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ABSTRACT

The hot copper - arsenic - zinc dust purification 
method for cobalt removal from sulfate solutions due to 
its importance in the electrolytic production of zinc —  
especially with the insertion of the Jarosite Process to 
conventional flowsheets —  was studied on a fundamental 
basis. The influence of copper and arsenic concentrations
on contact co-reduction of cobalt were determined. Acti-

++ ++ ++ vation energies from the systems Co /Zn and Co , Cu ,
As0 2 H/Zn were found to be 14 and 26 Kcal/mole respectively,
values characteristic of electrochemically controlled
reactions. A mathematical model, involving rate equations
for each of the species, expressed in terms of a potential
difference between its equilibrium electrode potential and
a "compromise" potential for the short-circuited cell —
which may be considered as a special case of the Butler-
Volmer equation, —  is presented to account for the behavior
of the system during reaction with large excess of zinc
dust (40-100 times the stoichiometric amount). The findings
of this research could be very useful in designing new
practical schemes for cobalt elimination.
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Chapter 1 
INTRODUCTION

In the electrolytic production of zinc from sulfide 
ores, the purification stage of zinc sulfate solutions 
prior to entering the electrowinning cells is of extreme 
importance for the economic and successful overall metal 
recovery. The presence of impurities such as cobalt and 
nickel in the impure solution has led to the development of 
different schemes for their elimination other than those 
just using zinc dust.

This research has been conducted to investigate one 
of the most commonly used methods to achieve cobalt extrac­
tion, the so called "hot copper-arsenic-zinc dust purifica­
tion" . A fundamental study of this method appears to be 
of vital importance, especially with the introduction of 
the Jarosite process to the conventional zinc electrolytic 
circuit. The severe leaching conditions needed for ferrite 
dissolution results in the content of these leach solutions 
being increased by at least one order of magnitude above 
that obtained under conventional leaching and thus presents 
a problem which had not existed before.
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The following sections of this first chapter of the 
thesis present a general overview of electrolytic zinc 
practice together with the role of cobalt as a harmful 
impurity. In the second chapter exhaustive reviews on 
cobalt extraction and cementation system are given. Ther­
modynamic, kinetic and hydrodynamic considerations as 
theoretical basis for the investigation are discussed in 
the third chapter. Equipment used and experimental pro­
cedure are covered along the fourth chapter. Analysis 
and discussion of the results are included in the fifth 
chapter. Finally, sixth chapter considers the conclusions 
obtained and recommendations for further work.
1.1 Hydrometallurgy of Zinc

1.1.1. Brief Historical Review of the Electrolytic 
Production of Zinc 

The electrolytic zinc process is referred to as a 
method for producing zinc by the electrolysis of solutions 
of its salts to differentiate it from the retort process. 
According to Liddell^), one of the most important reasons 
for the development of this process was to provide a differ­
ent alternative than the pyrometallurgical processes for 
the treatment of low-grade zinc sulfide concentrates with 
significant amounts of lead, silver, iron and copper, 
prior to the commercial application of flotation.

Attempts to find such an electrolytic process were made 
as early as 1870, but it was not until 1881 that one of the
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most successful developments by Leon Strange of France 
occurred. The process describes almost exactly the modern 
sulfate practice and is very well explained in his United 
States Patent No. 286,208, October 9, 1883.^

Following this outstanding discovery on a very small 
scale, several processes employing both zinc chloride and 
zinc sulfate solutions were tried without marked commercial 
success ̂  .

In 1914, with the advent of the First World War situa­
tion and the increased demand for zinc, new efforts were 
conducted toward commercial electrolytic zinc production.
At that time there were two corporations, the Anaconda 
Copper Mining Company and the Consolidated Mining and 
Smelting Company who continued intensive research work on 
the problem. The crystallization of this pioneer work 
occurred in 1915, when the first 25 tons per day electrolytic 
zinc plant began its production at Anaconda, Montana. In 
view of the success obtained, this same company constructed 
a 100 tons per day plant at Great Falls, Montana. Simultan­
eously with the erection of Anaconda's new plant, the 
Consolidated Mining and Smelting Company installed one at 
Trail, British Columbia (Canada) in 1916. Subsequently, 
the Electrolytic Zinc Company of Australasia followed the 
American trend and constructed one at Hobart, Tasmania in 
1918.

Although initially these three companies started with
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almost the same operational methods, the large variation 
in the impurity content of the source material soon forced 
them to choose their own particular p r a c t i c e .

1.1.2 Principal Stages in the Electrolytic Process
Basically, the main steps in the process are:

1. Roasting: Since zinc sulfide is almost insoluble
in dilute sulfuric acid solutions at ordinary leaching temp­
eratures and atmospheric pressure ^ , prior treatment 
is required in order to produce a soluble compound that 
can be properly handled in a leaching stage. Thus, the 
primary purpose of roasting zinc concentrates is to convert 
the zinc sulfide into oxide and sulfate and to expel the 
sulfur dioxide g a s (5). This process can be very well 
illustrated by the following chemical reactions:

2 ZnS + 302 = 2 ZnO + 2S02 (1.1)
ZnS + 202 = ZnSO^ 2 j

The basic parameters in the roasting operation are: 
.temperature, time and air or oxygen supply, which have to 
be under very close control (especially if there is present 
in the concentrate the mineral marmatite —  solid solution 
of iron and zinc sulfides), in order to avoid the formation 
of the insoluble ferrites.^

The exhaust gases from roasting can have a variable 
content of sulfur dioxide, depending mainly in the kind of 
roaster used and the ranges of S02 (from 1.5 to 12.0%). 
Generally, these exhaust gases can be used for the manufacture
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of sulfuric acid if the SO2 content is above 4%.
With respect to the type of equipment used, it is safe 

to say that the most common roaster until 15 to 20 years 
ago, has been the mechanically-rabbled multiple-hearth 
roaster, in a wide variety of brands and models. But recent­
ly, the above mentioned reactor has virtually yielded to 
more modern systems such as suspension and fluid bed roast­
ers, which are capable of high unit capacity (almost three 
times that of the multiple-hearth roasters), autogenous 
roasting, waste-heat recovery and the production of rich 
sulfur dioxide exhaust gases for the more efficient man­
ufacture of sulfuric a c i d . ^

2. Leaching: After having roasted the zinc concentrate
and obtained a product composed mainly of zinc oxide, the 
next step would be to bring this compound into solution, 
while the main part of the ...uridesired material remains 
undissolved. If that is the case, then the basic objective 
of lixiviation would be to dissolve the zinc oxide, accord­
ing to the following equation:

ZnO + H2 S04 = ZnS04 + H20 (1.3)
Zinc, besides occurring as oxide, can also be present 

as sulfate, unroasted sulfide and ferrite; the last two 
being almost insoluble under conventional leaching conditions.

Although leaching appears to be a simple process, it 
is nevertheless complicated because of the parallel dissolu­
tion of unwanted elements and compounds which can cause
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adverse effects in subsequent stages.
The .lixiviation agent used is spent electrolyte 

(return acid) adjusted to the desired concentration with 
sulfuric acid. The main factors that influence the rate 
of leaching are: sulfuric acid concentration, temperature,
grain size of the roasted product (commonly called calcine), 
agitation and reaction time.

Lixiviation could be considered as a compromise 
where as much zinc oxide as possible is dissolved while at 
the same time the detrimental elements in the "calcine" 
remain unaltered. This is the reason why two Kinds of flow­
sheets have been developed: the batch and the continuous
systems. The former gives better control over the impurity 
level in solution and can be done in one or two steps.
The latter represents a higher output, with loss in impurity 
control. Of course, the system adopted '.is depend.e.n.t on the 
type of ore to be treated.^

The equipment used include those for leaching, settling, 
filtering and clarifying. The leaching of calcine is common­
ly carried out in either air-operated Pachuca tanks or in 
mechanically-agitated tanks. Standard thickeners of different 
sizes are used for thickening the pulp. Vacuum filters of 
either the batch or continuous type are employed to filter 
the thickened pulp. Pressure filters are normally used 
for clarifying solution. Centrifugal pumps can be considered 
as secondary equipment. Corrosion problems play a very
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important role in selecting the materials to be used in 
the main and secondary equipment.(4)

3. Purification: Although extreme control is developed
over the main parameters during the leaching step, how­
ever, the leach solution will always need to be purified.
This solution will contain mainly copper and cadmium and 
small amounts of arsenic, antimony, germanium, cobalt, 
nickel, tellurium, etc., which have to be eliminated 
otherwise they will reduce the current efficiency and 
decrease the quality of the cathode deposit during the 
subsequent electrolysis.^

The removal of copper and cadmium is achieved with 
zinc dust according to the following cementation reactions: 

Cu++ + Zn° = Zn++ + Cu0* (1.4)
Cd++ + Zn° = Zn++ + Cd0* (1.5)

Generally, more than the stoichiometric amount of zinc
dust is required for the reason that some of the zinc is

(5)dissolved due to the reduction of hydrogen ions. ' '
Special purification methods are often used for other

impurities when they are present in more than the normal
amounts. For instance, cobalt elimination in the early days
at Hobart, Tasmania employed a method using arsenic and
copper and precipitating the three metals all at once with
zinc d u s t . ^  Other methods for cobalt removal are those
that use organic compounds such as nitroso-beta-naphthol^

(1 \and strongly oxidizing agents such as manganese dioxide
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and ozonized a i r . ^  Nickel can be removed from leach
solutions by means of dimethilglyoxime. It has been 
reported that arsenic and antimony can be precipitated from 
zinc sulfate solutions using hydrogen sulfide g a s . ^
The residue from these purification processes is commonly 
used for the recovery of the impurity metals as by-product.

With relation to the type of operation, similarly, 
as in the case of leaching, there are two kinds of systems: 
batch and continuous. The batch system permits a better 
control over the impurity level and zinc dust consumption, 
but the main disadvantage is the low throughput;. Evidently, 
a continuous system exhibits almost opposite characteristics 
to a batch mode of operation, but in general the tendency 
is towards the batch process mainly for the reason that 
industrial specifications have such an importance that the 
producer finds it difficult to produce zinc of the required 
purity with the less flexible control of the continuous 
system.^

There are basically two pieces of equipment employed: 
air^ operated Pachuca tanks and mechanically-agitated tanks. 
For the thickening and clarification operations, pressure 
filters and thickeners are widely used. The corrosion 
problems encountered are negligible due to the fact that 
the leach solutions are almost neutral.

4. Electrolysis: Once the leaching and purification
processes have been properly carried out, the zinc sulfate
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solution delivered to the electrolytic cells is practically 
free from impurities that may be detrimental to the operation 
of the c e l l . ^

At first sight, from a knowledge of the standard 
electrode potentials, it would appear that the electrolysis 
of an aqueous zinc sulfate solution would result simply 
in the decomposition of water with the production of hydrogen. 
But in practice, the actual potential to deposit hydrogen 
at a zinc electrode is much higher than that of a platinum 
electrode. This difference is called the hydrogen over­
voltage of a zinc electrode and in fact represents the

(5)foundationon which all zinc electrometallurgy is based.
The recovery of zinc by electrolysis is accomplished

by the application of direct current through insoluble
electrodes causing the deposition of metallic zinc at the
cathode and the release of oxygen at the anode. The main
goal in this electrolytic process is to work under those
particular conditions that can give the maximum value of
hydrogen overvoltage. Some of the factors that affect the
hydrogen overvoltage are: electrode surface, concentration
of ions, purity of electrode metal, time of deposition,
temperature, presence of colloids and organic substances,

(4)current density and impurities in the electrolyte.
The basic reactions occurring at the electrodes can be 

represented by the following equations:
At the cathode:

Zn++ + 2e~ = Zn° (1.6)
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At the anode:
H20 = 2H+ + j 02 i + 2e" (1.7)

The electrodes used for the cathode are rolled 
aluminum sheets of high purity, while the anodes are made 
of pure lead or of lead-silver alloy. The cells or tanks 
for the electrolysis are generally constructed of wood or 
concrete, lined with an acid resisting material to avoid 
corrosion and arranged in series with their own power source. 
Moreover, in order to achieve good circulation of the electro­
lyte and hence avoid, concentration polarization at the 
electrodes, the solution flows through the cells in what 
is commonly known as a cascade arrangement.

The other important piece of equipment for the electro­
lytic process is the rectifier, because the power required 
for the conversion from alternating to direct current is 
so large that a small difference in the efficiency of this 
operation will yield a significant extra cost. Presently, 
mercury-arc rectifier are the most common in industry for 
their higher efficiencies (almost 95%) and ease of auto­
matic control.

5. Melting of Zinc Cathodes: After zinc electro­
deposition has been carried out for the required time (from 
15 to 24 hours), the cathodes are taken from the cells 
and the zinc deposit stripped from the aluminum plates. When 
melted, some of the zinc is oxidized and lost, especially 
when the deposit is not sufficiently continuous and dense.
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In order to reduce this oxidation loss, melting is usually 
conducted, at the lowest possible temperature with the metal 
protected from atmospheric oxygen. Early practice in 
cathode zinc smelting was conducted in reverberatory 
furnaces in which 4.0 to 5.5% of the zinc was usually lost 
to dross and flue dust.

Recently, induction melting has shown considerably 
promise. The loss of zinc due to dross and dust in the 
case of induction melting does not exceed 2.5%, owing to 
the .characteristics of this type of furnace. \

Some important features in the operation of these 
electrical furnaces are:

Consumption of ammonium chloride to avoid dross for­
mation which varies from 0.4 to 0.8 kgs. per ton of zinc. 
Energy requirements are about 110 kw-h per ton of zinc.

The molten zinc is cast into slabs, either on contin­
uous casting wheels and straight-line machines, or by hand 
using dippers with long handles carried by crawls and chains.

Figure 1.1 shows a diagrammatic flowsheet of the electro 
lytic zinc process.

1.1.3 Zinc Leach Residue Treatment
On carrying out the solid-liquid separation, 

either by filtration or counter current decantation after 
the leaching operation, a sizeable amount of residue is 
obtained. This residue contains besides zinc in the form of 
sulfates, ferrites or sulfides variable amounts of lead,
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copper, silver, gold, arsenic, iron, antimony, etc. Usually 
when the zinc-bearing mineral in the ore is mainly . mar- 
matite and the iron content is about 1 0 %, then zinc losses 
in the residue can account for as high as 2 2 % ^ ^ ,  most 
part being a contribution of the ferrite content in the 
residue.

Liddell^ has classified the residues according 
to their valuable content, as follows:

- Those containing insufficient values to pay cost 
of further treatment.
Those containing lead as the only value of importance. 
Those in which metals other than lead are present 
in considerable amounts, but in which lead is in 
excess over the others.
Those in which the value of the other recoverable 
metals exceed the value of lead.

During the early years of electrolytic zinc practice, 
zinc leach residues were generally sent to a lead smelter 
and made part of the charge for the Dwight Lloyd sintering 
machines especially for its high lead and silver content.
Cf course it must be realized that the above mentioned fact 
represented the ideal case, when the two plants were very 
close together. When this was not the situation, the zinc 
leach residue was generally stockpiled for future use.

Later on, more pyrometallurgical methods were developed 
and amongst the important ones are the following:
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Fuming in a large kiln at high temperature to 
recover lead and zinc as oxides.
Sulfating roasting with concentrated sulfuric 
acid at temperatures between 6 00 and 650°C to 
convert the zinc into sulfate, but its main dis­
advantage was the difficulty encountered in handling 
such corrosive mixtures.

- Treatment with sulfur dioxide gas at temperatures 
ranging between 500 and 550°C.

Presently, pyrometallurgical practice for the treatment 
of zinc leach residues is limited to basically two processes:

- Waelz process at the Nisso Smelting Company Ltd. 
(Japan), which is nothing more than the original 
fuming process but with better controlled furnace 
conditions. The sequence of stages inside the kiln 
is: drying and preheating, reduction, volatiliza­
tion and slag formation.
Half-Shaft furnace process at the Preussag A.G. 
Metall^^ (West Germany) where the residue is 
briquetted and introduced with coal and pitch into 
the furnace.

Hydrometallurgical processes for treatment of these resi
(3)dues were attempted in the past. Bray' 7 mentiones the leach 

ing of this material with a solution of sulfuric acid con­
centrated at 25%.

Recently, research efforts have also been directed to
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seeking an aqueous method. Although zinc ferrite is not 
completely insoluble, the leaching conditions needed to 
disssolve this compound are so severe (high acid concentra­
tions and temperatures) that almost all elements contained 
in the residue (with the exception of lead as lead sulfate 
and silver to a lesser degree) go into solution. Thus, 
the problem created is the separation of zinc from iron 
in solution. If the above mentioned separation is performed 
at a p*H higher than 2.0, iron as ferric hydroxide will 
appear readily and cause severe problems in the solid-liquid
separation stag.e. However, the problem has been effectively

(12)solved by the so called Jarosite process' , which briefly, 
consists in the precipitation of iron as jarosite compounds 
from a zinc sulfate solution at high temperatures and in an 
acidic environment. This process was developed and patented 
independently by the Electrolytic Zinc Company of Australasia 
Ltd., Det Norske Zinkkompani A/S of Norway and Astur.iana de 
.Zinc S. A. of Spain and presently is being adopted .’in almost

n  - . 4 .  d 3 )all newer plants.
In a more detailed way, the Jarosite process comprises 

the following stages:
A hot acid leaching in which zinc ferrite will dis­
solve almost completely leaving a final acidity of 
at least 2 0 gpl of sulfuric acid.

- A jarosite precipitation stage, where, by the 
addition of a compound of sodium, potassium or
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ammonia, the iron will precipitate as a crystalline 
jarosite, which can be readily settled and sub­
sequently filtered.

The jarosite compounds are of the general formula:
A Fe3 (so4)2 (OH) 6 

where A can be Na, K, Rb, NH4, Ag, H 3O or Fb/2. These com­
pounds are very stable and occur in nature and among them, 
the most common is carphosiderite, whose formula is estab­
lished when A is replaced by H 3O.

In the case of a sodium jarosite, the precipitation
reaction is represented by the equation:
3 Fe2 (SO4 ) 3 + Na2 S04 + 12H20 = 2NaFe3 (S04 ) 2 (OH) 6 + 6H2 S04

(1.8)
which occurs at practical (fast) rates in the temperature 
range from 90 to 95°C.

Once .free .of iron, the solution can follow the con­
ventional flowsheet of the electrolytic zinc process.

A flowsheet of the Jarosite process can be seen in 
Figure 1.2.

Almost in a parallel effort and employing approximately 
the same fundamental principles as. the Jarosite process al­
though at different operating conditions has been the develop 
ment of the Goethite^^ and Hematite processes , ful­
filling the same objective as the Jarosite process.

