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ABSTRACT

A review of methods for the elimination of principal
impurities from zinc sulphate electrolytes which are directly
responsible for the electrowinning characteristics in these
systems has been presented.

The basic principles embodied in the techniques employed
to effect the solution purification are also discussed.

Emphasis has been placed on three types of treatment,
which were subsequently investigated in the laboratory:

i) Contact reduction (cementation) with zinc powder.

ii) Contact reduction with zinc powder in the presence
of arsenic to promote formation of arsenic inter-
metallic compounds with Co, Cu and Ni.

iii) Okidation of impurities with KMnO4 in the presence

of arsenic to form arsenates and removal of

excess arsenic by precipitation with zinc dust.
The laboratory tests using the above treatments were conducted
with a synthetic solution containing Zn, ¢4, Co, Cu, Fe,
Ge, Ni, Sb, As, Se and Te. The composition was selected
to conform approximately to that encountered in industrial
plants.

The final concentrations of the low level impurities,
Fe, Ge, Ni, Sb and Se, could not be determined because of

iii
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inadequate detection limits on the Atomic Absorption
Spectrophotometric system (both flame and graphite furnace)
used.

The contact reduction tests (i and ii) were run at
80°C and were found to offer the most promise for elimination
of Co, Cd and Cu. Coreduction with arsenic (ii) appeared
to be particularly effective for control of Co and Cu, in
that, resolution of these species was prevented. Cadmiﬁm,
however, presented problems of resolution which could be
linked to contact reduction of excess arsenic by the cadmium
already precipitated and/or dissolution of dislodged particles
of cadmium.

The results of the arsenate precipitation were incon-
clusive because of the low temperature used, 60°C, and also
because of the procedure employed. In any case coprecipi-
tation of zinc arsenate may make this scheme unattractive.

It is felt that the results of the investigation can
provide limits on the viability of the contact reduction
technique for control of Co, Cu, Cd and As in zinc

electrolytes.
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Chapter 1l

INTRODUCTION

There are a number of processes for the production of
zinc where hydrometallurgical flowsheet components are incor-
porated. In a typical flowsheet, zinc sulfide concentrate is
roasted to produce zinc oxide which is leached with spent sul-
phate electrolyte. During leaching, zinc as well as other
elements are solubilized. This solution is then purified to
remove or control undesirable impurities after which it is
circulated to electrolitic cells where a portion of the zinc
in solution is cathodically deposited onto inert (Al or Ti)
electrodes as zinc metal. This flowsheet is shown in Figure
1.1.

Metals such as arsenic, antimony, germanium, selenium,
tellurium, copper, iron, etc., on which hydrogen ions are re-
‘duced to hydrogen at a higher rate than on zinc metal, can
seriously reduce the current efficiency for zinc deposition.
The mechanism.by which an impurity produces these observed
behaviors is not well understood and methods of counteract-

ing its effect have not been successful. The effects of two
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or more impurities in combination is an extremely complex
problem, because of so-called "synergism" where the coupled
electrochemical phenomena act to produce effects which are
not predictable from the behavior when only a single im-
purity is present. In addition, it is not always possible
to analyse and, therefore, detect chemical impurities which
may be detrimental to the process, since analysis of "trace"
impurities can be quite tedious and complex.

In this thesis a number of the various processes for
reducing impurities from zinc electrolytes to concentration
levels where their effects in subsequent electrowinning are
only minimal is examined and tested under laboratory condi-
tions. While it is recognized that in an industrial opera-
tion the mechanical shorts of the reactor quite often limit
the achievement of results obtained in small-scale equipment
used in the laboratory, the findings can represent the
"best" that may be attainable. The mixing effects and fil-
tration of residues are obviously another aspect of the

problem which may need additional attention.
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1.1

SCOPE

The purification of zinc electrolytes for the re-
moval of metallic impurities which are detrimental in
the electrolytic production of zinc has been generally
accomplished by:

i) contact reduction with zinc dust (cementation)
and

ii) formation of compounds of low solubility rela-
tive to conditions (pH, Eh) created within the solution.
In both of the above techniques, adequate filtration of
the precipitates is crucial to the success of the
operation.

Solvent extraction has also been attempted as a
method for purification, but unless the process stream
contains a sufficiently high concentration of impuri-
ties (such as cobalt) this approach may not be economi-
cally feasible.

1.1.1 Contact Reduction (Cementation). Numerous studies

on the cementation of copper onto iron have been

(25, 30) Here, how-

documented in the literature.
ever, the primary objective is the recovery of the
copper rather than purification of the solution.

Purification schemes where cementation is an
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attractive procedure are those where the precipi-
tant metal is the same as the major metal ion in
solution. Examples are removal of copper from co-
balt electrolytes with cobalt metal, and, as in
the present study, removal of impurities which
are more electronegative than zinc, with zinc
powder for purification of zinc electrolytes. 1In
purification processes it is the ultimate concen-
tration of the impurity which is of importance
rather than the recovery of the component.

The thermodynamics of cementation systems
have been extensively studied in connection with
predicting the probable equilibrium concentra-
tions of the precipitate ions. However, equi-
librium predictions are never realized in
practice. As a result, the kinetics of these re-
action systems have received a great deal of at-
tention in recent yearsfzs'zg’ 30) The use of
the rotating disc in these kinetic investigations
became popular during this time. A limited number

(4, 20, 31)using precipitant particles

of studies
has been reported. Kinetics of particulate precip-
itants are, of course, relevant to many industrial

processes where particulates are in fact employed.
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1.1.2

High mass transfer rates due to turbulent eddies

(20) are unique

in mechanically agitated systems
to these operations.

A further consideration which is well docu-
mented in the literature but has received little
fundamental attention is the co-reduction of ar-
senic (and antimony) together with metal ions
such as copper, nickel and cobalt to form inter-
metallic compounds. These compounds appear to
offer electrode kinetics which may be substan-
tially different from when a "pure" metal is pre-
cipitated.

The physical properties of the precipitate
on the precipitant metal have also received at-
tention. The effects of temperature and initial
concentration of precipitate ion on the morphol-
ogy of the deposit have been noted. However, the
relevance of these phenomena to particulate sys-
tems has not been determined.

Finally, the co-reduction of several ions,
not withstanding the possibility of producing in-
termetallic compounds has not been addressed.

Low Solubility Compounds. Pfecipitation of ox-

ides or hydroxides by pH adjustment and oxidation
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1.2

with air and more recently ozonized air has been
used in purification schemes. The nature of the
resultant precipitate in these systems can quite
often determine the success or failure of the
procedure in relation to the subsequent filtra-
tion step.

Formation of arsenates (and antimonates) of
the metal impurities by addition of arsenic (or
antimony) and subsequent oxidation with potas-
sium permanganate has been utilized. The use of
ozonized air for the oxidation step in this
treatment may be an attractive variation which as
yet has not been reported in the available

literature.

STATEMENT OF RESEARCH OBJECTIVES

After reviewing the scope of research associated
with purification of zinc sulphate electrolytes, it was
decided to investigate the features of a selected num-
ber of purification schemes which have been reported in
the literature. The synthetic electrolyte composition
was selected to conform approximately to that encoun-
tered in industrial plants. The major concern was that
the principal impurities, which have been identified

as being important to successful zinc electrowinning,
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should be present. Thus arsenic, antimony, cadmium,
cobalt, copper, germanium, iron, nickel, lead, selenium,
and tellurium were included in the zinc electrolyte
subsequently treated in laboratory tests.

The choice of research objectives was based on the
need to examine an over-all purification scheme, with
all the principal impurities present rather than in-
dividually. The profound influence of the initial mor-
phology of cementation deposits on the reduction during
the later stages when the concentration is low, was an
important consideration. Also regardless of purifica-
tion scheme the product of co-reduction or co-
precipitation could have unique properties as related
to subsequent resolution or dissolution.

The purification was to be carried out in a small
laboratory reactor employing the following procedures:

i) Z2inc powder as precipitant. A temperature of
80°C was selected based on results of previous investi-
gations where temperature limits were established.(s’zo)
The use of higher temperatures can lead to significant
solution loss or reflux due to evaporation.

ii) 2Zinc powder together with arsenic addition for
intermetallic compound formation, in particular for co-

balt removal. Multiple steps as related to residue
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resolution and removal of excess arsenic.

iii) Formation of arsenates by addition of ar-
senic followed by oxidation with potassium permanga-
nate. Multiple steps to control the precipitate
dissolution and removal of excess reagents. 2Zinc pow-
der also used in this treatment. A temperature of 60°C
was selected so that the Eh of the solution could be
monitored with the available redox electrode system

(limit imposed by calomel reference electrode).

ORGANIZATION OF THE THESIS

The thesis consists of six chapters. Chapter 1 is
an introduction which provides an examination of the
scope of the problem and a statement specifying those
aspects tackled in this investigation. In Chapter 2, a
summary of available literature on purification of zinc
sulphate solution from 1920 to the present is given
with a discussion of results obtained as well as the
principles of processes which have been effective.
Chapter 3 covers theoretical aspects of predicting
thermodynamic properties at elevated temperatures using
Criss and Cobble's method, which were subsequently used

to determine standard half-cell potentials. These were

then used to estimate the equilibrium concentration
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during the precipitation of impurities from zinc sul-
phate solutions onto zinc powder. Also thermodynamics
of arsenate formation are examined to determine the
equilibrium concentration of impurities possible, when
these compounds are precipitated. Chapter 4 describes
the experimental equipment, synthetic electrolyte used,
reagents and procedures employed. Experimental results
are presented and discussed in Chapter 5, and‘finally
in Chapter 6, the investigation is concluded with a
summary based on the findings of the work and sugges-

tions of topics which warrant further study.
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Chapter 2
LITERATURE SURVEY

The available literature covering purification of zinc
sulphate solution is extensive. Therefore, this chapter re-
views the literature covering the subjects of elimination of
harmful impurities from zinc solutions. Cu, Cd, Ni and Co
are major impurities(l) responsible for the deterioration of
the zinc electrolysis process.

A brief history of the use of cementation is first pre-
sented. Behavior of the principal impurities in the hydro-
metallurgical methods of producing zinc are then discussed,
followed by a section on removal of the most critical impuri-
ties. Lastly, methods for the elimination by reduction and

oxidation of ions in solution receive attention.

2.1 HISTORICAL ASPECTS OF ELIMINATION OF IMPURITIES FROM
ZINC SOLUTIONS

One of the oldest methods of precipitating a metal
in solution (metal ion) is by contact reduction with a

solid metal which is less noble in the electrochemical
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sense of having a lower electron affinity than that be-
ing precipitated. This process has been referred to as
cementation and references to commercial production of
copper by cementation date back to as early as 1500

(2) Reactions of this type have been used in in-

A.D.
dustry for a long time, not only for the recovery of
metal values (for example, the precipitation of copper
from leach streams and mine waters with scrap iron is
used extensively(3)),but also for the purification of
process streams. The removal of impurities such as ar-
senic, antimony, germanium, selenium, tellurium, nickel,
copper, and cadmium ions from zinc sulphate electrolyte

(4) is an example of this latter

streams using zinc dust
application.

Cobalt has been identified as an important im-
purity in zinc sulphate solution and maintaining its
concentration at an appropriate low level is critical
to the success of the electrometallurgy of zinc. There
have been important practical studies regarding the ef-
fect of two or more impurities in combination. Kerby

(5)

and Ingraham presented an intensive investigation of
the influence of single impurities and combinations of
these on the current efficiency. The history of cobalt

as a harmful impurity in the electrolytic deposition of
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zinc dates back to sixty-two years ago. Great efforts
have been made at developing processes to purify zinc
sulphate solutions of harmful impurities especially

where cobalt is present.

Field(7) developed several methods for eliminating

k(7) involving the

cobalt. His first experimental wor
use of ozonized air to oxidize cobalt from Co*+ to Cot++
might be considered as one of the first major studies
carried out. 1In 1921, Field(s) also proposed a method
for the purification of zinc solutions, this time mer-
curous sulphate solutions and zinc powder were used at
high temperature (>100°C). In 1923(9), he made a re-
evaluation of these methods and suggested that the use
of mercurous sulphate in combination with zinc dust
offered significant advantages over the others.

(10),in an earlier patent, tried

Avery and Williams
to precipitate cobalt from solutions with zinc powder
and arsenic at temperatures above 50°C. This method is
probably the first approach using a cementation reaction.

(11)

In 1924 the Canadian worker, Eldridge , used

the strongly oxidizing properties of zinc hyposulphite
to precipitate cobalt and other impurities such as nic-

kel, iron, copper, lead, cadmium, etc., from zinc sul-

phate solutions.
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(12) realized that

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

Cambi, at the Tenth International Congress of
Chemistry in Rome(l3), presented a discussion on two
methods for cobalt removal from zinc sulphate solutions.
These were an inorganic method, using copper sulphate
and arsenic trioxide in a two-step treatment with zinc
powder at a temperature above 75°C, and an organic
method with alpha-nitroso-Beta Naphthol carried out at
room temperature, where cobalt forms organic complexes
which are then separated from the solution with benzene.

During 1940 to 1960, the research was more basic
in nature. Chizhikov(l4) and Kreinzanz studied the
kinetics of cobalt cementation onto zinc. They found
that an increase in temperature resulted in higher co-
balt 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 found that at a ratio of 1:20 of Co

to Ni resulted in almost no cobalt extraction. These
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(15)

authors also published another paper in which the
effect of dissolved oxygen on impairing the cementation
of cobalt by zinc and the use of sodium sulphite to
counteract this effect were discussed.

