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ABSTRACT 

Direct metal precipitation from loaded organic extractants 

by reaction with hydrogen gas m~y offer certain potential 
advantages "over the conventional route of stripping, followed 
by a metal recovery stage. 

* In this work, the interaction of cobalt-Ioaded KELEX 100 

with hydrogen has been studied. Rapid cobalt precipitation , 
can b~ obtained with an appropriate combination of operating 
temperature (250 ta 325 oC) and hydrogen pressure (1.)8 to 
).45 MPa). Data are presented descr~bing the e~fects of' 
operating temperature, hydrogen pressure, stirring rate, and 

seeding on the kinetics of cobalt precipitation. The reaction 
, 

rate is highly sensitive to the temperature and relatively 
insensitive to the hydrogen pressure and the stirring rate. 
Majorcincreases in the precipitation rate can be achieved 
with seeding, particularly at the Iower end of the temperature 
range studied. 

The behaviour of the organic extractant under the 
..... experimental candi tions was studied using gas-liquid 
6hromatography and infrared spectroscopy. The extractant . 
displayed excellent thermal and chemical stability and ./ 
extensiye_recycling of the 'hydrogen-strLppe-d-'organic caused--­

no organic decomposition. 
The chemical and physical properties of the cobalt 

powder produced are also presented. 
v-

* An alkylated 8-hydroxyquinoline extractant produc~d by 
Sherex Chemical Company • 

• _1 



t 

( 

\ ' 

Ji 

, ' 

, , 
RESUME 

Précipiter le métal directement de ~on agent extractant 

organique' peut offrir certatns avantages par rapport à la 

m'thode convehtionelle de r~-extracition suivie de la 

récupération du métal. 
* Ce projet porte sUjr l'interaction'entre un' KELEX 100 

\ ' , 
chargé de cobalt et l'nydrogène. On peut précipiter rapidement, 

le métal, à des températures (2:50 à 325 oC) et pressions 

d'hydrog~ne (1.J8 à 3.45 MPa) judicieusement choisies. On 

'présente dans cet article des données décrivant l'effet de 

la température, pJ;'e8sion d'hydrogène. degré d'agitation et 

de l'introduction de cabal t métallique en poudre sur la 

cinétique de. precipi tation. ,Le taux de réaction dépend 

beaucoup de la température, mais relativement peu de la pression 

d 'hydrogènê et du degré d'agi tation. '( ,On peut, en introduisant 

dans la solu tian ,de la poudre de cobalt, augmenter considérable­

ment ~e taux de ~récipitation, surtout entre 250 et 275 oC. 

Le comportément de l'agent extractant utilisé a été 

étudié par chromatographie en phases liquide et gazeuse et 

par spectroscopie infra-roug~. 

stabili té chimique et physi}'lue 

_" ~ __ -=-_pl~sier~_fois. 

" L'agent a fait preuve d'une 

excellénte, même lorsque recyclé 

On pr~sente également les propriét~s physiques et chimiques 

de la poudre de cobalt produite. 

,,! 

.. 

* Un dérivé de la 8-hydroxyquinoléine de 'Sherex Chemic~l 

Company". , 
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PREFACE 

Conventional solvent extraction in hydrometallurgy is 

considered solely as a purification/concentration operation 

where the organic phase acts primarily as a transfer medium 

for the metal being extracted. However, ther~ is also the 

possibility that chemical reactions may be conducted within 

the organic phase such that metal could be produced directly 

in a useful forme The aim of the present investigation is 

ta determine whether or not cobalt can be precipitated-from 

a cobalt-loaded chelating extractant (KELEX 100) by re~ètion 

wi th hydrogen under pressure. 

The thesis begins with an introductory synopsis of the 

major hydrometallurgical processes-. The- advantages and 

disadvantages of several purificati0n and concentration 

operations are gi ven. The nex:t chapt'er examines som~ of 

the previous work performed on the reduction of variou8 

metals from organic solutions, and in particular, on the 

reduction of metals from solvent extractîon reagents. Ih 

the third chapter the experimental procedure used in the 

present investigation is outlined. A brief description of 

the experimental apparatus is included. 

• 

The fourth chapter deals wi th the chemical and thermal' 

stability of KELEX 100 at elevated temperatures and pressures. 

For 'direct hydrogen stripping' to be'technically and 

eco~omically feasible, the organic solvent must be totally 

regenerated after reduction and show no loss in loading 

" . .. ........ ~ .. - ... ~. -
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In the fifth chapter the various parameters which, 

kinetics of the cobalt precipitation process a~e 

chapter six, several physical and chemical 
.. 

properties of the product powder are examined. 

" 

A brief evaluation of the reduction process ia presented ~ 

in chapter seven and the conclusions based on the present 

investigation are given. Areas which require further research 

are also outlined. 
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CHAPTER ONE 

CONVENTIONAL ~DROMETALLURGY 

SECTION 1.1 1 ADVAMAGES AND DISADVANTAGES 

As the reserves of sulphide nickel and cobalt ores are 
1 

being depleted, worldwide attention is being focused on the 

treatment of oxide ores.[l] While several processes, both 

hydromBtallurgical and pyrometallurgical, have been us~d in 

the past to process oxide ores, many factors make the hydro­

metallurgical process more attractive. The advantages that 

the hydrometallurgical approach has over the pyrometallurgical 

approach are summarized below:[2] 

1) Hydrometa~lurgical processing is especially 
suited for the treatment of law-grade ores. 

2) A hydrometallurgical process may start as a 
- 1 

small-scale operation and expand a~ required. 
A pyrometallurgical process is designed on a 
large-scale, since it is more economical to 

build one large fumace than several smaller 
onéS with the sarne total capacity. 

J) The handling of leaching products is cheaper 
anq easier than the handling of molten slags, 

mattes, and metals. 
4) Corrosion problems are relatively mild in 

hydrometallurgy as compared to the inevitable 
, 

deterioration of re'fractory linings in t~rnaces, 
and the subsequent need for periodic shutd~wns 
and replacements. 



f· 

( 

5) The siliceous gangue in the ore is unaffected 
by most leaching agents. In the pyrometal­
lurgical smelting process, this gangue must 
be slagged. 

6) Hydrometal~urgical plants usually do not 
'-pollute the environment to the extent that 

.smeltelrs do. ,This fact is important at , 
present due to strict anti-air-pollution 
laws. 

2 

Sorne difficulties, however, may bel encountered wh~ 
processing an ore by hydrometallurgical methods. Hydro-

metallurgical processes are relatively slow, sinee ~hey 

are carried out at low temperatures; the higher tempera­

tures of pyrometallurgical operations allow for faster 

reactions. AIso, the small particle size required for 

leaching may resul t in a slow so'lid-liquid separation. [2] .. 
" 

SECTION 1.2 1 LEACHING 

The various stages which comprise the complete hyctro­

metall~ical process are shown }n Figure 1.1. The feed 

to such a circuit is gènerally an oxide ore tha~has ~een 

crushed and ground, but other materials sueh as concentrates 

or mattes from a pyrom~tallurgical operation,can bè u&ed. 
~ 

'If the feed to the circuit is a sulphide conèentrate, a 

chemtcal treatmentftage (e.g. a roasting operation) may 

be necessary to render the material water soluble (e.g. a 

sulphate or an oxide).[3J 

.. 

.'~" ,---
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The first step in the hydrometallurgical process is 

leachihg. Leaching is fund~entally a separation process. 

Th~ object of leacning is to extract a soluble material 

from a heterogeneous soiid ~y dissolution in a suitable 

liquid.[4] The ch9ice of leaching agents depends upon 

Many factors including cast, chemical and phy~cal proper­

ties, and the type of mineraIs to be leached. Some common 

leaching agents are acids, bases, water, and aqueaus salt 

solutions. 

SECTION 1.3 1 SbLID-LIQUID SEPARATION 

. After the' ~esired consti tuent is léached from the feed 

material, it" is necessary to rem ove the unreacted rnaterial 

in arder to obtain a clear sOlution suitable for further 

processing. The solid-liquid separation is usually carried 

out in thickeners, followed by filtration. [5] The waste 

residue from the separation stage is di~posed of, and the 

clear solution is forwarded to the purification stage (see 

, Figure 1. 1) • 

SECTION 1.4 : PURIFICATION AND CONCENTRATION 

The pregnant liquor produced in the solid-liquid sepa­

rat~on s~age may require an additional purification step 

prio,r to the recovery of the desired metal( s) • The obj ec t 

of the purification.step is to treat the soluti'on in prder 

) 
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ta remove unwanted impuriti~s that were dissolved in the 

leaching s,tage •. 
, 

5 ' 

Many purification proces'ses rare' currel1tly available. 

Selection of the àppropri~te one depends upon many factors, 0 

such as cost, the type of impurities to be removed, and the 

concentration of the metal in the leach solution. The three 

moât common purification techniques are listed belowl 

1) neutralization; 
2i i qn exchange; 
3) solvent extraction. 

1.4.1 NEUTRALI ZATI ON , 

Ne~tralization is a very simple, but effective process 

for removing unwanted impurities, such as iron, from a 

leach solution. The ubiquitous i~o~ can ~e removed by 

adjusting the pH with lime or ~oda ash, and by bubbling 

air through the solution to precipitate ferric hydroxide 

without removing valuable metals. Since the solubilities 

of hydroxides vary greatly (see Table 1.1), this procedure 

finds extensive application in hydrometallurgy. 

It is also possible ta preci~itate other impurities­

bY4adding hy,drogen sulphide gas to separate out insoluble ,. 
sulphides (see Table 1.1). Although sulphide precipitation 

has limited application currently, it is a potentially 

useful technique. 

.. 

'r 

;' 
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" METAL HYDROXIDE[6] LOG Ksp METÂL SULPHIDE[7] LOG Ksp 
JJ , . 

Mg(OH)2 -9.2 .. -)2 .. 
55 Mn(OH)2 -12.8 MnS 

Fe(OH)2 -14.0 FeS -17.J1 

"Ni(OH) , 2 -14.7 NiS -20.55 

CO(OH)2 -14.8 CoS '/ -21. 64 

Zn(OH)2 -15.6 zns -24.05 

CU(OH)2 -18.8 CUS -J5.05 

Cu2S -47.70 

Fe(OH)J -J8.7 

C02SJ -125.9 

J 

TABLE 1.1 SOIUBILITY PRODPCTS OF SOME METAL HYDROXIDES 

AND SULPHI DES AT 25°C 
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1.4.2 ION EXCHANGE 

Ion exchangers are materials which reversibly exchange 

ions which they contain, for ions in the leach solution. [8J. 

The phenomenon of ion, e'xchange was first discovered 

in 1850 by H. S. Thompson and J. H. Way, who independently 

reported a system~tic investigation of ion exchange in 

soils. They reported that, upon treating a soi~ith 

~either ammonium sulphate or ammonium carbonate, most of 

the ammonia was absorbed and calcium'was released into the 

solution. [9J 

For fifty years, the ion exchange phenomenon remained 

solely of academic interest. At the turn of the century, 

the work of Gans with bath natural and synthetic inorganic 

ion exchangers led to their first industrial use, namely_ 

the sortening of water. Water softening was virtually the 

only indus trial use of ion exchange until the development 

of synthe tic organic extractants by Adams and Holm'es in 

1935. 

As 'applied to the metallurgical indust~, ion exchange 

is currently used to recover metals such as uranium and 

vanadium, and ta separate closely related metals such as 

hafnium from zirconium. 

Ion exchange consists of two distinct stages: sorption 

and elution. 

In sorption, the leâch solution is passed' through a 

li ..r-, 
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bed o~ resin, wherè the metal ions to be recovered leave 

the aqueous phase and enter the r,esin phase. The recovery . 

-of a cati0n from a Ieach solution can be expressed by the 

following equation: 

- + ++ - ++ + 
ZR Y (resin) + A (aqueous)~RZA + ZY (aqueous) (1.1) 

where: 

A++ = cation to be recovered 

y+ = counter ion (e.g. H+, Na+) 

R- = functional group (e.g. sulphonate). 

anion is to be recovered, ~e sorption If an 

takes the following ~orm: 

equa;tion 

_ ZR+X-(reSin) + B--(aqueous)~R;B-- + ZX (aqueous) (1.2) 

wn,ere 1 

""" 
B-- = anion to be recovered 

x = counter ion (e.g. OH-, CI-, NOj~ 

R+ = f~nctional group (e.g. quaternary ammonium). 

When the resin bed becomes saturated with the metal 

ion ~n the feed, the metal ion will appear in the effluent 

and the ~low o~ feed is stopped. 

In elution, a small volume of a suitable solution is 

~dded to the resin bed to remove the mè~al ions completely 

;'rom the resin. In this way, a c'oncentrated solution of 

pure metal is obtained and the resin is regenerated. The 

elution equations ar~ simply the reverse of the sorption 

equations (Equations 1.1 and 1.2). 

\ 

,1 
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The first attempts to apply i9n exchange to metal 

recovery were in conhection with: (1) the recovery of 

9 

copper from waste liquors of the brass industry, (2) silver 

from photographie film manufacturing wastes, and (3) chromium 

from electroplating wastes. Uranium was the first metal to 

be recovered from leach solutions uSing ion exchange on a 

large-scale. The vast amount of research involving uranium 

extraction gave rise to the possibili ty of using io,n exchange 

for recovering other metals from leach solutions. 

Th~ ion exchange process is especially useful in the 

treatment of very dilute'solutions, with metal ion concen­

trations of the order of la ppm or less. For solutions with 

metal ion concentrations above 1%, thig method is generally 

not effective. Since ion exchange is ess~ntially a batch 

operation, high metal concentrations will r~sult in a rapid 

breakthrough and the feed to the exchangeT. will have to be 

stopped frequently. Consequently,'many ion exchangers would 

have to be used and this could prove to be prohibitively 

expensive. 

1.4.3 : SOLVENT EXTRACTION 
J 

, 
The earliest record of an organic solvent be~ng used 

to extract metal ions w~s by Péligot in 1842.[10J He ob-

served that uranyl nitrate was appreciably soluble in di-. 
'ethyl ~ther, and this property was used for separating 

uranium from other constituents of pitchblende. 

, 
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The first large-scàle use of solvent extraction (or 

liquid-liquid extraction) in metallurgy was in connection 

with the preparation of uraniu~ for the atomic energy 

prograrn. 

As a result of the large amount of research involving 

uranium extraction, particularly on reagents, solvent 

extraction, is coming to play an integral part in the sepa­

ration and recovery of a variety of nonferrous metals. 

Today, more than a dozen primary copper solvent extraction 
( 

plants are in operation. Cll ] Other metals, such as nickel 

and cobalt, are beginning to be recovered using this 

teChnique. C12 ,13J 
. 

Conventional solvent extraction is comprised of two 

distinct steps: loa'ding and stripping.' 

In loading, the metal values in the leach solution are 

extracted by agitation with an organic solvent immiscible 

in that phase. The ,two phase1s ar~ then allowed to separate. 

The aqueous raffinate ls either d1scarded or recycled to the 
" 

leaching stage, and the loaded organic is sent to the strip­

ping stage. 

'. 

In the stripping st~ge, the metal values from the loaded 

organic are recovered by agitation, ~ith a small volume of a 

suitable solution. The stripped solvent is recycled to the 

loading stage and the 'strip' solùtion is sent to the metal 

recovery stage. .. The conventional solvent extraction circuit 

is shown in Figure 1.2. o 
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A key element in the successful application of solvent 

extraction processing is the adopt~on of an organic extract-
, 0 

ant highly selective for the metal under consideration. In 
1>. 

addition, good mass transfer and phase separation cha~ac-

teristics are essen~ial. An ideai extractant should fulfill 

, the fol1owing requiremen ts 1 

1) high se lecti vi ty; 
2) safety in handling (e.g. nonvolatile); 

3) easily separable fro~ water (e:g. low 
viscosity, different dens~ty than water, 
high surface tension); 

4) high extraction capacity; 
5) inexpensi ve. 

In practice, however, it is not possible to find an 

extractant which fulfills aIl of the above requirements and' 

a compromise must be made. 

An extractant is seldom used in pure forme It is usually 

diluted wi th an inexpensiv~organic solvent in order to 

improve its physical properties (e.g. viscosity and density). 

In general, the organic solvent, called the diluent, is 

inert and has no capacity to extract metal ions from ~lution. 

The diluent must'be insoluble in water and for this rea~on 
J 

hydrocarbons and subaxituted hydrocarbons are the most com­

monly. used diluents. Using diluents with high aromatic aon­

tents will result in a rapid"disengagement of the organic 

and aqueous phases. Diluents with,lower aromatic contents 

will increase the rates at which equilibrium condi tions are 

approached.[14] 

) 
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Sorne organic systems contain a third component, known 

as a modifier. Modifiers are used to suppress the formation 

of a third phase, and may also act to improve the solven~'s 

physical properties~ The phase separation during Ioading 

and stripping is therefore both improved and hastened. 

Modifi ers are ei ther aliphatic aIcohols (e. g. isodecanol and " 

2-ethylhexanol) or aromatic alcohols (e.g. p-nonylphenol). 

" The various types of extractants used in the hydrometal-

lurgical industry are summarized below: 

SOLVATING EXTRACTANTS 

In this category, extractants_ having an oxygen atom wi th 
\: 

a Ione pair of electrons extract electrically neutrai inor-

ganic species by solvation. The inorganic metal-containing 

species are solvated either by (1) coordination of the oxygen 

bearing extractant Molecules to the central metal' ion or 

(2) by hydrogen bond formation between the proton in the 

extracted species and the oxygen in the solvent molecules.[15] 

Ethers, alcohols, es ters, and ke tones extrac t metals by 

this mechanism. Commercially available ,solvating extract­

ants include tri-n-butyl phosphate (TBP), dibutyl carbitol 

(BUTEX), tri-n-octyl phosphine oxide (TOPO), and methyl iso­

butyl ketone (MIBK). 

Two examples of metal extraction with solvating extract-

ants are shown below: 
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COORDINATION Ta THE iENTRAL METAL ION - TBP 

~C4H90·CH2CH2)20J + 

organiC 
~UCI4J = [(C 4 :H90CH2CH2) 20---~UCI4J 
aqueous organlC 

SOLVATION DUE Ta HYDROGEN BONDING - BUTEX ( 1 .4) 

GeneraIIy, stripping of the extracted 'inorganic species 

is accomplished by i ts contac t wi th water. An exception is 

tri-n-oc tyl phosphine oxide, which bonds sa tigh tIy -UO the 

extracted species that alkaline solutions must be used in 

the stripping step. 

