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FLUIDLZED RED ELECTKOWINNING OF CHKOMIUPl FROM VERY DILIJTE SOLUTLOVS 

?r 
Xien Hu and Renato G .  R a u t l s t a  
Department of Chemical & M e t a l l u r g i c a l  Engineer ing 
Mackay School of Mines 
Univers 1 ty  of Nevada-Reno 
Reno, NV 89557 

ABSTRACT 

The Flu id ized  Red Elec t rochemica l  Reactor  (FBEK) 
was used t o  e l e c t r o w i n  chromhm from very d i l u t e  
s o l u t i o n s ,  ranging i n  c o n c e n t r a t i o n  froln 9 .52  t o  
3.12 g C r / l  a t  pH = 2.  The cathode c o n s i s t e d  of 
p a r t i c u l a t e  chromium (450-600 urn diam.) with a 
c u r r e n t  f e e d e r  inade of carbon aars and a t u b u l a r  
lead anode in  a c y l i n d r i c a l  ce l l .  The c i i r ren t  
e f f i c i e n c y  was i n  t h e  range o€ 0.08-0.22. The 
bed expansion,  d e p o s i t i o n  r a t e ,  conversion r a t i o  
of Cr(V1) t o  Cr(IL1) and v o l t a g e  - c u r r e n t  
c h a r a c t e r i s t i c  of the ce l l  were s t u d i e d .  The 
resul ts  i n d i c a t e  t h a t  t h e  use  of the  FBER w i l l  
make p o s s i b l e  the removal of chromium from very 
d f l u t e  s o l u t i o n s  w i t h o u t  the  i n t r o d u c t t o n  of 
o t h e r  chemicals  which would need t o  be removed o r  
t r e s t e d  f u r t h e r  downstream t o  s a t i s f y  
environmental  aba temen t codes. 

INTRODUCTION 

The convent iona l  e l a c t r o w i n n i n g  ce l l  i n  e lec t rome t a l l u r g y  
u s u a l l y  o p e r a t e s  a t  low space-time y i e l d  €or  removal o r  recovery  of 
metals from d i l u t e  s o l u t i o n s .  The f l u i d i z e d  bed e lec t rochemica l  
r e a c t o r ,  f i r s t  proposed in  t h e  l a te  1 9 6 0 ' s  can p o t e n t i a l l y  improve 

* V i s i t i n g  S c i e n t i s i / L e c t u r e r  from the I n s t i t u t e  of Nuclear  Energy 
Technology, Tsinghua U n i v e r s i t y ,  B e i j i n g ,  China. 
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1990 HU AND BAUTISTA 

the  s p e c i f i c  p r o d u c t i v i t y  i n  the e l e c t r o d e p o s i t i o n  of  metals 
( 1 , 2 , 3 ) .  
FBER t o  the e l e c t r o w i n n i n g  of metals (4). The FBER has t h e  
fo l lowing  advantages when compared t o  convent iona l  p l a n a r  elec- 
t rodes .  

Many s t u d i e s  have s i n c e  been made on t h e  a p p l i c a t i o n  of  

1)  The p a r t i c u l a t e  e l e c t r o d e  has a l a r g e  s p e c i f i c  s u r f a c e  area, 
which a l l o w s  e l e c t r o w i n n i n g  t o  o p e r a t e  a t  a h igher  c u r r e n t  
d e n s i t y  than t h e  convent iona l  p l a n a r  e l e c t r o d e  ce l l  by one o r  
two o r d e r s  of magnitude. 

2 )  The turbulence  between metal p a r t i c l e s  and c a t h o l y t e  i s  c e r t a i n  
t o  improve mass t r a n s f e r .  

3) The cont inuous  recovery  of m e t a l  i n  d i l u t e  s o l u t i o n  may he  pos- 
s i b l e  Ntth t h e  i n t r o d u c t i o n  of small p a r t i c l e s  a t  t h e  top of 
the  bed and e x t r a c t i o n  of t h e  grown p a r t i c l e s  a t  the  bottom 
(5). 

