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ANODIC DISSOLUTION OF METAL POWDERS

ANODOWE ROZTWARZANIE PROSZKOW METALI

The paper presents the results of some preliminary investigations on electrolytic separa-
tion of chemical elements contained in anode slimes. A new type of electrolyzer is presented
which can enable a continuous transport of the electrolysis products to a receiver. Then, both
the kinetics and the mechanism of anodic dissolution of powder electrodes, taking as example
silver powder are discussed. An empirical formula allowing to control this process by means of
such parameters as powder mass, current density, electrolyte concentration and grain structure
has also been derived. Finally, a procedure for conducting anodic dissolution so as to reverse
passivation and to increase the fraction reacted is suggested.

W pracy przedstawiono wyniki wstepnych badai dotyczacych elektrolitycznego roz-
dzielania pierwiastkéw wchodzacych w sktad szlaméw anodowych. Przedstawiono projekt
nowego typu elektrolizera, w ktérym produkty sa w sposéb ciagly odprowadzane do odbieral-
nika. Oméwiono kinetyke i mechanizm anodowego roztwarzania elektrod proszkowych na
przykiadzie proszku srebra i wyprowadzono wzér empiryczny pozwalajacy sterowaé tym
procesem za pomoca zmian parametrow takich jak masa proszku, gesto$¢ pradu, stezenie
elektrolitu a takze struktura ziarnowa. Zaproponowano sposob roztwarzania anodowego, ktéry
pozwala na cofniecie pasywacji i zwigkszenie stopnia przereagowania

1. Introduction

Intermediate metallurgical industry products often occur as powders, slags or
slimes. They are sources of a large number of chemical elements. For example, copper
electrorefining slimes contain not only basic constituents, like silver and lead, but also
copper, bismuth, tin, antimony, arsenic, and even small amounts of gold and platinum.
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In order to recover the constituents mentioned above, anodic slime is subject to complex
technologies, viz. to fire, chemical or electrochemical processes. Here a question arises
— whether it is possible to have such a complex process simplified by reducing it down
to one stage only — electrolysis. Thus is considered a possibility of recovering respective
elements through successive processes of cathodic reduction of sparingly soluble
compounds is considered, so as to obtain metal powders, followed by anodic dissolution
of those metals in the form of powders.

From the thermodynamic point of view the suggested method of the slime
constituents recovery is possible. The basis of these considerations is free enthalpy
dependence AG, of the i-constituent on the equilibrium potential E° of this constituent:

AG, = -z, FE°

where F'is Faraday’s constant and z, the number of electrons.

Here however the problem of the anodic process mechanism change connected with
the necessity of constructional changes of the electrolytic system appears. In the
traditional electrolyzers of solid metal anodes are connected to the current source, the
connection being outside the electrolyzer. The transport of electrons to the reaction
surface takes place with the speed so much bigger than the metal-solution reaction speed
that it can be neglected. Therefore in the examination of electrode kinetics processes
electron transport is not at all taken into consideration.

In case of polycrystalline materials such as loose anodic slimes or slag, the current
has to be supplied by a solid substrate on which this material is placed. Supplying the
electric current to the soluble part of the polycrystalline electrode takes place inside the
elctrolyzer where the electrolyte can penetrate through the grains to the substrate
surface. Here we can talk about a mixed ionic-electron conductivity.

The acceptance of the postulated method of recovery of anodic slime constituents
entails, however, a new type of electrolyzers. A design of such a system is presented in
Fig.1

In the system under consideration, anode [1] is the graphite lining of the
elegtrolytic cell and the electrorefining anodic slime piled up on it. The cathode is
a metal strip [2] moving through a gear [3] on a cylinder of organic glass [4] placed in
an electrolytic cell, and on a cylinder with a metal raceway [5] placed in receiver [6].
Current is supplied [7] to cathode through a copper sliding wheel, arranged in the
cylinder axis, and through a graphite brush. In the receiver, cathodic deposit is rinsed
onto the filters in a strong water stream and removed with a sweeper [8]. The process
course is controlled by the potential measuring system — salt bridges [9] — connecting the
anode to a calomel electrode [10]. The electrolytic solution can circulate due to
a peristaltic pump [11].