,ACIDIC EXTRACTANTS 

Organic acids such as alkyl-phosphoric acids, carboxylic 

acids, and sulphonic aciQ,s belong to the acidic family of 

extractants. The extraction of metals by acidic extractants 
\ 

is via a cation-exchange mechanism in which the removeable 

hydroge~ a tom of the extrac tant is exchanged wi th the 

aqueous metal ion. [16J In i ts simplest form, the cation-

exchange reaction is expressed as 1 

(Mrt+ ) 
aqueous 

+ n(HR) = 
organic 

(MR ) + . n (H+ ) ( 1 • 5 ) 
norganic aqueous 

where M is the metal to be extracted and HR is the extractant. 
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Stripping of the loaded acidic extractant can "6e ac­

complished using ei ther (1) strong acids in a direct 

reversaI of the extraction process or (2) alkaline reagents 

which displace the metal from the organic salt and convert 

the remaining free acid to the alkaline salt. 

One acidic extractant that has found extensive use in 

metallurgical solvent extraction processes is di-2-ethyl-

hexyl phosphoric acid (D2EHPA). Among the commercial ap-

plications of D2EHPA are nickel-cobalt separation, rare 

earth separation, and uranium recovery from 

Other important acidic extractants are various 

mono-carboxylic acids marketed under the trade name 

Acids' which have been proposed for the extraction of 

transi tian metals. [17 ] 

BASIC EXTRACTANTS 

High molecular weight primary, secondary, and tertiary 

amines which are organophilic weak bases are used for 

solvent extraction of anionic species in acidic aqueous 

solutions. The quaternary ammonium halides are also consid­

ered to be basic extractants and are used ta extrlict metal-

anionic species from strong alkali le~ch liquors.[18] \ 

The interaction of these extractants wi th the anionic 

metal species is due primarily to electrostatic forces which 

resul t in the formation of an ion-pair between the extract­

ants and the metal species. 

The primary, secondary, and tertiary amines form 
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ion-pairs wi th anionic metal-bearing species only when 

pro'tonated, which explains why the aqueous solution should 

be acidic for extraction to occur. This is not the case 

for the quaternary ammonium salts, since these latter 

extractants already have the required cation for ion-pair 

formation and therefore can be effective for metal extraction 

from alkaline solutions. 

A typical example of metal extraction involving ér basic .. 
extractant is that of uranium recovery from sulphate solutions 

using a tertiary amine (R
3

N). First, the amine forms its 

corresponding ammonium salt: 

aqueous . organic 

(1. 6) 

and s~bsequently, the anion-exchange reaction takes place 1 

2 [cRJNH) 2S04J + [U02 (S04)Jr~ ~R)NH) 4U02(S04) JJ + 2 [so~-J (1. 7) 

organic aqueous organic aqueous 

CHELATING EXTRACTANTS 

The introduction of chelating extractants has been the 

most important' ~olvent extraction development of thé last 

two decades p Chelating extractants are superior to most 

alternatives due to their enhanced ~eIectivity evide.nced in 

many systems. Chelating reagents have long been known to 

play important roles in analytical chemistry, both as 

extràction and masking agents. [19] 

Extraction of metals by this class ot reagents is 
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accompli shed by chelate formation. Chelate extraction is 

a form of cation-exchange and can be expressed by the fo1-

lowing chemical reactionl 

(~+) + n(HL) = (MLn) 
aqueous organic organic 

where HL is the chelating extractant. 

In general, a metal complex is formed by association 

of a metal atom or ion and another species, known as the 

ligand, which is ei ther an anion or a polar molecule. A 
\. 

simple", description of the nature of the bond between a 

( 1.8) 

ligand and a metal shows the ligand ta be an elec tror.-pai r 

donor and the metal, an electron-pair acceptor. In other 

words, the metal behaves like a Lewis acid and the ligand 

as a Lewis base. The donation of a pair of electrons from 

ligand to metal establishes a coordinate bond. For che­

lation ta occur, the ligand must possess at least two 

donor atoms capable of bonding to the same metal atome 

Elements which act as donors are,usua11y eléctronegat~ve 

(e.g. oxygen, nitrogen, or sulphur). 

Donar atoms may fo~ part of a basic or an ~iC 
. 

functional group. Sorne basic groups of importance to met-

allùrgical solvent extraction include: (1) -N=(tertiary 

acyclic or heterocyclic ni trogen), (2) ':::C=o (carbonyl), 

and (J) =S. Examples of acidic grou,Ps are: (1) -OH (eno1ic 

and phenolic), and (2) -SR (thi.olenolic and thiophenolic). 

A chelating agent can have either two acidic groups, 

,. 
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two basic groups, or- one of' each. From the standpoint of' 

hydrometallurgy, chelating agents containing at least one 

acidic group are required.to allow for exchangp of a hydro­

gen atom wi th the metal ion. Chelating agents containing 

one acidic and one basic group are usually used sinee they 

give greater metal complex stability. The metal chelates 

_formed are eleetrically neutral sinee: both the oxidation 

and coordination numbers are satisfied. 

The-;:;tabili ty of metal chelates de pends on a number 

of factors including: (1) the charge and eleetron structure 

of the metal ion, (2) the nature of the donQr atoms in the 

reagent which are directly involved in complex formations, 

(3) the number of rings and their sizes, and (4) the presence 

of bulky consti tuents in the molecule which coulQ cause 

steric ef'f'ects.[20] 

The most prominent chelating extra-ctants currently 
" ' 

available are the KELEX reagents produc ed by the Sherex 

Chemical Company, the LrX reagents produced by the Henkel 

Corporation, the P-5000 pro~cts of Acorga Limited, and 
~ 

SME 529 manufac tured by the Shell Chemi eal Company. 

SECTION 1.5 1 METAL RECOVERY 

After the purif'ica tion stage (see Figure 1.1 r. the 

.. -purified Ieach solution i8 ready f'or a metal rec~ery proeess. 

The three most important operations currently in use to 

recover metals f'rom aqueous solutions are 1 

, 

1 
la 
1 ~ 
l, 
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1) precipi tation by me taIs ; 

2) electrowinning; 

·3) precipitation by gases. 

, 
1.5.1 : PRECIPITATION BY METAIS 

This process involves the precipitation of a metal from 

an aqueous solution by another metaI. l t· is also known as 
1 

cementation, because the precipi ta ted metal is usually 

cemented onto the added metal. Cementation i8 the oldest 

metal recovery technique and was once descri bed by the 

alchemists as 'transmutation', because when a piece of iron 
• 

was dipped into a solution of copper sulphate, the iron 

emerged coated wi th a layer of metallic copper. 

The process can be descrlbed by the following chemical, 

eqùation: 

+ + fll+ 
1 

The above process can ~ predicted in terms of electrode 

potentials. For any me,tal in solution, the reversible 

electror potential can be described by the Nernst equation, 

gi ven below for the half-reaction 1 [21] 

where 1 

R = gas constant (8.Jl joules/g-mole/oK) 

T = tempera ture' oK 

F = Faraday's constant (96,500 coulombs per gram 

equivalent weight) 

(1.10) 



1 

• 

20 

n = valence of metal M 

~ = activi ty of metal M (assumed to be uni ty) 

Aam+= activi ty of metal ion in solution 

E
O = the normal electromotive forete of the cell. 

Equation 1.10 follows the Gibbs-Stockholm convention. The 

normal electrode potential (Eo) of a given electrode reaction 

is given a positive sign if the electrode is the positive 

terminal of a eell in which the counterelectrode ia the 
,1 

normal hydrogen electrode. 

In cementation, the metal with the Iesa positive oxi­

dation potential will pass into solution and displace the 

metal wi th the more po si ti ve potential. 

Industrial applications of,this technique include the 

addi tion of scrap steel to precipi tate copper and the addi tion 

of zinc dust to precipitate cadmium out of solution:[22] 

The main advantage of cementation is its simplicity. 

yirtually aIl of the metal value can be removed from solution 

in a short series of contact tagks or troughs. Against this 

simplici ty must be weighed the fact that the metal produced, 

is of low purity and the product requires further purifi-

cation. For example, copper cemented on scrap steel contains 

85-90% Cu, 0.2-2% Fe, 0.5% Si02 + AIZO)' 'and the remainder 

ia oxygen.[22] The copper ia usually purified by melting it 

in smelting furnaces or converters, from which it follows 

the standard anode-electrorefining route. Due to this extra 

refining step, only limited uses of cementation have bèen 

., 
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found in the metal producing industry. 

"-
1. 5. 2 ELECTROWINNING 

In electrowinning, the metal to be recovered is usually 

in solution in the electrolyte from which i t is plated onto 

the cathode. The electrowinning cathodic reaction can be 

expressed as: 

+ - 0 ne -M (1.11) 

The anodic reaction in electrowinning primarily in-

volves the evolution of oxygene For an acidic solution, 

the overall reaction occurring at the anode can be expressed 

as: 

and for an alkaline sQlution, by: 

In electrowinning, the anode is required to be inert 

so that (1) the electrolyte wi'll not become contaminated 

during the operation, and (2) the anode will not require 

... frequent replacement. 

Since the reac tions occurring at both electrodes are 

(1.12 ) 

(1.1) ) 

different, there is usually a considerable decomposition 

potential for the electrolytic process. The main ~ontri­

bution to this decomposi tion potent,ial is from the difference 

between the reversible potentials for the anodic and cathodic 

reactions. The operating voltage of a cell is made up of 
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additional terms which include the activation over-potential 

for the reactions at the appropriate current densities, the 

resistive potential o~ the electrolyte, and the contact 

potent~al at each electrode.[23] 

Electrowinning i8 currently the most widely used proce-

dure for recoveri~ metal values from leach solutions. The 

adv~tages of this technique are: (1) the purity of the 

pr?duct is high, (2) the equipment required is simple, and 

(3) a large number of metals' can be recavered. Its main 

disadvantage is the large amount of electrical energy 

required,which will be a definite cancern as the cost of 

energy continues ta rise. 

1.5.3 : PRECIPITATION BY GASES 

The first known application of precipitation by gases 

occurred in 1859 when Beketoff was able ta reduce silver 

salts ta metal using hydragen gas under pressure. [24] 

Little further ~esearch was dane in this area until 
: 1't' "" 

the 1950' s when Schaufelberger s'\,lcc'eS)fully produc ed ni ckel 
, ,1 

metal using hydrogen ta reduce nicR~1 ammines dissolved in 

sulphate salutions.[25] H~ had encountered difficulties 

in nucleating the new phase, and unless powdered seed 

material was intraduced, the metal was deposited on the 

walls of the reactian vessel. SChaufelb,erger' s work was of 

obvious promise, and was immediately taken up by V. N. Mackiw 

of Sherri tt Gordon" Mines Limi ted. Mackiw later determined 
,\ , 
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the chemistry of the reductions and made these reactions 

the basis of Sherrit't Gordonls COb~lt and nickel program. [26J 

The produc~ion of metal powders from aqueous solutions has 

developed rapidly in recent years as a result of the success 

of the Sherri tt Gordon process and today, other companies 

are producing mataI powders by similar hydrometallurgical 

rou tes. 

Using hydrogen gas as an example, the overall reduction 

reaction can be expressed as: 

+ 
aqueous 

H = MO 
2 gas 

+ 2H+ 
aqueous 

(1.14 ) 

Gases such as carbon monoxide, sulphur dioxide, and methane 

may aIl be used as reducing agents but they act more Slowly 

- .' arid" are not o:r significant commer&iit1. interest. 
~I':r 

Reaction 1.14 can be viewed as two opposing reactions: 

M ---M++ + 2e- (1.1.5) 

and 
+ - -

H2 ---2H + 2e (1.16 ) 

Each of Reactions 1.15 and 1.16 has its own potential and 

clearly, if the metal potential exceeds the hydrogen poten­

tial, the metal reaction (1.1.5) will reverse direction and 

metal will be precipitated from solution. j 
The potential of the ,reversible metal-iorVmetal electrade 

(Reaction 1.1.5) is: 

= ~ - RT 
2F 

(1.17) 

.. ' 

.l~ 
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A description of the symbols used in Equation 1.17 can be 

found on pages 19 and 20. \ 
1 

For ·the hydrogen half-reaction (Equation 1.16), the 

potential is governed by the concentration of hydrogen ions 

and hydrogen molecules in solution in contact with the elee-

trode and is therefore a function o~ both pH and hydrogen 

fugaci ty ~ [27J 

where 1 

* hydroget't gas PH = fugaci ty of the 
2 

~+ = acti vi ty of the hydrogen ions. 

To simplify the above equation, the hydrogen fugac i ty c an 

be replaced by i ts partial pressure. This is a reas onable 

assumption because at 100 atmospheres (10.1 MPa) of hydrogen 

pressure, the fugacity is 106.1, and this altéJ;:S the last 

term of Equation 1.18 by one percent.[28] AIso, sinee pH 

is defined as -log10(aH~' and ~ is defined to be zero, 
2 

the hydrogen potential simplifies tOI 

EH = [2.303 RTJPH -2.30) RT IOg10[PH ] 
2 L F 2F 2 

(1.19) 

where 'PH is the pattial pressure of hydrogen expressed in 
2 

a tmospheI"es. 

Equations 1.17 and 1.19 ~ave been plotted in Figure 1.3 

for vari ous metals. T,he me tal potentials are plotted agai-.!lst 

metal ion activity on the top scal~, and the hydrogen 
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v 

pote~tial i s 
plotted against pH on the bottom scal.a. This 

diagram is 
only appropria te for 

simp1.e ioni zed metal sal. t 
\. 

solutions, su ch as sulphates and chlorides 
at 25 oC. [29] 
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.1: Figure 1.J clarifies the following points~ 

1) The hydrogen potential at 1 atmosphere is 
sufficiently reducing to reduce cupric ions 
to copper metal at all pH ,value! and through­
out the metal concentration range shown. 

2) The reduction of Zn(II) ta metal by hydrogen 
is not possible at any pH and at any 
realistic hydrogen pressure. 

3) Nickel and cobalt can be reduced ta metal 

26 

'only a t high pH values. For example, nickel (II) 
will be reduced by 100 atmospheres of hydro-
gen pressure from a 10- JM solution acti vi ty, 

at pH values above 5. 

The critical pH value can be obtained from the inter-
• 
section of a horizontal line through the !lIetal line at an 

appropriate concentration with the corresponding hydrogen 

line. 

From Figure 1.3, it is evident that the driving force 

for reduction increases as the pH increases and the condi­

tions for reduction become more favourable as the solution 

becomes more alkaline. However, at high pH values, the 

metal ions may react with the hydroxyl ions and precipitate 

out of solution' as a metal hydroxide, or basic salt. 

Therefore, a li mi t ls set to the pH range which may be 

used wi th any gi ven metal. 

The maximum pH for a simple dissolved ion can be 

increased by forming complex ions. Ammonia is a c'ommon 

complexing agent. The formation of complexes stabilizes 

~e metal ions not only against hydrolysis at high pH, but 

---
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also against reduction to metaI, since the c~plexing ager;t 

must be detached from the ion beIore metal will precipitate. 

Using cobalt as an example, th~ ammine complexes are 

formed according to the following reac tions: 

c ++ o + NH
J 

=[co(NH
3

)] ++ cobalt monammine 

[ C 0 ( NH
J 

) ] + + + NHJ = [co( NH3 ) 2J++ cobalt diammine 
• • • 
• • • · - • • [c 0 ( NH
J 

) 5] + + + NH
J 

= [co( NH3 ) 6] ++ cobal t hexammine 

(1. 20) 

The type of ammine formed will be governed by the CO/NR
J 

'ratio in 'the solution. For any given ~ne, [co(NR:3lxJ++, 

the reduction reaction can now be expressed as: 

f.c 0 (NH
J

) xJ++ H C xNH.... + L' + 2 - 0 + -j + 2H (1. 21 ) 

This reaction can be expressed by the suro of the following 

sub-reac ti ons: 

.. H
2 

- 2H+ + 2e 

Co++ + 2e -Co 

[co(NH)xJ++ -Co++ + xNH
J 

For the reduction of any cobalt ammine: [28J 

the ammine potential can be expressed by: 

E = EO + EO . 
M M amnune 

complex 

+ RT 
2F 

(1. 22) 

(1. 23)' 

(1. 24) 

(1. 25) 

(1. 26) 

-'-~ 
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As befare, the hydrage~potential (Equation 1.19) must 

be less than the cobalt,metal potential (Equation 1.26) for 
Il 

precipitation to occur. 

While thermodynamics is important in determining 

whether or not a specifie reaction is possible, kinetic 

considerations are important in determining. whether o~ not 

a certain process is economically feasible. In practice, 

the solubility of gaseS in water is quite low at atmos­

pheric pressure and room temperature. Hydrogen pressures 

up te 500 p.s.i. (J.45 MPa) May be required to achieve ~ 
reasonable reaction rates. Also, the solubility of gases 

in water decreases with increasing temperature up to 100 oC, 

then markedly increases with a further increase in temper­

ature. In industry, temperatures up to 250 Oc are not 

uncommon. At 250 oC, the vapour pressure of water i8 

. [29J approxima~ely 575 p.s.~. (J.96 MPa), and this is a 

significant proportion of the total working pressure. 

Pressures such as these indicate that thick, and hence, 

expensive autoclave equipment i6 required to safely carry 
, . 

out the 'r,eduction reactions. Other disadvantages are 

inherent in an aqueous system. With sucn a system, there 

is always the possibi~ity of corrosion of the reaction 

vessel, especially at high opèrating·temperatures. Further­

more, there is the need for ~ high solution pH fue to 

th~rmodynamic' considerations'when reducing nickel and/or 

, 
1 
1 

i 
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cobalt solutions. Although the problern of hydrolysis can 

essentially be solved using cornplexing agents such as 

arnrnonia, sorne hydrolysis rnight still occur if a significant 

arnount of ammonia is transferred,into the vapour phase due 

to evaporation. 

\ 

\ . 
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CHAPTER TWO 

DIRECT REDUCTION OF ORGANIC SOLVENTS 

SECTION 2.1 1 DIRECT HYDROGEN REDUCTION 

As mentioned in the previous chapter, c'onventional 

solvent extraction is treated solely as a purification! 

JO 

concentration operation. The organic phase acts primarily 

as a transfer medium for the metai being extracted. The 

metai ls then stripped from the loaded organic phase and 

is recovered in a separate recèvery, stage (see Figure 1.2). 

However, in addition to considering the organic phase 

solely as a transfer medium, there is the potential for 

conducting chemical reactions within this phase such that 

metai could be produced directly in a useful form. A 

schematic diagram outlining the proposed flowsheet for the 

direct recovery of cobalt from a Ioaded organic extractant 

is shown in Figure 2.1. This procedure can, in sorne systems, 

have a theoretical advantage over the conventional use of 
D 

reduction from aqueous solutions of metal salts, and these 

advantages are given below: 

1) In aqueous solutions, the maximum thermo­
dynamic activity which the metal ions can 
reach is determined by the pH and the 
sOlubility product of the metal hydroxide. 
This limitation does not apply when water 

is not~~~e soivent. 
-. . , 
--

1 

[-1 
r.!i. 
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2) The vapeur pressure of water at an opera­
ting temperature of 250 Oc is 575 p.s.i. 

