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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/zm. 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 t ime was also determined, and the conditions for the optimum recovery of gallium in 
terms of the overa l l ra te  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/zm 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 l imi t ing current density on a planar electrode fol- 

lowing a potential step was given (8) for (rrDt)'" <- r as 

I = nFCD [ A [1] 
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in wh ich  C is the bulk  concentrat ion,  A is the  area, and P 
is the  c i r cumfe rence  of  the  electrode.  By set t ing A = v r  2 
and P = 2~r, for a disk electrode this equa t ion  reduces  to 
the wel l -known equa t ion  of the  l imi t ing current  to a 
spherical  e lec t rode  

[ 1 1 ]  
I = n F C D A  ,,/~-Dt + r [2] 

The first t e rm in the brackets  represents  the  classical 
Cottrel l  equa t ion  and is val id  at short  t imes  w h e n  the  dif- 
fusion layer th ickness  ~ = (TrDt) ~2 is small  wi th  respect  to 
the radius r of  the  microeleet rode.  I f  diffusion is the only 
m o d e  of  mass  t ransport ,  the  t ime -dependen t  t e rm in Eq.  
[1] and [2] will  approach  zero at long t imes  and the  cur- 
rent  will be  gove rned  by the radius of the  mieroelec t rode .  
This, however ,  is no t  a ease of  pract ical  interest ,  s ince in 
any e lec t rochemica l  reactor  the  diffusion layer th ickness  
at s teady state is governed  by the  condi t ions  of flow near  
the  e lec t rode  surface. Such  steady state is reached w h e n  
the natural ly g rowing  diffusion layer reaches  the  thick- 
ness enforced by e lect rolyte  flow. I f  the  lat ter  is known,  
the  t ime  to reach  s teady state can  readi ly  be es t imated 
f rom the  re la t ionship  t = ~2hrD. 

In the  p resen t  work,  the ease s tudied  was that  in which  
the diffusion layer  was de te rmined  by the  m e t h o d  of stir- 
r ing of  the  solution.  In  this case, one  can define a capture  
area, shown in Fig. 1, as the enve lope  wi th in  which  the  
concent ra t ion  of  the  reactants  and produc t s  significantly 
devia te  f rom thei r  respect ive  bulk  values.  F r o m  s imple  
geomet r ica l  considerat ions ,  it can be seen that  the "cap- 
ture  area"  A~ def ined above  is re la ted to the  diffusion 
layer th ickness  and the  radius of  the  microelec t rode .  The 
ratio be tween  the  capture  area and the  area of the  micro- 
e lec t rode  is g iven  by 

Ac/A~ = 1 + 7rS/r + 2~2/r "~ [3] 

This  ratio may  serve as a qual i ta t ive  measure  of  the 
e n c h a n c e m e n t  of  mass t ranspor t  to a mic roe lec t rode  or to 
an ensemble  of microelec t rodes .  For  an infinitely large 
planar  electrode,  the  above  ratio is, by definition, equal  
to unity. As the  ratio be tween  the  diffusion layer thick- 
ness  and the  radius  of the  mic roe lec t rode  increases,  the 
second and the  third te rms  in the  above  equa t ion  become  
predominant .  When the ratio is ve ry  large, the  t e rm 
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 rec tangular  cell cons t ruc ted  
of po lyme thy lme thac ry l a t e  was employed .  The  dis tance 
be tween  the  work ing  and countere lec t rodes  was 8.5 cm, 
and a sa tura ted  ca lomel  reference e lec t rode  (SCE) was sit- 
ua ted  in the compartment with a~d at a distance of 3.5 cm 
from the working electrode. All potentials shown in this 

C=C b (DIFFUSION LAYER BOUNDARY) 