In the Goethite process, which was developed and patent­
ed by the Societe de la Vieille Montagne^^^ in Belgium,
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the ferric iron from the zinc ferrite is precipitated 
from solution as goethite (FeOOH or Fe2 0 3  • H2O) accord­
ing to the following reaction:

2FeS04 + i 0 2 + 3H20 = 2 Fe 00H + 2 H2 S04 (1.9)
and similarly to the jarosite compounds the goethite 
obtained is in a crystalline form that can be readily sep­
arated from the solutions.

On the other hand, the Hematite process which was 
developed by the Dowa Mining Company in Japan uses a low- 
pressure autoclave for the zinc ferrite dissolution and for 
the hematite precipitation as well. This last reaction is 
carried out at 200°C and with the injection of oxygen to 
convert the iron to the ferric state. A drawback in the 
process is the production of an hematitic precipitate 
that contains 3% of sulfur as sulfate and would require 
roasting before it can be accepted as feed for a steel 
plant.
.1.2 Role of Cobalt in the Hydrometallurgy of Zinc

According to Ralston the first record of cobalt 
being detected in an electrolytic solution dates back to 
1918 during the development of a process for treating the 
Broken Hill complex sulfide ores. The influence of cobalt 
manifested as a redissolution effect of the deposited catho 
die zinc, which at that time could not be attributed to any 
known impurity. The basic investigation of this problem 
was carried out in California (U.S.A.) with the cooperation
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from members of Stanford University, who did the work of 
determining the presence of cobalt in the solution by 
different analytical techniques. Since that time the cobalt 
content of zinc sulfate solutions for electrolytic product- 
tion has been subjected to very careful control. A great 
number of studies have been performed to determine its 
influence on the main parameters of the process and also 
to lower its content to permissible levels in the feed 
stream.

The source of cobalt in the electrolytic process 
evidently lies in the ore treated. Further, the level of 
this impurity depends on the cobalt content, the type of 
cobalt-bearing mineral that is associated with the marmatite 
or sphalerite and on the roasting conditons. Moreover, 
another factor that plays an important role in determining 
the cobalt concentration is the leaching conditions, espec­
ially with respect to temperature and acidity of the elect­
rolyte .

The above mentioned concepts can be very well illustrated 
by refering to the author*s personal experience:

In the Electrolytic Zinc Plant of Empresa Minera del
Centro del Peru at La Oroya, the cobalt c o n t e n t o f  the
inlet stream is almost constant at an average value of 0.4
ppm, thus, there is no necessity to remove cobalt from the
solution. However, when the Metallurgical Research Depart- 

/18)ment carried out some experimental work on the Jarosite
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process for treating zinc leach residues, where conditions 
of high temperatures and acidic concentration inherent to 
the above mentioned process were used, the cobalt content 
of the impure solution rose to an average of 40 ppm. The 
implication is that if the Jarosite process were to be 
adopted at La Oroya, a new purification step for cobalt 
removal would have to be inserted in the conventional flow­
sheet. In fact, all new electrolytic zinc plants that 
include the Jarosite process have to contend with the cobalt 
content of the impure solution coming from the leaching 
of ferrites and must therefore, include a stage for cobalt 
elimination. This fact could also indicate the need of 
a more fundamental investigation of cobalt cementation 
by zinc dust.
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1*2.1 Importance of Cobalt as a Detrimental Impurity
It i.s very well known that electrolytic processes are 

extremely sensitive to the presence of impurities and it 
is the main reason why prior to electrolysis there has 
to be a purification step. As may be realized these pur­
ification processes cannot be perfect under commercial 
conditions and this is why extensive research has been 
carried out in order to determine the maximum permissible 
level of impurities.

/18)Zinc electrolysis is not the exception and Weverv 
has defined a "commercially pure zinc electrolyte" by stating 
that "it is a solution which when used as an electrolyte 
will give a good deposit at a high ampere efficiency", 
thus, recognizing that control of impurites is the key to 
successful operation of an electrolytic plant.

The two factors which can be affected by the presence 
of impurities are:

Quality of the deposited zinc; in that if the 
cathode deposit is not sufficiently smooth and 
dense, zinc will be lost due to oxidation in the 
subsequent melting process.
Current efficiency, which is directly proportional 
to the power consumption.

It is worthwhile mentioning at this point the complex 
situation which arises in the study of the influence of 
impurities on the above mentioned factors. Actually the
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situation is better described as the influence of com­
bination of impurities rather than the effect of only one.

But in spite of this last statement, several studies
have been done taking into account only cobalt as impurity.
For instance, Wever^^^ found that cobalt contents up to
1 0  ppm can be tolerated without any detrimental effect,
but only a small concentration of germanium makes its

11 9 \xnfluence very undesirable. Villas Boas' ’ made use of 
statistical methods and applied a 2 2 factorial design to 
study the influence of current density, cobalt concentration 
and acidity of the electrolytic solution on the current 
efficiency. The levels for the variables were: 30 and
150 amp/ft2, 5 and 30 ppm and 46 and 98 gpl respectively.
His most important conclusion with respect to the cobalt 
content agrees with the,fact that the behavior obtained 
when it is present by itself, is hardly indicative of what 
may be expected when it is combined with other impurities.

Karaivanovr and Magaeva^2®) determined the influence 
of current density and temperature on the detrimental 
action of cobalt and arrived at the conclusion that its 
adverse effect is mostly pronounced at low current densities 
and high temperatures. They further state that in a solution 
containing 100 ppm of cobalt and 150 gpl of sulfuric acid, 
the current efficiency decreased to less than 30%.

On the other hand, Van Arsdale^2^  affirms that cobalt, 
at concentrations in the order of 3 ppm, can be valuable in
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reducing corrosion of lead anodes and therefore diminish­
ing the lead content of the zinc cathode.

More important studies from a practical point of view 
have been performed on the influence of combination of 
impurities. For instance, Steintveit and Holtan^^ real­
ized during their experimental work that the pair Co-Sb 
is very potent and moreover, the combination Co-Sb-Beta 
Naphthol is extremely unfavorable in the sense that the
zinc deposit is heavily corroded. As a complementary study,

(23)Holtan and Solhjell , using current-potential curves, 
determined that the ternary group Co-Sb-Beta Naphthol 
reduces the hydrogen overvoltage to a considerable degree, 
therefore, decreasing the current efficiency.

Kerby and Ingraham^4) made a very extensive investi­
gation on the influence of impurities and combinations 
among them on the current efficiency. They concluded that 
two types of mechanisms are responsible for reduction in 
the value of this parameter both of which result in increased 
hydrogen evolution. They are:

The lowering the hydrogen overvoltage on specific 
sites of the zinc deposit.
The formation of galvanic cells on the cathode 
deposit, thereby increasing the corrosion rate of 
zinc.

They classified the impurities in 4 groups and considered 
cobalt in the third one (metals which have hydrogen over­
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voltages less than that of zinc and sulfate potentials 
less electronegative than that of zinc sulfate, but more 
electronegative than that of H2 SO4 ), together with iron, 
nickel and chromium. According to the authors the pre­
sence of these impurities decreased the current efficiency 
by up to 25% at a concentration of 20 ppm. It was also 
noticed that when nickel and cobalt were present in the 
solution, they are deposited as mixed alloy phases, which 
then redissolve resulting in the evolution of hydrogen on 
cathodic sites. The researchers also realized that the 
corrosive action of cobalt on the deposited zinc was greater 
than that of nickel. With respect to ternary combination of 
impurities, their conclusion was that individual effects 
are not additive and therefore very difficult to predict.

1.2.2 Industrial Purification of Cobalt 
Although there are considerable ways of eliminating 

cobalt from zinc sulfate solutions as will be seen later, 
only a few of those processes have been adopted in the 
commercial production of zinc.

The selection of an industrial process depends on 
many factors, among which the most important are:

Cobalt content of the impure solution.
- Other impurities present together with cobalt.

Availability of reagents for cobalt removal.
Recovery of these reagents.
Influence of these reagents during electrolysis .
Environmental considerations.
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The most common methods are the following:
(13)- Hot copper-arsemc-zmc dust purification' ,

(25)which can be done either in a batch or continuous' ' 
way, consists of using copper and arsenic ions to 
"promote" zinc dust purification. It is carried 
out at high temperatures, in the range between 
90 and 95°C. Although its main drawback lies in 
the production of arsine, nevertheless, plants in 
the p a s t ^ ^  and some newer o n e s ^ ^  constructed 
from 1970 up to 1975 have included this purifica­
tion system.
Antimony purification, in which basically an 
antimony compound (potassium antimony tartrate or 
antimony trioxide) or metallic antimony is added 
to the impure zinc sulfate solution to "help" 
with the zinc dust cementation. This process is 
conducted between 65 and 75°C. A variation of 
this system called reverse antimony purification 
is nothing more than the inversion of the conven­
tional flowsheet in order to achieve a better 
recovery of cadmium.
Alpha-Nitroso-Beta Naphthol p u r i f i c a t i o n , where, 
by the addition of this organic compound, a complex 
with cobalt ions is formed which can then be sep- 
erated from the original solution. The main dis­
advantage of this process is the high price of the



T 1867 26

organic reagent. In addition, there is the problem 
of the detrimental action of this compound on zinc 
electrolysis, especially if some cobalt and antimony 
irons are present, as was seen before.

1.3 Aim of this Study
The increasing importance of attaining commercially 

pure zinc sulfate solutions for the Electrolytic Zinc 
Process, especially with the insertion of the Jarosite 
Process to conventional circuits, provided the impetus, 
for initiating a fundamental study on cobalt elimination- 
from the electrolyte. The commonly used method called 
"hot copper-arsenic-zinc dust purification was chosen as 
a research topic. At this initial stage, the intention 
was to provide answers to the following questions: What
are the roles of copper and arsenic on cobalt cementation? 
Are they really necessary for cobalt precipitation? Why 
is the purification process carried out at very high tem­
peratures? In attempting to answer these questions it was 
hoped that the results of the laboratory tests would shed 
insight into the behavior of the system so that perhaps 
kinetic expressions could be developed. It became apparent 
that because of the high reactivity of zinc and the use 
of particulate zinc, the usual approach of describing cem­
entation reactions by first order kinetics would not be 
appropriate for the system under investigation. The per­
severance in searching for a kinetic representation of the
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system was ultimately rewarded with the development of 
an electrochemical model where the rates of the various 
reduction or oxidation reactions were described in terms 
of an "overpotential” driving force.
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Chapter 2 

LITERATURE SURVEY

Since the primary objective of this investigation is 
the removal of cobalt from aqueous electrolytes by cemen­
tation onto zinc dust (or more descriptively, by contact 
co-reduction with zinc dust) it became apparent that the 
literature review could be divided into two general sections

- Removal of cobalt from aqueous solutions.
- Cementation systems.

2.1 Removal of Cobalt from Aqueous Solutions
As pointed out in the previous chapter, the history 

of cobalt as a detrimental impurity in the electrolytic 
production of zinc dates back to 1 9 1 8 ^ .  Since that year 
great efforts have been made at developing processes to 
purify zinc sulfate solutions of cobalt, because of its 
harmful effects, especially when other impurities were 
present too.

Essentially, all the work carried out in solving 
this problem can be separated into two groups:

During the early years, when a large number of 
patents were issued for processes where the only 
objective was eliminating cobalt from electrolytic
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solutions.
- Mpre recently, published papers were mostly

oriented towards explaining fundamental aspects 
of the cementation reaction that takes place when 
cobalt is removed from solutions by means of zinc 
dust.

Probably the experimental work of Field using
++ +++ozonized air to oxidized cobalt from Co to Co might

be considered as one of the first studies carried out on
(28)this problem. Later on, in 1919 Sulman and Field 

obtained good results of cobalt removal by the addition 
of lead and manganese dioxides to convert Co to Co
and precipitate it as a higher oxide at 90°C.

Subsequently, Avery and Williams tried to eliminate
cobalt from solutions with zinc dust and arsenic at tem­
peratures greater than 50°C and this is probably the first 
approach using a cementation reaction.

Again, Field^0 ,̂ in 1921, developed a treatment for 
the purification of zinc sulfate solutions, this time
employing mercurious sulfate and zinc powder at elevated

(31)temperatures. Also that same year, Gepp proposed a
similar method to that of sulman and Field using lead
oxide and manganese compounds.

(2 2 )In 1923, Field' ' made an evaluation of his methods 
and found that the use of mercurious sulfate combined with 
zinc dust proved to offer more advantages than the others,



T 1867 30

particularly concerning with economy of zinc dust consump­
tion.

(33)The Canadian worker Eldridge , in 1924, applied 
the strongly oxidizing properties of zinc hyposulfite to 
precipitate cobalt and other impurities such as nickel, 
iron, copper, lead, etc., from electrolytic solutions.

The combined action of a powerful oxidizing agent 
such as manganese dioxide and zinc xanthate at a temper­
ature of 60°C was used by Crutcher in 1928 to remove
cobalt. On approximately the same basis as the above

(35)mentioned work, Stevens, Norris and Watson' developed
another method for the purification of zinc solutions from
copper, cadmium, nickel and cobalt in 192 9.

Researchers from the "Societe Miniere et Metallurgi- 
(36)que de Penarroya' 1" eliminated cobalt from solutions

using active charcoal (which acted as an absorbent material)
and dimethylglyoxime.

(37)In 1934, H&nsel' ' mixed zinc dust with compounds 
of copper, bismuth, cadmium, silver, mercury, divalent tin 
and tetravalent tin in order to precipitate cobalt from 
sulfate solutions. An extraction efficiency of 97% was 
obtained when the divalent compound of tin was reacted 
at 80°C.

(38)During that same year, Grevel' carried out some
i

voltametric measurements to determine the potential of a 
zinc plate and of zinc powder on platinum with respect to
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a calomel electrode in sulfate solutions. The greatest 
effect of precipitation was observed when zinc dust was 
used, particularly in the presence of arsenic and antimony 
ions.

Ross from the Broken Hill Company of Australia
realized that the main disadvantage in using a powerful 
oxidizer for the precipitation of cobalt when an appreciable 
amount of manganese was also present in the impure solution, 
was a result of excessive oxidant, consumption attributed 
to manganese oxidation.

Vodret and Gallo in 1935 showed that by employing
ozone, complete elimination of nickel, cobalt, manganese, 
cadmium, arsenic and antimony could be obtained.

In 1939, at the 10th International Congress (Symp.)
(41)of Chemistry held in Rome, Cambi presented a discussion

on two methods for cobalt extraction. These were the 
inorganic method, using copper sulfate and arsenic trioxide 
with a double treatment with zinc dust at a temperature 
above 75°C, and the organic method with alpha-nitroso- 
Beta Naphthol carried out at room temperature where cobalt 
forms organic complexes which are further separated from 
the solution with benzene.

That same year a Japanese patent(42) ciaimed the pre­
cipitation of cobalt using copper and tin salts.

Getskin and R o z o v ^  reported in 1940 the removal 
of cobalt from sulfate solutions by mean of Beta-naphthol
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and sodium nitrite.
In 1946, the Russians Kalenik and Gromov eliminated 

cobalt from zinc solutions by using an alkali xanthate in 
the presence of a small quantity of bivalent copper which 
was thought to hasten the oxidation of cobalt.

Three years later came onto the scene the Hudson Bay 
Mining and Smelting Co. Ltd., who, in a very short period 
of time issued several patents, of which the most important 
are:

- Precipitation of cobalt using antimony and copper 
compounds ̂ 44^.

- Precipitation of nickel and cobalt with arsenic 
and thallium in the presence of copper salts of 
40°C.(45)

- Precipitation of cobalt and nickel with arsenic 
and lead in the presence of copper salts at the 
above same temperature.

- Precipitation of cobalt and nickel with arsenic and 
silver in the presence of copper salts at 40°C.

During the decade from 1950 to 1960 more fundamental 
research was done. In 1950, C h i z h i k o v a n d  Kreingauz, 
studying the kinetics of cobalt cementation on zinc, found 
that an increase in temperature resulted in higher cobalt 
extractions and that the reaction rate constant varied from 
0.010 cm/sec at 50°C to 0.053 at 96°C. They also studied 
the influence of nickel during cobalt precipitation and
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found that at a ratio of 1/20 of Co to Ni resulted in almost 
no cobalt extraction. On the other hand, when the above 
ratio was 1 / 1  a significant precipitation took place.
The same authors published another paper in 1955
where they considered the negative effect of dissolved 
oxygen on the cementation of cobalt by zinc and the use 
of sodium sulfite to counteract this action.

In 1956, Sato^5*̂  carried out experimental work which
was mainly concerned with the effect of arsenic trioxide
and mercurious sulfate in presence of copper ions during
cobalt removal with zinc dust. His main conclusion was
the development of a mechanism for cobalt extraction where
he attributed the reason for cobalt elimination to the
electromotive force created when copper first precipitates
on zinc and the arsenic trioxide and mercurious sulfate
accelerate this cell action.

(51)Nestler in 1959, studied the influence of tem­
perature, stirring rate, amount of zinc used, pH and effect 
of other ions, such as iron, nickel, cadmium and silver on 
the kinetics of cobalt cementation on zinc dust. His initial 
cobalt concentration was 1 gpl and the optimum conditions 
for cobalt removal were: six times the stoichiometric re­
quirement of zinc dust, pH equal to 4.0 and a temperature, 
between 80 and 90°C. The cobalt content was reduced down 
to 0 . 1  gpl in 60 minutes.

Later on, K l i m e n k o d e v e l o p e d  a new method for cobalt
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elimination using zinc dust and antimony salts. In order 
to prevent toxic effluents from the presence of the antimony 
compounds he maintained a copper concentration in the solu­
tion 50 times greater than that of antimony.

(53) .In 1964, Salm improved cobalt extraction with 
the zinc dust method by using a substrate of a copper- 
cadmium deposit obtained in another purification, step.
The main drawback of this approach was that when the copper 
ionic concentration in the solution reached a critical 
value, the precipitated impurities (co,Ni,Ge) were redis­
solved.

Two years later, Pomosov^^ employed a corrosion 
electrochemical technique to study the purification of zinc 
sulfate solutions from cobalt in the presence of antimony.
He found that cobalt extraction was possible because of 
"the depolarization of cobalt ions by antimony which promoted
a sharp increase in the Co-Zn contact cells".