Klimenko(ls) developed a new method for cobalt
precipitation using zinc powder and antimony salts. In
6rder to prevent toxic effluents, because of the pres-
ence of the antimony compounds, Klimenko maintained a
copper concentration in the solution fifty times greater
than that of antimony, so as to produce insoluble cop-
per antimonate.

Two years later, Pomosov(l7) studied the purifica-
tion of zinc sulphate solutions of cobalt in the pres-
ence of antimony using an electrochemical corrosion
technique. He found that Co extraction was possible
because of "the depolarization of Co ions by antimony
which promoted a sharp increase in the Co-Zn contact
cells."

(18) attempted to account for the

Fischer-Bartelk
difficulties encountered in removing Ni and Co from
zinc sulphate solutions. They studied the effect of
copper sulphate, arsenic trioxide and antimony trioxide

on the precipitation of Co from zinc solution using zinc

dust as precipitant. It was stated that the increase
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in the rate of cobalt extraction in the presence of the
above-mentioned reagents was a result of the formation
of intermetallic compounds (CoAs) which provided a more
positive potential to the concentration reaction.

MacKinnon(lg)

investigated the kinetics of cobalt
precipitation on zinc sheets, with respect to variables
such as temperature, stirring velocity, acidity and the
presence of other metallic ions. He considered that the
cementation reaction was first order with respect to
cobalt concentration during the first ten minutes. To
account for the deviation from linearity after the ini-
tial period, he stated that the rate controlling mecha-
nism changed to diffusion of zinc ions through the
cemented cobalt.

(20) investigated the behavior of

Recently, Bonelli
copper and arsenic on contact co-reduction of cobalt
from zinc sulphate solution with zinc powder at 80°C.
Activation energies for the systems Cot+/Zn and Cot+,
Cutt, AsOH/Zn were found to be 14 and 26 kcal/mole,
respectively, indicating the possibility of electro-
chemically controlled reactions. However, the study
was confined soley to cobalt and the final concentration

of cobalt achieved (>1 ppm.) was greater than would be

acceptable for industrial solutions.
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2.2 BEHAVIOR OF THE PRINCIPAL IMPURITIES IN THE ELECTRO-
METALLURGICAL PRODUCTION OF ZINC FROM AQUEOUS
ELECTROLYTES

Once an impurity enters the electrowinning cell,
it is virtually impossible to counteract its effect be-
cause the mechanism by which the impurity takes part in
the subsequent electrodeposition is complex and not
well understood. Certain impurities in the electrolyte
are known to cause re-solution of the deposited zinc(Zl).
Re-solution usually occurs after a period of zinc depo-
sition which has been referred to as an incubation
period. Attempts have been made to establish relation-
ships between process conditions and impurity concen-
trations with over-all current efficiency. Unfortunately
most of the findings have been qualitative in nature,
making it difficult, if not impossible, to apply to gen-
eral situations.

(22) which seriously lower

The cation impurities
the zinc current efficiency can be classified into
groups according to the nature of the reaction involved
in reducing the efficiency. The presence of Ag, Cu, or
Ni in the electrolyte produce preferential re-solution
of the deposits,while Ge, Se, or Sn result in evolution

of Hy over the entire electrode surface without local-

ized corrosion of the zinc.
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When the electrolyte contained Ni, there was little
or no physical evidence of re-solution during the ini-
tial electrodeposition, corresponding to a certain e-
lapsed time. Nickel was not detected in the pits or at
re-solution areas so long as the current efficiency was
high. The concentrations of Ge, Sb, and Sn which pro-
duced significant reduction in the current efficiency
were lower by almost an order of magnitude, when com-
pared to the critical levels for other impurities. Al-
though the effects of these impurities were evident
from the start of the deposition, they were never
found on the electrode surface.

Except for Sn, impurities found at the re-solution
sites (pitted areas) by means of X-ray spectrometry in-
cluded Al, Co, Cr, Mn, Sb, and Ti on the Zn.

TWomechanisms(23) have been proposed to explain
the reduction in the current efficiency due to the
presence of impurities in the Zn electrolyte:

i) preferential reduction of H* on co-deposited
impurities as a result of the so-called hydrogen over-
potential, combined with localized cell corrosion and

ii) continuous co-deposition and evolution of
Hy on Zn without preferential areas of Zn corrosion.

Single impurity elements affecting the deposition
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(24)

of zinc can often be recognized by their effect on
the deposit or their action in the cell. However, the
effect of two or more impurities in combination is a
more complex problem, because of the enormous number of
combinations possible, both with respect to the ele-
ments present and their amounts. Usually a combination
of detrimental elements is much more harmful than the
same elements when present individually.

It is well known that the operating conditions
within a particular plant vary from day to day and
from month to month. The many factors involved, some
of which may be unknown, result in the impossibility of

making definitive statements regarding the effects of

impurities under all conditions.

REMOVAL OF CRITICAL DETRIMENTAL IMPURITIES

Purification is vital to the successful electro-
winning of zinc and it is usually accomplished by both
oxidation and reduction methods. Removal of impurities
by precipitation with zinc dust as the primary purify-
ing agent in a neutral solution has been practiced to
control cobalt, nickel and others. Control of cobalt
in the system is very important especially if germanium

is also present. Thermodynamic considerations indicate
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that cobalt should be readily removed with zinc dust.
"In practice, the removal is difficult as zinc sul-
phate appears to suppress completely the ionization of

v (24) Presumably, this statement is in

cobalt sulphate.
regard to formation of an uncharged sulphate complex
because of the high free sulphate concentration present.

2.3.1 Elimination of Ions in Reduction Processes. The

techniques used vary considerably, depending on
the composition of the electrolyte and other fac-
tors, not the least of which is the subsequent
recovery process. The oldest method for precipi-
tating metals ions from a solution is by contact
reduction with a less noble metal, traditionally
referred to as cementation.(zs)
Cementation like electrolysis and gaseous
reduction is an electrochemical reaction. Elec-
trochemical reactions, unlike chemical redox re-
actions where charge transfer occurs at the same
physical location, involve half-cell reactions
which are separated by some finite distance.
Consequently, the solid phase must be an electri-

(26) The electron transfer occurs

cal conductor.
at the interface of the solid phase with the

electrolyte. This particular aspect of the
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electrode process is called a charge transfer re-

(27) Wadsworth has demonstrated that as-

action.
sociated equilibrium and sequential chemical
reactions may be involved in the total process and
nonelectrochemical reactions may in fact be rate
determining. Transport of ions by diffusion may
also be rate determining. In addition, the inter-
action of the electrical field, associated with
the electrical double layer at the electrode-
electrolyte interface, can contribute to the over-
all transport of ions.

The influence of the electrical double layer
is a fundamental feature of electrode reactions.
It determines the activation energies of indi-
vidual reactions depending upon the sign and mag-
nitude of the charge of the reacting species and
its position within the double layer.

i) Contact Reduction -~ The reduction of
metal ions in solution,by precipitation onto metals
which are more electropositive, may be viewed in

terms of electrode processes as outlined above.
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The theory of slow discharge has been used

(27) In general,

to explain cementation kinetics.
contact reduction systems are first-order electro-
chemical processes which are usually diffusion
controlled. In some systems, particularly at low
temperatures and high ion concentration of the
precipitate, the over-all rate cannot be des-
cribed by a single rate controlling step and the
intrinsic "surface" reaction and diffusion rates
are then of the same magnitude.

The contact reduction of a particular ion

may be represented by the over-all reaction:

zoM1 P21+ z1Mp° = zaMp° + zMptE2 (2.1)

Wadsworth complements the interpretation of these
electrochemical reactions with a pictorial repre-
sentation of an over-all reduction as shown in
Figure 2.1.

Figure 2.1 depicts the flow of electrons from
the anode to the cathode. The net current I is

the sum of the partial currents I(4+) and Iy
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Figure 2.1: REACTION MODEL FOR OVERALL REDUCTION
(ADAPTED FROM WADSWORTH) . (+) and (=)
on vectors for electrons indicate current
flow due to oxidation and reduction of
ions at the electrode surface, respec-
tively; complimentary vectors for the
current associated with the charge trans-
fer from and to the ions are shown
pointing away and towards the electrode
surface, respectively.
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The short circuited (common) electrode potential
E will be less than the equilibrium potential for
the cathodic electrode reaction Eo. and greater

than the equilibrium Eop of the anodic electrode
reaction. For contact reduction of a single ion
as shown in equation 2.1, the half cell reactions
for the single cathodic and anodic processes are
now Eoj and Eoé, the Nernst reduction potentials

are given by:

Eo; = E&; - % 1n [M] (2.4)
Eoy = EO, - ?Rz% 1n [My] (2.5)

for activity coefficients of unity.

(28) and Strickland(zg) have examined

Miller
the thermodynamics of cementation system by cal-
culating the equilibrium constants of the various
reactions. The large values obtained indicate
that at equilibrium the ratio of the precipitant

ion activity is such that the equilibrium conver-

stion will be essentially 100%. Moreover, if a
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hypothetical cementation reaction between a pair
of divalent ions and their respective metal elec-~
trodes, having a standard electrode potential dif-
ference of 0.1 volts is considered, it will be
found that the equilibrium constant is of the
order of 2500, which will result in an equilib-
rium conversion of 99%.

Cementation of ions from aqueous solution
never produce the equilibrium concentration pre-
dicted. In a number of instances the precipita-
tion is for most practical analytically complete.
Research on systems where the noble metal ion has
a more positive reduction potential than hydrogen

ions indicate that at the pH investigated reduc-

tion of the metal ion is achieved in preference

to hydrogen ions. On the other hand, when the
more noble metal has a less positive standard
electrode potential than hydrogen, then hydrogen
ion reduction leading to hydrogen evolution be-
comes competitive. Examples of the latter which
are of industrial importance are ca**/zn and
Cof+/Zn. At the same time the possibility of
forming poisonous arsine or stibine should be con-
sidered when arsenic or antimony is present in

the electrolyte.



T-2412 26

2.4 KINETICS OF CONTACT REDUCTION OF METALS IN SOLUTION

Contact reduction of metals from solution has been
used extensively in the minerals industry for recovery
of metals values as well as for the purification of
process streams. These processes have been in use for

(30) Thermodynamic analyses indi-

a considerable time.
cate that equilibrium concentrations of the precipitate
ion are extremely low, thus confirming the attractive-
ness of cementation systems. However, since actual
yields and process efficiencies are determined by rate
factors, a knowledge of the reaction kinetics is essen-
tial for the optimum utilization of the process.

The principal objectives of a kinetic research
are:

i) to determine the relevant individual reaction
steps which occur and result in the over-all reaction
and

ii) to establish the relative contributions of
the reaction steps to the over-all reaction rate.

In some cases a single reaction step can be rate
controlling.
(28)

Intrinsic electrochemical reactions kinetics

can be analysed by considering the activation energy as-
sociated with the chemical process as well as that for

the charge-transfer process. The latter arises because
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The intrinsic electrochemical kinetics can be con-
sidered in terms of absolute reaction-rate theory, as

(28) considers the

demonstrated by Miller. This theory
rafe process by which the reactant species is trans-
formed to the product species through an intermediate
high-energy state. This high-energy or activated state
is associated with an activated complex. Only a frac-
tion of the reactant or product species acquired this
energy at any instant and the activated complex cannot,
in general, be isolated or observed directly by experi-
mentation.

Thus, Miller was able to show how the Butler-Volmer
equation can be derived from absolute reaction-rate
theory. This was extended to the concept of a steady-
state mixed potential for a cementation reaction, where
the anodic and cathodic current (not current density)
most be equal. (The diagram accompanying the related
discussion in Miller's paper, in fact, shows current
density, which would be true if the anodic and cathodic
areas are equal--a condition which cannot be assumed a
priority.) This was further complemented by discussion
of the usefulness of Evan's diagrams, as employed in the

analysis of corrosion reactions, for interpreting cemen-

tation reactions. Here, polarization curves for the two
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a charge carrier (metal ion or electron) is transported
through an electrical field developed in the region of
the interface of the electrode as a result of a gradient
in charge.

In its most elementary form, the over-all cementa-
tion reaction results in a net cathodic reaction with

respect to the noble metal M; according to:

+Z]

+
My Lo+ %. My = My + 21 372 (2.6)

22

This can be represented by the two half-cell reactions

and a conceptulization of the process is shown below:

+ o
ML 4 z) em > M) (2.7)

+ -
5 -+ % M5>22 + zje (2.8)

Figure 2. 2.- Conceptualization of the Over-all
Cementation Reaction.
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electrodes of interest are used to obtain the mixed po-
.tential. Tafel equations for the anodic and cathodic
half cells, at the mixed potential, lead to the estab-
lishment of criteria for electrochemical control and
mass transfer control, based on the potential difference
of the rest-potentials of the anode and cathode reac-
tions. Using values which were "typical" of cementation
systems, it was shown that:

AE5 < 0.06 V for electrochemical control and

AE, > 0.36 V for mass transfer control.

It should be noted that at low concentrations of the
precipitate ion the system will tend towards electro-
chemical control.

