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Abstract

Addition of zincate to the leach liquor for the preparation of skeletal copper increases the copper surface area;
however it does not stabilize the structure against rearrangement. The leaching kinetics have been studied using a
rotating disc electrode (RDE) at 269-293 K in 2-8 M NaOH and 0.0005-0.1 M Na,ZnO». Zincate ions precipitate
as zinc oxide, due to the local consumption of hydroxide ions near the leach front as the aluminium dissolves. This
oxide hinders the aluminium dissolution, slowing the leaching rate. It also hinders copper dissolution/redeposition
and prevents copper diffusion, thus reducing the structural rearrangement significantly, and causing the formation
of a much finer copper structure with increased surface area. The zinc oxide redissolves as the leach front passes,
releasing the copper to rearrange once more, thereby allowing the surface area to decrease with time. The activation

energy for leaching was found to be 84 + 6 kJ mol™".

List of symbols

Agisc  flat geometric surface area of the rotating alloy
disc (m?)

on,cu transfer coefficient for H, evolution on Cu

E actual potential (V)

E&'z formal potential for the hydrogen evolution

reaction (V)
F faradaic constant (96 486 C mol™")
standard rate constant for hydrogen evolution
on pure copper
K proportionality constant

0
kHz,Cu

kq, k. rate constants for the leaching and rearrange-
ment reactions, respectively

Ny number of electrons transferred in the rate
limiting step

R gas constant (8.314 J mol™' K™

Lo initial ligament radius (m)

T absolute temperature (K)

t time (min)

X rearrangement exponential

1. Introduction

The selective dissolution of aluminium from a copper—
aluminium alloy leaves a highly porous copper residue

TRaney® is a registered trademark of W.R. Grace & Co

that is an active hydrogenation catalyst known as
skeletal or Raney® copper [I-3]. The addition of
dopants can increase the activity and selectivity of these
catalysts towards particular reactions, for example
methanol synthesis from syn-gas [4-6]. The most pop-
ular dopant for the methanol synthesis reaction has been
zine, either added to the precursor alloy before leaching,
or preferably to the leachant solution as zincate [7, 8].
The increased activity of doped skeletal catalysts has
been attributed to an increased surface area [9].

A previous paper [10], based on electrochemistry,
established the mechanism of the formation of the
skeletal copper structure upon removal of two-thirds of
the atoms from the CuAl, alloy. The mechanism
involved the dissolution of both components, followed
by the redeposition of the copper. The dissolution/
redeposition of the copper was also the main cause of
structural rearrangement which reduced the surface area
with time. Surface and/or volume diffusion of copper
was found to play a minor role.

Another paper [11], in extension to this previous
work, established that the chromate-doped system could
be studied in the same way. Chromate ions reduced to
chromium(1i) oxide during the leaching of aluminium,
depositing on the leached copper and unleached alloy
surfaces. This slowed the leaching rate, but more
importantly it hindered the dissolution/redeposition
mechanism of the copper structure formation/rearrange-
ment. A finer copper structure resulted, having a higher
surface area and activity.
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Zincate addition has also been found to increase the
surface area of the catalyst; however the structure still
suffers from reduction in surface area over time [9]. The
current work is a further extension to the two previous
papers, using the established reasoning to understand
the more complicated zincate system. The kinetics of
leaching and the effect of zincate on the mechanism are
studied and compared to both the undoped and chro-
mate-doped systems.

2. Experimental details

The experimental procedures for this work have been
described previously [11], with zincate being used in
place of chromate. The precursor alloy for all experi-
ments was supplied by Riverside Metal Industrial Pty
Ltd and consisted of 52.17% w/w Cu, remainder Al. The
leaching solution was 6 M NaOH + 0.06 M Na,ZnO,
at 274 K unless otherwise specified. The temperature
was varied from 269 K to 293 K, the sodium hydroxide
concentration from 2 M to 8 M, and the sodium zincate
concentration from zero to 0.1 M.

All measurements in this work are within a maximum
of 10% error, and all potentials are reported against a
Ag/AgCl reference electrode.

