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ABSTRACT

The recovery of gallium from dilute solutions is known to be slow and inefficient due to competing hydrogen evolu-
tion and the limitations of mass transport. Methods used to improve the process include pulse plating, inhibition of hy-
drogen evolution by suitable additives, increasing the pH, and conducting the process at temperatures above the melt-
ing point of gallium. In the present work, an alternative approach was taken employing microelectrodes to enhance the
rate of mass transport and thus to increase the rate of gallium recovery. Potentiostatic plating and stripping experiments
were performed using electrodes ranging in diameter from 1 cm down to 45 um. The effect of electrode diameter on the
rate and efficiency of the plating of gallium was studied at different potentials and under different conditions of mass
transport. The effect of plating time was also determined, and the conditions for the optimum recovery of gallium in
terms of the overall rate as well as the current efficiency were evaluated. Carbon fiber epoxy composites can serve as
ensembles of microelectrodes. It was shown that, with a typical radius of 3-5 um for the individual fibers, considerable

enhancement of the rate of recovery of metals from dilute solutions can be expected.

Novel electrode designs have been suggested in recent
years for the recovery of metals from dilute solutions, ei-
ther. as a means for purifying industrial waste, or as a
method of primary recovery of the metal from low grade
ore. Some well-known designs include the “Swiss roll”
(1), the fluidized bed (2), the so-called “Eco cell” (3), as
well as various types of porous electrode flow-through
cells (4). Most of the above designs cannot be used effi-
ciently for the recovery of gallium due to the low current
efficiency caused by hydrogen evolution and because
gallium tends to be soluble in the electrolyte used after it
has been detached from the electrode surface and is no
longer cathodically protected. An alternative electrode
design, which has so far not been studied for this pur-
pose, is a microelectrode or an ensemble of microelec-
trodes on a planar surface.

Recent interest in the electrochemical properties of
microelectrodes is due to several possible applications of
such systems. They can be considered for implantation in
living organisms to follow the changes in concentration of
biologically active molecules. The various future applica-
tions of microelectrodes were discussed in a recent sym-
posium devoted to this subject (5). A number of theoreti-
cal papers have dealt with the calculation of the rate of
mass transport to a microelectrode (6-11). In two recent
studies (12, 13), the rate of mass transport to ensembles of
microelectrodes was calculated, taking into account the
interaction of the diffusion layers of adjacent electrodes.
It was shown (13, 14) that an added advantage of ensem-
bles of microelectrodes, as compared to large continuous
electrodes, is the reduced ohmic potential drop. A num-
ber of experimental studies employing microelectrodes of
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various types have been reported in recent years (15-23).
Further possibilities for such experimental studies are en-
hanced by the advent of modern techniques of microelec-
tronics and by the introduction of carbon fiber epoxy
matrix composite materials as electrodes in certain appli-
cations (19, 24-26).

The inherent advantage of ensembles of microelec-
trodes for the recovery of metals from dilute solutions is
the enhancement of mass transport, as compared to pla-
nar electrodes of equal total area. Since the partial current
for metal recovery from dilute solutions will usually be
limited by mass transport, enhancing the rate of mass
transport should increase both the rate of metal recovery
and the current efficiency for recovery (assuming that
the competing reaction, which is typically hydrogen evo-
lution, is not limited by mass transport). A possible draw-
back of microelectrodes is their tendency to be easily
blocked by impurities and specifically by minute gas
bubbles formed in the accompanying reaction of hydro-
gen evolution. This may lead to a significant scatter of
experimental results in laboratory experiments, but
should be of lesser importance in large-scale industrial
operations in which flow rates of the solutions are typi-
cally high and large ensembles of microelectrodes will be
used in any one reactor.