From these criteria it appears that the reaction
kinetics of only a few systems should be controlled by an
electrochemical reaction mechanism. Furthermore, the
general irreversibility of these electrochemical reac-

h(22) jn which it was

tions was established by Wadswort
shown that if 2,AE° is greater than 0.3 V, the back reac-
tion kinetics should not be important.

Virtually all kinetic data for cementation reactions
obey a first-order-rate law of the following form which
can be attributed to mass transfer control:

Eﬂl

at = “kACl (2.9)
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The disappearance of the noble metal ion can be
studied in a variety of experimental geometries--an im-
portant consideration due to the importance of mass
transfer in these systems. The integrated rate expres-
sion then assumes the following common form, in terms

of the noble metal ion concentration:

Ci(t) -
1n ! = kAt (2.10)
C1 (o)
where:
Ci(o) = initial concentration of noble
metal ion
C1(t) = concentration at time t of noble

metal ion

= rate constant (cm/sec)

A = the surface area of the active
metal

V = solution volume (cm3)

t = reaction time (sec)

The physical variables which may then be manipu-
lated in order to effectively increase the rate will de-
pend on the nature of the rate controlling step--should
one exist. For example, increased agitation is effec-
tive in increasing the rate when the rate of fluid
phase mass transfer is controlling. An increase in
temperature will bring about an increase in rate, ir-

respective of the controlling mechanism; the magnitude



T-2412 31

2.5

is much greater when the rate is chemically controlled.
(29,32) Impurities may be present in practical situa-

tions in sufficient quantities to modify the kinetics of
the principal reaction as well as the consumption of the

(33) The use of the activation energy

precipitant metal.
as a means of deciding whether the rate controlling step
is due to mass transport or a surface reaction rate can
sometimes lead to incorrect conclusions because of the
morphology of the deposited metal.

The extent of reaction is determined by the reaction
rate rather than by the equilibrium thermodynamics and
consequently, the information required for design and

operation is that associated with these quantities rather

than ultimate equilibrium conditions.

CEMENTATION KINETIC STUDIES

The cementation reaction, already given by equation
2.6, is heterogenous. The ions in solution are reduced
to zero valence on a solid metallic surface. Stric-
kand(33) has shown that provided the deposit is porous,
the reaction can be considered as taking place via six
steps which occur durihg the reaction.

Many investigators who have studied cementation

have used flow system geometries in which the associated
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fluid dynamics are either extremely difficult or impos-
sible to analyse. As a result the data obtained can
only be interpreted qualitatively and cannot be scaled
or used in systems of different geometry. The work of
Levich(34), on the fluid dynamics of the rotating disc,
provides the basis of analysis for many investigators

(35,36)

who have used this system geometry in studying

cementation. Equally popular has been the rotating

(37,38)

cylinder which is said to "...create more agita-

tation and thus reduce the diffusion layer thickness more

w(39)

than in the case of rotating discs.... Neverthe-

less, there is some question as to the validity of
kinetic data obtained by rotating cylinder systems, since
rate measurements are very much dependent on the rela-
tive system dimensions, unlike the rotating disc.(33)
Therefore, in the interest of data reproducibility, it
has been recommended that only rotating discs be used
for work in cementation kinetics.

The unique aspect of the rotating disc is that'it
offers a uniformly accessible surface to mass trans-

(33) Levich derived equations which predict the

fer.
mass transfer boundary layer thickness for a flat plate
with parallel laminar fluid flow, and for a rotating

disc which creates a radial flow pattern. The equations

of interest are:
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Splate = 3Dl/3yl/6u'l/2xl/2 (2.12)

1.61 pl/3y1/64-1/2 (2.13)

ddisc
where:

D = Diffusion coefficient - cmz/sec

Y = Kinematic viécosity - cmz/sec

w = Disc angular velocity - rad/sec

v = Bulk fluid velocity (plate) - cm/seg

X = Distance from upstream plate edge - cm

§ = Mass transfer boundary layer thickness -cm

As can be seen from examination of equations (2.12)

and (2.13) the diffusion boundary layer thickness is uni-
form (and independent of radius) for the rotating disc,
but not for the flat plate. It is, therefore, apparent
that of the three available geometries only the rotating
disc produces a uniform boundary layer thickness and,
hence, a uniformly accessible area. This is, however,
not trué for the flat plate or rotating cylinder, where
it is possible to have different controlling mechanisms
and reaction rates over their surfaces. When more than
one rate mechanism is present at different positions of
the same surface, the apparent system behavior will, in
general, be influenced by all of the mechanisms. This
obviously makes the analysis of the reaction kinetics ex-

tremely difficult to elucidate. It is for these reasons

that the use of rotating discs is preferred.
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2.6

OTHER METHODS OF IMPURITY ION ELIMINATION

Control of Co in the ZnSO4 electrolyte is very im-
portant especially if Fe, As, Sb, Ge, Se and Te are also
present. Simple thermodynamic consideration indicates
that cobalt should be readily removed with zinc dust.
In practice, as mentioned previously, this is never
achieVed.(24)

Several methods have been developed to control the
amount of cobalt. In general, most of the impurities
of zinc solutions are eliminated by one of two general
methods, oxidation and reduction. Cobalt may be re-
moved in both ways.

2.6.1 Lead and Manganese Dioxides Process. Precipita-

tion of cobalt was first and for a long time very
successfully effected by boiling the cobaltiferrous
liquor with lead dioxide, manganese dioxide or the
mixed oxides constituting cell mud. The following
reactions have been suggested to explain the
behavior:(g)

2 CoSO4(l) + PbOz(S) + HZO(l)
Cop03 ¢ + H2804(l) + PbSO4 ¥ (2.14)

2 CoSO4 1)+ MnOp  , + H20(;) =

Co203 ¥+ MnSO4 () + H2S04 (4, (2.15)
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Co304 ¥ + 2HZSO4(1) + PbSO4 + (2.16)

This method reduced the cobalt in the liquors to
about 5 ppm.. Other oxidizing agents such as so-
dium hypochlorite and bleaching powder were avail-
able but these introduced chloride into the
liquors and were rigidly avoided. However, chlo-
ride can be removed by treating the acidified
solution with silver sulphate. The precipitated
silver chloride is then processed with sulphuric
acid and zinc dust to recover the silver.

Antimony and Arsenic Trioxides Process. The addi-

tion of potassium antimony tartrate or antimony
trioxide as a dry solid during zinc dust purifica-
tion can remove as much as 2 mgpl. Co from the
solution. The addition of excess antimony will
not increase the amount of cobalt removed and con-
centrations below 0.5 mg/l are not attainable by
this method.(24) In addition antimony may carry
over into the electrowinning cells with detri-
mental effect. Arsenic compounds react in a simi-
lar manner. Furthermore, the possibility of form-
ing poisonous arsine or stibine should be con-

sidered when using either of these compounds.
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2.6.3 Cobalt and Nickel Removal by Solvent Extraction

and Precipitation. Alpha-Nitroso-Beta-Naphtol,

Beta-Nitroso-Alpha-Naphtol, 1,2,~-cyclohexane dione
dioxime (nioxime), di-2-pyridyl ketone oxime and
dimethylglyoxime in a separate solution will re-
move cobalt from solution in quite large amounts.
Their chemical structures are shown in Figure 2.3.
The use of Alpha-Nitroso-Beta-Naphtol and Beta-
Nitroso-Alpha-Naphtol(40) in various diluents, pH
and reagent concentrations show that both reagents
primarily remove cobalt and that extraction is
greater than 99% of the cobalt at a pH of 3.5 in
the diluent kerosine-isodecanol. A maximum of 4%
zinc is coextracted. To be completely effective
iron and copper must be removed prior to this

(24) The primary difficulty in using either

step.
of these reagents is that the cobalt cannot be
stripped from the organic phase because it is oxi-
dized to trivalent cobalt. Cobalt removal is due
to formation of cobalt-nitrosonaphthate, which is
very stable and does not release the cobalt during
the stripping stage.

When 1,2,cyclohexane dione dioxime

(nioxime)(31) was used greater than 99% of the
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nickel and 75% to 80% of the cobalt were extracted
at a pH 5.2 in the diluents toluene-isodecanol and
kerosine-isodecanol. A pH less than 3.2 resulted
in 99% extraction of nickel without the extraction
of cobalt. Thus by adjustment of pH both nickel
and cobalt may be extracted by a single complexing
reagent. Although stripping the complexed metals
from the loaded nioxime was possible, the func-
tional groups could not be regenerated.

As a final comment it was stated that "the
relatively inexpensive nature of the reagents
makes their use feasible."

Alpha-Nitroso-Beta-Naphtol in the form of so-
dium naphthenate and sodium nitrate) has also been
used to precipitate cobalt from zinc sulphate solu-

(40)

tions commercially. Zinc electrolytic plants

(12) make use of this technique. The

in Australia
precipitated cobalt-nitrosonaphthate is recovered
and oxidized at elevated temperatures to a cobalt
oxide.

Ozone Process. Ozone or ozonized air is known to

be a powerful oxidizing agent. Patent rights have
been granted in several countries covering the use

of ozone or ozonized air. The particular



T-2412

39

impurities removed are those which are suscep-
tible to oxidation such as iron, cobalt, arsenic,
antimony, germanium, selenium and tellurium.
"Ozonized air is easily and cheaply produced,
readily distributed and combines both functions

n(9) It may

of purification and stirring agent.
be pointed out here that oxidized manganese com-
pounds are very effective in'the removal of iron
from zinc liquors. Normally the impure zinc solu-
tions contain manganese in the divalent form.

Even in neutral solution, ozonized air precipi-
tates manganic compounds in the presence of

small amounts of lime which precipitates the man-
ganese in a form readily susceptible to oxidation.

(9)

This is effected by ozone according to:

2MnSO4(1) + ZCa(OH)z(l) + O3(g)
Mn03 - Hzo(s)-+ZCaSO4(s) +

or

GMnSO4(1) + 03(9) + 6Ca(OH)2(l)

3Mn03 - HZ0 + GCaSO4(s) +

(s)

3H,0 (2.19)

(1)
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In the presence of arsenic and antimony,
iron is precipitated as a basic ferric arsenate
or antimonate. With cobalt compounds the oxida-
tion appears to proceed according to the follow-
ing reaction:

2COSO4(1) + Mn203 . HZO(S) =

Co203 - HzO(s) + 2MnSO4(1) (2.20)

The cobalt is precipitated as a higher oxide
while the manganese,in the absence of alkali or
alkali carbonate, would be reverted to sulphate.
Manganese compounds thus act as a chemical inter-
mediate and only manganous compounds need be
added. Ozonized air is used at an elevated tem-
perature ( 60°C) and is most effective in the
elimination of cobalt.

Use of ozone to precipitate cobaltic hy-
droxide makes it possible to implement the pro-
cess without introducing extraneous ions into the

(41) However, the hydroxide produced is

solution.
finely-dispersed and is not readily filtered. The
structure of a precipitate depends upon the condi-
tions of precipitation. The degree of super-

saturation of the solutions from which the preci-

pitate crystallizes is important in determining
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the average size of the crystals. The ozone
concentration in the air, it was stated, was in
the range "28 - 30 mg/dm3."

Hot Copper-Arsenic-Zinc Process. This process is

effective in removing cobalt, nickel, antimony

(24) The purification is usually

and germanium.
made on a clarified solution and utilizes copper

sulphate solution or metallic copper, arsenic

‘trioxide dissolved in a caustic solution, and

metallic zinc dust. Once the cobalt has been re-
duced to <10 ppm., the nickel is then assumed to
be lower than this value. Further purification
by filtering, followed by the addition of a fine
zinc dust (-325 mesh) to the solution and filtra-
tion,after cooling, removes cadmium.(54) The two
filter cakes are both processable products, the
first for its copper content, the second for its
cadmium content, with the cobalt and nickel resi-
dues being discarded to the tailings.
Fugleberg(42) found that in tests where Co
and Ni were present in solution with high content
that both Co and Ni were precipitated with Cu.
However, X-ray diffraction of the cementation

residue could only identify metallic Cu and Cu3jAs,
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Co or Ni compounds could not be observed. Further
examination by X-ray microprobe, in order to lo-
cate Co and Ni in the CujAs, revealed that Co and
Ni were not occluded with the Cu compounds to any
great extent, but were rather present as definite
compounds with As which were substantially free
of Cu. He concluded that Co and Ni are precipi-
tated as pure As compounds which proved to be
CoAs and NiAs (or quite close to these inter-
metallic compounds). Further, these compounds
could be precipitated without copper being pres-

ent in the impure zinc sulphate solution.
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Chapter 3
THEORETICAL

This chapter covers the application of data for the es-
timation of equilibrium concentrations of impurities based
on the principal cementation reactions occurring in the zinc
sulphate solution, when zinc dust is used as a reductant.
Since the reactions take place at temperatures above 298°K
extrapolation of free energy data is carried out using Criss
and Coble's method. 1In addition, qualitative and semi-
quantitative assessment of the behavior of the reaction ki-
netics of cementation are also examined.

Calculations are also carried out for relative assess-
ment of the equilibria, undef conditions when intermetallic
compounds of arsenic are formed.

Finally, the equilibria of arsenate formation are

examined.

3.1 THERMODYNAMIC ASPECTS OF FREE ENERGY EXTRAPOLATION TO
HIGH TEMPERATURES

The application of chemical thermodynamic functions

for the extrapolation of free energy data pertinent to
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the cementation reactions of interest in this study are
presented here. The temperature of interest was 80°C;
however, extrapolation up to 150°C was carried out.

