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" ABSTRACT .

Direct metal precipitation from loaded organic extractants
by reaction with hydrogen gas may offer certain potential
advantagesvoveb the conventiondl route of stripping, followed
by a metal recovery stage. ) .

In this work, the interaction of cobalt-loaded KELEX 100*
with hydrogen has been studied. Rapid cobalt precipitation
can be obéained with an appropriate combination of operating
temperature (250 to 325 oC) and hydrogen pressure (1.38 to
3.45 MPa). Data are presented descfibing the effects of "

| 4

operating temperature, hydrogen pressure, stirring rate, and
seeding on the kinetics of cobalt precipitation. The reaction
rate 1s highly sensitive to the tempefature and relatively
insensitive to the hydrogen pressure and the stirring rate.
Major,increases in the precipitation rate can be achieved

with seeding, particularly at the lower end of the temperature
range studied.

The behaviour of the organic extractant under the
.experimental conditions was studied using gas-1liquid
¢hromatography and infrared spectroscopy. The extractant
displayed excéllent thermal and chemical stability and J/J
extensive recycling of the 'hydrogen-stripped' organic caused-- --
no organic decomposition. ‘

The chemical and phyéical properties of the cobalt
poﬁder produc%q are also presented.

¢ ’ &

* o
An alkylated 8-hydroxyquinoline extractant produced by -
Sherex Chemical Company. ,
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Précipiter le métal directement de son agent extractant
organique peut offrir certains avantages par rapport & la
méthode conventionelle de ré-extraction suivie de la
récupération du métfal. . w

Ce projet porte sur l'interaction entre un' KELEX 100*

N . : .
chargé de cobalt et l'hydrogéne. On peut précipiter rapidement

.

le métal a des températures (250 a 325 °c) et pressions
4q' hydrogene (1.38 a 3.45 MPa) JudLCLeusement choisies. On
‘présente dans cet article des donndes décrivant 1'effet de
la température, pression d'hydrogéne, degré d'agitation et
de l'introduction de cobalt métallique en poudre sur la
- cinétique de précipitation. _Le taux de réaction dépend
beaucoup de la température, mais relativement peu de la pression
d'hydrogéne et du degré d'agitation. , On peut, en introduisant
dans la solution de la poudre de cobalt, augmenter considérable-
ment le taux de précipitation, surtout entre 250 et 275 °C.
Le comportement de 1'agent extractant utilisé a été
etudle par chromatographie en phases llqulde et gazeuse et
par spectroscople infra-rouge. L'agent a ‘fait preuve d'une
stabilité chimique et physigue excelleénte, méme lorsque recyclé
° pluSLers fois. ‘

On présente €galement les proprletes phy31aues et chlmlques

£

de la poudre de cobalt produite.

£
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’  Un dérivé de la 8-hydroxyquinoléine de 'Sherex Chemical
; Company '. '
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PREFACE éﬁ

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, there is also the )
possibility that chemical reactions may be conducted within
the organic phase such that metal could be produced directly
in a useful form. The aim of the present investigation is
to determine whether or not cobalt can be precipitated from
a cobalt-loaded chelating extractant (KELEX 100) by reagction
with hydrogen under pressure. !

The thesis begins with an introductory sjnopsié of the
ma jor hydrometallurgical processes. The-advaﬁtages and
disadvantages of several purificatien and concentration
operations are given. The next chapter examines some of
the previous work performed on the redﬁction\of various
metals from organic solutions, and in particular, on the
reduction of metals from solvent extraction reagents. In
the third chapter the experimental procedure used ih the
present investigation is outlined. A brief description of
the experimental apparatus is included.

The fourth chapter deals with the chemical and thermal °
stability of KELEX 100 at elevated temperatures and pressures.
For 'direct hydrogen stripping' to be' technically and
ecoQomically feasible, the organic solvent must be totally

regenerated after reduction and show no loss in loading
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‘t capg;ity. In the fifth chapter the various parameters which
. affect tﬂe kinetics of the cobalt precipitation process are
given. 1In chapter six, several physical and chemical
properties of %he product powder are examined.
A brief evaluatidn of the reduction process fs presented “.
in chapter sevenh and the conclusions based on the ﬁresent
investigation are given. Areas which require further research

are also outlined.
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CHAPTER ONE

CONVENTIONAL HYDROMETALIURGY

SECTION 1.1 : ADVANTAGES AND DISADVANTAGES

As the reserves of sulphide nickel and cobalt ores are

being depleted, worldwide attention is being focused on the

(1]

treatment of oxide ores. While several processes, both

hydrometallurgical and pyrometallurgical, have been used 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
(2]

approach are summarized below:

1) Hydrometallurgical processing is especially
sulted for the treatment of low-grade ores.

2) A hydrometallurgical prgcess may start as a
small-scale operation and expand as required.

‘A pyrometallurgical process is designed on a
large-scale, since it is more economical to
build one large furnace than several smaller
ones with the same total capacity.

3) The handling of leaching products is cheaper
and easier than the handling of molten slags,
mattes, and metals.

4j Corrosion problems are relatively mild in
hydrometallurgy as compared to the inevitable
deterioration cof fefractory linings in fprnaces.
and the subsequent need for periodic shutdowns
and replacements.



S
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) Hydrometallurgical plants usually do not
pollute the environment to the extent that
smelters do. .This fact is important at
present due to strict anti-air-pollution

laws. .
Some difficulties, however, may be, encountered whgﬁh
processing an ore by hydrometallurgical methods. Hydro-
metallurgical processes are relatively slow, since &hey
are carried out a£ low temperatures; the higher tempetra-
tures of pyrometallurgical operations allow for faster
reactions.. Also, the small particle size required for

(2]

leaching may result in a slow solid-liquid separation.
\
SECTION 1.2 : LEACHING

The various stages which comprise the complete hydro-

) metallgzgical process are shown in Figure 1.1. The feed

to such a circuit is génerally an oxide ore thag\?as been
crushed and ground, but other materials such as concentrates

or mattes from a pyrometallurgical operation can be used.
o4

"If thg feed to the circuit is a sulphide conBentrate, a

chemical treafment'ftage (e.g. a roasting operation) may

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

(3]

sulphate or an oxide).



soLID/LIQUID] = . .
Waste Resid
"fSEPARATIN —\Vaste Residue
Impurefolution
PURIFICATION

RECOVERY

Metal Product

Impurities

HYDROMETALLURGY FLOWSHEET |

FIGURE 1.1 - CONVENTIONAL HYDROMETALIURGY FLOWSHEET



The first step in the hydrometallurgical process is

' leaching. Leaching is fundamentally a separation proéess.
The object of leacliing is to extract a soluble material
from a heterogeneous solid by dissolution in a suitable
'liquid.fuj The choice of leaching agents depends upon
many factors including cost, chemical and phyﬁical proper-
ties, and the type of minerals to be leached. Some common

leaching agents are acids, bases, water, and aqueous galt

solutions. -

-

- -

¥ *

SECTION 1.3 : SOLID-LIQUID SEPARATION

&

" After the desired constituent is léached from the feed
material, it is necessary to'remove the unreacted material
iﬂ order to obtain a‘cleép.sblution suitable for further
processings The solid-liquid separation is usually carried
"out in thickeners, followed by filtration.[SJ The waste
residue from the separation stage is di§posed of, and the
clear solution is forwarded to the purification sfage (see

‘Figure 1-1)-

SECTION 1.4 : PURIFICATION AND CONCENTRATION

The pregnant liquor produced in the solid-liquid sepa-
ration stage may require an additional purification step
prior to the recovery of the desired metal(s). The object

of the purification.step is to treat the solution in order

RES
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to remove unwanted impurities that were dissolved in the
1

leacﬁing s‘tage..

Many purification processes'ére"currently available,

(e}

Selection of the éppr0prigte one depends upon many factors,
such as cost, the type of impurities to be removed, and the
concentration of the metal in the leach soiution. The three -

most common purification techniques are listed below:

1) neutralization;
29 ion exchange; .

3) solvent extraction.

1.4.1 : NEUTRALIZATION

Neutralization is a very simple, but effective pfocess
for removing unwanted impurities, such as iron, froﬁ a
leach solution. The ubiquitous iron can be removed by
adjusting the pH with lime or soda ash, and by bubbling

air through the solution to precipitate ferric hydroxide

RSN

withoﬁt removing valuable metals. Since the solubilities
of hydroxides vary greatly (see Table 1.1), this procedure
finds extensive application in hydrometallurgy. y

It is also possible to precipitate other impurities_
by‘adding hydrogen sulphide gas to separate out insoluble :
sulphides (see Table 1.1). Although sulphide precipitation
has limited application currently,~it is a potentially

useful technique. ‘ . »
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,
[6] : (7]
METAL HYDROXIDE 10G ﬁsp METAL SULPHIDE 106 Kgp
Mg(OH) , ‘ -9.2 -
Mn (OH), ~ -12.8 MnS ";}2.55
© Fe(OH), -14.0 FeS -17.31
Ni(OH), " , -14.7 NiS -20.55
Co(OH), -14.8 CoS -21.64
zn(OH) ~15.6 7ns -24.05
, Cu(0H), -18.8 Cus -35.05
Cu,S 47,70
Fe(OH)3 -38-7‘ -
~J} Co,S, -125.9
TABIE 1.1 - SOLUBILITY PRODUCTS OF SOME METAL HYDROXIDES

AND SULPHIDES 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.tal
The phenomenon of ion exchange was first discovered
in 1850 by H. S. Thompson and J. H. Way, who independently
reported a systematic investigation of ion exchange in
sqils. They reported that, upon treating a soi%Jwith
-elther ammonium sulphate or ammonium carbonate, most of
the ammonia was absorbed and calcium was released into the
solution.[9]

For fifty years, the ion exchange phenoﬁenon remained
solely of academic interest. At the turn of the century,
the work of Gans with both naturai and synthetic inorganic
ion exchangers led to their first industrial use, namely
the softening of water. Water softening was virtually the
only industrial use of ion exchange until the development'
of synthetic organic extractants by Adams and Holmes in
1935.

As -applied to the metallurgical industry, ion exchange
is currently used to recover metals such as uranium and
vanadium, and to separate closely related metals such as
hafnium from zirconium.

Ion exchange consists of two distinct stages: sorption
and elution. ‘ |

In sorption, the leach solution is passed through a



t bed of resin, where the metal ions to be recovered leave
the aqueous phase and enter the resin phase. The recovery .
> ) of a cation from a leach solution can be expressed by the

following equation:

2R-Y+(resin) * A++(aqueous)'_’RéA++ * 2Y+(aqueoﬁs) (1.1)
where: -
// ‘ §++ = cation to be recovered
Y* = counter ion (e.g. H', Na*)
' R™ = functional group (e.g. sulphonate).

If an anion is to be recovered, the sorption equation

takes the following form:

. 2R+X-(resin) + B-_(aQueous).~’R£B-- * zx-(aqueous) (1.2)
where: ' '
B™™ = anion ta be recovered
X~ = counter ion (e.g. OH , C17, NOEZ
R* = fupctional group (e.g. quaternary ammonium).
\ g \

When the resin bed becomes saturated with the metal
ion in the feed, the metal ion will appeardin the effluent
and the flow of feed is stopped.

In elution, a small volume of a suitable solution is :
added to the resin bed to remove the métal ions completely
from the resin. In this way, a concentrated solution of
{ pufe metal is obtained and the resin is regenerated. The

elution equations are simply the reverse of the sorption

. equations (Equations 1.1 and 1.2).

PR
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The first attempts to apply ion exchange to metal
recovery were in conhection with: (1) the recovery of

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

from photographic 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 invelving uranium
extraction gave rise to the possibility of using ion exchange
for recovering other metals from leach solutions.

Ther ion exchange process 1s especilially useful in the
treatment of very dilute solutions, with metal ion concen-
trations of the order of 10 ppm or less. For solutions with
metal ion concentrations above 1%, this method is generally
not effective. Since ion exchange is essentially a batch
operation, high metal conpentrations will result in a rapid
breakthrough and the feed to the exchanger will have to be
stopped frequently. Consequently, many ion excﬂéngers 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 being/used .

to extract metal ions was by Péligot in 1842.[101 He ob-

served that uranyl nitrate was appreciably soluble in di-

"ethyl ether, and this property was used for separating

uranium from other constituents of pitchblende.

4
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The first large-%cale use of solvent extraction (of
liquid-liquid extraction) in metallurgy was in connection
with the preparation'of uranium for the atomic energy
program.

; As a re;ult 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 ext;action
plants are in operation.tll] Qther metals, such as nickel
and cobalt, are beginning to be recbvered using this
technique.flz’IBJ

Conventional solvent extraction is comprised of two
disfinct steps: loading and stripping.- .

In loading, the metal values in the leach solution are
extracted by aéitgtion with an organic solvent immiscible
in that phase. The xw6 phases arg then allowed to separate.
The aqﬁeous raffinate is either discarded or recycled to the
leaching stage, and the loaded organic is sent to the strip-
ping stage.

In ﬁhe étripbing stage, the metal vaiues from the loaded
organic aré recovered by agitation with a small volume of a
suitable solution. The stripped solvent is recycled to the‘
loading stage and the 'strip' solution is sent to the metal

recovery stage. The conventional solvent extraction circuit

is shown in Figure 1.2. oo



’ Stripped Organic .- Cobalt
Leach Loaded ] “Strip | ]
—|LOADING RIPPING RECOVER
A Solution ™~ L2 ] Organic i i I Solution >[ Yl
Aqueous ~ . Strlp‘Solution
Raffinate. (recycle)

¢

CONVENTIONAL SOLVENT EXTRACTION FLOWSHEET

FIGURE 1.2 - SOLVENT EXTRACTION FLOWSHEET

-
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A key element in the successful applicatiorr of solvent
extraction processing is»the adoption of anlqrganic extract-
ant highly selective for the metal under consideration. Iq‘
addition, good mass transfer and phase separation charac-
teristics are essential. An ideal extractant should fulfill

the following requirements:

1) high selectivity;

2) safety in handling (e.g. nonvolatile);

3) easily separable from water (e.g. low
viscosity, different density than water,
high surface tension); ‘

4) high extraction capacity;

5) inexpensive.