Theory

The limiting current density on a planar electrode fol-
lowing a potential step was given (8) for (wDt)"? =< r as

A P
1= FD[ ]
"FCD| bt t 2

[1]
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in which C is the bulk concentration, A is the area, and P
is the circumference of the electrode. By setting A = #r?
and P = 2#r, for a disk electrode this equation reduces to
the well-known equation of the limiting current to a
spherical electrode

] [2]

/7Dt T

The first term in the brackets represents the classical
Cottrell equation and is valid at short times when the dif-
fusion layer thickness & = (wDt)'? is small with respect to
the radius r of the microelectrode. If diffusion is the only
mode of mass transport, the time-dependent term in Eq.
[1] and [2] will approach zero at long times and the cur-
rent will be governed by the radius of the microelectrode.
This, however, is not a case of practical interest, since in
any electrochemical reactor the diffusion layer thickness
at steady state is governed by the conditions of flow near
the electrode surface. Such steady state is reached when
the naturally growing diffusion layer reaches the thick-
ness enforced by electrolyte flow. If the latter is known,
the time to reach steady state can readily be estimated
from the relationship t = 8/=wD.

In the present work, the case studied was that in which
the diffusion layer was determined by the method of stir-
ring of the solution. In this case, one can define a capture
area, shown in Fig. 1, as the envelope within which the
concentration of the reactants and products significantly
deviate from their respective bulk values. From simple
geometrical considerations, it can be seen that the “cap-
ture area” A, defined above is related to the diffusion
layer thickness and the radius of the microelectrode. The
ratio between the capture area and the area of the micro-
electrode is given by

AJA, =1+ 7dlr + 28%r* f31

I = nFCDA [

This ratio may serve as a qualitative measure of the
enchancement of mass transport to a microelectrode or to
an ensemble of microelectrodes. For an infinitely large
planar electrode, the above ratio is, by definition, equal
to unity. As the ratio between the diffusion layer thick-
ness and the radius of the microelectrode increases, the
second and the third terms in the above equation become
predominant. When the ratio is very large, the term
involving the square of this ratio is most important. With
this concept, the enhancement of the rate of diffusion is
to an extent proportional to the ratio of areas of a circle
having a radius equal to the diffusion layer thickness to
the area of the microelectrode. A similar result was
reached for an ensemble of microelectrodes assuming
that the rate of mass transport was controlled only by dif-
fusion, with no convective flow (13, 14).

Experimental

The cell and electrodes.—A rectangular cell constructed
of polymethylmethacrylate was employed. The distance
between the working and counterelectrodes was 8.5 cm,
and a saturated calomel reference electrode (SCE) was sit-
uated in the compartment with and at a distance of 3.5 em
from the working electrode. All potentials shown in this

c=CP (DIFFUSION LAYER BOUNDARY)

/&

-

Fig. 1. The capture envelope
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paper are with respect to the saturated calomel electrode.
The counterelectrode and working electrode compart-
ments were separated by a 125 um Tyvek separator in or-
der to prevent oxygen from getting to the working elec-
trode when it was polarized cathodically. A 1 cm? copper
plate was used as the continuous or plate electrode. Cop-
per wires embedded in an epoxy matrix were used as the
microelectrodes. The diameters of these electrodes were
1000, 510, 250, 100, 67, and 45 um. For the three larger
sizes, single electrodes were used. For the three smaller
sizes, ensembles of electrodes having 6, 13, and 15 elec-
trodes, respectively, were employed. The electrodes were
situated at a relatively large distance from each other to
ensure that their diffusion layers would not overlap dur-
ing the experiment. Bonding of the microelectrodes to
the embedding polymer initially posed some problems.
These were overcome by the use of a silane coupling
agent prepared by mixing 5 ml of organosilane ester (Un-
ion Carbide, A 176) with 5 m1i acetic acid and diluting with
5 ml of distilled water.

After imbedding the copper wires into the polymer, the
electrodes were polished to be flush with the surface.
Polishing was performed with successively finer polish-
ing materials, starting with 180, 320, 400, and 600 grit pa-
pers (3M Company), followed by 10 and 5 um SiC papers
(Mager Scientific Company). In the final polishing stage,
6 and 1 um diamond pastes were used, followed by 0.05
pm alumina powder (Buehler).