Chromium i s  always included i n  t h e  l i s t  of s t r a t e g i c  and cri- 
t i c a l  minera ls  s i n c e  the  [Jnited S t a t e s  imports  a l l  of i t s  primary 
chronium ore requi rements  (6,7). It  i s  used i n  l a r g e  amounts f o r  
s u p e r a l l o y s ,  metal s u r f a c e  c o a t i n g s ,  and cor rosfon  c o n t r o l .  The 
recovery and removal of chromium from d i l u t e  s o l u t i o n s ,  such as mine 
dump o r e  l e a c h a t s s ,  p l a t i n g  e f f l u e n t s ,  p r i n t e d  c i r c u i t  board e tch-  
a n t s  and otl ier  i n d u s t r i a l  waste streams are  of  I n t e r e s t  n o t  only f o r  
the secondary resource  recovery o r  r e c y c l i n g  of chromium b u t  a l s o  
€ram a n  environmental  p o l l u t i o n  abatement  a s p e c t .  The e l e c t r o -  
chemical approach to  chromium recovery  does n o t  in t roduce  i n t o  the  
system chemicals  t h a t  e v e n t u a l l y  have t o  be t r e a t e d  downtream. 

Elec  t r o d i a l y s  i s  techniques have been examined f o r  the  regenera-  
t i o n  of s p e n t  e t c h a n t  s o l u t i o n s  (3,9,10). Soborof f ,  Troyer  and 
Cochran (11) r e p o r t e d  a technology f o r  t h e  r e g e n e r a t i o n  and re- 
c y c l i n g  of waste  chromic a c i d - s u l f u r i c  a c i d  e t c h a n t s  using a d i a -  
phragm ce l l .  McDonald, Soboroff and Cochran ( 1 2 )  repor ted  e l e c t r o -  
l y t i c  r e d u c t i o n  of Cr(V1) and Cu i n  s u r f a c e - f i n i s h i n g  o p e r a t i o n s  by 
us ing  coke e l e c t r o d e s  f o r  the r e d u c t i o n  of  Cr(V1) t o  the  less t o x i c  
C r ( I L 1 )  form. In  t h i s  r e p o r t ,  t h e  f e a s i h i l i t y  of  recover ing  
chromium i n  the  concentratLon range of 0.52 to  3.12 g / l  was c a r r i e d  
o u t  usIng a f l u i d i z e d  bed e lec t rochemica l  r e a c t o r .  

E XP ER I M ENTAL 

A side-by-side e l e c t r o d e  (SSE) was chosen 3s  t h e  ce l l  c o n f i -  
g u r a t i o n .  The r e a c t o r  was c o n s t r u c t e d  Crom a p l e x f g l a s s  c y l i n d e r ,  
31.75 cm long,  10.16 cm D.D. and 7 . 6  cm I . D .  The ends of t h e  
r e a c t o r  were machined from a 10-cm- diameter Tef lon  rod.  The cath-  
ode chamber was l o c a t e d  i n  the  a n n u l a r  space between t h e  r e a c t o r  
wal l  and t h e  c y l i n d r i c a l  diaphragm. S i x  carbon b a r s  projo-ct ing i n t o  
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FLUIDIZED BED ELECTROWINNING 1991 

the  c e n t e r  of  the  f l u i d i z e d  bed served  as c u r r e n t  f e e d e r s .  A Teflon 
porous p l a t e ,  s e r v i n g  as  the  d i s t r i b u t o r ,  was p o s i t i o n e d  d i r e c t l y  
below the  p l e x i g l a s s  c y l i n d e r  and supported t h e  p a r t i c u l a t e  cathode.  
The d i s t r i b u t o r  ensured  uniform c a t h o l y t e  flow a c r o s s  t h e  ca thode  
chamber. The anode,  a 1.14 c m  O.D. and 0.53 c m  I.D. l e a d  t u b e ,  was 
l o c a t e d  i n s i d e  t h e  c y l i n d r i c a l  diaphragm and served  as t h e  i n l e t  f o r  
t h e  a n o l y t e .  The p a r t  above t h e  h e i g h t  of t h e  expanded bed f o r  
anode and c u r r e n t  f e e d e r  was i n s u l a t e d  w i t h  h e a t  s h r i n k a b l e  poly- 
o l e f i n  tub ing .  The membrane used t o  s e p a r a t e  t h e  ca thode  and anode 
chambers was a porous Vycor g l a s s  tube (Corning Glass Co.) 30.5 cm 
long ,  3.5 cm O.D. and 3.0 cm I.D. The hydrogen i o n  s e l e c t i v i t y  of 
the membrane he lped  t o  main ta in  low r e s i s t a n c e  f o r  the ce l l  c i r c u i t .  
The -20 mesh chromium p a r t i c l e s  (Thiokol  C o . )  were ground and 
s i e v e d ,  and t h e  powder i n  t h e  range of 450-600 m was u s e d  as the  
p a r t i c u l a t e  cathode.  The mean d iameter  was used t o  estimate t h e  
s p e c i f i c  s u r f a c e  area wi th  a n  assumed shape f a c t o r  of 0.70 f o r  t h e  
non-spherical  p a r t i c l e s .  