Fig. 1. The capture envelope 

paper  are wi th  respect  to the  sa turated ca lomel  electrode.  
The  coun te re lec t rode  and work ing  e lec t rode  compar t -  
men t s  were  separa ted  by a 125 ~m Tyvek  separator  in or- 
der  to p reven t  oxygen  from get t ing to the  working  elec- 
t rode  w h e n  it  was polar ized cathodical ly.  A 1 cm 2 copper  
plate was used  as the  cont inuous  or plate electrode.  Cop- 
per  wires  e m b e d d e d  in an epoxy  mat r ix  were  used  as the 
microelec t rodes .  The  d iameters  of  these  e lect rodes  were  
1000, 510, 250, 100, 67, and 45 ~m. For  the  three larger  
sizes, s ingle e lec t rodes  were  used. For  the  three  smaller  
sizes, ensembles  of e lec t rodes  hav ing  6, 13, and 15 elec- 
trodes,  respect ively ,  were  employed.  The  electrodes  were  
s i tuated at a re la t ively large dis tance  f rom each other  to 
ensure  that  the i r  diffusion layers wou ld  not  over lap dur- 
ing the  exper iment .  Bond ing  of  the microe lec t rodes  to 
the  e m b e d d i n g  po lymer  initially posed  some  problems.  
These  were  o v e r c o m e  by the  use  of a siIane coupl ing  
agent  prepared  by  mix ing  5 ml  of organosi lane ester  (Un- 
ion Carbide,  A 176) wi th  5 ml  acetic acid and di lut ing with  
5 ml  of  dist i l led water.  

Af ter  i m b e d d i n g  the  copper  wires  into the  polymer,  the  
e lect rodes  were  pol i shed  to be flush wi th  the surface. 
Po l i sh ing  was pe r fo rmed  with  success ive ly  finer polish- 
ing materials,  s tar t ing with  180, 320, 400, and 600 grit  pa- 
pers  (3M Company) ,  fo l lowed by 10 and 5 ~m SiC papers  
(Mager Scient if ic  Company).  In the  final pol ish ing stage, 
6 and 1 t~m diamond pastes were used, followed by 0.05 
~tm alumina powder (Buehler). 

Electrolyte and  methods of  s t i r r ing . - -The  electrolyte  
was p repared  f rom reagent  grade N a O H  (Fisher 
Scientific, 283 g/liter) and anhydrous Ga~(SO4)3 (Alfa 
Products, 2 g/liter, dissolved in distilled water). The molar 
concentrations were 7.07M hydroxide and 9.4 mM gal- 
lium, in the form of the gallate ion GaO3 -3. 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 work ing  electrode.  The 
effect ive va lue  of  the  diffusion layer thickness ,  es t imated  
f rom m e a s u r e m e n t s  on the  plate e lec t rode  (see Resul ts  
and Discussion)  was 68 and 19 ~ m  for the  two me thods  of  
stirring, respect ively .  The  great  advantage  of  the  
imp ing ing  je t  was that  it he lped  r e m o v e  mos t  of  the  hy- 
drogen  bubbles  f rom the surface of the  microelect rodes .  

Procedure and  a p p a r a t u s . - - A t  the  start  of each set of  
exper iments ,  the  solut ion was deaera ted  wi th  pure  nitro- 
gen  for 30 min.  The  work ing  e lec t rode  was main ta ined  at 
a potent ia l  of  -1 .4V to protect  it cathodical ly.  All experi-  
ments  were  conduc t ed  potent ios ta t ical ]y  us ing a P A R  
Model  173 potent iostat .  Pla t ing was conduc t ed  for 10, 30, 
and 50s at potent ia ls  ranging  f rom -1.70 to -1.90V. 
Anodic  s t r ipping was pe r fo rmed  at a potent ia l  of -0.75V, 
unti l  the  anodic  s t r ipping cur ren t  decayed  to zero. The 
charge dur ing  plat ing and anodic  s t r ipping was measu red  
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. 5m/s. 

Results and Discussion 

The rate of  ga l l ium depos i t ion . - -The  average  rate of  gal- 
l ium deposi t ion  is shown in Fig. 2 as a func t ion  of  poten- 
tial for microe lec t rodes  of different  size. In  this  figure, 
the  current  dens i t ies  are based on the e lec t rode  conduc-  
tors '  apparent  area wi th  t he  data  for the  1 cm 2 plate  elec- 
t rode  shown for compar ison.  The  resul ts  for the two 
largest  microe]ec t rodes  s tud ied  here  are not  inc luded  in 
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Fig. 2. The effect of the diameter of the electrodes and the poten- 
tial on the rate of deposition of gallium. 

