a 99,99+% purified lead ingot available in the

• laboratory.

Te1lurium and selenium were obtained from CCR and their purities were 99.99% and 99.97%

respectively.

Platinum and rhodium were obtained from platinum-rhodium thermocouple wire.

To malte a homogeneous alloy ( ta ensure that each piece of metallic alloy, used for the

experiments, is equal in chemica1 content and properties), it was necessary ta know about the mutual

solubility of metals, the temperatures ofme1ting and boiling and the density. Information about the

various metals is presented in Table 3.5.

•
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Table 3.5. Order of introdueing metal; to the alloy during the preparation of the synthetie dore

metal. The crystal structure of the additive is also listed in brackets in the order

column.

Order Quantity, Element Temp. of Temp. of Density,

grarns melting,OC boiling,OC glem3

1 ( eub) 920 Ag 961.93 2212 10.5

2 (eub) 36 Au 1064.·B 3080 18.88

3 (eub) 15 Cu 1063.4 2567 8.92

4 (eub) 5 Pd 1554 2970 12.02

5 (eub) 2.0 Pt-Rh 1772-1966 3827-3727 21.45-12.4

6 (rhomb) 1 Te 452 1390 6.00

7 (eub) 0.1 Pb 327.5 1740 11.3

8 (hex) 2.4 Se 217 684 4.81

3.1.6 Experimental progl3m

The experimental program eonsisted of the seven nms listed in Table 3.6

For the first two runs synthetie dore metal was prepared in an induction fumaee in two steps:

me1ting the basie alloy (precious metals), addition of volatile elements. A graphite erucible with an

internai diameter 10 cm (10" m) and a wall thiekness 1 cm (l0'2 m) was made. Graphite was cbosen,

because, aecording to the binary diagrams, none of the participating metals reacted with graphite

at 12000C.

As a first step, ail the precious metals were melted together in an open iumace.

To make temperature measurements an N-type thermocouple was introduced to the melt, but because

of the unexpectedly bigb temperature of the melt (>1300°C) the inconel sbeath of
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Table 3.6. Experimental program.

No. of experiment Type ofOM Type ofslag P"..of gas phase, atm

1 - 1 Synthetic (SOM) NlIoCO,

- 2 Synthetic (SOM) NlIoCO,+S%SiO,
2.10xlO·1

1

1 - 3 Synthetic (SOM) NlIoCO,+lO%SiO,

1 - 4 Commercial (CDM) NlIoCO,

2 - 1 SOM NlIoCO)

2 - 2 SOM NlIoCO)+S%SiO,
1.0

2 - 3 SOM NlIoCO)+10%SiO,

2 - 4 CDM NlIoCO,

3 - 1 SOM NlIoCO)

3 - 2 SOM NlIoCO)+S%SiO,
1.0xlO"

3 • 3 SOM NlIoCO,+lO%SiO,

3 - 4 CDM NlIoCO)

4 - 1 SOM NlIoCO)

4 • 2 SDM NlIoCO)+S%SiO,
1.0x 10"

4 • 3 SOM NlIoCO)+lO%SiO,

4 - 4 CDM NlIoCO)

S - 1 SOM NlIoCO)

S - 2 SOM NlIoCO,+S%Si02
1.0x10"'

S - 3 SOM NlIoCO)+10%SiQ,

S • 4 CDM NlIoCO)

4Q
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No. of experiment Type of DM Type of slag Po:of gas phase, atm

6 - 1 SDM Na:C03

6 - 2 SDM Na:C03+5%SiO:
1.0x10"

6 - 3 SDM Na:C03+10%SiO:

6 - 4 CDM Na:C03

7 - 1- SDM Na:CO)

7 - 2- CDM without film Na:C03

7 - 3- Splash on top of Na:C03

CDM 2.1 xIO·1

7 - 4- Film from surface of Na:C03

CDM

• Experimcnt No. 7 wu a fast cooling cxpcrlment Samples wcre takcn out of the fumacc llIId air r.oolcd.

the thermocouple melted, ~IUS a1lowing Ni and Fe ta become dissolved in the melt.

The next step of making synthetic dore was the addition of selenium, tellurium and lead.

Selenium piUs, lead and tellurium (in small pieces) were introduced to the melt and the dore metal

was stirred with a graphite rod. The amount of Se and Te was double the amount needed, because

these metals begin to boil at 600o C, and hence they are volatilised and not recovered inta the a1loy.

For the other five runs dore metal was made in a furnace with silicon carbide rod heating

elements. Stirring of the melt was manual during the melting.

The commercial dore metal used in ail seven runs was obtained from the working TBRC at

CCR. The sample material was covered with a 0.5 mm dark film, which surrounded the samp.e from

top and bottom and was very hard to eut. The content of commercial dore-metal and bath synthetic

dore-metals are shown in Table 3.3.
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3.1.7 Description of the experimentl1 procedure

The procedure for a typical run was as folIows:

The mullite reaction tube with the closeà eud was placed inside the silicon carbide fumace.

An alumina carriage (designed from an alumina dish to hold crucibles together) with four

magnesia crucibles containing dore metal (80 grams) and soda-slag (S grams) were inserted in the

mullite tube, Figure 3.1. Because of the round shape of the closed end of the tube, it was

necessary to support the alumina carriage with a refractory fibre cushion in order to prevent cracking

of the tube.

Gas or mixtures of gases entered the system through a valve on top of the mullite tube at

a constant flowrate. The gas flowrate was controlIed by gas flowmeters, NI and N2, Figure 3.1. The

open end of the reaction tube was sealed with a water cooling system.

42

The time-temperature profile for each run consisted of heating, holding and cooling. For the

• first five hours during the heating period, the system was held under an Ar almosphere. When the

system reached 12000C the gas mixture with the desired Po: was introduced to the system with the

same f10wrate as the Ar, 100 ml/min. This was considered the beginning of the experiment itself.

Steady experiment conditions were maintained for four hours during which time the gas

mixture with the desired Po: was introduced to the system. After four hours of experiment, there

was a cooling period, of five hours (except for run N7), under an Ar Il.lmosphare.

Temperature measurements were continuous during the heating-experiment-cooling period.
Thermocouple TI was directly under the closed end of the reaction tube; thermocou~·le T: was.at
the middle of the hot region (these two thermocouples are part of the fumace temperatilre control).
Thermocouple Tl inconel N-type thermocouple from "OMEGA" was independent and measured the
temperature b~tween the crucibles inside the alumina carriage.

Concurrent measurements of temperatures inside and outside the reaction tube made it clear
that between the crucibles the heating process was slower; but during the experiment, the
temperature between the crucibles exceeded the fumace controlled temperature by 30-40oC. This
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may have been the result of the chemical reactions in the system (if they were exothermic). In

additIOn. the error of temperature measurements at 12000C can be as much as 0.75% (90C),

whlch may a1so account for different readings from the thermocouples (Temperature Handbook,

Omega. vo1.28).

3.1.8 Sample prepanltion

Following the completion of an experimental run it was necessary to prepare sarnples for

analysis. The tirst step was to separate metal and slag from the crucible. To do so was quite easr
for the metal but difficult for the slag. At the internai crucible surface, a dark (practically black)

layer between cruclble and metal had formed.

A slmllar black layer was noticed as an intermediate layer between metal and slag, which

were mostly separated easily from each other. For some sarnples it was a problem to separate

metal from slag, because of a sizable intermediate constituent situated between metal and slag,

Figure 42a. The biggest problem was separation of soda slag from the crucible as a result of

chemlcal reacllon between them.

The next step ofsarnple preparation was crushing (the slag sarnples) and drilling (metallic

phase) for analysis.

3.1.8.1 Prepanltion of the slag samples for anaIysis

Samp1ine for atomic abs0llltion ana1ysis:

The preparation of a slag sarnple had to be done very carefu1ly because of the small

amount ofslag (- 5 grams) and the very low content ofminor elements which had te be measured.

First of ail, it must be mentioned that soda-slag generally consisted of two layers after the
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experiment, Figure 4.1-4.2. They were separated by a thin black middle layer, Figure 4.2. Also

most of the slags contained droplets of the metallic phase; it was necessary to separate these before

assaying. Slags were crushed in an agate mortar and screened through a 150 mesh screen. This

procedure was successful in separating moS: of the metallic droplets.

•
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Samplinl: for SEM anaIysis:

Separate pieces of slags were mounted in Quick Mount - self setting resin from Fulton

Metallurgical Products Corporation - and dry polished for SEM analysis. Polishing was carried out

with silicon carbide paper down to grade 4000. Cleaning of slag samples was carried out in an

ultrasonic bath with acetone.

3.1.8.2 Preparation of Metal samples for analvsis

• Samplinl: for chemical anaIysis:

To obtain the dore-metal s'lIDples from each experiment, drillings were made at different

locations of the sample, but not from the top surface because of the cylindrical shape of the sample

and the high surface hardness. Also different depths of drilling were used. Five to nine grams of

each sample were collected for the analysis. Because of the vety bard top surface, drillings were

also talcen from a section through the sample.

SampliDl: for SEM anaIysis:

For the SEM analysis, IWO parts of the reaeted dore mctal were cxalDined: the top, covered

by a thin black film, and some pieces of slag phase which ",we not so easy to scparate; and a

longitudinal section of the dore metal sample that showed the impurity distribution from the bottom

to the top of the sample.

•
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Pieces of dore metal were cut and polished in three steps: silicon carbide sand paper down

to 2400, diamond paste to 0.25 micron and, as a last step, colloidal silica.Sarnples were kept in

a hot air dryer before analysis because of their reactivity with humid air.

3.1.9 Chemical analvsis

Ali the analytical work was done at the Noranda Technology Centre, Quebec, Point Claire.

Atomic Absorption Spectrophotometry (AAS) was used for chemical analysis of dore-metal

sampies. Inductively Coupled Plasma Spectrophotometry (lCP) was used for the soda slag. The

analyucal error of these analysis was claimed to be ± 10%.

3.1.10 Optical analysis

As a preparation step for the SEM analysis, optical analysis of the polished sarnples was

carried out. Ali the phases which could be distinguished by optical microscopy were used as a

guide for the SEM work. The results of the optical analysis are presented in Figure 3.3 for

samples taken from runs 1 and 2. This optical analysis was sufficient for planning SEM work on

ail the Runs 1-7.

3.1.11 Scanning Electron Microscope Analvsis.

Scannmg Electron Microscopy was used to analyze the polished surface ofdore-metal and

soda slag samples The SEM analysis used Energy Dispersive Spectroscopy with the LINK

software analysls system. The purpose of the SEM exarnination was to distinguish what elements

were present in each phase. what was the structure of the phase, and how it formed. Prior to SEM

analysls. samples were carbon coated to avoid electrical charging in the sarnple charnber.

The SEM analysis had some shortcomings conceming the analysis of the impurities in the
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Experiment 1-2 Experiment 1-3

47
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Experiment 2-1

Experiment 2-2

Experiment 2-4

Fipre3.2 Optical analysis of the dore meta1 samples prior 10 SEM analysis.
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1) A beryllium window was used belWeen the sample chamber and the X-ray deteetor.

As a result. light elements could not be detected because their charaeteristic X-rays

do not possess the energy to pass through the window.

2) Without oxygen and carbon deteetion the analysis could not tell if the phase was

intermetallic or a mixture of oxides and carbonates. The EDX system of this

microscope did not have a light element deteetor.

Thus, analytical results from the SEM were used qualitatively and not quantitatively.

Samples of dore metal and their corresponding slags were charaeterized mineralogically ta

delermine the phases present and their morphologies. The mineralogical data were then used to

assess possible causes of precious metals loss.
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Part 2. Determination of the melting point of soda slags.

3.2.1 Introduction

The second part of the experimental work was designed to determine the melting points

of commercial soda slags. It was done to find a correspondence between soda slag composition

and melllng pomt of the slag. These experiments used commercial soda slags from CCR with the

chem.cal assays as shown in Table 3.7.

3.2.2 Experimental

These experiments used an apparatus developed in the Department of Metallurgy and

Materials Science, University of Toronto. The experimental setup is shown in Figure 3.3.

A small amoum.......o.5 gram (0.5 x 10.3 kg) of soda slag contained in a magnesia dish (_

2 grams (2.0 x 10.3 kg» was introduced into the cylindrica1 heating element made from 0.5 mm

(5 x 10'" m) thick, platinum strip (dhuneter_25.4 mm (25.4xlO·3 m», situated inside a large quartz

dome, that had an inlet and outlet for the gas flow and thermocouple. A Pt-Rh thermocouple was

positioned 5 mm (5 x 10.3 m ) above the sample. To check the correspondence of the thermocouple

readmgs to the sample temperature, the samples were touched by the thermocouple several times

during the experimems. Figure 3.6. Readings did not change. Experiments were held under a flow

of nmogen

The process of melting and crystallization of each sample was recorded by a video camera

usmg a special connection to a microscope set up in front of the sample. Another camera

recorded the screen of the thermometer and a Video Cassette Recorder (VeR) allowed

simultaneous observation of both views on one screen.

The magnification of the microscope was from 10 to 100 so that it was possible to watch

and record the process in detail. Table 3.8 presents the experimentai results.
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Table 3.7. Chemical composition of Ihe commercial soda slags.

Chemical composition of the commercial soda slsg
No.

8iO, ." Rh." Ag." Au,ppm Pd, ppm Ni," Pb," Cu," Na," AI,lI> Te," Se,lI> Pt, ppm

1 4.75 0.19 2.51 264 42.2 0.16 3.43 7.06 12.2 0.54 26.6 US <50

2 3.62 0.33 2.29 267 45.4 939 ppm 1.01 4.45 17.5 0.35 17.9 1.19 <50

3 4.39 0.001\8 6.38 28 <3.5 0.1\ 4.83 8.06 6.14 0.27 25.0 10.1 <SO

4 12.23 0.00796 2.39 678 143 0.34 28.3 0.45 1.25 0.7 0.30 0.82 <SO

5 10.96 0.23 1.78 393 79.3 0.27 15.5 2.8 7.94 0.64 3.83 0.86 <50

6 4.55 0.0047 16.3 0.36" SOS 768 ppm 3.97 9.56 6.13 0.33 21.2 3.92 <50

S'..
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l
~
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F1IU~ 3.3 Experimental setul> for the determination of the melting point of commercial soda slag.
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3.2.3 Description of the eXR:~:menlS.

The experimental work showed that slag 1, with the highest content of Te (26.6 %), had

the lowest sintering lemperature. Melting of this slag started aIso at a relatively low temperature

(690 oC). At SOooC this slag already looked melted but many tiny solid particles still floated on

the surface of the melt together with metallic needles. At 9400C aIl the surface particles were

melted. At 10sooC the melting process was complete, Table 3.S, Figure 3.4 a,b,c,d.

Table 3.8. Melting points and sintering temperatures for the soda slags.

•

•

No.of T E M P E RAT URE, oC

slag
Sinlering Melting starts Melting complete

1 330 690 1050

2 430 670 909

3 600 870 1080

4 750 870 HOO

5 - 812 1000

6 590 615 1090

For slag 2, the sintering process started later, at 430oC. At 6700C the process of the

volume reduction started and the slag had the appearance of a wetted mass. The first drops of

liquid began ta separate from the mass at 824oC. At 9090C aIl the slag was melted but the

liquid phase had a few solid particles still floating on the surface, Figure 3.5 a,b,c.



