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Electrowinning of Non-Noble Metals with Simultaneous 
Hydrogen Evolution at Flow-Through Porous Electrodes 

II. Experimental 

Mahmoud M. Saleh a and John W. Weidner* 
Department of Chemical Engineering, University of South Carolina, Columbia, South Carolina, 29208, USA 

Bahgat E. EI-Anadouli and Badr G. Ateya* 
Department of Chemistry, Faculty of Science, Cairo University, Cairo, Egypt 

ABSTRACT 

This paper presents an interpretation of the experimental results obtained on the electrowinning of zinc at a flow- 
through porous electrode in light of a mathematical model which was presented in Part I. The process is accompanied by 
simultaneous hydrogen evolution within the electrode, which increases the pore electrolyte resistivity and decreases the 
coulombic efficiency. We measured polarization curves, coulombic efficiencies, and current distributions under various 
conditions of zincate concentrations, flow rates, cell current, and electrode thickness. Reasonable agreement between the 
measured and predicted current distributions was obtained only under conditions of high electrolyte flow rates, low cell 
currents, and thinner electrodes. The deviations observed at low electrolyte flow rates and high cell currents are attributed 
to the agitating effects of the hydrogen gas bubbles, which enhance the local mass-transfer coefficient. This effect was not 
incorporated in the model due to the absence of adequate correlations. 

Introduction 
Flow-through porous electrodes have been used in the 

removal of heavy metal ions from their dilute streams, 1-7 
particularly the noble metals (e.g., Cu or Ag) where no gas 
bubbles are generated within the electrode. Their applica- 
tion to the electrowinning of non-noble metals (e.g., Zn or 
Cr) faces complications caused by the hydrogen evolution 
reaction which occurs simultaneously. In addition to lower- 
ing the coulombic efficiency of the process, the generation 
of hydrogen gas bubbles affects the current distribution 
within the porous electrode and its polarization behavior. 8'g 
The effects of gas bubbles on the polarization, current dis- 
tribution, and mechanism of mass transfer are well docu- 

* Electrochemical Society Active Member. 
a Present address: Department of Chemistry, Cairo University, 

Cairo, Egypt. 

mented on planar electrodes, 10-14 They have not been quan- 
tified in porous electrodes. 

The electrowinning of non-noble metals coupled with 
hydrogen evolution is an especially important case of 
simultaneous reactions in porous electrodes. Alkire et 
al. 15.16 developed a mathematical model for predicting the 
current and potential distributions within porous elec- 
trodes in the presence of simultaneous homogeneous and 
heterogeneous reactions. They studied three types of reac- 
tions, simultaneous deposition of metals from a mixture of 
their ions, deposition of metals in the presence of a redox 
reaction, and an electro-organic synthesis. However, in this 
treatment, no gas evolution was considered. More recently 
Ateya et al. iv experimentally evaluated the parameters af- 
fecting the electrowinning of zinc from alkaline zincate 
solutions with simultaneous hydrogen evolution at flow- 
through porous electrodes, but  offered no theoretical inter- 
pretation of the experimental results. Several other work- 

Fig. 1. Schematic of the flow sys- 
tem and eleclrolytic cell. 
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ers h a v e  also t r e a t e d  t he  depos i t i on  of z inc  f rom a lka l i ne  
z inca t e  so lu t ions  a t  p o r o u s  e lec t rodes ,  ls-~ 

The  ob jec t ive  of t h e  p r e s e n t  p a p e r  is to offer  a q u a n t i t a -  
t ive  i n t e r p r e t a t i o n  of t he  effects of some p a r a m e t e r s  a n d  
o p e r a t i n g  cond i t i ons  on  t he  p o l a r i z a t i o n  b e h a v i o r  a n d  cur-  
r en t  d i s t r i b u t i o n  w i t h i n  a f l o w - t h r o u g h  po rous  e lec t rode  
o p e r a t i n g  o n  t he  e l e c t r o w i n n i n g  of z inc  f r o m  a n  a l k a l i n e  
z inca t e  solut ion.  The  e x p e r i m e n t a l  resu l t s  are  c o m p a r e d  to 
the  p r e d i c i t o n s  of a m a t h e m a t i c a l  m o d e P  2 w h i c h  t akes  in to  
cons ide ra t ion :  (i) t he  c h a r g e - t r a n s f e r  k ine t i c s  of b o t h  t he  
z inc  depos i t i on  a n d  the  h y d r o g e n  evo lu t ion  r eac t ions  a t  the  
m e t a l / e l e c t r o l y t e  in te r face ,  (ii) t h e  m a s s - t r a n s f e r  l i m i t a -  
t ions  of t he  z inc  depos i t i on  reac t ion ,  a n d  (iii) t he  effects of 
the  evo lv ing  h y d r o g e n  gas  b u b b l e s  on  the  r e s i s t iv i ty  of t he  
po re  e lectrolyte .  