In practice, however, it is not possible'to find an
extractant which fulfills all of the above requirements and-
a compromise must be made. )

An extractant is seldom used in pure form. It is usually
diluted with an inexpensivesnorganic solvent in order to
improve its physical properties (e.g. Vviscosity and density).
In general, the organic solvent, called the diluent, is
inert and has no capacity to extract metal ions from #Blution.
The diluent must be insoluble in water and for this reaﬁon
hydfocarbons and subsatituted hydrocarbons are the most com-
monly used diluents. Using diluents with high aromatic con-
tents will result in a rabid”disengagement of the organic
and aqueous phases. Diluents with lower aromatic contents
will increase the rates at which equilibrium conditions are

a.pproached.[lLLJ

—
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Some organic systems contain a third compor;ent, 1;nown
as a modifier. Modifiers are used to suppress the formation
of a third phase, and may also act to improve the solvent's
physical propertiess% The phase separation during loading
and stripping is therefore both improved and hastened.
Modifiers are either alip}ia‘cic alcohols (e.g. isodecanol and -
2—ethylhexan?l) or aromatic alcohols (e.g. p—nonylphenoi).

kY

The various types of extractants used in the hydrometal-

o

lurgical industry are summarized below:

SOLVATING EXTRACTANTS

In this cafe\gory, extractants having an oxygen atom with
a lone pair of electrons extract electrically neutral 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.uﬂ
Ethers, alcohols, esters, and ketoneé extract 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 showri below:

R
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C4H9O\ C4H90\
2 C,_&H9O—/—P—O + (UOZ(N 3)2) = CquojP—O .(UOZ(NOB)Z)
H,0 queous C, H,0 organic
49 479 »
., organic / .
COORDINATION TO THE Q/ENTRAL METAL ION - TEP (1.5)

[(cquoCHZCHE) 20} . E—IAuClu] = [(04H9OCH2CH2) ,0---HAuC1,
organic aqueous organic

SOLVATION DUE TO HYDROGEN BONDING - BUTEX (1.4)

Generally, stripping of the extracted inorganic species
is accomplisbed by its contact with water. An exception is
tri-n-octyl phosphine oxide, which bonds so tightly to the
extracted species that alkaline solutions must be used in
the stiripping step.

JACTIDIC EXTRACTANTS

Organic acids such as alkyl-phosphoric acids, carboxylic
acids, and sulphonic acids belong to the acidic family of
extractants. The extraction of m\etals by acidic extractants
is via a cation-exchange mechanism in which the removeable
hydrogen atom of the extractant is exchanged with the

(16]

agueous metal ion. In its simplest form, the cation-

exchange reaction is expressed asi

() + n(HR) == (MR ) +n)  (1e5) ;
n
agueous organic organic agueous >

where M is the metal to be extracted and HR is the extractant.
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Stripping of the loaded acidic extractant can te ac-
complished using either (1) strong acids in a direct
reversal of the extraction pfocess 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 leach solutipon.

Other important acidic extractants are various terfiary
mono-carboxylic acids marketed under thé trade name 'VersaXic
Acids' which have been proposed for the éxtraetion of
[17] ‘

transition metals.

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

golutions. The quaternary ammonium halides are also consid-
ered to be basic extractants aﬁd are used to extrdct metal-
anionic species from strong alkali leach liquors.[18] ‘ N
The interaction of these extractants with the anionic
metal species is due primarily to electrostatic forces which
result 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 with anionic metal-bearing species only when
protonated, 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 lat't’:er
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 & basic

-
extractant is that of uranium recovery from sulphate solutions

1

using a tertiary amine (RBN)' First, the amine forms its
corresponding ammonium salt:
2 |R.N + |28 + 5027 == |(RyNH') 502" (1.6)
3 b 3 2774 *
organic agqueous _organic

and swbsequently, the anion-exchange reaction takes place:

- \
2[(R3NH)ZSOLJ +[UOZ(SOu)j}=|:(R3NH)4U02(304)3]+ 2[soLﬂ (1.7)
organic = agueous organic aqueous

CHEIATING EXTRACTANTS

The introduction of chelating extractants has been the
most important solvent extraction development of the last
two decades, Chelating extractants are superior to most
alternatives due to their enhanced §electivity eviwdelnced in
many systems. Chelating reagents have long been known to
play important role's in analytical chemistry, both as
£19]

extraction and masking agents.

Extraction of metals by this class of reagents is

o



accomplished by chelate formation. Chelate extraction is

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

lowing chemical reaction:

(M) 4+ n(HL) == (MLy)  + (nH") (1.8)

agueous organic organic aqueous

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 either an anion or a p@lar molecule. A

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

4
ligand and a metal shows the ligand to be an electron-pair
donor and the métal. an electron-pair acceptor. In other
words, the metal behaves like a lLewis acid and the ligand
as a Lewis base. The dona?}on of a pair of electrons from
ligand to metal establishes a coordinate bond. For che-
lation to occur, the ligand must possess at least two
donor atoms capable of bonding to the same metal atom.
Elements which act as donors are;usually'electronégative
(e.g. oxygen, nitrogen, or sulphur). '

Donor atoms may formeart of a basic of an ;:}Hiq
functional group. Some basic groups of importance to met-
allurgical solvent extraction include: (1) —N=(tertiary
acyclic or heterocyclic nitrogen), (2)':C=0 {carbonyl),
and (3)225. Examples of acidic groups are: (1) —OH (enolic
and phenolic), and (2) —SH (thiolenolic and thiophenolic).

A cﬁelating 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 exchange of a hydro-
gen atom with the metal ion. Chelating agents containing
one acidic and one basic group are usually used since they

give greater metal complex stability. , The metal chelates

.formed are electrically neutral since both the oxidation

and coordination numbers are satisfied. .

Thé stability of metal chelates depends on a number
of factors including: (1) the charge and electron structure
of the metal ion, (2) the nature of the donor atoms in the
reagent which are directly invelved in complex fermations,
(3) the number of rings and their sizes, and (4) the presence

of bulky constituents in the molecule which could cause

(20]

The most prominent chelating extractants currently

§

steric effects.

available are the KELEX reagents produced by the Sherex
Chemical Company, the LIX reagents produced by the Henkel
Cozporation, the P-5000 prodmcts of Acorga Limited, and
SME 529 manufactured by the Shell Chemical Company.

SECTION 1.5 : METAL RECOVERY

After the purification stage (see Figure 1.1), the
purified leach solution is ready for a metal rec®very process.
The three most important operations currently in use to

recover metals from aqueous solutions are: <Q



1) precipitation by metals;
2) electrowinning;
3) precipitation by gases.

[N

1.5.1 : PRECIPITATION BY METAIS

This process involves the precipitation of a metal from
an aqueous solution by another metal. It . is also known as
éementation, because the precipitated metal is usuvally
cemented onto the added metal. Cementation is the oldest
me*!‘:al recovery technique and was once described by the
alchemists as 'transmutation', because when a piece of iron
was dipped into a solution c;f copper sulphate, the‘ iron
emerged coated with a layer of metallic copper.

The process can be descdribed by the following chemical.

equation:
M‘l’ + MIZ‘*——:MZ + M‘l“’ (1.9)

-t

The above process can he predicted in terms of electrode
potentials. For any metal in solution, the reversible

electrod)e potential can be described by the Nernst equation,

given below for the half-reaction: [21]
Ey = Ey - RT In | 2M (1.10)
nFf a,Mn-a-
where: ’ ®
R = gas constant (8.31 joules/g-mole/oK)
T = temperature’ °x

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

equivalent weight)
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<

n = valence of metal M L
ay = activity of metal M (assumed to be unity)
Aan+= activity of metal ioh in solution ‘
E” = the normal electromotive force 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 cell in which the counterélectgode is the
normal hydrogen electrode.
) In cementation, the metal with the less positive oxi-
dation potential will pass into solution and displace the
metal with the more positive potential.
Industrial applications of this technique include the
addition of scrap steel to precipitate copper and the addition
of zinc dust to precipitate cadmium out of solutionl[zz]
N The main advantage of cementation is its simplicity.
Virtually all of the metal value can be removed from solution
in a short series of contact tapks or troughs. Against this
simplicity 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, 072-2% Fe, 0.5% Si0, + A1203, and the remainder

is oxygen.EZZJ The copper is 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 béen

wid
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found in the metal producing industry.

N

1.5.2 :+ ELECTROWINNING

In ele¢trowinning, the metal to be recovered is usually
in solution in the electrolyte from which it is plated onto
the cathode. The electrowinning cathodic reaction can be

expressed as:
M+ ne” —-_-M° (1.11)°
The anodic reaction in electrowinning primarily in-

volves the evolution of oxygen.k For an acidic solution,

the overall reaction occurring at the anode can be expressed

as:

2H,0—+0,, + WHY + Le” (1.12)

2

and for an alkaline sqlution, by:

o+ ZH0 + e~ | (1.13)

LOH™ —»0
In electrowinning, the anode is required to be inert :
so that (1) the electrolyte will not become contaminated
during the operation, and (2) the anode will not require
-frequent replacement. ’
Since the reactions occurring at both electrodes are
different, there is usually a considerable decomposition
potential for the electrolytic proceés. The main qontri—[
bution to this decomposition potential is from the difference
between the reversible potentials for the anodic and cafhodic

reactions. The operating voltage of a cell is made up of

SR S T
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additional terms which include the activation over-potential

for éhe reactions at the appropriaie current densities, the

resistive potential of. the electrolyte, and the contact

potential at each electrode.[23] )
Electrowinning is currently the most widely used proce-

dure for recovering metal values from leach solutions. The

advéntages of this technique are: (1) the purity of the

product is high, (2) the equipment required is simple, and

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

disadvantage is the large amount of electrical energy -

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

¢ .

energy continues to rise.

1.5.3 :+ PRECIPITATION BY GASES .

The first known application of precipitation by gases
occurred in 1859 when Beketoff was able to reduce silver
éalts to metal using hydrogen gas under pressure.tzu]

Ii ttle further research was done in this area until
the 1950's when Schaufelberger succeésfully produced nickel
metal using hydrogen to reduce nlckel ammines dissolved in
sulphate solutions.[ 5] Heé had encountered difficulties
in nucleating the new phase, and unless powdered seed
material was introduced, the metal was deposited on the
walls of the reaction vessel. Schaufelberger's work was of

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

of Sherritt Gordon-Mines ILimited. Mackiw later determined
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the éhemistry of the reductions and made these reactions
the basis of Sherritt Gordon's cobélt and nickel program.[26]
The production of metal powders from aqueous solutions has
developed rapidly in recent years as a result of the success
of the Sherritt Gordon process and today, other companies
are producing metal powders by similar hydrome;allurgical
routes. ¢ hS

Using hydrogen gas as an example, the overall reduction

reaction can be expressed as:

Mt o+ H, = M° + 2x" (1.14)

aqueous gas . agqueous

Gases such as carbon monoxide, sulphur dioxide, and methane

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

ch e . . o™ .
and are not of si ficant commer lﬁﬁ\lnterest.
gnl AR

Reaction 1.14 can be viewed as two opposing reactions:
M—eM* 4 267 : ‘ (1.15)

and  H,—»2H' + 20" (1.16)

Each of Reactions 1.i5 and 1.16 has its own potential and
clearly, if the metal potential exceeds the hydrogen poten-
tial, the metal reaction (1.15) will reverse direction and
metal will be precipitated from solution. \f
The potential of the reversible metal-ion/metal electrode

(Reaction 1.15) is: # '

By = Ey - BL 1n| M

2F a,M2+

(1.17)

PSPPI

e e SR

e B e -
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6 ' .
A description of the symbols used in Equation 1.17 can be

n +*

found on pages 19 and 20.
For - the hydrdgen half-reaction (@quation 1,.16) , the

potential is governed by the concentration of hydrogen ions

and hydrogen molecules in solution in contact with the elec-

trode and is therefore a function of both pH and hydrogen

fugacity: [27]
R fo) #* ' -
EH=EH—_R‘_T_ln1 -&P_lnPH (1.18)
2 2 F 8y 2F ] 2
where: i
P;{ = fugacity of the hydrogeﬁ gas
2
By = activity of the hydrogen ions.

To simplify the above equation, the hydrogen fugacity can

be replaced by its partial pressure. This is a reasonable

assumption because at 100 atmospheres (10.1 MPa) of hydrogen
pressure, the fugacity is 106.1, and this altéxs the last

[28] Also, since pH

term of Equation 1.18 by one percent.
is defined as —loglo(aH+), and Eﬁz is defined to be zero,

the hydrogen potential simplifies +to:

E, = |-2.303 RT |pH -2.303 RT log,|P (1.19)
H, 3 2F 10174,

where .PH is the partial pressure of hydrogen expressed in
2
atmospheres.

Equations 1.17 and 1.19 {ave been plotted in ’Figure 1.3 -
for various metals. The metal potentials are plot‘bgd against

metal ion activity on the top scale, and the hydrogen
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poter;’eial is plotted agains?t pH on the bottomu scale. This

diagram is only appropri.ate fo
n as sulphates and chlo

r simple jonized metal salt
L
golutions, suc rides at 25 °C.[29] 4

. : v :
b ] / ;;
|
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" FIGURE 1.3 - THERMODYNAMICS OF HYDROGEN

AQUEOUS SOLUTIONS

-
{

‘ - _4‘_—@-.-.-....,_".,.—-..__-——



26

Figure 1.3 clarifies the following points:

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

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

3) Nickel and cobalt can be reduced to metal
conly at high pH values. For example, nickel(II)

- will be reduced by 100 atmospheres of hydro-
gen pressure from a 10™°M solution activity
at pH values above 5.

The critical pH value can be obtained from the inter-
section of a horizontal line through the metal line at an
a@propriate 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.
Therefdre, a limit is set to the pH range which may be
used with any given metal.

The maximum pH for a simple dissolved ion can bg
increased by forming complex ions., Ammonia is a common
complexing agent. The formation of complexes stabilizes

the metal ions not only against hydrolysis at high pH, but

I
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also against reduction to metal, since the cdMplexing agent

must be detached from the ion before metal will precipitate.

Using cobalt as an example,

formed according to the following reactions:

co't 4+ NH '==[C0(NH3{]++

[CO(NE{B)] ++

[CO(NH;)“S]++ +

3

+ NH3‘==[CO(N?3)2]++

5=

the ammine complexes are

cobalt monammine

cobalt diammine

NH <——‘?O(NH3)6]++ cobalt hexammine

The type of ammine formed will be govermned by the Co/NH

(1.20)

ratio in ‘the solution. For any given ammine,[Co(NHB)x]++,

the reduction reaction can now be expressed as:

++ +
@O(NHB)X} + H2<-Co + xNH3 + 2H

This reaction can
sub-reactions:

fy

Cot v 28

[CO(NHB)X:IH

For the reduction

(1.21)

be expressed by the sum of the following

— 2H" + 27
—Co
—co'" + XNH,

of any cobalt ammine:

4t -
[?O(NHB)X} + 2e — Co + xNH3

(28]

the ammine potential can be expressed by:

E, = BEC + E°

(ayy )
Ny

a ++
M ammine %FT- In [CO(EEEQ)XJ
x

complex

(1.22)

(1.23)
(1.24)

(1.25)

(1.26)

-
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1

As before, the hydrogeq,potenfial (Equation 1.19) must
be less than the cobalt .metal potential (Equation 1.26) foE
precipitation to occur. ’

While thermodynamics is important in determining
whether or not a specific reaction is possible, kinetic
considerations are important in determining whether or 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 to 50Q p.s.i. (3.45 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 °C are not
uncommon. At 250 °C, the vapour pressure of water is
approximately 575 p.s.i. (3.96 MPa),[29J and %his is a
significant proportion of the total working pressure.
Pressures such as tﬁese indicate that thick, and hence,
expensive autoclave equipment is required to safely carry
out fhe reductioh reactions. Other disadvantages are
inherent in an aqueous system. With such a system, there
is always the possibility of corrosion of the reaction
vessel, especially at high operating temperatures. 'Furthér-
more, there is the reed for a high ;oluﬁion pH Fue 1o

thermodynamic considerations when reducing nickel and/or

4 ’ i

- . st
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&

cobalt solutions. Although the problem of hydrolysis can

essentially be solved using complexing agents such as

ammonia, some hydrolysis might still occur if a significant‘

amount of ammonia is transferred into the vapour phase due

to evaporation, '

o~

re
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®  CHAPTER T™WO

DIRECT REDUCTION OF ORGANIC SOLVENTS

SECTION 2.1 : DIRECT HYDROGEN REDUCTION

As mentioned in the previous chapter, conventional
solvent extraction is treated solely as a purification/
concentration operation. The organic phase acts primarily
as a transfer medium for the metal being extracted. The
metal is then stripped from the loaded organic phase and
is recovered in a separate recovery stage (see Figure 1.2).