Electrolyte and methods of stirring.—The electrolyte
was prepared from reagent grade NaOH (Fisher
Scientific, 283 giliter) and anhydrous Ga,S0,); (Alfa
Products, 2 g/liter, dissolved in distilled water). The molar
concentrations were 7.07TM hydroxide and 9.4 mM gal-
lium, in the form of the gallate ion GaO;~%. The pH of the
solution was 15.1 (27).

Two methods were used to agitate the solution. In ini-
tial measurements, a magnetic stirrer was employed. This
was found to be unsatisfactory, since hydrogen bubbles
sticking to the electrode surface were not removed. Much
more efficient stirring was achieved by the use of an
impinging jet of electrolyte, which was positioned 1.5 cm
above and 0.5 cm away from the working electrode. The
effective value of the diffusion layer thickness, estimated
from measurements on the plate electrode (see Results
and Discussion) was 68 and 19 um for the two methods of
stirring, respectively. The great advantage of the
impinging jet was that it helped remove most of the hy-
drogen bubbles from the surface of the microelectrodes.

Procedure and apparatus.—At the start of each set of
experiments, the solution was deaerated with pure nitro-
gen for 30 min. The working electrode was maintained at
a potential of —1.4V to protect it cathodically. All experi-
ments were conducted potentiostatically using a PAR
Model 173 potentiostat. Plating was conducted for 10, 30,
and 50s at potentials ranging from -1.70 to —1.90V.
Anodic stripping was performed at a potential of —0.75V,
until the anodic stripping current decayed to zero. The
charge during plating and anodic stripping was measured
with a bipolar computing coulometer (Electrosynthesis
Company, Model 680). The amount of gallium stripped off
was also measured in some of the experiments by
determining the weight loss which varied from the
coulometric determinations by no more than = 5%.

A peristaltic pump (Cole-Palmer Instruments Com-
pany) was used to form the impinging jet. It provided a
volume flow rate of 9.6 ml/s and a linear flow velocity of
ca. dm/s.

Results and Discussion

The rate of gallium deposition.—The average rate of gal-
lium deposition is shown in Fig. 2 as a function of poten-
tial for microelectrodes of different size. In this figure,
the current densities are based on the electrode conduc-
tors’ apparent area with the data for the 1 em? plate elec-
trode shown for comparison. The results for the two
largest microelectrodes studied here are not included in

Downloaded on 2015-05-29 to IP 142.58.129.109 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Vol. 132, No. 6

10.00 . . . r 535
PLATING TIME =10 SEC. 1

& L |
% 800
G
K - 67um
3
2 s00 1
(72}
Q - <
% 100um
o 400 | i
(&l
5] L PLATE
w 250um
E
c 200k -
(o]
Z | J

0.00 ) , A .

-1700 -1750 -1800

POTENTIAL (mV vs SCE)

Fig. 2. The effect of the diameter of the electrodes and the poten-
tial on the rate of deposition of gallium.

Fig. 2, since they are the same as for the plate electrode.
The diffusion-limited current density for gallium deposi-
tion was estimated from the current density and the cur-
rent efficiency measured in the range of potentials of
—1.8 to —1.9V. On the plate electrode, the value obtained
in this manner was i, = 4.5 mA/cm? This value was used
to calculate the diffusion layer thickness 8, given here.
The viscosity of the solution is approximately 6.0 cP, and
the diffusion coefficient for the gallate ionis D = 3 x 10-¢
cm?s, significantly lower than in dilute aqueous solu-
tions. Thus, the rate of gallium deposition was under
mixed activation/mass-transport control on the plate elec-
trode up to a potential of —1.80V and switched to fully
mass-transport control at more negative potentials. Due
to significant enhancement of the rate of mass transport
on the microelectrodes, the rate of gallium deposition was
probably under mixed control throughout the range of
potentials studied.