•

•

Chapter 3. Experimental. Part 2
53

Slag 3 can be characterized as a high selenium slag. This slag showed an interesting

behavlour during the solidification process observed at the end of the melting experiment. At

2500C Cu needle growth started and the slag became parti)' green and partly red. Figure 3.6

presents the heating chamber with molten slag 3 "n the magnesia dish. Figures 3.6b and 3.6c

show the difference in temperature reading between the regular position of the thermocouple and

when it was moved to touch the slag.

Slag 4 had the latest start of the sintering process (7500C). As for slag 3, melting started

around 8700C and slag was fully melted at Il OooC. This slag had the highest content of Si and

Pb, which made its melting point higher than for the other slags. Also the presence of Si

influenced slag viscosity; slag 4 had a drop shape even after the melting process was complete.

Growth of sorne metallic phase from the slag was noticed at 1750C during the solidification

period, Figures 3.7 d-e.

For slag 5. it was not possible to determine a temperature when sintering began. At

8120C. the beginning of melting was observed and at nooc the slag was almost melted,

although sorne particles were still present on the slag surface. At 10500 C, all the particles frorn

the surface had disappered, Figure 3.8a-c. Again, a very active precipitation of Cu from the slag

occurred during the cooling period which began at 2500 C, Figures 3.8 a-e.

Slag 6 was very interesting because ofits high content ofprecious metals, Figure 3.9 a·g.

After the complete melting of slag at 10900C, a few shiny droplets popped up from the melt and

began coalescing, Figure 3.9 c,d. Finally, a big metallic drop forrned at the middle of the slag.

This droplet solidified at 7850C. Copper needles start to grow from the crystallized slag at

4790C, Figure 3.ge. At 2500C. the same copper precipitation took place from the metallic droplet

Figure 3.9 f,g.

Il can be concluded that the me1ting point of the slag increases with the silica content.

At the same time the wettability of the magnesia lining by slag is reduced with the increase of

silica content in slag.

Slags with a high content of precious metals can be cleaned li:? by simple remelting of

• soda slag and subsequent separation of the metallic droplets.
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Figure 3.4 Determination of the melting point of soda slag, Slag l, TlIble 3.7
a) the starting soda slag
b) heating element wlth slag on magnesia dish
c) melting starting at 6900C
d) slag melted practically completely, but still some metallic needles floating on the surface.



•

.

.'" '.

a)

•

'11~
c)

b)

•
f
lN

~
'"§'

l
~
w

Figure 3.5. Determination of the melting point of soda slag, Slag 2, Table 3.7
a) the starting soda slag
b) process of the volume reduction started at 6700C
c) sIn comDletelv melted
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Figure 3.6. Determination of the melting point of soda slag, Slag 3, Table 3.7
a) position of the thermocouple above the melt
b) readings of the thermocouple direcUy from the melt
c) readinR of the thermocouple above the melt immedlatelv after louchin!! of sial!
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Determination of the melting point of soda slag, Slag 4, Table 3.7
a) the starting soda slag
b) process of sintering started al 870·C
c) sIl!,\! is comlllete1v melted at lIOO·C. but keellS the shape of droolel.
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Figure 3.7.
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FIgure 3.8. Determination of the melting point of soda slag, Slag 5, Table 3.7
a) the starting soda slag
b) melting started, volume of slag reduced
c) s\ae is melted
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Fl&ure 3.8. Determination of the melting point of soda 51ag, Slag 5, Table 3.7
d) precipitation of Cu from the solidified slag staI1ed al 250·C
el the amount of Ilrecipitated Cu increased with the temperature dron.
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Figure 3.9. Determination of the melting point of soda slag, Slag 6 with high amount of precious metals, Table 3.7

a) sintering started at 590 oc
b) slag practically melted
c) slag melted completely. meta1lic phase started to separate from the melt.

:. d) with the temperature drop coalescence of small metallic droplet into one biR drOlllet accurs.
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Figure 3.9. Determination of the melting poinl of soda slag, Slag 6 with high amounl of precious mela1s, Table 3,7
e) solidified droplet of meta1lic phase
f) precipitation of Cu started from the meta1lic droplet al 250·C
2) metaIlic drontet covered with the oreciDila!ed Cu
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4.1 ResuUs of 1he chemicaI assavs

Twenty eight experimer.ts (seven runs) were performed with different Po: of the gas phase

and SiO: content in the soda-slag. Ali the samples after the experiments looked different, but

there were some similarities also.

The results of chemical analysis for the dore metal and soda slag samples are presented

in Tables 4.1 - 4.3. On the base cf the chemica1 analysis, the distribution coefficient between dore

metal and soda slag was ca1culated as follows:

L (Doo/SS) 
'M. -

LD>rIISS
'M. - distribution coefficient between dore metai and soda slag

- mass % of impurity metal in dore metal

•
-mass % of impurity metal in soda slag.

The ca1cuialed distribution coefficients are presented in Table 4.4.
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Table 4.1 Chemical analysis of dore metal samples aftet the slow cooling experlments.
Nominal SiOz content of soda slag and gas phase oxygen potential are also given.

•

•

No. or Au, Cu, Pb. Pd, Pt, Rh, Se, Te, SiO~, Po"
exp. c;;, c;;, ppm ppm ppm ppm c;;, ppm c;;,

1·1 3.21 1.01 128 4400 249 4.TI .0226 4.8 0 0.21

1·2 3.26 1.46 211 4400 274 2.7 .0125 4.8 5 0.21

1-3 3.27 0.73 33.5 4500 26S 5.3 .0114 4.8 10 0.21

2-1 3.3 0.42 5.75 4600 286 2.7 .0112 4.8 0 1

2-2 3.15 1.04 151 4400 293 2.7 .0117 4.8 5 1

2-3 3.31 0.94 125 4500 27& 6.74 .0306 4.& 10 1

3-1 3.38 0.58 5.61 4300 252 2.7 .0132 4.& 0 0.01

3-2 3.29 0.57 29.1 4400 273 3.42 .0415 18.4 5 0.01

3-3 3.29 0.86 5.82 4400 :S0 8.4 .0263 4.& 10 0.01

4-1 3.22 1.3 156 4100 22S 51.7 .025 27.5 0 10"'

4-2 3.1& 1.24 III 4200 297 36.3 .0617 155 5 10"'

4-3 3.14 1.29 144 4100 261 67.9 .16 468 10 10"'

5-1 3.24 1.63 269 4200 276 2.7 .0124 4.& 0 10"'

5-2 3.29 0.9 116 4300 239 2.7 .0112 4.& 5 10"'

5-3 3.61 0.89 67.6 4100 363 11.6 .0234 4.& 10 10"'

6-1 3.3 1.0 86.& 4200 368 9.02 .0507 61.3 0 10"'

6-2 3.3 O.TI 50.2 4.'lJJO 332 6.64 .0137 4.8 5 10"'

6-3 3.28 1.08 42.4 4400 350 7.97 .0126 4.& 10 10"'

1-4 3.73 0.45 43.3 S400 374 2.7 .0121 4.& . 0.21

2-4 3.8 0.48 28.9 5100 417 2.7 .0124 4.8 - 1

3-4 3.59 0.56 33.7 5200 404 2.63 .0114 4.& - 0.01

4-4 3.72 1.08 511 4800 424 3.72 .0113 251 - 10"'

5-4 3.79 0.51 93 5200 433 2.7 .012 4.& . 10"'

6-4 3.TI 0.80 SS.5 5100 434 2.7 .0110 4.& - 10"'
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Table 4.2 Chemical analysis of soda slag samples after the slow cooling experlments.
Nominal Si~ content of soda slag and gas phase oxygen potential are given in
Table 4.1.

•

•

No. or Au, Cu, Pb, Pd, Pt, Rh, Se, Te, A&,~ C,~

exp. ppm 'JO ppm ppm ppm ppm 'JO ~

1-1 65.8 1.46 495 <2.0 <6.0 831 4.66 2.16 0.29 7.66

1-2 78.8 3.16 878 3.23 <6.0 795 5.67 1.72 0.62 6.95

1-3 44.8 4.98 1500 <2.0 <6.0 872 5.05 2.07 0.62 5.86

2-1 33.7 4.79 1200 <2.0 <6.0 1100 5.15 2.60 1.05 8.38

2-2 3i.8 3.25 904 <2.0 <6.0 744 5.57 2.01 0.58 7.11

2-3 42.1 7.55 2200 2.96 <6.0 729 4.53 2.14 1.05 5.06

3-1 81.3 3.78 1100 <2.0 <6.0 516 5.31 2.32 0.86 7.97

3-2 670 • .58 230'" 89.1 <6.0 939 4.69 1.62 3.00 5.95

3-3 159 6.64 2100 21.8 <6.0 812 4.48 2.03 1.08 5.so

4-1 32.5 0.093 179 <2.0 <6.0 28.5 6.50 2.05 .0582 7.90

4-2 82.5 0.64 545 <2.0 <6.0 61.9 7.22 2.10 0.20 6.16

4-3 44.3 2.32 2800 <2.0 <6.0 160 6.29 1.95 0.17 5.02

5-1 35.9 0.58 320 <2.0 <6.0 248 6.59 1.94 0.085 7.98

5-2 24.8 1.53 539 <2.0 <6.0 242 6.95 1.71 0.19 7.38

5-3 32.5 5.015 1700 <2.0 <6.0 422 6.92 1.87 0.395 4.75

6-1 32.4 2.82 1200 6.99 <6.0 320 6.81 2.06 0.35 4.75

6-2 30.6 1.26 547 <2.0 <6.0 S35 6.26 1.70 0.19 5.55

6-3 90.6 0.32 202 5.95 <6.0 235 6.34 1.85 0.204 5.64

I~ 38.7 6.25 13900 Il.9 <6.0 1000 .089 5.20 1.04 6.16

M 120 8.33 20200 13.9 16.2 88S 0.20 6.59 1.53 5.32

~ 85.7 7.26 18400 Il.3 <6.0 997 0.30 6.33 1.04 5.21

~ 133 5.16 11200 15.0 Il.4 1000 .12 4.51 1.92 5.32

S4 86.0 3.70 6700 7.61 <6.0 1100 .34 3.64 0.75 8.02

~ 56.9 0.39 6400 12.7 <6.0 1100 .12 4.53 0.81 5.61
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Table 4.3 Chemical analysis of dore metal & soda sIag samples after the fast cooling
experiments.

65

•

•

No. oC exp Au, Cu, Pb, Pd, Pt, Rh, Se, Te, AIl, NI,
~ ~ ppm ppm ppm ppm ppm ppm 'li. ppm

DOREMET.U.

7-1 SDM 3.1& 1.14 96.7 4200 334 59.00 587 218 91.90 2.58

7-2 CDM" 3.37 0.99 21.0 4700 379 16.80 49.1 22.4 93.40 2.68

7-3 CDW" 3.47 0.53 128.0 2600 244 12.50 150 281 92.90 10.5

74 CDM""" 2.85 1.01 49.9 2900 222 21.90 30.9 27.9 94.60 2.87

SODASLAG

7·1 Na,CO, 47.8E-6 0.52 1500 33.8 13.2 1100 56800 19600 0.51 40.8

7·2 Na,CO, 9.43E-6 0.34 431 33.3 12.5 298 S73 5200 0.21 23.9

7-3 Na,Co, 44.5E-6 2.41 10000 33.9 12.5 633 793 40200 1.78 232

74 Na,CO, 26.1E-6 9.91 28800 72.2 12.5 865 9500 115000 3.15 381

• - commercial dore metal without dark film
oooo - splash on top of commercial dore metal
oo_oo - dark film from surface of commercial dore metal

FIgUre 4.0 Appearance of commercial dore metal provided from TBRC, CCR.

Splash ~rOZl:n)on top surface

Dark film covering the
sample surface



•
Table 4.4.

•
caJculated distribution coefficients between dore metaJ and soda slag <4.~ ). Nominal SiOI content, gas
phase oxygen potential (POj ) and carbon left in soda slag after the experiments (c.) are also given.

•
~
~
~

No.of LA~ L,.- ~- Lc~ L3"'"" ~ ..,.:,""," L,~ c•• 810" Po,
exp 'Ko 'Ko atm

4-1 m.77 0.00385 0.8715 13.94 2050 37.5 1.814 0.000634 7.9 0 10'

4-2 385.45 0.00854 0.2037 1.937 2100 49.5 0.586 0.00775 6.16 5 10'

4-3 708.80 0.lt2544 0.05129 0.556 2050 43.5 0.424 0.024 5.02 10 10'

5-1 902.51 0.oot882 0.8406 2.810 2100 46.0 0.010 0.000247 7.98 0 Ill'

5·2 1326.61 0.001612 0.2152 0.588 2150 39.8 0.011 0.000281 7.38 5 Ill'

5·3 1128.12 0.003493 0.0397 0.176 2050 60.5 0.026 0.0002S7 4.75 10 10'

6-1 1018.51 0.0007445 0.07233 0.3546 601 61.3 0.028 0.002976 4.75 0 Ill'

6-2 1078.43 0.002188 0.09177 0.611 2150 55.3 0.012 0.000281 5.55 5 Ill'

6-3 362.03 0.001987 0.02099 3.375 739 58.3 0.034 0.0002S9 5.64 10 Ill'

3·1 415.74 0.002486 0.0051 0.153 2150 42 0.005 0.000207 7.97 0 0.1

3·2 49.10 0.008849 0.0126 0.075 49.3 45.5 0.004 0.001136 5.95 5 0.1

3·3 206.91 0.005871 0.0028 0.129 201.8 41.7 0.01 0.000236 5.5 10 0.1

1·1 487.84 0.00485 0.2585 0.691 2200 41.5 0.006 0.000222 7.66 0 0.21

1·2 413.71 0.002205 0.2403 0.462 1362 45.7 0.003 0.000279 6.95 5 0.21

1-3 729.91 0.002257 0.02233 0.146 2250 44.2 0.006 0.000232 5.86 10 0.21

S'
"'il
~
~
~



• • •
No.ot LA::-- ~ L"........ r..,~ LJ""'" L"....... L,.f""'" Lr:-' C•• SIO" Po
exp % % atJt

1-1 979.22 0.002175 0.00479 0.087 2300 47.67 0.024 0.000185 8.3S 0 1.0

1-2 833..33 0.002101 0.1670 0.320 2200 48.83 0.004 0.000239 7.11 5 1.0

1-3 786.22 0.006755 0.0568 0.124 1520 46.33 0.009 0.000224 5.06 10 1.0

4-4 279.69 0.09417 0.04919 0.209 320 70.67 0.007 0.005565 5.32 · 10-'

5-4 440.69 0.03529 0.01388 0.138 683 72.16 0.002 0.000132 8.Q2 · 10'

6-4 662.57 0.094167 0.01336 4.743 402 73.33 0.002 0.000106 5.61 · 10·

3-4 418.91 0.03800 0.00183 o.on 460 67.33 0.003 7.6e-OS 5.21 · 0.1

1-4 963.82 0.13595 0.00311 0.072 454 62.33 0.003 0.000923 6.16 · 0.21

2-4 316.67 0.06200 0.00143 0.0576 374 69.5 0.003 7.3e-05 5.32 · 1.0

l
~

f
§.

l
i
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4.2 Description of the apoesr.mce of the samples after the exoeriment

After the experiments, almost ail the crucibles had a chain of tiny droplets of dore metal

mside the crucible wall running from the melt surface to the top of the crucible on the side of

the crucible closest to the reaction tube. The colour of the crucibles after the experiments ranged

from milk white to dark brown-green, dependent on the type of slag and oxidation conditions.