Experimental 
F i g u r e  1 is a s cheme  of t he  f low sys tem a n d  cell  a r r a n g e -  

men t .  The  sys tem cons is t s  of a r e se rvo i r  m a d e  of po ly-  
p r o p y l e n e  p l a s t i c  w h i c h  con t a in s  a t h e r m o m e t e r  a n d  a h e a t  
e x c h a n g e r  to con t ro l  t he  t e m p e r a t u r e  a n d  a m a g n e t i c  s t i r -  
r e r  to m i x  the  so lu t ion  d u r i n g  c i rcu la t ion .  The  so lu t ion  was  
c i r cu l a t ed  u s i n g  a v a r i a b l e  speed  p u m p  a n d  t he  f low r a t e  
was  m e a s u r e d  u s ing  a f l oa t ing  s p h e r e - t y p e  f lowmeter .  
Samp le s  were  co l lec ted  a t  t ime  in t e rva l s  of 10 m i n  a n d  
a n a l y z e d  for  the  c o n c e n t r a t i o n  of z inca t e  u s i n g  a n  a tomic  
a d s o r p t i o n  spec t ropho tome te r .  The  w o r k i n g  e lec t rode  was  
m a d e  of g a l v a n i z e d  s ta in less  s teel  screens  (i.e., Z n / s t a i n l e s s  
s teel  w i t h  0.05 cm d i a m e t e r  wire.  The  n u m b e r  of sc reens  
was  10, 20, or 28 w i t h  a n  ave rage  b e d  th ickness ,  L ,  of 0.8, 
1.6, or 2.1 cm, respect ively.  The  p a c k e d  b e d  e lec t rode  h a d  a 
specific surface area of 20.0 cm -~, a porosity of 0.80, a di- 
ameter of 1.6 em, and an ohmic resistance < 0.01 ~. The 
counterelectrode was made of a platinum screen and was 
placed on the downstream side of the porous electrode. 
Both reference electrodes were Hg/HgO/l M KOH. With 
the two reference electrodes, it is possible to measure the 
potential at the entry and the exit faces of the electrode. 
The potential reported here is that of the electrode relative 
to the down-stream reference electrode (denoted as E). Cur- 
rent densities are- reported on the basis of the geometrical 
cross-sectional area of the electrode (i.e., 2.0 cm2). A poten- 
tiostat (EG&G Princeton Applied Research Model 273A) 
was used in all measurements. A current interrupter tech- 
nique was used to compensate for the IR drop between the 
reference electrode and the exit face of the working elec- 
trode. The distribution of the zinc reaction current was 
determined by measuring the weight gain of each screen 
after a period of 20 rain. The screens were removed care- 
fully to avoid mechanical loss of the deposited zinc. The 
zincate solutions were prepared by dissolving the desired 
weights of ZnO in KOH of the appropriate concentration. 
They were deaerated by bubbling pure nitrogen gas. The 
measurements were performed at 25~ 

Results and Discussion 
Mode l  e q u a t i o n s . - - T h e  s i m u l t a n e o u s  r eac t i ons  i nvo lved  

in  t he  e l e c t r o w i n n i n g  of z inc f rom a n  a lka l i ne  z inca t e  are  

Zn(OH)~ ~ + 2 e  = Z n + 4 O H -  E ~  [1] 

2I-I20 + 2e-  = H2 + 2 OH-  E ~ = - 0 . 8 3  V (SHE) [2] 