, 
(3.96 MPa). At~this temperature, the 

vapour pressure using a KE1&j 100-kerosene­
deeanol erganic system is only 60 p.s.i. 
(0.41 MPa). This implies that a thinner, 
hence less expensive, reaction vessel 
could be used. 

J) The process flowsheet is simplified as the 
stripping and reducing operations are 
combined into ~e step, termed 'pressure 
hydrogen stripping'. [11] 

4) The heating cost for the organic solvent 
wou Id be much lower than that for an 
aqueous solution. The specifie heat of 
water is approximately 1.0 caLlgml°c, 
whereas the specifie heat for aliphatic 
hydrocarb6hs is only 0.5 ca~gm(°c.[29] 
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5) No corrosion of the reaction v~ssel is 
expected to occur using an or~anic solvent; 
in contrast to the difficulties encourttered 
using an aqueous system. 

6) When cobalt is loaded using KELEX 100 it 
oxidizes very rapidly ta the stable cobaltic 
form, making acid strrpping very difficult.[30] 

Using pressure hydrogen stripping, this 
difficulty could be overcome. 

7) KELEX 100 has been found to be an excellent 
extractant for copper, nickel, and cobalt. [31] 

However, KELEX 100, when stripped with aCid, 
suffers from acid 'carry-over' in the form 
of protonated quinoline molecules. This 
high acid pick-up characteristic, which 
greatly inhibits its commercial use, ean 



t be avoided using pressure hydrogen 

stripping of the loaded organic. 

SECTION 2.2 1 EARLY WORK 

The concept of reducing metals ~ organic solvents 

J3 

using hydrogen gas is not new. Various studies conducted 

as early as 19J8 have involved hydrogen redùction of 

copper(II), silver(I), and mercury(II) in organic 

solvents.[32] However, this work was carried out in 
\ 

order to invèstigate the homogeneous catalytic activation 

of molecular hydrogen, and it was not r€ported whether or 

not metal was formed. 

In 1956, it was reporte à that the reaction between 

hydrogen and silver acetate in pyridine forms a hydrogen­

car~ing ~ntermediate, the principal mechanism being the 

irreversible reaction with silver ions to forro metallic 

silve;.[JJJ 

Calvin[J4] showed that quinoline solutions of cupric 

acetate and cupric-salicylaldehyde complexes could be 

reduced homogeneously by hydrogen at 100 Oc with a hydrogen 

pressure of 7.6 p.s.i. (0.052 MPa). Two distinct stages 

were apparent,from the reaction curves: (1) an aùtocatalytic 

step of co~per(II) reduction to copper(~) with cuprous 

copper as the catalytic species, and (2) a second slower 

step with copper(I) being reduced to metallic copper. 

Under the experimental conditions catalytic 
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activity was detected for the cupric salts. 

The reduction of cupric heptanoate dis'Solved in 

heptanoic acid, biphenol, and octadecane has also been 

studied, using hydrogen pressures up to 14.7 p.s.i. (0.10 MPa) 

and temperatures up to 145 oC. U5] The reducti'on kinetics 

were studied in detail and i t was 'observed' that the 

reduction from the cuprous state to pure metal was much 

slower than the cupric to cupr~us reduction. It was also 

reported that the heptanoates of iron(III), nic~el(II), 

cobalt(II), and cadmium(II) did not react appreciably at 

temperatures up to 150 oC. 

SECTION 2.3 1 PRESSURE HYDROGEN STRIPPING 

A radical departure from the conventional solvent 

extraction scheme used in hydrometallurgy was put forth 

a decade ago by Burkin.[36J He proposed the replacement 

of the conventional stripping and subsequent recovery stages 

by one process. This process involves the direct precipita-. 
tion of metal powders from the loaded organic phase using 

hydrogen under pressure. 

Burkin and BUrgess[31J performed a number of screening 

tests on various classes of extractantS. These tests were 

carried out uSing copper, iron, nickel, and cobalt at 200 Oc 

with 350 p.s.i. (2.41 MPa) of hydrogen. It was reported 

that most of the tested extractants decomposed, producing 

ill-defined solid products. This was the caSe forl 
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1) tri-n-butyl phosphate în Shellsol Tr 
2) alkyl methyl sulphonium chloride in 

1,2 dichloroethane; 
J) Alamine JJ6 (a tertiary amine) in 

Shellsol T; 
4) Aliquat JJ6 (a quaternary amine) in 

Shellsol T j 

5) 
6) 

LIX 63 (an aliphatic a-hydroxy oxime)j , 
LIX 64 (a c ompounded mixture of 
~-hydroxy benzophenone oxime with LIX 6J). 

J5 

In contrast to the above systems, encouraging results 

were obtained using Versatic extractants (aliphatic carb­

oxylic acids) at 200 oC, and using di-2-ethyl-hexyl 

phasphoric acid (D2EHPA) at lawer te.mperatures «180 oC). 

In the case af cupric salts af Versatic 911, homo-

geneous reduction ta the cuprous state occured first, 

fallowed by metal formation. The initial rate of reductian 

of the cupric salt was slow e but the reactian was very 

strangly autocatalytic. The metai produced was in colloidal 

form, and the addition of copper powder before reduction 

did not alter the form of the product. However, when 

colloidal carbon'was ~:d as ~ seed material, the ~~sult 
was the formation of ( h~avy deposit of metal powder which 

was easily filtered. 

The presence of catalytically active solids was neces-

sary to precipitate nickel and cobalt from their Versatic . 
911 salts. Temperatures between 180-200 Oc and a hydrogen 

pressure of 300 p.s.i. (2.07 MPa) were used. Evidence for 
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reduction to the univalent state was observed for nickel 

but not for cobalt. In D2EHPA, nickel and cobalt were 

found to behave differently, enabling the separation of 

the two metals. At 140 Oc and 300 p.s.i. (2.07 MPa) of 

hydrogen, nickel was found to precipitate readily in the 

presence of nickel powder as seed , while cobalt reduction 

was very slow under the sarne conditions. 

In the case of iron reduction from its' Versatic 911 , 

salt, the presence of arnmonia was essential for the 

neutralization of the free organic acid that was liberated. 

Burkin reported that the iron precipitation reaction pro-

ceeded via the initial reduction of iron(III) to iron(II). 

Van der Zeeuw and Gandon[3 8 ] carried out a fundarnental 

study of the hydrogenation of the Versatic acid salts of 

copper, nickel, and cobalt using 14.7 p.s.i. (0.10 MPa) of 

hydrogen at 140 oC. They confirrned the observation that 

copper(II) was reduced to copper(I) prior ta metal formation. 

Phe copper reduction was autocatalytic, with the cuprous 

species being the homogeneous catalyst. The mechanism 

proposed by these investigators involves the heterolytic 

splitting of hydrogen molecules by the cupric salt and 

homolytic splitting by the cuprous salt of the Versatic 

acid. In addition, the presence of ,nickel salts of Versatic 

acid was, found to accelerate the copper reduction. The 

catalytic activity of nickel salts was attributed to 

partial reduction to univalent nickel. In contrast, the 
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cobalt salts did not catalyze cupric reduction, sinee no 

intermediate cobalt species was formed. 

The next major work using direct organic reduction 

techniques was by Demopoulos[ll] using copper-Ioaded KELEX 

100 (an alkylated 8-hydroxyquinoline). He found that KELEX 

100 exhibited excellent thermal and chemical stability up 

to 300 Oc and 400 p.s.i. (2.76 MPa) of hydrogen pressure. 

The chemical stability of KELEX 100 was somewhat reduced 

when loaded with copper. In the presence of copper, 
( 

limited hydrogenation of the quinoline nucleus of the 

extractant occurred. Occasionally, similar hydrogenation 

was observed in some of the impurities (e.g. furoquinoline) 

of KELEX 100. The chemical stability of the extractant 

was found to be enhanced when at least 0.52M of decanol 

was added to the organic solvent (0.4M KE~X 100 in kerosene). 

Demopoulos[11] reported that copper in powder form was 

found to precipitate rapidly from loaded KELEX 100-decanol-

kerosene solvents by reaction with hydrogen at pressures 

between 75-580 p.s.i. (0.52-4.00 MPa) and temperatures from 

170 to 215 oC. The overall process displayed heterogeneous 

characteristics. Nuclei were provided through slow thermal 

dissociation of the copper ohelate. The freshly produced 

metallic coppe~, acting autocatalytical1y, accelerated the 

.precipitation kinetics. Reduction of the copper(II) chelate 

to the copper(I) complex appeared to be the rate controlling 

step. In its simplest forro, the overall reaction by whicn 

.. 
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cpppe'i--loaded KELEX 100 is reduced to metal is gi ven bYI 

.. 

R (2.1) 

+ Cu 

R 

Demopoulos[ll] reported that the operating temperature, 

hydrogen pressure, copper concentration, ligand concentration, 

and copper chelate age aIl affect the ove raIl reduction rate. 

It is of interest to note that Burkin[J9] expressed 

doubt as to the suitability of a quinoline-based extractant 

for ~ direct reduction of organic liquids. He predicted 

that hydrogenation of the aromatic ring would make KELEX 100 

ine~fective for this purpose. This opinion was presumably 

based on his experience with LIX 64, which decomposed in 

the presence of hydrogen at 20~ oC. However, as previously 

poted, LIX 64 contains'LIX 63, which is known to be unstable 
o [40J 

at temperatures above 40 oC. 

Li[41] performed tests using· a nickel-Ioaded KELEX 100-
1 

decanol-kerosene system. He reported that rapid nickel 

precipitation is possible using an operating temperature 
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range of 200-300 Oc and a hydrogen pressure range of 150 

to 550 p.s.i. (1.0) ta ).79 MPa). Li reported that an 

increase in the operating temperature anQ/or hydrogen 

pressure would result in an increase in the reduction rate. 

Also, the presence of a seeding material such as nickel 

carbonyl powder would greatly accelerate the reaction rate. 

In ~he ar,ea of metal-stripping from loaded organic 

phases using pressure techniques, the work of Monhemius and 

Thorsen[42] should also be included. Their technique, termed 

'hydrolytic stripping', involves precipitation of me~l 
',-, 

oxides by heating metal-loaded carboxylic acid solutions 

with water at 150-200 oC. Th*e metals under investigation 

were ir.on(III), nickel(II), and copper(I~). 

The mostGrecent work carried out on 'di~t hydrogen 

stripping' is the precipitation of copper from loaded LIX 
• t 

34 (8-aIkarylsulphonamido quirioline) and LIX 65 (2-hydr~xy-

5-nonyl benZOPhe!lOn~ oxime). [43] PJ:"eliminary resu'lts indicate 

that the LIX 34 extractant decomposes at temperatures above ~ 

180 Oc yielding hydrogen sulphide and copper sulphide prod­

ucts. The results based on a LIX 65 system were more 

~ encouraging. Temperatures'up to 265 Oc 'have been reached 

with no apparent organic decomposition. 

• . , , 

, 
~ 
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CHAPTER THREE 

li 

EXPERIMENTAL PROCEDURE 

SECTION 3.1 1 EXPERIMENTAL PROGRAM 

The main objective of this work was to investigate the 

suitability of a commercially available chelating extraptant, 

namely KELEX 100, for direct hydrogen stripping of cobalt 

at high temperature~ and pressures. The tests performed 
. 

were aimed at studying various aspects of ~drogen stripping 

as follows 1 

1) The strrdy of the chemical aAd thermal 
properties of the organic liquid durihg 

the reduction experiments. Direct 
hydrogen stripping would not be tech­

nically feasible uniess the organic 

extractant was regenerated after the 
reduction experiment, and could then 

be recycled to the.loading stage. 

2) The study of the parameters which ~ffect 
the kinetics of hydrogen stripping of 

cobalt-loaded KELEX 100. 
3) The exarnination of the physical and 

chemicai properties of the cobalt powder 
produced. For the prpcess to be economi­

cally feasible, the cobalt produced must 

be readily filterable and 9f satisfactary 

puri ty. 

In this chapter, the experimental procedure uS,ed ta perfarm 
", 

the experime~~s and ta anaiyze the produc ts, wi Il be presented. 
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SECTION 3.2 : THE ORGANIC LIQUID 

The organic' phase used throughou t thi s work was made 

by dissolving fifteen volume percent KELEX 100 in a low 

vapour pressure kerosene (aromatic content <1%). For aIl 

experiments, ten volume percent of decanol was added as a 

modifier since this addition was found to enhance the 

chemiçal stability of the extractant in a parallel system 

uSing copper. [11J Sorne of the more important properties 

of the three consti tuents of the organic phase are sum-

mari zed in Table J .1. 

KELEX 100[11J KEROSENE DECANOL 

" 

SUPPLIER S HEREX CHEMI CAL FISHER SCIENTIFIC EASTMAN KODAK 

COMPANY COMPANY COMPANY 

SPECIFIC 
0.976 0.774 0.83 

GRAVITY 

BOILING 260 AT DISTILLATION RANGE 229 ' AT 

POINT ( oC) 760 mm Hg 11 B. P. 190 760 mm Hg 10% 202 
50% 214-
90%' 240 
D.P. 255 

TABLE J.l - PHYSICAL PROPERTIES OF THE !l'HREE CONSTlTUENTS OF 

THE ORGANIC PHASE 
~ 
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The 'as-received' KELEX 100 was subjected to a purifi-

cation step prior to any investigati.on. 'One li tre of the 

organic phase, consistir:g, of extractant, modifier and 

diluent, was washed using 500 mIs. of a ten volume percent 

sulphuric acid (H
2
S,04) solution. The aqueous phase was 

allowed tOI settle and was then removed and discarded. The 
~ 
J 

organic' phase was washèd twice using disti lIed wa ter. Any 

,impuri ties in the original organic liqu~d which were water 

soluble were removed and discarded wi th the aqueous raffinate. [44J 

SECTION J.3 LOADING 

The aqueous phase used for the organic loading consisted 

of analytical reagent grade cobaltous sulphate dis~olved in 

distilled water. The cobaltous sulphate was purchased from 

Fisher Scientific Company (Catalogue C-J86, Lot 793572) and 

c ontained less than 0.065 weigh t percent of nickel, copper, 

and iron combined. The aqueous solution was adjusted to 

contain 20 grams per litre (g. p. 1.) of cobalt (pH -4.4). 

To carry out a hydrogen stripping experiment, one litre 

of the organic liquid was placed in a two li tre separatory 

funnel. One litre of the 20 g.p.1. cobalt solution wâs 

then added ta the funnel. The separatory funnel was shaken 

manually for approximately fort y minut~s. To produce'an 

equilibrium pH in the raffinate of approximately 5.0, 20 mIs. 

of ammonium hydroxide (Fisher Scientific Comp'any-Catalogue 

A669) was added to the separatory funnel during the shaking 
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procedure. 

The contents of the separatory funnel were allowed to 

se ttle overnigh t (24 + 2 hours). The raf'fina te was removed 

and the loaded organic solvent was poured into the glass 

liner of the autoclave. 

AJ.5 + 0.1 g.p.l. cobalt organic solution was prepared 

using thi s technique. 

SECTION J. 4 1 THE AUTOCLAVE ASSEMBLY 

AlI reduction experiments were conducted inside a two 

li tre Parr autoclave. The main features of the autoclave 

are shown in Figure :3 .1. The bomb cylinder is made of 

ti tanium and the glass liner used to hold the organic liquid 

is made of' pyrex. 

3.4.1 : HEATING AND TEMPERATURE CONTROL 

The autoclave was heated by a sealed 1500 watt element 

bui l t into an insula ted stainless steel shell surrounding 

the bomb cylinder. During the ini tial stage of this work, 

automatic temperature control was obtained using the 

standard temperature controller supplied wi th aIl Parr 

reac tors. The tempe rature controller consisted of a solid-

state potentiometric system operating in conjunction with 

an iron-constantan thermocouple inserted into the bomb 

thermowell. While this tempe rature control system is 

considered to be satisfactory for aqueous solutions, it 
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Ga, rel •• ,e valve 

Water connec:tio" ta 
cocling channel .round 
packing glartd 

Thermowell--------I. 

.... 

44 

rupture dise 

inlet valve 

Liquid sampling valve 

~H+---- Stirring shaH 

Hrt-~-- Ga5 inlet and liquid 
sampling tube 

FIGURE J.1 - SECTIONED VIEW OF THE AUTOCLAVE ASSEMBLY 
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was found to be inadequate for th~ present work due t? the 

low specifie heat of the kerosene solvent used (-0.5 

cal/gml°c). Specifically, a large tempe~ture overshoot 

was observed at the end of the initial heating period (above 

100 Oc when the set temperature was 300 oC). In ,addi tion, 

an unacceptably large deviation of ~ 5 Oc from the desired 

set temperature occurred. , 
A new temperature control system was sel~ted to over-, 

come the aforementioned problems. The new sys~em, supplied 
1 

by Leeds and Northrup Limited, was a Current Atljusting Type 

(Soft) 'Electromax)' controller which provides a 0-5 mA 

De output, and whose ~tude varies with the deviation 

of input signal from the set point. This controller works 

in conjunction with a Zero-Voltage-Firing solid-state power 

package. The latter supplies power to the heating element 
1 

of the autoclave wi th an infini te power resol'\ltion. It is 

superior ta discrete-step conventional units because it 

allows control of the pracess up to the sensitivity of ~the 
.. 

controller. II' 

• 

The 'Electromax J' unit is equipped with the following 

controls: (1) Proportional Action, (2) Reset Action, (3) Rate 
1 

Action, and (4) Approach Action. The first three controls 

minimize the fluctuation of t~mper~ture around the set point, 

while the fourth control minimizes the overshoot during 

start-up. The accuracy obtained with the new controller was 

better than + 1 Oc and the initial overshoot was less than 

,. 

" 
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10 Oc at 300 oC. F t d" f th t or a more accura e rea ~ng 0 e empera-

. ture, a digi tal thermometer wi th a one degree resolution was 

used. 

3.4.2 PRESSURE CONTROL 

Hydrogen gas was supplied at constant pressure via a 

high pressure delivery regulator. The hydrogen gas was 

purchased from Union Carbide Canada Li mi ted and contained ., 

less than ( parts per million of oxygen (Ultra High Puri ty-

99.999% H2 )" 

Pressure release was achieved by means of a needle 

valve in the autoclave head. Release of pressure was 

accomplis,hed via tygon tubing immersed in a kerosene sOlution . ...... 
The pressure in the reaction compartment of the autoclave was 

indicated by a 0-1000 p.s.i. gauge. Protection against 

equipment damage in case of accidentaI overpressure was 

provided for by a 1000 p.s.i. gold-plated rupture disc 

installed in the head of the reactor. 