Hoyever, 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
metal could be produced directly in a useful form. A
schematig diagram outlining the proposed flowsheet for the
direct recovery of cobalt from a loaded organic extractant
is shown in Figure 2.1. This procedure can,'in some éysteﬁs,
have a theoretical advant%ge over the conventional use of
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 the solvent.

“ '«

- -
[ T SR
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5)

6)

The vapour pressure of water at an opera-
ting temperature of 250 ° is 575 p.s.i.
(3.96 MPa). At -this temperature, the
vapour pressure using a KELE§ 100-kerosene-
decanol organic system is only 60 p.s.i.
(O.41 MPa). This implies that a thinner,
hence less expensive, reaction vessel
could be used.

The process flowsheet is simplified as the

stripping and reducing operations are ~

combined into Qe step, termed ‘'pressure
hydrogen stripping'.tll]
The heating cost for the organic solvent

would be much lower than that for an

aqueous solution. The specific heat of

water is approximately 1.0 cal/gm/°C,

whereas the specific heat for aliphatic
hydrocarbdns is only 0.5 caL/gm/OC.[29]

No corrosion of the reaction vessel is

expected to occur using an organic solvent,

in contrast +to the difficulties encourtered
using an aqueous system.

When cobalt is loaded using KELEX 100 it
oxidizes very rapidly to the stable cobaltic
form, making acid striping very difficuls. L501
Using pressure hydrogen stripping, this
difficulty could be overcome.

KELEX 100 has been found to be an excellent
extractant for copper, nickel, and cobalt.[jlj
However, KELEX 100, when stripped with acigd,
suffers from acid 'carry-over' in the form

of protonated quinoline molecules. This

high acid pick-up characteristic, which
greatly inhibits its commercial use, can
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be avoided using pressure hydrogen
stripping of the loaded organic.

SECTION 2.2 : EARLY WORK

The concept of reducing metals }h organic solvents
using hydrogen gas 1s not new. Various studies conducted
as early as 1938 have involved hydrogen reduction of

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

[32]

However, this work was carried out in
\

order to investigate the homogeneous catalytic activation

solvents.

of molecular hydrogen, and it was not reported whether or
not metal was formed.

In 1956, it was reported that the reaction between
hydrogen and silver acetate in pyridine forms a hydrogen-
cérﬂying intermediate, the principal mechanism being the
irreversible reaction with silver ions to form metallic
silver, 7]

CalvinEBu] showed that quinoline solutions of cupric
acetate and cupric-salicylaldehyde complexes could be
reduced homogeneously by hydrogen at 100 °C with a hydrogen
pressure of 7.6 p.s.i. (0.052 MPa). Two distinct stages
were apparent from the reaction curves: (1) an autocatalytic
step of copper(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 app ;ed, no catalytic

&%
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activity was detected for the cupric salts.

The reduction of cupric heptanoate dissolved 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 °C.F35] The reduction kinetics
were studied in detail and it was observed that the
reduction'from the cuprous state to pure metal was much
slower than the cupricltb cuprous reduction. It was also
reported that the heptanocates of iron(III), nickel(II),
cobalt(II), and cadmium(II) did not react appreciably at

temperatures up to 150 °c.

SECTION 2.3 : PRESSURE HYDROGEN STRIPPING

A radical departure from the conventional solvent
extraction scheme used in hydrometallurgy was put forth
a decade ago by Burkin. 1201 He proposed the replacement /
of the conventicnal 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[37] performed a number of screening
tests on various classes of extractants. These tests were
carried ocut using copper, iron, nickel, and cobalt at 200 °c
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 for:

a
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1) tri-n-butyl phosphate in Shellsol T;

2) alkyl methyl sulphonium chloride in
1,2 dichloroethane;

3) Alamine 336 (a tertiary amine) in
Shellsol T;, , "

L) Aliquat 336 (a quaternary amine) in ‘
Shellsol T;

5) LIX 63 (an aliphatic a-hydroxy oxime);

6) LIX 64 (é compounded mixture of
B-hydroxy benzophenone oxime with LIX 63).

In contrast to the above systems, encouraging results
were obtained using Versatic extractants (aliphatic carb-
oxylic acids) at 200 °C, and using di-2-ethyl-hexyl
phosphoric acid (D2EHPA) at lower temperatures (<180 °C).

In the case of cupric salts of Versatic 911, homo-
geneous reduction to the cuprous state 6§cured first,
followed by metal formation. The initial rate of reduction
of the cupric salt was slow, but the reaction was very
strongly autocatalytic. The metal proéuced was in colloidal
form, and the addition of copper powder before reduction
did not alter the form Pf the product. However, when
colloidal carbon was uysed as é seed material, the pgsult
was the formation of heavy deposit of metal powder which.
was easily filtered.

The preéence of catalytically active solids was neces-
sary to precipitate nickel and cobalt from their Versatic
911 salts. Temperatures between i80-200 °C 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 °C 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 same conditions.

In the case of iron reduction from its Versatic 911
salt, the presence of ammonia 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[38] carried out a fundamental
study of the hydrogenation of the Versatic acid salts of
copper, nickel, and cobalt using 14.7 p.s.i. (0.10 MPa) of
hydregen at 140 °c. They confirmed the observation that
copper(II) was reduced to copper(I) prior to metal formation.
The copper reduction was autocatalytic, with the cuprous
species being the homogeneous catalyst. The mechanism
proposed by these ihvestigators involves the heterolytic
splitting of hydrogen molecules by the cypric 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, since no
intermediate cobalt species was formed.

The ﬁext major work using direct organic reduction
techniques was by Demopoulos[l%] using copper-loaded KELEX
100 (an alkylated 8-hydroxyquinoline). He found that KELEX
100 exhibited excellent thermal and chemical stability up
to 300 °C 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 qui;oline nucleus of the
extractant occurred. Occasionally, similar hydrogenation

was observed in some of the impuriéies (e.g. furoguinoline)

of KELEX 100. The chemical stability of the extractant

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

was added to the organic solvent (0.4M KELEX 100 in kerosene).

Demopoulos[llj 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 °c. The overall process disﬁlayed heterogeneous
characteristics. Nuclel were provided through slow thermal

dissociation of the copper chelate. The freshly produced

metallic copper, acting autocatalytically, accelerated the

‘précipitation kinetics. Reduction of the copper(II) chelate

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

step. In its simplest form, the overall reaction by which
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r~ -
5 o
R N (2.1)
o /
Cu + H, e D + Cu
/\o R N
N R OH
—— o ,

Demopoulostll] reported that the operating temperature,
hydrogen pressure, copper concentration, ligand concentration,
and copper chelate age all affect the overall reduction rate.

(39]

It is of interest to note that Burkin expressed

doubt as to the suitability of g quinoline—b;sea extractant
for ke direct reduction of organic liquids. He predicted
that hydrogenation'of the aromatic ring would make KELEX 100
ineffective for this purpose. This opinion was presumably
based on his experience with LIX 64, which decomposed in

the presence of hydrogen at 200 °c, However, as previously
npoted, LIX 64 contains’IIX 63, which is known to be unstable

at temperatures above 40 °C.[uo]

Li[MJ performed tests using a nickel-loaded KELEX 100-
’ ’
decanol-kerosene system. He reported that rapid nickel

precipitaf&on is possible using an operating temperature
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range of 200-300 °c and a hydrogen pressure range of 150
to 550 p.s.i. (1.03 to 3.79 MPa). Ii reported that an
increase in the operating temperature and/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 the area of metal-strippipg 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%gl
oxides by heating metal-loaded carboxylic acid solutions
with water at 150-200 °C. TH% metals under investigation
were iron(III), nickel(II), and copper(IL). |

The most,recent work carried out on 'direct hydrogen
stripping' is the precipitation of copper from loaded LIX
34 (8-alkarylsulphonamido quirioline) and LIX 65 (2-hydroxy-
5-nonyl benzophenon; oxime).[uBJ Preliminary reéults indicate
that the LIX 34 extraétant decomposes at temperatures above

180 °c yielding hydrogen sulphide and copper sulphide prod-
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ucts. The results based on a IIX 65 system were more
encouraging. Temperatures'up to 265 °C have been reached

with no apparent organic decomposition.
)

t

.

LR R O R e R o ML T 3 Tom oy, T e s 2 Y N

‘._3/

J B Y R

WW’“W’% A 1 e T



4o

' CHAPTER THREE

EXPERIMENTAL PROCEDURE

SECTION 3.1 : EXPERIMENTAL PROGRAM

The main objective of this work was to investigate the
suitability of a commercially available chelating extragtant,
namely KELEX 100, for direct hydrogen stripping of cobalt
at high temperatures and pressures. The tests performed
were aimed.at studying various aspects of(hydrogen étripping
as follows:

1) The study of the chemical and thermal
properties of the organic liquid during
the reduction experiments. Direct
hydrogen stripping would not he tech-
nically feasible unless 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 affect
the kinetics of hydrogen stripping of
cobalt-loaded KELEX 100,

3) The examination of the physical and
chemical properties of the cobalt powder
produced. For the process to be economi-
cally feasible, the cobalt produced must
be readily filterable and of satisfactory
purity.

In this chapter, the experimental procedure used to perform

the experimen®s and to analyze the products, will be presented.

7

e
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SECTION 3.2 : THE ORGANIC LIQUID

The organic- phase used throughout this work was made
by dissolving fifteen volume percent KELEX 100 in a low )
vapour pressure kerosene (aromatic content <1%).' For all
experiments, ten volume percent of decanol was added as a
modifier since this addition was found to enhance the
chemical stability of the extractant in a parallel system

[11]

using copper. Some of the more important properties
of the three constituents of the organic phase are sum-

marized in Table 3.1.

KELzx 100L11] KEROSENE DECANOL

AN

SUPPLIER SHEREX CHEMICAL FISHER SCIENTIFIC EASTMAN KODAK

COMPANY " COMPANY COMPANY
SPECIFIC 0.976 0.7k 0.83
GRAVITY
BOILING 260 AT DISTILIATION RANGE 229 » AT
0 1 B.DP. 190
POINT (°C) 760 mm Hg ‘o 19 760 mm He
50% 21k
Q0% 240
D.P. 255

TABLE 3.1 - PHYSICAL PROPERTIES OF THE THREE CONSTITUENTS OF

THE ORGANIC PHASE
9
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The 'as-received' KELEX 100 was subjected to a purifi-
cation step prior to any investigatil\on. 'One litre of the
organic phase, consistir}g’of extractant, modifier and
diluent, was washed using 500 mls. of a ten volume percent
sulphuric acid (st'ou) solution. The aqueous phase was
allowed to% settle and was then removed and discarded. The

J
organic’ phase was washed twice using distilled water. Any

impurities in the original organic liquid which were water

soluble were removed and discarded with the aqueous raffinate.

SECTION 3.3 : LOADING

e
AY

The aqueous phase used for the organic loadiné consisted

of analytical reagent grade cobaltous sulphate dissolved in
distilled water. The cobaltous sulphate was purchased from
Fisher Scientific Company (Catalogueyc-386, Lot 793572) and
contained less than 0.065 weight percent of nickel, copper,
and iron combined. The aqueous solution was adjusted to

contain 20 grams per litre (g.p.l.) of cobalt (pH~4.4).

To carry out a hydrogen stripping experiment, one 1itre

of the organic 1liquid was placed in a two litre separatory
funnel. One litre of the 20 g.p.l. cobalt solution was
then added to the funnel. The separatory funnel was shaken

manually for approximately forty minutes. To produce an

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

of ammonium hydroxide (Fisher Scientific Company-Catalogue

A669) was added to the separatory funnel during the shaking

[L4k]
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procedure.

The contents of the separatory funnel were allowed to
settle overnight (24 + 2 hours). The raffinate was removed
and the loaded organic solvent was poured into the glass
liner of the autoclave.

A3.5+ 0.1 g.p.1l. cobalt organic solution was prepared

using this technique.

SECTION 3.4 :+ THE AUTOCIAVE ASSEMBLY

All reduction experiments were conducted inside a two
lil:'i'e Parr autoclave. The main features of the autoclave
are shown in Figure 3.1. The bomb cylinder is made of -
titanium and the glass liner used to hold the organic 1liquid

is made of pyrex.

3.4.1 : HEATING AND TEMPERATURE CONTROL

The autoclave was heated by a sealed 1500 watt element
built into an insulated stainless steel shell surrounding
the bomb cylinder. During the initial stage of this work,
automatic temperature control was obtained using the
standard temperature controller supplied with all Parr
reactors. The temperature controller consisted of a solid-
State potentiometricasystem operating in conjunction with
an iron-constantan thermocouple inserted into the bomb

thermowell. While this temperature control system is

considered to be satisfactory for aqueous solutions, it
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Safety rupture disc

Gas inlet valve

Gas release valve

Water connection ta
cocling channel around

packing glard Stirring shaft

g1—<———— Gas inlet and liquid

Thermowell sampling tube

FIGURE 3.1 - SECTIONED VIEW OF THE AUTOCLAVE ASSEMBLY
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was found to be inadequate for the present work due to the
low specific heat of the kerosene solvent used (~0.5
cal/gm/oc). Specifically, a large tempemature overshoot
was observed at the end of the initial heating period (above
100 °C when the set temperature was 300 °C). In addition,
an unacceptably large deviation of + 5 °c from the desired
set temperature occurred. .

A new temperature control system was selépted to over-
come the aforementioned problems. The new sys%em, supplied
by Leeds and Northrup Limited, was a Current A&justing Type
(Soft) ‘Electromax 3' controller which provides a 0-5 mA
DC output, and whose magnitude wvaries with the deviation
of input signal from the set point. This controller works
in conjunction with a Zero-Voltage-Firing solid-state power
péckage; The latter sugplies power to the heating element
of the autoclave with an infinite power f;solution. It is
superior to discrete-step conventional units because it
allows control of the process up to the sensitivity of “the
controller. -

The 'Electromax 3' unit is equipped with the following
controls: (1) Proportional Action, (2) Reéé;;Action, (3) Rate
Action, and (4) Approach Acti&n. The first three controls
minimize the fluctuation of temperature 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 °C and the initial overshoot was less than



10 °C at 300 °C. For a more accurate reading of the tempera-
ture, a digital thermometer with a one degree resolution was

used.