The  mode l  deve lopmen t ,  b o u n d a r y  condi t ions ,  a n d  so lu-  
t i on  t e c h n i q u e  were  p r e s e n t e d  in  p a r t  I. 2~ Hence ,  on ly  t he  
g o v e r n i n g  e q u a t i o n s  are  p r e s e n t e d  here.  The  g r a d i e n t  of t he  
z inc  so lu t ion  c u r r e n t  is r e l a t ed  to the  r e a c t i o n  c u r r e n t  b y  

diz~(X) -Sio,z~ [1 - exp(2~z~(x) /b  )] 
dx - - j z ~ ( X )  = . [ 3 ]  

exp [ ~ z , ( x ) / b  ] + Zo,z. 
~L,Zn 

The charge-transfer kinetics involved in Eq. 3 corre- 
sponds to a two-electron transfer rate-determining stepJ 3 
The local limiting current density of the zinc deposition 
reaction, iL,Z~, is related to the local mass-transfer coeffi- 
cient and the bulk concentration by 

iL,z~ = nFk,nCz~ [4] 

The  exp re s s ion  for  t he  local  m a s s - t r a n s f e r  coefficient ,  kin, 
w a s  o b t a i n e d  f r o m  empi r i ca l  co r r e l a t i ons  24 

~ 0~ km= 1.17Q ~ \ ~ ]  \ ~ / -  [5] 

The  g r a d i e n t  of t he  h y d r o g e n  so lu t ion  c u r r e n t  is r e l a t e d  to 
t he  r e a c t i o n  c u r r e n t  b y  

diH(X) 
dx  - - jH(x )  = - Sio,, e x p [ - ~ ( x ) / b ]  [6] 

w h e r e  

~H(X) = ~]z~(X) + h E  [7] 

a n d  -AE = E~, - E~. E q u a t i o n  6 is b a s e d  on  t he  a s s u m p t i o n  
t h a t  Tafel  k ine t i c s  con t ro l  the  h y d r o g e n  evo lu t i on  reac t ion .  
Along  w i t h  Eq. 3 a n d  6, Eq.  8 t h r o u g h  11 g o v e r n  t he  b e h a v -  
ior  of the  sys t em 

i (x )  = iz~(X) + ill(x) [81 

i (x )  , ,d~z~(X) = Ktx) ~ [9] 

K(X) ---- K~ --  e ( X ) ]  3/2 [101 

where ,  K ~ is t he  b u l k  e lec t ro ly te  conduct iv i ty .  The  gas  vo id  
f r a c t i o n  is r e l a t ed  to the  h y d r o g e n  so lu t ion  c u r r e n t  by  9 

Oil(x) [11] 
e ( x ) -  ( Q ) +  i~(x) 

w h e r e  for  idea l  gas  behavior ,  ~r is g iven  b y  

R T  
= 2P---F [12] 

Table  I l i s ts  t he  va lues  of t he  phys i ca l  p a r a m e t e r s  w h i c h  
were  used  in  c o m p u t i n g  t he  mode l  p red ic t ions .  The  equ i -  
l i b r i u m  p o t e n t i a l s  of b o t h  the  z inc  29 a n d  the  h y d r o g e n  reac -  
t ions  are  g iven  b y  

E ~ Ao + A1 log M [KOH] + A2 log M [K2Zn(OH)4] [13] 

- 2 . 3  R T  
Eft - r p H  [14] 

whe re  the  A s are  c o n s t a n t s  w h i c h  d e p e n d  on  t he  t e m p e r a -  
tu re  a n d  M[KOH]  a n d  M[K2Zn(OH)4] are  t he  mola r i t i e s  of 
t he  h y d r o x i d e  a n d  z inca te ,  r e spec t ive lyJ  9 

Current  d i s t r i b u t i o n . ~ T h e  c u r r e n t  d i s t r i b u t i o n s  of t he  
z inc  r eac t i on  were  m e a s u r e d  u n d e r  d i f fe ren t  cond i t ions  
a n d  c o m p a r e d  w i t h  those  ca l cu l a t ed  f rom the  model .  The  
r eac t i on  c u r r e n t  was  n o r m a l i z e d  w i t h  resp_ect to t he  cell 
c u r r e n t  a n d  the  e lec t rode  th ickness ,  i.e., Jz~(Y) = jzn(X)/ 
(i~JL ).22 

Figure  2 a -c  shows  c o m p a r i s o n s  of t he  m e a s u r e d  a n d  p re -  
d ic t ed  effects of the  e lec t ro ly te  f low ra te ,  Q, on  t he  d i s t r i -  
b u t i o n  of t he  z inc  r eac t i on  c u r r e n t  w i t h i n  a p a c k e d  b e d  
e lec t rode  of 0.8 cm th i cknes s  o p e r a t i n g  a t  a cell  c u r r e n t  of 
0.15 A c m  2 on  0.08 M Z n O  in  3.0 M KOH a t  25~ As Q 
increases ,  t he  d i s t r i b u t i o n  becomes  less un i fo rm.  The  in -  
crease  of e lec t ro ly te  f low r a t e  inc reases  b o t h  the  l i m i t i n g  
cu r ren t ,  iL (Eq. 4, 5), a n d  t he  b u b b l e  p roduc t ,  Q / m  

Table I. Values of the physical parameters used in computing 
the model predictions. 