Most of the dark coloured crucibles - from greenish-grey to brown - were the results of

the experiments with commercial dore metal. On a few crucibles that contained commercial dore

metal, there were drople:s of metal at the bonom of the outside of the crucible wall. This

suggests that the chain of droplets were formed by foaming of the slag during the high

temperature interaction between dore metal and soda slag and also that this reaction was much

more aetive with the commercial dore metal.

For the of the experiments, the separatic 'l of dore metal from soda slag was quite easy.

Also there were no difficulties with the separation of dore metal from the crucible. However,

between the metal and the crucible, there was a black layer which looked the same as the

substance present between the dore metal and the roda slag and, sometimes, a film !hat formed

on top of the soda slag.

Metal sampies from the experiments No. 1-2, No. 3-1, No. 3-4 and No. 5-3 bad a black

film on the top surface, Figure 4.1 ( a, b). In a samples No. 2-3 and No. 6-4, the black film was

not present and the metal surface was c1ean and shiny. For these tests, slag separated quite

c1eanly from the metal, Figure 4.1 (c, d).

On top of metal samples No. 1-1, No. 4-2, No. 5-1 and No. 5-2 black buttons were

observed, Figure 4.2 (a, b), and these were not easy to separate from the metal surface. They

seemed to have a structure different from the slag, but were close in appearance ta the black film

covering the crucible.

ln some of the experiments, it was not possible to separate slag from the metal and some

-
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a)

I-2 5-3

b)•

Fï&we 4.1. Samples of dore Metal after the treatment and soda slag samples with separation layer.
With the black film on top surface: a) experiment No.1-2 b) experiment No.S-3.
With clean and shiny top surface: c) experiment No.2-3 d) experiment 1'1'0.6-4•

c) d)
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.,

'.~"...,; ,..

f~"., ., '

/ ... -
! . ".J

'<'.

5-2

b)

4-2

..

a)•

c) d)

•
Figlft 4.2 Samples of dore metal after the treatment and soda slag samples with separation layers.

With the black bump on top surface: a) experiment No.5-1 b) experiment No.S-2.
Metal not separated from the slag: c) experiment No.I-I d) experiment No.4-2
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slag was left on metal surface, Figure 4.2 (c, d). The separation of the slag from the crucible was

a problem because of the reaction interphase between soda slag and magnesia crucible that was

about 0.2 mm thick. This means that magnesia from the crucibles was also reacting with the soda

slag and participating in this process.

4.3 Slag separation lavelS

One of the unforeseen results of the experimental work was the discovery of separation

layers in the s1ag.

Each s1ag consisted of two layers which were separated from each other with a thin black

film. The separated phases had different colours and different appearances, Figures 4.1 and 4.2.

The bottom part of the s1ag was usually darker and more dense. The top part was usually less

dense and lighter and its structure has a dendritic appearance. Slags were generally darker with

• increasing Po: of the gas phase and SiO: presence in slag.

In the slag layers that were identified dore metal droplets of variable size were found to

be randomly distributed.

4.4 Results of the SEM anaIysis

Prior to SEM analysis the visual examination of samples was made with an optical

microscope. The samples studied had a very similar grain size which shows that cooling

conditions for all the samples were similar. Most of the impurity phases were positioned at the

grain boundaries, Figure 4.3.

In order to identify the composition of each phase present in metal and slag SEM X-ray

spot analysis of soda s1ag and dore metal was carried out The results of the SEM analysis of

•
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commercial dore metal before the soda slag treatment are presented in Figures 4.4-4.6 and Table

4.5. The SEM spectral analysis of the phases is presented in Figures 4.A-4.F. Visual examination

of the surface of CDM indicated a greyish silver matrix with a number of dark inclusions. At the

surface a thin film, (approx. 0.5 mm) was present. The film had a dark grey colour. As a result

of the SEM analysis it was found that the film contained at least 12 constituents, Table 4.5.

Figure 4.5 shows the general structure of this layer. Also, according to BOS- X-ray spectra

analysis, the matrix of dore metal contained minor Pt and Rh, but no Pd (Appendix 1 ).

Fi&UR 4.3. General structure of the commercial dore meta1 sample before treatment.
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Table 4.5. ElementaI composition of the phases prese~Jted in commercial dore metal

(Figures 4.3 - 4.5) before soda slag treatment.

•

•

No. of Elements present in a phase Fi:ue
phase

1 Ag 4.3

4.4

2 Cu, Si, Pb, Te, also some amount of Ag and Fe 4.4

3 Si and Mg, wit:l some Cu, Ni, Ca, Rh 4.3

4.4

4 Mainly Si with Pb, Cu, Ag, AI, Te, Ba, Fe 4.4

S Te, Cu, Pb, Ag, with small amount of Si, Cr, Fe, As 4.4

6 Te, Cu, Ag, Pb, with sorne Fe, Cr, Si, Bi and As 4.4

7 Cu, Sb, Ag, Si, with sorne amount of S, Fe, Ni and Pb 4.4

8 Si, Pb, Te, Ag, with sorne amount of Cu, Fe, As 4.3

9 Cu, Te, Ag 4.5

10 Ag, Te, with tiny amount of Se, Cu and Cr 4.5

11 Ag, Cu, Te, with tiny amount of Se and Cr 4.5

12 Ag, Se,with small amount of Cu 4.5



• Chapter 4. ExperimellUll Results.
74

• Fleure 4.4. General morphology of the dark film covering the commercial dore metal before
treattnent . Magnification 1000 times. .

FiEure 4.5. General morphology of commel.;;:al dore metal before treatment. ?'!agnification 1000
times.
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FIgUre 4.A. X-ray spectral analysis, phases: a) 1 b) 2 (Table 4.5, Figure 4.3-4.4)
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Figure 4.B. X-ray spectral analysis, phases: a) 3 b) 4 (Table 4.5, Figure 4.3-4.4)
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Fipre 4.C. X-ray spectral analysis, phases: a) 5 b) 6 (l'able 4.5, Figures 4.4)
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FIgUre 4.D. X-ray specnal analysis, phases: a) 7 b) 8 (fable 4.5, Figure 4.3-4.4)
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The results of the SEM analysis for synthetic dore metal after the soda slag treatment

are presented in Figures 4.6 - 4.7 and Table 4.6. The SEM spectral EDS X-ray a.,alyses of

the phases are presented in Figures 4.G-4.J

Figure 4.6 presents the synthetic dore metal after the soda slag treatment, Experiment

2-2.

Figure 4.7 shows the synthetic dore metal with the impurity area reaeted with the

humid air (sample was prepared severa! hours before the analysis).

• Table 4.6. Elemental composition of the phases presented in a synthetic dore metal

(Figures 4.6 - 4.7) after the soda slag treatment.

•

No. of Elements present in a phase Fi;:ure
phase

1 Ag, Au, Cu 4.6

2 Cu, Na, Ag, Ni 4.6

3 Ag, someMg 4.6

4.7

4 Cu, some Ag, Si 4.6

S Cu, Ag, some S, Si, Te 4.6

6 Pb with Cu, Si, Ag 4.6

7 Na, Si 4.7
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Synthetic dore Metal after the soda slag treatment
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Big bump area in dore Metal after the soda slag treatment
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The results of the SEM analysis of the soda slag after Experiment 2-1 are presented

in Figures 4.8 - 4.11 and Table 4.7. The SEM spectral EDS X-ray analysis of the phases are

presented in Figures 4.K-4.N.

Table 4.7. Elemental composition of the phases present in soda slag (Figures 4.8 - 4.11)

after the Experiment 2-1.

•

•

No. of Elements present in a phase Fil:llre

phase

1 Te, Na, Ni, Cu, Rh, K 4.11

2 Cu, Ag 4.11

3 Se, Si, Na, S, Ag, sorne Ca, CI, Fe 4.8

4.10

4 Na, Se, sorne Si, S, Cl, Ca, Cr, Mn 4.9

4.10

S Te, Cu, Na, Si, Se 4.8

4.9

4.10

6 Na, Se 4.8

4.9

7 Te, Cu, Ni, Se, Na, Si, S, Fe 4.10

8 Ag 4.10

4.11
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Fi&BIe 4.8. Soda slag after the experiment (Backscattered Electron Image) with the separation
intermetallic layer.

Fi&ure 4.9. Soda slag after the experiment (Scanning Electron Image) with the separation
intermetallic layer.



Fieure 4.10. Intermetallic layer in soda siag after the experiment (BEI). Magnification 500 times.
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•

•
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Fieure 4.11. Intermetallic layer and lower part of soda siag after the experiment (BEI).
Magnification 100 times.

89
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The results of the SEM analysis of soda slag after reaction with commercial dore

meta!, Experiment 2-4, are presented in Figures 4.12 - 4.13 and Table 4.8. The SEM spectral

EDS X-ray analyses of the phases are preser.ted in Figures 4.0-4.Q

Table 4.8. Elementa! composition of the phases present in soda slag (Figures 4.12 - 4.13)

after Experiment 2-4.

•

•

No. of Elements present in a phase Fieure

phase

1 Si, Pb, Na, Cu, Pb, Cr, Se 4.12

4.12

2 Si, Pb, Na, Cu, Cr, Se, Fe 4.12

4.13

3 Ag, sorne Si, Cu 4.12

4.13

4 Te, Na, Cu,with sorne Si, Pb 4.12

4.13

5 Te, Cu, Pb, Si, Na, Fe 4.13
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Fieure 4.12. n.e SEM image of soda slag after Experiment N 2-4

Fieure 4.13. The SEM image of soda slag after Experiment N 2-4 .
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The experimental work is discussed under mree main headings:

1. Physical observation

ll. Chemistry of me dore metal

m. Chemistry of me sIag

5.1 Physical observation

ln me course of me experimental work, severa! physical effects were noted:

1. The formation of a chain of droplets on me inner side of me crucible wall

• 2. The presence of a black film between metal and crucible

•

3. Difference in me ease of separation of me slag from me metal depending

upon me experimental conditions; the presence or absence of a dark film on

the top surface of the metal.

4. Variation in the value of the distribution coefficients of minor elements

~DmISS) caused by physical effects in the system.

5.1.1 Nature of droolet chain on 1be side wall of 1be cmcible.

It is believed that the chain of dtoplets observed on the inner side of the crucible

wall, closest to the heating element, was a result of the foaming process which occurred

during the interaction between dore metal and soda slag on the hottest part of the crucible.
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5.1.2 Nature of the black film between metal and crucible.

As previously mentioned in section 4.3, a black film was found between metal and

crucible. This film probably consists of intemletallic phases and silica containing

compounds such as sodium, magnesium and lead silicates. Similar observations were

made by Morrison (79) as a process of "tie up" of precious metals in the dore fumace

refractory during the lBRC process. These compounds are the result of interaction

between soda slag, crucible lining and intermetallic compounds rejected by the alloy

during the temperature decrease.

5.1.3 Difference in the esse of separntion of the slag from the metal.

In Chapter 4, the difference in separation of the slag from the dore metal was

shown in Figures 4.1 and 4.2. Possible reasons for this variation are discussed below.

As reported in (47, 54, 55), Cu, Pb and Te are virtually insoluble in silver and the

solubiiity of oxygen falls to zero at room temperature (76). As a result, precipitation of

Cu that was dissolved in an alloy at higher temperatures occurs with a decrease in

temperature. If the system had a low oxygen potential (Po: - 10" atm), some pure copper

was observed on the surface of metal, Figure 4.1. A sample that was examined in

University of Newcastle, England, showed that thin film on top of metallic phase was

mainly Cu:O when Po: was 0.21 atm (77).

Separation of the slag from dore metal occurred more easily if the slag had a

higher content of SiO: and was more viscous. A clean metal surface after the experiment

was the result of high partial pressure of oxygen and/or the use of commercial dore metal,

which was surface contaminated with silicon arising from s1imes in different forms from

the previous stages (Experimental results, SEM analysis of dark film). This silicon was

among first species to react with soda sIag and oxygen (66, 74).

On the other band, Iow partial pressure of oxygen ( Figure 4.2) and the absence of

• silica in the system (Series 1) created the problem with the slag-metal separation. This
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occurred even when the samples were slowly cooled te room temperature.

5.1.4 Variations in the values of the distribution coefficients of minor

elements, b.Dm'ss.

The experimental results from the equilibrium studies are summarized in Tables

4.1-4.2, where the alloy and slag compositions are given in weight percent

The graphs (Figures S.1 - S.8) created by the Quattro Pro program from the data

base of Tables 4.1 - 4.4, show the following three relationships, as a function of Po of,
the gas phase and the SiO, content of the soda slag:

(a) the dependence of the impurity content in the metal after the soda slag treatment;

(b) the impurity content of soda slag

(c) the distribution coefficient (L M'OmISS ) between dore metal and soda slag

The graphs may be divided into three groups, based on similarity of appearance

and chemical group:

- Au, Pt, Pd

- Se, Te, Rh

- Pb, Cu
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Au, Pt and Pd

The experimental distribution ratio obtained for the precious metal impurities were

recorded in Table 4.4 and plotted in Figures S.1.c, S.2.c, S.3.c. These graphs are line-type

graphs, where the Y-axis is an amount of impurity in a phase or L M,omlSs and the X-axis

presents the experimental conditions, log PO
2

' For discussion it is more convenient to plot

the L M,DmlSS of impurities in terms of weight percentage in slag and alloy. As can be seen

from these figures, the level of Au in dore metal and soda slag after the experiment is

independent of PO
2

and Si02, although there is sorne scatter in the experimental values.

One reason for a large analytical value for Au in an alloy might be segregation of

Au (31) or the presence of the gold-containing intermetallics in locations where samples

were taken for the analysis. As a matter of faer, gold-enriched areas were observed during

the SEM X-ray analysis of the samples. Also large changes in values for Au and Pd in

soda slag during experimental Run 3 is most likely the result of sampling error.

Scatter in the Ag content of the slag (Run 3), shows that this variation was
repeated three limes for the elements remaining in solution (Ag. Au, Pd). The cause could

have been a slag sample containing droplets of alloy. Disturbance of the cooling

arrangements due to a water leak towards the end of Run 3 could have caused an

increased amount of droplets in soda slag. Because of this fact there was not enough time

for the metallic droplets in the higher viscosity slags ( 5 and 10% of SiO,,) to settie down.