Fig. 2, s ince they  are the  same as for the  plate electrode.  
The  di f fus ion- l imi ted  current  dens i ty  for ga l l ium deposi-  
t ion was es t ima ted  f rom the  current  dens i ty  and the  cur- 
rent  eff iciency measu red  in the  range  of  potentials  of  
-1 .8  to -1.9V. On the  plate e lectrode,  the  va lue  obta ined 
in this m a n n e r  was iL = 4.5 m A / c m  2. This  va lue  was used  
to calcula te  the  diffusion layer th ickness  5, g iven  here. 
The  v iscos i ty  of  the  solut ion is app rox ima te ly  6.0 cP, and 
the  diffusion coeff ic ient  for the gallate ion is D = 3 x 10 -G 
cm2/s, s ignif icant ly lower  than  in di lute  aqueous  solu- 
tions. Thus, the  rate of  gal l ium depos i t ion  was under  
m i x e d  ac t iva t ion/mass- t ranspor t  control  on the  plate elec- 
t rode  up to a potent ia l  of  -1 .80V and swi tched  to fully 
mass- t ranspor t  cont ro l  at more  nega t ive  potentials .  Due  
to s ignif icant  e n h a n c e m e n t  of  the  rate of  mass  t ranspor t  
on the  microe lec t rodes ,  the  rate of  ga l l ium depos i t ion  was 
probably  unde r  m i x e d  control  t h roughou t  the  range of  
potent ia ls  s tudied.  

I f  we  were  to a s sume  that  the  reac t ion  is unde r  mass- 
t ranspor t  control  for all e lect rodes  at all potent ials  mea- 
sured,  it wou ld  be  easy to calculate  the  dif ference be- 
tween  the  cur ren t  densi t ies  on the  plate and on the  
microe lec t rodes ,  s ince 

iL(micro) - iL(plate) = nFDC 

T h e  d i f f e r e n c e s  c a l c u l a t e d  i n  t h i s  w a y  a m o u n t  to  3.8, 2.5, 
1.7, and 0.7 m A / c m  2 for the  45, 67, 100, and 250/xm diam 
electrodes,  respect ively .  The  average values  observed  at 
the  less nega t ive  potent ia ls  are 3.7, 2.5, and 1.7 mAYcm 2, 
respect ively,  the  values  for the  250 /xm e lec t rode  be ing  
wi th in  expe r imen ta l  error  of  the  va lue  for the  plate elec- 
trode. It  is no tewor thy ,  however ,  that  this di f ference in- 
creases  at more  nega t ive  potentials .  It  is reasonable  to as- 
s u m e  that  in this reg ion  the  plate e lec t rode  is already 
comple te ly  unde r  mass- t ranspor t  control ,  whi le  the  rate 
of  ga l l ium depos i t ion  still increases sl ightly wi th  increas- 
ing negat ive  potent ia l  on the microelec t rodes .  

The solut ion res is tance may play an impor t an t  role in 
de te rmin ing  the  rate  of  ga l l ium depos i t ion  at the  less neg- 
at ive potentials .  S ince  the  revers ib le  potent ia l  for the  dep- 
osi t ion of  ga l l ium in the  so lvent  is close to - 1.70V, a small  
d i f ference in the  potent ia l  across the  interface,  caused by 
an IR  drop, may  effect  the rate of depos i t ion  of  ga l l ium in 
a major  way. As po in ted  out  above  (13, 24), the  solut ion 
res is tance  (for a f ixed va lue  of  the cur ren t  density) de- 
creases wi th  decreas ing  radius of the  microelec t rode .  
This may  expla in  the  relat ively large dif ference in current  
dens i ty  be tween  the  plate e lec t rode  and the smallest  
mic roe lec t rode  observed  in Fig. 2. 