Physical 
parameter Value used Literature value Ref. 

iozn 6.3 • 10 -2 A cm -2 The same value 23 
lo,H 5.0 • 10 -9 A cm s -2 ~ 1.0 X 10 9 A cm 2 25 
D 1.6 • 10 6 cm 2 s-1 The same value 26 
v 0.015 g.  cm 2 - s -1 The same value 27 
K ~ 0.04 ~ 1 cm -~ The same value 28 

0.5 The same value 25 
1.0 The same value 23 

~This value was obtained by fitting the polarization curve of the 
hydrogen evolution reaction (the blank 3 M KOH curve in Fig. 5) to 
the model prediction in absence of the zinc reaction. 
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It  has been  shown elsewhere 3~ tha t  an increase in i L leads to 
a less un i fo rm current  dis t r ibut ion,  whereas  an  increase in 
(Q/~), leads to a more  un i fo rm current  dis t r ibut ion.  Conse- 
quently, the effect of the  f low rate,  which  is observed in 
Fig. 2 a-c, is the  combina t ion  of its effects on iL and Q/cr. 
Figure  2 a-c shows tha t  the model  correct ly  predicts  the  
shape of the current  d is t r ibut ions  and gives reasonable  
agreement  wi th  the exper imenta l  results  at  re la t ive ly  h igh  
electrolyte flow rates. At low flow rates, Fig. 2a, the exper- 
imentally measured local current densities are is much 
higher than those predicted particularly toward the exit 
face of the packed bed electrode. The experimental values 
approach the predictions further inside the bed. This phe- 
nomenon is attributed to the effects of local stirring caused 
by the generated gas bubbles on the rate of mass transfer 
and hence on the local limiting current. This effect is much 
greater near the exit than near the entry face of the elec- 
trode. The effect of gas bubbles on the rate of mass transfer 
is well recognized at planar electrodes. 11'I~ Figure 2 a-c 
shows also that as the flow rate increases, a greater per- 
centage of the cell current is supported by reactions within 
a smaller fraction of the bed thickness near its exit face. 

Figure 3 a-c shows the effects of the cell current on the 
distributions of zinc reaction current within a packed bed 
electrode of 0.8 cm thickness for a value of Q = 1.0 cm s -I at 
25~ The model predicts an important effect of the cell 
current on the distribution of the zinc reaction within the 
bed. As icon increases, we observe a limiting current behav- 
ior near x = 0 (Fig. 3b, c). The length of this region increases 
significantly with an increase in the cell current. Over these 
regions, the model predicts that the zinc reaction is pro- 
ceeding at its limiting current, i.e., the process is mass- 
transfer controlled. Since we assumed no concentration 
gradients in the axial direction, it follows that the theoret- 
ically calculated local limiting current is independent of its 
position within the bed. The value of this local limiting 
current in Acm -2 is the same at x = 0 in both Fig. 3b and c 
(0.02 A cm-2). On the other hand in Fig. 3a, the predicted 
currents at x = 0 are less than the above limiting current. 
Consequently, the predicted nonuniform reaction distribu- 
tion (dashed line in Fig. 3at is attributed to ohmic control. 
The figure shows that reasonable agreement between the 
model predictions and the experimental data is seen only at 

i~H = 0.15 A c m  -2 and to a lesser  ex ten t  at/cell = 0.05 A cm -2, 
where  we obta ined  h igher  discrepancies  be tween  the model  
predict ions  and  the exper imenta l  da ta  especial ly  at the 
back  of the  electrode.  In the  case of icell = 0.45 A cm -2, al-  
though  the model  agrees wi th  the  exper imenta l  da ta  at the 
back  of the  electrode,  there  is a very large difference be-  
tween the  measured  and pred ic ted  local  currents  near  and 
at  the exi t  face of the  electrode.  This can be a t t r ibu ted  to 
the  effects of the  evolving hydrogen  gas bubbles  on the  
local  mass - t rans fe r  coefficient.  This calls for fur ther  s tud-  
ies w i th  appropr ia te  mass - t rans fe r  correla t ions  to test  the  
above in te rpre ta t ion  and to quan t i fy  this effect. 