3. Results and discussion
3.1. Structure

To use the Focussed Ion Beam (FIB) miller to study the
zincate-doped structure, the alloy was leached for three
days rather than overnight. This was necessary to have a
reasonable amount leached, as the leaching rate is much
slower than either the undoped or chromate-doped
systems (see Section 3.2). Even then, it was still difficult
to obtain a profile image by viewing the side of a milled
hole after a ‘polishing mill’. For this reason, Figure 1(a)
is an image taken from directly above the leached alloy
surface, just after a light polishing mill has removed the
top crust to reveal the internal structure.

The structure of zincate-doped skeletal copper
(Figure 1(a)) was found to be much finer than the
undoped catalyst (Figure 1(b)), yet retaining the same
basic shape: a uniform three-dimensional network of fine
ligaments. The scale was similar to the chromate-doped
system (Figure 1(c)). It should be noted that with three
days of leaching it is probable that the zincate-doped
structure would have been much finer at the same time of
leaching as the chromate-doped structure, since the
former suffers from surface area loss with continued
leaching whereas the latter does not [9]. The important
points are that the structure is finer than the undoped
catalyst (the cause of the increased surface area and hence
activity of the catalyst) and it still retains the same basic
shape which is important for applying the previously
derived [10] Equation I for understanding the mechanism.

Fig. 1. Leached structures viewed by FIB at identical magnification.
(a) zincate-doped structure, (b) chromate-doped structure [11] and
(c) undoped structure [10].

3.2. Leaching kinetics

Similarly to the undoped and chromate-doped systems
[10, 11], the aluminium leaching rate was constant
(Figure 2) under the conditions used (0.005-0.1 M
Na,Zn0O,, 2-8 M NaOH, 269-293 K). The zincate
concentration had a strong effect on the rate (Figure 3),
slowing it with increased zincate concentration. The
effect was much stronger than in the chromate system
[11] and reached a maximum at higher zincate concen-
trations (above 0.04 M Na,ZnO,).

Figure 4 shows that the sodium hydroxide concentra-
tion did not significantly affect the leaching rate, which
was also the case for the undoped and chromate-doped
systems studied previously [10, 11]. However tempera-
ture did have an effect and an activation energy of
85 + 6 kJ mol™! was calculated from the Arrhenius
plot in Figure 5. This compares with 74 + 7 kJ mol™!
for the chromate system [11] and 69 + 7 kJ mol™!
without additives [10].
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Fig. 2. Rate of leaching at various temperatures in 6 M
NaOH + 0.025 M Na,ZnO,. Key: (¢) 269 K, (H) 274 K, (A) 283 K
and (@) 293 K.
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Fig. 5. Arrhenius plot for leaching in the presence of zincate.
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3.3. Applying the mechanism theory

Equation 1, derived for the Raney® copper system
without additives [10], relates the mixed corrosion
potential of the dissolving alloy to time:

RT

OlH,,Culal”
3+
3Adisc %kr(l —x)

Zqulz.Cuerode

_ RT(1 —x)
OH,,Cultal”

E In(¢) —

x In

EY, (1)

The slope of a plot of E against In(z) gives a value for x
that corresponds to the mechanism of formation/rear-
rangement of the Raney® structure. Equation 1 was
derived for a system with a constant leaching rate and
equality between the hydrogen evolution current and the
aluminium dissolution current. It was shown that the
equation was applicable to the chromate system [11] as
well, since it met these constraints. With the zincate
system, the leaching rate is again constant (Figure 2)
and the zincate ions cannot be reduced to zinc metal at
the corrosion potentials measured [12, 13] (the current
balance between aluminium and hydrogen holds).
Therefore Equation 1 should apply equally well for this
system. Figure 6 confirms this, although there is more
scatter in the data than with the undoped and chromate-
doped systems [10, 11]. The scatter arises from the mixed
corrosion potential not rising steadily with time; possi-
ble causes of this will be discussed later.

For review, the value for x in Equation 1 indicates
one of four types of rearrangement mechanisms:
1 = viscous flow; % = dissolution/reprecipitation;
1 = volume diffusion; } = surface diffusion. There
may be a combination of more than one of these main
mechanisms, in which case x would take on an inter-
mediate value. The value of x of ~0.5 for the undoped
system [10] indicated primarily dissolution/reprecipita-
tion of copper as the mechanism, which confirmed the
proposals of Tomsett [14, 15] and Kalina et al. [18, 19].