Crystallized s1ags were seen to contain tiny droplets of silver alloy, and they were not

successfully separated during the sample preparation.
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Se, Te and Rh

The distribution coefficient of Rh, Se and Te between dore metal and soda slag

for SDM markedly decreased (100 times) with increasing Po, from 10" to 10-6 (Figure

5.6-5.8). Further increase in Po, did not really influence the L M.OmlS'of these metals at

1200·C, and the resulting values of L M.omlSS were much lower than unity (Table 4.3).

This means that impurities were almost completely removed. For the CDM, however, the

L Rho.lSS did not change so significantly (3.5 times) with increasing Po, from 10" to

10-6. The presence of the dark film on the CDM explains this observation since the dark

film was enriched with Rh, Te and Se which easily reported to the soda slag. Therefore

removal of these elements from the CDM phase (no dark film) would not strongly change

the arnount of impurities in the soda slag .

The reason for the decreased recovery of Te and Se with increasing amount of

these elements in soda slag is due to the increase in slag viscosity and change in the slag

structure with the polymerization of the slag (78). This process can cause the slag to act as

a obstacle for 0, transport to the melt in the present experimental setup.

Cu, Pb

The distribution coefficients of Cu and Pb had a tendency to decrease strongly with

Po, increasing from 10" to 10" and then staying constant with a further increase in Po, ,

Figures 5.4-5.5. Silica had a strong influence on the distribution coefficients, but only in

the Po, range from 10" to 10-6, indicating that the mechanism of copper and lead removal

changed at higher Po, .

This was corroborated by thermodynamic calculations of the free energies of

interactions of the Me-O-SiO, system. The results of Table 5.1 were generated using the

following data:

a) lI,t,= 0.00121, y·Pb = 1.1, xPb = 0.11 x 10" in silver

b) 8oa= 0.048, Y·o.= 3, Xc. = 1.6xl0" in silver
Dola for TOco and TOlO ........... _ "Sc1cclcd Val... oflhc 'Ibcrmodynomic Ptopcrûcs .f8yaaIy AIJoys", cdilcd by HuItsrca

...... Im
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c) Temperature of 1200·C

d) Silica content in slag of 5 %

e) Po: was changed from 10" to 1 atm.

Table S.t. Gibbs energies of reactions between Cu, Pb , silica and oxygen (calculated

by the REA CTION subroutine on F·A·C·T).

•

No. Pa: ' atm Input to REA CTION AG1:OO'c of reaction ,

J/mole

1 10" Cu + 0.50: = CuO +719~5.6

10" +43795.2

1.0 -40806.0

0.127 0

2 10" Pb + 0.50: = PbO +113980.2

10" +85779.8

1.0 +1178.6

3 10" Pb +0.50: + SiO:= PbO·SiO: +92227.9

10" +64027.5

1.0 -20573.6

3.2xI0" 0

It was not possible to ca1culate the Gibbs energy for the Cu-O-SiO: reaction,

because there were no data in a F·A·C·T database for copper silicates.

From the ca1culations presented in Table 5.1, the following conclusions can be

made:

a) The oxidation of lead is not possible at the offered conditions. Silica in the

system promotes the slagging oflead at Po: equal to 3.2x 10" or greater.

• b) Copper can be oxidized only at Po: starting from.O.127 atm. Increasing Po:

of the gas phase decreases Gibbs energy of the copper - oxygen interaction.
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From these numbers it was concluded that silica in the system played a vast1y more

important role for the Pb recovery tha:l increasing the oxygen potential.

The scaner of data for copper and lcad in the metal and soda slag can also be seen

in Figures 5.4a,b.-5.5 a,b. This scaner can be explained by the possibility of pieces of

metal and soda slag enriched in phases containing these clements having forrned part of

the analytica\ sample. According to the SEM analysis these phases were distributed

randomly, cxcept for the top section of the metal which was richer in impurity phases

(Figure 4.5-4.6). Large inclusions ( Figure 4.6) in the dore metal may be the rcason for the

high impurity content detected by chemical analysis.

The same bcl1aviour was observed for the values of Pb and Cu in the soda slag.

However this was anributed to the separation of soda slag with an interrnetallic layer, Le.

sorne samples that were analysed contained more intermetallic compounds than others.

Generally the amount of copper and lcad decreased in the alloy and increased in

the slag with increasing Po:. Also, the presence of SiO. in the slag increased the

amount of the impurity metals in soda slag (Figures 5.4.-5.5).

It is C[, ,>cluded tbat

1. The chemical interaction of magnesia crucibles with the system soda slag - dore

metal was vigorous.

2. Bener separation of slag from the melt occurred with an inerease in the amount of

silica in the slag. But at the same time, the increased silica content in soda slag

may increase the losses of dore metal in the forrn of mechanical inclusions (in case

of active mixing).
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5.2. ChemistJy of Dore metal

One of the variables of the experimental work was the type of dore metal. Synthetic

dore metal (SDM) was produced by me1ting pure metals 10gether and commercial dore metal

(CDM) was received from a working lBRC before the soda slag treatment

The results of the experimental work ( Table 4.2, Figures 5.1-5.8) show that the

amounts of Cu, Pb, Pd, Rh, Te in slags of the 4th crucible (CDM) in each experiment were

higher than those in the Ist crucible (SDM).

From the beginning of the experimental investigation, no differences were observed

between the appearance of the two types of metals except for the presence ofa very hard dark

film on the surface of CDM.

5.2.1 The SEM - EDS analysis of the CDM before soda slag treatment

The matrix of the CDM consisted of a Ag-Au alloy ( 92% Ag and 3% Au, Table 3.3)

with some areas of the alloy enriched with gole!. Large inclusions which were observed

(Figure 4.4, Table 4.5) contained Cu, Te and Ag and were assumed to be C~Te and Ag2Te

The other constituent deteeted in the alloy, Phase 10, was a phase believed 10 be Ag2Te with

small amounts of Ag2Se and C~Te present Phase 11 ( Figure 4.5), contained the same

elements as Phase 9, but the presence of Se gave rise 10 that phase having the fonn of a

needle. Phase 12 was one of the basic components for the dore metal production - AgzSe

(26,35).

The dark film, covering the CDM, contained eight constituents. Ag, Pb, Cu, Te and

Si were the main constituents of the film. The film contained large inclusions of the metallic

phase, Phase 1, in which only Ag was detectee!. According 10 the chemical analysis, s1ags of

CDM were also enriched in Pd, compared to the SDM, but Pd was not deteeted in any slag

• phase. So, the bright inclusions in the dark film were probably Ag-Pd alloy (32). Pd was not
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detected by X-ray analysis because of the similar atomic scatlering factors for Ag and Pd

(32), i.e. overlapping in the X-ray spectrum lines.

Phase 2 was a mixture of copper and lead silicates and tellurides. A deep black phase

3 was a product of the reaetion between dore metal, soda slag and refractory. This phase also

contained Rh and Ni. Phase 4 was a mixture of silicates. Phase 5 was a mixture of Pb, Cu

and Ag tellurides. Phase 6 was visually different from Phase 5 only with respect to shape as

a result of the extra addition of silica Copper antimonate, Phase 7, had a needle shape. Phase

8 was a mixture of lead silicates and tellurides with different additions, Table 4.5.

The above description suggests that the dark film was the result of the previous metal

ueatment in the TBRC and consisted of a complex mixture of intennetallics, which were

insoluble in dore metal and also particles of slag from the previous steps of the process. It is

believed that this film forms as a result of the solidification process and could be used

commercially as an indicator for dore metal purification. As long as this dark film appears

on the surface of dore metal sample from TBRC this alloy needs further purification. Use of

this method of process conuol could economize on time and money for analysis during the

TBRC process.

The SEM analysis confirmed that the dark film can result in enrichment of soda slag

after treatment with the impurity elements.

It is concluded tbat:

The dark film on commercial dore metal is a result of the solidification process of the

dore metal and consisted of intermetallic and slag particles,precipitated from the dore metal

during the solidification process. The presence of this film may be used during the

commercial process as an indicator of impuriry removal.
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5.2.2. Nature of the dan.. film

To c1arify the nature of the dark film and the s1ag separation layer, fast cooling

experiments (Run N7, Po: =0,21 ann) were performed. Results of the experiments and type

of metal and slags are presented in Table 4.3.

By comparing the results of experiments N7 (fast cooling) and NI(slow cooling), it

can be seen that more Cu, Rh, Se and Te were left in the dore metal during the fast cooling

experiments. Correspondingly there was less copper and tellurium found in the rapidly cooled

slag (Experiment 7.2- 7.3). However, the amounts of lead and rhodium in slag N7-1 were

higher than in slag NI-l. Since these metals appeared in the slags as volatile oxides, it would

suggest that there was insufficient time ( i.e. cooling rate was too high) for the lead and

rhodium oxides to volatilize in the rapidly cooled system.

Another mechanism of Rh removal from the dore metal can also be suggested.

Oxygen has a very high solubility in silver (76) and CO: from the soda slag (soda slag

decomposes into Na,O and CO,) also has a tendency to dissolve in a melt (62). At the same

time Rh is insoluble in dore metal and therefore must exist as a separate phase (36). It also

has unique surface properties which allow Rh to aet as a catalyst for gas reactions. Thus, Rh

may collect gases which are dissolved in an alloy on its surface. Surface properties of Rh

may permit gases to adhere to the surfaces of the Rh phase and then f10at the Rh or Rh

containing particles to the surface of the dore metal, even though the density of Rh is higher

than the density of silver alloy. This process is more likely to take place during the cooling

period, as the solubility of gases in Ag decreases strongly with decreasing temperature (76).

A similar mechanism may operate for other insoluble impurities as Cu, Te, Pb, or

intermetallic compounds formed in the system. These impurities are not as active as catalysts

for the gas reactions, but their density is lower than the density of dore metal. Thus these

Impurities will try to leave dore metal by simply f1oating. Rising gas bubbles will help to

bnng the particles up. The higher impurity concentration found near the top surface of the

dore metal as observed by optical microscope gives support to this hypothesis.



• Chapter 5. Discussion. Chemistry of Dore metal
117

As was found by the SEM analysis of the intermetallic layer in the slag and the dark

film covering CDM, Rh was present in IWO types of phases. In both phases Rh was

accompanied by Ni, Te, Mg and Cu. This is 10 be expeeted since Pt-group metals ail report

10 the Ni phase during the commercial processing of Cu-Ni ores (S9), and only Ni has a

complete solid solution with Rh at ail temperatures up 10 the liquidus (SO).

Another notable observation conceming the rate of cooling and influence of the dark

film on the impurity distribution can be made by comparison of tests N 1-4 and N 7-2 in

which Po: remained 0.21 atm. It was seen that 20 times more Cu, 50 times more Pb, 4 rimes

more Rh, 10 rimes more Te, 5 rimes more Ag and 15 rimes more Se reported 10 the slag

phase in Experiment NI-4 ( slow cooling and the presence of a dark film over dore metal)

than in Experiment N7-2 (rapidly cooled, dark film was not presented), Table 5.1.

Au, Cu, Pb, Pd, Pt, Rh, Se, Te, Ag,

ppm % ppm ppm ppm ppm ppm % %

Soda slag

Nl-4 3S.7 6.25 13900 11.9 6 1000 8900 5.2 1.04

N7-2 9.43 0.34 431 j 33.3 12.5 298 573 0.52 0.21

Dore metal

Nl-4 3.73% 0.45 43.3 5400 374 2.7 1210 4.8 -
N7-2 3.37"/0 0.99 21 4700 379 16.8 49.1 22.4 93.4

•
TableS.! Comparison of the experimental results for slow cooled and fast cooled

experiments.

•
The hypothesis that the leve1s ofinsoluble impuriries (Cu, Te, Rh) were reduced in the

dore metal by slow cooling is supported by the results given in Table 5.1. It can be seen that

in the fast cooled sample Cu, Te and Rh were present in higher amounts than in the slow

cooled sample by factors of 2, 7 and S, respeetive1y.
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For Pb and Se, both metals were found in higher quantities in the dore metal phase

of the slow cooled experiment. The disparity in the behaviour of these insoluble impurities

may be attributed to a removal mechamism that is diffetent from that for Cu, Te, and Rh.

Lead and Se as weIl as their oxides are easily volatilized.

Experimental observations indicated that a distinct intermetallic layer separated the slag

phase of the slow cooled tests into twO regions (Chapter 4); this layer appeared more readily

in the presence of dark film material on the CDM It is believed that separation of the slag

into two layers impeded !he removal of the Pb and Se from the dore meUli because the dark

film material aeted as a physical barrier to the dissolution of oxygen into the melt and hence

the volatilization of Pb, Se and their oxides into the gas phase.

The absence of the black film meant that the removaI of Pb and Se from melt to the

slag was quite efficient. At the same time, without this film there was no silica present in

the system and thus it was much easier for Pb and Se to interact with oxygen and leave the

system in the form of volatile oxides.

Chemical analysis of the splash on top of the commercial dore metal (as received from

CCR) and soda slag analysis, Experiment 7-3, showed high amounts of Pb, Rh, Ni, Se and,

especially, Te (281ppm compared to an average 4.8 ppm for the metal). These results aIso

support the hypothesis that impurities may be transported out of the metal during the

temperature drop with the help of gas bubbles.

5.2.3 Genenll mecbanism of impurity removal

Molten silver dissolves as much as 200 times its volume of Oxygen gas, probably as

elemental oxygen (1). with a maximum dissolution of 2.09 at"/o or -1.8 wt"/o of 02> occurring

at 939°C (76). The solubility of oxygen decreases with decreasing temperature and reduces

to zero at room temperarure.

The dore metal used in these experiments contained more than nine elements many

of which are mutually soluble, e.g. Ag and Pd, Ag and Au, Pt and Pd, Pd and Rh, according
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ta binary phase diagrams (31,32,45,59). Both Pb and Cu exhibit a small solubility in Ag

which decreases 10 zero al 200 oC (54, 55).

Table 5.3. Solubility of Oxygen in Liquid Silver, for different Po: calculated by

solver.

TK-

•

Solubility of oxygen, X. POz ' atm Temperature, oC

0.01635075 1 1200

0.00748 0.21 1200

0.001633 lO.z 1200

0.00016328 10'" 1200

1.16328 E-5 10-6 1200

1.16328 E-7 10" 1200

Work performed by Rudnitskii and Khotinskaya on the Ag-Pd-Rh and Au-Pd-Rh

lemary systems show thal the wide solubility region in binary systems can vanish even by

adding as litlle as 1 Wl % of a third component (44, 45).

The appearance of different phases on the melt surface during the slow cooling period

can be explained by the decreased solubility of certain elements in silver, thus forcing them

to leave metal as the temperature drops. Even if some intermetallics were more dense than

the alloy they could float with the oxygen bubbles, which also need ta leave the system

during cooling. This gas can also carry impurities from the metal to the metal surface where

they are incorporaled inlo the soda slag.