3.4.2 : PRESSURE CONTROL

Hydrogen gas was supplied at constant pressure via a
high pressﬁre delivery regulator. The hydrogen gas was
purchased from Union Carbide Canada Limited and contained -«
less than ? parts per million of oxygen (Ultra High Purity-
99.999% HZ)'

‘ Pressure release was achieved By means of a needle

valve in the autoclave head. Release of pressure was
accomplished via tygon tubing immersed in adgerosene solution.
The preésure in the reaction compartment of the autoclave was
indicated by a 0-1000 p.s.i. gauge. Protection against
equipment damage in case of accidental overpressure was

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

installed in the head of the reactor.
3.4.3 + AGITATION

The organic ligfid, 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 positioned approximately 3 cm. from the

.bottom of the reactor and 3 cm. below the liquid 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.

FIGURE 3.2 - VIEW OF THE AUTOCLAVE ASSEMBLY

A - THERMOWELL
B - PYREX LINING
C - BELT-DRIVEN STIRRING DEVICE

N 3.4.4 + 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 3.3). Through the same sampling dip

tube, hydrogen gas, was introduced under the liquid level.

FIGURE 3.3 - SAMPLE WITHDRAWAL DURING A REDUCTION EXPERIMENT

SECTION 3.5 : REDUCTION EXPERIMENTS

One litre of loaded organic, containing approximately
3.5 g.p.1l. of cobalt, was poured into the glass "liner of
the autoclave. The glasS:liner was inserted into the auto-
clave and the bolts were tightened. The loaded autoclave

was. purged with prepurified nitrogen gas (Union Carbide

oCanada 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 simultaneous agitation
of the liquid.

When the purging operation was completed, the organic
solution was heated to the desired temperéture with the
stirrer operating at 700 RPM.

When thermal equilibrium was reached (the ﬂeating time
was usually two hours), a sample of liquid was collected to
determine the initial cobal% concentration. Hydrogen gas
was then introduced into the autoclave and the pressure
was adjusted using the 'delivery regulator. Introduction
of the gas resulted in a 3-5 °c temperature drop, appareﬁtly
due to the cool hydrogen dass. This temperature drop did
not significantly alter the reaction kinetics, since within
5-10 minutes the controller re-established thermal equilibrium
at the desired temperature. )

At selected time intervals (every 30-60 minutes),
liquid samples (15 mls.) were withdrawn. Prior to sample
taking, the sampling tube was flushed with approximately
5 mls. of organic solution, which was then discarded.

When the hydrogen stripping experimené was completed,
the heater was turned off and the autoclave was left pres-
surized overnight in order to cool.

The stiripped organic liquid was filtered through a
350 mls. Buchner funnel (finelporosity) having a fritted

disc. A water tap vacuum pump was used to accelerate ]
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filtration. The powder retained in the filter was thoroughly
washed with acetone and stored for future physical and
chemical analyses. The filtered organic liquid, replenished
with fresh liquid to compensate for sampling losses, was
recycled several times. "

After some 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 wvolume percent nitric acid solution ahd
allowed-to stand for 15 minutes. 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) Qualitative and quantitative structural
analyses of the organic liquid using
ultraviolet spectroscopy, gas-liquid
chromatography, and infrared spectroscopy.

2) Analysis of the liquid samples taken
during the requction experiments using
atomic absorption in order to determine
the amount of cobalt which had beeén
precipi tated.

"3) Examination of some of the chemical and
vphysical properties of the cobalt powder
produced using X-ray diffraction, chemical
analysis, scanning electron microscopy,

~pr
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and particle size distribution.

3.6.1 : ORGANIC STRUGTURE ANALYSIS

Gas-liquid chroﬁatography could not be applied to the
KELEX 100 samples without special pretreatment because the
material is insufficiently volatile to pass through the
thomatographic column. Silylation, which is’ the substi-
tution of the trimethylsilyl group (-Si(CHB)B) for active
hydrogen in a compound, is a common derivatization method
used in the event that gas chromatography has to be carried
out on organic compounds of low volatility.[u5]

The KELEX 100 samples were silylated by treating 0.25 mls.
with 0.5 mls. of bis-silyltrifluorocacetamide (BSTFA-Pierce
Chemical Company) and heating the mixture for 45 minutes a£
100 °c. '

Two OV type (0.32 cm.) chromatography columns (sensing
and reference) were used. .Egch column was 244 cm. long with
3% liquid phase on a 90-100 'Gas Chrom. Q.' mesh. The analysis
was carried out using é Perkin-Elmer Mocdel 881 gas chromato-
graph connected to a highly accurate strip-chart recordeg .
(Hewlett Packarq 7101B). A flame ionization detector was
used, while the,gas-liquid chromatograph was programmed at
6 °C/min. from 180-300 °C and held for 2 minutes at 300 °C.

The carrier gas used was helium. ) )
The infrared spectra of KELEX 100 were éec?rded in the

1 range using a Perkin-Elmer Model 457 grating‘

¥

600-4000 cm”

t
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[

N
infrared'spectrophoté;é%é; (+ 2 cm—1 resolution).

_ The KELEX 100.samples were diluted in kerosene and
decanol'(15.iolume percent. KELEX 100, 10 volume percent
decanol, and 75 volume peré;nt kerosene) and analyzed. The
reference solutign consisted of decanol dissolved in kerosene.

Gas-ltquid chromatography and infrared spectroscopy were
performed in @rdgr to determine whether or not the organic
liqu;d had decompoéed during the reducﬁion expériments.

In order to determine the structure of the cobalt-

KELEX m&lecule, samples of loaded orga?ic were ana%yzed
using a Perkin-Elmer 124D Double Beam épectrophotometer.
Measurements were made iﬁ tﬁ% BOOJSOO nm. wavelength range
and the-réjults were printed by a‘Pefkin—Elmer 165 chart

recorder. [Kerosene was .used as the reference liquid.

'3.6.2 : DISSOLVED COBALT CONCENTRATION

1
The samples taken during the reduction experiments were -

analyzedldirectly~using a Perkin-Elmer Model 306 Double Beam

Atomic Absorption épectrophotometer. For some samples, a

Pye Unicam 8%190 Atomic .Absorption Spectrophotometer was used.
Since cobalt oxidigzes to form a very stable cobaltic-

KEiEX complex, it was not possible to a;id—strip the samples

and to then analyze the aqueous solutions. using conventional

atomic¢” absorption technidueé;,

i

Direct anélysis of the organic solutions was possible,

and the sensiti&it&*oﬂ)the instrument was found to be twice
. ’ 4 -
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that for an aqueous solution. The sample’s had to be diluted
'bélow 8 ppm cobalt as the calibration curve was linear onl}
up to this concentration level. The samples were diluted
using kerosene, and therefore kerosene was used as the
reference solution. The flame was adjusted to allow for
the flammable diluent by reducing the acetylene flow raté.

Organic standards were prepared by diluting a KELEX
100 sample éontaining a known amount of cobalt. The amount
of ¢obalt in the organic phase“was carefully determined by
the difference between cobalt levels in the aqueous feed
and raffinate. Four standards were preﬁared in the 2-8

ppm range.

3.6.3 + COBALT POWDER ANALYSTS

Oxygen, hydrogen, and carbon levels of the cobalt powder .

"

products were measured indepéndently by Technitrol Canada )

ILimi ted.

RN me 4

¢

X-ray powder diffraction was performed on several samples
using a l;hillips Diffractometer. The operating conditions N -
were: 40 kV voltage, 20 mA tube current,”FeK, radiation, Mn /
filter, and 6 hours of exposure time. .

Particle size analysis of the cobalt powder was performed

?
-

B P PR

using a Warman Cyclosizer (Model M4).
Scanning electron microscopy was performed using a
JEQL-JSM-35S instrument located in the McGill Department of

Epidemiology. The operating conditions were 10 kV voltage

4
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and a 39 mm. working distance.

on aluminum stubs with epoxy.

54

The samples were mounted

N
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CHAPTER FOUR

DISCUSSION OF RESUITS:
CHEMICAL AND THERMAL STABILITY OF KEIEX 100

SECTION 4.1 : OBJECTIVES OF THE EXPEB‘IN[ENTAL PROGRAM

The main objective of this work %\1‘0 investigate the
possibility of precipitating metal directly from cobalt-
loaded KELEX 100 ugsing hydrogen under pressure.

The discussion of the experimental results will be
divided into three parts:

1) The study of the chemical and thermal stability
of the organic liquid during the reduction
experiments. In order for this process to
be economically feasible, the organic liquid
must be totally regenerated after reduction,
and show no signs of organic degradation and
no loss in loading capacity.

2) The s+tudy of the parameters which affect the
kinetics of the stripping process. This is
dealt with in Chapter five.

3) The examination of some of the chemical and
physical properties of the cobalt powder
produced. These results aré presented in
Chapter six. Q\ ’

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

]' Ashland Chemical Company [now Sherex Chemical Company]
de%eloped KELEX 100 in 1968 as an extractané for copper from
both dilute and relatively concentrated leach solutions.[uéj

KELEX 100 is a derivative compound of the analytical
chemical reagent 8-hydroxyquincline [often referred to as
8-quinolinol or oxine]. 8-Hydroxyquinoline has a hydrog?n

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

nitrogen atom as shown below:

FIGURE 4.1 -
N CHEMICAL STRUCTURE OF
S

OH . 8-HYDROXYQUINOLINE
' Basic Group .

B

Acidic Group

Preparation of KELEX 100 involves the reaction of an
*alk;n;l or alkyl chloride with 8-hydroxyquinoline.[47] The
active component of this commercial extractant was previously
7-03-(5,5,7,7-tetramethyl-1~octenyl)]-8-hydroxyquinoline
(see Figure 4.2 I), but its production was discontinued in
1976. Presently, the active component of KELEX 100 is
7-£2—(5—ethyl—nonyl)]—8—hydro%§§finoline (see Figure 4.2 II).

CH, Cr:

]
= - —=CH,~C~CH,~C—CH
I R=ZOHTCHIG=CHTI™ 0 FIGURE 4.2 - THE

jﬂi oo ACTIVE COMPONENT
N OF KELEX 100
OH ,
I R=—cH —(cH,); —clu—(mz)rm,
CH, C.H,



57

Theoretically, the hydrocarbyl 'R' group can be attached
to carbon ring atoms in the 2nd, 3rd, 4th, 5th, 6th, or 7th
positions. However, Budde[u7] 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,qwhile the balance is made up of

(48]

various by-products of the alkylation process. These

impurities are analyzed in the next section.

b.2.2 + GAS-IIQUID CHROMATOGRAPHY

In gas-liquid chromatography, the components of a
vapourized sample are fractionated as a consequence of
partition between a mobile gas phase and a stationary liquid '
phase céﬁ¥;ined in a column.[49]

A sample contﬁining the solﬁtes is injected into a
heating block 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 ffesh'
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 sclute will appear.

The degree to 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
increasing order of theif partition ratios, and enter a
detector attached to the column exit. The time of emergence
of a peak identifies sthe component, and the peakigrea reveals
the relative conceneé:tion of the component in the original
sample mixture.

Figuge 4.3 shows a gas-liquid chromatogram of a typical
KELEX 100 sample of post-1976 manufacture. Theyspecific
conditiPns for the gas-liquid chromatographic gnélysi§.are

i i

given in the Experimental Chapter. {\ |

The attenuator setting for all peaks, with‘the ekception
of peak 4, was X500. The getting for pégk 4 was X1000,
indicating that this peak should be twice as big as it appears
in Figure 4.3. D
The various components of KELEX 100 were analyzed using
mass spectrometry by Dr. 0. Mamer of the McGill Bf@medical
Mass Spectrometry Unit. The mass spectfometric conditions
were as follows: 70 eV ionizing energy, ion source temperature
of 290 OC, and a scan rate (M/2) of 10 to 500 in four segonds. -
In Table 4.1 the molecular weights and the chemical
structures of the wvarious components, when kgown, are summarized.
The composition of the sample was determined by estimating
the area under each peak, and the results are also shown in
Table 4.1. fhe active component was found to be approximately
77.1% which is in accordance with the value obtained by

Ashbrook.tus]
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PEAK # MOLECULAR WEIGHT WEICHT % MOLECULAR STRUCTURE
1 145 0.6 @:Qj
& N
2 197 11.0 O
N
\ Q
3 257 1.2 z.,.cn,@@
cey on
) oy
4 299 ‘ 77.1 o : Q
CHOM—CHy OM
&y
QIO
5 297 0.8 ?’n‘ ﬁ o N
Cey
) 297 2.1 m@
{probably) ‘71",,,‘;,.,
ey
pee
7 295 4.1 Mé@fj
£
CHy
B 453 .0 ?
9 ? 1.6 ?
10 ? 0.5 ?
TABLE 4.1. - VARIOUS COMPONENTS OF KELEX 100
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4.2.3 :+ INFRARED SPECTROSCOPY

Infrared spectroscopy involves the twisting, bending,
rotaﬁigg, and vibrating motions of atoms in a molecule.[50]
Upon interaction with infrared radiation, portions of the
incident radiation are absorbed at specific 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 overall configuration of the atoms.

.\ For infrared absorption to occur, two major conditions
must be satisflied. First, the energy of the radiation must
coincide with the energy difference between the excited and
ground states of the molecule. Radiant energy will then be
absorbed by the molecule, increasing its natural vibration.
Second,‘yibration must entail a change in the electrical
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 radiapon at %avelengths between
0.7 and 500 um or, in wavenumbers, bhetween 14,000 and 20 cm'l.
The spectral range of greatest use is the mid-infrared region,
that is, the region between 4000-600 cm—l.

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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FIGURE 4.4 - INFRARED SPECTRUM OF UNLOADED KELEX 100 SAMPLE
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frequencies of the infrared spectrum of KELEX 100, For instance,

the OH-phenolic stretching frequency was measured at 3400 cm-l,

the C-N stretching frequency at 1280 cm™ >, the C-N bending
frequency at 720 cm_l, and the C-0 stretching frequency at
1090 em~?.

Ashbrookfsz] maintained that the phenolic hydroxyl group
in kELEX 100 is involved in intramoleculgr hydrogen bonding.
This was deduced from the presence of an absorption 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 pyésent in the spectrum of 8-hydroxyquinoline at 3410 cmcl,
which has also been associated with hydrogen bonding.

The infrared spectra of the parent compound of KELEX 100,
8-hydroxyquinoline and its metal chelates, haﬁg\ggé studied
in much greater detail than‘fﬁg infrared spectra of KELEX iOO
itself.[53’54] In most studies thus far, soliﬁ samples of

8-hydroxygquinoline and its chelates were used. In the present

investigation, only liquid samples of KELEX 100 were analyzed.

s

SECTION 4.3 : . COBAILT-IOADED KELEX 100

‘

4.3.1 :+ OXIDATION OF COBALT CHELATES

The oxidation of cobalt chelates{ggring solvent extraction

is a very frequent phenomenon that occurs with most extractants
&

*y

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

resulting from this oxidation is highly stable and is ‘very

[55]

difficult to strip using dilute acid solutions.