F igure  4a, b shows the  effect of the electrode thickness  on 
the  zinc react ion current  d i s t r ibu t ion  for a f low rate  of 1.0 
cm s -1 and a cell current  of 0.15 A cm -2. An increase in the 
th ickness  of the  e lect rode leads to a decrease of the d imen-  
sionless conduct iv i ty  group, K (see Table I in the  preceding  
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paper), n On the other hand as K decreases, the potential 
distribution becomes less uniform (see Fig. 4 in the preced- 
ing paper). 2~ Consequently, as the thickness decreases, the 
model predicts that the zinc reaction becomes less uniform 
in agreement with the experimental results obtained in 
Fig. 4a, b. 

From the current distribution results, it is clear that op- 
erating at low flow rate has the advantage of uniform reac- 
t ion and, hence, it leads to a utilization of a larger fraction 
of the internal  surface area of the electrode. However, un-  
der this condition mass-transfer restrictions limit the zinc 
reaction current and lead to a low coulombic efficiency (cf., 
Fig. 11). The current distribution shows to what extent the 
internal  surface area is used. At nonuniform reaction dis- 
tribution, using thicker electrode is not preferable because 
the internal  surface area is under  utilized. 

Polarization curves.--The overall behavior of the elec- 
trode can be studied by analyzing the polarization curves 
for the zincate reaction under  different conditions. The cur- 
rent-potential  relations were measured at different elec- 
trolyte flow rates and zincate concentrations and com- 
pared to the theoretical predictions. Table I lists the 
parameters used in the calculations. The packed bed used 
in this section was 2.1 cm thick. 

Figure 5 shows a comparison between the measured and 
predicted effects of the electrolyte flow rate on the current- 
potential relations for the reduction of zincate using 0.08 M 
ZnO in 3 M KOH at 25~ The blank curve was measured to 
enable us to calculate the partial  hydrogen and zinc cur- 
rents as shown below. The potential of interest here is that 
at the exit face of the electrode, which is shown in Fig. 5, 
the current from the blank electrolyte (3 M KOH) is due to 
the hydrogen evolution reaction which results from the re- 
duction of water (see Eq. 1). The current from the zincate 
solution, iceu, is the sum of the hydrogen evolution current 
iHIx= o and of zincate reduction current izn%=0 (see Eq. 1, 2). 
Therefore 

i~ett = iz~lx= 0 + i~lx= 0 [15] 

w h e r e  iZnlx: 0 and izlx: 0 are the solution currents at the front 
of the electrode for the zinc and hydrogen reactions, re- 
spectively. In using Eq. 15 to calculate the net current of the 
zinc reduction reaction, it is assumed that the presence of 
zincate ions in the electrolyte does not interfere with the 
kinetics of the hydrogen evolution reactionY 

Figure 5 reveals that as the potential increases in the 
negative direction, the cell current increases. While the po- 
larization curve for the blank electrolyte shows a progres- 
sive increase of the cell current with the potential, the zin- 
cate curves show rather poorly defined limiting currents 
and at high enough potentials the hydrogen reaction be- 
comes more significant. As the flow rate increases, at a 
given potential, E, the cell current increases. Satisfactory 
agreement between the model predictions and experimen- 
tal results is generally observed in Fig. 5. It is noteworthy 
that the experimental results of Fig. 5 correspond to 
fairly large values of the bubble group, F. For instance, 
at a celt current of 800 m A c m  -2 and a flow rate of 
0.5 cm s -1, F = 5. Alternatively, at a cell current of only 
100 m A c m  2 and a flow rate of 0.5, F = 40. These values of 
F correspond to small values of the gas void fraction, e, as 
deduced from the Fig. 9 in the preceding paper. 22 

Figure 6 shows the effect of the flow rate on the polariza- 
tion curves of zincate reduction. The currents iz~ in 
Fig. 6 were determined experimentally from Fig. 5 using 
Eq. 15. The relations give well-defined limiting currents 
with values dependent on the electrolyte flow rate. 