Il can be concluded dlat:

Impurities may be removed from dore metal by floating, especially with the he\p of

• dissolved gases, during slow solidification.
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5.2.4 Chemistrv of minor element interaction with oxygen

Au, Pt and Pd

In general. Au and Pt assay in dore metal and soda slag did not noticeably change

with an increase in the oxygen potential. This corresponds to the results of H. Jehn(60) that

Pt and Pd are among the metals with the best oxidation resistance. The amount of palladium

left in the metal increased with increasing Po: (Figure 5.13). This a1so corresponds te the

research results of (60), which show that palladium evaporates more easily with less oxygen

in a system, but does not have a tendency to form oxides unde: these experimental conditions.

Gibbs energies of the possible oxidation reactions were calculated by F*A*C*T for

Au. Pt and Pd using the fol1owing conditions: Po: = latm, Y*Au = 0.354. y*Pd = 0.14

• 2Au + 1.50: = Au:OJ

Pd + 0.50: = PrJO

Pt + 0: =PtO:

.dG 1:/1..<: = 491388 .Ymole

.dG lZWC = 50528 .Ymole

.dG lZWC= 158598 .Ymole

(Eq. 5.1)

(Eq.5.2)

(Eq. 5.3)

•

At 1200°C the Gibbs energy offormation for these reactions is positive, indicating that

the oxides of these metals are not likely te form. It is possible to conclude from the

thermodynamic data that these metals are present in the slags in the form of metallic or

intermetallic inclusions.

It can Ile concluded that:

To avoid losses of Au, Pt and Pd in the soda slag. it is necessary te increase the time

for the system te sett1e down.

Se, Te and Rh

Se, Te and Rh contents in synthetic dore metal markedly decreased (Te-l00 times. Se

\0 umes, Rh-25 times) with increasing Po of the gas phase from 10" te 10" atm. It
2

• Oalll wcre takcn from ·Sclectcd Values oC tbc Tbcnnodynamic Propcnies oCBiDary AIley.-, Amcricon Society Cor

Mclllls, 1973
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should a1so be noted that further increase in Po: slightly decreases the arnount of impurity

Icft in the metal. The sarne dependence was seen for CDM. However, for CDM the arnount

of Rh decreased only 3.5 limes with Po increase from 10" te 10" atm. This implies thatRh
:

.is present as different compounds in CDM and SDM. This hypothesis may be suppo:ted by

the SEM analysis of the slag and clark film on dore metal: Rh found in CDM clark film was
present as an impurity in the form of a silicate-base phase, while in the intermetallic layer in

the s1ag on SDM it was detected as a tellurium based compound, possibly (Na, Rh):Cu,TeO•.

Assuming that Rh appeared in the a1loy in the form of insoluble impurities - metallic

Rh particles or intermetallics RhTe (NiAs - prototype, hexagonal structure (51), the following

reaction and thermodynarnic analysis was performed on F*A*C*T for Rh removal (a Rh = l,

because Rh is practically insoluble in silver a1loy, Po = 1 atm):
:

~GlZ#rC = -227837 .J'mole (Eq.5.4)

This reaction shows that rhodium ClIl' leave the system in a form of a volatile oxide

RhO:. and the Gibbs energy of this reaction is so high that it is not possible to keep Rh inside

the dore metal when Po: of the gas phase exceeds 10" atm. Experimental data, Figure 5.6.

suppon this analysis.

Selenium removal by oxygen may occur according te the following chemical reactions

(28):

2A.g l<I + 1120: (P) + Se02w.Âg~eO$(o)* (Eq. 5.8)

JSG.-c = -67269.6 .J'mole
• àG1lllO'C for Ibio reaclion couic! not be calculalCcl (clata an: not present in a clatabuc of F-A·C"T or HSC for

1CIIIpcratun:s bisbct !ban 300-SOO0K ancI there is no clata for Ihc liquic! phase).

•

Se_ + 0: (P) =Se02 (gas)

~Gl:WC = -106778.6 ,j'mole

Âg~e(o) + 3/20: "Âg~eO$*(,) (30D-600oC)

JSG.-c = -1137Ii8.0 .J'mole

Âg~eO$W ..2A.g(o) + 1/20: (P) + Se02w *(55D-650o C)

JSG.-c = 67269.6 .J'mole

(Eq.5.5)

(Eq.5.6)

(Eq. 5.7)
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Summarizing Equations 5.6 and 5.7 :

Ag;;Se + 0:= 2Ag + SeO:

dG....c = -465185 .J'mole

(Eq. 5.9)

The process of selenium removal in dore metal probably follows Equation 5.9. As

described in (2S). at temperatures above 5S0oC silver selenide decomposes directly (Eq. 5.9),

or wiÙl Ùle formation of silver selenite (Eq. 5.S). The decomposition process was considered

reversible (Eq. 5.7-5.S)(2S). But according ta Ùle F·A·C·T calculations dG....c of Ùle

reaction (Eq 5.7) is positive and according to research (27) Ag;;SeO.(.) does not exist in slimes

above 700oC. Thus, selenium removal at temperatures higher Ùlan 7000C must occur mostly

according to Equation 5.9.

•
As shown in (SI), Ùle chemistry of Te removal is based on Ùle reaction:

Ol:Te + Na:CO. + 20, = 2OlO + Na,TeO. + CO,* (Eq. 5.10)

X-ray analysis of commercial soda slag did not show the presence ofN~TeO) in slag.

Appendix Il. ln a literature (90. 91. 92), N~TeO) was claimed to be present in an aqueous

solution. Nll:!Te.O, shown in an X-ray analysis was Ùle main Na-O-Te containing compound.

So. a modified reaction can be offered for Ùlis process:

4Ol,Te + Na,CO. + 70, = 8OlO + Na,Te.O, + CO,* (Eq. 5.11)

The presence of silica in Ùle soda slag introduces anoÙler series of reactions ta Ùle

system:

Na,CO. = Na,O + CO,

Na,O + 2SiO,= Na,o*2SiO,

Na,o + SiO,=Na,O*SiO,

dG l::orc= -338581.6 J /mole

dG1::orc = -254866. 7 .J'mole

dG12Of'C = -233756.3 .J'mole

(Eq. 5.12)

(Eq. 5.13)

(Eq. 5.14)

•
Sodium carbonate reacts wiÙl silica Ùlereby reducing the activity of N~O in Ùle

system. This eventually decreases the amount of tellurium recovered ta the slag phase. as

shown by Ùle experimental data shown in Figure S.S b.

• No lbermodynamic dara wcrc Colllld in a darabasc Cor 1hc compollllds Na,TcO, or Na,Tc,O,.
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It can be concl,.ded that

1. It is Dot possible ta keep Rh in dore metal when the Po: of the gas phase exceeds 10....

Boit if dore metal is slowly cooled before oxygen tteatment it is possible to get slags

enriched with Rh and not lose metal with the outgoing gases.

2. For current practice, the best Te elimination can be achieved with higher Na,O activity

in the slag.

3. To improve tellurium elimination from the dore metal in a form of intermetallic

(Na,Te) metallic Na can be added to the a1loy.

Cu and Pb

The amount of Cu and Pb in the dore metal decreased as a result of chemical reaction

with the s1ag and gas phase. This leads to an increased presence of these metals in the slag

as oxides and silicates. The chemistty of the recoveI)' of these two metals cao be described

with the equations below (solubility of Pb and Cu in Ag is VeI)' low, presence of the other

soluble impurities possibly making it close to zero, because of that ac.. and ~ considered to

be l, Po: =latm):

Pb + 0.50: = PbO

Pb+ 0.50:+25iO:=PbO*2SiO:

Pb + 0.50: + SiO: "" PbO*SiO:

Cu+O.50:-ea,o

~Gm.-e= - 458619.6 .:J'mole

~Gl:IIII'C= -35850.1 .:J'mole

(Eq. 5.15)

(Eq.5.16)

(Eq. 5.17)

(Eq. 5.18)

•
Copper aIso has a tendency to form Cu,Te06• according 10 equation:

Ot,0 + TeO: "" OI:TeO,*
• AGI2llO'C for œIl.tion 5.19 could DOt bc calculated; data an: DOt pRSCIlt in lhc databasc.

(Eq. 5.19)
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Copper and lead behaved similarly depending on Po: and t.1}e SiO: content of the soda

slag. According to Figure 5.5b increasing the silica content in slag led to an increased copper

content in slag. The same effect was observed when the Po: was increased, which

corresponds to the chemistry of the recovery process. For Cu and Pb increasing Po, from

10'· to 10" decreased the content of bath impurities in the dore metal: from 275 ppm to 42

ppm for Pb and from 1.6 10 0.89 % for Cu.

Il can be concluded dlat:

1. It is not necessary ta increase the Po: in a system to more than 10" atm to reduce the

Pb content in a dore metal to 100 ppm.

2. Increasing Po: in the system together with increasing silica content in slag increases

the possibility to reduce Cu content in dore metal.
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5.3 Slag chemistry

5.3.1. Soda slag decomposition during the experiments

Figure 5.9 shows the amount of carbon remaining in the soda slag after the

experiments (Table 4.2.), i.e the extent of decomposition degree of sodium carbonate. The

dependence on P02 of the gas phase and Si02 in the soda slag is also shown. These graphs

show that PO
2

of the gas phase in the range studied does not influence the decomposition of

sodium carbonate, whereas increasing Si02 content in the slag increased sodium carbonate

decomposition.
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Flaure 5.9. Decomposition of

sodium carbonate as a function of

Po, of \he Sas phase and SiO,

colllCnt in soda s1ag.

1- 0% SiO, in soda s1ags, SOM

2- S'llo Sio. in soda s1ags, SOM

3-10% 5iO, in soda s1ags, SOM

4- 0% 5iO, in soda s1ags, CDM
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The data shown in Figure 5.9 MaY be used to calculate the degree of decomposition

of sodium carbonate for different conditions, Table 5.3. From Figure 5.9 it can also be seen

that the amount of carbon left in soda slag after reaction with CDM bas an average value

around 5.5 wt %. This faet means that the amount of silica introduced to the system by the

CDM was in a range of 8-10 wt %.
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These results correspond to the results of investigation reported by T. Yokokawa and

M. Shinmei on the therrnodynamic stability of sodium carbonate (62). They conclude that

with the basicity of slag higher than 2.5 and log Po >-8. sodium carbonate has a tendency
:

to decompose to N~O and COz. with N~O reacting with SiOz. They defined basisity as pO=

- log &"'020. where the activity was referred to pure N~O
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Table 5.4 Decomposition degree of sodium carbonate as a function of percent SiOz in

soda slag.

•

•

No. SiOz in soda slag, % Average C left in Decomposed sodium

soda slag. % carbonate. %

1 0 8 29.2

2 5 6.5 42.48

3 10 5 55.75

5.3.2 Influence of P~ and SiOz on impurity content of soda slae;

Au, Pt and Pd.

The presence of SiOzin siag did not influence the distribution coefficients of Au, Pt

and Pd, Figures 5.1-5.3. But in a real industrial process with vesse! rotation, increased noble

metal loss with increasing SiOz content in slag is to he expected because of the increased

viscosity of slag. Ali siag samples had numerous fine particles of metallic phase when

examined under the microscope (Experiment 7. SEM) prior to their being ground, Figure 5.1.

This observation may be exp!ained by the increase in the slag viscosity. Riabco et
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al. developed a method for determining in which form the noble metals loss occurs in

industrial slags. Their conclusion was that ail the platinum group metals are present is slags

in the form of mechanical loss. In order ta decrease the amount of these metals in slags it is

necessary ta increase the settling time for the slag, increase process temperature and increase

the amount of silica in slags of slag-cleaning and ore-smelting furnaces (23). The same

conclusions can be made ta decrease the loss of Au, Pt and Pd in soda slag.

FiEure S.lO Particles of the metallic phase, light phase. in soda slag prior ta being ground.

As shown in Table 5.4. the AGofreactionin the silver - sodaslag- gasphase system

becomes more negative with increasing P~ . However. according ta the calculations

introduced in the section on Metal Chemistry. it not possible for Pt, Au and Pd ta react with

oxygen under the present experimental conditions. Thus, it is possible ta lose some Ag as

oxide or in the form of intermetallics, but Au and Pt are always in the form of mechanical

loss.
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Figures 5.11 - 5.12 show how the amount of silver in soda slag depends on Po: of the

gas phase and the resulting AG of interaction between silver, soda slag and the gas phase as

calculated by the EQUILIB subroutine of the F"A·C·T, assuming that activity of silver, a
A1

,

is equal to 1 (the amount of Ag in an alloy 94%) and temperature of the interaction 1200·C.
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Table S.s AG of reaction in Ag - soda slag - gas phase system, calculated by the

EQUILIB subroutine of the F"A·C·T.

•

••

No. Partial pressure of oxygen in gas AG of reaction

phase, Po:

1 1.0E-8ATM -901544.4

2 1.0E-6ATM -912960.5

3 1.0E-4ATM -924376.6

4 1.0E-2ATM -941500.7

5 2.\E-IATM -943340.0

6 1.0 ATM -947208.8

Se, Te and Rh

The influence of SiO: in the soda slag on Te, Se, Rh can be seen only for Po: of the

gas phase equal to 10" atm. Increasing SiO: from 0 to 10% increased metal content in the

soda slag from 1.5 to 10 times. When the oxygen content in the gas phase was low, silica was

able te reduce the recovery of Te, Se and Rh from dore metal.



•

•

•

ChapteT 5. Discussion. Swg Chemistry.

Se, Te

Experiments showed that the amount of Se in soda slags on top of the SDM remained

practica1ly constant with increasing Po, of the gas phase. This corresponds to the resu1ts for

other types of slags (82,83). Nagamori (82) found that Se in iron silicate slags for steel

production is present in both forms: elemental and iron metailide. Those forms of dissolution

orSe in slag result in an inereased solubility at lower values ofPo with near constant values,
at higher Po, .

Silica addition to the slag phase deereased selenium holdup in the soda slag, because

reaetion between sodium oxide and silica is preferred. According to (62), the presence of

silica in a system decreases oxygen pressure in the slag phase.

As was observed in the SEM analysis, selenium in soda slags was present mainly in

phases containing sodium, Table 4.7, possibly Na,SeO). The results of the. experimental work

and SEM analysis showed that silica present in the soda slag may work as a barrier for

selenium removal from the slag when Po, =10" atm. The SEM analysis also showed that the

amount of selenium-containing phases below the slag separation layer was higher than in the

upper pan of the slag. This was because Te and Se oxides are volatile and even if selenium

was present in slag as an intermetallic impurity (for example Ag,Se), it will be recovered from

the slag to the gas phase with increasing Po,.

The amount of Te present in the slag inereased with increasing Po, , Figure S. b.

This observation corresponds to the chemistty ofslag-tellurium interaction discussed in "Metal

Chemistry" (Chapter 5.2.4).

According to the data presented in Table S.s, the possibility of tellurium - slag - gas

phase interaction inereased with Po, in the gas phase, but the possibility of this reaction is

higher with 5% of SiO, than with 10% of SiO, in slag. For 5% silica in slag, the diffusion

of oxygen to the metal through the slag is easier and at the same lime more Na,O is left to

react with Te or TeO,. Inereasing silica in slag possibly suppressed the diffusion of oxygen

through the slag and it reacted with Na,O decreasing the activity of this component in slag.
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Higher contents of Te in soda s1ag for the CDM (Figure 5.8 b) occurred because of the

presence of the dark film containing impurities on top of CDM before treatment. The results

of calculations, Table S.s, show that with increasing Po, the .6.G of reaction between Te 

soda slag and gas phase becomes more negative (see Appendix ml.
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Table 5.6 Calculated data for the .6.G of Te reactiiln with soda s1ag and the gas phase.