If we were to assume that the reaction is under mass-
transport control for all electrodes at all potentials mea-
sured, it would be easy to calculate the difference be-
tween the current densities on the plate and on the
microelectrodes, since

i(micro) — i, (plate) = nFDC

[<%+%>_%—]§nFDC<%) [4]

The differences calculated in this way amount to 3.8, 2.5,
1.7, and 0.7 mA/cm? for the 45, 67, 100, and 250 um diam
electrodes. respectively. The average values observed at
the less negative potentials are 3.7, 2.5, and 1.7 mA/cm?,
respectively, the values for the 250 um electrode being
within experimental error of the value for the plate elec-
trode. It is noteworthy, however, that this difference in-
creases at more negative potentials. It is reasonable to as-
sume that in this region the plate electrode is already
completely under mass-transport control, while the rate
of gallium deposition still increases slightly with increas-
ing negative potential on the microelectrodes.

The solution resistance may play an important role in
determining the rate of gallium deposition at the less neg-
ative potentials. Since the reversible potential for the dep-
osition of gallium in the solvent is close to —1.70V, a small
difference in the potential across the interface, caused by
an IR drop, may effect the rate of deposition of gallium in
a major way. As pointed out above (13, 24), the solution
resistance (for a fixed value of the current density) de-
creases with decreasing radius of the microelectrode.
This may explain the relatively large difference in current
density between the plate electrode and the smallest
microelectrode observed in Fig. 2.

It should be noted that the condition r << 8 did not ex-
ist even for the smallest microelectrodes employed in this
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study. It was shown (12, 13) that for electroanalytical ap-
plications the radius of the microelectrodes in the ensem-
ble should be 3 um or less to have a significant advantage
over large electrodes. However, the comparison in that
case was done with pulse polarography, which is in itself
one of the most sensitive electroanalytical techniques.
The present results clearly show that when the radius is
decreased below 50 um, a definite advantage over large
electrodes is observed and this advantage increases
sharply with decreasing radius. Extrapolating the data in
Fig. 2 to a radius of 3-5 um would indicate a possible in-
crease in the rate of recovery of gallium by one to two or-
ders of magnitude compared to large continouous elec-
trodes. This may be very significant technologically,
since the radii of the fibers in graphite fiber epoxy com-
posites are in that range. Thus, graphite fiber composites
with relatively low graphite fiber loading may turn out to
be very useful as ensembles of microelectrodes for the re-
covery of metals from dilute solutions.

Anodic stripping and alloy formation.—Anodic
stripping was conducted following each plating experi-
ment. The potential was held at —0.750V until the anodic
current decayed to zero, and the charge passed in this pe-
riod was determined with the aid of a coulometer. Some
typical anodic stripping curves are shown in Fig. 3. The
longer the plating time, the longer the plateau during
stripping. It should be noted that a Cuw/Ga alloy was
formed during longer periods of plating, leading to a
somewhat complex form of the anodic stripping tran-
sient.

The formation of an alloy is indicated in Fig. 4. The
lines shown represent consecutive cathodic plating tran-
sients, each followed by anodic stripping, as outlined
above. The current density increases after each plating
cycle and the current efficiency decreases, showing that
the increase in current density is due to an enhancement
of the rate of hydrogen evolution. The surface could be
restored to its original form (i.e., all the alloy could be re-
moved) by setting the potential at a much more positive
value of 0.00V for a short time following anodic stripping
at —0.75V. It was not maintained at this potential for any
length of time, since some anodic dissolution of copper
could occur.