R
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In studies designed to extend the scope of application
of KELEX 100, Ritcey and Lucas[Bl'uuj 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) is extracted, it must be stripped in a relatively
short time because prolonged exposure to air oxidizes the
cobalt(II) to cobalt(III).

In a more fundamental study, Lakshmanan and Lawson[56]
examined the extraction of cobalt by KELEXJIOO 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. They also
found that the cobalt could not be stripped from the organic
phase. They did not consider that the cobalt was being
oxidized to the trivalent state, but rather claiqed that the
cobalt(II) chelate complex was extremely stable and hence
difficult to strip. It is interesting to note that the CoL,-2HL
stoichiometry of the extracted complex agrees with that given
by Star§[57] for cobalt-8-quinolinate. Stary conducted a
systematic study of the formation and‘extraction of over thirty
metal-&rqﬁinolinates and, like Lakshmanan and Lawson, made no
mention of possible cobalt oxidation.

Flett et al.l0) showed that it can be misleading to

draw conclusions about stoichiometry based on slope analysis

PR
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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

[y

yielding, in fact, a cobalt(III) complex:

Ve

+ 1/ 0, ==CoL, + 2H" + 1/2 H,0 (4.1),
organic

+

Co * . 3HL

organic

s

Equaion 4.1 could be the sum of consecutive extraction and

oxidatyon reactions as follows:

++4 N

Co™™ + LHL == CoL, +2HL + 20" (4.2)

organic organic

A

CoL,+ 2HL - +1/4 0,=1/2 H,0 + {COL3'+ HL} (4:3)

2 organic organic

Guesnet et al.[joj cleared up some of the controvers§
surrounding cobalt oxidation by performing visible and ultra-
violet absorption spectrophotometry on §ampleé of 8-hydroxy-
quinoline and KELEX 100.

They reported that after separation from the agueous
phase and dilution, the organic phase showed an absorption

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

“

toluene. This absorp%icn maximum decreased with time and a
new maximum progressively appeared at 420 nm. They claimed
that this phenomenon was due to the oxidation of the extracted
cobalt(II) B8-hydroxyquinecline complex [absorption maximum at
375 nm] to the cobalt(III) complex [absorption maximum at 420 nm].
Compiéte oxidation took approximately 200 minutes. =

When the extraction was performed using KELEX 100 instead

&

of 8-hydroxyquinoline, the organic phase showed an absorption
c .
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A ‘o

maximum at-440 nm in nonbasic solvents. . The position of this

e

band did not change with time-and stripping was impossible

) *

\ . )
with dilute acids! These facts suggest that when cobalt is

_extracted with KELEX 100 the oxtrdation is as fast as the

extraction..

Thle phenomenon was verified in the present work and the
UV absorption spectrum is shown in Figure k.5. The equipment
used for this anal&éis is described in the Experimental Chapter.
The‘KELEX ido,éamﬁié was analyzed two minutes after it
was loaded, and an absorption maximum aﬁ%eared at 440 nm
indicating the presence of a cobalt(III) complex, The loaded
organic ;es again analyzed after a period of 12 hours and
there was no detectable change in peak height or position.
Guesnet et al. [30] reported that compounds that can
donate electrons through an oxygen atom, such as tributyl- : .
phosphate, to the organic phase, decrease the cobalt oxidatlon
rate. The addition of these oxo-donor compounds produces a
shiff of the absorption mgximum of the cobalt(II) complex to
longer wavelengths, whereas the absorptlon band of the cobalt(III)
complex 1is unalteredf The cobalt(II) shift indicates a change.
in the strucénre of the oomplex, which can be explained by
the acid-base properties of the cobalt(Il) ion and oxo-donor
compounds. Since the cobalt ion is an electron acceptor, bonds
between the donor compound and the cobalt ion are formed. These
bonds increase the stability of the cobalt(II) complex, and 5

hence the complex is rendered less oxidizable.
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The addition of various amounts of acidic compounds, such .
as Versatic 10 acias, to the organic phase, also decreases the
cobalt oxidation rate. These compounds shift the a rption
maximum of the cobalt(II) complex towards lower wavelengths.

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

HL + HR ==(H,L" , R7) " (4. k)

which is termed protonation of the KELEX moleéule. The increase-
in the R~ concentration promotes the formation of poorly

oxidizable cobalt(II) complexes such as (CoL-2HL)+,R'.

b.3.2 : STRUCTURAL CHANGES AFTER LOADING

After loading with cobalt, the organic liquid was once
again anal&zed using gas-liquid chromatography and infrared
spectrosdgpx. These results are presented in Figures 4.6 and
4.7. Comparing the chromatogram of the unloéded extractant
(Figure 4.3) to that of the loaded extractant (Figure-4.6),
it can be seen that peaks 1, 3, 6, 8, 9, and 10 disappear.

This implies that the compounds corresponding to these peaks
probably take part in the loading reaction. Peak 4,.which
represents the unloaded Cll—alkylate of 8-hydroxyqdinoline

and is hence the main active component_of KELEX 100, is much
smaller than the corresponding peak in the unloaded chromatogram
(Figure 4.3). This indicates that the extractant is being
loaded with éobalt. Peaks 2, 5, and 7 remain éssentially un-
changed before and after loading, indicating that these compounds

do not take part in the loading reaction.

\
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The infrared 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
with Figure 4.4,

As expected, the peak at 3400 cm'1 (the OH-phenolic
stz:etching involved in intramolecular bonding) is smaller
after loading because this site 1s actively involved in the
loading reaction. There is a cvorresponding change in peak 8
which is associated with the OH-phenolic bending frequency.
. There is also a noticeable #ncrease in peaks 4 and 6, which
are associated with hetero-ring stretching and aromatic-ring

(11]

stretching respectively. 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-plane CH-geformation before and after
loading.[59] The shi »peak 9 from 1280 to 1140 en~t
appears to be due tochanges in the C-N stretching frequency.
It was not possible to determine exactly what structural
?ifts occurred in the orgapic sample to cause changes in
peaks 5 and 7.

All of the infrared studies were performed in the mid-
infrared range (40005600 cm'l) where vibrations due fo the
8-hydroxyquinolin‘e ligand can be detected. Direct information
about the structure of the cobalt complexes and the strength
of the metal-ligand bonds could not be obtained with the
apparatus used as these appear in the far-infrared region

(600-10 cm™1).
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A comprehensive study of the far-infrared frequency

spectra of various metal-8-hydroxyquinolinates has been

L60]

B
conducted by Ohkaku and Nakamoto. They claimed that the

cobalt complex exhibits two bands in the 420-370 em™? region

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

1

the two strong bands at 278 and 263 cm ~ to the asymmetric

and symmetric Co-0 stretching modes, respectively. The Co-N
stretching modes were identified at approximately 228 cm'1
where a very strong gand was observed. They claimed that
since the spectral pattern for cobalt 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

L.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 °C. However, for the hydrogen
stripping of cobalt from*loaded KELEX 100, thermal stability
up to 325 °c is required. Studies specifically designed to
determine the thermal characteristics of 8-hydroxyquinoline
and its derivatives are not readily available in the literature.
It should be noted that during manufacture, KELEX 100 is
subjected to temperatures up to 260 ° in a reducing atmos-
‘phere (0.10 MPa HZ) and there are no signs . of organic )

decomposition.tll] However, heating 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 Use of hydrogen stripping. Interaction of KELEX 100
with hydrogen could lead either to hydrogenation of the
aromatic rings or, under moreldrastic conditions, to decompo-
sition due to breakage of the~fings. In addition, high
temperature éould, in itself, lead to ring breakage (pyrolysis).

In the literature, a number of references describe the
catalytic and destructive hydfogenation of quinoline under a
variety of temperatures, hydrdgen pressures, and catalyst
environments. Quinolines are usually reduced preferentially
in the hetero-ring, regardleés of catalyst, producing 1,2,3,4-

[61]

tetrahydroquinoline (Figure 4.8 I). Under stronger

hydrogenation conditions (>10 MPa), decahydrogquinoline is
produced (Figure 4.8 II), while under extreme conditions

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

amines, and hydrocarbons.téz]
N N T
. | | .
H H OH H
(1) (II) (III)

FIGURE 4.8 - POSSIBLE HYDROGENATION PRODUCTS
o v’ ‘
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8-Hydroxyquinoline exhibits the same behavioural pattern
as quinoline when catalytic hydrogenation is carried out.
The 1,2,3,4-tetrahydroquinolinol compound (Figure 4.8 ITI)
was the reported hydrogenation product by Cavallito and
Haskell.[63] The reduction was carried out at 55 0C and 3 afm.
(0.30 MPa) of hydrogen using a palladium catalyst. The
presence of a methyl group, as in 2-methyl-4-hydroxyguinoline,

prevented reduction.

L.4.2 : COPPER-KELEX 100 SYSTEM

Demopoulostll] was the first to investigate the thermal
and chemical stability of KELEX 100, His experiments showed
that KELEX 100 exhibits excellent chemical stability up. to
300 °C 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.
ﬁowever, when Demopoulos loaded the extractant with cépper,
he occasionally observed extensive degradation of the extractant,
even at temperatures as low as 200 °c. Using gas-liquid
chromatography, he was able to conclude that the degradation
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.i - 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 decancl molecules

amd those groups most vulnerable to hydrogenation [e.g. 20

(furan ring) and 3N (quinoline ring)]. After reduction of
q

the metal chelate and exposure of 3N to hydrogen attack, the

decanol forms a

hetero-atom (or

is prevented.
It is also

by lowering the

produced during

negative oxﬁgen

protective hydrogen bond with the nitrogen
with the oxygen hetero-atom) and degradation
o
possible that decanol prevents hydrogenation
catalytic gctivity of the metallic copper
[11]

the reduction experiments. The electro-

atom of the alcoholic OH group may be adsorbed

on the gurface of the electropositive metallic copper,

J

forming weak electrostatic bonds. Due to this adsorption,

the catalytic activity of copper is lowered such that the

hydrogen is sufficliently active to reduce the copper-KELEX

100 complex, but is not sufficiently active to promote
,

hydrogenation of the less reactive quinocline ring.

L.4.3 :+ COBALT-KELEX 100 SYSIEM -

After loading with cobalt and reduction with hydrogen,

the remaiming 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 all

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 all of
the original peaks, with the exceptien of peak 1, have reappeared.
The parent compound, 8-hydroxyquinoline (peak 1), is slightly
soluble in water and probably enter’s the raffinate during
loading. Peak 4 returns to approximately $0% of its original
height, and this is to be expected as only 90% reduction
occurred with this sample (Appendix - R5). The missing 10%
is in the forn{ qﬁf a cobalt chelate complex and is not shown
in the chromatogram. Sinée 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
heijghts and positions. Peai:s 1 and 8, ‘corresponding to OH-
pﬁaﬁolic stretching and bending respectively, have essentially
returned to 90% of their original heights. From the appearance
of these peaks, it is apparent that hydrogen exchange took
place between the cobalt-loaded extractant and hydrogen gas.
Peak 9, which shifted from 1280 to 1140 em™ ! after loading,
appears to have shifted back to its original position. As
with the gas-liquid chromatograms, no' significant changes
occurred between the spectra of the unloaded and reduced KELEX

— A

100 samples. This, in conjunction with the fact that no

-

detectable loss in loading capacity was observed when the
4

organic liquid was recycled, ipdicates that hydrogenation did

not occur and tha‘t KEIEX 100 is a suiltable 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 deleterious effects of recycling over longer periods.

SECTION 4.5 : THERMAL STABILITY OF KELEX 100

As has been described in the Experimental Chapter, the
%}andard procedure for a hydrogen Siripping test was té
heat the loaded organic extractant 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 same time partially
regenerating the organic solvent. This phenomenon is termed
'thermal precipitation' and ié discussed below.
Charles et al.[éuj have perhaps carried out the &ost
extensive investigation on pyrolysis of 8-hydroxyquinogline
Rhelates. In their investigation, various metal chelates
(Cu, Ni, Co, Mn, 2Zn, Pb, and Cd) were prepared in solid form
and were then heated in air, in vacuo, or in inert atmospheres.
The methods used to study the thermal properties of the metal ‘
chelates were TGA (thermal gravimetric analysis), TMA (thermal-
manometric analysjs), and DTA (differéntial thermal analysis).
The 8-hydroxyquinoline chelates of copper(iI), nickel(II),

cobalt(II), cadmium(II), and lead(II) gave free 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 all cases. The temperatures at which decomposition

of the oxinates first became detectable afe shown below for

a few metals:

METAL TEMPERATURE (°C)

Cu 275

Pb 310

Ni 400

Co 420 "
cd 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) Intermolecular dehydrogenation between chelate

molecules giving a polymeric structure in
which the ring system is retained.

«
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2) The hydrogen released may be evolved as a
free gas or it may react according to:
- " — 1
O ' \ 4.
\M/NO e HO (ME:‘Ai)
O} ™o R NO

\ o ) (4.6 1)
‘ 8Oy - O OXIDE

Equations 4.6 I and 4.6 II are approximations of what is

-

actually occurring and only apply to temperatures close to
the decomposition temperatfure. At higher pyrolysis temperatures,
dehydrogenation is accompanied by partial disrﬁption of the

-

ring systems, while above 700 °C even the quinoline nucleus

is disrupted to some extent.[éu']

V’
Using solid 8-hydroxyquinoline samples, Charles et al.

e

found that the cobalt complex decomposed at 420 °C (see Table
k.2). Since the present work was performed using liqu’%d KELEX

100, it was necessary to determine whether. or not thermal
precipitation occurs at operating temperatures around 300 °c.

It is known that c0ppe£' is thermally precipitatedfgt temperature§
below 275 °C (see Table 4.2) when KELEX 100 is used. Demopoulosilll -
found that at temperatures as low as 2Q,0 OC, approximately 15%

of the:copper initially in the loaded o§ganic had precipitated °~ * o

out of solution after a heating period of 12 hours. A plot

(o]

ey

heating time versus metal concentration is shown in Figﬁre 11,

3
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The initial copper concentration was approximately 10 gpl
and this corresponds .to iOO% at time zero. Using X-ray
techniques, Demopoulos determined that the precipitate was
metallic copper powder. Demopoulos reported that "the slow
thermal dissociation observed was ... beneficial since it
produced the first nuclei for further copper precipitation N
during hydrogen stripping."tli]
' When cobalt-loaded KELEX 100 was heated dnder nitrogen,
no thermally precipitated powder was produced. Atomic
absorption did not reveal any §haﬂge in cobalt concentration
in the organic liquid. The results from heating at 300 °C
under nitrogen are included in Figure 4.11. The initial

cobalt concentration was approximately 3.5 gpl and this cor-

"‘4

responds to 100% at time gzero for the cocbalt curve,

Thermal pfecipitatioﬁ does not occur using a cobalt-
KELEX 100 system at temperatures bg}ow 300 %. According
to Table 4.2, temperatures closer to 400 °c may be required
before any cobalt would be produced via a fhermal precipita-

tion mechanism.
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CHAPTER FIVE ’ .