•

•

No. Po" atm .6.G of reaction, .6.ù of reaction,

5% SiO, 10% SiO,

1 1.0E-8ATM -806959.3 -801989.2

2 1.0E-6ATM - -817006.9

3 1.0E-4ATM -829791.5 -828423.0

4 1.0E-2ATM -846915.6 -845547.2

5 2.1E-2ATM - -847386.4

6 1.0 ATM -852623.7 -851255.2

Rh:

Increasing Po increased:Rh content in the soda s1ag, possibly because the easily,
volatile oxide, RhO" leaves the metal, and tries ta penetrate through the slag. Increasing

Po increases the oxide activities in the s1ag. This may increase the chance of chemical,
reaction between RhO" TeO, and other oxid~ so that Rh, (Fe,Cu, Ni)Te06 may be produced.

Tied as a compound with the other oxides, Rh may tend ta stay in the s1ag and not evaporate.

Following the results of the SEM analysis of soda s1ag and the dark film on ..ne dore

metal, where Rh was found in the phase where Ni was also present, it cao be concluded that

Rh was possibly present in the dore metal in the fonn of Rh-Ni intermetallic.
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Table 5.7 Results of the calcuIations for rhodium - soda slag - gas phase interaction.

(see Appendix m for details)

•

•

No. Po, t.G of reaction, t.G of reaction,

5% SiO: 10% SiO:

1 1.0E-8ATM -804508.2 -801989.2

2 1.0E-6ATM - -
3 I.OE-4ATM -827340.4 -
4 I.OE-2ATM -844464.5 -
5 2.1E-2ATM - -
6 I.OATM -850172.5 -847653.5

Their is a rough correspondence between the influence of silica on the rhodium

content of the sIag and influence of silica on the Gibbs energy of reaction (Appendix III).

Cu, Pb

The presence of Cu in soda sIags is of practical and theoretical interest. Copper may

be present in sIags as intermetallic particles insoluble in dore metal and tran5ported ta the 31ag

with gas bubbles as weIl as being dissoIved in the sIag. As~ fuund by (75), at oxygen

saturation and in contact with pure copper, the solubility of Cu in sodium carbonate slag is

only 0.85%. The results of \."e chemical anaIysis for the 5tUdY were presented in Table 4.2.

The SEM anaIysis shows that copper was present in most of the sIag phases and ail

these phases aIso had silicon and/or teIlurium in them. According ta the results of CANMET

research (84) and SEM anaIysis of dore metal before treatment, copper leaves dore metal in

the form of an insoluble intermetaIlic· Cu:Te or Cu:O. It has been reported (85) that

sintering tellurides of Cu, Ag and Au V\.ith sodium ca.rbonate produees sodium tellurate. High

temperature sintering of Te 0: with PbO: aIso forms the corresponding tellurates (86, 87).
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Thus Cu may be present in soda slags in the form of tellurates or silicates and much of it

can be found as intermetaIlics in the slag separation layer, Figures 4.8 - 4.11, Table 4.7. Lead

was a1so a1ways present in phases containing silicon and tellurium as lead silicates or

tellurates.
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Table 5.8 ResuIts of calculations for the lead - soda s1ag - gas phase system.

•

•

No. Partial pressure of oxygen in a gas l>G of reaction

phase, Po:

1 1.0E-8A1M -802392.9

2 1.0E-6A1M -813809.0

3 1.0E-4A1M -825225.1

4 1.0E-2A1M -842349.2

5 2.1E-2A1M -844188.4

6 1.0A1M -842349.2

Coppcr and lead in soda slags had very similar behaviour depending on Po or Si022

presence in the soda slag, Figures 5.4 - S.S. According to these graphs, increasing silica in

slag led to an increase in the copper content of the s1ag, (the same effeet as inereasing Po).

Higher amounts oflead in the CDM tests wete a resuIt of the dark film present on the metaI

surface before treamlent. The ~G of reaction betWeen lead - soda s1ag - gas phase were

calcuIated by the EQUILIB subroutine of the F*A·C·T, Table 5.7

Table 5.7 shows that the ~G of reaction bas a negative sign, so the reaction will go

to the right. Detailed calcuIations are presented in Appendix m
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5.3.1 Slag separatioD.

The presence of a black separation layer between two slag layers was mentioned as

an unexpected result of ilie experimental work. In cach experiment ilie position of ilie

intermetallic layer and ilius ilie sizes ofilie slag layers varied. These differences are ilie result

of ilie chemistry of ilie system, controlled by oxygen activity in ilie slag and metal phases.

The SEM analysis shows iliat ilie black separation layer consisted of intermetallic

phases (Table 4.7 and Figures 4.8-4.11). The nature of ilie intermetallic phases in a layer

corresponded to ilie nature of ilie inclusions found by SEM analysis in dore metal before and

after ilie n-..atment. Hexagonal particles containing Rh were found in this layer. In ilie SEM

image, ilie slag layers had a similar appearance, but part of ilie soda slag closest ta ilie metal

contained more !inear and curvilinear particles containing Se, ilian ilie upper part ofilie slag.
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• To clarify ilie nature of ilie black separation layer in ilie slag phase, fast cooling

experiments were performed. It was found iliat ilie slags of ilie fast cooling experiments did

not have a black slag separation layer.

This phenomenon can be explained from ilie point of view of ilie structural changes

iliat occurred in ilie system during ilie melting and cooling period. The results of ilie slag

melting experiments showed iliat ilie melting process of ilie slag occurred in a stepwise

manner over a temperature range from 690'C ta 11OO·C. Crystallization of ilie slag phases

during freezing a\so followed iliis pattern.

•

Partial slag crystallization led to a sponge-type structure. For most of ilie soda slag

sarnples (Table 3.2.1) this process started when ilie temperature dropped below l040·C. The

temperature of the dore metal solidification is approximately 960'C, and some insoluble

species (like Rh, Pb, Cu, Te) float on ilie surface of ilie melt. Species which exhibited

decreased solubility at lower temperature possibly came out ofilie melt during the temperamre

drop and ilie crystallization of ilie dore metal. These species formed a film which was ilien

absorbed by slag.
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It can Ile concluded that:

1. The decomposition degree of sodium carbonate increases with increase of silica in

soda s1ag.

2. Increase of silica content in slag may increase precious metalloss in slag in the form

of metallic drops if the sy::tem is mixing during the process.

3. Increase of silica content in soda slag at low values of POz decreases Te and Se

removal from dore metal.
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4. Rhodium was found to be present in soda s1ag in Te-based phase containing Ni. Thus,

Rh loss with soda slag is of a chemical nature, unlike Au, Pt and Pd.

• 5. Increasing silica content in soda slag noticeably increases the Pb and Cu removal from

dore metal especially at low POz •

•

6. Separation of s1ag during the slow cooling experiments with the intermetallic layer cao

be used in a s1ag cleaning process.
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I. The distribution coefficient, L M,DmlSs, of Rh, Se and Te between dore metal and soda

s1ag for synthetic dore metal (SDM) markedly decreased (100 times) with

ir:creasing Po from 10" tD 10". Further increase in Po did not significant1y influence
2 2

the L M,DmISS of these metals at 1200·C, and the resulting values of L M<DmlSS are

much lower than unity. It was concluded that these impurities were almost completely

removed. For commercial dore metal (CDM), however, the L ~OmISS did not change

so significant1y (3.5 times). The difference in behaviour of SDM and CDM was

a:-aibuted to differences in the compounds containing these elements in CDM and

SDM.

•
2. The distribution coefficients of Cu and Pb had a tendency to decrease strongly when

PO
2

was increased from 10" to 10" and then remained constant with further increase

in Po . Increasing Po from 10" to 10" decreased the content of bath impurities in
2 2

the dore metal: from 275 ppm tD 42 ppm for Pb and from 1.6 % tD 0.89 % for Cu.

It was concluded that it is not necessary to clean the dore metal from lead down tDI00

ppm during the earlier steps of the TBRC process because even with P~ of the gas

phase at 10" atm, the amount oflead left was found to be lowerthan 100 ppm in most

experiments.

3. Increasing silica in soda slag

a)

b)

c)

increases the extend of decomposition of sodium carbonate

decreases Te and Se removal from dore metal at low values ofP~.

increases the Pb and Cu recovery from dore metal noticeably at low Po.
2

•

4. Better separation of slag from the melt occurred with an increase in the amount of

silica in me slag. But at the same time, the increased silica content in soda slag may

increase the losses of dore metal the form of mechanical inclusions if the system is

subjeeted to mixing during the process. To avoid losses of Au, Pt and Pd

in the soda slag, it is necessary to increase the time for the system te settle down.
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5. The dark film on commercial dore metal is a result ofme solidification process ofme

dore metal and consisted of intermetallic and slag particles precipitaled from me dore

metal during solidification. The presence of mis film could possibly be used during

me commercial process as an indicator of impurity removal.

6. Formation of me black intermetallic layer between !wo layers in soda slag was a result

of slow solidification. lt can be concluded mat skiming of slag would be more

effective after a longer standing of dore metal - soda slag system wimoul agitating.

This will increase me amount of me inlermetallic phases removed by slag.

7. At me sarne time, separation of slag during me slow cooling experiments wim me

intermetallic layer may be used for me slag cleaning process.

•
8. Rhodium does not remain in dore metal when me Po, of me gas phase ex:ceeds 10".

But if dore metal is slowly cooled before oxygen treatment it is possible to get slags

enriched wiLl} Rh and not lose metal wim me outgoing gases.

•

9. Rhodium was found to be present in soda slag in a tellurium-based phase containing

Ni. lt was concluded mat Rh loss wim soda slag is of a chemical nature, which

differentiates it from Au, Pt, and Pd.

10. For current practice me best Te elimination can be achieved wim higherN~O activity

in me slag. To improve teUurium elimination from me dore metal (in me form of

intermetallic (N~Te» metallic Na could be added to me alloy.

Il. The chemical interaction of magnesia crucibles wim me system soda slag - dore metal

was determined. Also SEM analysis of soda slag and dore metal (before and after me

soda slag treatment) was carried out for me first time. Chemical and mineralogical

results are presented in me mesis.
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The SE.\1 - EDS X-Ray Spectnun of the Matrix of Dore Metal
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The X-Ray Analysis of the Commercial Soda Slag

Sa~ple: tl File: Tl.RD 27-MAY-92 13:52

613.13413.13313.13213.13113.13

xl13 2 ~-----------------------------
5.1313
4.135
3.213
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2 1 Salllple: tl Fil~: Tl.RD 27-MAY"92 14:11
x10
5.130
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15-JUN-92 11 :222' Sample: tl File: Tl.RD
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Calculations perfonned by the EQUILIB subroutine of the F*A*C*T

O.90Na2C03+0.10Si02+ 02+0.01Sfe+
(298. 15K.1ATM.S1) (298.15K.1ATM.S1) (298.15K.IATM,G) (298.1SK,IATM,SI)

Ar =
(298.15K.IATM,G)

2.168S mol ( 0.4611S Ar
+ 0.4S444 02
+ 0.80419E-ol C02
+ 0.36359E-02 Te02
+ 0.33611E-03 TeO
+ 0.16974E-04 Na
+ 0.40731 E-05 1'0:202
+ 0.31118E-05 NaO
+ 0.18689E-oS 0
+ 0.17644E-oS Te
+ 0.39024E-06 CO
+ 0.18477E-07 Te2

• + 0.70719E-09 03
+ 0.83563E-I0 Te204 l'
+ 0.1l343E-1O Na2

+ 0.82403 mol ( 0.880S6 Na2C03
+ 0.7996QE-01 (Na20)2(Si02) l'
+ 0.2146IE-01 (Na20)(Si02) l'
+ 0.99664E-02 Na6Si207 l'
+ 0.76464E-02 Te02 T
+ 0.32336E-03 Na20
+ 0.77809E-04 Te T
+ 0.22682E-oS Na T
+ 0.87726E-06 Si02
+ 0.27l42E-06 (Na20)(Si02)2 T
+ 0.26155E-07 Na2T~

+ 0.31749E-14 NaTd

.........••._ _........•.•.•......._ _.__._._---------_._.-
DELTA H

(J)
DELTA G DELTA V DELTA S DELTA U

(J) (1) (J/K)
DELTA A REACT V
(l) Q) (1)

•
........•••.•.•.......•......•......_---_....._--_....---_._._--------------
-51-51-G1-51-Gl-----------

296614.6 -8S125S.2 0.213E+03 388.792 27S014.2 -87285S.6 O.489E+02
==================================I~tlme



• APPENDlX III

0.90Na2C03+0.10Si02+02+0.01Sfe+
(298.15K.1 ATM.SI) (298.15K.1ATM.SI) (298.15K.0.IATM.G) (298. 15K.IATM,Si)

Ar =
(298.15K,1 ATM.G)

•

2.1685 mol (0.46115 Ar
+ 0.45444 02
+ 0.80419E-OI C02
+ 0.36359E-02 Te02
+ 0.33611E-03 TeO
+ 0.16974E-04 Na
+ 0.40731E-05 Te202
+ 0.31118E-05 NaO
+ 0.18689E-05 0
+ 0.17644E-05 Te
+ 0.39024E-06 CO
+ 0.18477E-07 Te2
+ 0.70719E-09 03
+ 0.83563E-1O Te204
+ 0.11343E-1O Na2
+ 0.15113E-20 SiO
+ 0.44833;:-21 Tes
+ 0.2953uE-27 CTe

( 1473.00 K. 1.0000 atm, gas)

T

T
Tl

+ 0.82403 mol (0.88056
+ 0.79960E-OI
+ 0.2146IE-OI
+ O.99664E-02
+ O.76464E-02
+ 0.32336E-03
+ 0.77809E-04
+ 0.22682E-05
+ 0.87726E-06
+ 0.27142E-06
+ 0.26155E-07
+ 0.31749E-14

Na2C03
(Na20)2(Si02)
(Na20)(Si02)
Na6Si207
Te02
Na20
Te
Na
Si02
(Na20)(Si02)2
Na2Te
NaTe3

T
T
T

T

T
T

T

..............................................__ - .
DELTA H

(J)
DELTA G DELTA V

(JI (1)
DELTA S DELTA U DELTA A REACT V

(JIK) (J) (J) (1)

•
....................................._-_ .
-SI-SI-GI-SI-GI------------

296614.6 -845547.2 -O.70IE+OI 369.647 275014.2 -867147.6 O.269E+03
==================================l~lme



• APPENDlX m

O.90Na2C03+0.IOSi02+02+0.0ISTe+
(298.15K.1ATM.S1) !298. 15K. 1ATM.S1) (298. 15K,0.2IATM.G) (298.15K,IATM,SI)