Figure 7 shows the effect of the zincate concentration on 
the current-potential  relations for zincate reduction at a 
value of Q = 1.5 cm s :. As the zincate concentration in-  
creases, the cell current increases. Figure 8 shows the rela- 
tionships between the net zinc current, izn, and the poten- 
tial, E. The value of the limiting current is dependent on the 
zincate concentration. The agreement between measured 
and predicted relations is satisfactory. 

A summary of the limiting current dependence on the 
electrolyte flow rate and zincate concentration is shown in 
Fig. 9 and 10, respectively. The figures contain experimen- 
tal data (symbols) and model predictions (solid lines} which 
show satisfactory agreement. The fact that we did not ob- 
tain linear relations in either case, points to the complex 
effects of both variables on the extent of nonuniform distri- 
butions of the reaction within the electrode. 
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Fig. 6. Zinc current-potential relations at different electrolyte flow 
rates. Lines are the model predictions and symbols are the experi- 
mental data. 0.08 M ZnO in 3 M KOH; T = 25~ 
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Fig. 7. Current-potential relations at different zlncate concentra- 
tions. Lines are the model predictions and symbols are the experi- 
mental data. The potential, E, is the voltage difference between the 
current collector and the downstream reference electrode. ZnO in 
3 M KOH; Q =  1.5 cm s-l; T= 25~ 

C o u l o m b i c  e f f i c i e n c y . - - T h e  total  coulombic efficiency of 
the cathodic current  in  achieving the e lec t rowinning  of 
zinc is given by  

iznl= = o [16] 
[total = i zntx  = o + fill= : o 

The data  in  Fig. 5 and  7 were analyzed to give the efficiency, 
~total, as a func t ion  of the cell cur rent  at  var ious electrolyte 
flow rates and  z incate  concentrat ions.  The results are 
shown in Fig. 11 and  12, respectively. The coulombic effi- 
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Fig. 8. Zinc current-potential relations at different zincate concen- 
trations. Lines are the model predictions and s_yml bols are the exper- 
imental data. ZnO in 3 M KOH; Q = 1.5 cm s- ; T = 25~ 

? 

o 0 . 5  

~ 0.4 

t~ 

~ 0.3 
o 

0 . 2  , , I , , I , , 
0 . 0  1 . 5  3 . 0  4 . 5  

Electrolyte Flow Rate, q cm s-* 

Fig. 9. Effect of electrolyte flow rate on zinc total limltingcurrent. 
Solidcircles are the experimental values and solid lines are the model 
predictions. 0.08 M ZnO in 3 M KOH; T = 25~ 

ciency was calcUlated using two experimental  techniques: 
(i) by separat ing the par t ia l  hydrogen and zinc currents, 
using Eq. 15 and Fig. 5 and 7 and ( i i )  by measuring the 
change in the zincate concentration before entering and 
after  exiting the electrode and using Faraday 's  law. Both 
techniques gave essentially the same value of coulombic 
efficiency, within the l imits of experimental  errors, e.g.,  
0.80 vs .  0.78 for one set of conditions. 

Figures 11 and 12 show that  both the flow rate  and the 
zincate concentration have strong effects on the coulombic 
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Fig. 10. Effect of zincate concentration on zinc total limiting current. 
Lines are the model predictions and s_ymbols are the experimental 
data. ZnO in 3 M KOH; Q = 1.5 cm s- ; T = 25~ 
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Fig. 11. Effect of electrolyte flow rate on zincate coulombic effi- 
ciency. Lines are the model predictions and symbols are the experi- 
mental data. 0.08 M ZnO in 3 M KOH; T = 25~ 

efficiency-cell current relations. As the cell current in- 
creases the eoulombic efficiency increases until it reaches a 
region of a maximum value and then decreases with further 
increase in the cell current. The width of this maximum 
region increases with the increase in flow rate or zincate 
concentration. The maximum corresponds to the limiting 
current of the zinc reduction reaction. Before the limiting 
current is reached, as the cell current increases the polar- 
ization increases. Since the sensitivity of the zinc reaction 
current to the polarization is larger than that of the hydro- 
gen current (a = 8/2 = 0.5, see Table I), the coulombic effi- 
ciency increases with the cell current. 2~ Because the zinc 
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Fig. 12. Effect of zincate concenWation on zinc coulombic efficiency. 
Lines are ihe model predictions and s~bols are the experimental 
data. ZnO in 3 M KOH; Q = 1.5 cm s - ,  T = 25~ 

reaction is mass-transfer limited and its current cannot 
increase above its l imiting value, the increase in cell cur- 
rent beyond this l imiting value is supported by the hydro- 
gen evolution reacton and hence the coulombic efficiency 
decreases. 