DISCUSSION OF RESULTS: : - L .
THE KINETICS OF COBALT PRECIPITATION '

SECTION 5.1 : KINETIC STUDIES

-

- *

The kinetic invesﬁgg%tion of cobalt precipitation from
loaded KELEX 100 involved the study of several ‘parameters
affecting the reaction rate. The particuiar parameters
studied(were operating temperature, hydrogen partial pressure,
agitation, cobalt chelate age, cobalt chelate concentration,

and seeding.

5.1.1 : OPERATING TEMPERATURE

€

Hydrogen stripping of cobalt-loaded KELEX 100 was
investigated in the 250-325 Od temperature range and the
results are summarized in Figure 5.1. .

The abscissa refers to the reduction time in hours. ) 3
Time zero corresponds to théltime at which the operating
temperature was reached, that is, the pdfnt at which the
hydrogen was admitted to the autoclave. The ordinate represents
the percent cobalt remaining in the organic phase. A&t time
zero, 100 percent corresponds to the initial cobalt concen-
tration in the organic phase (3.5 + 0.1 g.p.l.). A compre-
hensive iist of all the reduction tests carried out at these ;
temperatures is given in the Appendix. ) J i

As Figure 5.1 shéws, the reaction rate was found to be B

T
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.

>

étrongly dependent on the operating temperature. For example,

at a hydrogen pressure of 500 p.s.i. (3.45 MPa), the precipi-

-~

t

tation kinetics becomes\unacceptably slow at temperaturés

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

conditions, the total reductioé amounts to only 10% of the
finitial co%alt in the loaded organic.

At a higher temperature of 325“00, there 1s approximately
70% reduction within 2 ho&rs, and almost complete reduction
within 4 hours.

The cobalt produced during these reduction experiments
was found té&be plated onto the impeller and all metallic »
surfaces immémgéd in the organic liquid.” The plated cobalt
was extremely §§fficult to remove manually and had to be
dissolved using a concentrated acid solution.. The washing

procedure 1is desbribed in greater detail in tde 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 various hydrogen pressures
are given. »

Figure 5.2 clé;rly shows that an increase in hydrogen
pressure significantly favours the overall precipitation

kinetics.

*When thermal equilibrium had been reached and the hydrogen

a3

"
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gas was admitted to the, system, there was a 5-16 p.s.i. (0.035-
0.070 MPa) drop in the total pressure. It is believed that
this drop was due to hydrogen-dissolutioﬂ in-the organic
liquid rather than to a chemical reaction taking place since
this drop was also observed in cases where no cobalt powder
was produced. '
_ The vapour pressure of the ovganic liquid ranged from
30-100 p.s.i. '(0.213‘:‘69" MPa) in the 250-325 °C temperature
region investigated. The pressures referred to in Figure 5.2
represent only.the hydrogen partial pressures. The total
pressure in the autoclave consglsted of the-organic vapour
pressure plus the hydrogen partial pressure.
According to Mackiw et al.[65], a measure of the rate
at which a redction takeslplace,can be givén by (100/1;50)
) where t50 is the time required for reduction of 50% of the
metal in solutio‘n. According to these authors, a kinetic
law can be derived that gives a linear relationship between
ln(lOO/tSO) and In(Py,). Using the results of.: ;Figur;5.2,‘
- -at 200, 300, and 500 p.s.i., the t, values are 4.0, 2.4, and
1.6 hours respectively. Using linear regression, the slope:
of a «ln(lOO/*tSo) versus ’1n(PH2) graph would be 0.995 with a
ciofrelation coefficient of 0.992. In other words, the rate
of reduction is almost directly proportional to the partial
pressure of hydrogen in +the pressure rarfge investigated.
Similar dependency of the reduction rate on hydrogen pressure

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

tation from aqueous ammoniacal sulphate solu‘cions,[',551 (2) the
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T

reduction of cobalt from aqueous ammine ammonium sulphate

A

solutions,[ééj and (3) the reduction of copper from loaded

Kerex 100t11d. ‘

5.1.3 : EFFECT OF AGITATION s

The reduction of cobalt from loaded KELEX 100 involves
gas, liquid and solid phases. Agitation of the loaded organic
solvent is required for two reasons: (1) good gas dispersion,

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

“exﬁbsure of metallic surfaces to the solution.

To study the effect of agitat&on on the reaction kinetics,
three stirring rates were selecteéﬂgn the 4501900 RPM range.

The results are plotted in Figufe 5.3. The tests were carried
out at 305 °C with a hydrogen pressure of 500 pi.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
controlled. BurkinEé?J, in his report on the physical chemistry
of metal precipitation from loaded carboxylic acids with
hydrogen, suggested that in his system the rate contrglling

step was the transfer of hydrogen from the gas phase into
solution, In Burkin's work, however, hydrogen was introduced
above the liquid ﬁhase, while in the present investigation
hydrogen gas was drawn down and dispersed as small bubbles "
below the liquid surface by the action of the impeller.

Therefore, under the present expe?imental condifions, a
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chemical reaction appears to be the rate dontrolling step

for the overall reduction process. )

5.1.4 1 COBALT CHELATE AGE

Pre&&ous experience[llj with the copper-ﬁELEX 100 systedv
suggested that precipitatfn kinetics in the present work .
may be affected:by chelate age. A number of experiments
were performed using organic solutions of different ages to
determine the effect of chelate age.

Y (

The standard procedure for the preparation of the loaded

]

organic extractant was to dilute KELEX 100 and modifier in
gerosene and then to immediately load with cobalt. The phaées
were allowed to separate overnight and the solvent age for /r
a typical experiment was 24 + 2 hours. Other tests were ﬁ/
performed using loaded qrganic solvehts aged anywhere from -
12 hours to 10 days and the results fro% these experiments

are presented in Figure 5.4. While no significant effect

was observed up to 1 day, loaded organic solvents with greater

o
ages gave much slower reaction rates as can be seen from

o

Figure 5.4, '

This strong ageing effect suggests that the cobalt-bearing
KELEX molecules form polymeric associates which have a
suppressing effect on the hydrogen stripping kinetics.
Difficuity of reduction increases with age.

Such effectshhave not, however,.been reported in conven-

tional acid stripping kinetics where KELEX 100 was used as
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%he metal extractant. It -should be noted that kinetic studies
related to conventional s;lvent extraction deal primariiy, -
with the extraction stage of the process, and only on occasion
is reference made to the stripping kinetics. The la%ter is
very fast, and if any ageing effect exists, it would be too
insignificant to have been noted in the literature.

;n industrial practice, the-loaded orga;ic would probably
be reduced shortly after it was loaded and no significant

ageing effectﬂéhould be encountered.

5.1.5 : EFFECT OF INITTAL COBALT CHELATE CONCENTRATION

All of +the previous experiments in this chapter wére
conducted using a 15 volume percent solutiqp of KELEX 100
diluted in kerosene and decanol. H;gher concentrations of
KELEX 100 were not used since handling of the solutién would
be too difficult due to its high visco8ity. Non-aqueous
titration of the 15 volume percent KELEX 100 solution with
perchloric acidbindicated a 0.4M ligand (HL) concentration.
Assuming a CoL3 complex, this corresponds to a theoretical
7.9 g.p.1. cobalt loading capacity. Preparation of the
loaded organic solution accoraing to the extraction procedure
described in Chapter three yielded an organic solution coﬁtaining
3.5 g.p.1. cobalt. Theoretically, it would have been possible
“to extract more cobalt by adding more ammonium hydroxide to

raise the pH of the aqueéus solution. This practice was

rejected because when large quantities of ammonium hydroxide
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are used, some becomes e"ntrapped\in the loadé'd'organic and N
swubstantially,@ raises the vapour pressurgyof the liduid when
heated. | |

» The effect of lowering the initial cobalt concentratilon
in the organic phase, is shown in Figure 5.5. Clearly, a
decrease in the initial cobalt chelate concentrati.on results
in 'slower reaction rates. For example, Athe time required
for 50;% reduc?:ion was 1.6 hours for the 3.5 g.p-.l; solution
and over 4 hours for the 1.9 g.p.l. solution. The slower
reaction rate is probably due to a decrease in the cobalt
concentration but it may also be due to an increase in the
free ligand (HL) concentration. Assuming a 1igand concen-
tration of 0.4M before loading and a CoL3 complex a.fter‘ loading,
aﬁ organic solution containing 3.5 g.p.“l. cobalt implies that
the free ligand concentration is 0,22M. With an organic
solution containing 1.9 g.p.1l. cobalt,h thle free ligand concen-
t}‘ation is 0.3M., This increase in free ligand concentration
may result in the flcarma‘ti.o;'x of 'adduct complexes' bet';«veen
the cobalt chelate complex and molecules of free ligand, and .
the precipitation rate may be hindered. This same phenomenon
was observeé\in a parallel system using copper.fll] .

This hindrance due to the increase in free ligand concen-

tration may also be related to the ageing effect observed .
with KELEX 100 where polymeric associates hav\\e a suppressingﬂ

effect on the hydrogen stripping kinetics. Nc\5 attempts were

- made to determine the structure of these presumed 'adduct ocomplexes’

[N
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SECTION 5.2 : SEEDING ) &>

Although seeding was not necessary to initiate metal
precipitation, a decision was made to add an external seeding
agent in order to see whether or not the precipitation kiﬂétics
¢ould be increased.

In the first seeding experiment, 0.5 grams ofgactivated
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 the 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. Aft;r a p%;iod
of 5 hours, the amount of cobalt reduced using carbon powder
was gréater than 60%. Without a seeding agent, the amount
of cobalt reduced was approximately 20%.

It was also noticed that no plating occurred during the
carbon seeding experimeﬁt.' It appears that the carbon powder
provided the initial nuclei for reduction to occur, and then
once the.carbon was covered with cobalt;’the metal surface
enabled the reaction to continue. Unfortunately, Qhen the
organic liquid'was filtered, a black sludge formed on- the
bottom of the filter disc and it took over 6 hours to filter
1 litre of the organic solution. Carbon powder may be acceptable
as a seeding agent grom an academic giewpoinﬂ.’ggggver it is
unacceptable for comﬁ@rcial use.

Another seeding agent used was cobalt powder (Certified

Cobalt Metal Powder : Fisher Scientific Company). The graph

.t
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obtained using 0.5 grams of cobalt powder is syberimposed
on Figure 5.6. ‘

The carbon powder allowed for faster precipitation at
the beginning of the reactioﬁ: "The reasons for this occurrence
will be discussed in Section 5.4. However, at the end of 5
hours, the reduction using cobalt powder and the reduction
using carbon powder were approximately equal.

When a cobalt seed was used no product was firmly plated
onto the stirrer assembly. The product from the cobalt seed
experiment was much easier to filter than that from the c¢arbon
seed experiment. It took approximately 1 hour to filter 1
litre of the organic liquid.

z.fhe effect of add%ng cobalt powder was also examined
at another temperature and the results are plotted in Figure J
5.7. The effect is pven more significant. At 250 0C, there is
approximately 10% reduction without a seed after 5 hours,

and almost 40% reduction after the same periéd of time in

the presence of anh external seed.

SECTION 5.3 : EXPERIMENTAL REPRODUCIBILITY

After having standardized the experimental reduction
and cleaning procedures, two replicate runs were conducted
under typical reducing conditions. The results are illustrated
in Figure 5.8. 1In addition to the replicate runs of Figufe
5.8, a further indication of the experimental reproducibility

obtained is given by the reaction curves in Figure 5.3. The
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results in Figure 5.3 are not strictly true replicates since
they represent runs with different stirring rates. However,
since the stirring rate was considered to have no effect on

the reduction kinetics, these tests can be regarded as

Y

replicates.

From Figures 5.3 and 5.8, the observed variations in , -
reactioh rates for replicate runs were estimated to be better
than +10%. The observed variations can be attributed to:
difficulties in precisely controlling the following parameters:_

(
1) 1Initial cobalt concentration (3.5 + 0.1 g.p.1l.).

2) Temperature. Although the temperature controller
kept the temperature within *1 °c, Fiéure 5.1
.reveals that the precipitation rate is highly
sensitive to the opérating temperature. Even
a slight increase in temperature could result
in a large increase in 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 érror, +10% is 4

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
[68]

for homogeneous nucleation to occur:

1) A high concentration of the reacting species

‘ (preferably uncomplexed) to the point of
supersaturation.

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

Although a decrease in initizl cobalt chelate concentration
yielded a slower reaction rate see Figure 5.5), this was
probably due to the retarding effect of high concentrations

of free HL molecules rather than to slower homogeneous
nucleation because of decreased cobalt chelate levels. 1In
addition, an increase in temperature did not result in
qoticeable reduction of the plating problem, which would ’

be expected if homogeneous nucleation was in fact the dominating
mechanism. Moreover, the strong accelerating effect of seed 1
addition observed with the tests illu%trated in Figures 5.6

and 5.7 supports the idea of a heterogeneous nucleation mechanism.

L g
‘

5.4.2 : HETEROGENEOQUS NUCLEATION

To initiate cobalt precipitatioh an external seed was
not required, although in its absence, most of the cogglt
produced was plated onto the titanium impeller and stirrer

shaft.
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During 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 well
under oxidizing conditions but not under reducing conditions.
Therefore #itanium is not suitable for autoclave construction
in the latter case. Titanium under reducing conditions is
embrittled by hydrogen picked up either\from hydrogen gas
présent in a process stream or produced as a corrosion product.
For embrittlement to occur, h&drogen must be in the metal
at concentrations such that a separate localized hydride
phase can f;rm.[69] When hydrogen comes in contact with
titanium, molecular hydrogen dissociates and ionizes to some
extent due to the potential field of the metai.[7o] In this
dondition, the titanium surface would be expected to be '

catalytically very actiive.
. ("5

It is also belieVed that during cleaning of the stirrer
assembly, titanium adsorbs hydrogen which is produced during

dissolution of plated cobalt with nitric acid as shown below:

Co + 2HNO.—»Co " + 2NOZ + H (5.1)

3 3 2

For this reason a standardized cleaning program, including
acid strength and contact time, is extremely important if

good experimental reproducibility is desired.
A



. 104

In addiﬁion to the abobe mechanism, it is presumed that
hydrogen .is 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

[71]

by the following reversible reaction:

2

g + R, ==

(5.2)

SPECIES I SPECIES II

The quinoid form (Equation 5.2, SPECIES I) of the carbon
structure possesses fixed olefinic bonﬁs which produce surface‘
strain. This strain is relieved by the resonance shift
associated with the adsorption of hydrogen resulting in a
phenolic form (Equation 5.2, SPECIES II).l7!