It  should  be no ted  that  the  condi t ion  r < <  ~ did not  ex- 
ist even  for the  smal les t  mic roe lec t rodes  e m p l o y e d  in this 

study. It  was shown  (12, 13) that  for e leetroanalyt ical  ap- 
pl icat ions the  radius  of  the microe lec t rodes  in the  ensem-  
ble should  be  3 ixm or less to have  a s ignif icant  advantage  
over  large e lect rodes .  However ,  the  compar i son  in that  
case was done  wi th  pulse  polarography,  which  is in i tself  
one of  the  mos t  sensi t ive e lect roanatyt ica l  techniques .  
The  p resen t  resul ts  clearly show that  w h e n  the radius is 
decreased  be low 50 txm, a defini te  advan tage  over  large 
e lect rodes  is observed  and  this  advan tage  increases  
sharply  wi th  decreas ing  radius. Ex t rapo la t ing  the  data in 
Fig. 2 to a radius of  3-5 ~ m  would  indica te  a poss ible  in- 
crease in the  rate of  recovery  of gal l ium by one to two or- 
ders of  magn i tude  compared  to large cont inouous  elec- 
trodes.  This  may  be very  significant  technological ly ,  
s ince the  radii  of  the  fibers in graphi te  fiber epoxy  com- 
posi tes  are in that  range. Thus,  g raphi te  fiber composi tes  
wi th  re la t ively low graphi te  fiber loading may  turn  out  to 
be  very  useful  as ensembles  of  mic roe lec t rodes  for the re- 
covery  of  meta l s  f rom di lute  solutions.  

Anodic stripping and alloy formation.--Anodic 
s t r ipping was conduc t ed  fol lowing each  plat ing experi-  
ment .  The potent ia l  was he ld  at -0 .750V unt i l  the  anodic  
current  decayed  to zero, and the  charge  passed in this pe- 
r iod was de t e rmined  with  the  aid of a coulometer .  S o m e  
typical  anodic  s t r ipping curves  are shown in Fig. 3. The  
longer  the  plat ing t ime,  the  longer  the  pla teau dur ing 
str ipping.  I t  should  be noted that  a Cu/Ga alloy was 
fo rmed  dur ing longer  per iods  of plating,  l ead ing  to a 
somewha t  c o m p l e x  form of the  anodic  s t r ipping tran- 
sient. 

The format ion  of an alloy is indica ted  in Fig. 4. The 
l ines shown represen t  consecut ive  cathodic  plat ing tran- 
sients, each fol lowed by anodic str ipping,  as out l ined 
above. The cur ren t  dens i ty  increases after each plat ing 
cycle and the  current  efficiency decreases,  showing  that  
the increase in cur ren t  dens i ty  is due  to an e n h a n c e m e n t  
of the  rate o f  hydrogen  evolut ion.  The  surface could be  
res tored to its original  form (i.e., all the  alloy could  be re- 
moved)  by se t t ing the  potent ia l  at a m u c h  more  posi t ive 
value  of  0.00V for a short  t ime fol lowing anodic s tr ipping 
at -0.75V. I t  was not  main ta ined  at this potent ia l  for any 
length  of  t ime,  s ince some anodic  dissolut ion of  copper  
could occur.  

Current efficiency.--Plots of the  average current  
eff iciency for ga l l ium depos i t ion  as a func t ion  of  poten- 
tial are shown in Fig. 5 for di f ferent  sized microelec-  
trodes.  For  the  plate  and the  two largest  microelec t rodes ,  
the  eff ic iency is low at -1.70V, has a broad  m a x i m u m  be- 
tween  -1.75 and -1.80V, and decreases  somewha t  at 
h igher  negat ive  potentials .  This behav ior  is easy to under-  
stand. At the lowes t  nega t ive  potent ials ,  one is close to 
the  revers ible  potent ia l  of gal l ium deposi t ion,  and its rate 
is low and rising s lowly (in a l inear  ra ther  than  exponen-  
tial form) with  potential .  As the potent ia l  reaches  -1.75V, 
both the  ga l l ium depos i t ion  and the  h y d r o g e n  evo lu t ion  
are in the  Tafel  region and the  two part ial  cur rents  in- 
crease to the  same ex ten t  wi th  potential ,  l eav ing  their  ra- 
tio, wh ich  is propor t iona l  to the  cur ren t  efficiency, essen- 
tially constant.  I t  should  be noted  that  the  size of  the 
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Fig. 3. Three cathodic deposition and following anodic dissolution 
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Fig. 4. Consecutive cathodic deposition transients, each followed by 
anodic stripping. The average current efficiencies (%) were 1-27.6, 
2-21.4, 3-17.4~ 4-14.7, and 5-13.0. 