3.4.3 1 AGITATION 

The organic liqfiid, along with any cobalt powder pro­

duced in the autoclave, was agitated by a belt-driven stirring 

shaft fitted with two 6-pitched-blade titanium turbine impel­

lers. The two impellers were vertically adjustable on the 

shaft, and were pasi tianed approximately 3 cm. from the 

,bottom of the reactor and 3 cm. below the Iiquid level 
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respectively (see Figure 3.2). With this arrangement, all 

solid materials were kept in suspension and good gas 

distribution was achieved. The stirring speed could be 

varied from 0-1000 RPM by means of an adjustable speed motor. 

r , 

FIGURE J. 2 - VIEW OF THE AUTOCLAVE ASSEMBLY 

A - THERMOWELL 

B - PYREX LI NI NG 

C - BELT-DRIVEN STIRRING DEVICE 

\- 3.4.4 1 SAMPLE WITHDRAWAL 

Liquid samples could be withdrawn via'a sampling valve 

attached to the head of the autoclave whenever the bomb was 
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pressurized (Figure J.3). Through the sarne sampling dip 

tube, hydrogen gas~ was introduced under the liqui d level. 

FIGURE J.J - SAMPLE WITHDRAWAL DURING A REDUCTION EXPERIMENT 

SECTION 3.5 ~ REDUCTION EXPERlMENTS 

One litre of loaded organic, containing approximately 

J.' g.p.l. of cobalt, was ~oured into the glass "liner of 

the au toclave. The glas's. liner was inserted into the auto­

clave and the bolts were tightened. The loaded autoclave 

was,purged with prepurified nitrogen gas <U,nion Carbide 

ûCanada Limited-<3 ppm 02) to remove the enclosed air. 
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Purging with nitrogen was carried out for ten minutes using 

200 p.s.i. (1.38 MPa) pressure, with sirnultaneous agitation 

of the li qui d. 

When the purging operation was completed, the organic 

solution was heated to the desired temperature with the 

stirrer operating at 700 RPM. 

When thermal equilibrium was reached (the heating time 

was usually two hours), a sample of liquid was collected ta 

determine the initial cobalt concentration. Hydrogen gas 

was then in trodue ed in to the au toq,lave and the pressure 

was adjusted using the 'delivery regulator. Introduction 

of the gas resulted in a 3-5 Oc temperature drop, apparently 
<II 

due to the cool hydrogen maSSe This temperature drop did 

not significantly alter the reaction kinetics, since within 

5-10 minutes the controller re-established therma~ equiÏibrium 

at the desired temperature. 

At selected time intervals (every 30-60 minutes), 

liquid samples (15 mIs.) were withdrawn: Prior to sample 

taking, the sampling tube was flushed wi th approximately 

5 mIs. of organic solution, which was then discarded. 

When the hydrogen stripping experiment was completed, 

the heater was turned off and the autoclave was left pres-

surized overnight in arder ta cool. 

The stripped organic liquid was filtered through a 

350 mIs. Buchner funnel (fine ,porosity) having a fritted 

dise. A water tap vacuum pump was used to accelerate 



t 

( 

.50 

filtration. The powder retained in the filter was thoroughly 

washed with acetone and stored for future physical and 

chemical analyses. The fil~ered organic liquid, replenished 

with fresh liquid to compensate for sampling losses, was 

recycled several times. 

After sorne reduction tests, cobalt plated onto both 

the immersed metallic surfaces of the autoclave and ·the glass 

liner. After washing with acetone, the plated surfaces were 

immersed in a fifty volurn€ percent nitric acid solution and 

allowed,' to stand for 1.5 rninu tes. Finally, after washing 

'with water and drying, the autoclave was ready for the next 

experiment. 

SECTION 3.6 ANALYSIS 

Three groups of analytical methods were used during 

the course of the present investigation 1 

1) Qualitative and quantitative structural 

analyses of the organic liqui~ using 
ultraviolet spectroscopy, gas-liquid 

chromatography, and infrared spectroscopy. 

2} Analysis of the liquid samples taken 
during the re~uction experiments using 

atomic absorption in order to deterrnine 
the amount of cobalt which had been 

precipitated. 
'J) Examination of sorne of the chemical and . 

physical properties of the cobalt powder 

produced using X-ray diffraction, chemical 
analysis, scanning electron microscopy, 

--:-j 
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and partiele size distribution. 

3.6.1 : ORGANIC STRUCTURE ANALYSIS 

Gas-liquid chromatography eould not be applied to the 

KELEX 100 samples without special pretreatment because the 

material is insuffieiently volatile to pass through the 

chromatographie column. Silylation, which is' the substi­

tution of the trimethyl~ilyl group (-Si(CH3)3) for active 

hydrogen in a compound, is a common derivatization method 

used in the event that gas ehromatography has to be earried 

out on organie compounds of low volatility.[45J 

The KELEX 100 samples were silylated by treating 0.2.5 mIs. 

with 0 . .5 mIs. of bis-silyltrifluoroacetamide (BSTFA-Pieree 

Chemical Company) and heating the mixture for 4.5 minutes at 

100 oC. 

Two av type (0.32 cm.) ehromatography columns (sensing 

and reference) were used. Each column was 244 cm. long with 

3% li~uid phase on a 90-100 'Gas Chromo Q.' mesh. The analysis 

was carried out u~ing a Perkin-Elmer Model 881 gas chromato­

graph connected to a highly accurate strip-chart recorder . 

(Hewlett Packar~ 7101B). A flame ionization detector was 

used, while the)gas-liquid chromatograph was programmed at 

6 oC/min. from 180-300 Oc and held for 2 minutes at 300 oC. 

The carrier gas used was helium. 

The infrared spectra of KELEX 100 were recorded in the 

6 4 -1. 4' 00- 000 cm range us~ng a Perkin~Elm~r Model .57 ~rat~ng 

. , 

.' 
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infrare'd ,speetrophotomét'er (+' 2 cm- 1 res~.lution). 

" The KELEX 100, sample's were diluted in kerosene and 

decanol, (15· volume percent, KELEX 100, 10 volume percent 

52 

,. decanol, and 75 volume per~~'nt kerosene) and analyzed.. The 

reference solutiqn eonsisted of decanol dissolved in kerosene. 

Gas-liquid chromatography and infrared spectroscopy were 

performed in ~r to determine whether or not the organic 

liqu~d h~d decomposed during the re~uc~ion experiments. 

In order to deter.mine the structure'of the cobalt-

KELEX mélecule, samples of loaded organic were analyzed 
" ,0 , 

using a Perkin-Elmer 124D Double l;leam Spectrophotometer. 
~ . 

Measu~ements were made in the 300-500 nm. wavelength range 

and the" ~,UltS were printed by a" Perkin-Elmer 165 chart 

recorder. (Kerosene was .~,sed as the ;r;eference' liquid. 

3.6.2 : DISSOLVED COBALT C'ONCENTRATION 

, 
The samples taken during the reduetion experiments were • 

ana1.yzed directIy· using a, pèrkin-Elmer Model 306 Double Bearn 
. 

Atomic Absorption Spectrophotometer. For sorne samples, a 

Pye Unicam SP190 Atomic ,Absorption Spectrophotometer was used. 
t ? f ~ ... 

Since cobalt oxidizes to form a vèry stable cobaltic­

KELEX complex, i t was not possi'ble to acid-strip the samples . 
and to then analyze the aqueous solutions.using conventional 

atomie'· absorption techniques ~ . 

Dire,ct an,alysis of the organic solut,ions was possible, 

and the sensi ti v'i ty 'of" the instrument was found to be twice 
, . { 

, ' 

.< .. . . 
" 
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that for an :;queous solution. The samples had to be diluted 

'below 8 pprn cobalt as the calibration curve was linear only 

ûp ta this concentration.,level. The samples were diluted 

using kerosene, and therefore kerosene was used as the 

reference solution. The flarne was adjusted ta allow for 

the f'iarrunable di luent by reducing the acetylene flow rate. 

Organic standard~ were prepared by diluting a KELEX 

100 sample containing a known amount of cobalt. The amount 

of copal t in the organic phase was carefully determined by 

the difference between cobalt levels in the aqueous Ïeed 

and raffinate. Four standards were prepared in the 2-6 

ppm range. 

3.6.3 : COBALT POWDER ANALYSIS 

" , 

Oxygen, hydrogen, and carbon levels of the cobalt powder 

produçts were measured indepêndently by Techni trol Canada 

Li mi ted. 

X-ray pO\vder diffraction was performed on several samples 

using a Phillips Diffractometer. The operating candi tions 

" were: 40 kV voltage, 20 mA tube current, lit .FeK(X radiati on, Mn 

" fi l te,r, and 6 hours of exposure time. 

Particle size analysis of' the cobalt powder was perfornied 

using a Warrnan Cyc losi zer (Madel M4) • 

Scanning elec tron microsc?py was perÏormed using a 

JEOL-JSM-J5S instrument located in the McGill Department of 

Epi"demiology. Th.e operating condi tions wer~ 10 kV voltage 

, . 
, ., .', 

, '. , \ 
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and a 39 mm. working distance. The samples were mounted 

on aluminum stubs with epoxy. 
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CHAPTER FOUR 

DISCUSSION OF RESULTS: 

CHEMICAL AND THERMAL STABILITY OF KELEX 100 

'" SECTION 4.1 : OBJECTIVES OF THE EXP~I MENTAL PROGRAM 

The main obj ec ti ve of thi s work ~o investigate the 

possibility of precipitating metal directly from cobalt-

loaded KELEX 100 using hydrogen under pressure. 

The discussion of the experimental resul ts will be 

divided into three parts: 

1) The study of the chemical and thermal stabili ty 

of the organic liquid during the reducti on 

experiments. In arder for this process to 

be economically feasible, the organic liquid 

must be totp.lly regenerated after reduction, 

and show nà signs of organic degrada tian and 

no loss in loading capaci ty. 

2) The study of the parameters which affect the 

kinetics of the stripping process. This is 

de al t wi th in Chapter fi ve. 

J) The examination of sorne of the chemical and 

physical properties of -the cobalt powder 

produced. These resul ts ar\' presented ir: 

Chapter six. 

Since potential application of this process on a com­

mercial scale is envisaged, commercial grade KELEX 100 was 

used in the present investigation to allow for a more 

relevant evaluation. 

• 
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SECTION 4.2 : PROPERTIES OF KELEX 100 

4.2.1 : HISTORY OF KELEX 100 

1 ~ Ashland Chemical Company [now Sherex Chemical Compan:yJ 

de1eloped KELEX 100 in 1968 as an extractant for copper from 

both dilute and relatively concentrated leach solutions.[46] 

KELEX 100 is a derivative compound of the analytical 

chemical reagent 8-hydroxyquinoline [often referred to as 

8-quinolinol or oxineJ. 8-Hydroxyquinoline has a hydrogen 
" 

atom that is replaceable by a metal ion, and a heterocyclic 

ni trogen atom as shown below: 

'\. 

OH t 
t Basic Group 

Acidic Group ~ 

FIGURE 4.1 -
CHEMICAL STRUCTURE OF 
8-HYDROXYQUINOLINE 

Preparation of KELEX 100 involves the reaction of an 
,; 

'alkenyl or alkyl chloride with 8-hydrOXyquinoline.[47] The 

active component of this commercial extractant was previously 

7-[)-(.5,5,7,7-tetramethyl-l-octenyl)]-8-hydroxyquinoline 

(see Figure 4.2 1), but its production was discontinued in 

1976. Presently, the active ~onent of KELEX 100 is 

7-[2-(.5-ethYl-nOnYl)]-8-hYdro~quinoline (s~e Figure 4.2 II). 

L 

.~ 
OH 

CH, CH, 
1 1 

R S -CH-CH -C-CH -C-CH, 
1 1 1 1 1 

CM CH, CH, 
Il 

CH t 

FIGURE 4.2 - THE 
ACTIVE COMPONENT 

OF KELEX 10(0 
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Theoretically, the hydrocarbyl 'R' group can be attached 

ta carbon ring atoms in the 2nd, Jrd, 4th, 5th, 6th, or 7th 
• 

positions. However, BUdde[47] claimed that for optimum 

extraction the 'R' group should be attached at the 7th 

position as shown in Figure 4.2. 

The active component of KELEX 100 accounts for approx­

imately 78 weight percent, while the balance is made up of 

various by-products of the alkylation process.[48] These 

impurities are analyzed in the next section. 

4.2.2 1 GAS-LIQUID CHROMATOGRAPHY 

In gas-liquid chromatography, the components of à 

vapourized sample are fractionated as a consequence of 

partition between a mobile gas phase and a stationary liquid 

phase c~;;ained in a column.[49] 

A sample containing the solutes is injected into a 

heating black where it is immediately vapourized and swept 

as a plug of vapour by the carrier gas stream into the 

column inlet. The solutes are absorbed at the head of the 

column by the stationary phase and then desorbed by fresh 

carrier gas. This partitioning process occurs repeatedly as 

the sample is moved toward the outlet by the carrier gas. 

Each solute travels at its own rate through the column, and 

consequently, a band corresponding to each solute will appear. 

The degree ta which the bands separate is determined by the 

partition ratios of the solutes and the extent of band 

, , 
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spreading. The solutes are eluted, one after another, in 

inereasing order of their partition ratios, and enter a 

detector attaehed to the column exit. The time of emergence 

of a peak identifies the component, and the pe~,area reveals 

the relative eoncen~tion of the component in the original 

sample mixture. 

Figu~e 4.3 shows a gas-liquid chromatogram of a typical 

KELEX 100 sample of post-1976 manufacture. Th~~specific 

conditions for the gas-liquid chromatographie ~âlysis. are 
( ( 

given in the Experimental Chapter. \ 

The attenuator setting for aIl peaks, with the exception 
• 

of peak 4, was X500. Xhe setting for pe~ 4 was X1000, 

indicating that this peak should be twice as big as i t appears 

in Figure 4. J. 

The various components of KELEX 10Ô were analyzed using 

mass spectrometry by Dr. O. Mamer of the McGi11 Bi\lmedical 

Mass Spectrometry Unit. The mass spectrometrie conditions 

were as follows: 70 eV ionizing energy, ion source temperature 

of 290 oC, and a scan rate <MVZ) of 10 to 500 in four seçonds. 

In Table 4.1 the molecular weights and the chemical ~" 
structures of the various components, when known, are summarized. 

The composition of the sample was determined by estimating 

the area under each peak, and the results are also shown ln 

Table 4.1. The active component was found to be approximately 

77.1% which is in accordance with the value obtained by 

Ashbrook. [48] 
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PEAK {; MOLECUtAR WElGHT l'IEIGHT " MOLECULAR STRUCTURE 

14-.5 0.6 00 
OH 

z 197 11.0 ~ ~ 0 

• 

J 257 1.2 . ~-OO 
C,", 0t4 

4 299 77.1 pOOJ 
?t'\ 
~0t4 
1 

~ 

.5 297 0.8 
~ ~ Il OH 

~ 
ct", 

6 297 2.1 ~ ( pro bab J.y ) 
CHCH, 
1 

~ 

7 295 40.1 ~ Ot., N 

~ ~ 0 
CHCH. 
1 

<;t<. 

13 45J 1.0 ? 

9 ? 1.6 ? 

la ? 0.5 ? 

TABLE 4.1, - VARIOUS COMPONENTS OF KELE4 100 
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4.2.3 INFRARED SPECTROSCOPY 

Infrared spectroscopy involves the twisting, bending, 

rotat~ and vibrating motions of atoms in a molecule.[50 ] 

Upon interaction with infrared radiation, portions of the 

incident radiation are absorbed at specifie wavelengths. The 

multiplicity of vibrations occurring simultaneously produces 

a highly complex absorption spectrum, which is uniquely 

characteristic of both the functional groups comprising the 

molecule and the ove raIl configuration of the atoms. 

',\ For infrared absorption to occur, two major conditionS 

must be satis~ed. First p the energy of the radiation'must 

coincide with t~e energy difference between the excited and 

ground' states of the molecule. Radiant energy will then be 

absorbed by the molecule, increasing its natural vibra~ion. 

Second, vibration must entail a change in the electrical 
Cl 

dipole moment, a restriction which distinguishes infrared 

from Raman spectroscopy. 

The infrared region of the electromagnetic spectrum 

extends from the red end of the visible spectrum to the micro-

waves. This region includes radia~on at w/velengths betw(en 

0.7 and 500 ~m or, in wavenumbers, between 14,000 and 20 cm- 1 

The spectral range of greatest use is the mid-infrared region, 

. }, 6 -1 that is, the reglon between ~OOO- 00 cm • 

The infrared spectrum of the unloaded KELEX 100 sample 

is shown in Figure 4.4. 

Harrison et al. [51] have reported some characteristic 
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frequencies of the infrared spectrum of KELEX 100. For instance, 

4 -1 the OH-phenolic stretching frequency was measured at 3 00 cm , 

the C-N stretching frequency at 1280 cm-l, the C-N bending 
-1 frequency at 720 cm , and the C-O stretching frequency at 

1090 cm- 1 

AShbrook[52] maintained that the phenolic hydroxyl group 

in KELEX 100 is involved in intramolecul~r hydrogen bonding. 

This was deduced from the presence of an abs,orption peak 

around 3400 cm-l, which was in evidence down to a concentration 

of 0.0025M in carbon tetrachloride. This is similar to a 

peak p)1esent in the spectrum of 8-hydroxyquinoline at 3410 

which has also been associated with hydrogen bonding. 

-1 cm 

The inf~ared spectra of the parent compound of KELEX 100, 

8-hydroxyquinoline and i ts metal chelates, ha"e~-~, studi~d 

in much greater detail th~ infrared spectra oT KELEX 100 

itself.[5J,54 ] In most studies thus far, solid samples of 

8-hydroxy~uinoline and its chelates were used. In the present 

investigation, only liquid samples of KELEX 100 were analyzed. 

SECTION 4.3 l,COBALT-LOADED KELEX 100 

4.3.1 1 OXIDATION OF COBALT CHELATES 

The oxidation of cobalt chelates~~ring solvent extraction 

is a very frequent phenomenon that occUPS with most extractants 
~ 

of industrial-or analytical interest. The cobalt(III) complex 

resulting from this oxidation is highly stable and is 'very 
'" 

difficult to strip using dilute acid solutions.[55] 
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In studies designed to extend the scope of application 

of KELEX 100, Ritcey and Lucas[3 1 ,44] examined the extraction 

of several metals, including cobalt, from aqueous solutions. 

They found that the cobalt tended to become 'fixed' in the 

organic phase and only 20% of the cobalt could be stripped 

using a 10% sulphuric acid solution. They concluded that once 

cObalt(II) i~ extractad, it must be stripped in a relatively 

short time because prolonged exposure ta air axidizes the 

cObalt(II) ta cobalt(III). 