Ar =
(298.15K.IATM,Gl

•

2.1685 mol (0.46115 Ar
+ 0.45444 02
+ 0.80419E-<l1 C02
+ 0.36359E-<l2 Te02
+ 0.33611E-<l3 TeO
+ 0.16974E-û4 Na
+ 0.40731E-<l5 Te202
+ 0.31118E-<l5 NaO
+ 0.18689E-<l5 0
+ 0.17644E-<l5 Te
+ 0.39024E-û6 CO
+ 0.18477E-<l7 Te2
+ 0.70719E-09 03
+ 0.83563E-I0 Te204
+ 0.11343E-I0 Na2
+ 0.15I13E-20 SiO
+ 0.44833E-21 TeS
+ 0.29530E-27 CTe

( 1473.00 K. \,0000 atm, gas)

T

T
T)

+ 0.82403 mol (0.88056
+ 0.79960E-<l1
+ 0.21461E-<l1
+ 0.99664E-<l2
+ 0.76464E-02
+ O.32336E-<l3
+ 0.77809E-û4
+ O.22682E-05
+ O.87726E-û6
+ O.27142E-û6
+ 0.26155E-07
+ O.31749E-14

Na2C03
(Na20)2(Si02)
(Na20)(Si02)
Na6Si207
Te02
Na20
Te
Na
Si02
(Na20)(Si02)2
Na2Te
NaTe3

T
T
T

T

T
T

T

..................-.._...._..._------_..._.------------------*._._--------*-

............................•...•••••.•..•••••••_--_..-_..._._---------_._.-
-SI--S1-GI-SI-GI------------

296614.6 -847386.4 0.12IE+03 375.816 275014.2 -868986,8 0.141E+03•
DELTA H

(J)

DELTA G DELTA V
(J) (1)

DELTA S DELTA U
(J/K)

DELTA A REACT V
(J) (J) (\)



• APPENDlX III

0.90Na2C03+0.10Si02+02+0.01STe+
(298.15K.IATM.SI) (298.15K.IATM.Sl) (298.15K,l.0E-4ATM,G) (298.15K,IATM,SI)

Ar =
(298. 15K, lATM.G)

•

2.1685 mol (0.46115 Ar
+ 0.45444 02
+ 0.80419E-Ol C02
+ 0.36359E-02 Te02
+ 0.33611E-03 TeO
+ 0.16974E-04 Na
+ 0.40731E-05 Te202
+ 0.31118E-05 NaO
+ 0.18689E-05 0
+ 0.17644E-05 Te
+ 0.39024E-û6 CO
+ 0.18477E-07 Te2
+ 0.70719E-û9 03
+ 0.83563E-IO Te204
+ 0.11343E-10 Na2
+ 0.15113E-20 SiO
+ 0.44833E-21 TeS
+ 0.29530E-27 CTe

( 1473.00 K, ooסס.1 atm, gas)

T

T
T)

+ 0.82403 mol (0.88056 Na2C03
+ 0.79960E-01 (Na20)2(Si02) T
+ 0.2146IE-01 (Na20)(Si02) T
+ 0.99664E-02 Na6Si207 T
T 0.76464E-02 Te02 T
+ 0.32336E-03 Na20
T 0.77809E-04 Te T
T 0.22682E-05 Na T
+ 0.87726E-û6 Si02
+ 0.27142E-û6 (Na20)(Si02)2 T
+ 0.26155E-07 Na2Te
+ 0.31749E-14 NaTe3

( 1473.00 K, ooסס.1 atm, Iiquid)

•••••••••••••••••••••••••••*••••••••••w.**••••••••••**••••••••••_•••••••••••

............................••..........__ _ .
-SI-SI-G1-S1-G1-----------

296614.6 -828423.0 -o.244E+06 312.212 275014.2 -850023.4 0.245E+06•
DELTA H

(J)
DELTA G DELTA V

(J) (1)
DELTAS DELTAU

(J/K)
DELTA A REACTV

(J) Q) (1)

.,'



• APPENDlX m

O.90Na2C03+0.10Si02+02+0.01Sfe+
(298.15K.lATM.SI) (298.l5K.IATM.SI) (298.15K.l.0E-6ATM.G) (298.15K.IATM.5i)

Ar =
(298.15K.IATM,G)

2.1685 mol ( 0.46115 Ar
+ 0.45444 02
+ 0.80419E-01 C02
+ 0.36359E-02 Te02
+ 0.33611E-03 TeO
+ 0.16974E-04 Na
+ 0.40731E-05 Te202
+ 0.31 118E-05 NaO
+ 0.18689E-05 0
+ 0.17644E-05 Te
+ 0.39024E-06 CO
+ 0.18477E-07 Te2
+ 0.70719E-09 03
+ 0.83563E-10 Te204 T
+ 0.11343E-1O Na2
+ 0.15113E-20 SiO

• + 0.44833E-21 TeS T
+ 0.29530E-27 CTe T)

( 1473.00 K, 1.0000 atm, gas)

+ 0.82403 mol ( 0.88056 Na2C03
+ 0.79960E-ol (Na20)2(Si02) T
+ 0.2146IE-01 (Na20)(Si02) T
+ 0.99664E-02 Na6Si207 T
+ 0.76464E-02 Te02 T
+ 0.32336E-03 Na20
+ 0.77809E-04 Te T
+ 0.22682E-05 Na T
+ 0.87726E-06 Si02
+ 0.27142E-06 (Na20)(Si02)2 T
+ 0.26155E-07 Na2Te
+ 0.31749E-14 NaTe3

.................•.........•..•.....•••••.••••_.._ _----._._-----------
DELTA H

(J)
DELTA G DELTA V

(J) (1)
DELTA S DELTA U

(J/K)
DELTA A REACTV

(J) (J)

•
...............•...•••••.•.•..•..••••••__..__ _-----_.-..--------------
-SI--SI-GI-SI-Gl------------

296614.6 -817006.9 -o.245E+08 273.923 275014.2 -838607.4 0.245E+08
==================================



• APPENQlX 111

O.90NalC03+ O.10Si02+ 02+ O.OISTe+
(~98.15K.1ATM.SI) (~98.15K.IATM.SI) (~98.15K.l.0E-8ATM,G) ~98.15K,IATM,SI)

Ar =
(~98.15K.IATM,G)

2.1685 mol ( 0.46115 Ar
+ 0.45444 02
+ 0.Sû419E-01 CO~

+ 0.36359E-02 Te02
+ 0.33611 E-03 TeO
+ 0.16974E-04 Na
+ 0.40731E-05 Te202
+ 0.311l8E-05 NaO
+ 0.18689E-05 0
+ 0.17644E-05 Te
+ 0.39024E-û6 CO
+ 0.18477E-07 Te2
+ 0.70719E-û9 03
+ 0.83563E-l0 Te204 T
+ 0.11343E-\0 Na2
+ 0.15113E-20 SiO

• + 0.44833E-21 TeS T
+ 0.29530E-27 CTe T)

( 1473.00 K, 1.0000 atm, gas)

+ 0.82403 mol ( 0.88056 Na2C03
+ 0.79960E-01 (Na20)2(Si02) T
+ 0.2146IE-01 (Na20)(Si02) T
+ 0.99664E-02 Na6Si207 T
+ 076464E-02 Te02 T
+ 0.32336E-03 Na20
+ 0.77809E-04 Te T
+ 0.22682E-05 Na T
+ 0.87726E-û6 Si02
+ 0.27142E-û6 (Na20)(Si02)2 T
+ 0.26j55E-07 Na2Te
+ 0.31749E-14 NaTe3

--------------------_._._------------_._--.-._-*---------*-------_._._._._--
DELTA H DELTA G DELTA V DELTA S DELTA U DEL'i"A A REACTV

(J) (J) (1) (J/K) (J) (J) (1)

•
•••••••••••••••••••••••••••• ••••• a_aa _

-SI---SI---G1-S1-o 1
296614.6 -805590.9 -o.245E+ 10 235.633 275014.2 -827191.3 0.245E+I0

==================================lmlme



• APPENDlX 111

O.90Na2C03+0.10S:02+02+0.000051Rh+
(298.15K,lATM,SJ) (298. 15K, IATM,SI) (298.15K,l.0E-8ATM,G) (298.15K,lATM,Sl)

Ar =
(298. 15K, 1ATM.G)

2.1746 mol ( 0.45986 Ar
+ 0.45984 02
+ O.80254E-o1 C02
+ 0.23453E-04 Rh02
+ O. 17oo7E-04 Na
+ 0.31363E-05 NaO
+ 0.18799E-05 0
+ 0.38714E-06 CO
+ 0.7 1984E-09 03
+ 0.1 1387E-IO Na2
+ 0.14875E-20 SiO
+ 0.46887E-24 Rh Tl

( 1473.00 K. 1.0000 atm, gas)

+ 0.81752 mol ( 0.88741 Na2C03
+ 0.80737E-ol (Na20)2(Si02) T

• + 0.21458E-ol (Na20)(Si02) T
+ 0.10062E-o1 Na6Si207 T
+ 0.32655E-03 Na20
+ 0.22727E-05 Na T
+ 0.86860E-06 Si02
+ 0.26871 E-06 (Na20)(Si02)2 T
+ 0.25823E-12 Rh
+ 0.13239E-28 Si)

( 1473.00 K. 1.0000 atm, Iiquid)

+ 0.00000 mol Na2C03
( 1473.00 K. 1.0000 atm. S3. a=0.42661 )

-._ ---------.*.-._.__._ _--.-.._----_._..--*-**********************
DELTA H

(J)
DELTA G DELTA V

(J) (1)
DELTA S DELTA U

(JlK)
DELTA A REACT V

(J) Q) (1)

•
• __._•••__._. • ._.__*__* ••• *aaaaaa_a_*_** **

-SI--SI-G I-SI--G1------------
298268.1 -801989.2 -o.245E+ 10 234.901 276593.4 -823663.8 0.24SE+ 10
==================================l~lme

==================================



• APPENDfX 111

O.90Na2C03+0.10Si02+02+0.0000S1Rh+
(298.15K.IATM.SI) (298.15K.IATM.SI) (298.15K,lATM.G) (298.15K.IATM.SI)

Ar =
(298.15K.IATM.G)

2.1746 mol ( 0.45986 Ar
+ 0.45984 02
+ 0.80254E-01 C02
+ 0.23453E-û4 Rh02
+ 0.17oo7E-û4 Na
+ 0.31363E-05 NaO
+ O. 18799E-05 0
+ 0.38714E-û6 CO
+ 0.71984E-09 03
+ 0.11387E-IO Na2
+ 0.14875E-20 SiO
+ 0.46887E-24 Rh T)

( 1473.00 K. 1.0000 atm. gas)

•
+ O.1l1752 mol (0.1l8741 Na2C03

+ 0.80737E-01 (Na20)2(Si02)
+ 0.21458E-01 (Na20)(Si02)
+ 0.10062E-01 Na6Si207
+ 0.32655E-03 Na20
+ 0.22727E-05 Na
+ 0.86860E-û6 Si02
+ 0.2687IE-û6 (Na20)(Si02)2
+ 0.25823E-12 Rh
+ 0.13239E-28 Si)

( 1473.00 K. 1.0000 atm, liquid)

+ 0.00000 mol Na2C03

T

T
T
T

T

•••••••••••••*•••••••••••****•••***.***.***••*••****••---_•••••••••••_------
DELTA H

(1)

DELTA G DELTA V
(1) (1)

DELTA S DELTA U
(llK)

DELTA A REACT V
(J) (J) 0)

•

........•.•..••.•_--_ _--_..........•-_.._----..-------_._----------_.
·S I---S I---G I···S l·--G 1-----------------------,--,----

298268.1 -847653.5 0.214E+03 388.060 276593.4 -869328.2 0.489E+02
==================================~tl~e

==================================



• APPENDlX m

O.95Na2C03.,. O.05Si02+ 02 + 0.000051 Rh +
129H 15IUATM.SI) (298.15K.IATM.Sl) (298.15K,IAThl,G) (298.15K, IATM,SI)

Ar =
129815K.IATM.G!

2.0934 mol ( 0.47768 Ar
+ 0.47766 02
+ O.44600E-ol C02
+ 0.24362E-û4 Rh02
+ 0.23329E-û4 Na
+ 0.43849E-05 NaO
+ 0.19160E-05 0
+ 0.21109E-û6 CO
+ 0.76210E-û9 03
+ 0.21428E-10 Na2
+ O.22388E-21 SiO
+ 0.46887E-24 Rh T)

( 1473.00 K. 1.0000 atm. gas)
.,. 090569 mol ( 0.94583 Na2C03

• + O.45553E-01 (Na20)2(Si02) T
+ 0.63127E-02 (Na20)(Si02) T
+ 0.16702E-02 Na6Si207 T
+ 0.62628E-03 Na20
+ 0.31176E-05 Na T
+ 0.13324E-û6 Si02
+ 0.12126E-07 (Na20)(Si02)2 T
+ 0.25823E-12 Rh
+ 0.19549E-29 Si)

( 1473.00 K. 1.0000 atm. liquid)

+ 0.00000 mol Na2C03
( 1473.00 K. 1.0000 atm, 53, a=0.45470 )

...............................-.................•....----*...•_--_.*.*._---
DELTA H

(J)
DELTA G DELTA V

U) 0)
DELTA 5 DELTA U

(J/K)
DELTAA REACTV
(J) (J) 0)

•
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••*••••*~
-S! ---5 I-G1·--5I-G1-------

297622.5 ~50172.6 0.2û4E+03 385.450 276941.5 -870853.5 0.489E+02
==================================lastlme
==================================



• APPENDTX 111

0.95!'ia2C03+ 0.05Si02+ 02+ 0.000051 Rh +
(298.1SK.IATM.Sl) (290. 15K.IATM.Sl) (298.15K.0.IATM.G) (298. 15K.1ATM.S1)

Ar =
(298. 15K.IATM.Gl

2.0934 mol ( 0.47768 Ar
+ 0.47766 02
+ O.44600E-ol C02
+ 0.2"362E-04 Rh02
+ O.23329E-04 Na
+ 0.43849E-05 NaO
+ 0.19160E-05 0
+ 0.21l09E-û6 CO
+ 0.76210E-û9 03
+ 0.21428E-1O Na2
+ 0.22388E-21 SiO
+ 0.46887E-24 Rh T)

( 1473.00 K. 1.0000 atm. gas)

• + 0.90569 mol ( 0.94583 Na2C03
+ 0.45553E-o1 (Na20)2(Si02) T
+ 0.63127E-02 (Na20)(Si02) T
+ 0.16702E-02 Na6Si207 T
+ 0.62628E-03 Na20
+ 0.31176E-05 Na T
+ 0.13324E-û6 5i02
+ 0.12126E-07 (Na20)(5i02)2 T
+ 0.25823E-12 Rh
+ O. 19549E-29 Si)

( \473.00 K. 1.0000 atm. liquidJ

+ 0.00000 mol Na2C03
( 1473.00 K. 1.0000 atm, 53. a=0.45470 )

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
DELTA H

(J)
DELTA G DELTA V

(J) 0)
DELTA 5 DELTA U

(J/K)
DELTA A REACT V

(1) (1) 0)