Current efficiency.—Plots of the average current
efficiency for gallium deposition as a function of poten-
tial are shown in Fig. 5 for different sized microelec-
trodes. For the plate and the two largest microelectrodes,
the efficiency is low at —1.70V, has a broad maximum be-
tween —1.75 and —1.80V, and decreases somewhat at
higher negative potentials. This behavior is easy to under-
stand. At the lowest negative potentials, one is close to
the reversible potential of gallium deposition, and its rate
is low and rising slowly (in a linear rather than exponen-
tial form) with potential. As the potential reaches ~1.75V,
both the gallium deposition and the hydrogen evolution
are in the Tafel region and the two partial currents in-
crease to the same extent with potential, leaving their ra-
tio, which is proportional to the current efficiency, essen-
tially constant. It should be noted that the size of the
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electrodes has no effect in this range since their radii are
large compared to the diffusion layer thickness under the
present experimental conditions. The results shown for
the smaller microelectrodes (250 um or less) are more
difficult to reconcile with theory. A priori, one might
have expected the efficiency to increase with decreasing
radius of the microelectrode, since gallium deposition is
under partial mass-transport control and its rate should
increase with decreasing size, while hydrogen evolution is
under activation control and hence should not be effected
by the size of the electrode. This view, however ignores
the effect of IR drop in solution. This can be estimated by
considering the partial current densities for hydrogen
evolution shown in Fig. 6. The apparent Tafel slopes ob-
served are quite high, in the range of 0.20-0.25V. If one as-
sumes that the correct Tafel slope should be 0.12V, the
experimental data can be corrected by making R, = 4.5
Q em? for the plate electrode and 0.3 Q cm? for the
microelectrode. While these numbers should only be con-
sidered as approximate, they show clearly the important
effect of decreasing IR at microelectrodes. It should also
be noted that a preliminary estimate of Ry, based on the
known geometry of the cell and the conductivity of the
solution (0.38 mho ecm ™), yielded a value of 9.0 Q em? for
the plate electrode. For a spherical electrode of the same
diameter as the microelectrode used here, a value of 0.011
Q) em? is calculated, significantly lower than found for the
flat disk microelectrode, as expected.

The rate of gallium deposition is partially diffusion
controlled and is hence little effected by the decrease in
solution resistance. As the radius of the microelectrode is
decreased, both partial current densities increase, al-
though for different reasons. The diffusion-limited cur-
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lium deposition on a plate electrode and on the smallest microelec-
trodes used in this study (r = 22.5 um). Dotted lines are obtained by
assuming R = 4.5 and 0.30 Q cm? for the plate and the microelec-
trode, respectively.

rent density for gallium deposition increases as expected
according to Eq. [1] and [2]. At the same time, the IR drop
in solution is decreased (13, 14), leading to an increased
rate of hydrogen evolution. The latter can depend on a
number of factors, including cell geometry and the con-
ductivity of the electrolyte. The results shown in Fig. 5
evidently indicate that in the present experiment the lat-
ter effect was predominant.

The large increase of current density for hydrogen evo-
lution for the microelectrodes shown in Fig. 6 cannot be
explained on the basis of the change in solution resist-
ance alone. It is probably a catalytic effect occurring at
the boundary between the metal and the surrounding
epoxy matrix and silane binder. (It could be, for example,
that gallium cannot wet this region, leaving a free copper
surface on which hydrogen evolution can occur much
faster). This effect has not been studied quantitatively.

It is of interest to consider the way in which the two
partial current densities would change with a further de-
crease in the size of the microelectrode. When &/r is very
large, the partial current for gallium deposition increases
as l/r without limit, according to Eq. [2]. The solution re-
sistance for unit area tends to zero under these condi-
tions, but this can increase the hydrogen evolution rate
only to the value corresponding to the Tafel line in Fig. 6.
Thus one would expect that the current efficiency would
go through a minimum at a certain value of the diameter
of the microelectrode, and then increase with further de-
creases in diameter. The size of the microelectrode for
which this minimum will occur depends on experimental
conditions, as pointed out above. It is indeed possible
that the smallest microelectrodes used in this study fall in
the region of this minimum, since the radius of 22.5 um
was not sufficiently small, compared to the diffusion
layer thickness, to cause a very large increase in
diffusion-limited current density, as seen from Eq. [2].

Conclusions

Electrolytic recovery of gallium from dilute solutions in
concentrated alkaline has been demonstrated experimen-
tally. The rate of recovery (i.e., the partial current density
for gallium deposition) was found to be higher on micro-
electrodes than on large plate electrodes. This result is
particularly significant in view of the fact that the micro-
electrodes were not really very small, the radius of the
smallest being only 22.5 um, about the size of the diffu-
sion layer thickness. It was shown recently (13, 27) that
ensembles of microelectrodes would become very effec-
tive, compared to large electrodes, only when the radius
of each microelectrode was of the order of 3 um or even
less. This is true when the ensemble is considered for
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