The principal reactions considered in the impure

ZnSO4 solution are:

as3* + %Zn +~ As + %Zn2+ (3.1)
cd2+ + 2zn -+ Cd + 2n2t (3.2)
co?* + 2zn -+ Co + 2n2* (3.3)
Fe2* + 2zn -+ Fe + zn2* (3.4)
Ge?t + 22n -+ Ge + 2zn?t (3.5)
Ni2* + 2zn -+ Ni + zn?t (3.6)
b2t + zn -+ Pb + zn2t (3.7)
sb3* + 22n > sb + 32n%t (3.8)
set* + 2zn + se + 22n2t (3.9)
sn®* + 2n > sn + zn2t (3.10)
Te?* + 22n > Te + 22n2+ (3.11)
cu2t + zn > cCcu+ 2zn2t (3.12)

Although Pb and Sn were not studied experimentally,
they were examined for completeness.

3.1.1 Calculation of the Gibbs Free Energy Above 298°K.

The over=-all contact reduction may be represented

by the general equation:

Me;¥Zi + zian -+ Me; + ziZn?t (3.13)

2 2

where Mej is a specific impurity present in the

impure ZnSO4 solution.
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The standard potential of the reaction is

obtained from:

z¥
where AG% is the standard free energy of the re-
action at temperature T. AGp is calculated by
use of the equation:

AGT, = AHP, - T2AST, (3.16)

where AH%2 and AS{-2 are the standard enthalpy and
standard entropy changes, respectively, at abso-

lute temperature T3, and are calculated thus:

AHT, = AHy + [pl2 ACP dT (3.17)
o _ ° T, ACP
884, = 8sp, + fpi2 SGE at (3.18)
By introducing ACp] gi -- the average value

of the change in standard partial molal heat capa-
cities, Acﬁ between the two temperatures considered--
these relationships lead to:
o - o - o -
AGT2 = AGTl ASTl(T2 11) +

— T —
ACp ]Ti (T2-Ty) -T2 Acplgi 1n %% (3.19)

T1, being the standard temperature, conventionally

taken as 298°K.
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3.1.2 Criss and Cobble's Method for Determining

Standard Redox Potential at Elevated Temperature.

It was shown in the previous section that in order
to obtain free energy estimates at temperatures
greater than 298°K account must be taken of the
variation of enthalpy and entropy with temperature.
This is the basic principle incorporated into sev-

a.3) e

eral methods which have been develope
Gibbs free energy values calculated by Criss and
Cobble's method(44) and Khodakovsky's method(45’46)
are both in good agreement with experimental data
and it would appear that either method may be em-
ployed up to 300°C. This has been substantiated in
a number of cases. One of these is shown in Figure
3.1. It was decided to use the method proposed by
Criss and Cobble in this study.

(44,47,48) _..tes that if a

This principle
standard state is properly chosen by fixing the en-
tropy of HY¥(aq) at each temperature, the partial
molal ionic entropies at that temperature are
linearly related to their corresponding entropies
at the same reference temperature. Their choice of

standard state at 298°K corresponds to an entropy

for the hydrogen ion of -5.0 cal mole~l °x -1 in
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agreement with the value for the "absolute" ionic
entropy of Ht(ag) suggested by other authors.
The correspondence principle leads to the

following general relationship:
-0 o
Sry(abs) = ap, + by, - Spgglabs) (3.20)

where aT2 and sz are parameters dependent on the
class of ions (cations, anions, oxyanions) and on
the temperature considered. Table A-1.2 presents
the entropy for equation 3.20. S3gg(abs) refers
to the ionic partial molal entropies on an "abso-
lute" scale which is not, in fact, absolute, con-
sidering the above-mentioned standard state at

298°K.
ggég(abs) = ggés(conventional) - 5.0z (3.21)

where z is the ionic charge.
Applying these considerations to the average
value of the partial molal heat capacity between

298°K and temperature T, it follows that:

—5, T2 St, (abs) - S3gg(ab
= °T2 298 (abs)
Cplagg = —2 = (3.22)
In59g
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and from Equation 3.20,

@1;':8 = ap, - By, Syeq (abs) (3.23)
where ag, and BTZ are parameters, related to ar,
and b, introduced previously. These are listed in
Table A-1.3.

The standard free energies and standard redox
potentials at elevated temperature are calculated

by a computer program using standard free energies(49)

and entropies(so)

at 25°C, as well as values of oy
and BT2 from Table A-1.2. The results are tabulated
in Appendix A-1.4. These results are shown in
Figures 3.2, 3.3, 3.4 and 3.5.

3.1.3 Standard Reaction Gibbs Free Energies and Reaction
Potentials for Cementation with Zinc Dust at 80°C.

The standard Gibbs free energies and standard poten-
tials of the reactions 3.1 to 3.12 were calculated
from the data computed in the previous section.
These are tabulated in Table 3.1. The large nega-
tive values indicate that low equilibrium values of
the precipitate ion would be expected. These are

confirmed in the section which follows.
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DATA FOR CEMENTATION REACTIONS IN THE PURIFICATION OF

ZnSO04 SOLUTION WITH ZINC POWDER AT 80°C

Equation No./
System

Standard Potential,
AE (Volt)

Standard Free
Energy AG°®
(kcal./mole)

3.1, a8%/2n
3.2, Ca+/Zn
3.3, c8*/2n
3.4, C%+/Zn
3.5, Fé&%/2n
3.6, G&%/zn
3.7, N¢¥/2n
3.8, pB*/2n
3.9, sBY/zn
3.10,5&%/2n
3.11,s8%/2n

3.12,78%/2n

2.096
0.360
0.493
1.083
0.323
2.743
0.523
0.623
2.110
1.789
0.613

1.854

-145.00

- 16.60

22.74

49.95

- 14.90

-253.00

- 24.12

-146.00

-165.00

- 28.12

-171.00
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3.2

EQUILIBRIUM CONCENTRATIONS: OF IMPURITIES IN ZnSO4

SOLUTIONS IN CONTACT WITH ZINC DUST

The equilibrium constant for Equation 3.13 can be

calculated from:

- o . [-]
In K, + ﬁg = zlgéE (3.24)

where AE° = Eé - E; and Ec and Ea are the reversible

standard reduction potentials for the metal impurity and

zinc metal, respectively.(48)

25
{ Me, }Hzn?*}7

T +z§ Zj
{Me, "3} 2Zn }TT

K (3.25)

The quantities { } are the activities of products
and reactants. If there is no solid solubility of the
reduced metal impurity, the solid phases may be con-
sidered as single component phases of unit activity.
Also, if the ion considered is of about the same size and
the same valency as zinc, then the activity coefficients
of zinc and impurity ions may be considered to be equal.

Thus,

[Me.+zi] -ziFAE°

1n 1 = (3.26)
[ Zn2+ ] RT

Therefore, for a zinc concentration of 140 gpl., that is
2.15 M. Equation 3.26 may be rearranged to give the fol-
lowing expression for the equilibrium concentration of

the impurity ion:
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-yl -]
MetZi] = 2.15 exp (—zlff—,f‘\-’?‘-) (3.27)
(-]

where AE° = E; - E3 (volt) at temperature T

0.00 1987 (kcal mole~l °k-1)

R =
T = 353°K

F = 23.06 (kcal volt~l-, equivalent'l)

zj = electrons transferred in the reaction

(equivalent . mole-l)
For the trivalent ions, such as arsenic, the activity co-
efficients do not cancel. Then the activity of this ion
would appear on the left side of Equation 3.27. This was
set equal to unity for the purpose of the calculations.
Using the values of AE° tabulated in Table 3.1, the
equilibrium concentrations of the impurities aé 80°C were
calculated and are listed in Table 3.2 where the observed
concentrations achieved in an industrial operation are
also noted. The very low equilibrium concentrations
shown in some instances have little physical meaning--
for example, in the case of copper (2.55 x 10-28 mgpl.),
it corresponds to less than one ion per liter of solu-
tion! These values can only imply that the reactions are
stoichiometrically complete at equilibrium. The marked
differences between the predicted equilibrium concentra-
tions and those observed at Centromin-Peréégée at once
apparent. At this plant the purification step is stopped

when cadmium is reduced below 0.5 mgpl. and, thus, high
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EQUILIBRIUM AND OBSERVED CONCENTRATIONS IN (mgpl )

Metal

Pnaﬁpiﬁuﬁd

FOR PRECIPITATION OF IMPURITIES BY ZINC

Tellurium

Antimony

Arsenic

Selenium

Copper

Germanium

Tin

Lead

Nickel

Cobalt

Cadmium

Iron

AT CONTROMIN-PERU (48)

Equilibrium
Concentration

Concentration
Before Purifi-
cation by Zinc

3.67 x 1027

3.63 x 10°%°

1.35 x 10 %8

3.62 x 10°%7

2.55 x 1028

9.46 x 10-2°

6.72 x 10”12

3.48 x 10°1°

2.50 x 10" 12

1.80 x 10° 11

1.13 x 10~/

1.28 x 10

1.2 x 10°¢

1.3

5.0 x 10

8.0 x 10~

<5.0 x 10~

6.5 x 1071

10.0
1.9 x 10 2

2.0

Concentration
After Purifi-
cation by Zinc

2

8.0 x 10~
2.0 x 1072
2.5 x 10
4.0 x 10~

3.0 x 10~

<5.0 x 10~

<1.0 x 10
4.0
5.0 x 10~

2.0
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3.3

concentrations of some implurities may not be unexpected.
However, increasing the contact time leads to the forma-
tion of hydroxides and oxidation of the precipitated
metals with air with no measurable improvements in the
final concentrations. The lack of reduction in the con-
centration levels of Co, Ni and Fe is particularly

noticeable.

RATE PHENOMENA IN CONTACT REDUCTION OF METALS FROM
SOLUTION

The general contact-reduction reaction for removal
of impurities in solution by zinc has already been given
in Equation 3.13. The mechanisms responsible for the
reaction may be attributed to numerous micro-celis,(zs)

one of which is Jdepicted below.

— M1 (catt)
AQUEOUS
++ SOLUTION

— M7 (cath

Figure 3.6 Electrochemical Micro-cell in Contact
Reduction of Metal Ion MIzi by zinc.
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These short-circuited electrolytic micro~cells can be ana-

lysed in terms of their respective electrode reactions:

MpP Z MiZio+ zje- (3.28)
+2
2iZn® 7 2iZn + zje- (3.29)
2 2

The reaction is termed electrochemical, as distinct
from a chemical redox reaction, in the sense that the
electrons are not exchanged at the same site but rather
the electrode reactions are separated by an arbitrary, but
finite,distance which necessitates that the solid phase
be a conductor or semicondﬁctor. In addition, contact
reduction should be distinguished from electrolytic dep-
osition where the electrons are supplied from an external
source, rather than by the ionization of the less noble
metal.

In cementation systems the anode and cathode are
short-circuited and the rate of the reaction (or current)
is most frequently determined by the transport of the
diséharging metal ions at cathodic sites, due to dif-
fusional processes. In electrolysis this limiting cur-
rent is not often achieved.

The reaction rate of the precipitate ion, which is
related to the current, is the response most frequently

used by researchers to characterize a given contact
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reduction system. A detailed analysis of cementation
reactions in terms of electrochemical theory has been

(27) The expression obtained for the

given by Wadsworth.
rate of cementation is in fact a recast of the Butler-

Volmer equation:

dn c. Z1/22 -z, (E2-E°)F
—L = c.k_(1-=2 exp [——2—2—1) (3.30)
dt 170 C1 RT *

where:

C, is the concentration of the noble metal ion

' Mi%l(cd), at time t
1 ' ’
C, iizthe concentration of the active metal ion
M,%2(2zn) at time t, .

zy is the charge of the noble metal ion,

z, is the charge of the active metal ion,
Ei is the standard half-cell potential for Ml'
E2 is the standard half-cell potential for Mz,
ko is the rate constant, which may be function

of anodic and cathodic overpotentials, the
double layer potential, diffusion co-
efficient, and diffusion distance.

The back-reaction rate is represented by the second term
in Equation 3.30 and affects the rate by less than 1%

when:

z2q1/2 _ 0_ro0
c,“1/42 z, (E, EL)F

v -2
.c_l. exp [ Ri' ] > 10 (3-31)
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. cp21/22
In most systems, and for typical values of c1

, this
condition is not achieved and consequently the back re-
action would not be expected to be important in deter-

(26) says "Only when

mining the net reaction rate. Miller
(Eﬁ-Ei) is of the order of 0.5 volts will the back reac-
tion be worthy of consideration in defining the kinetics
of a system."