•
.....•.•••........•., .........................................•-•••.•.......
-SI--51·-GI-Sl-::ïI------------

297622.5 8U~64.s -O. 161E+02 366.305 276941.5 -865145.5 0.269E+03
== === == = = = ======================== 135t line



• APPENDlX m

O.95Na2C03 + 0.05Si02 + 02+ 0.000051 Rh+
(298.15K.IATM.SI) (298.15K.IATM.SI) (298. 15K,1.0E-4AThI,G) (298.ISK,lATM,Sl)

Ar =
(298. 15K,IATM,G)

2.0934 mol ( 0.47768 Ar
+ 0.47766 02
+ O.44600E-ol C02
+ 0.24362E-ü4 Rh02
+ O.23329E-ü4 Na
+ 0.43849E-05 NaO
+ 0.19160E-05 0
+ 0.21109E-06 CO
+ 0.76210E-09 03
+ 0.21428E-I0 Na2
+ 0.22388E-21 SiO
+ 0.46887E-24 Rh T)

, 1473.00 K. 1.0000 atm, gas)

• + 0.90569 mol ( 0.94583 Na2C03
+ 0.45553E-ol (Na20)2(Si02) T
+ 0.63127E-02 (Na20)(Si02) T
+ 0.16702E-02 Na6Si207 T
+ 0.62628E-03 Na20
+ 0.31176E-05 Na T
+ 0.13324E-06 Si02
+ 0.12126E-07 (Na20)(Si02)2 T
+ 0.25823E-12 Rh
+ 0.19549E-29 Si)

( 1473.00 K. 1.0000 atm. liquid)

+ 0.00000 mol Na2C03
( 1473.00 K. 1.0000 atm. S3. a=0.45470 )

••••••••••••••••••••••••••••••••••••••••••••• ••aaaaaaaa*. **** _

DELTA H
\1 )

DELTA G DELTA V
(1) (1)

DELTA S DELTA U
(J/K)

DELTA A REACT V
(J) (J) (1)

•
•••••••••••••••••••••••••••••••••••• ••••_.__••• aaaaaaaaa * _

-SI-SI-GI-5I-GI------------
297622.5 -827340.4 -o.244E+06 308.871 276941.5 -848021.4 0.24SE+06
==================================l~lme



• APPENDlX 111

0.95Na2C03 + 0.05Si02+02+ 0.000051 Rh+
(298. 15K.1 ATM.SI) (298.15K.IATM.SI) (298.15K.IOE-SATM,G) (298.15K.IATM,SI)

Ar =
(298.15K.IATM.G)

2.0934 mol ( 0.47768 Ar
+ 0.47766 02
+ O.44600E~1 C02
+ 0.24362E~ Rh02
+ 0.23329E~ Na
+ 0.43849E~5 NaO
+ 0.19160E~5 0
+ 0.21109E~ CO
+ 0.76210E~ 03
+ 0.21428E-IO Na2
+ 0.22388E-21 SiO
+ 0.46887E-24 Rh T)

( 1473.00 K. 1.0000 atm. gas)

• + 0.90569 mol ( 0.94583 Na2C03
+ 0.45553E~1 (Na20)2(Si02) T
+ 0.63127E~ (Na20)(Si02) T
+ 0.16702E~2 Na6Si207 T
+ 0.62628E~3 Na20
+ 0.31176E~5 Na T
+ 0.13324E~ Si02...._---------_._._-----_._._---------------_.__.-.-------_._.-._---_.__....

DELTA H
(J)

DELTA G DELTA V
(J) (1)

DELTA S DELTA U
(JIK)

DELTA A REAcr V
(J) (J) (1)

•

......._-------_.-._--*-_.-.------------*---------------_._-------------.-.-
-SI-SI-GI-SI-GI------------

297622.5 -804508.2 ~.245E+ 10 232.291 276941.5 -825189.2 0.245E+ 10
==================================I~lme



• APPENDlX m

O.90Na2C03+0.10Si02+02+ Ag+
(29l1.15K.IATM.S 1) (298.15K.IATM.SI) (298. 15K.l.0E-8ATM.G) (298. 15K,IATM,SI)

Ar =
(29l1.15K.IATM.G)

2.1635 mol ( 0.46222 02
+ 0.46222 Ar
+ 0.75404E-01 C02
+ 0.13305E-e3 Ag
+ O. 11799E-Q4 Na
+ 0.21817E-05 NaO
+ 0.18848E-05 0
+ 0.36281E-06 CO
+ 0.10786E-06 Ag2 T
+ 0.72545E-09 03
+ 0.54816E-ll Na2
+ 0.24615E-20 SiO)

( 1473.00 K, ooסס.1 atm, gas)

• + 1.8312 mol ( 0.54594 Ag
+ 0.40240 Na2C03
+ 0.312ooE-01 (Na20)2(Si02) T
+ 0.17181E-ol (Na20)(Si02) T
+ 0.31134E-02 Na6Si207 T
+ 0.1 5760E-03 Na20
+ 0.15768E-05 Na T
+ 0.144I1E-05 Si02
+ 0.35696E-06 (Na20)(Si02)2 T

~*••••••••••••**••••••**••*•••••••**•••*.***.*********aaaaaaaa** ._*_***_

DELTA H DELTA G DELTA V DELTA S
(J) (J) (1) (J/K) (J) (J)

DELTA U
(1)

DELTAA REACTV

•

•••••••••••••••••••••••••__•••••••_•••••••••• •••_aaaaaaaaa__• • _

-SI-SI-Gl-SI-Gl
342485.5 -901544.4 -o.245E+ 10 298.469 320947.0 -923083.0 0.245E+ 10
==================================l~lme



• APPENDlX III

0.90Na2C03+0.10Si02+02+Ag+
(298.15K,IATM,SI) (298.15K.IATM.SI) (298.15K.l.0E-6ATM.G) (298.15K.IATM,SI)

Ar =
(298.15K,IATM,G)

2.1635 mol ( 0.46222 02
+ 0.46222 Ar
+ 0.75404E-01 C02
+ 0.13305E-03 Ag
+ 0.11799E..()4 Na
+ 0.21817E-05 NaO
+ 0.18848E-05 0
+ 0.3628IE-06 CO
+ 0.10786E-06 Ag2 T
+ 0.72545E-09 03
+ 0.54816E-11 Na2
+ 0.24615E-20 SiO)

( 1473.00 K. 1.0000 atm. gas)

+ 1.8312 mol ( 0.54594 Ag
+ 0.40240 Na2C03

• + 0.31200E-01 (Na20)2(Si02) T
+ 0.17181E-01 (Na20)(Si02) T
+ 0.31134E-02 Na6Si207 T
+ 0.1576OE-03 Na20
+ 0.15768E-05 Na T
+ 0.I44l1E-05 Si02
+ 0.35696E-06 (Na20)(Si02)2 T
+ 0.21851E-28 Si)

( 1473.00 K, 1.0000 atm, liquid)

+ 0.00000 mol Ag T
( 1473.00 K, 1.0000 atm, SI, a=0.45535 )

............•......__ __ _-- _---.._----_ _.-._----_._._.-.-----
DELTA H

(J) (J)
DELTA G DELTA V DELTA S

(l, (J/K) (J) (J)
DELTA U
(1)

DELTA A REACT V

•

...............•.............•••.....•••••••••--_ __•.........•.•_--
-S I---S1---G I--·S I--G \--

342485.5 ·912960.5 -o.245E+08 336.759 320947.0 -934499.1 0.245E+OS
==================================I~lme

==================================



• APPENDlX m

O.90Na2C03+ O.lOSi02+02+ Ag+
(298.15K.IATM.Sl) (298.15K.1ATM.S1) (298.15K,1.0E4ATM,G) (298.15K,lATM,Sl)

Ar =
(298.15K.1ATM.GJ

2.1635 mol ( 0.46222 02
+ 0.46222 Ar
+ 0.7S404E..<JI C02
+ 0.13305E..<J3 Ag
+ 0.11799E..()4 Na
+ 0.21817E..<J5 NaO
+ O. 18848E..<J5 0
+ 0.3628IE..<J6 CO
+ 0.10786E..<J6 Ag2 T
+ O.ï2S45E..()9 03
+ 0.54816E·11 Na2
+ 0.24615E-20 SiO)

( 1473.00 K. 1.0000 atm, gas)

+ 1.8312 mol ( 0.54594 Ag

• + 0.40240 Na2C03
+ 0.3 1200E..<J1 (Na20)2(Si02) T
+ 0.17181E..<J1 (Na20)(Si02) T
+ 0.31134E..<J2 Na6Si207 T
+ 0.1S760E..<J3 Na20
+ 0.15768E..<J5 Na T
+ 0.14411E..<J5 Si02
+ 0.35696E..<J6 (Na20)(Si02)2 T
+ 0.2185IE-28 Si)

( 1473.00 K, 1.0000 atm, Iiquid)

+ 0.00000 mol Ag T
( 1473.00 K. 1.0000 atm, SI, a=0.45S35 )

.........-.....•......._-- - _--_ -----._.-----_._------------
DELTA H DELTA G DELTA V

(JI (J) (1) (J/K) (J)
DELTA S

(J)
DELTA U
(1)

DELTA A REACT V

•

•••••* •••••••••••••••••••••••••••••••••••••••••••****•••_._._--_._._--*-----
·S I·--S I---G 1---S1-..o1-----,----------

342485.5 -924376.6..<J.244E+06 375.049 320947.0 -945915.2 0.245E+06
==================================l~lme

==================================



• APPENDTX 111

0.90Na2C03+0.lOSi02+02+Ag+
(298.15K.1ATM.S1) (298.15K.1ATM.S1) (298.15K,0.21ATM.G) (298.15K.IATM.Sl)

Ar =
(298. i5K.1ATM.G)

2.1635 mol ( 0.46222 02
+ 0.46222 Ar
+ O.75404E-o1 C02
+ 0.13305E-03 Ag
+ 0.11799E-04 Na
+ 0.21817E-05 NaO
+ 0.18848E-05 0
+ 0.36281E-06 CO
+ 0.10786E-06 Ag2 T
+ 0.72545E-09 03
+ 0.54816E-11 Na2
+ 0.24615E-20 SiO)

( 1473.00 K. 1.0000 atm. gas)

+ 1.8312 mol ( 0.54594 Ag
+ 0.40240 Na2C03

• + 0.312ooE-01 (Na20)2(Si02) T
+ 0.17181E-01 (Na20)(Si02) T
+ 0.31134E-02 Na6Si207 T
+ 0.15760E-03 Na20
+ 0.15768E-05 Na T
+ 0.14411E-05 Si02
+ 0.35696E-06 (Na20)(Si02)2 T
+ 0.21851E-28 Si)

( 1473.00 K. 1.0000 atm. liquid)

+ 0.00000 mol Ag
( 1473.00 K. 1.0000

T
atm. SI, a=0.45535 )

•

-_.-.-.*._-------_.-._._--------------_.-._---------------_._._-----_.-.._.
DELTA H DELTA G DELTA V DELTA S DELTA U DELTA A REACT V

(J) (J) 0) (J/K) (J) (J) 0)......_ __ _-_....•......_----_ _-----_._._-------------
-SI-SI-GI-SI-GI-----------

342485.5 -943340.0 0.12IE+03 438.6S2 320947.0 -964878.5 0.141E+03
= = === ============================= last line
==================================



• APPENDlX m

O.90Na2C03+0.10Si02+02+Ag+
(298.15K,IATM,SI) (298.15K,IATM,SI) (298.15K,O.lATM,G) (298.15K, IATM,SI)

Ar =
(298. 15K, IATM,G)

2.1635 mol ( 0.46222 02
+ 0.46222 Ar
+ 0.75404E-01 C02
+ O. 13305E-03 Ag
+ 0.1 1799E-û4 Na
+ 0.21817E-05 NaO
+ O. 18848E-05 0
+ 0.36281E-û6 CO
+ 0.10786E-û6 Ag2 T
+ 0.72545E-Q9 03
+ 0.54816E-11 Na2
+ 0.24615E-20 SiO)

( 1473.00 K. 1.0000 atm. gas)

+ 1.8312 mol ( 0.54594 Ag

• + 0.40240 Na2C03
+ 0.312ooE-01 (Na20)2(Si02) T
+ 0.17181E-01 (Na20)(Si02) T
+ 0.31134E-02 Na6Si207 T
+ 0.15760E-03 Na20
+ 0.15768E-05 Na T
+ 0.144I1E-05 Si02
+ 0.35696E-û6 (Na20)(Si02)2 T
+ 0.2185IE-28 Si)

( 1473.00 K. 1.0000 atm. liquid)

+ 0.00000 mol Ag
( 1473.00 K. 1.0000

T
atm, SI, a=0.45535 )

..................._ __ _.* ..•.. aaaa**aaa ** ****

DELTA H
(J) (J)

DELTA G DELTA V DELTA S
(1) (J/K) (J) (J)

DELTA U
(\)

DELTA A REACT V

•

••••••••*••••••••*••••**•••••***.*•••••**.*****~**••**aaaaaaaaa * ***
-SI·-SI-Gl-SI-Gl------------

342485.5 -941500.7 -o.762E+01 432.483 320947.0 -963039.3 0.269E+03
== ================================ last \ine
==================================



• APPENDJX 11l

O.90Na2C03+0.IOSi02+02+Ag+
(298. 15K,IATM,SI) (298.15K,IATM,SI) (298.15K,l.OATM,G) (298.15K,IATM,Sl)

Ar =
(298.15K,IATM,G)

2.1635 mol ( 0.46222 02
+ 0.46222 Ar
+ 0.75404E~1 C02
+ 0.13305E~3 Ag
+ 0.11799E-ü4 Na
+ 0.21817E~5 NaO
+ 0.18848E~5 0
+ 0.3628IE~ CO
+ 0.10786E~ Ag2 T
+ 0.72545E~ 03
+ 0.54816E-11 Na2
+ O.24615E-20 SiO)

( 1473.00 K. 1.0000 atm, gas)

• + 1.8312 mol ( 0.54594 Ag
+ 0.40240 Na2C03
+ 0.312ooE~1 (Na20)2(Si02) T
+ 0.1718IE~1 (Na20)(Si02) T
+ 0.31134E~2 Na6Si207 T
+ O.15760E~3 Na20
+ 0.15768E~5 Na T
+ 0.14411E~5 Si02
+ 0.35696E~ (Na20)(Si02)2 T
+ 0.21851E-28 Si)

( 1473.00 K, 1.0000 atm, liquid)

+ 0.00000 mol Ag T
( 1473.00 K, 1.0000 atm, SI, a=0.45535 )

.............•.........•----_ __ __ __..-.-------------_.-._-----
DELTA H DELTA 0 DELTA V DELTA S

(J) (J) (1) (J/K) (J) (J)
DELTA U
(1)

DELTA A REACT V

•
....................•.•......•.........••_-_ - _._.._ --_._.- _.-
-S \---S 1--·0 \--S\---O1-----------------

342485.5 -947208.8 0.213E+03 451.628 320947.0 -968747.3 0.489E+02
= = = = = ===== ======================== last line
==================================