In a more fundamental study, Làkshmanan and Lawson[S6] 
~ 

examined the extraction of cobalt by KELEX 100 and KELEX 100/ 

Versatic 911 mixtures. They concluded from slope analysis of 

graphical plots of their experimental data that KELEX 100 (HL) 

forms a complex with cobalt of the type CoL2 ·2HL. Theyalso 

found that the cobalt could not be stripped from the organic 

phase. They did not consider that the cobalt was being 

oxidized ta the trivalent state, but rather claimed that the 

cobalt(II) chelate complex was extremely stable and hence 

difficult ta strip. It is interesting to note that the CoL2 '2HL 

stoichiometry of the extracted complex agrees with that given, 

by Stary[S?] for cobalt-8-quinolinate. Stary conducted a 
\ 

systematic study of the formation and extraction of 0fêr thirty 

metal-~quinolinates and, like Lakshmanan and Lawson, made no 

mention of possible cobalt oxidation. 

Flett et al. [58] showed that it can be misleading to 

draw conclusions about stoichiometry based on slope analysis 

1 
1 

J 

1 
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data alone. They showed that an equation can be written which 

provides a log(distribution) versus pH graph with a slope of 2, 

normally indicating the presence of a cobalt(II) complex, but 

yielding, in fact, a cobalt(III) camplexl 

Co++ + 3HL . + 1/4 0 - C ~ 2H+ + 1/2 H 0 (4 1) - 0 ,+ 2' , 
organ~c 2 . 

o ,r garu. c, 

EqUa~On 4.1 could be the sum of consecutive-extraction and 

oxida~on reactions as follows: 

Co++ + 4HL . =CoL2 ,2HL . + 2H+ (4.2) orgaru.c orgaru.c 

Guesnet et al,[30] cleared up sorne of thé controversy 

surrounding cobalt oxidation by performing visible and ultra­

violet absorption spectrophotometry on samples of 8-hydroxy­

quinoline and KELEX 100, 

They reported that after separation from the aqueous 

phase and dilution, the organic phase showed an absorption 

maximum around 375 nm in nonbasic solvents such as kerosene or 
C' 

toluene. This absorption maximum decreased with time and a " 

new maximum progressiv~ly appeared at 420 nm. T~ey claimed 

that this phenomenon was due to the oXidation of the ext~acted 

cobalt(II) 8-hydroxyquinoline complex [absorption maximum at 

375 nm] to the cobalt(III) complex [absorption maximum at 420 nm]. 
o 

Complete oxidation took approximately 200 minutes. 

When the extraction was performed using KELEX 100 instead 

of 8-hydroxyquinoline, the organic phase showed an absorption 

'. 
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, '. 
ma~imum at",,440 nm in nonbasic· ~olvents. The posi tion of this 

band did not change wi~h time~and st~ippin~ was impossible 
\ . 

wi th di lute acids: 
, . 

These ~acts suggest that when coba~t is 

, . extracted with KELEX 100 the oxrdation is as fast as the 

extraction. , 

, . 

This phenomenon was verified in the present work and the 
J' 

UV absorption' spectrum is sh,own in Figure 4.5. The equipment 
.. ' 

used for this analysis is de'scri bed in: the Experimental Ohapter. 

The' KÈLEX i'Qo. ~am;i~ wa's analyzed two minutes after i t 
4 

was loaded, and an ,absorption maximum appeared at 440 nm 
, . 

indi,cating the presen'ce of a pobal t( III) comple~ The loaded 
• r 

organic was again analyzed after a period of 12 hours and 

there was no d€tectable change in peak height or position • 

. 9uesnet et al.[)O] reported that compounds that can 
, .' 

donate electrons through an 'oxygen atom p such as tribut yl­

phosphate, to the org~ic phase, decrease the cobalt oxidation 

rate. The addition of these oxo-donor compounds produces a 
~ 

shift of the absorption maximum of t,he cobal tOI) complex to 

lo~er wavelengths, whereas the absorption band of the cobalt(III) 

cornplex is unal tered., The cobal t(1I) shift indicates a change 

in the structure of the complex, which can be explained by 
( . , 

the acid-base properties of the cobalt(II) ion and oxo-donor 

cornpounds. Since the cobalt ion is an electron acceptor, bonds 

between the donor compound and the c~balt ion are formed. These 

bonds increase the stability of the cobalt(II) complex, and 

hence the complex is rendered less oxidizable. : 
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The addition of vanous amounts of aeidic eompounds, sueh 

as Versatie 10 aeids, to the organie phase, also decreases the 

cobalt oxidation rate. These compounds shift th~rPtion 
maximum of the cobalt(II) complex towards lower wavelengths. 

The addition of acidic compounds (HR) leads to the equilibrium: 

( + R-) HL + HR = H2L , (4.4) 

which i8 termed protonation of the KELEX molecule. The increase· 

in the R concentration promotes the formation of poorly 

oxidizable eobalt(II) complexes sueh as (COL e 2HL)+,R-. 

4.J.2 : STRUCTURAL CHANGES AFTER LOADING 

After loading with cobalt, the organic liquid was once 
• 

again analyzed using gas':"liquid chromatography and infrared 

spectros6opy. These results are presented in Figures 4.6 and 
1 

4.7. Comparing the chromatogram of the unloaded extractant 

(Figure 4.J) to that of the loaded extraetant (Figure- 4.6), 

it ean be seen that peaks 1, 3, 6, 8, 9, and 10 disap~ar. 

This implies that the eompounds corresponding to these peaks 

probably take part in the loading reaetion. Peak 4,.which 

represents t~e,unloaded C11 -alkylate of 8-hydroxyquinoline 

and 18 hence the main active eomponent of KELEX 100, is mueh 

• smaller than the corresponding peak in the unloaded chromatogram 

(Figure 4.J). This indieates that the extractant is being 

loaded wi th cobalt. Peaks 2, 5, and 7 remain ess~ntially un­

ehanged before and after loading, indicating that these compounds 

do not take part in the loading reaction. 
. ~ 
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The inf'rared spectrum of the loaded organic sample is 

shown in Figure 4.7. The changes that occur in the various 

peaks are indicated by arrows, and can be seen by comparison 

wi th Figure 4.4. 

As expected, the peak at 3400 cm- 1 (the OH-phenolic 

stretching involved in intramolecular bonding) is smaller , 

after loading because this si te is actively involved in the 

loading reaction. There is a corresponding change in peak 8 

which is associated wi th the OH-phenolic bending frequency. 

There is also a noticeable i~crease in peakS 4 and 6, which 

are associated ri th hetero-ring stretching and aromatic-ring 

stretching respectivaly.[11] The increase in frequency in 

peak 13 seems to be due to changes in the frequency of C-N 

bending. The increase in size of peak 11 may be due to 

changes in out-Of-Plan2CH-eformation before and after 

loading. [59J The s~i >'Peak 9 from 1280 to 1140 cm- 1 

appears to be due ta hanges in the C-N stretching frequency. 

l t was not possible to determine exactly what structural 

rifts occurred in the organic sample to cause changes in 

peaks .5 and '7. 

AlI of the infrared studies ,-'fere performed in the mid­

infrared range (4000~600 cm-1 ) where vibrations due rO the 

8-hydroxyquinoline ligand can be detected. Direct information 

about the structure of the cobalt complexes ~d the strength 

of the metal-ligand bonds couid not be obtained wi th the 

apparatus used as these appear in the far-infrared region 

( 6 -1) 00-,10 cm . 
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A comprehensive study of the far-infrared frequency 

spectra of various metal-8-hydroxyquinolinates has been 
~ 

conducted by Ohkaku and Nakamoto.[60] They claimed that the 

cobalt complex exhibits two bands in the 420-370 cm- 1 region 
'. 

and three bands in the 280-200 cm- 1 region. They assigned 

h 8 6 -1 . t e two strong bands at 27 and 2 3 cm ta the asymmetnc 

and symmetric Co-O stretching modes, respectively. The Co-N 

stretching modes were identifted at approximately 228 cm- 1 

where a very strong band was observed. They claimed that 
( 

since the spectral pattern for coba:l t is very similar to 

those for nickel and zinc complexes, the structure of cobalt-

8-hydroxyquinolinate is likely to be tetrahedral. 

SECTION 4.4 : ORGANIC REGENERATION AFTER REDUCTION 

4.4.1 : HYDROGENATION OF QUINOLINE COMPOUNDS 

Evaluation of an extractant for conventional hydro-

metallurgical solvent extraction involves consideration of 

thermal stability up to 50-60 oc. However, for the hydrogen 

stripping of cobalt from·'loaded KELEX 100, thermal stability 

up to 325 Oc is required. Studies specifically designed to 

determine the thermal characteristics of 8-hydroxyquinoline 

and i-ts derivatives are not readily available in the literature. 

It should be noted that during manufacture, KELEX 100 is 

subj ected to temperatures up to 260 Oc in a reducing atmos­

,phere (0.10 MPa H2) and there are no signs,of organic 

decomposition.[11] However, neating in the presence of air 
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greatly accelerates decomposition of the extractant. This 

suggests that KELEX 100 can withstand the high temperatures 

of hydrogen stripping as long as air is evacuated from the 

system. 

The reactivity of KELEX 100 with hydrogen, or instability 

under high temperature and pressure conditions, could prevent 

the tlse of hydrogen stripping. Interaction of KELEX 100 

with hydroger could lead either to hydrogenation of the 
1 

aromatic rings or, under more drastic conditions, to decompo-
.' 

sition due to breakage of t~e· rings. In addition, high 

temperature could, in itself p lead to ring breakage (pyrolysis). 

In the li terature, a number of references describe the 

catalytic and destructive hydrogenation of quinoline under a 

variety of temperatures, hYdrogen pressures, and catalyst 

environments. Quinolines are usually reduced preferentially , , 

in the hetero-ring, regardless of catalyst, producing 1,2,3,4-

tetrahydroquinoline (Figure 4~8 1).[61J Under stronger 

hydrogenation co~ditions (>10 MPa), decahydroquinoline is 

produced (Figure 4.8 II), while under extreme conditions 

(>15 MPa), the ring system breaks down yielding ammonia, 

anunes, and hYdrOcarbons.[62J 

00 
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8-Hydroxyquinoline exhibits the sarne behavioural pattern 

as quinoline when catalytic hydrogenation is carried out. 

The 1,2,J,4-tetrahydroquinolinol compound (Figure 4.8 III) 

was the reported hydrogenation product by Cavallito and 

Haskell.[6J] The reduction was carried out at 55 Oc and J atm. 

(O.JO MPa) of hydrogen using a palladium catalyst. The 

presence of a methyl group, as in 2-methyl-4-hydroxyquinoline, 

prevented reduction. 

4.4.2 : COPPER-KELEX 100 SYSTEM 

DemopouloS[l1 ] was the first to investigate the thermal 

and chemical stability of KELEX 100. Ris experiments showed 

that KELEX 100 exhibi ts excellent chemical stabili ty up. to 

JOO Oc and 400 p.s.i. (2.76 MPa) of hydrogen pressure. Gas-

liquid chromatograms and infrared and proton n.m.r. spectra 

showed no signs of hydrogenation of the quinoline rings . . 
However, when Demopoulos loaded the extractant with copper, 

he occasionally observed extensive degrada~ion of the extractant, 

t t tu l a.s 2 0 0 0 C • even a empera res as ow Using gas-liquid 

chromatography, he was able to conclude that the d~gradation 

was due to the hydrogenation of the 5-membered aromatic ring 

of furoquinoline (Table 4.1 - peak 7) which yielded dihydro­

furoquinoline (Table 4.1 - peak 6). The alkylated 8-hydroxy­

quinoline (Table 4.1 - peak 4) was hydrogenated in only a 

few cases. However, Demopoulos reported that when decanol 

was used as a modifier, no degradation was observed. He 
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assumed that the prevention of hydrogenation of the extractant 

was due to hydrogen bonding between the decanol molecules 

amd those groups most vulnerable to hydrogenatian [e.g. :0 

(furan ring) and ~N (quinoline ring)]. After reduction of 

the metal chelate and exposure of ~N to hydrogen attaak, the , 

decanol forms a protective hydrogen bond with the nitrogen 

hetero-atom (or with the axygen hetero-atom) and degradation 

is prevented. 

It is also possible that decanol prevents hydrogenation 

by lowering the catalytic activity of the metallic copper , 

produced during the reduction experiments.[ll] The electro-

negati ve oxygen atom of the alcoholic OH group may be adsorbed 

on the §ur,face of the electroposi ti ve metallic copper, 
1 

forming weak electrostatic bonds. Due to this adsorption, 

the catalytic aetivity of copper is lowered sueh that the 

hy~rogen is sufficiently active to reduee the copper-KELEX 

100 complex, but is not sufficiently active to promote 
./ 

hydrogenation of the less reactive quinoline ring. 

4.4.3 : COBALT-KELEX 100 SYSTEM 
1 

After loading wi th cobalt and reduetion wi th hydrogen, 

the remaimng organic liquid was once again analyzed using 

gas-liquid chromatography and infrared spectroscopy. The 

results are presented in Figures 4.9 and 4.10. For aIl 

reduction tests. the organic phase consisted of 15% KELEX , 

100, 75% kerosene, and.10% decanol by volume. 

\ 
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A comparison of Figures 4.3 and 4.9 reveals that aIl of 

the original peaks, with the exception of peak 1, have reappeared. 

The parent compound, 8-hydroxyquinoline (peak 1), is slightly 

soluble in water and probably enters the raffinate during 

laading. Peak 4 returns ta appraximately 90% af its original 

height, and this is to be expected as only 90% reduction 

occurred wi th this sample (Appendix - R5). The missing 10% 

is in the form of a cobalt chelate complex and is not shown -....... 
in the chromatogram. Since no new peaks were formed, it 

appears that no significant changes took place and thus the 

organic extractant showed resistance to hydrogenation. 

A comparison of Figures 4.4 and 4.10 also reveals that 

the major peaks have returned to approximately their original 

he:Vghts and positions. Peaks 1 and 8, 'corresponding to OH-

phanolic stretching and bending respectively, have essentially 

returned to 90% of their original heights. From the appearance 

of these peaks, i t is apparent that hydrogen exchange took 

place between the cobalt-loaded extractant and hydrogen gas. 

S 4 -1 Peak 9, which shifted from 12 0 to 11 a cm after loading, 

appears to have shifted back to its original po~ition. As 

wi th the gas-liquid chromatograms, no significant changes 

occurred between the spectra __ ~f the unloaded and reduced KELEX 

100 samples. This, in conjunction wi th the fact that no 

detectable loss in loading capacity was observed when the 
~ 

organic liquid was recycled, ipdicates that hydrogenation did 

not occ~r and that KELEX 100 is a suitable extractant for 

... 
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pressure hydrogen stripping. 

In the laboratory, the organic liquid was recycled 8-10 

times and then a fresh sample of KELEX 100 was used. Before 

this process is ready to be used commercially, more work 

must be directed at determining whether or not there are 

any del~terious effects of recycling over longer periods. 

, 
SECTION 4.5 : THERMAL STABILITY OF KELEX 100 

As has been described in the Experimental Chapter p the 

standard procedure for a hydrogen stripping test was to 

heat the loaded organic extract~t under nitrogen until the 

operating temperature was reached. There exists the possibility 

that heating the loaded extractant under nitrogen could result 

in cobalt precipitation, while at the sarne time partially 
~ 

regenerating the organic solvent. This phenomenon is termed 

'thermal precipitation' and is discussed below. 

Charles et al. [64] have perhaps carried out the most 

extensive investigation on pyrolysis of 8-hydroxyquinqline 

~helates. In their investigation, various me~al chelates 

(Cu, Ni, Co, Mn, Zn, Pb, and Cd) were prepared in solid form 

and were then heated in air, in vacuo, or in inert atmospheres. ' 

The methods used t~ study the thermal properties of the metal 

ch~ates were TGA (thermal gravimetri9 analysis), TMA (thermal­

manometric analYS}~), and DTA (~iffe~ntial thermal analysis). 
~ 

The 8-hydroxyquinoline chelates of copper(II), nickel(II), 

cobalt(II), cadmium(II), and lead(II) gave iree metals in the 
'. , 
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dissociation residues, whereas manganese(II) and zinc(II) 

yielded metal oxides. Hydrogen gas was the main volatile 

product in aIl cases. The temperatures at which decamposition 

of the oxinates first became detectable are shawn below for 

a few metalsi 

METAL 

Cu 
Pb 

Ni 
Co 
cci 

TEMPERATURE (oC) 

275 
310 

400 
420 
460 

TABLE 4.2 - OXINATE DECOMPOSITION TEMPERATURE (HEATING 

'UNDER ARGON) 

Charles et al. proposed a reaction~echanism to account 

for the pyrolysis phenomenon. This mechanism consists of -
two reactions: 

1) Int~rmolecular dehydrogenation between chelate 
molecules giYing a polymerie structure in 
whiéh the ring system i8 retained. 

A -
(4.5) 

, , 

, 

.~ 

- ~ . 

1 ,1 
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2) The hydrogen released may be evolved: as a 

free gas or i t may react according to: 

. , 
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(4.6 I) 

MErAL 

\ 
MO.

HO-@. © 
., @,@ 

(4.6 II) 

OXIDE 

Equations 4.6 l and 4.6 II are approximations of what is 

actually occurring and only apply to temperatures close te 

the decomposition temperatur~. At higher pyrolysis temperatures, 

dehydrogenation is accompanied by partial disruption of the 

ring systems, while above 700 Oc even the q~noline m:rcleus 
, [64J 

i8 disrupted t~ sorne e-xtent. 
V 

Using solid 8-hydroxyquinoline samples 1 Charles et al. 

found that the cobalt complex decomposed at 420' Oc (see Table 

1+.2) • Since the present work was performed using liqu\.d KE,~ 
, 

100, i t was necessary to determine whether. or not thermal 

precipitation occurs at operating temperatures around 300 oC. 

It is known that copper is thermally precipi tated 1ft temperatures , 

below 275 Oc (see" Table 4.2) when KELEX 100 is us.ed.' Demopoulos[ll] 

found that at temperatures as low as 20,0 oC, approxima-tely 1.5% 
1 

of the' copper ini tially in the loaded o~ganic had precipi tated 

out of solution after a heating period of 12 hour~. A plot 

. 01 heating time 

) 

. .. 
versus metal concentration is shown in Figure Lv.U. 
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FIGUItE 4.11 ... THERMAL PRECIPITATION OF COPPER AND· 
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(1 COBALT WHILE HEATING UNDER NITROGEN 
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The initial copper concentration was approximately 10 gpl 

and this corresponds "to 100% at Ume zero. Using X-ray 

techniques, Demopoulos determined that the precipitate was 

metallic copper powder. Demopoulos reported that "the slow 

thermal dissociation observed was ... beneficial sinceOit 

produced the first nuclei for further copper precipitation ' 

during hydrogen stripping." [11 ] 

When cobalt-loaded KELEX 100 was heated under nitrogen, 

no thermally precipitated powder was produced. Atomic 

absorption did not reveal any change in cobalt concentration 
'-./ 

in the organic liquide The results from heating at 300 Oc 

under nitrogen are included in Figure 4.11. The initial 

cobalt concentration was approximately 3.5 gpl and this cor-

responds to 100% at time zero for the cobalt curve. 