(55)In 1969, Fischer-Bartelk tried to account for
the difficulties of removing nickel and cobalt from solutions. 
He and his co-workers studied the effect of CuSO^, AS2O 3 and 
SbzOs on the precipitation of cobalt from zinc sulfate 
solutions using zinc dust as precipitant. They stated that 
the increase in the rate of cobalt extraction in the presence 
of the above mentioned regents was a result of the formation 
of intermetallic compounds which proved a more positive 
potential to the cementation reaction.
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Fontana and Winand carried out polarization curves
with synthetic zinc sulfate solutions of industrial com­
position in order to seek the effect of antimony and copper 
on cobalt cementation. In their first experiments, when 
they used a zinc plate as a working electrode, they were 
able to detect distinctly behavior when antimony was present 
in solution. This fact conduced them to improve their 
experimental technique and in the next experiment they 
obtained a high peak in current when the voltage was 
-0.550 volts with respect to the Standard Hydrogen Electrode. 
X-ray diffraction of the deposits formed under such conditions 
allowed identification of the intermetallic compounds 
CoSb and CoSb2. Their main conclusion was that antimony 
plays a very important role in cobalt extraction because 
"it diminishes the important overvoltage of cobalt due 
to the formation of definite compounds".

In a continuation of the above mentioned research,
F o n t a n a M a r t i n ,  Van Severen and Winand made cementation 
experiments using zinc dust as precipitant and studied the 
influence of other impurities besides antimony. The elements 
chosen for their investigation were arsenic, bismuth, tin 
and lead because they all have the same chemical and electro­
chemical properties as antimony. All of their runs lasted 
for about 24 hours and each exhibited redissolution of 
cobalt after a minimum in its extraction was achieved. The 
best results of cobalt removal were obtained with the
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following combinations: As-Cu, As-Cu-Cd, As-Cu-Sb, Pb-
Cu-Sb, Sb-Cu, Sb-Cu-Cd, Sb-Cu-Pb and Sb-Cu-As. In every 
one of their tests they could not lower the cobalt content 
below 1 ppm. An amazing result was that the X-ray diffract­
ion patterns from the residues produced never gave character­
istics lines of intermetallic compounds.

158)In 1973, Mackinnon studied the kinetics of cobalt
cementation on zinc sheets with respect to variables 
such as temperature, stirring velocity, acidity and the 
presence of other metallic ions. He found that the optimum 
conditions for cementing cobalt at concentrations up to 
30 ppm in sulfate solutions were: T=6 8 °C, pH=6.0, stirring
velocity = 500 cm/sec., copper concentration = 6.4 ppm and 
telluxium concentration = 10 ppm. In order to maintain 
the pH at a certain value, he made use of buffer solutions. 
Furthermore, he considered that the cementation reaction 
was first order with respect to cobalt concentration during 
•the first 10 minutes. To account for the deviation from 
linearity after the initial period, he stated that the rate 
controlling mechanism changed to diffusion of zinc ions 
through the cemented cobalt.

(59)In a later research report, Mackinnon' this time 
used zinc sulfate solutions and zinc dust for the experimental 
work. He found satisfactory cobalt cementation rates at 
90°C, when the ratio of Co:Te:Cu was 1.0:0.4:10.0. The 
parameters under study were: initial zinc and cobalt con-
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centrations, pH, type of zinc dust and stirring velocity.
The amount of zinc dust he used was 2,000 mg/1 which rep­
resented a high excess over the stoichiometric quantity 
needed to precipitate 300 mgs. of copper and 30 mgs of 
cobalt. One point that has to be severely criticized in 
this research is his plot of k vs RPM°*^. He obtained 
a straight line and stated that the reaction was diffusion 
controlled. Actually, this type of plot is only applicable/ 
to a rotating disk electrode where the analytical support J 
for the above mentioned relationship lies in the Levich 
equation.
2.2 Cementation Systems

2.2.1 Introduction
Although cementation reactions have been known 

for a long time^6*^, fundamental investigation and mathe­
matical modeling of the kinetic steps involved have just 
recently attracted the attention of researchers.

The primary recovery of metals from solutions and the 
purification of streams previous to an electrolytic process 
have represented the two most important uses of these react- 
tion systems. The typical example in the former case would 
be the recovery of copper with iron from sulfate solutions 
in the well known launders and more recently in cementation 
cones ̂ 61  ̂ and at high temperatures^62 .̂ The purification 
of zinc sulfate solutions of copper and cadmium using zinc 
dust might be representative of the latter situation.
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From a general point of view, cementation reactions 
produce the displacement of an ion of a more noble metal 
by a more reactive one, from solutions. These reactions 
are heterogeneous in nature, involving a metallic condensed 
phase, a solution containing ions and an interface with 
very important properties that cannot be neglected.

In a more restricted sense, cementation has been clas­
sified as an electrochemical reaction and the analysis of 
cementation systems is possible using the parameters in­
volved in Electrochemical Theory, although subjected to 
certain limitations because of the short-circuited 
characteristic of the system.

Miller establishes the difference between 
an electrochemical reaction and a chemical redox reaction 
by stating that in the former, "the charge transfer does 
not occur at the same physical position but rather the 
half cell reactions are separated by some finite distance; 
consequently the solid phase must be an electrical conductor. 
He complements this definition with an idealized but very 
illustrative model of a cementation reaction as can be 
seen in the following figure:

M°*
Cathodic Site 
M° 1 '' M1+Zl + Zie“

electrons
Anodic Site

M 2 Zl
Zo M ° 2  * 27 M 2 + Z 2  + zle

Fig. 2.1: Cementation Reaction Model
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Strickland and Lawson have developed another model 
very similar to Miller's, the main difference being that 
they specify the main steps involved in a cementation 
reaction. These stages can be grouped into homogeneous 
transport and heterogeneous chemical (electrochemical) 
processes, all of which can be visualized as forming a 
series of resistances to the overall reaction rate.

It became very apparent during this literature review 
that the majority of cementation studies performed corres­
pond to systems in which there are present only two reacting 
species, such as Cu++/Fe, Cu++/Zn, Ag+/Zn, Cu++/Ni, etc. 
However, very little basic research has been carried out 
on systems where besides the two main reacting ions, there 
are other ions also present which can cause an increase 
in the reaction rate of the two-component system.

2.2.2 Thermodynamics of Cementation Reactions
Miller and Lawson have described the 

thermodynamics of cementation systems in terms of equili­
brium constants and conclude that the tendency of the react­
ions to go from left to right is very great. As an illustra­
tive example of such calculation, the data from the Cu++/Fe 
system will be used, the overall reaction being:

Cu++ + Fe° = Cu° + Fe++ (2.2)
which can be considered as the total contributions of the 
two half-cell reactions:

Cu++ + 2e“ = Cu (2.3)
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and Fe++ + 2e" = Fe (2.4)
Nernst equations for reactions (2.3) and (2.4)

are:

■ c  - » C «  - ,2.5)

Bp. - BOp. - ,2 6 1

Now, for the galvanic cell:

Ecell ~ Ecu ” EFe (2.7)

or _ RT (cu)(Fe++)Ecell ~ E Cu - Fe nf (cu+^e) (2.8)
At equilibrium, will have the Ece^^ is equal to zero 

because there is no net flow of current (no net reaction 
occurring). Then:

Eo„ _ E°r. - Ln (CuKFe++J (2.9)B Cu Fe NF (cu++)iFe)
The values of E0-. and E°_ can be seen in Table A. 1{~u Fe

(Appendix Al). R, n and F are constants for the system and 
have, respectively, the following values: 1.987 cal/°k, 2
and 23,060 cal/volt.

On substituting in the last equation, the following is 
obtained at 298°k:

(cu)(Fe+~lj 1026.38
(cu+ $ W  <2 - 1 0 >

This may be taken a little further if it is assumed that 
the activities of the condensed phases are almost 1 , so the 
last expression becomes:
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where the terms in brackets are activities rather.than 
concentrations. This extremely large value indicates 
that the reaction will only come to equilibrium when the 
ratio of activities reaches that value, implying that the 
conversion will be essentially 100%. Moreover, if a 
hypothetical cementation reaction between a pair of diva­
lent ions having a standard electrode potential difference 
of 0 . 1  volts is considered, it will be found that the 
equilibrium constant is of the order of 2,500, which will 
result in a conversion of 99.95%.

Although it has been clearly shown that cementation 
systems are thermodynamically very favorable another 
approach can be taken. On examining Table A1.1 (Appendix
Al) will see that the metals are divided into 
two groups with respect to the position of the hydrogen 
reaction. For the most part, fundamental research has 
been carried out on systems where the noble metal ion 
has a more positive reduction potential than hydrogen and 
for that reason, the reaction which occurs will be that 
of the reduction of the more noble metal ion. Examples 
of these systems are: Cu++/ F e ^ 7 ,̂ Cu++/Zn^65 ,̂ Pd++/Cu^3) ̂
Ag+/Cu(69), Cu++/Ni*70), Ag+/Zn(71), etc.

On the other hand, when the more noble metal has a 
less positive standard electrode potential than hydrogen, 
then in this case, the reaction occurring would be hydrogen 
evolution. Also it is known that hydrogen ion reduction can
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occur in both acidic and alkaline media through different
(72)mechanisms ' , thus, this very important factor cannot 

be overlooked when dealing with this second type of cemen­
tation systems. Representatives of this class of industrial 
importance are: Cd++/Zn and Co++/Zn.

2.2.3 Kinetics of Cementation Reactions
As seen in the preceding section, the thermo­

dynamics of cementation system is very favorable, therefore, 
a kinetic study is desirable to determine the rate at which 
the reaction takes place and the conversion which might 
be achieved in practice. The two main purposes of a kinetic 
study are:

- Establish the sequence of individual reactions 
which occur in succession or even simultaneously 
and which together constitute the overall reaction.

- Determine the rate controlling step or steps.
With regard to the first objective, models have been

presented showing the steps for the overall cementation 
reaction and these seem to be reasonably accurate from a 
fundamental point of view. However, very little has been 
undertaken regarding the charge-transfer step that is 
inevitably involved in any electrochemical reaction.

In reviewing the second area of study, M i l l e r (64) states 
that the great majority of cementation reactions appear to 
obey first-order transport controlled kinetics, at least 
during the initial stage of the contact reduction. Thus,
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in analyzing a cementation system, researchers have employed 
the following relationship which describes the change in 
concentration of the species in solution being reduced:

-  dc_ oc
dt (2 .1 2 )

in which an equality can be achieved by introducing a con­
stant as follows:

— = KCdt ^  (2.13)
At this point it is worthwhile to remember that 

cementation is a heterogeneous reaction. .For this reason, 
the rate constant is not only a function of temperature 
but also must depend on the interfacial area and solution 
volume.

The integrated form of the above equation for the 
initial condition that at t=o, C^Co, is:

C _
ln C o  K (2.14)

In order to model such a heterogeneous system con­
trolled by mass transport, investigators of cementation 
reactions have taken advantage of Levich's^73  ̂ analysis for 
a rotating disk, which leads to the following relationship:

J = 0.62 D2 / 3 y-1/6 u l/2 (2.15)B
where J = mass (or molar) flux of reacting species

o -1toward the electrode (M IT* t )
o —  1D = diffusion coefficient of the ions (L^t x)

U = kinematic viscosity of the solution (L^T“ )̂
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a) * angular volocity (t“ )̂
C3  = bulk concentration of the reacting ion (ML“ )̂

The above relationship may be used to obtain an expres­
sion such as equation 2.13. Thus at constant temperature, 
and knowing the values of D, y and u>, it is possible to
predict the bulk concentration as the reaction proceeds 
and to compare this with experimental data.

The main advantage of the disk electrode is that it 
allows us to determine whether or not a cementation reaction 
is controlled by a transport process. On the other hand, 
its main drawback is that this technique is only valid 
for initial periods of the reaction and does not take 
into account the influence of the surface deposit, especially 
when very rough deposits are formed on the disk surface.

Another criterion that is commonly used to determine 
whether a cementation reaction is transport controlled or 
chemical (electrochemical) controlled is the measure­
ment of the sensitivity of the reaction rate to changes in 
temperature. This is quite often correlated using the 
Arrhenius equation; although originally developed for homo-

(74)geneous systems , it has been frequently applied to the 
study of cementation reactions by workers in this field.
This equation can be written as;

K = Ko e~E/RT (2.16)
wh^re;

K = reaction rate constant at some temperature t(cm/sec)
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Ko = frequency or pre-exponential factor, which is 
almost temperature independent.

E = activation energy (Kcal/mole)
R = gas constant (= 1.987 cal/mol.°k)
T = absolute temperature (°k)
Employing natural logarithms, the above equation may 

be linearilized:

Ink = Inko - (2.17)

Thus, a plot of Ink vs. 1/T would result in a straight 
line with slope ~E/R, from which the activation energy can 
be calculated. Activation energies in the range from 2 
to 6 Kcal/mole are characteristic of transport controlled 
processes, while energies of more than 1.0 Kcal/mole are 
inherent to chemically (electrochemically) controlled 
processei?^However, we must be very careful when we measure 
this parameter, because the hydrodynamic conditions of the 
system can exert a very strong influence on the value obtained. 
Furthermore, in any experiment we must also be sure to have 
a maximum flux to the reaction interface at each tempera­
ture considered. Because of the different values of the 
activation energies for transport and chemical controlled 
cementation reactions, researchers have realized that the 
controlling mechanism of a cementation reaction may shift as the 
temperature is increased. The shift will be from chemical con­
trolled at low temperatures to diffusion controlled at high
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temperatures. . The temperature (or rather temperature range) 
at which the change in mechanism occurs is known as the 
transition temperature and for systems which exhibit 
this behavior, it is between 30 and 40°C.

However, a recent paper presented by Beckstead^*^ 
shows that under certain conditions, cementation reactions 
may be transport controlled at all temperatures (from 1 0  

to 60°C). These conclusions were obtained by using an 
ultrasonic technique that produced a fresh precipitant 
surface during the whole run of an experiment. This in­
vestigation was performed on the Cu++/Fe system and the 
activation energy over this temperature range was found 
to be approximately 5 Kcal/mole.

Another guideline used to test the rate contolling 
step of a cementation reaction is one in which the response 
of the reaction rate to rotational speed of the stirring 
device is determined. The reaction rate constant K versus 
rotational speed is plotted and if a region is obtained 
where dependency is observed, the reaction should be under 
a diffusion controlled mechanism. When K is independent 
of rotational speed, two possibilities exist, namely, 
that the reaction is chemical controlled or a minimum 
thickness of the hydrodynamic boundary layer has been 
reached. The latter case does not necessarily imply that 
the reaction has changed to a chemical controlled mechanism. 
Moreover, when working with the rotating disk electrode,
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a plot of K versus the square root of the rotational 
speed (in RPM) should result in a straight line for a dif­
fusion controlled process. It is readily seen that this 
test is apparent from Levich*s equation.

Up to this point, we have seen that most of the 
techniques and criteria used to study cementation systems 
only permit an assessment as to whether the reaction is 
transport controlled or not, but do not provide direct 
information about the chemical or electrochemical character 
of the reacting system.

Attempts have been made to study the electrochemical 
aspect of cementation reactions using polarization curves. 
R i c k a r d a n d  Fuerstenau carried our galvanostatic

X Xmeasurements (constant current density) on the Cu /Fe 
system and compared their results to classical cementation 
experiments. One disadvantage of this technique is that 
the reacting area has to be known and in an actual cementa­
tion experiment this is a very difficult to define. Other 
studies using this technique have been performed by Fontana 
(56,57) an<j winan<j an(j sato^®^ on the Co++/Zn system.

A theoretical approach to the electrochemical part
(78)of a cementation reaction has been presented by Miller 

and deals mainly with the application of the absolute 
reaction rate theory to the half-all reactions that make 
up the overall cementation process. The most significant 
point with this approach is the contribution of the potent­
ial field to the activation energy for the charge transfer
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step. He further states that cementation reactions can 
be analyized in terms of a steady-state mixed potential, 
which can vary between the two standard potentials of the 
anode and cathode and its exact position is fixed in the 
potential - current density curve.

In the same paper, Miller mentions the recent work 
carried out by the Australian, Power, who has used the 
corrosion model for cementation systems. According to 
him, the main advantage of his approach lies in that he 
can determine the rate controlling mechanism by the inter­
ception of the anodic and cathodic polarization curves 
on the Evans diagram.

2.2.4 Techniques Used in Cementation Studies
Broadly speaking, the most common methods 

for cementation studies can be grouped in two main cate­
gories:

those for determining the mass transport controlled 
step.
those for determining the electrochemically con­
trolled mechanism.

Since many cementation reactions are controlled by
mass transfer processes, it is of fundamental importance
to have in any experimental study a uniformly accessible
surface and the hydrodynamic conditions being capable of

(79)mathematical analysis . A very complete review of
the systems used to study cementation reactions is given
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(6 6)in the above mentioned reference and in a new paper1 1

by the same authors. The most common methods at present 
are: the rotating disk and the rotating cylinder. How­
ever, from a practical point of view, the suspended- 
particle system is of even greater importance.

Rotating Disk System: The mathematical formulation
of the fluid flow and mass transfer equations can

(73)be completely attributed to Levich who solved 
the convective diffusion equation for this type of 
electrode using the similarity solution of Cochran 
for the fluid flow field. The expression for the 
steady mass flux as given in equation 2.15 for a 
laminar boundary layer over the disk, was thus 
obtained. This equation as mentioned in section
2.2.3 allows maximum rate of transport of a species 
to or from the electrode surface to be estimated.

Riddiford^®^ in a recent paper has presented a very 
. good review of this system.

Rotating Cylinder System: The main drawback of
this particular geometry is that the flow conditions 
become turbulent at very low Reynolds numbers.

Gabe and R o b i n s o n d e r i v e d  a mass transfer equation, 
similar to that for the rotating disk, by considering the 
fluid divided in three zones or regimes. This equation 
may be written as follows:
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J = b v 0 -6 7 d“0 *3 3 y_0 *3 3 D 0 ' 6 7 (Cb-Cs) (2.18)
where: V = peripheral velocity (cm/sec.)

d = cylinder diameter (cm) 
b = constant

The other variables symbols has been defined previously.
Empirical equations have also been derived for this 

type of system such as:
J = 0.079 V 0 '7d- 0 *3 y"0 -3 4 4 D°'644Cb (2.19)

Both equations allow us calculation of mass transfer 
coefficients for cementation reactions, although end 
effects may be significant when the lenght to diameter of 
the cylinder reaches a critical value.

- Particulate System: The main drawback of this
approach is that a theoretical treatment of mass 
transfer to suspended particles is extremely
complex and has not been completely developed.