A b a t c h  r e c y c l i n g  FBER system was used in t h i s  work and is  
shown in Fig. 1. A c o o l i n g  co i l  i n  t h e  c a t h o l y t e  r e s e r v o i r  con- 
t r o l l e d  the temperature  f l u c t u a t i o n s  in t h e  c a t h o l y t e  t o  less than 
- + 1°C. 
pumps. 
v o l t a g e  s t a b i l i z e r .  

The c a t h o l y t e  and a n o l y t e  were recyc led  us ing  p e r i s t a l t i c  
The power supply  was a Raytheon Co. DCR10-170B r e c t i f i e r  and 

Chromi urn c o n c e n t r a t i o n  was determined us ing  a Perkin-Elmer 2380 
atomic a b s o r b t i o n  spectrophotometer .  The C r ( I I 1 )  and Cr(V1) concen- 
tra t i o n s  were determined u s i n g  a S p e c t r o n i c  700 spec t rophotometer .  
The exper imenta l  parameters  f o r  t h e  FBER and t h e  o p e r a t i o n a l  condi- 
t i o n s  a re  summarized i n  Table  1. 

RESULTS AND DISCUSSION 

Red Expansion 

The bed expansion was measur d under v a r i a b l e  c a t h o l y t e  Elow- 1 ra te  in t h e  range of 40 to  110 cm /sec. The p a r t i c u l a t e  cathode bed 
was p u l s a t i n g  under t h i s  condi t ion .  F igure  2 shows t h e  r e l a t t o n s h i p  
of bed expansion t o  c a t h o l y t e  f l o w r a t e .  The corresponding bed void- 
age  E, a t  a s p e c i f i e d  bed expansion,  E,  can be c a l c u l a t e d  from the 
equa t fon:  

E + E  

1 i E  
E =  

where E is t h e  bed voidage a t  t h e  s t a t i c  bed  condi t ion .  The FBER 
o p e r a t e 8  as a b o i l i n g  bed, when t h e  bed expansion was hetween 
0.2-0.4. 
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1992 HU AND BAUTISTA 

I CRTHOLVTE 

I TRNK 

Figure  1. Schematic diagram of experimental  
s y s  tern. 

The p l o t  of ce l l  c u r r e n t  v e r s u s  bed expansion w i t h  ce l l  vol tage  
as a parameter  i s  shown i n  Fig.  '3. A maximum c u r r e n t  is reached 
when t h e  bed expansion i s  between 0.25-0.30. The results 31so show 
a l i n e a r  r e l a t i o n s h i p  between the ce l l  cclrrmt and vol tage .  

The c e l l  c u r r e n t  i n c r e a s e s  d i t h  bed expansion t o  a maximum 
because of the  f n c r e a s e  i n  c u r r e n t  loss d u e  t o  t h e  s e p a r a t i o n  and 
i n t e r m i t t e n t  c o n t a c t  of the  p a r t i c u l a t e s  d u r i n g  the  f l u t d i z a t i o n ,  
Wlth f u r t h e r  bed expanslon the  e lectr ical  c o n t d c t  between the  par t i -  
cles decreases .  The increased  l o s s  of c o n t a c t  results i n  a n e t  l o s s  
i n  c u r r e n t  c a r r y i n g  c a p a c i t y .  On t h i s  b a s i s ,  a l l  subsequent  
experimental  r u n s  were c a r r i e d  o u t  a t  a 0.25 bed expansion.  