The slope of E against In(¢) for the zinc system gives
an x-value of about 0.3 (Figure 7). This compares to 0.5
for the undoped system [10] and 0.4 for the chromate
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Fig. 6. Corrosion potential versus the logarithm of time is linear,
verifying Equation 1. Key: (O) 274 K, (A) 283 K and (O) 293 K.
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Fig. 7. The x-value is independent of hydroxide concentration in the
presence of zincate. Non-zincate data from [10, 11]. Key: (¢) 0.06 M
zincate, (A) 0.025 M chromate (0) no additives.

system [11], indicating that there is a smaller proportion
of dissolution/redeposition of copper in the formation/
rearrangement mechanism in the presence of zincate.

In the presence of zincate the x-value showed a slight
convex dependence on hydroxide concentration
(Figure 7). In the undoped and chromate-doped sys-
tems, a linear dependence with hydroxide concentration
indicated the presence of copper diffusion in the
rearrangement mechanism. The amount of dissolution/
redeposition of copper decreased as the hydroxide
concentration was reduced [10, 11], causing a change
in the proportions of the two mechanisms which was
apparent as a decrease in the x-value. With the zincate
system, the mechanism does not show any strong trend
with hydroxide concentration. This suggests there is
either just one mechanism of copper rearrangement, or
that both copper dissolution and diffusion are reduced
by the same amount as the hydroxide concentration
varies, thus keeping the proportion constant. However,
as previously mentioned [10, 11], copper diffusion would
not be affected by hydroxide concentration whereas
copper dissolution would, so it is unlikely that both
mechanisms would be reduced at the same rate by
varying the hydroxide concentration. A single mecha-
nism is more likely. Figure 8 shows that in the presence
of zincate the x-value is also not affected by tempera-
ture.

Increasing zincate concentration decreases the x-value
linearly (Figure 9). This compares to a saturation-type
effect with increasing chromate [11] that was due to the
relative amounts of the two rearrangement mechanisms
changing. At the highest zincate concentration in
Figure 9, the value for x is about 0.2, well below the
lowest possible value for any of the four types of
rearrangement mechanism. Such a low x-value means
that a portion of the copper structure must not be
rearranging at all, being ‘locked’ in position. At low
zincate concentrations in Figure 9, the value for x is
higher than one third, which is the maximum possible
value for a diffusion mechanism. Thus the copper
dissolution mechanism must be operating in this system.

Given this information, and the evidence for a single
mechanism from the hydroxide independence of x, the

06

0.5

04 4

HeoH

0.3 4

X-value

0.2

0.1

0 . T T
265 275 285 295 305
Temperature /K

Fig. 8. The x-value is independent of temperature in the presence of
zincate. Non-zincate data from [10, 11]. Key: (®) 0.06 M zincate, (A)
0.025 M chromate ((J) no additives.
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Fig. 9. The x-value varies linearly with zincate concentration.

structure in the zincate system is most likely controlled
solely by copper dissolution/redeposition. The linear
decrease in x with increasing zincate concentration must
be due to progressively more of the copper structure
being locked into position, hindered from rearrange-
ment.

3.4. The zincate mechanism

Given that the zincate ions cannot be reduced to zinc
metal at the mixed corrosion potential [12, 13], they
must be precipitating as zinc oxide. This process is
controlled by pH, and must be caused by the local
consumption of hydroxide by aluminium dissolution at
the reaction front. As might be expected, since there is a
large excess of hydroxide, the zinc oxide precipitate will
be prone to redissolution once the reaction front has
passed. So, there are two main differences for zincate
compared to chromate: namely, pH control instead of
electrochemical reduction, and the ability to redissolve
(the chromic oxide is only very slightly soluble [11, 12]).

The precipitation of zinc oxide is known to cause an
increase in surface area by creating a finer copper
structure [9]. Similar to the chromate system, the
precipitated oxide must hinder the copper rearrange-
ment. However, in this case the zincate must stop the
copper diffusion altogether and hinder the copper
dissolution/redeposition ~ with  increasing zincate



concentration. Elimination of copper diffusion may
arise from the fact that the zinc oxide precipitate is
concentrated at the leach front, becoming intimately
mixed with the copper in its finest state and inhibiting its
diffusion. Heavy precipitation of the oxide at the leach
front would explain why the leaching rate was reduced
to a greater extent in the presence of zincate compared
to both the undoped and chromate-doped systems.