(82)Semi-empirical relationshipv ;  for single spheres 
such as:

Sh = 2.0 + 0.6 Re0 * 5 Sc0 * 3 3 (2.20)
have been developed, where:

Sh = Sherwood number, K* d/D 
Re = Reynolds number,Vd/y 
Sc = Schmidt number, D/y 

The above relationship may be used to calculate the 
minimum mass transfer coefficient K*, knowing the slip velo­
city (terminal settling velocity) v and hence the particle
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Reynolds number.
Although little research has been done on this type

of hydrodynamic system in connection with cementation re-
167)actions, Nadkarni found some agreement between theoreti­

cally estimated and experimentally determined mass transfer 
coefficients for the Cu++/Fe system.

Mass transfer coefficients, Kc, for particles suspend-
(83)ed in agitated tanks were measured by Harriott , for 

particles of different diameter and correlated in terms 
of the power input per unit volume raised to the one third 
power. This correlation produced characteristic slopes 
for different particle sizes regardless of the system used 
to obtain Kc. Harriott further found it was convenient 
to normalize the values of the Kc measured with respect 
to the values of Kc* calulated from equation 2.20 and cor­
relate therefore,"standard" conditions of this investi­
gation, against the particle diameter. The use of the 
latter correlation to obtain mass transfer coefficients 
thus involved finding Kc* for the particle size of interest, 
from which Kc for "standard" agitation conditions could be 
determined. This value of Kc could now be extrapolated 
to the actual agitation conditions using the slopes of the 
former correlation.

- Electrochemical Techniques: According to Antropov^72*,
the plotting of curves relating electrode potential 
to current density are essential to the basic investi-
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gation of electrochemical reactions. These plots are 
called current-potential or polarization curves and can 
vary with solution composition, temperature, stirring 
velocity of the electrode, etc. In order to provide 
clarity to the word polarization, it has been defined 
as "a change in the electrode potential as current flows 
to or from it". This variation of the potential is a 
very particular property for each system and it therefore 
provides a means of determining which rate controlling 
mechanism is predominant in an electrochemical reaction.

There are two methods of generating these curves 
as follows:

Potentiostatic method, in which the potential of 
the test electrode is adjusted to a specified value 
which can be maintained constant and the current 
density is measured.
Galvanostatic method, where the current density is 
kept constant and the variation of the potential 
is measured as a function of time until it reaches 
a constant value.

The most recommended procedure is a combination of the 
two systems.

These curves are plotted on a current-potential co­
ordinate system, sometimes called Evans diagram, especially 
when they are used for corrosion studies, as can be seen in 
the Fig. 2.2
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Fig. 2.2: Evans Diagram



T 1867 54

Although the resulting curves are not linear, they 
can, however, be linearilized in the Tafel region. The 
two most important bits of information which may be ex­
tracted from the above figure and serve for their interpre­
tation are the slope of the Tafel line and the point of 
intersection of the anodic and cathodic curves.

2.2.5 Peculiarities of Cementation Reactions
Perhaps the characteristic of cementation systems 

most indentifiable, as different from other heterogeneous 
reactions, is the influence that the surface deposit exerts 
on the rate of reaction; sometimes enhancing and sometimes 
inhibiting it.

Because of this contrasting influence of the surface
deposit on the reaction rate, the nature of these enhancing
and inhibiting effects has been the matter of many theoretical
speculations, based mainly on experimental evidence. Some 

/ 6 6 )researchers ' ' consider that the varying physical appear­
ance of the surface deposit is responsible for the enhancing

(55)effect. Others suggest the formation of an alloy or
intermetallic compound may explain the same behavior.

It has been s h o w n t h a t  the cementation deposit, 
similar to those obtained by electrolysis, can be influenced 
by hydrodynamics, concentration, temperature, etc. Of 
course, in this natural reaction the current density cannot 
be independently varied via on external circuit.

In order to account for the influence of the surface
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deposit on the rate of reaction, Miller states that it 
can be very well related to the variation of the reaction 
rate constant with temperature and initial concentration 
of the noble metal ion.

With respect to changes on the initial concentration 
in the Cu++/Fe system, Miller realized that the rate con­
stant tended to increase as the initial copper concentration 
was increased in the range of dilute solutions (<1 0 0 ppm). 
However, in the range of concentrated solutions, the react­
ion rate constant decreased as the initial concentration 
of the noble metal ion was increased. For the case of 
Cu++/Fe, at 45°C, the following figure can be shown:

5  3.0
o 2.0-
cr>
R 1.0 -

200 2000 
Initial Cu+ t Concentration (ppm)

Fig. 2.3: Variation of the rate constant k with initial copper 
concentration 

Miller further states that this behavior might be
attributed to three possible things:

The variation of the activity coefficient with con­
centration in the region of concentrated solution, 
but even in that case, the changes on the reaction 
rate constant cannot be explained quantitatively
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in terms of the decrease in the activity of the 
noble metal ions.

- The variation of the rate constant with concentra­
tion can be made comparable with the behavior of the

/pc\diffusion coefficients, although Nicol , in a
(64)recent discussion of Miller's paper shows that

the maximum of the rate constant and that of the 
diffusion coefficient, do not coincide for the 
Cu++/Fe system.

- Another approach used to explain this anomaly is 
based on a surface roughness effect. Accordingly,
the effective surface area is considered to increase at 
low initial concentrations up to a critical point 
and then decrease at higher concentrations. The 
surface roughness factor is taken to be the ratio 
of the actual cathodic area to the area of the 
smooth surface and can have values greater than and 
less than 1 .

The enhancement effect produced in rotating disks
after an initial reaction period has been explained by the

(6 6 )Australian researchers Strickland and Lawson in terms
of a two-step process. During the initial period, where 
the reaction follows Levich's equation, the behavior can 
be visualized in terms of a diffusion process to a smooth 
surface. The subsequent enhanced rate occurs when a critical 
mass of the surface deposit has formed, generally between
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20.2 to 0.4 mg/cm . Once the critical deposit has been 
achieved, the cementation surface exceeds a certain 
roughness, which gives as result increased microturbulence 
in the boundary layer and hence, an increased mass transfer 
coefficient.

With reference to the variation of the reaction rate 
constant with temperature, it is apparent that successful 
correlation of this behavior is possible using an Arrhenius 
plot. Miller affirms that the different values of 
activation energies (from 3 to 45 Kcal/mole) obtained for 
several cementation systems may be just a consequence of 
the surface deposit produced by the temperature sensitivity 
of the reaction rate. He supports this statement on the 
study that he carried out with Beckstead^^ , where they 
showed that in the absence of surface deposit, the activa­
tion energy for the Cu++/Fe system is constant for a tem­
perature range between 10 and 60°C and is equal to 4.55 Kcal/ 
mole.

Another observed and perhaps expected effect, which is 
particularly worthwhile mentioning is the influence that 
other metallic ions can exert on the reaction rate. It 
is also very closely related with the nature of the surface

/ o  C  \deposit. Ingraham and Kerbyv , while studying the cementa­
tion of cadmium on zinc observed that the addition of copper 
and arsenic to the buffered sulfate solution resulted in 
and increased significant cadmium precipitation with the
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formation of the alloy Cc^Cu. Furthermore, recent papers 
(58,59) Qn cementation of cobalt with zinc have also 
reported an increase in the rate of reaction when ions 
such as Cu, As, Te and Hg were present in the reacting 
system.

Explanations for this type of behavior have been
(55)given by Fischer-Bartelk and coworkers who state that

the "noble metals form intermetallic compounds of very
high heat of formation and turn the potential for the
reation more positive". In order to takle this problem
of codeposition, it is clear that considerations of alloy 

(87)formation have to be taken into account.
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Chapter 3 

THEORETICAL CONSIDERATIONS

Thermodynamic equilibrium analysis of the main reactions 
involved and a comparison of equilibrium constants and

J.Xcobalt concentrations for the systems Co /Zn and Co , ASO2 H/ 
Zn are presented in the first section of this chapter.

The cell potential developed in a galvanic short- 
circuited system, together with general concepts of hydro­
gen overpotential are considered in the section dealing with 
kinetic aspects.

Finally, fundamental ideas on the hydrodynamics of 
suspended particle system are briefly discussed.
3.1 Thermodynamics

The reactions involved in these systems are electro­
chemical in nature, wherein the conduction of electrons 
through a conducting medium occurs, therefore it is possible 
to identify two half-cell reactions.

3.1.1 Main Reactions Involved
The reactions which need to be considered in 

this investigation are the following:
Co++ + Zn = Co + Zn++ (3.1)
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Cu++ + Zn = Cu + Zn++ (3.2)
2H+ + Zn = H2 + Zn++ (3.3)

2HAs02 + 3Zn + 6H+ = 2As + 3Zn++ + 4H20 (3.4)
2H+ + Co = Co++ + H2 (3.5)
Cu++ + Co = Co++ + Cu (3.6)

2HAs02 + 3Co + 6H+ = 3Co++ + 2As + 4H20 (3.7)
The half-cell reactions and free energy data^®) are 

shown in Tables A1.2 and A1.3 respectively.
The cobalt cementation reaction is described by reaction 

(3.1) and accounts for the precipitation of cobalt. However, 
because of the morphology and chemical behavior of the 
system, reactions (3.5), (3.6) and (3.7) may occur and
produce a redissolution effect. Equations (3.2), (3.3) 
and (3.4) are side reactions which may affect the kinetics 
of the cementation process, retarding or enhancing cobalt 
precipitation.

Subsequently, the equilibrium cobalt concentrations in 
two different systems will be calculated to support the 
experimental findings; at least qualitatively.

3.1.2 Comparison of Equilibrium Conditions for the 
Systems Co++/Zn and Co~H ~, AsOpH/Zn 
As seen before, the main reaction in the system

Co++/Zn is:
Co++ + Zn = Co + Zn++ (3.1)

and on using the free energy data available in Table A1.3 it 
can be shown that:
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K'*‘25°c = 2.75 x 101 6  = <3‘8)

From preliminary experimental results, a characteris­
tic zinc concentration for this system when reaction ceased 
(as evidenced by little or no further decrease in cobalt 
concentration) occurred at 120 mg./I (1.85x10”  ̂moles/liter). 
Then the expected equilibrium cobalt concentration would 
be:

. (3.9)
Co++ = .1.85 x 10 moles/liter = 0>69 x 10-19moies/liter

2.75 x 1016
This is practically zero concentration of cobalt which 

of course was not achieved in practice because kinetic con­
siderations have to be taken into account.

Now, for the system Co++, As0 2 H/Zn, an equation is 
going to be postulated where it will be assumed that the 
formation of the intermetallic compound AsCo occurred, 
experimental evidence for which has been reported in previous 
references. (56,57)

The two main cathodic half-cell reactions would be:
ASO2H + 3H+ + 3e~ = As + 2H20 (3.10)

and Co++ + 2e“ = Co (3.11)
In order to account for the intermetallic compound for­

mation, will need to consider the following reaction:
Co + As = (CoAs )j #q # (3.12)

Free energy data(**^ for the formation of intermetallic 
compounds in the system As-Co is provided in Table A1.4.
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Thus, by combining these three intermediate reactions,
the overall cathodic reaction is obtained:

As02H + 3H+ + Co++ + 5e“ = (CoAs)j#c< + 2H20 (3.13)
The anodic reaction is the zinc dissolution:

5/2 Zn = 5/2 Zn++ + 5e~ (3.14)
Thus, the following overall reaction is now:

2As02H + 6H+ + 2Co++ + 5Zn = 2(AsCo)j c + 5Zn++ + 4H20
* * (3.15)

From free energy data, the value of the equilibrium
constant was calculated to be:

k" 25°C = 3 * 2 x loll° (3.16)
Also in terms of activities of the species involved:

.. _ (CoAs) IC (zn++) 5 (H2°)K 25°C -       ^ (3 i7\
(as02 Hj (h+) (co++) (znj

Assuming that all the condensed phases and water have
an activity of 1 , then the expression simplifies to:

S
HK 25°C = ( Zn++)

/ \2 / +\6 i ++) 2 (3.18)(As02 h) \H j (Co j

From which:
1/2

Co++ = < (zn++) 5
(3.18a)

(as0 2 h) (h+) k" 2 5 oc
J

Again, from preliminary experimental data, the following 
values for species concentration may be used for demonstration 
purposes: Zn++ = 100 mg/1 = 1.53 x 10”^M; H+ = 0.24xl0”^M
(pH s 6.62) and As02H = 10“4M, from which:



T 1867 63

Co++ = 3.7 x 10 ^  moles/liter (3.18b)
If this value is compared with the corresponding one for 

the system Co++/Zn, it is immediately evident that lower 
equilibrium concentration of cobalt are possible for the 
system Co++, AsC^H/Zn. Thus, higher cobalt extraction 
might be expected. Of course, these considerations do 
not recognize kinetic effects as well as other physicoc.'-=:;.i 
chemical behavior which may occur. In addition, although 
these equilibrium calculations are for 25°C, it is not 
unreasonable to assume that extrapolation to actual exper­
imental temperatures (<95°C) would be valid, at least on a 
relative basis. The enormous order of magnitude difference' 
in cobalt concentrations between the two systems, it is f

felt, provides some reliability of this extrapolation.
3.2 Kinetics

In this section, electrochemical considerations concern­
ing the development of a mixed potential for a short-circuited 
galvanic cell are discussed. Basic principles applicable 
to the hydrogen evolution reaction are also considered.

3.2.1 Electrochemical Theory of Mixed Potentials 
The mixed potential theory ̂ 2, 90, 91,92) j^g 

been developed in order to explain corrosion processes.
The electrochemical behavior of a contact reduction system 
can be treated in a very similar way. The main difference 
is in regard to the precipitate formed in a cementation 
system covering the initial precipitant surface. This
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could have a profound effect on the rate as the reaction 
proceeds, depending on the morphology of this deposit.

In order to establish what is meant by the terms 
"equilibrium potential" and "steady-state potential", these 

will first be defined. Respectively they are:
the potential developed on an electrode when 
a single exchange reaction between a metal and 
its ions in solution occurs such that no net 
reaction results.

- the thermodynamic potential achieved by the elec­
trode when two or more individual exchange react- 
tions, each of which involves reaction between an 
oxidized and reduced species at the electrode 
surface occurs, so that there is a net rate (current) 
for at least two of the exchange reactions. In 
this situation, charges are transferred across the 
electrode surface by at least two ionic species 
instead of just one. Should a constant potential 
be developed this does not necessarily imply the 
attainment of the equilibrium state. It only 
indicates that the total number of charges crossing 
the interface in one direction is equal to the

i
total number of charges crossing it in the opposite 
direction. This steady-state mixed potential will 
in general correspond neither to the equilibrium 

• potential of anodic reaction nor to the equilibrium
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potential of the cathodic reaction. Rather, it 
will be a certain compromise potential which 
will be a function of the relative rates of all the 
partial reactions. Its actual position will be 
determined by the exchange currents of the compet­
ing reactions.

The following figure may help in elucidating 
the concepts discussed above.

•M+z

— METAL-(M) SOLUTION (S)

H.

Fig. 3.1: Mixed Potential in a Two-Species System
If it were possible to isolate just portion A of the 

piece of metal, then between points 1 and 2 an equilibrium 
potential would be developed, that could be calculated 
using the Nernst equation. But the situation changes when 
parts A and C are contacted. It it is assumed that the 
metal in part A has a greater tendency to go into solution
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than that in part C, then a transfer reaction between 
points 3 and 4 should develop where the electrons left by 
the ionization of metal M, would be used in discharging 
hydrogen ions. Therefore, in order for the two reactions 
to continue and realizing that the system is short-circuited, 
the potential difference between points 1 and 2 and points 
3 and 4 should be almost the same, and its magnitude must 
lie within a value which satisfies both anodic and cathodic 
reactions.

There is however another phenomenon concerning the 
hydrogen evolution reaction which has to be considered.
Which cathodic site will be chosen by hydrogen to evolve? 
Inevitably at this point, it is needed to introduce the 
concept of hydrogen overpotential. In simple words, the 
hydrogen overvoltage of a certain cathodic material is 
just the "resistance" that the metallic surface offers to 
hydrogen in order to carry out the hydrogen evolution re­
action. A quantitative approach to this behavior can be 
obtained by the well known Tafel equation given below and 
obtained experimentally:

r\ = a + b log i (3.19)
where n = overpotential (volts)

i = current density (amperes/unit area)
"a" and "b" = Tafel constants 

An idea of the "resistance" for hydrogen evolution 
offered by a particular metallic surface can be obtained
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by the magnitude of "a"? "b" is almost constant for the 
great majority of metals.

There is strong evidence that the hydrogen evolution 
reaction on certain solid surfaces controls the compromise 
potential. This explains why, in cementation systems, cer­
tain metals which have already been deposited tend to re­
dissolve. This would occur if the compromise potential 
adopts such a value that might convert an initially catho­
dic material into an anodic one.

In addition to discharge of the hydrogen ions, the 
combinationreaction of the newly formed hydrogen atoms 
to form hydrogen gas also has to occur otherwise the 
electrode would become polarized (it is recognized that 
atomic hydrogen can also diffuse into the solid electrode). 
This association reaction results in an overpotential which 
depends on the nature of the solid electrode. It may be 
considered that this overpotential is indicative of the 
"driving force" required for the association of hydrogen 
to occur at a given rate (it of course also includes the 
contribution required for the rate of discharge of the ions 
to form hydrogen atoms initially).

For the case where more than on species might be parti* 
cipating in a cathodic reaction, the situation shown in 
Fig. 3.2 may exist after some time has elapsed.
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------------ METAL-(M)----------------------SOLUTION (S)

■*M+Z

METAL (N)
*•H

N+z « H*

Fig. 3.2: Mixed Potential on a Three-Species System
In order for the species M to be ionized, it is clear

that the reduction potential for M must be smaller (larger
negative value) than that for hydrogen ions and/or the ionic
species N. Thus, depending on the compromise electrode
potential achieved, it is possible for one of several situa-

+Ztions to arise: both hydrogen ions and N are discharged;
only hydrogen is discharged (compromise potential larger

+z +zthan the equilibrium potential for N/N ); or only N
is discharged (compromise potential larger than the over­
potential for H2/H+ which in turn is smaller than that for 
N/N+Z).
3.3 Hydrodynamic s

The motion of the solid particles and fluid in this
study may be ascribed as having the same characteristics
of so called "suspended particle system".

(93)Theoretical considerations' 1 for mass transfer to 
suspended particles include these possible mechanisms:

- Forced convection 
Free convection 
Radial diffusion.
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The size of the solid particles involved is the 
main parameter in deciding which of the above mechanisms, 
under limiting conditions, will predominate.