This is, indeed, the case for the present study as
can be seen in Table 3.3. The values shown were calcu-
lated from information in Table 3.1 on standard reaction
potentials for the system and in Table 3.2 using the
values of the impurity ions which are observed in prac-
tice. 1In general, however, small values of (E§-E1) can

lead to other compiicating factors where competing reac-

tions and surface adsorption become important.
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Systems
Fe2+/Zn
Cd2+/Zn
C02+/Zn
Ni2+/Zn
Ge2+/Zn
cu®*/zn
Se2+/Zn
as®*/zn

sb3*/2n

Te2+/Zn

Table 3.3

DATA FOR BACK REACTION KINETICS

IN CEMENTATION REACTIONS OF THE

PURIFICATION OF ZnSO4 SOLUTION WITH

ZINC POWDER AT 80°C OF TEMPERATURE

(E2-E1)
‘Volt

0.323

0.360

0.493

0.523

0.993

1.083

1.743

1.793

1.813

2.093

Values of

Back-Reaction

Parameter

(Eg. 3.31)

3.574 x 10~

2.526 x

-3.766 x

1.464 x

1.369 x

5.376 x

7.122 x

4.039 x

2.202 x

5.828 x

10

10

10

10

10

10

10

10

5

-5
-10
-9

-22
-26
-44
10-45

-45

-54
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3.3.1 Factors Affecting the Contact Reduction Reaction.

Most contact reduction systems appear to be first-
order process with respect to M1+zl and can be re-

presented by the first-order rate equation:

where A is the contact area between.the solution
and precipitant metal. The rate of cementation,
as in any heterogenous reaction, is affected by
the labile area on which the noble metal ion is to
be reduced. The area that controls experimentally
observed reaction rates is determined by the na-
ture of the surface deposit. In cementation reac-
tions, the reaction product (deposited metal)
usually does not impede the reaction progress and
frequently enhances the reaction kinetics, due to
the electrochemical nature of the reaction and the
morphology of the surface deposit.

Surface deposits formed in cementation sys-
tems are quite similar to electrolytic deposits
because of the electrochemical nature of the re-
action. In cementation systems the current den-
sity is not an independent variable and,
consequently, the surface-deposit effects observed

are not predictable. The significance of the
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surface deposit resulting rate behavior can be dis-
cussed in terms of hydrodynamics, concentration,
temperature and particle - particle interaction
effects.

Regarding hydrodynamics, this is an important
variable which controls the type of deposit ob-
tained in electrolytic cells and can be extended
to cementation systems. The results from such a

(52) indicate that fluid flow not only de-

study
termines the extent of surface deposited removal
by shear forces on a macroscopic basis, but can
also determine the basic character and structure

of the surface deposit at the microscopic level as

~well.

Concentration effects on contact reduction
reaction kinetics have been observed in rotating

(29) Two stages of reaction are apparent.

disc.
The initial stage of reaction corresponds to deposi-
tion on a relatively smooth surface where the de-
posit structure and thickness have not significantly
changed. During the second stage of reaction an
increased rate of reaction is observed due to the

development of a structured surface deposit, which

increases the surface area available for reaction.
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In addition, micro-turbulence produced by the ro-
tating surface can also be a contributing factor.

The concentration of noble metal ion, and the
ionic strength in general, can influence cementa-
tion reaction kinetics indirectly as they relate
to the structure and porous nature of the surface
deposited. While directly, they influence the
diffusion coefficient and activity of diffusing
species. Thus, the value of the initial concen-
tration can produce anomalous behavior of the re-
action rate constant. Sometimes an increase in
the initial concentration results in an increased
reaction rate constant. Frequently, such a re-
sponse occurs in dilute solutions of the noble
metal ion where an increased concentration pro-
duces a deposit which is more porous. In more
concentrated solutions, and in the same system,
the apparent reaction rate constant can decrease
with an increase in the initial concentration, as
a result of increased ionic strength.

The temperature dependence of the contact re-
duction reaction rate constant can be used to de-
termine the apparent activation energy, Ep, using
the Arrhenius equation:

ke exp (-Ep/RT) (3.33)
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A plot of log k versus 1/T frequently results in
a straight line from which Ep is determined. For
reactions controlled by diffusion in a liquid
phase, Ep is generally between 2 and 6 kcal/mol;
whereas for a process controlled by a chemical re-
action Ep is greater than 10 kcal/mol. Most con-
tact reduction systems at high temperatures are
diffusion-controlled reactions. A few systems,
however, exhibit rather large activation energies
at low temperatures. This has been interpreted
as being a change from a diffusion-controlled
process at high temperature to a surface-reaction-
controlled process, or apore diffusion process at
low temperature. Beckstead(sé) suggests that
these results are a consequence of the temperature
sensitivity of the surface deposit, i.e., the ob-
served activation energies at low temperatures are
high, either because the nature of the surface de-
posit inhibits the anodic reaction or because of a
change in the effective cathodic area.

Particle - particle interaction can play an
important role in the behavior of contact reduction

systems. This can lead to rate enhancement, since

the conducting particles act to extend the cathodic
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surface area and promote noble metal deposition,
even though the noble metal ion may never contact
the active metal. This has been described as a
fluidized cathode mechanism where an effective in-
crease in cathodic area provides good particle -
particle contact for electron conduction. It has

(28) that enhancement is directly related

been shown
to the concentration of particulate conductors up
to some saturation point. In other words, the rate
enhancement should be proportional to the number

of conductive particles, the collision rate, and
time of contact.

While the various kinetic aspects discussed
previously can all play a role in a particular
cementation system, it is nevertheless difficult
to apply these quantitatively to complex systems
where several ions are being co-precipitated and
particles are used as precipitant. Turbulent ed-
dies can significantly increase the mass transfer
to particles which are small (less than the micro-
scale of turbulence) due to perturbative unsteady
mass transport. Thus, in particulate systems mass

transport may not be a rate determining factor.

Furthermore, when zinc metal is used,the competitive
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hydrogen ion reduction rate can be a significant
effect in reducing the rate of removal of a given
impurity ion. It should be remembered that the
hydrogen ion discharge can occur on the precipi-
tate metal deposited which may not have a high
overvoltage for hydrogen. pH control can only
partially alleviate this problem. In this regard,
co-precipitation where intermetallic compound may
be formed can offer benefits in terms of its elec-
trode kinetics as well as standard potential. An-
other consequence of co-precipitation is that at

a later stage in the precipitation process re-
solution can occur because of complete dissolution
of zinc or blinding of the zinc particle. Metals
already deposited, which are less noble than others
which are still present in solution, will now pre-

cipitate these ions and thus reappear in solution.

3.4 THERMODYNAMICS OF INTERMETALLIC COMPOUND FORMATION WITH

ARSENIC

Copper, nickel and cobalt are capable of forming

intermetallic compounds with arsenic and antimony. These

intermetallic compounds, which can be produced during co-

reduction, have been cited as being responsible for im-

provements in impurity remova

l.(20'42)
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For the general case the following reactions can be

written when arsenic is used:

HASO., + 3HT + 3e- + AsS°+2H.O (3.38)

2 2

M%I + 2e- > Me} (3.39)

Me} + As®~> Me,As (3.40)

I1.c.

+ .
where Mei may be Cg+, N% or C%+. These reactions deter-

mine the following over-all cathodic reaction:

HAst + 3H+ + Me§++ S5e~ -
Mei.ASII.C.+ 2H,0 (3.41)
The anodic reaction is:
2.52n°+ 2.5z47 + Se- (3.42)

Then, the over-all reaction becomes:

HASO, + 3ut + Mei++ 2.52r° -
Me,As | + 2.5Zh7 + 2H,0 (3.43)
i I.C. * 2 y

The equilibrium constants and the corresponding
equilibrium concentrations of cobalt and nickel concen-
tration were estimated from the thermodynamic data at
25°C, listed in Table A-2.1. The calculations are pre-
sented in Appendix 2. Data for copper was not found in

the literature examined.
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3.5

i) Cobalt

Xygoc = 3.77 x 10%%

(cd*] = 7.95 x 10762 mole/liter
ii) Nickel

Kp50c = 3.07 x 1050

nit) = 9.75 x 107%! mole/liter

The values of equilibrium cobalt concentration and
equilibrium nickel concentration in the system C$+,
HAsO02/Zn and NI+, HAsO2/2Zn at 25°C, respectively, are
lower than the values of equilibrium concentration of
cobalt and nickel obtained in the system C$+/Zn and
NI+/Zn. On a relative basis, the reaction with inter-
metallic compound formation appears to be more effective
in removing cobalt and nickel. However, in the final
analysis the electrode kinetics of the deposit will de-

termine how the impurity removal is affected.

THERMODYNAMICS OF ARSENATE FORMATION

The following chemical reactions may be used to
demonstrate the formation of arsenates with the princi-
pal impurities (Co, Ni, Cd, or Cu) present in the im-
pure zinc sulphate solution. Potassium permanganate is

used as oxidant at a pH 25°C of about 5.
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- +
KMnO4(s) > Mno4 + K (3.44)
3Aso'2' + 40H + 2Mn02 -
3~
3AsO4 + 2Mn02(s) + 2H20 (3.45)
3- ++
2Aso4 + 3Mei > Mei3(Aso4)2(s) (3.46)

The manganate ion thus oxidizes the trivalent ar-
senic to the pentavalent arsenate ion. This, then, re-
acts to form the arsenate compound. The solubility
products for a selected number of arsenates are pre-
sented in Table A-1.5. The values are extremely small,
indicating that with excess arsenic, it is probable that

low concentrations of the impurities could be obtained.
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Chapter 4

EXPERIMENTAL

This chapter provides details of the experimental equip-

ment and procedures used in the work reported in this thesis.

The various experimental equipment are presented in the

first section. Included are a photograph and sketch of the

laboratory reactor system. Chemical reagéents and other ma-

terials used in the tests and the procedures carried out to

effect the removal of the impurities conclude the chapter.

EQUIPMENT

The tests were carried out in a water jacketed pyrex
glass reactor with a cover but vented to the atmosphere.
The liquid capacity of the reaction chamber was 135 cm3
and four longitudinal indentations in the sides acted as
baffles. This arrangement eliminated the formation of a
vortex. The cover contained three holes. Two were used
to insert platinum and satured calomel electrodes for
Redox measurements and the other contained a thermo-

couple for temperature measurement of the zinc sulphate

solution.
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The reactor was placed over a magnetic stirrer
(Corning Glass Works, Model PC-353), which provided
rotation of a Teflon covered magnetic impeller located
in the solution at the bottom of the reactor. The
rotational speed of the magnetic impeller was measured
with a General Radio Model A531-AB Strobatac. It was
found that a speed of 500 RPM was adequate for suspen-
sion of zinc particles. The water jacket was connected
to a constant temperature circulating system (Lab-line
Instruments, Inc., Model 3052), and provided thermo-
stating of the reactor.

The temperature was measured using a stainless
steel sheathed type K (Chromel-Alumel) thermocouple.
The thermocouple output relative to a melting ice
junction was recorded using a potentiometric strip
chart recorder (Honeywell, Electronic 196).

The pH of solutions at the ambient temperature in
the laboratory (25°C) was measured using a digital pH
meter (Radiometer, Model pH M62) with a Radiometer,
Model GK2301C glass/calomel combination pH electrode.
Corning Cat. No. 476060 platinum electrode and Radio-
meter Model K401 calomel electrode was also used with
the pH meter for Redox measurements. The salient

features of the set-up are shown in Figures 4.1 and 4.2.
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Thermocouple

Constant Temp
Water Inlet

Magnetic
Impeller

Constant Temp
Water Outlet

Figure 4.2: View of the thermostated glass reactor.
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4.2 CHEMICAL REAGENTS AND MATERIALS

The synthetic impure zinc sulphate solution was

formulated to include the principal harmful impurities.

The chemical reagents used were of the following speci-

fications:

Antimony Trioxide (Powder) from "Baker Analyzed"
Reagent.

Arsenic Trioxide (Powder) from Mallinckrodt Chemi-
cal Works.

Cadmium Oxide (Powder) from Fisher Scientific
Company.

Cobalt Sulphate (Crystal CoSO4.7H30) from
Mallinckrodt Chemical Works.

Copper (ic) Sulphate (Powder CuSO45H,0) from
Sargent-Welch.

Germanium Dioxide (Powder) from Goldsmith Chemical
and Metal Corporation.

Iron (Powder) from "Baker Analyzed" Reagent.

Nickelous Sulphate (Crystal NiSO,.6H,0) from
"Baker Analyzed" Reagent.

Selenium Dioxide (Powder) from Sargent-Welch.
Tellurium Dioxide (Powder) from Sargent-Welch.

Zinc Sulphate (Granular ZnSO4.7H50) from

Mallinckrodt Chemical Works.

Sodium Hydroxide (Solution 50%) from Mallinckrodt
Chemical Works.

Zinc Metallic (Powder-325 Mesh) from ASARCO.

Potassium Permanganate (Granular, KMnOy4) from
"Baker Analyzed" Reagent.
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4.3

The residue was separated from the treated ZnS0O4
solution by filtration using polycarbonate membranes
47 mm.diameter with 1.0 um openings (Nuclepore Corpora-

tion).

PROCEDURE

Details of the preparation of the synthetic zinc
sulphate solution and the various purification methods
investigated are presented in the following two sec-
tions:

4.3.1 Preparation of Solutions. The zinc sulphate

was prepared by dissolving ZnSO,.7H,0 in distilled
water. In addition ZnO and sulphuric acid were
used to obtain 15 liters of solution of the de-
sired zinc concentrations.