An essential feature of this design is the construction of the cathode — realized as
a moving strip — which operates both as an electrode and a transmission belt. The
strip-cathode is moved at a given speed [frequency], ensuring a continuous removal of
the pure slime constituent out of the electrolyzer system; and consequently, the
co-deposition of undesired admixtures can be prevented.
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Fig. 1. Electrolyzer for the separation of anode slime components

The system described above was already used for the electrolysis of copper powder
of given granulation grade [1]. It was also applied for obtaining a fine-grained lead
deposit, since the adjustment of the strip shift speed can guarantee the control of the
electrocrystallization process.

A modification of the process of recovery of anode slime constituents requires
however a solution of numerous basic problems — viz. the determination of the kinetics
and the mechanism of the cathodic and anodic processes occurring on electrodes made
of powder, i.e. on polycrystalline electrodes. As an example of such investigations the
dissolution of silver powder and cathodic reduction of AgCl were carried out.

The results of investigations on the kinetics and the mechanism of the cathodic
reduction of AgClI have already been shown in previous publications [3], [4], [5], [6] ind
[7]. This paper is aimed, however, at presenting some information obtained during the
investigations of the process of anodic dissolution of silver powder. Because of that
a much simpler measuring system has been applied, making use of an immobile catode
in the form of Ti surrounding strip.

As has been mentioned above the fundamental difference between a powder
electrode and one made of solid metal is that the former consists of two parts:

1. a layer of metal powder constituting the soluble part of the anode

2. a solid substrate made of a conductor [in this case — graphite] constituting the
insoluble part of the electrode.

Taking into consideration the electrode structure, two anodic reactions are likely to
occur:

Ag=Ag'+e (1)
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and

40H =2H,0+0,+4e (2a)
and

2H,0=0,+4H"+4e (2b),

according to the pH value of the medium.

The reactions mentioned above may proceed on condition that the potential of the
electrode is high enough; a possibility of transport of ions to and from the electrode must
also be guaranteed. It is expected that at the first stage of the anodic process, only
reaction [1] will occur, since the course of neither of reactions (2a) or (2b) is likely to
take place because the graphite is not in contact with the electrolyte. Silver powder has
poor wettability; therefore, it can be suggested that the probability of the occurrence of
either of reactions (2a) or (2b) will be directly proportional to the rate of the solution
penetration through the powder layer to the graphite surface.

The rate of the solution penetration through the powder layer may influence both
the fraction reacted and the yield of the anodic process of silver dissolution. And, if ¢,
— time of anodic dissolution of the entire silver sample of initial mass m, — is shorter
than 7, — time of solution penetration through the powder layer to the graphite surface,
then reaction (1) will proceed to the end before process (2) becomes thermodynamically
possible (on condition that concentration polarisation is prevented).

Instead, assuming that time 7, — after which the solution arrives at the graphite
surface — is appreciably shorter than ., the current efficiency is likely to diminish if
both reactions (1) and (2) run paralelly; or else, the fraction reacted X is likely to
decrease

x=Trm 3)

where m, stands for the silver mass coming into the solution in consequence of anodic
dissolution in time ¢,, in which a jump change in the potential will take place so as to
reach the value typical of reaction (2).

This paper is aimed at checking which of the reactions (1) or (2) is decisive for the
fraction of silver powder reacted in the process of anodic dissolution, as well as which
factors might have a considerable effect upon that value. Current intensity and
electrolyte concentration were the parameters considered as those which decide about
occurrence of the concentration polarisation; attention was also focused upon the silver
powder structure that affects the time of solution penetration through the powder layer.

One should remember that there are a number of papers [8]—[18] on powder
electrodes, these, however, being most often merely theoretical considerations based on
models not taking into account the specific characteristics of this system.

The present paper is of cognitive character, but is also aimed at solving a practical
industrial problem — that is a modification of the process; the description of the anodic
process is based mainly upon a large number of experiments performed.
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2. Experimental

The investigations of the anodic dissolution of silver powder were carried out with
an anode consisting of a graphite substrate, its active area being S = 10 ¢cm?, on which
the following compounds were placed during the successive measurements:

1. silver powder obtained in the cathodic reduction of AgCl, grain sizes: 30— 1000 um.