The redissolution of the zinc oxide is important. By
taking away the stabilising oxide, the copper is free to
rearrange once more. This is seen in the surface area
results of Ma et al. [9] which show that the zincate
system loses surface area with time whereas the chro-
mate system produces a constant surface area.

It is interesting to test for a dependence between the
rate of rearrangement and rate of dissolution. Such a
relation can arise from a slower leaching rate causing
less copper defects, which in turn slows rearrangement
[16, 17]. By following the same procedure from the
chromate work [11], the intercept of E against In(¢) is

A ischr 1 - /
1n<3 aischr( x)> +EY, 2)

2k10{2,cu”L.,0K

RT
OCHz,Cu”aF

int = —

The defect mechanism requires &; o kq, and so int must
be proportional to In(ky) for this mechanism to be
operative. A plot of int against In(kyq) is shown in
Figure 10 for different zincate concentrations. Similar to
the chromate system [11], there is no obvious relation-
ship, so the defect mechanism is either not present or not
significant in this system.

Another possible co-mechanism is mentioned by
Kalina et al. [18, 19], where a precipitated oxide might
act as a nucleation source for the copper atoms.
Increased nucleation sources create a finer structure.
For this mechanism to be operating, the zinc oxide
would exist inside the copper ligaments making up the
skeletal copper. A separate publication [20] reports a
method of detecting the location of additive species in
this porous catalyst structure and shows that the zinc
does reside inside the copper ligaments. This indicates
that the zinc oxide acts as a nucleation source and is one
of the reasons the structure is finer in the presence of
zincate ions. The findings compare to the chromate
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Fig. 10. There is no obvious relation between the intercept of E vs In(7)
and In(dissolution rate).
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system where the electron microscope results [20] showed
that chromium resided primarily on the outside surface
of the ligaments. The presence of zinc oxide inside the
ligaments confirms the intimate mixing of copper and
zinc oxide at the leach front, inhibiting structural
rearrangement by copper diffusion. It also explains
why not all of the zinc oxide redissolves after the leach
front has passed [7, 8], rather a steady concentration
profile exists throughout the leached residue.

The mixed corrosion potential of the zincate system
did not rise steadily on a logarithmic curve with time, in
contrast to experiments performed on other systems [10,
11]. Rather it oscillated, with a dip once or twice during
the standard four-hour leaching period (Figure 11). This
dip (mixed corrosion potential going more negative
temporarily) corresponds to an ‘apparent drop’ in
surface area and was reproducible. Since the aluminium
dissolution rate remained constant and did not show a
similar dip, the copper is still exposed at a constant rate.
This suggests that the cause must be due to the zinc oxide
precipitate, possibly passivating the surface from hydro-
gen evolution. The dip is rectified as the leach front
moves on, causing the zinc oxide to redissolve. The fact
that the dip(s) are only seen at the beginning of the leach
time strengthens this argument, since they could only
appear while the system was still stabilising. The dip did
not affect the overall linearity of the E against In(¢) plots
(Figure 6). It simply increased the scatter in the results
slightly. Therefore the validity of Equation 1 still holds.

4. Conclusions

Zincate ions in the leaching solution decrease the
aluminium dissolution rate to a greater extent than the
chromate-doped system. There was no obvious depen-
dence of leaching rate with sodium hydroxide concen-
tration. However, a saturation-type effect was seen with
increasing zincate concentration. The activation energy
for leaching was found to be 84 + 6 kJ mol™".

The mechanism of structural formation/rearrange-
ment in the presence of zincate was found to be
dissolution/reprecipitation of copper, with a complete
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Fig. 11. Graph of mixed corrosion potential versus time for various
concentrations of sodium hydroxide (0.06 M Na,ZnO,, 274 K). Key:
(-——)2 M NaOH, (—-) 4 M NaOH, (------ )6 M NaOH and (—) 8 M
NaOH.
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absence of copper diffusion. The zincate ions precipitate
onto the copper structure as zinc oxide, caused by a
local fall in pH at the leach front. The precipitated oxide
is intimately mixed with the copper atoms at the leach
front, preventing copper diffusion.

By reducing copper rearrangement, the zincate caused
a much finer leached structure. This structure had an
increased surface area, and hence catalytic activity.
However, since the precipitated zinc oxide redissolves
when the leach front passes, the copper becomes free to
rearrange again, as demonstrated by a decreasing
surface area with time. Being inside the copper ligaments
as well, not all of the zincate redissolves.
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