Stock solutions were prepared by dissolving
cobaltous sulphate, copper sulphate, nickelous
sulphate in distilled water. Cadmium oxide, ger-
manium dioxide, iron, selenium dioxide and tellu-
rium dioxide were prepared in 1 N. sulphuric acid,
while arsenic trioxide and antimony trioxide were
prepared in 50% sodium hydroxide. The concentra-
tion of each of these was adjusted to 1 gpl. ex-

cept for cadmium and copper which were 10 gpl..
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Volumes of 100 ml. were prepared in each case.
Calculated volumes of each impurity were added

to the zinc sulphate solution to obtain the de-
sired impurity concentration. The impure zinc
sulphate solution was finally adjusted to pHjsec
4.85 by addition of sodium hydroxide solution.
This solution was stored in a 20-liter glass
bottle and subsequently analysed by flame and/or
graphite furnace atomic absorption spectrophotom-
etry for all the elements. The analysis is shown

in Table 4.1.
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Table 4.1

ANALYSIS OF THE SYNTHETIC IMPURE ZnSO4 SOLUTION

Element Concentration (mgpl )
Zn 107.0 gpl.
cd 137.0
Cu 107.0
Co 3.3
Sb 2.0
Ge 1.0
As 0.5
Te 0.5
Se 0.5
Ni 0.2

Fe 0.1
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4.3.2 Methods for Precipitating Impurities. The methods

of precipitating the impurities were investigated
in order to assess their effectiveness.

In each test approximately 130 cm’ of impure
solution was treated. Approximately 10 cm3 were
lost during a run due to evaporation. This solu-
tion was brought up to the working temperature (60
or 80°C) by connecting up the water jacket to the |
water bath. The time required was typically five
minutes. The initiation of a run was marked when
zinc dust or KMnO4 (with arsenic already present)
was introduced into the solution. At the end of
the run the reactor was disconnected from the
water bath and connected to the cold water tap to
quench the reaction in about a minute.

i) The first set of experiments was carried
out with the objective of precipitating the im-
purities by contact-reduction with zinc dust.
Once the solution attained the run temperature of
80°C, under constant agitation, the required
amount of zinc powder for the particular run was
added. Reaction times of 5, 10, 30, 45 and 60
minutes with a fixed amount of zinc dust addition

were investigated. A number of runs were also
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carried out at a fixed time of reaction but with
different amounts of zinc dust addition.

ii) The second set of experiments was con-
ducted in a similar manner to the first set. The
tests were again carried out at 80°C. However,
arsenic trioxide dissolved in sodium hydroxide
(10 gpl. As) and neutralized with HZSO4, was used
as a reagent in the treatment. The objective now
was to promote the formation of intermetallic com-
pounds of arsenic, in particular with cobalt.
Furthermore, the "stock" impure solution was doped
with cobalt to increase the concentration by 10
pPpm. Arsenic was added at the start of the run,
simultaneously with the zinc dust, to the impure
solution. In addition, a similar treatment was
carried out as the second step of a two-step pro-
cedure where the first step corresponded to the
treatment as in Set No. 1, where arsenic was not
added initially.

iii) In the third set of experiments the
treatment temperature was 60°C. Also the "stock"
impure solution was doped with additional 10 ppm.
of cobalt. Trivalent arsenic was added to the
solution in preparation to the addition of 0.5 M

KMnO, solution for precipitation of impurities as
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arsenates. The KMnO4 solution was added until the

Eh attained a value of 1.0 volt. After a

*
60°C
reaction time of 15 minutes, zinc dust was added
(without removal of the precipitate) to eliminate
excess arsenic by contact-reduction. Two dif-
ferent reaction times wére used for this second
step in two separate runs.

A variation of the previous procedure was
used in a subsequent series of runs where the res-
idue was eliminated before the second treatment
step. Finally, a series of runs where the impure
solution was first treated with zinc dust, as in
Set No. 1, for 45 minutes, after which trivalent
arsenic was added (based on residual impurities),
followed by KMnoO , solution addition to produce an

Eh of 1.0 volt. The reaction time for this

60°C
second step was 45 minutes. A third and last

step consisted of adding zinc dust to remove ex-
cess arsenic. Reaction times of 15 and 30 minutes
were investigated.

A schedule of these procedures is provided

in Table 4.2.

*Ehghoo =

where E

Pt-Cal

E + 220) mV

- - Eca1- = (Ep,_
is the measured potential using the Redox

system described previously.
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Chapter 5

RESULTS

Two sets of contact reduction runs were performed as
set forth in the schedule presented under Table 4.2. Set
No. 1 was carried out to investigate the behavior of impurity
removal when zinc dust alone was used. In Set No. 2 the role
of arsenic as a reagent with regard to intermetallic compound
formation during co-reduction with other ions by zinc was in-
vestigated. A third set of runs was carried out to investi-
gate impurity removal by arsenate formation. The initial
‘concentrations of the ten impurity elements were presented in
the previous chapter under Table 4.1. The contact reduction
procedures in Set Nos. 1 and 2 were carried out at 80°C and
the procedures involving arsenate formation were run at 60°C.

Set No. 1 consisted of ten runs where the behavior of
cadmium, cobalt and copper were observed in relation to the
amount of zinc dust addition and the reaction time.

In Set No. 2 twenty runs were carried out to investigate:

a) The role of arsenic as a reagent for removal of

cobalt to low levels (<0.1 ppm.). This was
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investigated with regard to the amount of arsenic
used and the time of reaction.

b) The effect of carrying out the treatment in two
steps where the first step residue was eliminated.

In Set No. 3 there were seven runs. The principle of

the treatment was the formation of arsenates by arsenic ad-
dition and oxidation with KMnO4. These tests examined:

a) The effect of multiple steps in the treatment.
Elimination of excess arsenic with zinc dust after
arsenate precipitation with and without removal of
the precipitate.

b) Primary contact reduction with zinc dust alone,
followed by arsenate formation and precipitate re-
moval, and a third and final step where excess ar-
senic was removed by contact reduction with zinc.

In all of the sets, some runs wefe carried out where the

solutions were doped with additional cobalt (10 ppm.) to in-
crease the cobalt content of these solutions. The chemical
analyses for all the runs are presented in Table 6.1 of
Appendix 6. Stoichiometric calculations pertaining to these

tests are provided in Appendices 3, 4, and 5.
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CONTACT REDUCTION WITH ZINC DUST ALONE - SET NO. 1

The behavior of cadmium, copper and cobalt in the
solution after treatment with zinc powder for 60 minutes
and for different stoichiometric amounts of zinc dust
are presented in Figure 5.1. These results indicate
that as the stoichiometric amount of zinc dust is in-
creased to the maximum amount studied (5 times), cadmium
and cobalt concentrations are continuously decreased in
the solution, and attain a value of 0.1 to 0.3 ppm. at
the previously mentioned limit. However, in the case of
copper a plateau is reached at around 0.1 ppm. once the
stoichiometric amount of zinc is doubled. This behavior
can be attributed to the cathodic area available for
copper reduction attaining a maximum value. It is brought
about by agglomeration of the zinc dust particles as are-
sult of the cementation process where the deposited metal
serves to bond clusters together.

Figure 5.2 shows the behavior of cadmium, cobalt and
copper as a function of the time of reaction with three
times the stoichiometric amount of zinc dust. Cadmium
and copper attain a value of less than 0.1 ppm. at the
end of twenty-five minutes after which re-solution ap-
pears to take place. Similarly, cobalt is reduced to

about 0.2 ppm. at about forty minutes. Beyond this time
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Figure 5.1 -- Effect of stoichiometric
amount of zinc dust on the precipitation
of cobalt, copper, and cadmium. Run Nos.
1,2,7A,5,9. Set No. 1. See Table 4.2.
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5.2

resolution also takes place. It should be noted that
the minima at twenty-five minutes and forty minutes can-
not really be discriminated as being different, because
of the lack of data points for cobalt. There are two
plausible explanations for this behavior:

i) The components re-oxidize in the reactor after
the zinc has been "used up."

ii) The components re-oxidize during the filtration
step when the solution is decanted at the end of the run.

The zinc consumption and possible exhaustion should
be considered in light of hydrogen co-reduction (the ar-
senic was not high enough for arsine formation), observed

as bubbles during the runs.

CONTACT REDUCTION WITH ZINC DUST AND ARSENIC ADDITION -
SET NO. 2

This set of experiments investigated the cementation
of cobalt, copper and cadmium when trivalent arsenic solu-
tion (present as HAst) was added simultaneously with
zinc dust. 1In general there were two steps in the pro-
cedure. The arsenic was usually added in the second step
after prepurification with zinc dust alone. The runs may
be classified into those where the residue was not elimi-

nated prior to the second step and those where it was.
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The final runs were carried out where arsenic was added
in the first step.

5.2.1.Arsenic Added to the Second Step. In all but two

runs, this procedure was adopted. The residue was
eliminated prior to the arsenic addition in runs
10 to 18, and was left in the prepurified solution
during runs 19 to 27.

A) Residue Eliminated. In runs 10 to 13 the solu-

tion was first treated with zinc dust alone (3
times the stoichiometric amount with respect
to all impurities present in the solution) for
45 minutes, after which the residue was elimi-
nated by filtration and this prepurified solu-
tion was now treated a second time using
arsenic and zinc dust. The results of using
different amounts of arsenic in this second
step are shown in Figure 5.3. The cobalt con-
centration appears to be unaffected by this
treatment and the arsenic concentration in-
creases as the arsenic addition increases.
The behavior may be attributed to two reasons:
i) At small amounts of arsenic, resi-
dual cadmium (see Figure 5.2) was not used in

calculating the zinc dust requirements and the
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Figure 5.3 -- Effect of stoichiometric
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first step. Set No.2. Run Nos. 11-13.
See Table 4.2,
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zinc may have been"used up" in precipitating
this element together with arsenic.

ii) At higher amounts of arsenic, the
arsenic deposit may completely cover the zinc
dust and prevent further cementation.

The variationsof Co and As are shown in
Figure 5.4 for this second step treatment
when three times the stoichiometric amount of
arsenic was used. The prepurified solution
in the runs was doped with 10 ppm. Co to give
an initially higher concentration of cobalt.
The cobalt concentration is unaffected by the
treatment time; however, the arsenic added as
a reagent is seen to decrease over the 60
minutes run time. This procedure was not pur-
sued further since it was realized that a
significant amount of zinc was still present in

" the eliminated residue, and could be effectively
utilized by leaving it in place during the
second step.

B) Relsidue not Eliminated. Figures 5.5 and 5.6

present the behavior when the residue was not
eliminated prior to arsenic addition. In these
tests the prepurified solution of the first
step was doped with 10 ppm. Co prior to the

second step treatment.
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The effect of arsenic addition in the
second step treatment is shown in Figure 5.5
when the treatment time was set at 45 minutes.
The cobalt and copper concentrations are not
reduced any further once the arsenic addition
exceeds twice the stoichiometric amount. This
probably occurs as a result of "complete" ar-
senic elimination (<0.5 ppm.) during the time
of treatment and no further elimination of
either cobalt or copper as intermetallic com-
pounds occurs at these low levels (approxi-
mately 0.1 ppm.). In addition, the high
cadmium level (60 ppm.) cannot then be ex-
plained as being due to contact reduction of
arsenic (by cadmium) and instead can only be
attributed to cadmium re-solution with air in
the reactor. The fixed treatment time may
be the reason why the cadmium concentration is
unaffected, if the average rate of the resolu-
tion is considered constant in each of these
tests.

The effect of the treatment time on this
second step is shown in Figure 5.6. The pre-
purified solution was doped with 10 ppm. Co

and three times the stoichiometric amount of
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arsenic with respect to cobalt was used.
Copper and cobalt are reduced to about 0.1
ppm. at the end of 45 minutes and no further
reduction is obtained at 60 minutes. There

is a continuous re-solution of cadmium where
the reaction rate appears to be first order.
This re-solution as stated previously, occurs
as a result of oxidation of the deposited
cadmium (some of which may become dislodged
from the zinc dust) by oxidation with air in
the reactor. The stability of cobalt and cop-
per (when compared to the behavior in Figure
5.2) is probably due to these metals being co-
reduced with arsenic to form intermetallic
compounds which are not as readily oxidized.

5.2.2 Arsenic Added to the First Step. Two runs were

carried out where the initial cobalt concentration
of the impure zinc sulphate solution was increaséd
by 10 ppm., and three times the stoichiometric
amount of arsenic with respect to the total cobalt
was then used. The amount of zinc dust added was
based on all the impurities, including the addi-
tional cobalt and arsenic introduced into the solu-
tion. 1In the fi;st step the reaction time was 45

minutes. In the second step the residue was
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Table 5.1
FINAL CONCENTRATIONS OF Co, Cd, Cu AND As
AND pH - SET NO. 2
Residue Not
Residue Eliminated Eliminated
Measurement Run No. 29 No. No. 28
Final pH 5.53 5.54
cd 34.6 mgpl. 24.6 mgpl.
Cu <0.01 mgpl. 0.01 mgpl.
Co 0.9 mgpl. 0.2 mgpl.
As <0.5 mgpl. <0.5 mgpl.
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eliminated in one run and left in place in the
other. Zinc dust used in this second step was
based on "excess arsenic" assuming that arsenic
in the first step was only used to precipitate
cobalt. The treatment time was also 45 minutes.
The results of the two steps described pre-
viously are shown in Table 5.1. 1In retrospect
the second addition of zinc and elimination of the
residue were unwarranted. However, the analysis
of the solutions from the previous runs were not
available when this procedure was devised. Never-
theless, the results indicate that the elimination
of copper is particularly good (<0.0l1 ppm.). The
result for cobalt shows that by not eliminating
the residue a final concentration of 0.2 ppm. is
achieved. Cadmium concentration, as before, is
high (25 - 30 ppm.) and is,no doubt, due to the

long contact time during the second step.