Thermal precipitation does not occur using a cobalt-
o KELEX 100 system at temperatures be-}ow 300 C. According 

ta Table 4.2, temperatures cldser ta 400 Oc may be required 

before any cobalt would be, produced via a thermal precipita­

tion mechanism. 

'. 
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CHAPTER FIVE 

DISCUSSION OF RESULTS 1 

THE KINETICS OF COBALT PRECIPITATION 

SECTION 5.1 : KINETIC STUDIES 

The kinetic investigation of cobalt precipi tation from 
_\ t 

loaded KELEX 100 involved the study of sev:eral'parameters 

affecting the reaction rate. The particular parameters 
( 

studied were operating temperature, hydrogen partial pressure, 

agitation, cobalt chelate age, cobalt chelate conc~ntration, 

and seeding. 

5.1.1 : OPERATING TEMPERATURE 

Hydrogen stripping of c~balt-loaded KELEX 100 was 

investigated in th,e 250-,325 oC' temperature range and the 

resul ts are summari zed in Figure 5.1.' 

The abscissa refers to the reduction time in hours • 
. ' 

Time zero corre'sponds to the time at which the operating 

temperature was reached, that is, the poiht at which the 

hydrogen was admitted to the aùtoclave. The ordinate represents 

the percent cobalt remaining in the organic phase. Rt time 

zero, 100 percent corresponds to the initial cobal1 concen­

tration in the organic phase ().5 ± 0.1 g.p.l.). A compre­

hensive list of aIl the reduction tests carried out at these 

temperatures is given in the Appendix. 

As Figure 5.1 sh6ws, the reaction rate was found to be 
': 

• fi , 
1 ,-
" 
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t FIGURE 5.1 - EFFECT OF OPERATING TEMPERATURE ON REACTION 

. ( RATES (500 p.s.i. and no seed) 
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strongly dependent on the operating temperature. For example, 

at a hydrogen pressure of 500 p. s. i. (J. 45 MPa), the p-recipi­

tation kinetics become~unacc;PtablY slow at temperatures 

around 250 oC. Even after a period of 5 hours under these 

conditions, the total reduction amounts to only 10% of the 

r ini tial coîal t in the loaded organic. 

r At a ~igher temperature of 32S·oC, there is approximately 

70% reduction within 2 hours, and a,.lmost complete reduction 

wi thin 4 hours. 

The cobalt produced during these 'reduction experiments 

was found to\ be plated onto the impeller ànd aIl metallic 

surfaces imme~sed in the organic liquid.~ The plated cobalt 
'\ \~.!I 

was extremely dlfficult to remove manually and had to be 

dissolved using a concentrated acid solu~ion., The washing 

procedure is described in greater detail in ~~e Experimental 

section. 

5.1.2 : HYDROGEN PARTIAL 'PRESSURE 

The effect of hydrogen partial pressure on 'the reaction 

kinetics is illustrated in Figure 5.2, where typical results 

from tests conducted at 325 Oc and yarious hydrogen pressures 

are given. 

Figure 5.2 clearly shows tha~ an increase in hydrogen 

pressure significantly favours the ove raIl precipitation 

ltinetics. 

'When thermal equilibri~m had been reached and the hydrogen 

,1 

''''''<J; 
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FIGURE 5.,2 - EFFECT OF HYDROGEN PRESSURE ON REACTION 

RATES (J25 Oc and no seed) 
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, 
gas was admi tted to the. system, there was a" 5-10 p. s. i. (0.,035-

0.070 MPa) drop i,n the total pressure. It is believed that 

this drop was due to hydrogen' dissolution in the organic 

liquid rather than to a chernical reaction taking place since 

this drop was also observed in cases where no cobalt powder 

was produced. 

The vapour pressure of the, Oi(ganic liquid ranged from 

30-100 p. s" i. -(o. 21:Q~-69" MPa) in the 250-325 Oc tempera ture 

region investigated. The pressures referred to in Figure 5.2 

repres ent only, the hydrogen partial pressures. The total 

pressure in the autoclave consisted of the < organic vapour 

pressure plus the hydrogen partial pressure. 

According to Mackiw et al. [65J, a measure of the rate 

at which a reaction takes place,can be given by (lOO/t50 ) 

where t 50 is the time required for reduction of 50% of the 

metal in solution. According ta these authors, a kinetic 

law can be deri ved that gi ves a linear relationship between 

In(100/ t 50 ) and ln( PH2)' Using the resul ts of Figure 5.2, 

-'- -at 200, 300, and 500 p.s.i., the t so values are 4.0,2.4, and 

1. 6 hours respectively. Using linear regression, the slope­

of Et ln(100/t50 ) versus 'ln( PH2) graph wou Id be 0.995 wi th a 
\' 

correlation cOefficient of 0.992. In other words, the rate 

of reduction is a1most directly proportional to the partial 
, F 

pressure of hydrogen in the pressure range investigated. 

" 

Similar dependency of the reduction rate on hydrogen pressure 

was observed in: (1) the heterogeneous system of nickel precipi­

tation from aqueous arillnoniacal sulpha te soluti ons, [~5l (2) the 

.. 
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reduction of cobalt from aqueous ammine ammonium sulphate 

SOlutions,[66] and (3) the reduction of copper from loaded 

KELEX 100[11].' 1 

5.1.3 : EFFECT OF AGITATION 

The reduction of cobalt from loaded KELEX 100 invol ves 

gas, liquid and solid phases. Agi~ation of the loaded organic 

solvent is required for two reasons: (1) good gas dispersion, 

and (2) suspension of precipitated solids to allow for complete 
.. 

~exposure of metallic surfaces to the solution. 

To study the effect of agi tation on the reaction kinetics, 
~. #' 1)' 

three stirring rates were selected. in the 450-900 RPM range. 

The resul ts are plotted in Figure 5.3. The tests were carried 
, 0 

out at 305 C wi th a hydrogen pressure of 500 p'. s. i. (3.45 MPa). 

As Figure 5.3 shows, no significant effect was observed. 

The independence of reaction rate on stirring'rate suggests 

that the overall precipitation process is not diffusion 

c~ntrolled. Burkin[67], in his report on the physical chemistry 

of metal precipitation from loaded carboxylic acids with 

hydrogen, suggested that in his system the rate controlling 
. . 

step was the transfer of hydrogen from the gas phase into 

solution. In Burkin's work, however, hydrogen was introduced 

above the liquid phase, while in the present investïgation 

hydrogen gas was drawn down and dispersed as small bubbles 

below the liquid surface by the action of the impeller. 

Therefore, under the present exp~fimental conditions, a 

/ 

" 
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chemical reaction appears to be the rate c'ontrollin~ step 
, 

for the overall reduction process. 

5.1.4 : COBALT CHELATE AGE 

Pre4ious experience[11] with the copper-KELEX 100 system~ 

suggested that precipitat~n kinetics in the present work 

rnay be affected by chelate age. A number of experiments 

were performed using organic solutions of different ages to 

determine the~effect of chelate ag~. 

The standard procedure for the preparation of the loaded 

organic extractant was to dilute KELEX 100 and modifier in 
, 

kerosene and then to immediately load with cobalt. The phases 

were allowed to separate overnight and the solvent age for 

a typicaI experiment was 24 ± 2 hours. Other tests were 

performed using loaded ~rganic solvents aged anywhere from 

12 hours to 10 days and the results from these experirnents 

are presented in Figure 5.4. While no significant effect 

was observed up to 1 day, iôaded organic solvents with ~reater 

ages gave much slower reaction rates as can b~ seen from 
o 

Figure 5.4. 

This strong ageing effect suggests that the cobalt-bearing 

KELEX molecules form pOlymerie associates which have a 

suppressing effect on the hydrogen stripping kinetics. 

Difficulty of reduction increases with age. 

Such effects have not, however, been reported in conven­

tional acid stripping kinetics where KELEX 100 was used as 

o 
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the metal extractant. It'should be noted that kinetic studies 

related to conventional solvent extraction deal primarily 

with the extraction stage of the process, and only on occasion 
)' 

is reference made to the stripping kinetics. The latter is 

ve~ fast, and if any ageing effect exists, it would be too 

insignificant to have been noted in the li terature. 
\l 

In industrial practice, the·loaded organic would probably 
'. 

be reduced shortly after it was loaded and no significant 

ageing effect\&h,oUld be encountered . 

. 5.1.5 : EFFECT OF INITIAL COBALT CHELATE CONCENTRATION 

~ll of the previous experiments in this chapter were 

conducted using a 15 volume percent, solutiQP of KELEX 100 

diluted in kerosene and decanol. Higher concentrations of 

KELEX 100 were not used since handling of the solution would 

be too difficult due to its high visco~ity, Non-aqueous 

titration of the 15 volume percent KELEX 100 solution with 
>'> 

perchloric acid indicated a o.4M ligand (HL) concentration. 

Assuming a COLJ complex, this corresponds to a theoretical 

7.9 g.p.l. cobalt loading capacity. Preparation of the 

10aded organic solution according to the extraction procedure 

described in C~apter three yielded an organic so~~tion containing 

3.5 g:p.l. cobalt. Theoretically, it would have been possible 

to extract more cobalt by adding more ammonium gydroxide to 

raise the pH of the aqueous solution. This practice was 

rejected because when large quantities of ammonium hydroxide 



( 

are used, some becomes entrapped "in the load~d' organic and 

s~bstantiallY', raises the vapour pressurfÇIof the liquid when 

heated. 

,; The effect of lowering the initial cobalt concentrat\on 

in the o:!'ganic phase,is shown in Figure 5.5. Clearly, a 
. 

decrease in the initial cobalt chelate concentration results 

in 'slower reaction rates. For example " the time required 

for 50% reduction was 1.6 hours for the ).5 g.p.l. solution 

and ove:r 4 hours for the 1.9 g.p.l. solution. The slower 

reactiop rate is probably due to a decrease in the cobalt 

concentration but i t May also be due to an increase in the 

free ligand (HL) concentration... Assuming a ligand concen­

tration of O. 4M before loading and a CoL) complex after loading, 

an organic solution containing ) . .5 g.p.1. cobalt implies that 

"the free ligand concentration is O.22M. With an organic 

solution containing 1.9 g.p.l. cobalt, the iree ligand concen-

tration is O. )M. This increase in free ligand concentration 

may resul t in the formati·on of 'adduc"t complexes' between 

the cobalt chelate complex and molecules of free ligand, and. 

the precipitation rate May be hindered. This srune phenomenon 
~ \. 

parallel system using copper. [llJ was observed ~n a , . 
This hindrance due ta the -increase in free ligand concen-

tration May also be related ta ttie ageing e.t:fect observed 

wi th KELEX 100 where polymerie associa tes hav~ a suppressing 
\ 
\ 

effect on the hydrogen stripping kinetics. Nd attempts were 

made ta determine the structure of these presumed 'adduct oomplexes'. 
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SECTION 5.2 SEEDING 

Aithough seeqing was not necessary to initiate metai 

precipitation, a decision was made ta add an external seeding 

agent in order to see whether or not the precipitation kinetics 

could be increased . 

In the first seeding experiment, 0.5 grams of activated 

carbon powder (Darco G-60 Fisher Scientific Company) was 

added to the loaded organic before it was placed in the 

autoclave. The effect of adding thé carbon powder is shown 

in Figure 5.6. The curve obtained in the absence of an 

external seed is also shown in Figure 5.6. After a pefiod 

of 5 hours, the amount of cobalt reduced using carbon powder 

was greater than 60%. Without a seeding agent, the arnount 

of cobalt reduced was approximately 20% . 
.. 

It was also noticed that no plating oceurred during the 
. .'-carbon seed~ng exper~ment. It appears that the carbon powder 

provided the initial nuelei for reduction to oceur, and then 

once the. carbon was eovered wi th cobalt/ the metal surface 

enabled the reaction to continue. Unfortunately, when the 

organic liquid was filtered, a black sludge formed on- the 

bottom of the filter dise and it took over 6 hours ta filter 

-" 

1 litre of the organic solu tion. Carbon powder may be acceptable ' . 

as a seeding agent :t'rom an academic ~iewpoinltJl9~ever i t is 

unacceptable for cOrnrrle,rcial use. 
"'" 

Another seeding agent used was cobalt powder (Certified 

Coqalt Metal Powder : Fisher Scientific Company). The graph 
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obtained uSing 0.5 grams of cobalt powder is s~perimposed -

on Figure 5.6. 

The carbon powder allowed for faster precipitation at 
~ ., 

the beginning of the reaction. The reasons for this occurrence 

wilt be discussed in Section 5.4. Hawever, at the end of 5 

hours, the reduction using cobalt pawder and the reduction 

using carbon powder were approximately equal. 

When a cobalt seed was used no product was firmly plated 

anto the stirrer assembly. The product from the cobalt seed 

experiment was much easier to fil'ter than th,at from the çarbon 

. seed experiment. It took approximately 1 hour to filter 1 

litre of the organic liquide 

, The effect of adding cobalt powder was àlso examined 

àt another temperature and the results are plotted in Figure 

5.7. The effect is rven more significant. At 250 oC, there is 

approximately 10% reduction without a seed after 5 hours, 

and almost 40% reduction after the sarne perioG of time in 

the presence~ of an external seed. 

S.ECTION 5.3 : EXPERIMENTAL REPRODUCIBILITY 

After having standardized the experimental reduction 

and cleaning procedures, twa replicate runs were conducted 

under typical reducing condit~ons. The results are illustrated 

in Figure 5.8. In addition ta the replicate runs of Figufe 

5;8, a further indication of the experimental reproducibility 

obtained is givén by the reaction curves in Figure 5:J. The 
1 

, j 
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resul ts in Figure .5. J are not strictly true replicate's since 

they represent runs with different stirring rates. However, 

since the stirring rate was considered to have no effect on 

thé reduction kinetics, these tests can be regarded as 

replicates. 

From Figures 5.J and 5.8, the observed variations in 

reaction rates for replicate runs were estimated to be better 

than +10%. The observed variations can be attributed toc 

difficul ties in precisely controlling the following parameters:" 
( 

1) Initial cobalt concentration (J.5 ± 0.1 g.p.l.). 
2) Temperature. Although the temperature controller 

kept the temperature within ±1 oC, Figure 5.1 
,reveals that the precipitation r:ate is highly 
sensitive to the operating temperature. Even 
a slight increase in temperature could result 
in a large increase ~n precipitation rate. 

Errors could also arise due to inaccuracies in analyzing the 

organic liquid samples as, for example, in dilution before 

atomic absorption. 

Considering these possible sources of error, ~10% is 

deemed acceptable. 

SECTION 5.4 : NUCLEATION 

Metal precipitation by reduction of KELEX 100 with hydrogen 

is composed of nucleation, followed by growth. Nucleation 

of a,new solid phase can be homogeneous, heterogeneous, or 

both mechanisms can occur simultaneously. The present system 

is apparently characteristic of heterogeneous nucleation. 
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," 
5.4.,1 : HOMOGENEOUS NUCLEATION 

It seems improbable that homogeneous nucleation would 

take place in the system under investigation. From nucleation 

theory, it is known that there are two requirements in order 

for homogeneous nucleation to occur:[68] 

1) A high concentration of the reaéting species 
(preferably uncomplexed) to the point of . 
supersaturation. 

2) A sufficiently high tempe rature to provide 
the high activation energy of nucleation . 

Although a decrease in ini'tia:l cobalt chelate concentration 

yielded a slower reaction ra te Q( see Figure 5.5), this was 

probably due to the retarding effect of high ,concentrations 

of iree HL molecules rather than ta slower homogeneous, 

nucleation because of decreased cobalt chelate levels. In 

addition, an increase in temperature did not result in 

noticeable reduction of the plating problem, which wauld 

be expected if homogeneous nucleatian was in fact the dominating 

mechanism. Moreover, the strong accelerating effect of seed 

addition abserved with the tests illu~trated in Figures 5.6 

and 5.7 supports the idea of a heterogeneous nucleation mechanism. 
-". 

5.4.2 : HETEROGENEOUS NUCLEATION 

To initiate cobalt precipitatidh'an external seed was 

not required. although i~ its absence, most of the cobalt .. 
produced was plated onto the titanium impeile~ and stirrer 

shaf't. 

• 
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~ring a hydrogen stripping test without seed, the 

immersed titanium surfaces of the autoclave were the only 

metallic surfaces that could activate' hydrogen. The 

surprisingly strong catalytic effect observed here requires 

further elaboration. 

In aqueous systems,titanium is known to perform weIl 

under oxidizing conditions but not under reducing conditions. 

Therefore ftitanium is not suitable for autoclave construction 

in the latter case. Titanium under reducing conditions is 

embrittled by hydrogen picked up either from hydrogen gas 

present in a process stream or produced as a corrosion product. 

For embrittlement to occur, hydrogen must be in the metal 

at concentrations su ch that a separate localized hydride 

phase can f~rm.[69J When hydrogen comes in contact with 

titanium, molecular hydrogen dissociates and ionizes to sorne 

extent due to the potential field of the metal. C70 ] In this 

dondition, the titanium surface would be expected to be 

catalytically very actijve. 
I~ 

It is also believed that during cleaning of the stirrer 

assembly, 'ti tanium adsorbs hydrogen which is produced during 

dissolution of plated cobalt wi th ni:tric acid as -shown below: 

++ -Co + 2HNOJ ---Co + 2NOJ + H
2 

(5.1) 

For this reason a standardized cleaning program, including 

acid strength and contact time, is extremely important if 

good experimental reproduci~ility is desired. 
~ 

o , 
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In addition to the above mechanism, it is presumed that 

hydrogen ois also adsorbed during the reduction experiment, 

thus enhancing the catalytic activity of the metallic surfaces. 