electrodes  has no effect  in this range since their  radii are 
large compared  to the diffusion layer th ickness  under  the 
present  expe r imen ta l  condit ions.  The results  shown for 
the smaller  microe lec t rodes  (250 ~ m  or less) are more  
difficult  to reconci le  wi th  theory. A priori, one might  
have  expec ted  the  eff iciency to increase wi th  decreas ing 
radius of  the  microe lec t rode ,  since ga l l ium deposi t ion is 
under  partial  mass- t ranspor t  control  and its rate should 
increase wi th  decreas ing  size, while  hyd rogen  evolu t ion  is 
under  act ivat ion control  and hence  should  not  be effected 
by the  size of  the  electrode.  This view, howeve r  ignores 
the  effect  of  IR  drop  in solution. This can be es t imated by 
cons ider ing  the  partial  current  densi t ies  for hydrogen  
evolu t ion  shown in Fig. 6. The apparen t  Tafel s lopes ob- 
served are qui te  high, in the range of  0.20-0.25V. I f  one as- 
sumes  that  the correct  Tafel  slope should  be 0.12V, the  
exper imenta l  data can be corrected by mak ing  Rso,n = 4.5 

cm 2 for the plate  e lectrode and 0.3 ~ cm 2 for the  
microelec t rode .  While these  n u m b e r s  should  only be con- 
s idered as approx imate ,  they  show clearly the  impor t an t  
effect of  decreas ing  IR  at microelec t rodes .  It  should  also 
be  noted  that  a p re l iminary  es t imate  of  R,o~n, based on the  
k n o w n  geome t ry  of  the  cell and the  conduc t iv i ty  of  the  
solut ion (0.38 m h o  cm-1), y ie lded a va lue  of 9.0 t2 cm 2 for 
the plate electrode.  For  a spher ical  e lec t rode  of the  same 
d iameter  as the  mic roe lec t rode  used  here, a value  of  0.011 

cm ~ is calculated,  s ignificantly lower  than  found for the 
flat disk microe lec t rode ,  as expected .  

The rate of  ga l l ium deposi t ion is part ial ly diffusion 
control led  and is hence  lit t le ef fec ted  by the  decrease in 
solut ion resistance.  As the  radius of  the  microe lec t rode  is 
decreased,  both  part ial  current  densi t ies  increase,  al- 
t hough  for di f ferent  reasons.  The diffusion-l imited cur- 
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Fig. 6. Partial current densities for hydrogen evolution and for gal- 
lium deposition on a plate electrode and on the smallest microelec- 
trades used in this study (r = 22.5 #m). Dotted lines are obtained by 
assuming R = 4.5 and 0.30 D. cm ~ for the plate and the microelec- 
trade, respectively. 

rent  dens i ty  for ga l l ium depos i t ion  increases  as expec ted  
according  to Eq.  [1] and [2]. At  the  same time, the  IR drop 
in solut ion is decreased  (13, 14), l ead ing  to an increased 
rate of  hyd rogen  evolut ion.  The lat ter  can d e p e n d  on a 
n u m b e r  of  factors,  inc lud ing  cell  geome t ry  and the  con- 
duct iv i ty  of  the  electrolyte.  The resul ts  shown in Fig. 5 
ev ident ly  indicate  that  in the p resen t  e x p e r i m e n t  the lat- 
ter  effect  was p redominan t .  

The  large increase  of cur ren t  dens i ty  for hydrogen  evo- 
lut ion for the  mic roe lec t rodes  shown in Fig. 6 cannot  be  
expla ined  on the  basis of the  change  in solut ion resist- 
ance alone. I t  is p robably  a catalytic effect  occurr ing  at 
the bounda ry  be tween  the  meta l  and the sur rounding  
epoxy  mat r ix  and silane binder.  (It could  be, for example ,  
that  ga l l ium cannot  we t  this region, leaving a free copper  
surface on which  hydrogen  evolu t ion  can occur  m u c h  
faster). This  effect  has not  been  s tudied  quanti tat ively.  