With relatively large and heavy particles, a slip 
velocity is developed, therefore, creating a laminar bound­
ary layer around the particle. The major resistance to mass 
transfer occurs through this laminar film and depends on 
the molecular diffusivity, viscosity of the fluid and on 
the thickness of the laminar film.

On the other hand, when the particles are relatively 
small and light, the suspended phase tends to move with 
essentially no slip relative to the circulating fluid. In 
this case, mass transfer occurs by radial diffusion.

The fluid in such systems can be in either laminar 
or turbulent flow. An effective or turbulent diffusivity 
can be used to characterize mass transfer.

A quantitative approach for such a system can be 
expressed by the following semi-empirical relationship:

Nsh = A + B NPRe NRsc (3.20)
where: Nsh = Sherwood number = k d/D

NRe = Reynolds number = v d/v 
Nsc = Schmidt number = D/v 
K = mass transfer coefficient 
d = diameter of particles 
D = molecular diffusivity 
v = Kinematic viscosity
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v = particle "slip" velocity
A,B,P and R are constants, at least within a limited

range.
In the above equation, the first term can be consider­

ed as a contribution of radial diffusion through a stag­
nant laminar film and is the predominant mechanism for the
so called "small particle size flow regime". Most authors 
agree that the value of A is 2 (this may be verified theore­
tically for a single spherical particle). The second term 
on the right side is the contribution of forced convection 
and becomes the predominant mechanism at "large particle 
flow regime". Correlation of experimental data is often 
attempted using equation 3.20.

The behavior of agitated systems containing small 
particles is rather complex since the presence of eddies 
produced by the impeller can affect the mass transfer in 
the fluid layer next to the particle. It would appear 
that as the particle size (<205y) approaches the turbulence 
microscale boundary layer development, which is usually 
associated with,the second term on the right hand side of 
equation 3.20, becomes unimportant. Radial diffusion in 
which the microturbulence penetrate the film around the 
particle now becomes important. In any case, for small 
particles, an increased mass transfer coefficient is 
obtained .
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Chapter 4 

EXPERIMENTAL

Cementation experiments were performed in a conical 
glass flask (erlenmeyer), with a working volume of 2 1 0  mis, 
which served as the reactor. Solutions of known concentra­
tions of the required ions were prepared and mixed in the 
reactor to produce the desired test concentrations, brought 
to temperature, then allowed to react with zinc metal 
that served as precipitant. The following sections contain 
details of the reactor system, chemical reagents and exper­
imental procedure. The chapter is concluded with a section 
of general observations made during the runs. Fig. 4.1 
shows a sketch of the experimental equipment.
4.1 Reactor System

The main components of the reactor system were: a
heating/stirring unit, temperature measurement system and 
a glass reactor.

4.1.1 Heating/Stirring Unit
A 6 in. x 6 in., Cole Parmer Model No. 4812 

magnetic stirrer with hot plate. The unit contained a 
solid state electronic temperature control circuit to 
minimize overshot and maintain a constant temperature.
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In addition, an external thermistor probe could be inserted 
into the liquid to provide a temperature control signal 
for the heating unit. Tests carried out on the unit in­
dicated that at control temperature and with the thermistor 
probe in the control circuit, temperature variation was 
± 0.5°C.

The rotational speed of the magnetic rod during the 
runs was measured with a General Radio Model 1531 strobo­
scope .

4.1.2 Temperature Measurement System
A type K thermocouple with melting ice cold- 

junction connected to a laboratory type potentiometric 
recorder (YEW LER 3042, Yewtec Corp.). The mV span used 
enabled temperatures to be discriminated to - 0.5°C. The 
temperature was obtained by using standard type K Thermo­
couple Tables.

4.1.3 Glass Reactor
An Erlenmeyer flask was chosen as the reactor.

A small vent tube was provided in the neck of the flask 
to allow expansion of gases during heating and the escape 
of hydrogen formed during the reaction. The reactor closure 
consisted of rubber stiffer with three holes, one for in­
serting the thermistor probe, the other for the thermo­
couple and a third one to inject zinc dust at the start of 
an experiment as well as for taking samples (during the run). 
That part of the reactor vessel not in contact with liquid
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was insulated to prevent under cooling and thus condensa­
tion of water vapor. A Teflon covered magnetic rod, placed; 
in the solution at the bottom of the flask and driven by 
the magnetic stirrer under the hot plate, provided agitation 
of the reactor contents.
4.2 Chemical Reagents

Chemicals used in the experiments were of the following 
specifications:

Cobalt Sulfate (Crystals C0 SO4 . 7H2 0). Analytical 
Reagent from Mallinckrodt Chemical Works.

- Cupric Sulfate Anhydrous (Powder CuSO^). Analytical 
Reagent from Mallinckrodt Chemical Works.

- Arsenic Trioxide Primary Standard (Powder) Analytical 
Reagent from Mallinckrodt Chemical Works.

- Zinc Metal (Dust) from Mallinckrodt Chemical Works. 
Zinc Granular (-65+100 Mesh) Zn = 99.8% from Baker 
Analyzed Reagent.
Zinc Oxide (Powder) ZnO s 99.5% Baker Analyzed 
Reagent to prepare zinc sulfate solutions.

- Sulfuric Acid Reagent Grade.
Hydrochloric acid solution of pH = 2 to serve as 
matrix for analyzing cobalt in concentrated sulfate 
solutions.

4.3 Chemical Analysis
The solutions were analyzed for cobalt, copper and zinc 

using a Perkin-Elmer 306 Atomic Absorption Spectrophotometer.
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*
Arsenic in solution was not analyzed.

The pH was determined using a Radiometer pH M62 
Standard meter with a single combined glass/calomel elect­
rode.
4.4 Experimental Procedure

The solutions for the cementation runs were prepared 
by combining aliquots of solutions of the desired ions.
The working volume was 210mls. and as much as lOmls. were 
removed during a,run for samples. In order to start a run, 
the solution was heated up to the working temperature, being 
careful not to overshoot the run temperature and thereby 
minimize evaporatioh losses. The start of the experiment^ 
was marked when the precipitant material (zinc) was intro­
duced into the solution. During the first experiments, 
samples were removed at 10, 30, 60 and 12 0 minutes. In 
other runs, the sampling time was shortened so as to obtain 
data during the initial stages of the cementation. In all 
tests, a sample of the initial solution was taken. The 
rotational speed was fixed at 1160rpm; this corresponded 
to a fixed mark on the speed control knob of the hot plate 
and also provided complete suspension of the solids.
4.5 General Observations

Visual observation of the reacting system during most 
of the experiments were noted and are summarized here.

During the runs carried out with granular zinc, hydrogen 
evolution as evidenced by bubbles coming from the reactant
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particles was observed. As time elapsed during the run, 
the initially gray zinc particles changed to black. When 
the concentration of copper was large, the precipitant 
particles acquired the redish color characteristic of copper 
deposits. The particles readily settled on the bottom 
of the reactor when the stirring was stopped for removal 
of a sample.

On the other hand, when zinc dust was used as precipi­
tant, on contacting the solution, they turned black almost
immediately. It was also possible to observe the hydrogen 
gas evolution through bubbles, but it was not as evident 
as for granular zinc. When the stirring was stopped dur­
ing the removal of samples, very fine particles remained 
in suspension and inevitably some were withdrawn with the 
sample of solution. The above mentioned phenomenon was 
more pronounced when copper was present at high concen­
trations and appeared to be particles of copper which had 
become disengaged from the zinc. The sample of solution 
was allowed to settle completely, in a vial, before an
aliquot was removed for analysis. Since the sample cooled
to room temperature rather quickly, any further reaction, 
with the fine particles in the sample vial, was effectively 
quenched.
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Chapter 5

PRESENTATION, DISCUSSION AND ANALYSIS OF 
EXPERIMENTAL RESULTS

In order to achieve the objective of this study, 
namely, an understanding of cobalt contact co-reduction 
with arsenic and copper from aqueous electrolytes using 
zinc metal as precipitant, a sequential approach was 
followed. To achieve an adequate insight into this com­
plex cementation system, it was decided to study the follow­
ing systems in the order given: Co++/Zn, Co++, Cu++/Zn,
Co++, As0 2 H/Zn and Co++, Cu++, AsC^H/Zn. The behavior 
with and without initial zinc sulfate concentrations were 
also explored. The initial cobalt concentration, unless 
otherwise stated was 50ppm. Experimental data from select­
ed runs are shown in Appendix A2.

Measurement of activation energies were carried out 
for the systems Co++/Zn and Co++, Cu++, AsC^H/Zn using 
initial rate data.

The influence of initial cobalt concentration at 
two pH(25°C) values was determined for the system Co++/Zn 
when an excess of zinc dust was used.

Photomicrographs of cementation residues obtained 
during selected runs are shown.
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Finally, an electrochemical model is proposed for 
this complex cementation system, where the rate equa­
tions are expressed as a function of potential differences? 
the most obvious driving force for an electrochemically 
controlled reaction.
5.1 Preliminary Work

During this initial part of the investigation, exper­
iments were carried out to develop a qualitative under­
standing of each of the systems chosen and to identify 
optimum concentrations for copper and arsenic which would 
achieve the highest initial rates for cobalt cementation.
The results are shown in selected plots, where the condi­
tions for each run are stated together with the figure 
caption.

5.1.1 Co++/Zn: Figs. 5.1, 5.2, 5.3 and 5.4 depict
the effect of temperature, initial pH (at 25°C), initial 
zinc sulfate concentration and precipitant particle size 
respectively on the behavior of the system. The amount 
of zinc metal used corresponded to approximately ten times 
the stoichiometric amount required to precipitate the 
cobalt present. This amount is equivalent to 550 mg. per 
liter. Except for the run carried out with zinc dust and 
shown in Fig. 5.4, all runs were carried out with gran­
ular zinc (-65 + 100M). At 36°C the rate of cobalt re­
moval is quite small and a significant rate is only achieved 
at 85°C (during the preliminary runs the reactor was not
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Fig. 5.1: Influence of Temperature on Cobalt Cementation.

Conditions: Initial pH(25°C) = 2.82, Initial
Co++ = 66.7ppm, Granular Zn(-65+100M) - 10 
stoich. amt.
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Fig. 5.2: Influence of Initial pH(25°C) in Cobalt Cementation.

Conditions: Initial Co++ = 60.0 ppm, Temperature =
85°C, Granular Zn(-65+100M) - 10 times stoich. amt.
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20 INITIRL ZINC CDNCENTRBT1ON 
* ZN s 110.0 HE/L+ ZN = 0.0 HE/L

10 20 30 H0 £0 E0 70 G0 90 100 110 120 TIHE (HINUTE5)
Fig, 5.3: Influence of Initial Zinc Concentration in Solution.

Conditions: Initial pH = 6.00, Initial Co =60.0 
ppm, Temperature = 85°C, Granular Zn(-65+100M) - 10 
times stoich. amt.
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Fig. 5.4: Influence of Precipitant Particle Size in Cobalt
Cementation. Conditions: Initial pH(25°C) =
2.70, Initial Co++ = 55.0ppm, Temperature = 86°C 
Zn - 10 times stoich. amt.
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lagged and severe condensation occurred in the neck of the 
flask, if temperatures higher than this were used). How­
ever, even at this temperature 60% of cobalt still remains 
in solution after two hours. The runs in Fig. 5.1 were 
carried out with an initial pH(25°C) of 2.82 and at 85°C? 
now, when the run is repeated with an initial pH(25°C) 
of 6.00, there is a dramatic increase in rate which is 
shown in Fig. 5.2 where almost 80% of cobalt is removed 
from the solution. The effect of initial zinc concentra­
tion is shown in Fig. 5.3 where it can be seen that when 
the "best" condition of temperature, and pH are used, the 
presence of only 110 mg/1 of zinc in solution has a serious 
inhibiting effect. Finally, in Fig. 5.4 the effect of 
particle size of zinc metal is displayed by repeating 
the low pH run at 85°C, using zinc dust. Instead of 60% 
cobalt remaining in solution, there is now only 35% (65% 
removal of cobalt). In summary, this series of tests 
indicated that low initial pH and zinc in solution exerted 
an inhibiting effect on the rate of cobalt precipitation. 
Increase in the reaction rate was obtained when the tem­
perature was increased to 85°C and also when the particle 
size was decreased.

5.1.2 Co++, Cu++/Zn: This system was studied with
respect to initial copper concentration and Fig. 5.5 shows 
its behavior. In both runs, the initial pH(25°C) was 
chosen to be 2.60 and granular zinc (-65 + 100M) was used



% CD
BRLT

 (
IN 5

DLN
.)

T 1867 84

100

H0

COPPER CONCENTRATION * CO = 2EE.0 HE/L

■ji
TIHE (HINUTE5)

Fig. 5.5: Influence of Copper Concentration in Cobalt
Cementation. Conditions: Initial pH(25°C) =
2.60, Initial Co++ = 50.4ppm, Temperature = 
86°C, Granular Zn(-65+100M) - 10 times stoich. 
amt.
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as precipitant with an excess over the stoichiometric 
amount to precipitate cobalt of about 10 times. The tem­
perature was held at 86°C and the experiments lasted two 
hours. In the run where the higher initial copper concen 
tration was tested, the curve showing the percentage of 
cobalt in solution exhibited a minimum at about 30 min­
utes where cobalt in solution was approximately 65% of 
its initial value. From 60 to 120 minutes, the cobalt 
content in solution remained almost constant unchanged 
at a value of 80% of the initial concentration. When 
the lower initial copper concentration was investigated, 
the cobalt content in solution now decreased to about 
30% at 60 minutes and then increased slightly to about 
40% at two hours. It can be seen that the initial rates 
of cobalt removal are not appreciably different. The 
basic difference is the point at which cobalt redissolu­
tion occurs; appears to decrease as the initial copper 
concentration in solution is decreased. However, on 
re-examining the 85°C run in Fig. 5.1, it is clear that 
this trend will only continue to some optimum initial 
concentration of copper.

5.1.3 Co++, AsC^H/Zn: In Fig. 5.6, the influence
of initial arsenic concentration on cobalt precipitation 
may be seen. In order to be able to carry out compari­
sons with respect to the influence when copper was used 
as an additive, the general experimental conditions were
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RR5ENIC CDNCENTRRTIDN 
* R5 = 30.0 MG/L+ R5 = 50.0 HE/L
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Fig. 5.6: Influence of Arsenic Concentration in Cobalt
Cementation, Conditions: Initial pH(25°C) =
2.60, Initial Co++ = 50.0ppm, Temperature = 
86°C, Granular Zn(-65+100M) - 10 times stoich. 
amt.
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maintained constant, that is, the initial pH(25°C) at
2.60, the temperature at 86°C and 10 times the stoichio­
metric amount of zinc required to precipitate cobalt.
In this case, the levels of arsenic concentration were 
chosen to be 30 and 50ppm. When the initial arsenic 
concentration was fixed at 30 ppm, the curve leveled 
off at about 60 minutes when the cobalt concentration was 
10% of the initial value. Moreover, the cobalt content 
in solution did not increase as was observed for the 
Co++, Cu++/Zn system. At the initial arsenic concentra­
tion of 50 ppm, the curve was similar to that for 30 
ppm; however, a slightly higher initial rate and extraction 
were achieved. Again, there was not redissolution of 
cobalt. Summarizing, it appears that the presence of 
arsenic results in higher cobalt initial reaction rates 
and extractions; this is apparent on examining the curve 
for 85°C in Fig. 5.1 when no additive is present.

5.1.4 Co++, Cu++, As02H/Zn: Figs. 5.7, 5.8, 5.9,
5.10 and 5.11 are used to represent the behavior of the 
system Co++, Cu++, As02H/Zn when the initial copper and 
arsenic concentrations, particle size and initial pH(25°C) 
are varied within certain limits. The general experimental 
conditions were chosen so that comparisons could be made 
with previous runs where arsenic was not present. In 
Fig. 5.7, for a fixed concentration of coper (35 ppm), 
arsenic concentration was varied between 10 and 30 ppm. A
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ARSENIC RND COPPER CDMCENTRflTI0N5 * R5 = 10.0 HG/Ll CU = 3E.0+ R5 = 30.0 ME/LJ (HE/L)

70

10 20 30 H0 £0 E0 70 B0 90 100 110 120 TIHE (MINUTES)
Fig. 5.7: Influence of Arsenic and Copper Concentrations

in Cobalt Cementation. Conditions: Initial
pH(25°C) = 2.60, Initial Co++ = 50ppm, Initial 
Cu++ = 35ppm, Temperature = 86°C, Granular Zn 
(-65+100M) - 10 times stoich. amt.
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Fig. 5.8: Influence of Arsenic and Copper Concentrations in

Cobalt Cementation. Conditions: Initial pH(25°C)
= 2.60, Initial Co++ = 50.0ppm, Initial As = 30ppm, 
Temperature = 86°C, Granular Zn(-65+100M) - 10 
times stoich. amt.
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Fig. 5.9: Influence of Precipitant Particle Size on Cobalt

Cementation for the best conditions found of 
copper and arsenic concentrations. Conditions: 
Initial pH(25°C) = 2.60, Initial Co++ = 50.0ppm, 
Intial Cu = 15ppm, Initial As = 60ppm, Temper­
ature = 86°C, Zn - 10 times stoich. amt.
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Fig. 5.10: Influence of Initial pH(25°C) in cobalt cementation 
for the best conditions found of copper and arsenic 
concentrations. Conditions: Initial Co++ = 50.0
ppm, Initial Cu++ = lS.Oppm, Initial As = 60.0ppm, 
Temperature = 86°C, Zinc Dust - 10 times stoich. 
amt.
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Fig. 5.11: Influence of the Different Additives on the Complex 
System Co+,* Cu*+ AsC^H/Zn. Conditions: Initial pH
(25°C) = 2.60, Initial Co++ = 50ppm, Temperature = 
86°C, Zinc Dust - 10 times stoich. amt.
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higher initial rate and extraction is obtained with in­
creased arsenic concentration. When copper is present 
for 30 ppm of initial arsenic, a higher initial rate of 
reaction is obtained than when copper is absent (Fig. 5.6). 
In the first 10 minutes of the reaction only 40% of cobalt 
remains compared with approximately 60% when copper was 
absent in the solution. However, maximum extraction was 
obtained when copper was absent (90% compared with 85%).

In Fig. 5.8, it can be seen that when the high 
initial copper concentration is used with 30 ppm arsenic, 
only slightly lower initial rates were obtained, the 
cobalt extraction at about 10 minutes being only about 
5% lower. In addition, at the higher initial copper con­
centration, the curve also displays a minimum and then 
continues to increase. From the above results, it is 
apparent that high initial copper concentrations are not 
desired, although copper appears to be necessary in 
order to achieve slightly high initial rates. The best 
compromise would be where enhancement in the rate is 
obtained with no redissolution.