Figures 11 and 12 reveal two interesting effects of 
the increase in both the flow rate and the zincate 
concentration. 

1. The maximum value of the total coulombic efficiency, 
6, increases. This is at tr ibuted to the fact that the limiting 
current of the zincate reduction increases with the flow 
rate and the zincate concentration (see Fig. 9 and 10), 
whereas the hydrogen current is independent of either 
variable. 

2. Beyond the maximum, the total coulombic efficiency 
decreases with increasing current more slowly such that 
there is a broader range of e]ectrowinning currents over 
which the current efficiency remains high and relatively 
constant to an extent dependent on the flow rate and zin- 
care concentration. This result is at tr ibuted to the higher 
values of the limiting current (obtainable at higher flow 
rate or zincate concentration), which make the denomina- 
tor of Eq. 16 less sensitive to changes in i~ than what is 
obtainable at small values of the limiting current. 

Conclusions 
The mathematical model presented in part I of this study 

gives an interpretation of the experimental results pre- 
sented here. Reasonable agreement between the model pre- 
dictions and the experimental results were obtained only 
when the cell was run at low cell currents (i.e., at or below 
the limiting current) and at high electrolyte flow rates. At 
high cell currents or low flow rates, the model predicts 
lower zinc reaction currents than experimentally mea- 
sured. This may be attributed to the localized agitating 
effects of the evolving gas bubbles which enhance the local 
mass-transfer coefficient. This effect of gas bubbles was 
not incorporated in the model due to the lack of such corre- 
lations, even though their effects on the resistivity of the 
pore electrolyte were incorporated. This stirring effect of 
the gas bubbles calls for solution of the model equations 
with more appropriate mass-transfer correlations. 

When the zinc reaction is Under mass-transfer control, 
the coulombic efficiency is enhanced by increasing both the 
electrolyte flow rate and the zincate concentration. The 
advantage of operating the cell near  the limiting current is 
that both the cell current and coulombic efficiency are 
high. This enables one to achieve a high zinc recovery rate 
at the expense of a continuous decrease in the efficiency of 
the cell with time as the zincate concentration decreases. 
This leads to the appearance of time effects which are 
treated in another article. 
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LIST OF SYMBOLS 
As 
b 

d 

c~n 

D 
E 
E o 

F 

constants taken from Ref. 29 
RT/F, V 
screen thread diameter, cm 
zincate ion concentration in the bulk solution, 
g-mol/cm 3 
diffusion coefficient of the zincate ion, cm 2 s -~ 
potential, V 
reversible potential of the electrochemical reaction, 
V 
Faraday's constant, 96,500 C eq 1 
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io exchange current per uni t  reaction area, A c m  -2 
i0e1~ cell current per unit  bed area, A cm -2 
iL,Zn zinc local limiting reaction current per unit  reaction 

area, h cm -2 
/L,z~ zinc mass-transfer l imiting current density, A cm -2 
Jzn(Y) dimensionless zinc reaction current = jzn(X )/(icJL ) 
km local mass-transfer coefficient, cm s -1 
L electrode thickness, cm 
Q electrolyte velocity, cm s -1 
S specific surface area, cm -1 
T temperature, K 
x distance at a point inside the packed bed, cm 
y dimensionless distance at a point inside the packed 

bed 
charge-transfer coefficient of HER 

p charge-transfer coefficient of metal reduction 
coulombic efficiency 

�9 the gas void fraction of the pore volume, dimension- 
less 

K pore electrolyte conductivity, ~-1 cm -1 
K ~ conductivity of the bulk electrolyte, 11-1 cm 
F bubble group, 2PFQ/RT, A cm -~  
v kinematic viscosity, g. cm 2 s -I 

0 porosity 
~lzn zinc reaction overpotential, V 
~l~ hydrogen evolution reaction overpotential, V 

const. = RT/2PF = 0.127 cm3/C at standard tempera- 
ture and pressure 
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