When cobalt powder is used as a seed material, it is

believed that hydrogen is chemisorbed on the metal surface

(72]

by the following mechanism:

FIGURE 5.9 - CHEMISORPTION_OF A HYDROGEN MOLECULE
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According to a valence bond model of metallic bonding[?ZJ.

the formation of a chemical bond to a surface metal atom

can be visualized as involving 'dangling orbitals' of the

surface metal atoms. The metal atoms on the surface are

assumed to have the same arrangement of orbitals as those

in the bulk, although not possessing their full complement

of nearest neighbour atoms. The orbital qf the adsorbing

species (1ls for a hydrogen atom) and the unfilled orbital

of the surface metal atom overlag and form a chemical bond.[68:l
As Figure 5.6 illustrates, cobalt precipitation is

initially faster when carbon is used than when cobalt powder

is used. This is probably due to 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 prebipitated is approximately the same

using either powder. A possible explanation is that the -

carbon powder becomes covered with cobalt metal and the two
seeding agents then 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 powder
is more gctive than the hydrogen on the titanium surfaces.

An interesting phenomenon occurred when seeding with
either cobalt or carbon powder. When the glass liner was
removed from the autoclave, it appeared that some of the

g

cobalt had plated onto the liner producing a mirror-like
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surface. The amount of cobalt plated onto the liner was
determined by dissolving the cobalt into a known volume of
acid and then using atomic absorption to analyze the liquid.
The cobalt plated was always less than 2% of the initial
cobalt in the loaded organic. It is believed that the
cobalt was not actually nucleated on the glass liner, but
rather it seemed that the seeding agent was forced to the
liner wall by the centfifuging action of the impeller.
Evidence for this hypothesis comes from the fact 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 locaded organic is placed in
the autoclave, the cobalt is present as a cobalt(III) chelate
complex. It is also believed that during the reduction
experiments hydrogen gas adsorbs onto the carbon or cobalt
powdér and becomes catalytically active. However, it is not
known by what means the CoL3 complex 1s reduced to pure cobal@
metal. Further studies should be carried out using analytical
chemical techniques to determine if the cobaltic complex is
reduced directly to metal or if it becomes reduced via a

cobaltous intermediate complex.

SECTION 5.5 : COBALT-NICKEL SEPARATION

Nickel and cobalt metals are very similar in their physical

and chemical properties. The same is true of their salts and
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naturally occurring minerals. DMoreover, minerals of both
generally occur together in natural depcsits and usﬁglly
. cannot be separated by ordinary mineral dressing practices.
For these reasons, both metals are geqerally present in
varying amounts in any solution resulting from any type of
leaching of materials containing cobalt and nickel.

Nickel and cobalt are both readily loaded from leach
(44 ]

solutions using KELEi 100. However, there is one property
in which cobalt and nickel differ. While nickel is readily
stripped by various acids, cobalt is extremely difficult to
strip since it oxidizes to the stable cobaltic form. Using
these facts, it may be possiblg to separate cobalt from nickel
using a scheme as shown in Fiéure 5.10.

In the first stage, the cobalt-nickel leach solution is
loaded by KEILEX 100. The loaded organic wouldwxhen be
stripped with acid. The organic phase, containing cobalt o
but not nickel, would be sent to the hydrogen stripping plaht.
The aquéods phase, containing the nickel, would be sent to the
ﬁickel recovery stage (e.g. electrowinning, etc.). An
Ialternative approach may be to reload thq nickel solution
and then send the loaded organic to a separate hydrogen stripping
plant, although the highly acidic strip solution would require
neutralization.

To see if this scheme is feasible, an experiment was

conducted using a synthetic feed solution. The organic feed

consisted of 200 mls. of a 8.0 g.p.1l. nickel solution and

o



- NICKEL
RECOVERY

———P NICKEL

=
AQUEOUS
RAFFINATE STRIP SOLUTION (RECYCLE)
* ey
’ AQUEQUS
COBALT-NICKEL LOADED ACID PHASE .-
LEACH—P| LOADING |——od  srmipping ——— P
SOLUTION
ORGANIC
PHASE
STRIPPED - HYDROGEN
ORGANIC =1 STRipPiNG [€— H2
2 COBALT

- PROPOSED FLOWSHEET FOR

NICKEL — COBALT SEPARATION

FIGURE 5.10 - NICKEL-COBALT SEPARATION FLOWSHEET

b

0T



PR

R

e O P ra—

T LIRS

109

800 mls. of a 3.5 g.p.1l. cobalt solution. When mixed, this
resulted in an organic feed solution containing 1.6 g.p.l.
nickel and 2.8 g.p.1l. cobalt. The loaded organic was then
stripped using 150 mls. of a 15 volume percent sulphuric acid

solution. The phases were allowed to separate and the aqueous

phase was removed. The organic phase was then stripped using

200'mls. of a 10% sulphuric acid solution. After phase
separation, the aqueous phase was once again removed.

The l;aded organic was then placed inside the autoclave
for a standard hydrogen reduction experiment. The operating

temperature for this test was 325 °C 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 sample 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 3% of
the cobalt initially in the organic phase had been stripped
by the acid solutions.‘

‘The cobalt metal produced during 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 WEIGHT (%)
CARBON 0.08
HYDROGEN 0.006
OXYGEN 0.10
NICKEL . 0.17

i
TABLE 5.1 - CHEMICAL ANALYSIS OF COBALT-NICKEL POWDER

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 produced

electrolytically from Union Miniéra in Katanga averages

0.15-0.25 weight perceﬁt nickel.[73] Cobalt produced

'Sherritt Gordon Soluble Ammine

hydrometallurgically via ‘the
(78]

Process' averages 0.12 weight percent nickel.
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 positively.

N .
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CHAPTER SIX

‘ DISCUSSION OF RESULTS :
POWDER_PRODUCT PROPERTIES

SECTION 6.1 : CHEMICAL ANALYSIS

Several samples of cobalt powder were sent to 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 would 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 discern whether the impurities were from the
seed or from the reduction experiments. &

The powder product samples were analyzed for caxbon,

hydrogen, and oxygen and the results are summarized in Table 6.1

ELEMENT WEIGHT (%)
CARBON 0.08 - 0.18
HYDROGEN 0.003 - 0.009
OXYGEN 0.065 - 0.100

Yd
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 thaﬁ the cgrbon and hydrogen impurities
origingted from organic degradation. The'results using
infrared spectroscopy and gas-liquid chromatography indicate
that after reduction, the organic extractant was regenerated
with no detectable signs of degradation (see Chapter four).
Rather, these impurities are believed to be due to organic
entrainment during filtration. After filtration, the cobalt
powder was washed with acetone but since KELEX 100 is extremely
viscous, it is possible that traces of organic liquid became
entrained in-the powder. It is interesting to note that
cobalt powder purchased from Fisher Scientific 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 aﬁparently 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 nitrogen so it was not likely that oxidation
occurred inside the apparatus. Alson the agqueous and organic
phases were allowed to separate for 24 hours after loading,

making it unlikely that entrapped water caused hydrolysis

Bl M
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of the cobalt chelate complex during the heat-up period, and
thereby avoidihg fhe precipitation of a cobalt compound.
Metal impurities were not present in the product since
a synthetic cobalt sulphate leach solution was used to load
the organic extractant. However, as shown in the&previous
chapter, hydrogen stripping may be a’'viable means for separating
cobalt from nickel from a leach solution containing both metals.
The impurity levels found in the cobalt product were
similar to those fougd in cobalt powder produced from industrial p
aqueous solutions. In the Sherritt Gordon operation (Fort ’
Saskatchewan Plant)[75] cobalt 1s produced in a cycle comprising
one 'nucleation' reduction with a NaZS—NaCN catalyst and 30-;0
'densification' reductions, in which the produced cobalt
powder is used as a catalyst. Cobalt precipitated by hydrogen
from this aqueous ammonium éulphate system contains: 0.05%
carbon, 0.03% sulphur, 0.1% nickel, 0.01% iron, and approximately
99.8% coﬁalt. The levels of nickel and iron impurities are
dependent upon tﬂe efficiency of the purification steps preceeding
the reduction. The éatalysts 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

[75]

above 800 OC, and thus the impurity levels can be lowered.
&, .
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SECTION 6.2 : X-RAY DIFFRACTION

Every atom in a crystal scatters an X-ray beam incident
upon it in every direction. Even the smallest crystal contains
a very- large number of atoms, and therefore the chance that
these scattered waves would constructively interfere would
be approximately .zero, except for the fact that the atoms

in crystals are arranged in a regular, repetitive manner.[76]
Atoms located exactly on the crystal planes contribute maximally
to the intensity of the diffracted beam. Atoms exactly half-

way between the planes exert max{mum destructive interference;
Those at some intermediate location interfere constru;tively

or destructively, depending upon their exact location, but

with less than maximum effect. Furthermore, the scattering -
power of an atom for X-rays depends upen 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

incident X-ray. The intensities of the diffracted beams

depend upon the type of atoms in the crystai and the location

of the afoms in' the unit cell. No two substances have

absolutely identical diffraction patterns when one considers

both the direction and intensity of all diffracted beams.

The diffraction pattern is thus a 'fingerprint' of a crystalline
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 positive identification established,
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A sample of cobalt powder produced from Experiment R-5

(325 °c, 500 p.s.i. H2, no seed, 5 hours) was analyzed usiné

X-ray diffraction and the results are compared with cobalt

patterns from the ASTM powder diffraction file in Table 6.2. .

The operating- conditions for the X-ray analysig are given in

Seetion 3.6.

x-COBALT ASTM FILE 5-0727

-COBALT ASTM FILE 15-806

Crar (R) /I, LINE # g ggz UIo
2.165 20 1 2.0467 100
2.023 60 2 1.7723 Lo
1.910 100 3 1.2532 25
1.252 80 n 1.0688 30
1.149 80 5 1.0233 12
1.083 20 6 .

" 1.066 80 7
1.047 60 8
1.015 20 9
'd' (A) EXPERIMENTALLY DETERMINED IDENTIFICATION
2.169 a-1 line .
2.022 Q-2 line
1.913 a-3 line
1.250 a-4% or (3-3 lines
1.144 4 a-5 line .
1.067 «-7 or (3-4 lines
1.048 a-8 line
2.047 B-1 line
1.770 (3-2 line

\

o

TABLE 6.2 - EXPERIMENTAL X-RAY DIFFRACTION PATTERN

{

COMPARED TO ASTM STANDARDS (10P) /'

(BOTTOM)

VU .

T bt i
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It appears that the powder sample is a-combina‘tion of
both a- and B-cobalt. ALL of the & and § cobalt lines with
relative intensities (I/I,) of 20 or more were detected,
although 2 of these lines could be due to either allotrope.
There were no lines that could not be attributed to either «
or 3 cobalt.

Hull”?] was the first investigator to report that cobalt
can exist in two forms - hexagonal close@acked (e, 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 shown that
the two phases often coexist in the same spe@nen over a wide
range of temperatures.[78'79] There should be, of course, a
definite temperature '‘at which one form transforms into the
other, but with cobai‘t the transformation température appears
to be affected by the grain-size of the sa.mple.[79J One
possible expfanation is that the changes in surface area may
become comparable with the energy of the transformation for
small grains.[BoJ For large g'rains, the transformation occurs
at temperatures close to 400 oC, while for smaller grains,
the transformation can occur at temperatures as low as 320 OC.[78]
Even when cooled to Iroom temi)eraf/ure, the samples contained
a mixture of both allotropes.

In the present sysEem when n; seed was added, cobalt

was precipitafed onto the immersed titanium stirrer and the

first cobalt particles to grow were sub-micron in size.

e,
Erbfr
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Therefore, it is possible that the cobalt powder produced
using hydrogen reduction cou’id be a combination of both forms

'

even at reduction temperatures well below 400, °c.

SECTION 6.3 : PARTICLE SIZE DISTRIBUTION

The particle size distribution of the cobalt powder
was determined using a Warman Cyclosizer. The cyclosizer \
unit consists of five hydrocyclones arranged in series such
that the overflow of one unit is the feed to the next unit.[sl]
The individual units are inverted in relation to
conventional cyclone arrangements, and at the apex of each,
a chamber is situated so that the discharge is effectively
closed. Water is pumped through the units 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 with the
faster-settling particles, to leave via the apex opening.
The remainder of the liquid, together with the slower-settling
particles, 1s discharged through the vortex outlet and reports
to lthe next cyclone in the series. There is a successive
decrease in the inlet area and vortex outlet diameter of each ’
cyclone in the direction of the flow, resulting in a cor-
responding increase in both the inlet velocity and the

centrifugal forces within the cyclone. This results in a

successive decrease in the limiting particle-separation size

t
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'of the cyclones.

Complete elutriation normally takes place within 20
minutes,/after 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.

Particle size digtributions were performed on the cobalt
seed (Fisher Scientific Company - C363) and on the proéuct

after three 'densification' runs. The results are given
f

B

in Table 6.3:

SIZE CLASS (um) SEED (%) 3 'DENSIFICATION' RUNS (%)
- 7.0 23.5 10.0
+ 7.0 - 8.9 17.9 13.0
+ 8.9 - 13.0 33.4 19.1
+13.0 - 17.4 18.6 35.4
s 17.4 - 22.9 3.0 16.4
+ 22.9 3.6 6.1

TABLE 6.3 - PARTICLE SIZE DISTRIBUTIONS

As Table 6.3 clearly shows, there is definite growth

~
in the cobalt particles 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 less than 5 um after one
'nucleation' run. After one 'densification' run, half of
the powder is greater than 15 um'and after fifteen runs, half
of the product is greater than 44 um. Although only three
'‘densification' runs were attempted in the present investigation,
it is expected that thé'particles would have grown in a
similar manner with more 'densification' runs. The number
of 'densification’ rﬁns, and hence the final particle size,
is determined by the future application of the po@der.

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

[82] As its name implies, the primary electron

being examined.
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 strikes the surface of

the sample, its energy is converted into many different forms.
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t 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 (<30 eV) and therefore have
rather limited ranges within the specimen. Because of their
limited rahges, those which leave the sample without being
absorbed are only from the top 5-50 K thickness layer, depending
on the mate;ial being analyzed. Due to the low energies of
thése elctrons, they are easily attracted by a detector -mesh
which incorporates a potential of approximately 200 volts.
—__The attfgbted electrons are processed, and a visual image of
the specimen is presented on a cathode ray tube.

The scanning electron microscope (JEOL-JSM-3535) located

in the McGill Department of Epidemiology was used to examine

three different samples:

1) cobalt produced when no external seed was
added (Figure 6.1) )
2) cobalt powder purchased from Fisher Scientific
Company (Figure 6.2)
3) cobalt powder after three 'densificatiomn' runs
using cobalt purchased from Fisher Scientific
Company as the initial seed (Figure 6.3). .

The scanning electron micrpscope revealed that the surface
of the ‘'cobalt foil' (Figure 6.1) takes on a definite crystal-"
lographic faeetted appedrance. Most of the individual grains
are sub—migron in size. The 1 um bar is shown in the bottom
right-hand corner of the photograph. The foil appears to be

only several microns thick.
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t<} 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 um
in size, which is in agreement with the results obtained
using the Warman Cyclosizer (Section 6.3). The surface of
each of the particles appears to be extremely smooth and
irregular in sqspe.