Fig. 5.9 shows curves for an "optimum" set of con­
ditions, in which different size of precipitant material 
were used. The dramatic increase in rate obtained is 
immediately evident. When granular zinc is used, the de­
crease in cobalt concentration is now as drastic as when 
zinc dust is employed. Moreover, zinc concentrations in
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solution of both runs were very different,higher when 
granular zinc was used. Appendix A2.2 shows zinc con­
centrations for those runs. When zinc dust is used, the 
initial cobalt concentration decreases from 50ppm to 
about 1.0 ppm resulting in almost 98% extraction at just 
about 10 minutes of reaction time. Another significant 
difference between these two curves is with respect to 
the redissolution effect that is observed just only when 
zinc dust is used as precipitant. Fig. 5.10 presents curves 
for different initial pH(25°C) values and it is clearly 
seen that the hydrogen ion activity mainly influences 
the redissolution portion of the curve. The high initial 
rates of reaction were found to be practically the same.

Fig. 5.11 shows an overall comparison of the behavior 
of the different systems when "optimum" concentrations 
of copper and arsenic were used. The other operating 
conditions were: a pH(25°C) of 2.60, temperature 86°C 
and zinc dust with an excess of 10 times the stoichio­
metric amount to precipitate cobalt. This graph shows 
that when just cobalt is present in solution initially, 
the curve levels off at approximately 35% of initial 
cobalt concentration (65% extraction) and no change in 
this final value occurred from the initial 30 minutes to 
about 2 hours. With copper now as an additive at 15 ppm, 
just a slight increase on the initial rates of reaction 
is obtained; however, the extraction achieved is about 5%
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higher than in the previous case. With this initial con­
centration level of copper, the redissolution effect is 
almost negligible. The third curve shown in that plot 
is for the single addition of 60 ppm of arsenic and it 
can be seen that the initial rate is appreciable higher 
than for the two previous cases. Moreover, a lower final 
value for cobalt content in solution is reached (about 
8% of the initial value) and no redissolution is observed 
after the initial 10 minutes to about 2 hours. Finally, 
the last curve represents the situation where "optimum" 
concentrations of additives are used. The initial rate 
of reaction is slightly higher than in the previous case, 
the extraction attained is now lower (only 82%) due to 
the redissolution effect which the copper and hydrogen 
ions seem to promote at this low level of cobalt in solu­
tion.

5.1.5 Measurement of Activation Energies for the 
Systems Co"H'/Zn and Co**, Cu++, AsOpH/Zn 
Activation energies were measured over a tem­

perature range, from 71 to 87°C, covering a span of 16°C.
The plots of ^n ,dCo++> vs 1/t o^ we^e constructed

dt t**o
using the initial rate (ppm/min.) obtained from the cobalt 
concentration versus time curves. The points on these curves 
were obtained from samples taken at short time intervals.
The fitting of the points was carried out using a least
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squares analysis.
In Fig. 5.12,the activation energy plot for the system

+ +Co /Zn is shown. The value of E, the activation energy, 
is 14.4 Kcal/mole.

In Fig. 5.13, the plot for the system Co++, Cu++, 
AsC^H/Zn is given, where the value obtained for the activa­
tion energy was 2 6.1 Kcal/mole. Both these values indicate 
that the process is controlled by the electrochemical step.

5.1.6 Discussion of Results
The experimental results presented in the pre­

vious section are discussed in light of the observed be­
havior. The points covered are: a) efect of temperature
on the system, b) effect of pH, c) effect of particle size 
of precipitant, d) the role .of additives and e) initial 
zinc concentration.

a) Effect of Temperature: Any kinetic process would
be expected to increase its rate with increasing
temperature and this was in fact observed in these
systems. The activation energy as determined 
from the Arrhenius plots for the Co++/Zn and Co++, 
Cu^AsC^H/Zn systems were 14 kcal/mole and 26 kal/ 
mole respectively, within the temperature range 
studied. The magnitude of both lead to the con­
clusion that the rate of cobalt precipitation in 
these systems is controlled electrochemically 
and not*by transport of ions in the solution. Since,
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Fig. 5.12: Arrhenius Plot for the System Co/̂ Zn.
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Fig. 5.13: Arrhenius Plot for the System Co*,*' Cu** As02H/Zn.
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at a given temperature the presence of additives 
bring about an increase in rate of cobalt pre­
cipitation it would appear that a change in mecha­
nism is responsible for this enhancement and thus 
the higher activation energy obtained is not 
surprising in that a different mechanism might be 
expected to have a unique activation energy. It 
is possible to speculate that the change in mechanism 
is probably associated with the hydrogen evolution 
phenomenon which very likely controls the process 
of cobalt cementation in both systems. Although 
the hydrogen overvoltage on a zinc electrode is 
large compared to many common metals it is in fact 
the hydrogen overvoltage on cobalt (a lower value)
which is of importance in the system free of akitives.

A
Thus, the common potential for the system will 
not be as close to the equilibrium potential for a 
zinc electrode as it would be for pure zinc when 
only hydrogen is being reduced. The result is 
that the overpotential for cobalt reduction is 
reduced. If arsenic is also present in the solution 
it will be co-reduced with cobalt and most likely 
form alloy or intermetallic compound with a higher 
hydrogen overvoltage. The phenomenon of higher 
overvoltage is related to the two sequential steps 
of atomic hydrogen adsorption followed by hydrogen
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associattion to form hydrogen gas. High hydrogen 
• overvoltage is thought to be a result of hydrogen 
adsorption being the controlling step while a low 
value occurs when the hydrogen association step 
is controlling. Thus the above explanation is 
consistent with the observed behavior; it is 
possible, however, that speculation along different 
lines may seem equally plausible,

b) Effect of pH: The decrease in the rate of cobalt
reduction when the pH decreases, (hydrogen ion activity 
increased) is a result of the increased rate of 
hydrogen evolution which in turn requires an in­
creased rate of zinc ionization. This coupling 
thus reduces the overpotential available for 
cobalt reduction. In addition, the increased rate 
of zinc ion concentration brings about a rapid 
increase in the common potential thereby causing 
the reaction rate to decrease more rapidly with 

'"time. The presence of high concentration of zinc 
in solution and the increase in pH of the solution 
also influences the formation of zinc hydroxide 
as determined by its solubility product. The result 
is that under certain conditions nucleation of this 
complex on the particles would prevent further 
cementation of cobalt. Once precipitation of the 
hydroxide occurs, the zinc concentration in solution 
would remain constant as well as the pH.
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c) Particle Size: The increase in rate achieved
, when smaller particles were used may be attributed 
to the increased surface area of the system 
(for the same mass of zinc assuming the apparent 
densities do not change because of differences in 
porosity). This is to be expected for any hetero­
geneous reaction system, however, it should be 
pointed out that it is the actual surface area 
association with the anodic and cathodic processes 
which is important. This is unlike a transport 
controlled reaction where it is the area normal 
to the diffusion flux which is important.

d) Role of Additives: From the experimental results,
it is clear that arsenic plays an important role 
on cobalt cementation. According to equation 3.13 
it takes part on the cathode where cobalt also 
participates and there is evidence that an inter- 
metallic compount (AsCo) is formed. Moreover, 
some stoichiometric relationship in terms of molar 
fluxes might be expected. According to Fischer- 
Bartlek,^“̂  the formation of this compound would 
increase the potential difference between the 
equilibrium potential line of this intermetallic 
compound and that for cobalt ions on cobalt, and 
thus the compromise potential of the galvanic cell.
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Cementation residues, when the initial solution 
contained copper and arsenic ions, did not respond 
to a magnetic field in contrast to residues obtained 
from solutions with only cobalt or cobalt and 
copper. This last point will be further discussed 
in section 5.2

The experiments with copper as additive 
indicated that an optimum copper concentration in 

\ terms of cobalt extraction from solution exists.
; On using very high copper concentrations, the 
phenomenon of cobalt redissolution appears, that is 
mainly caused by the galvanic action between the 
already deposited cobalt and the copper still re­
maining in solution (copper cementation on cobalt). 
Although it is recognized that some minor contri­
bution of cobalt redissolution might be due to 
oxygen, however, due to operational conditions of 
high temperature with appreciable vapor pressure and 
because of the low solubility of gases at elevated 
temperatues this effect would have been negligible. 
Moreover, the maximum reaction times were restrict­
ed to two hours.

Small copper concentrations (30 ppm or less) 
are believed to help to the enhancement of cobalt 
cementation since a copper deposit may serve as 
a preferential cathodic site for cobalt or cpbalt
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and arsenic deposition. This last point could 
.be related indirectly to the concept of over­
potential between metals, which is not as yet 
a well understood topic in Electrochemistry,

e) Initial Zinc Concentration: The presence of an
initial zinc ion concentration in the solution 
causes an inhibition on cobalt cementation. The 
amount used for the run shown in Fig. 5.3 was 
small (110 mg/1) and was chosen to be representa­
tive of the zinc concentration at the end of runs 
where no zinc was present initially. The concen­
tration was small enough that the ionic strength 
of the solution was not particularly large. In 
any case even for large concentrations of zinc

/sulfate (covered in section 5.3) the effect of p 
the ionic strength as it affects the activity 
coefficients.of species in the system, may not be 
expected to play'as important a role as the increase 
in potential of the zinc electrode which the in­
creased concentration of zinc produces. When no 
zinc is initially present in the solution, the 
tendency is for the electrode to develop a large 
negative potential (theoretically infinite in value) 
which obviously does not last for a finite time 
since the smallest amount of zinc in solution 
quickly changes this potential to finite values
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(because of the logarithm term in the Nernst 
equation). The compromise potential is thus very 
favorable for cobalt cementation under these 
conditions. However, with zinc present in the 
solution initially this behavior will not be ex­
pected since the equilibrum potential for the 
Zn++/Zn electrode would be finite. The effect, 
as will be seen in section 5.3, can be diminished 
by the use of larger surface area of precipitant 

\ (either by decreasing the particle size and/or 
) increasing the amount used). Finally it should 
j be recalled that both pH and zinc ion concentration
iII (as well as cobalt) are continuously changing 

during the reaction and the onset at which zinc 
hydroxide precipitation occurs can effectively 
limit the extent to which cobalt is extracted.

\ Thus, by attempting to obtain as high an extraction 
before this occurs would effectively improve the 
process, in other words alter the competition 
between reactions so that cobalt is favored.
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5.2 Cementation Residues
Photomicrographs of contact reduction residues from 

selected runs were prepared. Granular zinc as precipitant 
material was used so that the samples could be adequately 
mounted. Magnetic response of the residues from the systems 
Co++/Zn, Co++, Cu++/Zn, Co++, As02H/Zn and Co++, Cu++, 
As0 2 H/Zn is discussed from a qualitatively point of view.

When zinc dust was used as the precipitant, aggomera- 
tion was observed, where particles seemed to be "cemented" 
together. This appeared .to be due to the very fine char­
acteristics of these zinc particles.

5.2.1 Photomicrographs
Cementation residues from granular zinc (approx­

imately 28 mesh) were mounted for examination under the 
microscope. Granular zinc was used since these particles 
were easier to mount and polish than residue from zinc dust. 
Moreover, it seems reasonable to assume that the obser­
vations performed on these coarse particles can be extend­
ed to zinc dust, apart from the thickness of the deposits.

Fig. 5.14, 5.15, 5.16 and 5.17 show photomicrographs 
for zinc and the residues obtained from the systems Co++/Zn, 
As02H/Zn and Co++, Cu++, As02H/Zn respectively. Comparison 
between the different systems can be made with respect to 
two points: physical nature of the deposit in terms of
thickness and corrosion of the zinc surface covered by the 
deposit. on each photograph are shown a view of several
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(a)

£. • , ̂  3*>

Cb)
Fig. 5.14: Photomicrograpns of Unreacted 

Granular Zinc
(a) 28X (b) 250X (partial grain)



T 1867 107

(a)

(b)
Fig.5.15: Photomicrographs of Cementation 

Residue. Co++/Zn System.
(a) 28X (b) 250X (partial grain)
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la;

lb)
Fig. 5.16: Photomicrographs of Cementation 

Residue. Co++5AsOpH/Zn System.
(a) 28X (b) 250X (partial grain)
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(a)

(b)
Pig. 5.17: Photomicrographs of Cementation

Residue. Co++, Cu++,As02H/Zn System, 
(a) 28X (b) 250X (partial grain)
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grains at 28x magnification and part of a grain at 250x.
The photomicrographs for zinc is included for comparison 
with those of the residues which follow.Under the microscope 
the deposits all appear black in color and at low magni­
fication very little difference could be observed apart 
from the larger thickness in deposit when the additives 
were present, due to their coreduction. At 25Ox, the 
structure of the deposit is revealed somewhat (higher 
magnification did not help due to the difficulty in obtain­
ing a good polish on the samples) and the only apparent 
difference is the evidence of increased corrosion of the 
zinc when the additives are present, this of course being 
partly due to higher cementation rate of cobalt and also 
to the co-cementation of arsenic and cobalt. These micro­
graphs, it is felt, provide evidence that the rate and 
cobalt extraction behavior observed do not depend on the 
morphology of the deposit but rather is related to the 
electrochemistry of the additives.

5.2.2 Magnetic Characteristics of Cementation Residues 
It was discovered at the end of the experiments 

that part of the residue was weakly attracted toward the 
magnetic rod of the stirring device, it was decided to test 
the residues for magnetic response. The samples that were 
used for mountings, were also examined in the field of per­
manent magnet (Indiana Permanent Magnet). Residues from 
systems like Co"t"+/Zn and Co++, Cu++/Zn exhibited a signifi­
cant response when they were placed under the magnetic
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field. However, residues from the cementation systems 
Co++, AsC^H/Zn and Co++, Cu++, AsC^H/Zn did not show
any response.

Research has been carried out on the influence 
of alloying elements on an initial magnetic metal, 
and results from these studies can be very well sum-

(94)manzed in the following transcription from Westbrook's
book: "intermetallic compounds, one component of which
was a ferromagnet, were most frequently found to be
nonmagnetic, although reverse cases have been found",
therefore providing some evidence for the formation of
those compounds in a cementation reaction, as has been

(55)reported by investigators
5.2.3 Zinc Dust

In order to supply some evidence of the 
agglomeration effect when zinc dust is used as precipit­
ant, Fig. 5.18 shows 28x views of zinc dust and of the 
system Co++/Zn. In these pictures, it is clearly seen 
that the zinc particles agglomerate and become "cemented" 
together therefore decreasing the surface area available 
for the cementation reaction to take place. Moreover, 
it appears possible that when a very large excess of zinc 
dust is used for the cementation reaction, there exists 
a critical amount over which no appreciable increase in
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(a)

(b)Fig. 5.18: Photomicrographs of Zinc Dust.
Co++/Zn System. 28X
(a) Unreacted (b) Cementation Residue
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surface area occurs due to increased agglomeration.
This can account for the fact that when an excess over 4 0 
times the stoichiometric amount is used, no further in­
crease in rate and extraction is observed, and will be 
referred to later in section 5.3.
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5.3 Sulfate Systems
Once the main parameters and "optimum" concentration 

of additives were fixed for the system with zero initial 
zinc sulfate concentration, based on the highest initial 
rates for cobalt precipitation obtainable, the next step 
was to investigate the behavior when a high initial zinc 
sulfate concentration (between 50 to 100g/l) was present.

5.3.1 System Co++, Cu++, AsO?H, Zn++/Zn: Figs. 5.19-, 
5.20, 5.21 and 5.22, for the system Co++, Cu++, ASO2H, 
Zn++/Zn, show the influence of high initial zinc concentra­
tion, precipitant excess, initial pH(2 5°C) and concentra­
tion of additives, respectively.

Fig. 5.19 presents the curves showing the influence 
of initial zinc sulfate concentration on cobalt cementa­
tion. The initial pH(25°C) was fixed at 3.50, which pro­
vided better results with respect to small redissolution 
as was seen in Fig. 5.10. When the initial zinc sulfate 
concentration is zero, cobalt extraction is as high as 
98% during the first 10 minutes and because of slight 
redissolution decreases slowly at larger times. . At 100g/l 
initial zinc concentration, the curve levels off at approx­
imately 40% of the initial cobalt concentration (60% 
extraction) after which slow redissolution occurs as in 
the previous case; the amount redissolved is now slightly 
higher. Thus, higher initial rates are obtained when no 
zinc is initially present in solution compared to when the 
initial concentration is 100g/l. As 50g/l the effect is 
somewhat diminished.



% CO
BALT

 (I
N 5

0LN
.)

T 1867 115

100
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Fig. 5.19. Influence of Initial Zinc Concentration on Cobalt

Cementation for the best conditions found of copper 
and arsenic concentrations. Conditions: Initial
pH(25°C) - 3.50, Initial Co++ = 50.0ppm, Initial 
Cu++ = 15.0ppm, Initial As = 6 0.0ppm, Temperature = 
86°C, Zinc Dust - 10 times stoich. amt.
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m
PRECIPITRNT EXCESS

90 DU5T = H0 TIES STD I CH. RHT. " DUST = IBB TIES 5TDICH. RHT.

70
E0

H0

10

10 20 30 H0 S0 E0
TIHE (MINUTES)

Fig. 5. 20 Influence of Precipitant Amount on Cobalt Cementa­
tion for the best conditions found of copper and 
arsenic concentrations when the initial zinc 
concentration is 50g/l. Conditions: Initial pH
(25°C) = 3.50, Initial Co++ = 50.0ppm, Initial Cu++= 
15.0ppm, Initial As = 60.0ppm, Temperature = 86°C, 
Zinc Dust.
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INITIAL PH (25 DEE O

IB 2B 3B HB 5B EB TIME (MINUTES)
Fig. 5.21 Influence of Initial pH(25°C) on Cobalt Cementa­

tion when copper and arsenic are present with an 
initial zinc concentration of 50g/l. Conditions: 
Initial Co++ - 50.0ppm, Initial Cu++ = 15.0ppm, 
Initial As = 60.0ppm, Initial Zn++ = 50.0g/l, 
Temperature = 86.0 C, Zinc Dust - 4 0 times stoich. 
amt.
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Fig. 5.22 : Influence of Different Additives on the Complex
System Co4?' CuAsCUH, Zrî Zn. Conditions: Initial
pH(25°C) = 3.50, Initial Co++ = 50.0ppm, Initial 
Zn++ = 50.0 g/1, Temperature = 86°C, Zinc Dust - 
40 times stoich. amt.
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The influence of precipitant excess over stoichio­
metric requirements is shown in Fig. 5.2 0 - The same 
experimental conditions as before were maintained, except 
for the initial zinc concentration, which in this case was 
chosen to be 50 g/1. The amounts of zinc used were 4 0 and 
100 times the stoichiometric required1 to precipitate cobalt. 
Surprisingly the two curves are almost identical. The run 
from Fig. 5.21, when 40 times the stoichiometric amount 
of zinc was used is replotted in Fig. 5.21 together with 
an identical run, except for- pH(25°C) of 2.60, initially.
The influence of the initial pH(25°C) is now much more 
significant, in contrast to the effect it produced when 
no zinc sulfate was present initially as was seen in Fig. 
5.10. Thus, unlike the behavior observed in Fig. 5.10 
when the only effect of decreasing the pH was to increase 
the redissolution effect, the initial removal rate in the 
first 10 minutes for the two runs in Fig. 5.21 is now 
decreased from 90 to 70%. Thus, the redissolution effect 
does not appear to be as pronounced.