Cathode and Anode Resc t ions  

The C r O  -H SO system was used a s  c a t h o l y t e  and no tinpurity 
components wZre*ad$ed. The performance of t h e  FRER tn  e l e c t r o -  
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FLUIDIZED BED ELECTROWINNING 1993 

Tab le  1. Summary of Exper imen ta l  Pa rame te r s  

F L U I D I Z E D  BED 

w i d t h  

d e p t h  

anode 

ca thode  

2.05 cm 

4 cm 

l e a d  t u b e ,  1.14 cm O.D. 

chromium p a r t i c l e s ,  450-600 m 

mass = 320 g 
2 

s u r f a c e  area = - 0'78m = 0.002438 m2/g 320g 

c u r r e n t  f e e d e r  6 ca rbon  b a r s  

c r o s s  s e c t i o n  1.7 cm w i d t h ,  4.2 cm l e n g t h  

and 0.45 cm t h i c k n e s s  

diaphragm Vycor porous g l a s s  t ube  

l e n g t h  30.5 c m  

O.D. 3.5 cm 

f l u i d i z e d  bed l e n g t h  
s e t t l e d  bed l e n g t h  bed expans ion  0.25 - 1) 

CATHOLYTE CONCENTRATION 

Cr03 1.0-6.0 g / 1  (0.52-3.12 g C r / l )  

1.84 g / l  H2S04 

ANOLYTE CONCENTRATION 

1.84 g / l  H2S04 

CELL VOLTAGE 5-10 V 

CURRENT 0.3-0.9 A 

SUPERFICIAL CURRENT DENSITY 2 0.38-1.15 A/m2 a r e a  = 0.78m 

TEMPERATURE 21-23OC 
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Figure 2 .  Plot of bed expansion and voidage vs 
ca tholyte flowrate. 

Figure 3.  Plot of c e l l  current vs bed 
expansion under different voltage. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



FLUIDIZED BED ELECTROWINNING 1995 

winning chromium was examined a t  low chromium c o n c e n t r a t i o n s  
(0.52-3.12 g C r / l )  and a pH of approximately 2.  This  is similar t o  
t h e  l e a c h i n g  s o l u t i o n  from a chromtum ore repor ted  by Y a n t e l l  (13). 
The lower pH a l so  a l l e v i a t e s  t h e  d i s s o l u t i o n  l o s s  of chromium powder 
dur ing  t h e  e l e c t r o d e p o s i  t i o n  experiment .  

The Following e q u i l i h r i u m  r e a c t l o n s  are e s t a b l i s h e d  i n  aqueous 
s o l u t i o n  of Cr03 .  
g i v e n  by Har t ford  (14 ) .  

T h e i r  cor responding  e q u i l i b r i u m  c o n s t a n t s  K a r e  

K = 0.18 

131 
-7 K = 3 x 1 0  

K = 4 3 . 5  

K = 3.0 

[41 

The e q u i l i b r i u m  r e a c t l o n  ( 4 )  i s  regarded as a d i m e r i z a t i o n  
r e a c t i o n .  The h i g h e r  forms of chromate polymers found i n  high con- 
c e n t r a t i o n s  of chromate were n o t  s i g n i f i c a n t  a t  our exper imenta l  
c o n d i t i o n s .  The forms of chromate i o n s  are dependent on t h e  t o t a l  
Cr(V1) c o n c e n t r a t i o n  and pH. According t o  t h e  predominance diagram 
showing t h e  r e l a t i v e  d i s t r i b u t i o n  o f  d i f f e r e n t  Cr(V1) s p g c i e s  as  a 
f u n c t i o n  of t o t a l  Cr(V1) c o n c e n t r a t i o n  and pH, t h e  C r  0 - w i t h  
orange c o l o r  should be the  predominant s p e c i e s  (15 ) .  21L our  
e lec t rowinning  exper iments ,  the  c o l o r  of the  c a t h o l y t e  changed from 

orange t o  dark  g r e e n ,  which is the  c o l o r  of Cr(H 0) 3+ 
2 6 '  

Chromium i o n s  i n  aqueous s o l u t i o n  e x i s t  i n  var ious  va lences  
which can form d i f f e r e n t  complexes and polymers. A l l  t h e s e  e f f e c t s  
compl ica te  the e lec t rowinning  process .  P r e s e n t  t h i n k i n g  on t h e  
mechanism of chromium d e p o s i t i o n  i s  that  i t  takes  p l a c e  from a 
cathode f i l m  and n o t  d i r e c t l y  from t h e  bulk o f  t h e  c a t h o l y t e  (16) .  
In3$he f i l m ,  Cr(V1) is f i r s t  reduced t o  C r ( I I 1 ) .  
k 

f u r t h e r  reduced to C r ( I 1 )  and Cr(0) .  

the form of C r ( H 2 0 ) F  whose i n n e r  c o o r d i n a t i o n  sphere  is so t i g h t l y  

bound t h a t  i t  i s  imposs ib le  €or t h e  Cr3+ to be reduced f u r t h e r  (17) .  
The b i s u l f a t e  i o n  could c a t a l y z e  t h e  r e d u c t i o n  of C r ( I 1 )  t o  Cr(0)  
and t h e  formation of t h e  chromic dichromate complex. 