A photograph of a sample taken after three 'densification'
runs using cobalt powder as an initial seeding agent is shown
in Figure 6.3. 1In contr;st to Figure 6.2, tﬁe surface of the
particles are extremely rough. It appears as though cobalt
metal has precipifated onto the seed. This would result in

a coarsening of the individual particles, which is again in

agreement with the results of Section 6.3.

6.1 - ELECTRON
MICROGRAPH OF COBALT
PRODUCED IN THE
ABSENCE OF A BEED




i
f

: 122

FIGURE 6.2 - ELECTRON
MICROGRAPH OF

e COBALT USED AS

TIAL SEED

b .
FIGURE 6.3 - ELECTRON
MICROGRAPH OF

COBALT AFTER THREE

'DENSTIFICATION'

RUNS

ie
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CHAPTER SEVEN

CONCLUSIONS

SECTION 7.1 : PROCESS EVALUATION

The pfesant investigation has shown, that high purity
tobalt ﬁowder‘can be produced by reacting cobalt-loaded
KELEX 100 with hydrogen at temperatures between 250 and 325 °.
There are numerous advantages that this system has over a
conventional acid strippi%g gystem and these are outlined
in Section 2.1.==In particular, hydrogen stripping could

golve the problems encountered when cobalt is id stripped

from loaded KELEX 100. Under’ acid strippi cond'tions,

dissolvgd‘cobalt is oxidized to the cobaltic state) which
resuits 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 réduction and no signs
of organic degradation were detected. Furthermore, the
extractant was recycled 8-10 times with no loss of loading
capacity. However, it would be necessary to run a continuous
piiot—plant operation for an extended period to evaluate the
long term stability of the extractant in the present application.
The major impurities found in the product were carbon,
hy&rogen, and oxygen. As compared to reduction from aqueous

et
Y
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solutions, the impurity levels were found to be quite acceptable.

When no seed was added to the system, the cobalt progduct
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 deposited onto the seed material. By 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 bf powder-metallurgy techniques.

The temperature at which reduction occurs in the KELEX
100 system (250-325 °) is higher than the temperature at
which reduction occurs in an aQuéous system (120-180 OC).[83]
This is probably due to relatively weak ammine formation in
the agueous system, in contrast to strong chelate formation
in the organic system. It should be noted that the specific
heat of water (~1.0 cal/gm/°C) is twice that of aliphatic
hydrocarbons (~0.5 cal/gm/°C) so the heating costs for the
two solutions should be comparable.

The hydrogen pressure range (1.38-3.45 MPa) examined in
the present investigation is the same as that in an aqueous
system.[83]

Since the cobalt concentration in the present study
(3.5 g.p.1.) and in the aqueous system (>25 g.p.l.) are so

dissimilar, it would be meaningless to compare the time taken

i
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to precip}tate ail of the cobalt from solution.

Seﬁération of the metal powder from the bulk of the
organic phase is'expected to be quite easy, although it is
difficult to remove the viscous film of organic that remains
attached to the particles. The solids could be recovered
by conventional filtration or by an innovative technique
known as 'High Gradient Magnetic Separation'.

A high gradient magnetic separator consists of an iron-

4 [84]

clad solenoid surrounding a matrix of ferromagnetic steel woo
The matrix perturbs the field creating lar;e field gradients
£nd conseguently large magnetic forces. The magnetic particles
in the wet feed are Frapped by the matrix and these particles
are subsequently flushed out after removing the field. The
flow rate of organic solution through the magnet could be
adjusted to recover all particles above a given size. All
particles below this size would exit from the magnet with the
liquid and hence be recycled for a further reduction run. The
particles trapped in the magnet could be flushed out with a
suitéble liquid, such as acetone, to remove any organic liquid
entrained in the particles.
This study has shown thatﬂit is technically feasible to
precipitate cobalt directly from loaded KELEX 100 solutions
by reaction with hydrogen. At present, no cost analysis has
" been performed to determine whether or notiuus process 1is

LS
¢, economically feasible.

v
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SECTION 7.2 : SPECIFIC FINDINGS

KELEX 100 using hydrogen under pressure has allowed a number

The study of direct cobalt precipitation from loaded

of conclusions to be drawn pertaining to the technical

feasibility of this procegs. These conclusions are presented

below:

59

1)

3)

4)

5)

D

A novel technique has been developed for
direct cobalt recovery with hydrogen from ¢
a loaded organic phase containing a 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.

Cobalt was precipitated from solution at
temperatures between 250-325 °¢ and hydrogen
pressures between 200-500 p.s.i. (1.38-3.45
MPa). An increase in operating temperature
and/or hydrogen pressure accelerates the
reaction kinetics.

External seed was not required to initiate
the reaction, however seed is desirable
since it accelerates the precipitation kinetics
and prevents the plating of cobalt on the
immersed metallic parts of the autoclave.

An increase in cobalt chelate age or a
decrease in cobalt chelate concentration
retards the reaction kinetics.

The stirring speed did not have any affest
on the kinetics within the range of experi-

~mentation.

. .
The cobalt powder produced was a combination
-

st ¢ -



7)

8)

9)
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of two allotropes of the metal: hexagonal
close-packed (@) and face-centered cubic (B3).
The major impurities in the cobalt powder
were found to be carbon (0.98-0.18 weight %),
hydrogen (0.003-0.009 weight %)L and oxygen
(0.065-0.100 weight %). The carbon and
hydrogen impurities originated from organic
entrainment during filtration. The oxygen
impurity was due to surface oxidation of. the
cobalt particles.

Precipitate coarsening can be accomplished
through a series .of 'densification' runs.
During the reduction experiments, cobalt
precipitated onto the seed added to the
system. v

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 INVESTIGATTONS

The findings of the present work provide an extra degree

©

of flexibility to the hydroﬁetallurgist who considers the

application of solvent extraction in the metal producing

industry. However, a great 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)

2)

An extensive recycling of the organic solution
should be carried out to allow for a more
precise determinaticn of the extractant
losses.

Industrial leach solutions must be used in
order to determine the amount of impurities



3)

.u)
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The apparent 'polymerization' of loaded
KELEX 100 duriggfageing should be clarified

through specially designed spectroscopic
studies.

transferred to tﬁ; final metal product.

Academic 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 °

Many aspects of this work constitute contributions to

original knowledge. The following contributions are, in

L

the author's opinion, the most important:

1)

2)

This is the¢first time that a successful
attempt has been‘made to precipitate cobalt
directly from KELEX 100 using hydrogen under
pressure,.

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 the cobalt

was recovered using direct hydrogen stripping.

S
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EXPERIMENTAL DATA AND CONDITIONS
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EXPERIMENT #
R-1

131

CONDITIONS: 250 °C, 500 p.s.i., 900 RPM, No Seed
E)OMMENTS i Temperature Survey

TIME (HR) 0 1 2 3 L 5
g.p.1. Co 3.50 3.47 3.43 3.29 3.26 3.19
% REMAINING 100 99 98 oL 93 91
IN ORGANIC

1

PHASE

EXPERIMENT #

CONDITIONS:275 °C, 500 p.s.i, 900 RPM, No Seed

R-2 COMMENTS : Temperature Survey
TIME (HR) 0 1 2 3 L 5
g.p.1. Co 3.49 3.39 3.21 3.04 2.90 2.72
% REMAINING 100 97 °~ 92 87 83 78
IN ORGANIC
PHASE

EXPERIMENT # CONDITIONS:290 °C, 500 p.s.i., 900 RPM, No Seed
R-3 COMMENTS :Temperature Survey

TIME (HR) 0 1 2 3 L 5
g.p.1. Co  3.50 3.36 3.12 2.80 2.59 2.45
% REMAINING 100 96 " 89 80 74 70
IN ORGANIC

PHASE




EXPERIMENT #
R-4 ’

! 132

CONDITIONS:305 °C, 500 p.s.i., 900 RPM, No Seed
COMMENTS: Temperature Survey

TIME (HR) 0 1 2 3 4 5
g.p.1. Co 3.51 3.30 3.02 2.56 2.11 1.83
% REMAINING 100 94 86 73 60 52
IN ORGANIC

PHASE

EXPERIMENT #
_R-5

CONDITIONS:325 °C, 500 p.s.i., 900 RPM, No Seed

COMMENTS: Temperature Survey (4 hour sample used
for infrared spectroscopy anan.L.C)
2 3 5

TIME (HR) 0 1

g.p.1. Co 3.50 2.70 ®1.12 0.56 0.35 O0.14
% REMAINING 100 77 32 16 10 o4
IN ORGANIC

PHASE

EXPERIMENT #
_R=6__

CONDITIONS 325 °C, 300 p.s.i., 900 RPM, No Seed
COMMENTS: Pressure Survey

TIME (HR) 0 1 2 3 o 5
g.p.1. Co 3.48 2.78 2.02 1.25 0.80 0.59
% REMAINING 100 80 58 36 23 17
IN ORGANIC

PHASE
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EXPERIMENT #
R-7

133

CONDITIONS:325 °Cc, 200 p.s.i., 900 RPM, No Seed

COMMENTS: Pressure Survey

TIME (HR) 0 1 2 3 L 5
g.p.1. Co 3.52 2.96 2.46 2,08 1.69  1.44
% REMAINING 1% 84 70 59 48 L1
IN ORGANIC

PHASE

EXPERIMENT #
R-8

CONDITIONS:325 oC.‘5OO p.s.i., 900 RPM, 12 Hours
COMMENTS: Age of Cobalt Chelate Survey

TIME (HR) 0 1 2 3 4 5
g.p.1. Co 3.50 2.70 1.12 0.60 0.35 0.11

% REMAINING 100 77 32 17 10 03
IN ORGANIC
PHASE

EXPERIMENT #
—R=9

CONDITIONS:325 °C, 500 p.s.i., 900 RPM, 3 Days
COMMENTS: Age of Cobalt Chelate Survey

TIME (HR) 0 1 2 3 b 5
g.p.1l. Co 3.50 -2.84 1.89 1.09 0.67 0.53

% REMAINING 100 81 54 31 19 15

%

IN ORGANIC
PHASE

4
%
]
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EXPERIMENT #
—p=10

e

134

CONDITIONS:325 °C, 500 p.s.i., 900 RPM, 7 Days
COMMENTS: Age of Cobalt Chelate Survey

TIME (HR) o 1 2 3 4 5

g.p.1l. Co 3.50 3.0t 2.56 2.10 1.75 1.51
% REMAINING 100 86 73 60 50 L3

IN ORGANIC

PHASE

EXPERIMENT #
R-11

CONDITIONS:325 °C, 500 p.s.i., 900 RPM, 10 Days
COMMENTS : Age of Cobalt Chelate Survey

TIME (HR) 0 1 2 3 L 5
g.p.1. Co 3.5 3.12 2.74% 2.39 2,14 1.97
% REMAINING 100 89 78 68 61 56
IN ORGANIC

PHASE

EXPERIMENT #
R-12

CONDITIONS: 325 °C, 500 p.s.i., 900 RPM, No Seed
COMMENTS: Initial Cobalt Chelate Concentration -
TIME (HR) 0 1 2 3 4 5
g.p.1. Co 1.9 1.6 1.3 1.1 0.9 0.8
% REMAINING 100 84 68 58 47 42

IN ORGANIC
PHASE
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EXPERIMEﬁix#
R-13

Camrpienz g e Mo wovorm e VL) OraprgARI e A Lo '

135

CONDITIONS:305 °C, 500 p.s.i., 450 RPM, No Seed
COMMENTS : Stirring Rate Survey

TIME (HRR) O 1.2 2.2 3.2 4.2 5.2
3.53 3.18 2.68 2.47 2.05 1.91
90' 76 70 . 58 54

g.p.1. Co
% REMAINING 100
IN ORGANIC
PHASE

EXPERIMENT #
B-14

{

CONDITIONS 305 °C, 500 p.s.i., 700 RPM, No Seed
COMMENTS : Stirring Rate Surve;;r
TIME (HR) 0 1.4 2.4 3.4 4.4

g.-p.1. Co 3.54 2.97 2.69 2.27  2.05
% REMAINING 100 84 76 6L 58
IN ORGANIC - .

PHASE

EXPERIMENT #
R-15

CONDITIONS: 275 °C, 500 p.s.i., 900 RPM, Co Seed
COMMENTS: Seeding With Cobalt Powder

TIME (HR) 0 1 2 3 L 5

g.p.1. Co* 3.45 3,07 2.42 1.76 1.38 1.04

% REMAINING 100 89 70 51 Lo 30
IN ORGANIC

PHASE
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it EXPERIMENT # CONDITIONS: 275 °C, 500 p.s.i.,.900 RPM, C Seed
R-16 COMMENTS: Seeding With Carbon Powder '
TIME (HR) 0o "1 2 3 b 5
g.p.1. Co 3.48 2.85 2.12 1.57 1.25 1.22
% REMAINING 100 82 61 L4g 36 - 35
IN ORGANIC o ’
) - PHASE "
EXPERIMENT # CONDITIONS:250 °C, 500, p.s.i., 900 RPM, Co Seed
_R-17 COMMENTS: Seeding With Cobalt Powder
- TIME (HR) 0 1 2 3 Y 5
. { , + 8.p.1. Co 3.50 3.33 3.08 2.66 2.24 2.1k
_ % REMAINING 100 95 88 76 64 61
~ IN ORGANIC
PHASE
) L 3
EXPERIMENT # CONDITIONS: 305 °C,.300 p.s.i., 900 RPM; No Seed
R-18 COMMENTS: Experimental Reproducibility (#1)
” TME GR) o 1 2 3 4 5

g.p.1. Co 3.51  3.40 3.33 2-931;.\2-;53 2.39
; % REMAINING 100 97 95 83 75 68

IN ORGANIC i .

PHASE

PO e - - L o
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EXPERIMENT #
R-19

137

CONDITIONS: 305 °C, 300 p.s.i., 900 RPM, No Seed

COMMENTS :Experimental Reproducibility (#2)

TIME (HR) 0 1 2 3 4 5
g.p.1. Co 3.53 3.39 3.04 2.86 2.61 2.40
% REMAINING 100 96 86 81 7h 68
IN ORGANIC '
PHASE :

EXPERIMENT #
R-20

CONDITIONS: 300 °C, 50 p.s.i. N,

COMMENTS: Thermal Stability of KELEX 100

TIME (HR) 0 3 4 5 6 7 8
g.p.1. Co 3.50 3.50 3.51 3.47 3.50 3.43 3.51
% REMAINING 100 100 101 99 100 98 101,

IN ORGANIC

-PHASE

EXPERIMENT #
- "R-21

-

CONDITIONS: 200 %, 50 p.s.i N, « Copper Systenm

v

COMMENTS : See Reference #1t

-

TIME (HR)
g.p.l. Cu

% REMAINING
IN ORGANIC
PHASE

PR N
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