Finally, Fig. 5.22 presents a comparison between 
the behavior of the system under conditions of "optimum" 
concentrations of additives (15 ppm of copper and 60 ppm 
of arsenic), with that for three other conditions corres­
ponding to the use of no additives, and when one additive 
is present at the "optimum" concentration while the other 
is above it. Other experimental conditions were the same

/
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as for Fig. 5.21 with initial pH(25°C) fixed at 3.50.
Very low extraction (approximately 30% in 2 hours) 

and initial rates are obtained when just zinc dust was 
used.

The "optimum" conditions of additive concentration 
resulted in the highest initial rate and the extraction 
obtained was about 92% at 15 minutes of reaction.

When copper was present at a concentration of 150 ppm, 
the curve leveled off at approximately 30% of initial 
cobalt concentration (70% extraction) and the initial 
rate was low compared with the previous case.

An excessive amount of arsenic did not give any im­
provement in initial rate with respect to the run under 
"optimum" concentration of additives. However, the extrac­
tion obtained was slightly higher (3%).

Summarizing, it would appear that the "optimum" con­
dition of additive concentrations provide the highest 
initial rate and good extraction, and as such the behavior 
of the system with high initial zinc sulfate concentration 
is similar to that when no zinc sulfate is present initially.
The basic precipitation mechanisms will therefore not be
expected to change. However, it should be pointed out
that 4 0 times the stoichiometric amount of zinc was used in these
runs with zinc sulfate in contrast to only 10 times, for
example, in the runs shown in Fig. 5.19 for a similar pH,
when zinc sulfate was initially present at zero, 50 and 100 g/1.
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5.3.2 Discussion of Experimental Results for the 
System Co++, Cu++, As02H, Zn++/Zn 
From a general point of view, the behavior of 

the sulfate system appears to follow similar trends as 
compared with that when there is no initial zinc sulfate 
present, however, initial rate and cobalt extration are 
lower. The discussion will be focussed mainly on the 
following points: a) initial zinc sulfate concentration,
b) excess of precipitant over the stoichiometric amount,
c) effect of initial pH(25°C) and d) influence of 
additives.

a) Initial Zinc Sulfate Concentration: As evidenced
from Fig. 5,19 the system exhibits an inhibition 
with respect to cobalt initial rate and extraction 
when an appreciable zinc sulfate concentration is 
initially present. In order to explain this behavior, 
concepts of ionic strength of the electrolyte not 
solely account for this decrease. From an electro­
chemical point of view, it may be stated that the 
equilibrium potential of zinc at time equal zero 
in the presence of sulfate concentration acquires 
a finite value/ as different from the case when 
no zinc sulfate is initially present. Therefore, 
the very first lower with respect to the case 
of zero initial zinc sulfate concentration. The 
net result would be that slow initial rate is
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observed and because of the zinc hydroxide 
.solubility relationship between zinc and hydrogen 
ion activity, the final pH(25°C) will be less 
than in the case when no initial zinc concentra­
tion is present. Moreover, it might be speculated 
that, if activation energies were to be measured 
for the system when an initial zinc sulfate con­
centration is present, the value obtained would be 
characteristic of an electrochemically controlled 
reaction.

b) Precipitant Excess: Explanation for the behavior 
of the curves shown in Fig. 5.20 may be attributed 
to the agglomeration effect covered in section 
5.2. It is felt that it is a reasonable assump­
tion that more agglomeration between the zinc dust 
particles when they are present in larger excesses 
due to the increased frequency of collisions be­
tween them may account for the apparent lack of 
increase of the surface area in proportion to the 
amount of zinc used. Thus, above a critical solid 
concentration the surface area of solids is effect­
ively held constant.

c) Initial pH(25°C): Arguments similar to those
given in 5.1.6 are again valid. The additional con­
sideration with regard to the high concentration
of zinc sulfate affecting the pH concentration which
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zinc hydroxide solubility product would be 
exceeded was covered under a).

d) Influence of Additives: Judging from the be­
havior exhibited by the curves on Fig. 5.22, 
the influence of additives appears to be very 
similar to those exhibited in Fig. 5.11, when zero 
initialy zinc concentration is used/ although 
the excess of precipitant dust employed was 4 0 
times compared with loathe stoichiometric amount 
used in Fig. 11. Therefore it is reasonable 
to expect that the redissolution effect caused by 
copper (at 15 0ppm) might be lower because of the 
excess of precipitant used. On the other hand, 
the influence of arsenic concentration may be 
linked to the formation of the intermetallic com­
pound CoAs and therefore an optimum condition 
may exist for the ratio of arsenic to cobalt in 
solution at which the intermetallic compound is 
best formed. Since no facility for arsenic analysis 
was available this hypothesis could not be checked.

5.4 Initial Cobalt Cementation Reaction Rates
The effect of the concentration of cobalt in solution 

was investigated by choosing two initial concentrations 
of 50 and 25 mg/1 with the pH(25°C) fixed at 3.5 in one case 
and 5.5 in another. The runs are shown in Fig. 5.23 and 5.24 
respectively, for the system where no additive was present.
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Fig. 5.23. Influence of Initial Cobalt Concentration on the 
Initial Rate of Reaction. Conditions: Initial
pH(25°C) = 3.54, Temperature = 86°C, Zinc Dust - 
40 times stoich. amt. for 50ppm of cobalt.
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Fig. 5.24= Influence of Initial Cobalt Concentration on the 

Initial Rate of Reaction. Conditions: Initial
pH(25°C) = 5.53, Temperature = 86°C, Zinc Dust - 
40 times stoich. amt. for 50ppm of cobalt.
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The temperature chosen was 8 6°C and the same amount of zinc 
dust was used from both runs, equivalent to 40 times the 
stoichiometric amount based on 50 mg/1 of cobalt in solution. 
Each experiment lasted for 12 minutes and five samples of 
solution were withdrawn and analyzed for cobalt.

It was apparent that the initial rates for the two 
initial concentrations used were essentially the same, 
within the precision that the slopes could be determined.
This was true when the pH(25°C) was 3.5 as well as when 
it was 5.5. It was therefore concluded that either there 
was no effect of cobalt concentration in solution on the 
rate of cobalt cementation or that the effect was small.
It will be subsequently seen in the development of the model 
given in section 5.5 that there is in fact a dependency 
of the rate on cobalt concentration but the effect is small 
if the concentration level is only altered by a factor 
of 2. It was t h e r e f o r e  for this reason that no difference 
in initial rates could be found. It was the discovery of 
this behavior which led to the abandonment of the models 
which were being tested at that time, and to the develop­
ment of the electrochemical model.
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5.5 Kinetic Model for Electrochemically Controlled Reactions
The first hand experience gained during the course 

of the laboratory investigation was an instrument in the 
development of a kinetic model for the system. It should 
be realized that at the onset of this work there was no 
basis on which a kinetic description of the process could 
be attempted. Previous investigators had confined them­
selves to qualitative understanding of the system and 
quite often, had devoted their efforts to ideal systems.
In the present investigation, emphasis was given to under­
standing the process as practised industrially; neverthe­
less, the complexity of the systems studied was controlled 
in a systematic way so as to optimize the attainment of 
this goal.

Models for electrochemically controlled reactions 
have recently been presented by Wadsworth and Miller based 
on the Butler-Volmer equation. These models are not tract­
able on the form in which they are presented since the 
fundamental electrochemical parameters which they contain 
are not readily available. The model which was finally 
adopted grew out of several attempts at describing the 
observed behavior of the systems studied, and is based on 
a simplified form of the Butler-yolmer equation.

It should be stated at the onset that the model re­
presents a "first attempt" at describing the kinetic behavior 
of complex cementation systems. As far as it was able to 
be determined, no attempt along the lines presented in this
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work has ever been carried out, except perhaps rhetorically. 
The concepts used are essentially very simple but has never 
been cast in terms of mathematical statements appertaining 
to cementation.

The following considerations were essential to the 
development of the model as applied to the systems at hand:

1) The systems studied appeared to be controlled by 
the electrochemical and not by transport process 
occurring, as evidenced by the value of the acti­
vation energy.

2) Because of the above condition and after some 
initial trials at obtaining a kinetic behavior 
of the system, it was decided that a simplified 
version of the Butler-Volmer equation might be 
appropriate, since the rate of reaction (cobalt 
ion reduction or discharge) could be related
to a current density in the system. Consequently, 
the founding equation was based on the overpotential 
of an electrode reaction being proportional to the 
net current density associated with a given species. 
The overpotential is measured with respect to the 
equilibrium potential appropriate to the concentra­
tion of the species in solution as given by the 
Nernst equation. Thus, the actual electrode poten- 
tional (compromise potential) measured with respect 
to the Standard Hydrogen Electrode, is in essence
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the prime-motor for the reaction rate (current 
density). In addition, it was felt that either 
the current density or overpotential would be 
small for this type of cementation system thereby 
making the use of the simplified form of the Butler- 
Volmer equation tenable.

3) Since the solid phase were all metal or inter­
metallic compounds, a particle of zinc on which 
contact reduction was occurring would be electric­
ally conductive and as such its potential would 
be uniform. Thus, the electrode potential for 
cathodic and anodic processes are the same.

Based on the above statements, the rates of reaction 
for each species (dissolving or cementing) can be made 
directly proportional to the potential difference between 
the equilibrium potential and the "common" potential Ec, 
and the following equations may thus be written for rate 
of formation (R) of each species in solution:

RZn++ = d(Zn++)
dt “ki ( EZn++/Zn - Ec) (5.1)

“RH+ = = -k2 (E2H+/H2 “ Ec) (5.2)

“ ^ 3  (Eco++/Co “ Ec) (5.3)

“RCu++ “s d <CuM ') dt -k4 (Ecu++/Cu ” Ec) (5.4)
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d(As02H)
"rAs0 2 H = — dt  = ”ks (EAs0 2 H/As - Ec) (5<5)

where the terms in brackets are concentrations (mole/liter) 
and k^, k2, k3 , k^, k 5 are the "rate constants" for zinc, 
hydrogen, cobalt, copper and arsenic respectively that 
include surface area associated with the given reaction,' 
reaction volume and electrochemical parameters of the charge- 
transfer step.

From the stoichiometry of the reactions given in 
Chapter 3 (equations 3.1, 3.2, 3.3 and 3.4) the following 
rate balance for moles of each species may be written:

RZn++ = ” RH+ “ RCu++ " RCo++ - rAs 02h (5.6)
On substituting for these quantities, the following

relationship for Ec may be obtained:
kl‘EZn++/zn + 0 ,5 K2 :E2 H+/H2 + k3*ECo++/Co 

Ec = k± + 0.5k2 + k3 + k4 + 1.5k5 +

k4 ,ECu++/Cu + 1 ,5 k5‘EAs02H/As
k^ + 0.5k2 + k^ + k^ + 1.5k^ (5.7)

Also:
E Zn++/Zn - E°Zn++/Zn + §  Ln (Zn++) (5.8)
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RT o
E2 H+/H2 = E°2h+/h2 + nF Ln (H+) (5.9)

RT
ECo++/Co = E°Co++/Co+ nF Ln (Co++) (5.10)

ECu++/Cu E°Cu++/Cu+ nF Ln (Cu++) (5.11)

RT
EAs02 H/As= E°As02 H/As + nF Ln (As0 2H) (5.12)

The equations given are general in terms of the pos­
sible reactions which might occur. For cases where a parti­
cular species may be absent from the system, its rate equation 
is not considered and in the stoichiometric relationship 
given by equation 5.7, the appropriate ”R" is set to zero. 
Regardless, the equations have to be solved numerically,
and a Runge-Kutta algorithm was used for this purpose to

++provide simulation of the simple Co /Zn system, in order 
to test the model. Results of these simulations are
given in Appendix A3.1 as well as the computer program. The 
behavior of the model is discussed together with modifications 
which would be required for high temperature simulations.

Discussion of the Model: Although the model appeared to
qualitatively describe the experimentally observed behavior 
for the system without additives there are a number of points 
which are worthwhile discussing. The most obvious one 
concerns the estimation of the model parameters k^, k2, etc.
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It is necessary that experiments be properly designed so that 
this may best be accomplished and some attention to this 
point will be needed. The complexity of the systems is a 
major factor, since it is not possible to obtain an analy­
tical expression. Thus, fitting of the data at the present 
time can be a fairly tedious process involving trial and 
error optimization of the values of the k's. A computer 
program for doing this could possibly be developed. Con­
stant pH runs would also help in this regard. The use of 
a buffered system, it is felt should be avoided for these 
electrochemically controlled systems since the presence 
of these extraneous ions are more likely to have an effect 
then, for example, in transport controlled systems where 
this technique has been used. Rather, the pH should be 
controlled using a suitable glass/reference electrode system 
and a metering pump to add concentrated sulfuric acid to 
the system, via a control circuit.

In addition, the model should be modified so that for
cobalt and arsenic, the equilibrium potential against which 
the overpotential is measured is that for the intermetallic 
compound formed (CoAs?). A more complete understanding of 
the alloy formation is required in order to do this.

Finally, it should be pointed out that the simulation
carried out, which is shown in Appendix A3, was only intended to 
demonstrate the model capability. The temperature dependency 
of the various system parameters such as pH, equilibrium elec= 
trode potentials and ionic equilibrium of the solution should 
also be taken into consideration.
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Chapter 6 

CONCLUSION

At the final stage of this investigation on contact 
co-reduction of cobalt from aqueous electrolytes with 
particulate zinc, it is felt that a contibution to the 
understanding of complex cementation systems has been 
attempted and would probably represent an introduction to 
an increased study of the electrochemical aspect of these 
fascinating natural reactions. Basic information about 
this complex system could well result in new schemes for 
zinc electrolyte purification for removal of cobalt.
6.1 Main Conclusions

The "following statements which have been presented 
below are directly attributable to the findings of this 
research and may be ennumerated as follows:
i) Cobalt contact reduction and co-reduction with zinc 

dust are chemical (electrochemical) controlled re­
actions. The activation energies are 14 and 26 kcal/ 
mole respectively. Therefore, rates of reaction are 
very sensitive to temperature changes within higher
( >85°C) ranges.

ii) Zinc hydroxide formation plays a very important role 
in stopping the cementation reaction of cobalt on
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zinc. The formation of this compound is achieved 
when a fixed relationship is established between 
zinc and hydrogen ion concentrations (zinc hydro­
xide solubility product) at the interface.

iii) The co-reduction of cobalt together with arsenic and 
copper, produce high reaction rates. Cobalt content 
in solution was decreased from 50 ppm initially to 
1 . 0  ppm in less than 1 0 minutes, when these additive 
concentrations were 60 and 1 5  ppm. respectively. These 
high initial rates obtained may be attributed to 
formation of an intermetallic compound between co­
balt and arsenic. Thus, the equilibrium potential 
between this solid phase and remaining cobalt ions 
shifts to more positive values, therefore, increasing 
the "driving force" for the reaction; on the assump­
tion that the compromise potential does not signi­
ficantly change and thus lies close to the equilibrium 
potential for zinc ions in solution on zinc metal.
This can be supported by photomicrographs taken and 
from zinc analysis of solutions.

iv) Cobalt redissolution effects show up after a very 
short period of high initial rates and are mainly 
considered to be due to this hydrogen ion activity of the 
system coupled to the almost certain conclusion that
the zinc particles become encapsulated by the deposit 
and cannot communicate with the solution. Thus, the
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common potential shifts to a value above that for 
the equilibrium potential of the remaining cobalt 
in solution,thus reduction of hydrogen now occurs 
at the expense of cobalt (or intermetallic compound) 
dissolution.

v) Use of zinc dust as precipitant material seems to 
be of prime importance for attaining high initial 
rates of reaction.

vi) Arsenic may be considered as the main contributor for 
the high initial rates for cobalt precipitation.
Its most important role probably lies in its "ability" 
to form intermetallic compounds with cobalt which 
increase equilibrium potential for cobalt ions on it 
to more positive values.

vii) Copper when used as a single additive is not very 
effective in enhancing to cobalt cementation. The 
main role of copper when arsenic is present, is pro­
bably that it serves as a primary base deposit with 
cathodic sites for arsenic and cobalt precipitation. 
This is supported by the rapid rate of almost complete 
removal of copper when present at the "optimum" con­
ditions.

viii) The usefulness of the results of this investigation 
applied to Industry might be in that process engineers 
could take advantage of these high initial rates when 
copper and arsenic are present, so as to design new
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schemes for cobalt purification which might result 
in better use of reagents and time, as well.

6.2 Further Work
Future studies which may be developed around the 

findings of this research could include the following 
topics:

Study of cobalt contact reduction with zinc dust 
maintaining the pH constant without using buffer 
solutions in order to determine the actual role of 
hydrogen ions in the system and to test the model.