When activated carbon is used as a seed material, it 

is believed that hydrogen adsorbs on the surface of the carbon 

by the following reversible reaction:[71J 

SPECIES l 

OR 

011 

SPECIES II 

The quinoid form (Equation 5.2, SPECIES I) of the carbon 
, 

structure possesses fixed olefinic bonds which produce surface 

strain. This strain is relie'ved by the resonance shift 

associated with the adsorption of hydrogen resulting in a 

phenolic form (Equation 5.2, SPECIES II).[71J 

When cobalt powder is used as a seed material, it is 

believed that hydrogen is chemisorbed on the metal surfàce 

by the following mechanism:[?2] 
., 

FIGURE 5.9 - CHEMISORPTION_.?F A HYDROGEN MOLECULE 
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According to a valence bond model of metallic bonding[72], 

the formation of a chemical bond to a surface metal atom 

can be visualized as involving 'dangling orbitaIs' of the 

surface metal'atoms. The metal atorns on the surface are 

assumed ta have the srune arrangement of orbitaIs as those 

in the bulk, although not possessing their full complement 

of nearest neighbour atoms. The orbital q~ the adsorbing 

species (ls for a hydrogen atom) and the unfilled orbital 

of the surface metal atom overlap and form a chemical bond.[68] 
\ 

As Figure 5.6 illustrates, cobalt precipitation,is 

initially faster when carbon is used than when cobal~ powder 

is used. This is probably due ta the nature of activated 

carbon which contains many pores or active sites (greater 

surface area per unit weight). After a period of 5 hours, 

the amount of cobalt precipitated is approximately the sarne 

using either powder. A possible explanation is that the 

carbon powqer becomes covered with cobalt metal and the two 

seeding agents th en behave similarly. 

As mentioned in Section 5.2, -no plating on the metallic 

stirrer occurred when a seeding agent was added. This suggests 

that the hydrogen chemically adsorbed on the seeding pawder 

is more active than the hydrogen on the titanium surfaces. 

An interesting phenomenon occurred when seeding wi~ 

either cobalt or carbon powder. When the glass liner was 

removed from the autoclave, it appeared that sorne of the 

cobalt had plated onta the liner producing a mirror-like 
( 

, 
J 
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surface. The amount of cobalt plated on~o the liner was 

determinerl by dissolving the cobalt into a known volume of 

acid and then using atomic absorption ta analyze the liquida 

The cobalt plated was always less than 2% of the initi~ 

cobalt in the loaded organic. It is believed that the 

cobalt was not actually' nucleated on the glass liner, but 

rather lt seemed that the seeding agent was forced to the 

liner wall by the centrifuging action of the impeller. 

Evidence for this hypothesis cornes from the fac't that no 

cobalt plated onto the glass liner'when no seed was added. 

This phenomenon illustrates the need for proper baffling 

if a seed is to be added. 

It is known that when the loaded 'organic is placed in 

the autoclave, the cobalt is present as a cobalt(III) chelate 

comp~ex. It is also believed that during the reduction 

experiments hydrogen gas adsorbs onto the carbon or cobalt 

powder and becomes catalytically active. However, it is not 

known by what means the CoL) complex is reduced to pure cobalt 

mataI. Further studies should be carried out using analytical 

chemical techniques to determine if the cabal tic complex is 

reduced directly to metal or if it becomes reduced via a 

cobaltous intermediate complexa 

SECTION 5.5 COBALT-NICKEL SEPARATION 

Nickel and cobalt metals are ~ery similar in their ~hysical 

and chemical properties. The same is true of their salts and 
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naturally occurring mineraIs. Moreover, mineraIs of both 

generally occur together in natural deposits and usually 

cannot be separated by ordinary mineraI dressing practices. 

For these reasons, both metals are ge~erally present in 

varying amounts in any solution resulting from any type of 

leaching of materials containing cobalt and nickel. 

Nickel and cobalt are bath readily loaded from leach 

solutions using KELEX 100.[4~J However, there is one property 

in which cobalt and nickel differ. While nickel is readily 

stripped by various acids, cobalt is extremely difficult ta 

strip since it oxidizes to the stable cobaltic form. Using 

these facts, it may be possible ta separate cobalt from nickel 
'-, 

using a scheme as shown in Figure 5.10. 

In the first stage, the cobalt-nickel leach solution is 

loaded by KELEX 100. The loaded organic would ~hen be 

stripped with acid. The organic phase, containing cobalt 

but not nickel, would be sent to the hydrogen stripping plaht. 
1 

The aqueous phase, containing the nickel, would be sent to the 

nickel recovery stage (e.g. electrowinning, etc.). An 

alternative approach may be to reload the nickel solution 

and then send the loaded organic ta a separate hydrogen stripping 

plant, al though .the highly acidic strip solution would require 

neutrali zation. 

To see if this scheme is feasible, an experiment was 

conducted uSing a synthetic feed solution. The organic feed 

consisted of 200 mIs. of a 8.0 g.p.l. nickel solution and 
0) 
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800 mIs. of a ).5 g.p.l. ,cobalt solution. When mixed, this 

resulted in an organJc feed solution containing 1.6 g.p.l. 

nickel and 2.8 g.p.l. cobalt. The loaded organic was then 

stripped using 150 mIs. of a 15 volume percent sulphuric acid 

solution. The phases were allowed to separate and the aqueous 

phase was removed. Th~ organic phase was then stripped using 

200 mIs. of a 10% sulphuric acid solution. After phase 

separation, the aqueous phase was once again removed. 

The loaded organic was then plaqed inside the autoclave 

, for a standard hydrogen reduction experiment. The operating 

temperature for this test was )25 Oc and the hydrogen pressure 

- was maintained at 500 p.s.i. (3.45 MPa). No external seed 

was added. 

After 5 hours the experiment was stopped and the autoclave 

was allowed to cool. 

A sampl.e 'of organic liquid was analyzed after the experiment 

and the results revealed that over 90% of the cobalt initially 

present had been reduced to metal. 

The aqueous phases were also analyzed using atomic 

absorption and these results revealed that less than J% of 

the cobalt initially in the organic phase had been stripped 

by the acid solutions . 

'The cobalt metal produced durin~ the reduction experiment 

was sent to Technitrol Canada Limited for chemical analyses. 

The results are shown in Table 5.1. 
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ELEMENT 

CARBON 

HYDROGEN 

OXYGEN 

NICKEL 

WEIGHT (%) 

0.08 

0.006 

0.10 

0.17 

TABLE 5.1 - CHEMICAL ANALYSIS OF COBALT-NICKEL POWDER 
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The carbon, hydrogen, and oxygen impurity levels will 

be discussed in the next chapter. The nickel level can be 

considered to be acceptably low. Cathodic cobalt prodùced 

electrolytically from Union Minièra in Katanga averages 

0.15-0.25 weight perce~t nickel. [7J] Cobalt produced 

hydrometallurgically via ,the '8herritt Gordon Soluble Ammine 

Process' averages 0.12 weight percent nickel.[74] 

This preliminary experiment has shown that a scheme as 

illustrated in Figure 5.10 may be used to separate cobalt 

from nickel. Further testing must be carried out using 

different experimental conditions and different feed solutions 

before the merit of this scheme can be established more positiyely. 
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CHAPTER SIX 

DISCUSSION OF RESULTS: 

POWDER PRSDUCT PRO PERT IES 

SECTION 6.1 : CHEMICAL ANALYSIS 

Several samples,af cobalt pawder were sent ta Technitrol 

Canada Limited for a chemical analysis. Only samples from 

experiments in which no seed was added were sent, as the 

presence of seed material wauld have confounded the interpre­

tation of the results. The seed material was only of technical 

grade (Fisher Scientific Company - 99.5% Co) and it would have 

been difficult to discer~ whether the impurities were from the 

seed or from the reduction experiments. 

The powder product samples were analyzed for ~n, 

hydrogen, and oxygen and the resul ts are summarized in 'T-able 6.1: 

,.. 

ELEMENT 

CARBON 

HYDROGEN 
OXYGEN 

WEIGHT (%) 

0.08 - 0.18 
0.00) - 0.009 
0.065 - 0.100 

TABLE 6.1 - CHEMICAL ANALYSIS OF COBALT POWDER 
~ 
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The carbon and hydrogen impurities can originate from 

two possible sources: (1) organic degradation of KELEX 100 

during the reduction experiments, or (2) organic entrainment 

during filtration. 
~ 

It is not believed that the c~rbon and h~drogen impurities 

origin~~ed from organic degradation. The results using 

infrared spectroscopy and gas-liquid chromatography indicate 

that after reduction, the organic extractant was regenerated 
• 

wi th no detectable signs of degradation (see Chapter four). 

Rather, the6e impurities are believed to be due to organic 

entrainment during filtration. After filtration~ the cobalt 

powder was washed with acetone but sinee KELEX 100 is extremely 

ViSCOU6, i t i6 possible that traces of organie liqu~d became 

entrained j,..n--the powder. It i6 interesting to note that 

cobalt powder purchased from Fisher Scientifie Company is 

easily wetted by water. Samples of powder after reduction 

were not easily wetted, and appeared as though they were coated 

by a thin layer of organic material . 
. 

The oxygen contaminant was apparently due to surface 

oxidation of the fine cobalt particles, since no protective 

measures to prevent this were adopted during the filtration 

and subsequent handling of the powder. _The autoclave was 

flushed using ni trogen so i t was not likely that oxidation 

occurred inside the apparatus. Also, the aqueous ~nd organic , 
phases were allowed to separate for 2~ hours after loading, 

making it unlikely that entrapped water caused hydrolysis 

-
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of the cobalt chelate complex during the heat-up period, and 
.1 

thereby avoiding the precipitation of a cobalt compound. 

Metal impurities were not present in the produet sinee 

a synthetic cobalt sulphate' leaeh solution was used to load 

the organie extrac;tant. However, as shown in thetprevious 

chapter, hydrogen stripping may be a·viable means for separating 

cobalt from nickel from a leach solution containing both metals. 
'" 

The impurity l~vels found in the cobalt product were 

similar to those fou~ in cobalt powder produced from industrial 

aqueous solutions. In the ~herritt Gordon operation (Fort 

Saskatchewan Plant)[75] cobalt is produced in a cycle comprising 

one 'nucleation' reduction with a Na2S-NaCN catalyst and JO-50 .. 
'densification' reductions, in which the produced cobalt 

powder is used as a catalyst. Cobalt precipitated by hydrogen 

from this aqueous ammonium sulphate system con tains: 0.05% -

carbon, 0.03% sulphur, 0.1% nickel, 0.01% iron, and approximately 

99.8% cobalt. The level~ of nickel and iron impurities are 

dependent upon the efficiency of the purification steps preceeding 

the reduction. The catalysts and surface active reagents 

added to the reduction solution are the main sources of the , , 

sulphur and carbon impurities. 

The powder produced using direct hydrogen reduction of 

the organic phase also analyzes approximately 99.8% cobalt. 

It is important to note that impurities such as carbon can 

be easily removed by treatment with hydrogen at temperatures 

above 800 oC, and thus the impurity levels can be lowered.[75] 
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SECTION 6.2 ; X-RAY DIFFRACTION 

Every atom in a crystal scatters an X-ray beam incia.errt 

upon it in every direction. Even the smallest crystal contains 

a very- large number of atoms, and therefore the chance that 

these scattered waves wou Id constructively interfere would 

be approximately -zero, except for the fact that the atoms 

in crystals are arranged in a regular, repetitive m~er.[76J 
Atoms located exactly on the crystal planes contribute maximally 

to the intensity of the diffracted beam. Atoms exactly half­

way between the planes exert maximum destructive interference. 
) 1 

Those at sorne intermediate location interfere constructively 

or destructively, depending upon their exact location, but 

with less than maximum effect. Furthermore, the scattering 

power of an atom for X-rays depend? upon the number of electrons 

it possesses. Thus, the position of the diffraction beams 

from a crystal depends only upon the size and shape of the 

repetitive unit of the crystal and the wavelength of the 

i~cident X-ray. The intensities of the diffracted beams 

depend upon the type of atoms in the c'rystal and the location 

of the atoms in" the unit cell. No two substances have 

absolutely identical diffraction patterns when one considers 

both the direction and intensity of aIl diffracted beams. 

The diffraction pattern is thus a 'fingerprint' of a crystallinè 

compound and the crystalline components of a mixture can be 

identified individually. The diffraction pattern of an 

unknown sample is compared with the patterns of known substances 
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until a match is obtained and posi ti ve identification established, 

A sample of cobalt :Qowder produced from Experiment R-.5 

(32.5 oC, .500 p.s.i. H2' no seed, .5 hours) was analyzeQ using 

X-ray diffraction and the resul ts are compared wi th cob~l t 

patterns from the ASTM powder diffraction file in Table 6.2 .. 

T~e operatingoconditions for the X-ray analysi~ are given in 

Se€tion 3.6. 

a-COBALT ASTM FILE .5-0727 (3-COBALT ASTM FILE 1.5-806 

'd' (i) JLk 

• 

() 

TABLE 

'd' (A) lLk LINE # 

2.16.5 

2.023 

1.910 

1.2.52 

1.149 

1.083 
1.066 

1.047 

1.01.5 

'd' {A~ 

2.169 

2.022 

1.913 

1.2.50 

1.144 

1.067 

1.048 

2.047 

1.770 

6.2 

20 1 2.0467 

60 2 1. 7723 
1pO 3 1.2.532 

80 4 1.0688 

80 .5 1.0233 

20 6 
80 7 
60 8 

20 9 

EXPERlMENTALLY DETERMINED IDENTIFICATION 

a-1 line 

a-2 line 

a-3 line 

a-4 or {3-3 lipes 

a-.5 line 

a-7 or {3-4 lines 
~ 

a-8 line 

{J-l line , (J-2 line 

EXPERlMENTA~ X-RAY DIFFRACTION PATTERN CBOTTOM) 

COMPARED TO ASTM STANDARDS (TOP) / 

100 

40 

25 

30 
12 

( , 

.,J' 
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It appears that th~ powder sample is a combina~ian of 
. 

both Ci- an,d {3-cobal t. AlI of the Ci and (3 cobalt lines wi th 

relati ve intensi ties (I/Io ) of 20 or more were detected, 

al though 2 of these lines c ould be due to ei ther alla trope . 

There were no lines that could not be attributed ta either Ci 

or {3 coba.l t. 

Hull[??J was the first investigator ta report that cobalt 

can exist in twO' forms - hexagonal close~cked (Ci, low 

temperature form) and face-centered cubic ({3, high temperature 

form). There is, however, no general agreement as to the 

transformation temperature, and X-ray evidence has shawn that 

the two phases often coexist in the sarne Spe(imen over a wide 

range of temperatures.[?8,79J There should be, of course, a 

defini te temperature 'at whieh one ~form transforms into the 

other, but wi th cobalt the transformation tempêrature appears 

to be affected by the grain-size of the sample.[?9J One 

possible explànation is that the changes in surface area may 

beeome comparable with the energy of the transformation for 

small grains. [80J For large grains, the transformation oecurs 

at temperatures close ta 400 oC, while for smaller grains, 

... 

the transformation can occur at temperatures as low as 320 oC. [78J 

Even when cooled to room temperature, the samples contained 
/ 

a mixture of both allotropes. 

In the present system when no seed was addeQ, cobalt 

was precipitated onto the immersed titanium stirrer and the 

first cobalt particles to grow were sUD-micron in size. 
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Therefore, i t i s possible that the cobalt powder produced 

using hydrogen reduction cou'ld be a combination of,' both forms 

even at reduction. temperatures weIl below 400 oC. 

SECTION 6.3 : PARTICLE SIZE DISTRIBUTION 

The particle size distribution of the cobalt powder 

was determined using a Warman Cyclosizer. The eyclosizer 

uni t consists of fi ve hydrocyclones arranged in seri es auch 

that the overflow of one uni t is the feed to the next unit. [81J 

The individual units are inverted in relation to 

conventional, cyclone arrangements, and at the apex of each, 

a chamb~r is situated so that the discharge is effectively 

closed. Water is _pumped through the uni ts at a controlled 

rate, and a weighed sample of solids is introduced ahead of 

the cyclones. 

The tangential entry into the cyclone induces the liquid 

to spin, causing a portion of the liquid, together wi th the 

faster-settling particles, to leave via the apex opening. 

The remainder of the liquid, together wi th the slower-settling 

particles, is discharged through the vortex outlet and reports 

to the next cyclone in the series. There is a successive 

decrease in the inlet area and vortex ou tlet diameter of each 

cyclone in the direction of the flow, resulting in a cor-

responding increase in both the inlet veloei ty and the 

centrifugaI forces wi thin the cyclone. This results in a 

successive decrease in the limiting partiele-separation size 
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of the cyclones. 

Compl'ete elutriation normally takes place wi thin 20 

minutes, latter which the sized fractions are collected by 

discharging the contents of each apex chamber into separate 

beakers. The water is removed, and the solids are allowed 

to dry prior to weighing. 

Partiele size distributions were performed on the cobalt 

seed (Fisher Scientifie Compâny - C363) and on the product 

atter three 'densification' runs. The results are given 

in Table 6.3: 

SI ZE CLASS (Morn) SEED (%) J'DENSIFICATION' RUNS (%) 

, 
7.0 23·5 10.0 

+ 7.0 8.9 17.9 1).0 
+ 8.9 13.0 )3.4 19.1 

" 
+ 1).0 - 17.4 18.6 35. 4 

+ 17.4 - 22.9 3.0 16.4 
+ 22.9 3.6 6.1 

TABLE 6. J - PARTICLE SI ZE DISTRIBUTIONS 

As Table 6.3 clearly shows, there is definite growth 
t-

in the cobalt partieles after three 'densification' runs. 

In particular, there is significant growth in the largest 

three size classes. 
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This approach is similar to the 'densification' procedure 

employed by Sherritt Gordon Mines Limited.[75] In their plant, 

the cobalt powder is essentially Iess than 5 ~ after one 

'nucleation' run. After one 'densification' run, half of 

the powder is greater than 15 ~m 'and after fifteen runs, half 

of the product is greater than 44 ~m. Although only three 

'densification' runs were attempted in the present investigation, 
. 

it is expected that the particles would have grown in a 

similar manner with more 'densification' runs. The number 

of 'densification' runs, and hence the f~nal particle size, 
1 

is determined by the future application of the powder. 

A particle size analysis of the product was not possible 

when no seed was added as the cobalt produced plated onto 

the titanium stirrer. 

SECTION 6.4 : SCANNING ELECTRON MICROSCOPY 

Unlike the optical or the transmission electron microscope, 

the scanning electron microscope has only one lens (a 

condenser lens), which focuses electrons emitted from the 

electron gun to a fine spot on the surface of the specimen 

being examined.[82] As its name implies, the primary electron 

beam is scanned, or deflected, in a raster on the surface 

of the sample. This is accomplished by X-Y deflection plates 

which are placed on opposite sides of the beam. 

When the primary' electron beam strlkes the surface of 

the sample, its energy is converted into many different forms. 

, 
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A portion of this energy is converted into secondary electrons. 

Secondary electrons are electrons which are excited within 

the specimen by the higher primary ones. These electrons 

have extremely low energies «)0 eV) and therefore have 

rather limited ranges within the specimen. Because of their 

limited ranges, those whlch leave the sample without being 
o 

absorbed are only from the top 5-50 A thickness layer, depending 
~ 

on the material being analyzed. Due to the low energies of 

these elctrons, they are easily attracted by a detector 'mesh 

which incorporates a potential of approximately 200 volts. 