It  is of  in teres t  to cons ider  the  way  in which  the  two 
part ial  current  densi t ies  wou ld  change  wi th  a fur ther  de- 
crease in the  size of  the  microe lec t rode .  When 8/r is ve ry  
large, the  part ial  current  for ga l l ium depos i t ion  increases  
as 1/r wi thou t  limit,  accord ing  to Eq. [2]. The  solut ion re- 
s is tance for uni t  area tends  to zero under  these  condi- 
tions, but  this can increase the  hydrogen  evolu t ion  rate 
only to the  va lue  cor responding  to the  Tafel  l ine in Fig. 6. 
Thus one would  expec t  that  the  current  eff iciency would  
go th rough  a m i n i m u m  at a certain va lue  of  the  d iameter  
of  the microelec t rode ,  and then  increase wi th  fur ther  de- 
creases in diameter .  The  size of  the  microe lec t rode  for 
which  this m i n i m u m  will  occur  depends  on exper imenta l  
condit ions,  as po in ted  out  above. It  is indeed  possible 
that  the  smal les t  microe lec t rodes  used  in this s tudy fall in 
the region of  this m i n i m u m ,  since the radius of 22.5 t~m 
was not  sufficiently small, compared  to the  diffusion 
layer thickness ,  to cause a very  large increase in 
dif fusion-l imited current  density, as seen f rom Eq. [2]. 

Conclusions 
Elect ro ly t ic  recovery  of  ga l l ium f rom di lute  solut ions in 

concen t ra ted  alkal ine has been  demons t r a t ed  exper imen-  
tally. The  rate of  recovery  (i.e., the  part ial  current  densi ty  
for ga l l ium deposi t ion)  was found to be h igher  on micro- 
e lect rodes  than  on large plate  e lect rodes .  This  resul t  is 
par t icular ly  s ignif icant  in v iew of the  fact  that  the  micro- 
e lec t rodes  were  not  really very  small,  the  radius  of  the  
smallest  be ing  only 22.5 t~m, about  the  size of  the  diffu- 
sion layer thickness .  It  was shown recent ly  (13, 27) that  
ensembles  of  microe lec t rodes  wou ld  b e c o m e  very  effec- 
tive, compared  to large electrodes,  only  w h e n  the radius 
of each microe lec t rode  was of  the  order  of  3 tLm or even  
less. This is t rue  w h e n  the  e n s e m b l e  is cons idered  for 
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electroanalytical applications and its performance is com- 
pared to pulse polarography, which is itself a powerful 
tool in electroanalytical chemistry. For metal recovery, it 
was shown in the present work that that the advantage of 
ensembles of microelectrodes becomes apparent already 
when the radius of each microelectrode is 50 t~m and their 
relative efficiency increases sharply as the radius de- 
creases further. Carbon fibers used in fiber epoxy com- 
posites have radii in the range of 3-5 tLm. Thus, a carbon 
fiber epoxy matrix composite with low fiber loadings (to 
comply with the requirement that the diffusion layers of 
adjacent electrodes will not overlap) could serve as a very 
good and relatively inexpensive ensemble of microelec- 
trodes, which would be highly effective for the recovery 
of metals from dilute solutions. An effort to fabricate such 
composite electrodes or other types of ensembles of 
microelectrodes having even smaller radii of the individ- 
ual microelectrodes is fully justified in view of their pos- 
sible application for the recovery of metals and for the 
purification of industrial effluents containing heavy 
metal contaminants. 

The decrease in current efficiency with decreasing di- 
ameter needs further investigation. If this is indeed due to 
a decrease of the IR drop in solution, as suggested above 
(12, 13), the current efficiency should reach a minimum, 
dependent  on cell configuration and specific conductiv- 
ity of the solution, and rise thereafter steadily with de- 
creasing radius, after solution resistance has become 
insignificant. If the hydrogen evolution reaction is en- 
hanced on the microelectrodes for some other reason 
(e.g., due to the reduction in the nucleation overpotential 
associated with hydrogen bubble formation at the edges 
of the microelectrodes), then an increase of the current 
efficiency with decreasing radius of the microelectrode 
may not be observed. In such event, one may still take ad- 
vantage of the enhanced rate of gallium deposition on en- 
sembles of microelectrodes, combined with suitable 
highly effective hydrogen inhibitors, to further identify 
conditions for high rate, high efficiency recovery of the 
metal from dilute solutions. 
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