- Since an intermetallic compound is very likely 
formed during the cementation reaction, theory 
of electrodeposition of alloys and intermetallic 
compounds should be exhaustively reviewed in 
order to provide the basis for possibly improving 
and optimizing experimental conditions of the 
natural contact co-reduction system with respect 
to alloy formation.
Design of new flowsheets which might include con­
tinuous processes that could compete with batch 
systems with respect to the quality of pure solu­
tions obtained. The short time kinetic behavior 
of the system might be exploited in this regard. 
TIowever, the main advantage would be higher through­
puts of solutions to be purified.
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Other difficult cementation systems (Ni++/Zn) 
would be approached using the basic principles 
of contact co-reduction presented here.
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APPENDIX Al 
Table Al.l

Standard Reduction Potentials in Acid Solutions at 25°C

Couple E(volts)
Li+ + e“ = Li -3.045
K+ + e” s k -2.925

+ + (D 1 = Rb -2.925
Ba++ + 2e~ = Ba -2.900
Sr++ + 2e" = Sr -2.890
Ca++ + 2e = Ca -2 . 8 7 0

Na+ + le~ = Na -2.714
La++++3e” = La -2.520
Mg++ = 2e" = Mg -2.370
Sc++++3e“ = Sc -2.080
Th+++++4e" = Th -1.900
Be++ + 2e~ = Be -1.850
Hf+++++4e~ = Hf -1.700 /

Al++++3e“ = Al -1.660
Ti++ + 2e“ = Ti -1.630
Zs+++++4e- = Zr -1.530
u+++++4e“ = U -1.500 7

Mn+++2e“ = Mn -1.180
Nb++++3e’ = Nb -1 . 1 0 0

Zn++ + 2e~ = Zn -0.763 >
+++ _ — Cr +3e = Cr -0.740

Ga+++ + 3e“ = GA -0.530
Fe++ + 2e“ S Fe -0.440
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Couple (volts)

Cd+++2e” = Cd -0.403
In++++3e“ = In -0.342
Co+++2e“ = Co -0.277
Ni+++2 e" = Ni -0.255
Mo+++2e~ = Mo - 0 . 2 0 0

Sn+++2e” = Sn -0.136
Pb+++2e“ = Pb -0.126
2H++2e~ =

H 2 - 0 . 0 0 0

Cu+++2e” = Cu +0.337
Hg2 +++2e“ = 2Hg +0.789
Ag+ + e" = Ag +0.799
Rh++++3e“ s Rh +0.800
Pd+++2e“ = Pd +0.987
Au++++3e” = Au +1.500
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Table A1.2

Half-Cell Reactions and Free Energy Data 
the System Co++, Cu++, As02 H/Zn at

25°C
Reaction EQ AG

Zn = Zn + 2e" 0.763 -35.19
Co - Co++ + 2e“ 0.277 -12.78
H2 = 2H+ + 2e“ 0 0
Cu = Cu++ + 2e“ -0.334 +15.40

As+2H2 O=HAs02 +3H++3e” -0.260 +17.99
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APPENDIX A2

Table A2.1: Experimental Data from Selected Runs

Test IV - C
Time (min.) 

0 

10 
30 
60 

. 120

pH(25°C)
6.00
6.42 
6.47
6.50
6.50

Zn (mg/1)
110.0
120.9
116.2
113.2
115.2

Co(mg/1)
61.0
57.6
55.2
49.7
46.1

Test VII - C
Time (min.)

0

10
30
bu

120

Test VIII - C
Time (min.)

0

10
30
60

120

pH(25°C)
2.60 
3.10 
3.96
6.36
6.49

pH(25°C)
2.58 
3.13 
5.78 
6.23
6.36

Zn(mg/1)
0

201.1
288.5
305.3
292.3

Zn(mg/1)
0

128.5
189.2
182.4
181.0

Co(mg/1)
51.0
35.4
33.8
43.1
43.9

Co(mg/1)
50.4
34.5
17.4
17.0
21.5
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Test XII - C
Time (min.)

0

10
30
60

120

Test XX-C
Time (min.) 

0 

10 
30 
60 
120

Test XXI - C
Time (min.) 

: 0 

1 0  

30 ‘
60

1 2 0

pH(25°C) Zn(mg/1) Co(mg/1)
2.60 0 50.1
3.33 98.1 30.7
6.16 124.9 10.2
6.32 124.5 5.2
6.42 119.5 4.7

Ph(25°C) Zn(mg/1) Co(mg/1)
2.62 0 50.3
3.75 117.4 27.3
6.33 144.6 12.2
6.45 144.2 8.9
6.54 141.0 4.2

pH(25°C) Zn(mg/1) Co(mg/1)
2.60 0 50.2
6 . 2 0  60.6 1 . 0

6.50 52.6 2.2
6.62 44.8 4.7
6.72 38.5 8 . 8
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Test XXVII - C
Time (min.)

0

10
30
60

120

Test XXIV - C
Time (min.)

0

10
30
60

120

Test XXV - C
Time (min.)

0

10
30
60

120

pH(25°C)
3.70
6.69
6.73 
6.80 
6.82

pH(25°C)
2.62 
6.53 
6.64
6.71
6.75

pH (2 5°C)
2.61
6.59
6.62
6.70
6.74

Zn(mg/1) 
0

41.2
41.2
31.4
17.0

Zn(mg/1) 
0

1 1 1 . 0  

104.8 
102.0
86.0

Zn (mg/1) 
0

113.2
101.6
99.8
90.2

Co(mg/1)
49.7
1.1 
0.8 
1.0
2.3

Co(mg/1)
50.2 
18.0
14.0
14.3
15.9

Co(mg/1)
49.9 
3.1
1.7
1.8 
2.6
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Table A2.2: Influence of Precipitant Particle Size on
Cobalt Cementation

Granular Zinc (-65 + 100M)

Time (min.) Zn(mg/1)
0 0

10 117.4
30 144.6
60 144.2

120 141.0

Zinc Dust

Time (min.) Zn (mg/1)
0 0 

1 0 60.6
30 52.6
60 44.8

120 38.5
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Table A2.3:

System Co++/Zn

Time (min.)
0 

2 
5 
8 

12

System Co++, Cu++
Time(min.)

0 

2 
5 
8

12 2.4

7 9.0°C 84.2°C 8 6 .9°C
52.3 53.4 50.0
27.3 24.6 23.8
18.0 16.3 14.9
14.0 12.5 11.7
11.4 1 0 . 2 9.3

81.3°C 8 6 .4°C
50.2 49.4
2 2 . 2 10.9
4.0 2 . 8

2.4 2 . 2

1.3 1 . 2

Experimental Data for Activation Energy Plots: 
Cobalt Concentrations (mg/1)

71.8°C
52.0
36.4
26.3
19.8
14.9

, As0 2 H/Zn 
71.5°C
48.7
39.8
21.6
6.2
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Table A2.4: Experimental Data from Selected Runs of 
Sulfate Systems

Test XXXVII - C
Time (min .) 

0 

5 
15 
30 
60

Test XXXXI - C
Time (min.) 

0 

5 
15 
30 
60

Test XXXXII - C
Time (min.) 

0 

5 
15 
30 
60

pH(25°C) 
3.50

5.95

pH(2 5°C) 
3.48

5.95

pH(25°C) 
3.52

6.00

Co (mg/1)
49.5 
9.2
3.8
3.8 
4.5

Co(mg/1)
49.4
48.0
42.6
35.9
32.4

Co(mg/1)
49.9 
13.8
13.5
14.0
16.5
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Test XXXXIII - C

Time (min.) pH(25°C) Co(mg/1)
0 3.50 49.5
5   19.0

15   4.9
30   3.0
60 6.03 3.8
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Table A2.5: Experimental Data for Initial Rates of Reaction
Test XXXXX - C

Time (min.) 
0 

2 
5 
8 

12
Test XXXXXI - C

Time (min.) 
0 

2 
5 
8 

1 2

Test XXXXXII - C
Time (min.) 

0 

2 
5 
8 

12

Co(mg/1) 
48.8
7.8 
1.7 
1.1 
0.8

Co(mg/1) 
25.3 
5.6
1.9 
1.2 
1.2

Co(mg/1) 
48.1 
13.7 
1.3 
0.3 
0.1
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Test XXXXXIII - C

: (min.) Co(mg/1)
0 24.9
2 4.5
5 0 . 6

8 0 . 1

1 2 0 . 1
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APPENDIX A3

The proposed electrochemical model was used in an 
attempt to simulate the behavior of the Co++/Zn cementation 
system during the initial period of the reaction. During 
this time, the short-circuited cell, it was felt, was not 
influenced . by any change in porosity of the deposited layer 
which could slow the reaction.

The computer program together with the results of the 
simulation are shown in the following pages. Morever, two 
plots are presented where the experimental values obtained 
for cobalt in solution are compared with those predicted by 
the electrochemical model for two initial cobalt concentra­
tions (25 and 50ppm). The behavior predicted was obtained 
by adjusting the three rate constants in a systematic way 
so as to best fit the observed behavior. To account for 
corrections of the standard equilibrium electrode potentials
of the different species at the test temperature, values for

(72)the first temperature coefficient were obtained, re­
sulting in very small changes over their values at 25°C. 
Although high temperature pH measurements were not carried 
out, the pH at temperature was estimated using the dissociation 
constant for water to correlate pH(25°C) to pH at temperature. 
Since the initial concentration of zinc in solution was zero, 
the potential of the equilibrium zinc electrode would be 
infinite. This.initial condition would therefore present a 
problem with starting the numerical solution. This was over­
come by specifying, instead of zero for the zinc concentration,
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_  pa small value ( 1 0 molar) which did not affect the cobalt 
concentration predicted after 0 . 1  min. had elapsed, even 
if a yet smaller value (1 0 ”^molar) was used.

From the behavior predicted by the model, the following 
may be summarized:

i) The magnitude of the "driving force" (in terms of 
potential difference between the compromise and 
equilibrium potential) decreases for each of the 
species, throughout the run, although there is an 
increase for cobalt, as the hydrogen ions become 
consumed and the common potential decreases (becomes 
more negative). 

ii) For the plots it can be said that the results of 
the simulation agree to a fair degree with the 
experimental values, although it must be recog­
nized that experimental results for times less 
than two minutes were not known, and therefore, 
that part of the curve is just an interpolation.
From the values of the common potential, it may 
be seen that the reaction is controlled by hydrogen 
evolution initially, and subsequently by cobalt 
deposition, when the hydrogen ion concentration 
becomes low. It is also noticeable that the 
reaction rate for both simulations have essentially 
the same initial rates which was also observed 
experimentally. This last point also lends support 
to hydrogen ion reduction controlling the reaction
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initially since the cobalt concentration did not affect 
the initial rate. If the entire shape of the predicted 
cobalt concentration versus time curve were visualized 
it appears that the initial rate is linear, followed by 
an increased rate near the end of the reaction as hydrogen 
ions are almost completely depleted. The rate then has 
to decrease again as the cobalt is depleted.
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10 REM PROGRAM FOR ELECTROCHEMICAL MO DEL--SY STEM C0++*H+/ZN 
20 REM SOLUTION BY 4TH ORDER RUNGE-KUTTA ALGORITHM 
30 DIM LC 4* 33 
40 M3 0. _,
50 M9«10 ................
60 READ GC 13*GC23*GC33*GC43 
70 DATA 0*0. 5* 0.5*1 
80 T?.0. ...
90 T1S0* 01
100 REM READ RATE CONSTANTS 
110 READ K1*.K2*K3  .........
120 DATA 0.0036*0.0015* 0.0012
121 REM***************************************************************** 
130 WRITE <8**>"T1ME STEP*";T1
140 WRITE C8 **>"Kl = ,t;Ki;"K23 ";K2;,,K33 ";K3 
150 WRITE C8 **>
160 WRITE <8 * 650>,,ECOM**170 REM****** ******** fc******3̂ 3*^*3!^3̂ **
180 REM .CONSTANTS IN EXPRESSION FOR COMMON POTENTIAL 
190 C03 K1+0.5*K2+K3 
200 C1«K1/C0 
210 C23 0.5*K2/C0
220 C3*K3/C0
221 REM*****************************************************************
222 REM READ INITIAL. PPM ZINC*PH*PPM CO 
230 READ PC 13*PC 23*PC 33
240 DATA 0.00006*2.8*49
241 REM*****************************************************************
242 REM CALCULATE MOLAR CONCENTRATIONS 
250 CC133PC13/65000
260 CC23a 10t(-PC23>
270 CC33«PC33/59000
271 REM*****************************************************************
272 REM INITIAL EQUILIBRIUM AND COMMON POTENTIALS 
280 EC 13»-0.7568+0.036*LGT< CC13)
290 EC 233 0.072*LGT( CC 23)
300 EC33«-0.273+0.036*LGT<CC33>
310 E03C1*EC13+C2*EC23+C3*EC33
311 REM***************************************************************** 
320 WRITE (8*660)T*PC 13*PC23*PC33*EC 13* EC 23* EC 33* E0
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321 REM*****************************************************************
322 REM RUNGE-KUTTA ALGORITHM 
330 FOR 1=1 TO 3
340 z c n * c c n  
350 NEXT I..
360 FOR J*1 TO 4 ...
370 IF Js 1..THEN 410 
380 FOR 1*1 TO 3 
390 ZCI3»CCI3+GCJ3*LCJ-1,I3 
400 NEXT I
410 EC n*r0* 7568+0. 036*LGT<ZC 11 >
420 EC23*0*072*LGT(ZC23> .
430 EC 33*-0_. 273+0.036*LGTCZC33)
440 E0«C1*EC13+C2*EC23+C3*EC33 
450 LCJ,13*-K1*<EC13-E0>*T1 
460 LCJ,23=-K2*<EC23-E0)*T1 
470 LC«J,33=-K3*<EC33-E0)*T1 
480 NEXT J._
490 FOR 1*1 TO 3. ..
500 CCI3*CCI3 + CLC1,13+2*<LC2,13+LC3*133+LC4,133/6
510 NEXT I
511 REM*****************************************************************
512 REM SOLUBILITY. PRODUCT LIMIT EXCEEDED?
520 IF CC13*<10tC-14)/CC23>T2<10t<-!5> THEN 540521 REM***************************************************************** 
530 M=M9 ...
540 T-T+Tl
550 M=M+1
551 REM*****************************************************************
552 REM PRINT OUT EVERY M9 TIME STEPS
560 IF M<M9 THEN 330
561 REM.*****************************************************************
570 PC13=CC13*65000 
580 PC 23=-LGT< CC23 3 
590 PC 33 = CC 33 *59000...........
600 WRITE < 8,_660) T, PC 13.* PC 23*PC 33.* EC 1 3* EC 23* EC 33* E0
610 IF . MSSM9+1 THEN 670
620 Mm0
630 GOTO 330
640 NEXT I _ _ _ _ _ _
650 FORMAT "T IME", 4X, "ZN . PPM", 4X, "PH", 4X, "C0. PPM", 3X, "EZN", 5X, "EH", 5X, "I 
660 FORMAT F5* 2, 2X, F6. 2, 2X, F6. 3, 2X, F6. 2, 2X, F6. 3, 2X, F6. 3, 2X, F6. 3, 2X, F6. 3 
670 END
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TIME STEP- 0.01 ...
Kl« 3.60000E-03 K2» 1.50000E-03 K3- 1.20000E-03
TIME ZN.PPM PH C0.PPM EZN EH EC0 ECOM
0.00 0. 00 2.800 49.00 -1.082 -0.202 -0.384 -0.812
0. 10 4.99 2.821 46.71 -0.905 -0.203 -0.385 -0.698
0* 20 . 9. 79 2.843 44.52 -0.894 -0.205 -0.385 -0.691
0* 30 14.52 2.866 42.37 -0.888 -0.206 -0.386 -0.688
0*40 19. 19 2.889 40.25 -0.884 -0.208 -0.387 -0.685
0* 50 23.82 2.914 38. 15 -0.880 -0.210 -0.388 -0.683
0* 60 28.42 2.940 36*06 -0.878 -0.212 -0.389 -0.682
0* 70 32.98 2.967 33.99 -0.875 -0.214 -0.390 -0.681
0*80 37.52 2.996 31.94 -0.873 -0.216 -0.391 —0.680
0.90 42. 03. 3.027 29.89 -0.872 -0.218 -0.392 -0.680
1*00 46.51 3.060 27.86 -0.870 -0.220 -0.393 -0.679
1. 10 50.97 3.096 25.84 -0.869 -0.223 -0.394 -0.679
1.20 55.40 3.135 23.83 -0.867 -0.226 -0.395 -0.679
1.30 59.80 3. 177 21.83 -0.866 -0.229 -0.397 -0.678
1.40 64. 18 3.223 19.84 -0.865 -0.232 -0.398 -0.679
1.50 68.53 3.274 17.86 -0.864 -0.236 -0.400 -0.679
1.60 72.85 3.332 15.89 -0.863 -0.240 -0.402 -0.679
1.70 77. 14 3.398 13.93 -0.862 -0.245 -0.404 -0.680
1.80 81.39. 3.474 11.98 -0.861 -0.250 -0.406 -0.680
1.90 85. 61 3.567 10. 04 -0.860 -0.257 -0.409 -0.681
2.00 89.78 3*682 8. 12 -0.860 -0.265 -0.412 -0.683
2. 10 93.90 3.835 6.21 -0.859 -0.276 -0.416 -0.685
2.20 97.94 4.066 4.32 -0.858 -0.293 -0.422 -0.688

TIME STEP- 0.01
Kl* 3.60000E-03 K2= 1.50000E-03 K3*« 1.20000E-03
TIME ZN . PPM PH C0.PPM .EZN EH EC0 ECOM
0. 00 0. 00 2.800 25.00 -1.082 -0.202 -0.394 -0.814
0. 10 4.94 2.821 22.77 -0.905 -0.203 -0.396 -0.700
0.20 ..9. 68 2.843 20.64 -0.895 -0.205 -0.397 -0.694
0.30 14. 34 2.866 18.56 -0.888 -0.206 -0.399 -0.690
0.40 18.95 2.89.0 16. 51 -0.884 -0.208 -0.401 -0.688
0.50 23.51 2.914 14.49 -0.881 -0.210 -0.403 -0.687
0.60 28.03 2.941 12.50 -0.878 -0.212 -0.405 -0.686
0.70 32.51 2.968 10.52 -0.876 -0.214 -0.408 -0.685
0.80 36.95 2.998 8.57 -0.874 -0.216 -0.411 -0.685
0.90 41.35 3.029 6.65 -0.872 -0.218 -0.415 -0.685
1.00 45. 70 3.063 4. 76 -0.870 -0.221 -0.420 -0.685
1. 10 50. 00 3.099 2.90 -0.869 -0.223 -0.428 -0.686
1.20 54.23 3. 139 1. 11 -0.868 -0. 226 -0.443 -0.689
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COBRLT CDNCENTRHTION c) PREDICTED (+) EXPERIMENTRL

0 0.5 I 1.5 2 2.5 3 3.5 H H.5 5TIHE (MINUTE5)
Fig. A3.1: Simulation Plot for the System Co /Zn.

Conditions: Co++ = 50ppm, Zn Dust -
40 times stoichiometric amount.
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COEHLT CONCENTRATION to PREDICTED (+) EXPERIMENTAL
20-

15-

0 0.5 I 1.5 2 2.5 3 3.5 H H.5 5TIME (MINUTES)
Fig. A3.2: Simulation Plot for the System Co++/Zn.

Conditions: Co++ = 25ppm, Zn Dust - 40
times stoichiometric amount.
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