5.3 ARSENATE PRECIPITATION - SET NO. 3

These procedures proved to be the least satisfac-

tory of the schemes investigated. This was in part due

to the low temperature (60°C) used for a final step,

where it was perceived that excess arsenic (and other

impurities remaining) would be eliminated by contact
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reduction with zinc. Two types of procedure were
tested:
i) precipitation of impurity elements as
arsenates and
ii) precipitation of residual cobalt (from
solutions prepurified with zinc powder) by form-
ing cobalt arsenate.

5.3.1Arsenate Formation in the Presence of All Impurity

Elements. Five runs were carried out. Two steps
were employed in the over-all procedure for each
run. In two tests the precipitate was not elimi-
nated prior to the second step where residual ar-
senic was eliminated by contact reduction with
zinc. In the remaining three the precipitate was
discarded prior to this second step.

A. Precipitate not Eliminated. The results are

shown in Figure 5.7. Displayed also is the

Eh of the solutions. In these tests ar-

25°C
senic was first added to the solution at three
times the stoichiometric amount based on pre-
cipitation of cobalt. It should be noted that
the cobalt concentration was increased by 10

ppm. prior to the run. Potassium permanganate

was then introduced, once the solution was at
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temperature (60°C), to obtain an Eh60°C of
approximately 1.0 volt. About 80 ul of 0.5 M
KMnO4 solution was added. The approximate
amount needed was determined by a previous ex-
ploratory run.

The system was allowed to react for 15
minutes after which zinc dust was added and
allowed to react for a further 15 minutes in
Run 38 and 30 minutes in Run 32. The cobalt
impurity level was approximately 1 ppm. in
Run 38 but re-solution takes place in Run 32
at the end of 45 minutes. The arsenic level
at the end of 30 minutes was <0.5 ppm. and
some re-solution occurs over the next 15
minutes. The Eh25°C in the system is seen to
decrease at first and increased as the re-
solution occurred. The exact reason for this
is not apparent, since it is not clear which
redox reaction in the system is responsible for
the potential on the platinum electrode once
zinc is added.

Precipitate Eliminated. In Runs 33, 34 and 37

arsenic was added at two times the stoichio-
metric amount based on all impurities. The

potassium permanganate addition was now about
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Figure 5.8 -- Variation of cobalt concen-
tration as a function of treatment time
when the first step precipitate is elimi-
nated prior to zinc dust addition.

Set. No. 3. Test Nos. 33,34,37. See
Table 4.2.
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2,8 ml., in order to attain an Eh60°C of 1.0
volt. After a first step reaction time of 45
minutes, the solution was filtered and the
filtrate re-processed with zinc dust as
noted under Table 4.2. The cobalt concentra-
tions at the end of 45, 75, and 90 minutes are
shown in Figure 5.8. The cobalt concentration
at 45 minutes was decreased to less than 0.5
ppm. and at 90 minutes re-increased to about
l ppm.. The arsenic concentration (now shown
but listed in Table A-6.1l) in this period de-
creased from about 250 ppm. at 45 minutes to
less than 0.5 ppm. at 75 minutes and there-
after. It should be noted that the arsenic
concentration before zinc dust addition repre-
sents the amount of excess arsenic which was
added to the system. This fact, however, ap-
pears to be solely fortuitous since, surpris-
ingly, both the cadmium and copper concentra-
tions were still high (126 ppm. and 99 ppm.,
respectively--see Table A-6.1.)

As an additional point, it should be re-
called that the precipitation of zinc arsenate
is therﬁodynamically probable, although it

would appear that its rate of precipitation is
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rather low as evidenced by the relatively
large arsenic concentration at the end of 45
minutes prior to the zinc dust addition (Run
No. 33).

The Eh25°c is seen to decrease continu-

ously.

5.3.2 Cobalt Arsenate Precipitation. The final runs in

this set relating to arsenate formation were con-
ducted with prepurified solutions similar to those
obtained in Run No. 9 by contact reduction with
zinc. Arsenic was added based on the cobalt in
solution which for the purposes of these runs were
increased by doping with 10 ppm.. As before KMnO4
solution was added to increase the Eh60°C to 1 volt.

After an initial reaction period of 15 minutes,
zinc dust was added in an amount corresponding to
three times the stoichiometric amount based on ex-
cess arsenic. The results obtained for the concen-
trations of cobalt and arsenic for this third
treatment are shown in Figure 5.9. The cobalt con-
centration is still about 8 ppm. and increases at
the end of 30 minutes to 9 ppm. Similarly arsenic
which is present at less than 0.5 ppm. at 15
minutes increases to 1.7 ppm. at 30 minutes.

It is interesting that the Eh25°C also shows

an increase between 15 and 38 minutes. It may well
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be, that the manganese dioxide (probably non-
stoichiometric (Mnol.s) precipitated during the
oxidation treatment (see Equation 3.45) and still
present in the solution may be responsible for
this behavior. It is also likely that the same

is true of similar behavior seen in Figure 5.7.

CONFIRMATION TEST

It was apparent from the preceding results that
the purification schemes using zinc dust offered more
promise. Consequently a number of confirmation tests
was carried out in order to demonstrate the reliability
of these procedures. Eight runs were, therefore, car-
ried out and the results are shown in Table 5.2. The
runs were classified into two types~-four runs using
zinc dust alone and four where zinc dust and arsenic
were used. Also in two of each of the four runs the
impure stock solution was doped with an additional 10
ppm Co.

The filtered residues from these runs were subse-
quently examined by Scanning Electron Microscopy and
photomicrographs obtained. The S.E.M. photographs do
not appear to show marked differences between the dif-

ferent procedures. These photomicrographs are shown

in Figure 5.10. However, the "filter cake" of the runs
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1b. Zinc Alone

Figure 5.10. S.E.M. Photomicrographs of Confir-
mation Runs. 1 inch = 34 pm.
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with arsenic, when observed with the unaided eye im-
mediately after filtering, were black in color, whereas
they were silvery when arsenic was not used. Also, it
was noted that once arsenic was added to the system
the zinc particles began to cluster and change to the
black color mentioned previously. Photographs of the
"filter cakes" are shown in Figure 5.1l1l. Again no dra-
matic differences can be discerned.

5.4.1 2inc Dust Alone. Runs 40 and 42 were carried out

using the impure stock solution. The analyses for
arsenic yielded values for concentration which
were higher than were present in the original
stock solution and could not be explained. Re-
analysis of Run No. 40 did not resolve the situa-
tion. Runs 40 and 42 were replicates of the same
run; however, the results obtained were drastically
different. The results for Run 42 are closer to
the values of concentrations of Cd, Cu and Co ob-
tained previously and which were presented in
Figure 5.2. The very low cobalt concentration for
Run 42 was particularly remarkable.

In the doped runs (41 and 45) the agreement
between the concentrations of Cd, Cu and Co was
reasonable, but the cobalt concentrations (2 and

4 ppm.) appear to be rather high.
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41

1.- 4 PPM Co 2,- 14 PPM Co

ONE STEP WITH ZINC ALONE

1.- 4 PPM CO 2.- 14 PPM Co

TWO STEPS WITH ZINC AND ARSENIC ADDITION

Figure 5.11. Photographs of "filter cakes” on
cellulose filters. 47 mm filter
and 35 mm diameter "cakes”.
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5.4.2 Two Steps - Zinc Dust Followed by Zinc Dust and

Arsenic. These runs were satisfactory both in
terms of reproducibility and the final levels of
As, Cd, Co and Cu. As already discussed, the
‘high cadmium could perhaps be avoided by using

a short treatment time in the second step. The
agreement with results previously presented in
Figure 5.6 was also satisfactory. Except for
cadmium the impurity levels of As, Cu and Co are

acceptable for zinc electrowinning.

5.5 FINAL CONCENTRATIONS OF LOW LEVEL IMPURITIES

The final concentration levels for the low level
impurities -- antimony, germanium, tellurium, selenium,
nickel and iron (in some runs arsenic as well) -- could
not be determined so as to assess the degree to which
they were removed. This limitation was imposed by the
analytical method available for these determinations =--
flame and graphite furnace Atomic Absorption Spectro-
photometer. For Ge this was < 1 ppm, for As and Sb <

0.5 ppm and for Fe, Ni, Se and Te it was < 0.1 ppm.
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Chapter 6
CONCLUSION
This final chapter summarizes the results of the
investigation carried out and presents conclusions based

on these findings. Suggestions for further work make up

the last section.

6.1 DISCUSSION AND CONCLUSIONS

This investigation has examined the problem of
impurity elimination from zinc sulphate solutions in
regard to the specifications required for zinc electro-
winning. Of the several techniques available the
most promising appears to be contact reduction (cemen-
tation) with zinc dust in the presence of added arsenic,
so as to form intermetallic compounds. Although
cementation processes have been widely studied during
the last twenty years, very little fundamental work
on co-reduction of ions has been attempted. In addition,
the mass transfer phenomena associated with very small

diameter particulate precipitant are not entirely
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understood. The role of turbulent eddies which are of
the same size as the particles as well as agglomeration
due to bridging brought about by the deposited impurity
metal, is still another area which has received little
attention.

The laboratory tests carried out to evaluate the
various procedures have provided only limited insight
into the behavior of these complex systems. It was
conceived as an attempt to demonstrate some of the
existing schemes in use industrially, under ideal
conditions. Although the approach does not address
the problems of mixing in the reactor and filtration of
the contact reduced metal impurities (or precipitates),
it can nevertheless allow these problems to be identified
and subsequently assessed in cases where poor industrial
performance is contradictory to the present findings.

The results of the laboratory tests using the
three techniques selected are summarized below:

i) Contact Reduction with Fine Dust Alone. The

results of these tests indicate that using
zinc dust alone at a temperature of g80°cC
will allow Co, Cd, Cu and As to be removed
to low levels of concentration (<0.1 ppm)
which would be acceptable for zinc electro-

winning. However, re-solution of these
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contact reduced impurities presents a serious
problem of process control. Reasons for the
resolution behavior were presented in Chapter
5.

Contact Reduction with Zinc Dust on Arsenic

Addition. This technique was the most
successful of the three tested. Arsenic was
added to the system as a second step in the
procedure. The formation of intermetallic
compounds of Co, and Cu with arsenic,
apparently, is responsible for stabilizing
these impurities once they are contact
reduced. However, re-solution of cadmium
still occurs. This behavior may be attri-
buted to contact reduction of excess arsenic
by dislodged particles of cadmium and also
dissolution of these particles in the reactor.
There appears to be no advantage in rembving
the first residue of contact reduced
impurities before addition of arsenic. 1In
fact the morphology of this "first residue"
appears to offer distinct advantages with
regard to Co and Cu removal. The cadmium

resolution problem, it is felt, can be solved
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either by proper control of the treatment
time and/or a suitable addition of zinc
dust in the final step of the treatment.

Oxidation with KMnO, to Form Arsenates.

These procedures proved to be the least
satisfactory. This was in part due to the
low reaction temperature of the treatment
(60°C). The results of the tests were
therefore inconclusive. However it should
be pointed out that zinc arsenate precipi-
tation is likely to make this approach

untenable.

The removal of low level impurities in the system could

not be assessed because of insufficient sensitivity

of the Atomic Absorption Spectrophotometric methods

available.

Ge,

Thus, questions relating to Fe, Ni, Sb,

Se and Te cannot be resolved.

6.2 RECOMMENDATIONS FOR FURTHER WORK

work.

i)

The following items are recommended for further

Optimize the purification scheme where zinc
dust and arsenic are used. This, in terms

of reagent addition and reaction time. It
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should be recalled that the "first residue"
should not be eliminated.

The behavior of the low level impurities
mentioned previously needs to be ascertained.
In this connection the removal of nickel as’
intermetallic compound with arsenic would

be of particular interest.