2. silver powder obtained electrolytically, grain sizes: 30— 1000 um. Average silver
powder mass: (5.261+0.2) g

3. silver plate dia 3.5 cm (S = 9.6 cm?)

In all measurements (except for those in which the effect of the concentration of
Ag" ions was examined) there the same type of electrolyte was used, namely: 0.25m
Ag*, 0.5 m NaNO,, 0.08 m HNO, in 1 dm® of solution. The reagents applied were ppa
grade, and all solutions were prepared using distilled water.

The measurements were performed galvanostatically on the apparatus presented in
Fig 2. This design is simplified as compared to the planned electrolytical system, since
the present work focuses solely on the anodic process.
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Fig. 2. Diagram of the measuring system for anodic dissolution of silver powder
1. Anode consisting of a graphite substrate, insulated from inside, covered with a silver powder layer

2. Clamp-shaped cathode of titanium plate (while making measurements — placed at the same level as the anode)
3. Beaker filled with electrolyte

4. Silver electrode — serving as reference electrode — immersed in the same solution as in the electrolyzer

5. Salt bridge

6. Stabilised power supply

7. Computer

8. Magnetic stirrer
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The silver powder was first subject to sieve analysis. Samples, weighed on an
analytical balance with an accuracy of 10™* g, were taken from a fraction having
determined grain sizes. The powder was put on the graphite substrate. After fixing the
electrodes in the measuring cell and making connections to a stabilised power supply
unit, the electrolyte was poured in and the measurements were started. During the
measurements the solution was being mixed with a magnetic stirrer.

The anode potential was measured against the silver electrode immersed in the same
solution as that in the electrolyzer. Such a measuring system could guarantee an
accuracy as high as 107*V. The potential measurements enabled the control of the
course of the anodic process. A rapid increase in the potential up to a value over 400 mV
vs. Ag/Ag* = 1200mV vs. normal hydrogen electrode indicated the end of the anodic
dissolution. A copper coulometer was connected to the system during the measurements
so as to determine precisely the quantity of charge which passed through the system in
the course of electrolysis.

The fraction reacted and the current efficiency were determined gravimetrically.

Investigations of the silver powder before and after measurements were performed
on a scanning electron microscope.

3. Results and conclusions

An example of the relation — powder anode potential vs time — is presented in Fig 3.
This is a typical galvanostatic curve not different from the curves found for electrodes
made of solid metals. Nevertheless, time 7,, after which a jump of the potential up to the
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Fig 3. Galvanostatic curve of anodic dissolution of silver powder
1. Discharge potential of oxygen on graphite, determined in a separate measurement
2. Dissolution potential of the silver plate
1, — time needed for entire dissolution of silver powder of mass m,
1, — real dissolution time of silver powder of mass m,
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value corresponding to oxygen anodic evolution occurred, is shorter than the expected
time f, resulting from Faraday’s law. It means that the silver powder is subject to
passivation.

In compliance with formula (3), the fraction reacted can be expressed as the ratio of
the mass of the powder that has passed into the solution as a result of anodic dissolution
m, to initial mass m,. By applying Faraday’ s law, it can also be presented as a ratio
of the passivation time and Faraday time for a powder of a given mass and for the given
current intensity:

x=Tr B L @

m, kitp
where k is the electrochemical equivalent of silver, and i — current intensity.

The results of the investigations of the effect of such parameters, as sample mass,
current intensity, and electrolyte concentration upon the passivation time and the
fraction reacted in the process of anodic dissolution of silver powder are presented
collectively as graphs in Fig 4 accompanied by the equations 4b-4f determined on the
basis of these graphs.

In Equations (4b) — (4f), the fraction reacted appears as a constant coefficient. This
coefficient is (0.36 £0.03) in equation 4b; (0.33£0.01) in equation 4d and (0.32+0.01)
in equation 4f. Taking into consideration the experimental mistake of the constant X one
can assume that it is independent from the modified electrolysis parameters. As a result
the average fraction reacted has been calculated on the level of (0.34£0.2). Accepting
this simplification the above mentioned three dependencies can be presented as one
generalized equation characteristic of a given silver powder:

t=xe — 34 2
Pk T K

The analysis of the process of metal powder passivation, based upon the experimen-
tal results mentioned above, and especially on the proof that the change of the silver ions
concentration of as much as the order of magnitude, does not influence the time of
passivation, allows to state the lack of connection between the sudden potential rise and
the changes in the electrolyte and allows to eliminate concentration polarisation as
a cause of this phenomenon.