The attracted electrons are processed, and a visual image of 

the specimen is presented on a cathode ray tube. 

The scanning electron microscope (JEOL-JSM-35S) located 

in the ,McGil~ ~~~rtmeDt of EpLdemiology was used to examine 

three different samples: 

1) 

2) 

3) 

cobalt produced when no external seed was 
added (Figure 6.1) 
cobalt powder purchased from Fisher Scientific 
Company (Figure 6.2) 
cobalt powder after three 'densificatio~' runs 
using cobalt purchased fram Fisher Scientific 

Company as the initial seed (Figure 6.3). 

The scanning electron microscope revealed that the surface 

of the 'cobalt foil' (Figure 6.1) takes on a definite crystal­

lographic fa€etted appeàrance. Most of the individual grains 

are sub-micron in size. The 1 ~ bar is shown in the bottom 

right-hand corner of the photograph. The foil appears to be 

only several microns thick. 

r 
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A photograph of a typical sample of cobalt powder 

purchased from Fisher Scientific Company is shown in Figure 

6.2. Most of the particles were found to be less than 20 ~m 

in size, which is in agreement wi th the resul ts obtained 

~sing the Warman Cyclosizer (Section 6.J). The surface of 

each of the particles appears to be extremely smooth and 

irregular in shgpe. 

A photagraph of a sample taken a.fter three 1 densification 1 

runs using cobalt powder as an ini tial seeding agent is snown 

in Figure 6.J. In contrast ta Figure 6.2, the surface of the 

particles are extremely rough. It appears as though cobalt 

metal has precipi~ated onto the seed. This would result in 

a coarsening of the individual particles, which is again in 

agreement with the results of Section 6.). 

J 

~IGURE 6.1 - ELECTRON 
MICROGRAPH OF COBALT 
PROq,UCED IN THE 

ABSENCE OF A SEED 
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FIGURE 6.2 - ELECTRON 

MICROGRAPH OF 

~~~~LT USED AS 
J.\IAL SEED 

(\ 

FIGURE 6.J - ELECTRON 

MICROGRAPH OF . 

COBALT AFTER THREE 

'DENSIFICATION' RUNS 

1 
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CHAPT ER SEVE~ 

CONCLUSIONS 

SECTION 7.1 : PROCESS EVALUATION 
j 

The present investigation has shown, that high purity 

tobalt powder can be produced by reacting cobalt-loaded 

KELEX 100 with hydrogen at temperatures between 250 and 325 oC. 

There are numerous advantages that this system has over a 
\. 

conventional acid stripping system and these are outlined 

in Section 2.1.~In particular, hydrogen stripping could 

solve the problems encountered when c'obal t 

from loaded KELEX 100. Under acid strippi 

dissolved cobalt is oxidized to the cobal tic 

stripped 

which 

resul ts in the formation of a highly stable chelate complex. 

The behaviour<>-of the extractant during the reduction 

experiments was followed using inf~ectroscopy and gas­

liquid chromatography. . It was shown in ~pter four 'that the 

\. organic extractant was regenerated after reduction and no signa 

'.> of organ~c d~gradation were detected. Furthermore, the 

extractant wa8 recycled 8-10 times with no 108s of loading 

capaci ty. However, i t would be nec,essary ta run a continuou8 

pilot-plant operation for an extended period to'evaluate the 

long term stability of the extractant in the present application. 

The major impuri ties found in the product were carbon, 

hydrogen, and oxygen. As compared to reduction from aqueous 

J 
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solutions, the impurity levels were found to be quite acceptable. 

When no seed was added to the system, the cobalt pro~uct 

plated onto the immersed metallic surfaces of the autoclave. 

When activated carbon or cobalt powder was added to the system 

prior to reduction, the plating phenomenon was prevented and 

the cobalt depasited anto the seed material. B~recycling the 

powder, considerable particle coarsening was achieved. The 

cobalt powder produced by hydrogen stripping ~echniques can 

be used in three main areas: (1) in the manufacture of chemicals, 

(2) in alloying, and (3) in the production of fabricated 

articles by powder-rnetallurgy techniques. 

The temperature at which reduction occurs in the KELEX 

100 system (250-325 oC) is higher than the temperature at 

which reduction occurs in an aqu~ous system (120-180 °C).[83J 

This is probably due to relatively weak ammine formation in 

the aqueous system, in contrast to strong chelate formation 

in the organic system. It should be noted that the specifie 

heat of water (-1.0 callgm(°C) is twice that of aliphatic 

hydrocarbons (-0.5 callgrnV°C) so the heating costs for the 

two solutions should be comparable. 

The hydrogen pressUre range (1. 38-3.45 MPa) examirted in 

the present investigation is the s~e as that in an aqueous 

system. [8)J 

Since the cobalt concentration in the present study 

(3.5 g.p.l.) and in the aqueous system (>25 g.p.l.) are so 

dissimilar, it would be meaningless to compare the time taken 
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~eparation of the metal powder'from the bulk of the 

organic phase is'expected to be quite ea8y, although it is 

di~ficult to remove the viseous film of organie that remains 

attached ta the particles. The solids could be recovered 

by conventional filtration or by an innovative technique 

known as 'High Gradient Magnetic Separation'. 

A high gradient magne tic separator consists of an iron-
- [84J clad solenoid surraunding a matrix of ferromagnetic steel waal. 

( 

The matrix perturbs the fiel~ ereating large field gradients 

~d consequently large magnetic forces. The magnetic particles 

in the wet feed are trapped by the matrix and these partieles , 

are subsequently flushed out after removing the field. The 

flow rate of organie solution through the Magnet eould be 

adjusted ta reeover aIl partieles above a given size. AlI 

particles below this size would exit from the magnet with the 

liquid and henee be reeyeled for a further reduction run. The 

particles trapped in the magnet eould be flushed out with a 
, 

suitable liquid, sueh as aeetone, to rernove any organic liquid 

entrained in the particles. 

This study has shown that it i8 technieally feasible ta 

preeipitate cobalt direetly from loaded KELEX 100 solutions 

by reaetion with hydrogen. At present, no cost analysis has 

been performed ta determine whether or notihiS proeess is .. 
<.:, eeonomieally feasi ble. 
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SECTION 7.2 : SPECIFIC FINDINGS 

The study of direct cobalt precipitation from loaded 

KELEX 100 using hydrogen under pressure has allowed a number 

of conclusions to be drawn pertaining to the technical 
, , 

feasibility of thfs process. These conclusions are presented 

below: 

1) A novel techniqûe has been developed for 

direct cobalt recovery with hydrogen from 

a loaded organic phase containing ~ com­

mercial chelating extractant. KELEX 100, 
an alkylated 8-hydroxyquinoline extractant, 

was shown to satisfy the requirements of 
chemical stability, thermal stability, and 

organic regeneration after reduction. 
2) Cobalt was precipitated from solution at 

temperatures between 250-J25 Oc and hydrogen 
pressures between 200-500 p.s.i. (1.J8-J.45 
MPa). An increase in operating temperature 

anQ/or hydrogen pressure accelerates the 

reaction kinetics. 
J) External seed was not required to initiate 

the reaction, however seed is desirable 
sinee it accelerates the precipitation kinetics 

and prevents the plating of cobdlt on the 

immersed metallic parts of the autoclave. 
4) An increase in cobalt chelate age or a 

decrease in cobalt chelate concentratiGn 

retards the reaction kinetics. 
5) The stirring speed did not have any affeit 

on the kinetics within the range o~ experi­

mentation. 
\ 

6) The cobalt powder produced was a combination 
",,-, 

" 
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7) 

of two allotropes of the metal: hexagonal 
close-packed (a) and face-centered cubic (~). 

The major impurities in the çobalt pow~er 
were found to be carbon (0.08-0.18 weight %), 
hydrogen (0.003-0.009 weigh"t %) 1, and oxygen 

(0.065-0.100 weight %). The carbon and 
hydrogen impurities originated from organic 
entrainment cturing filtration. The oxygen 
impuri ty was due to surface oxidation of. the 
c~balt particles. 

8) Precipitate coarsening can be accomplished 
through a series ,of 'densification' runs. 
During the r~duction e~p~rime~ts, cobalt 
precipitated anto the seed added to the 
system. .. 
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9) This process may'offer a means by which cobalt, 

~ can be separated from nickel from a leach 
solution containing both metals. 

SECTION 7.3 : FURTHER INVESTIGATIONS 

The findings of the present work provide an extra degree . 
of flexibility to the hydrometallurgist who considers the 

application of solvent extraction in the metal producing 

industry. However, a grea~ amount of research has yet to . 
be performed in the following areas before an attempt is 

made to scale up this process to production level: 

1) An extensive recycling of the organic solution 
should be carried out to allow for a more 
precise determination of the extractant 
lasses. 

2) Industrial leach solutions must be used in 

order to determine the amount of impurities 

1 
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J) 

transferred to t~e final metal product. 
The apparent 'po~merization' of loaded 
KELEX 100 duri% ageing should be clarified 
through specially designed spectroscopie 
studies. 

4) Academie studies using analytical chemical 

techniques should be carried out to determine 
whether the cobalt(III) complex is reduced 
via a cobalt(II) intermediate complex or 
directly to metal. 

SECTION 7.4 CLAIM TO ORIGINALITY o 

128 

Many aspects of this work constitute contributions to 

original knowledge. The following contributions are, in 

the author's opinion, the most important: 

1) This is the,first time that a successful , 
attempt has been made to precipitate cobalt 
directly from KELEX 100 using hydrogen under 

pressure. 
2) This is the first time that a successful 

attempt has been made to separate cobalt 
from nickel using direct hydrogen stripping 
of KELEX 100. The nickel was removed using 
conventional acid stripping and ~he cobalt 

was recovered using direct hydrogen stripping. 
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c APPENDIX 

EXPERIMENTAL DATA AND CONDITIONS 
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, EXPERIMENT # CONDITIONS: 250 oC, 500 p.s.L, 900 RPM, No Seed 
• 

R-1 COMMENTSITemperature Survey 

TIME (HR) 0 1 2 ) 4 5 

g.p.l. Co ).50 ).47 ) .4) ).29 ).26 ).19 

% REMAINING 100 99 98 94 9) 91 

IN ORGANIC 

PHASE 

EXPERI~NT # CONDITIONSI275 oC, 500 p.s.i, 900 RPM, No Seed 

R-2 COMMENTS:Temperature Survey 

TlME (HR) 0 1 2 ) 4 5 

g.p.l. Co ).49 ).)9 ).21 3.04 2.90 2.72 

% REMAINING 100 97 92 87 8) 78 

IN ORGANIC 

PHASE 

EX PERIMENT # CONDITIONS:290 oC, 500 p.s.i. , 900 RPM, No Seed 

R-3_ COMMENTSITemperature Survey 

TIME (HR) 0 1 2 ) 4 5 

g.p.l. Co )·50 ).)6 ).12 2.80 2.59 2.45 

% REMAINING 100 96 89 80 74 70 

IN ORGANIC 

PHASE 

(, 

l 
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EX PERI MENT # 

R-4 

EXPERlMENT # 

R-5 

EXPERlMENT # 

B-Q 

c~-

132 

CONDITIONS:305 oC, 500 p.s.i., 900 RPM, No Seed 

CO~NTS, Temperature Survey 

TIME (HR) 0 1 2 J 4 5 

g.p.1. Co 3·51 3·30 3.02 2·56 2.11 1.8) 

% RElVIAI NI NG, 100 94 86 ?J 60 52 

IN ORGANIC 

PHASE 

CONDITIONS:)25 oC, 500 p.s.i., 900 RPM, No Seed 

COMMENTS: Temperature Survey (4 hour sample used 
for infrared spectroscopy and G.L.C) 

TlME (HR) 0 1 2 3 4 5 

g.p.1. Co 3·50 2.70 '1.12 0.56 0.35 0.14 

% REMAINING 100 

IN ORGANIC 

PHASE 

77 32 

CONDITIONS:325 oC, 300 p.s.i., 

COMMENTS: Pressure Survey 

TlME (HR) 0 1 2 

g.p.l. Co 3.48 2.78 2.02 

% REMAINING 100 80 58 

IN ORGANIC 

PHASE 

16 la 04 

900 ~PM, No Seed 

J 4 5 

1. 25 0.80 0·59 

)6 2) 17 



1 EXPERlMENT # 

R-7 

EXPERlMENT # 

R-8 

EXPERlMENT # 

R-9 

.. 

0 

( 

1)) 

CONDITIONS:)25 oC, 200 p.s.i., 900 RPM, No Seed 

COMMENTS: Pressure Survey 

TlME (HR) 0 1 2 ) 4- 5 

g.p.l. Co )·52 2.96 2.46 2.08 1.69 1.44 

% REMAINING 1(\) 84 70 59 48 41 

IN ORGANIC 

PHASE 

CONDITIONSI)25 oC, 500 p.s.i. , 900 RPM, 12 Hours 

COMMENTS: Age of Cobalt Chelate Survey 

TINtE (HR) 0 1 2 ) 4- 5 

g.p.l. Co )·50 2.70 1.12 0.60 0·)5 0.11 

% REMAINING 100 77 )2 17 10 0) 

IN ORGANIC 

PHASE 

CONDITIONSI)25 oC, 500 p.s.i., 900 RPM, ) Days 

COMMENTS: Age of Cobalt Chelate Survey 

TlME (HR) 0 1 2 3 4- 5 

g.p.l. Co 3·50 --2.84 1.89 1. 09 0.67 0.53 

% REMAINING 100 81 54 )1 19 15 
'-~-

IN ORGANIC 

PHASE 
,.; 
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EX PERI MENT # 

B-~Q 

> 

EXPERIMENT # 

R-ll 

EXPERIMENT # 

R-12 

\,. ." l' , , .' l, 

134 

CONDITIONS:)25 oC, 500 p.s.i.,900 RPM, 7 Days 

COMMENTS: Age of Cobalt Chelate Survey 

TlME (HR) 0 1 2 3 4 5 

g.p.l. Co )·50 ).01 2.56 2.10 1. 75 1.51 

% REMAINING 100 86 73 60 50 4) 

IN ORGANIC 

PHASE 

CONDITIONS:)25 oC, 500 p.s.l., 900 RPM, la Daye 

COMMENTS: Age of Cobalt Chelate Survey 

TlME (HR) 0 1 2 3 4 5 

g.p.l. CO J.51 ).12 2.74 2.)9 2.14 1.97 

% REMAINING 100 89 78 68 61 56 

IN ORGANIC 

PHASE 

CONDITIONSI 325 oC, 500 p.s.i., 900 RPM, No Seed 

COMMENTSI Initial Cobalt Chelate Concentration < 

TlME (HR) 0 1 2 J 4 5 

g.p.l. Co 1.9 1.6 1.) 1.1 0.9 0.8 

% REMAINING 100 84 68 58 47 42 
~-----.-- -

IN ORGANIC 

PHASE 

" 

1. 
" 



, l'~.'' \ r~ 

1 

(, 

EXPERlME~,,# 
R-1J 

EXPERlMENT # 

R-14 

EXPERlMENT # 

R-15 

135 

CONDITIONS005 oC, 500 p.s.i., 450 RPM, No Seed 

COMMENTS: Stirring Rate Survey 
, 

TIME (HR) 0 1.2 2.2 3.2 4.2 5·2 

g.p.l. CO J.53 3.18 2.68 2.J4.7 2.05 -1.91 

% REMAININL100 90 76 70 58 

IN ORGANIC 

PHASE 

CONDITIONS605 oc, 500 p.s.i., 700 RPM, No Seed 

COMMENTS: Stirring Rate Survey 

TIME (HR) 0 1.4 2.4 3.4 4.4 

g.p.l. Co. J.54 2·97 2.69 2.27 2.05 

% REMAINING 100 84 76 64 58 

IN ORGANIG- " 
PHASE 

• 

CONDITIONS: 275 oC, 500 p.s.L, 
,1 

900 RPM, Cô Seed 

COMMENTS: Seeding With Cobalt Powder 

TlME (HR) 0 1 2 ) 4 5 

g. p.l. CoAl ,.45 J.07 2.42 1. 76 1.)8 1.'04 

% REMAINING 100 89 70 51 40 JO 

IN ORGANIC 

PHASE 

54 

'; ., 

-c 

, , 

j 



lJ6 • 

1: EX PERIMENT # CONDITIONS: 275 Oc, 500 p. s . L , ,900 RPM, C Seed 

R-16 CQMMENTS: Seeding Wi th Carbon Powder 

TlME (HR) 0 ., 1 2 J 4 5 

g.p.l. CO J.48 2.85 2.12 1.57 1. 2.5 1.22 

% REMAINING 100 82 61 45 ;6 - ;5 

IN ORGANIC 

PHASE 
.'. 

-
1 

" 

EXPERlMENT # CONDITIONS:250 oC, ,500, p. s. L, 900 RPM, Co Seed 

R-17 COMMENTS: Se eding Wi th Cobalt Powder 

TlME (HR) 0 1 2 J 4 .5 

( .- g.p.l. CO J·50 J.JJ J.08 2.66 2.24 2.14 

% REMAINING 100 95- 88 76 64 61 

IN ORGANIC 
~ 

PHASE 

1" 

• 
J05 OCp ,JOO 

, 
EXPERIMENT # CONDITIONS : p.s.L, 90P RPM; No Seed i t" 

R-18 COMMENTS: Experimental Reproducibility (#1) 
.' 

! TIME (HR) 0 1 2 J 4 5 , 
1 

g.p.l. CO J·51 3 .• 40 J.;; 2.~. __ 2.6; 2.3,9 

% REMAINING 100 97 95 8J 75 68 

IN ORGANIC 

PHASE 
~ 

( 

o • 
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EXPERIMENT # 

R-19 

EXPERlMENT # 

R-20 

EXPERlMENT # 
. R-21 

137 

CONDITIONS: 305 oc, .:3"00 p.s.i. p 900 RPM, NoSeed 

COMMENTS:Experimental Reproducibility (#2) 

"-TIME (HR) 0 1 -2 J 4 .5 

g.p.l. Co 3.53 3.39 3.04 2.86 2.61 -2.40 

% REMAINING 100 96 86 81 74 68 
. 

IN ORGANïC 

PHASE 

CONDITIONS 1 300 oc, 50 p.s.i. N2 

COMMENTS: Thermal Stabi li ty of KELEX 100" 

T}:ME (HR) 0 3 4 5 6 7 

g.p.l. CO J.50 J.50 J.51 J.47 J.,50 3.43 
, 

% REMAINING 100 100 101 99 100 98 

IN ORGANIC 

-PHASE 

CONDITIONS: 200 oC, .50 'p. s. i N2 .Jo Copper System 

COMMENTS: See R~ference ,#11' 

TIME (KR) 

g.p.l. Cu 

% REMAINING 

IN ORGANIC 

PHASE 

8 

J.51 

10L 

• 
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