With regard to (i) the mechanism of cadmium
reappearance in the solution might warrant

separate study.
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APPENDIX 1

TABLES OF THERMODYNAMIC PROPERTIES

AND STANDARD HALF-CELL POTENTIALS
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TABLE Al.l
Standard Free Energy of Formation AGg the Standard Entropies,
s° and Heat Capacity at 298°K for interpolation of Standard
Free Energies to high temperatures in the range 298°k - 448%

(Data taken from references 50, 51,.56, 57)

rormula AG39g 5398 Cp208

Kcal/mole cal/moleoK cal/moleoK
As 0 8.40 5.23 + 0.00222T
HAst - 96.25
Sb 0 10.50 5.51 + 0.00174T
HSbO, - 97.50
cd 0 12.30 5.31 + 0.00294T
catt - 18.50 -14.60
Co 0 6.80 4.72 + 0.0043T
cott 12.80 -27
cottt 28.90 -15
Cu 0 7.96 5.41 + 0.0015T
cutt 15.53 -23.6
Ge 0 10.14 5.98 + 0.00082T
H,GeO, -186.80
Fe 0 6.49 3.37 + 0.00710T
Fe't - 20.30 -27.10
re'tt - 2.52 -70.1
Ni 0 7.20 4.06 + 0.00704T
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Formala A G398 5298 P29

Kcal/mole cal/mole®K cal/mole®k
nitt - 11.53 -12.65
Se 0 10.00 4.53 + 0.00550T
HSeog - 98.30 39.90
Te 0 11.80 4.58 + 0.00525T
HTeO3 ~104.34 41.50
Pb 0 15.51 5.82 + 0.00190T
pb*t - 5.81 5.10
Sn 0 12.30 4.42 + 0.00630T
T1 0 15.40 5.26 + 0.00346T
it - 7.76 -12.50
Zn 0 9.95 5.35 + 0.00240T
zn*t - 35.18 -25.45
sntt - 6.28 5.90
Cu,0 - 34.98 10.40 14.90 + 0.00570T
H,0 - 56.69 16.72 18.03
mt 0 0 23
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T-2412
TABLE Al.4
Standard Half-cell Potentials in Aqueous
Reduction at Different Temperatures

Half-cell Eg (volts)

Reaction 25°¢ 60°c 100°¢ 150°¢
as3 Yas 1.391 1.370 1.342 1.302
sb3 Ysp 1.401 1.388 1.360 1.390
ca®t/ca -0.403 -0.378 -0.357 -0.337
co®*/co ~0.277 -0.253 -0.231 ~0.212
co3*/co 0.408 0.377 0.324 0.249
cu®t/cu 0.337 0.362 0.383 0.402
Fe2* /Fe -0.440 ~0.415 -0.394 -0.375
re3t/rFe 0.036 0.077 0.130 0.205
ce?*/ce 2.052 2.017 2.006 2.001
Ni?t/ni -0.250 -0.225 -3.204 -0.184
pb2*/pb -0.126 -0.110 ~0.080 -0.060
sett/se 1.066 1.058 1.047 1.042
sn?*/sn -0.136 -0.111 -0.090 -0.071
et /e 1.131 1.123 1.112 1.107
112% /71 -0.340 -0.280 -0.199 -0.087
zn*/2n -0.763 ~0.739 -0.717 ~0.697
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TABLE Al.5

SELECTED VALUES OF SOLUBILITY PRODUCTS

AT 25°C FOR ARSENATES

Solubility
Formula Product2
o —9‘
Ni,(As0,), 3.09 x 10
. -36
Cu3(AsO4)2 7.59 x 10
AsO 1 10”27
Zn3( s 4)2 .07 x 10
Mn_ (AsO ) 1.09 x 1029
3(2s0,), .
FeAsO, 5.75 x 10”27
Co. (AsO,). 7.59 x 10”27
3(8s0,), . |
cd. (As0,) - 2.19 x 10”33
3(8s0,) .
x 10736

Pb3(ASO4)2 4.07

132
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APPENDIX 2

FORMATION OF INTERMETALLIC COMPOUNDS

WITH ARSENIC BY CONTACT REDUCTION

Simultaneous reduction of certain metal ions (Co, Ni)
together with arsenic can lead to intermetallic compounds.
The consequences of their formation is now examined from a
thermodynamic point of view. It should be realized that in
addition to any thermodynamic benefits, the electrode ki-
netics of these compounds may also be important in pre-

venting re-solution of impurities.

CoAs Intermetallic Compound

HASO, + 3H' + Co'' + 2.5Zn=AsCo|,, + 2.5zn"" + 2H,0 A2.1

IC

Using Tables Al.l1 and A2.5, we get:

gcggs = 111.27 Kcal/mole

The equilibrium constant at 298°K is obtained from:

AG® = -RT1nK A2.2
Therefore, log K298 = 81.57

3.733 x 1081

and K298

To determine the cobalt concentration at equilibrium the
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the activitycoefficients are assumed equal to 1. the activi-

ity will then be equal to the concentration of the ions,thus:

K = _[Zn ] A2.3

The following concentration values are considered in order
to estimate the cobalt concentration in this system.

++

zntt= 140 g/1 izntt] = 2.15
pH = 5.45 mt] = 3.54x107°
As = 38 ppm [HASO, )= 5.06x10™"

where we get:

++ 62

[Co” '] = 8.03 x 10 °“ mol/l

NiAs Intermetallic Compound

To determine the equilibrium concentration for nickel
in the Ni, HAst/Zn system, the previous method may be used:

HASO, + 3gt+ nitt + 2.52n +Niad, + 2.52nt "+ 2H,,0 A2.4

Using Tables Al.l1 and A2.5 we get:

AGP

208 = -109.79 Kcal/mole

and the equilibrium constant at 298°K is obtained from:

AG = -RT1nkK A2.5

Hence, 1ln Kpgg = 185.41
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_ 80
and K298 = 3.325 x 10

For determinig the nickel equilibrium concentration at equi-
librium the activity coefficient are assumed equal to 1.
Therefore, the activity will be equal to the concentration

of the ions, thus:

+.2.
K = 2.0 a2.5
[HASO,] [H °] [Ni'']

The following concentrations values are considered to deter-
mine the nickel concentration in the system.

++ +

zn' "= 140 g/1 (zn**1 = 2.15
_ -6
As = 38 ppm [HASO,]= 5.06 x 1074

Appling this values the equilibrium concentration for nickel

is:

++

Nitt] = 1.017%0 no1/1
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TABLE A2.1

Thermodynamics Values for Co-As and Ni-As
Precipitation as Intermetallic Compounds
at 25% of Temperature

(Taken from references 55 and 56)

: . ~O (o] (o]
Intermetallic AG298 Hygg 8298
Compounds kcal/mole kcal/mole cal/mole
NiAs -16.23 -17.20 ¥ 0.90 12.40 ¥ 2.70

CoAs -18.98 -13.60 ¥ 1.50 15.40 * 1.00
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APPENDIX 3

STOICHIOMETRIC ZINC DUST REQUIREMENTS

The overall contact-reduction is given by the fol-

lowing equation:
leeIzi + zngl-—-ziMeIzl + leeg A3.1
where Mefzi .
i may be C4, Cu, Co, Ni, Fe, Ge, Te, Se, Sb, or As
and Mlis zinc dust.
The mass stoichiometric ratio for a particular impurity is:
z.M
M.S.R. = —Eiﬁ%- A3,2
where Mlis the molecular weight of zinc
Miis the molecular weight of the ion
[Mgii] is the mass concentration (mg/l) of any impurity.
Then, the mass stoichiometric amount of zinc dust for any
impurity will be:
m, = [MeIzi] ziMl ; mg zinc dustc of soln. A3.3
2M5
For example, in the case of cadmium cementation onto zinc

the required amount of zinc dust to precipitate cadmium
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would be obtained as follows:

[Cd++] = 200 mg/1

M, = molecular weight of cadmium = 112.4
M, = molecular weight of zinc = 65.4

z, =2; = 2

Then, the stoichiometric amount of zinc to precipitate cad-
nium would be:

2 X 65 37
2 x 112.40

m, =(200 mg/1)

Mzn = 116.30 mg zinc dust/liter of sol.

Thus, 116.30 mg of Zn is required to precipitate 200 mg/1l
of cadmium from one liter of the impure zinc sulphate solu-
tion.

Similar calculations for the other impurities lead
to the quantities appearing in Table A3.1 for the amounts
of zinc dust required to precipitate the 10 impurities con-

tained in one liter of impure zinc sulphate solution.
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TABLE A3.l

Stoichiometric Zinc Dust Required to Precipitate Impurities

Contained in One Liter of the Zinc Sulphate Solution

Element Concentration Stoichigmetric Zinc dust
Ratio
mg/1 - (M.SeR.~Eg. A3.2) mg
As 0.5 1.309 0.655
cd 200.0 0.582 116.400
Co 4.0 1.113 4.452
Cu 150.0 1.029 154.350
Fe 3.0 1.170 .3.510
Ge 0.1 0.180 0.018
Ni 0.5 1.113 0.557
Sb 1.5 0.805 1.208
Se 0.1 1.655 0.166
Te 0.1 1.024 0.102
Total zinc dust (mg) 281.418

The quantities appearing in the above table must be
multiplied by the aetuwal volume (in liters) of solution to
be treated. Excess amounts of zinc ‘dust were calculated based

of multiples of the stoichiometric amount.
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APPENDIX 4

STOICHIOMETRIC ARSENIC AND ZINC DUST TO PRECIPITATE

COBALT AS INTERMETALLIC COMPOUNDS

The overall reaction to precipitate cobalt as inter-

mnetallic compound may be represented by the following equa-

tion :

2FAsO. + 6H + 2cott + 52n — 2CoAs) ., + s5zntt + 41

2 »O Ad.1

2

i) Arsenic Requirement The mass stoichiometric amount of

arsenic to react with cobalt is:

M

m,, = [Co++] As ; mg arsenic/l of solution Ad4.2
MCo

’

where MAs and'McO are the molecular weights of As and Co
respectively, and [Co++] is the mass concentration {mg/l) of
cobalt.

Hence, the stoichiometric mass amount of arsenic to precipi-

tate a solution containing 10 mg/l of cobalt is given by:

- 75
M =(10 mg/l)gg

m

a = 12.71 mg As/1 of sol.
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Thus, 12.71 mg of As is required to precipitate 10 mg/l of
cobalt from one liter of the impure zinc sulfate solution.

ii) 2Zn Dust Requirement ‘rhe mass stoichiometric amount of

zinc according to equation A4.1l is:

++] 5 My ; mg/l of sol.
M

Co

Myn1 = [Co

Substituting for the mass: concentration of cobalt, [Co++]
and the molecular weigths of zinc and cobalt, the mass stoch-

iometric amount of zinc is obtained:

Myny = 27-70 mg Zn/1 of solution
Hence, 27.70 mg of zinc is required to precipitate 10 mg/1l

of cobalt from cne liter of the impure zinc sulphate solution.

If, for example,3 times the stoichiometric amourt of
arsenic is added to precipitate cobalt, there will be excess
arsenic equivalent to twice this stoichiometric amount. To
precipitate this, zinc dust will be required.
Thus, the additional amount of zinc dust required, is calcu-
lated according to equation A3.3, from the following rela-
tionship:

M0
M

Mgn, = [2mAs] s Mg Zn/1 of solution
As
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Where MZn and MAS are the molecular weights of Zn and As
respectively and [2mAs] is the excess mass concentration
(mg/1l) of arsenic.

Then, the stoichiometric mass amount of zinc for excess
arsenic will be:

m, ~= 42.25 mg Z2n/l1 of soln.

Zn2
Therefore, 42.25 mg of zinc is required to precipitate
25.42 mg/l of excess arsenic from one liter of the impure
zinc sulphate solution. If this is added to the require-
ment for 10 mg/l of Co as the intermetallic compound,

then

(man + man) = 69.95 mg Zn/l1 of soln.

These quantities must be multiplied by the actual
volume (in liters) of solution to be treated. Excess amounts
of zinc and arsenic were calculated based on multiples of
the stoichiometric amount.

Similar calculations were made for impure zinc sulfate

solution with 4 mg/l of cobalt.
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APPENDIX 5

STOICHIOMETRIC OF ARSENIC REQUIREMENTS

TO PRECIPITATE IMPURITIES AS ARSENATES

The overall reaction to precipitate impurities as arse-
nate compounds may be represented by the following equa-

tion:

6AsO.,

- ++ -
2 + 4Mn04 + 9Mei + 80OH —*3Me{ASO4)2 + 4MnO, + H20 A5.1

2

where Me;:+ may be Cd, Co, Cu, Fe, Ge, Ni, Se, or Te. The

mass stoichiometric ratio for a particular impurity is:

_6 M° A5.2
9 M,

M.S.R. =

where M° is the molecular weight of arsenic ion

M; is the molecular weight of the ion

[MQIT is the mass concentration (mg/l) of a particular im-
purity.
Hence, the mass stoichiometric amount of arsenic for any im-

purity is:
-]

6 M

9 Mi

Mpye = [MeI+] ; mg arsenic/l1 of solr. A5.3
i

For example, in the case of cobalt precipitation the required

amount of arsenic to precipitate cobalt as an arsenate com-



T-2412 144

pound would be obtained as follows:

[co2*] = 10 mg/1

M,

i molecular weight of cobalt = 59

MO

molecular weight of arsenic = 75
Then, the stoichiometric amount of arsenic to precipitate co

balt is given by:
6 x 75
9 x 59

Mag

(10 mg/1)

Mas = 8.475 mg arsenic/liter of solution
Thus, 8.48 mg of As is required to precipitate 10 mg/l of
cobalt from one liter of the impure zinc sulphate solution.
Similar calculations for the other impurities lead to
the quantities appearing in Table A5.1 for the amount of ar
senic required to precipitate the 8 impurities contained in

one liter of impure zinc sulphate solution.
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TABLE AS5.1

145

Stoichiometric Arsenic Required to Precipitate Impurities

Contained in One Liter of the Zinc Sulphate Solution

Concentration Stoichiometric Arsenic

Element

mg/l Ratio mg

cd 200.0 0.410 82.048
Co 10.0 0.848 8.478
Cu 150.0 0.786 119.910
Fe 3.0 0.894 2.683
Ge 0.1 0.688 0.069
Ni 0.5 0.851 0.425
Se 0.1 0.410 0.041
Te 0.1 0.391 0.039
Total arsénic (mg) 213.693

The quantities appering in the above table must be

multiplied by the actual volume (in liters) of solution

to be treated.

based of multiples of the stoichiometric amount.

Excess amounts of arsenic were calculated
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APPENDIX 6

RESULTS OF EXPERIMENTS CARRIED OUT

IN THIS INVESTIGATION
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