Another reason for passivation may be the formation of an oxide film on the metal
surface. This type of passivation films is known for its stability, thus a transformation of
a metal into active state entails depassivation performed either with current or with
depassivation agents, (e.g. chlorides).

In order to find out if the experimentally found passivation state of silver powder is
durable (whether it results from the formation of a surface oxide film), the powder left
after anodic dissolution was filtered off, washed in water, dried, and finally subjected to
dissolution again.
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It was proved experimentally that the sample was conductive, and after connection
to the power source, the potential value was exactly the same as it was during the first
dissolution. Thus, the result obtained did indicate unequivocally that the inhibition of the
dissolution of silver powder was not a result of the formation of a non-conductive oxide
film, but was related to a change in the dissolution conditions.

Basing upon the above mentioned results of preliminary measurements it was
assumed that a sudden rise in the potential value was attributed to the electrolyte
penetration to the graphite surface. Consequently, investigations were carried out to
check whether there was any relation between the fraction reacted of the silver powder
and its grain size, structure and wetting time.

In the investigations of the effect of the structure on the fraction reacted, two types
of silver powder were used: one was obtained in the cathodic reduction of AgCl, and the
other — electrolytically from a AgNO, solution. Systematic measurements of the relation
between the fraction reacted in the anodic process and grain sizes of the powders were
performed.

At first investigation of both types of silver powder were conducted on a scanning
electron microscope. Comparative results of that analysis are given below, taking as an
example powder grains of diameters 150 um<@® <200 um. Photographs 5A and 5B
present the powder morphology obtained in the cathodic reduction of AgCl whereas 5C
and 5D - the other one obtained from electrolytic deposition.

The silver powder shown in Fig 5A, grain size 150 um <@ <200 um, consists of
conglomerates of appreciably finer particles. Those are dendrites about 6 wm long and
fine crystallites of a diameter of approx. 3 um. Small constituents of the conglomerates
are shown separately in Fig SA, the magnification value being more than 13 times larger
than in Fig 5 B. Those particles are bridged with each other, however, those bridges can
be easily broken. The conglomerates presented constitute a kind of sponge, easily
absorbing in an electrolytic solution.

The electrolytic powder grains, separated on sieves of 150-200 wm grade, have
a structure far different from the grains previously described, obtained from cathodic
reduction of AgCl. It is visible in Figs 5C and 5D. Those grains exhibit a compact,
polyhedral structure.

It seems that the differences observed in the grain structure can influence the course
of the process of anodic powder dissolution. Below, Figs 6A, 6B and 6C, present the
appearance of powders upon completion of the anodic process. They refer to the
electrolytic powder before the dissolution process presented in Figs 5C and 5D.

Fig. 4. Effect of electrolysis parameters upon anodic dissolution of silver powder
a) galvanostatic curves of anodic dissolution of silver powder for different masses of silver powder
b) relation between anodic dissolution and initial mass of silver powder
¢) galvanostatic curves of anodic dissolution of silver powder at different current intensities
d) relation between the time of anodic dissolution of silver powder and current intensity
e) galvanostatic curves of anodic dissolution of silver powder for different concentrations of silver ions
f) effect of Ag™ ion concentration upon the time of anodic dissolution of silver powder. Oxygen electrode
equilibrium potential is marked with a dashed line



5B Silver powder obtained from cathodic reduction of AgCl; 150 um<® <200 um; P = 2000 x

Fig. 5. Comparative list of the scanning analysis results of the initial silver powder, grain diameters:
150 um < @ <200 pm, obtained in the cathodic reduction of AgCl
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5D Electrolytic silver powder; 150 um <@ <200 um; P = 1400 x
Fig. 5. Comparative list of the scanning analysis results of the initial silver powder, grain diameters:

150 um <@ <200 um, deposited electrolytically from a solution 0.2m Ag™, 0.5 m NaNO, and 0.08 m HNO,,

current intensity: 0.2A, magnetic stirrer



















