The €ractio_n of 
p r o t e c t e d  by t h e  chromic dichromate complex [CrO2HCr2O,]- i s  

The remaining Cr3+ e x i s t s  i n  
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1996 HU A m  BAUTISTA 

Table  2 ,  Anode and Cathode Reac t ions  i n  t h e  
Electrowinnlng of Chromium 

I n  chromium powder cathode 

n 2 O ;  + 14Hf + 6 e  <-z> 2Cr3+ + 7H20 

cr3+ + e ,I-:> 

cr2+ + 2e <-I> 

I n  l e a d  anode 

2Cr + 7H20 /-I> 3+ 
\ 

- 
Cr2f i7  + 14H' + 6e 

Eo = 1.33V 161 

71 

Eo = -0.41V t 8 1  

Eo = -0.91V [ 9 1  

Eo = 0 

Eo = -1.33V [I11 

E = 2.238 [ 1 2 ]  
0 

During the  experiment  i t  was observed that oxygen and hydrogen 
bubbles  were evolved on t h e  anode and the  cathode. These s i d e -  
r e a c t i o n s  would i n c r e a s e  the  r e s l s t a n c e  of t h e  cell  and r e s u l t  i n  
lower c u r r e n t  e f f i c i e n c y .  

From t h e  preceding  c o n s l d e r a t i o n s ,  the  expected r e a c t i o n s  t h a t  
would occur  i n  t h e  cathode and the anode are l i s t e d  i n  Table  2. 

The Conversion R a t i o  of Cr(V1) t o  C r ( I I 1 )  

The products  of Cr(V1) r e d u c t i o n  i n  t h e  bulk  s o l u t i o n  are the  
s p e c i e s ,  C r ( I I 1 )  and Cr(0) .  It is  obvious t h a t :  

t h e  disappearance mass of Cr(VI) ,  Am6 = 

the  y i e l d  of C r ( I I I ) ,  &m3 + t h e  y i e l d  of Cr(0)  

The c o l o r  change of t h e  c a t h o l y t e  i m p l i e s  tha 

F€gure 4 shows t h e  3+ 
C r  0 is  reduced to  Cr(H20)6 . 2 7  

Arn0 [ 131 

the species 

c o r c e l a  t i o n  
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FLUIDIZED BED ELECTROWINNING 1997 

Am6. MASS OF Cr(VI) CONSUMED IN REACTION 

Figure  4.  Mass of Cr(V1) consumed i n  r e a c t i o n  
v s  y i e l d  of Cr(III), w i t h  ce l l  
v o l t a g e  of IOV.  

between the  d isappearance  o f  mass of  Cr(VI) ,  -&II , and the  y i e l d  of 
Cr(III), Am3 fo r  a ce l l  v o l t a g e  of  10 V and i n i t i a l  Cr(V1) con- 
c e n t r a t i o n  of 1.25 g C r f l .  

The convers ion  r a t i o ,  5 = Am fA.m6 = 0.77, was c a l c u l a t e d  from 3 t h e  d a t a  g iven  i n  Table  3 .  
as above, an o x i d a n t ,  0.0085 M NaC104,  was added t o  t h e  c a t h o l y t e  t o  
o x i d i z e  the C r ( I I 1 )  t o  Cr(VI). As a r e s u l t ,  a p a r a l l e l  l i n e  was 
o b t a i n e d .  T h i s  i n d i c a t e s  t h a t  the converston r a t i o  is c h a r a c t e r i z e d  
by t h e  i n t r i n s i c  k i n e t i c s  of t h e  e lec t rowinning  process .  
t i o n  on t h e  cathode sur€ace is n o t  a f f e c t e d  by t h e  added o x i d a n t .  

Under t h e  same exper imenta l  c o n d i t i o n s  

The reac- 

Elec t rowinning a t  Constant  Curren t  

S e v e r a l  runs  were c a r r i e d  out  a t  d i f f e r e n t  chromium concen- 
t r a t i o n s  and c o n s t a n t  c u r r e n t  by ad jus tment  of the  ce l l  vo l tage .  
The c u r r e n t  e f f i c i e n c y  was estimated from t h e  mass d e p o s i t i o n  and 
t o t a l  coulombs through the  cell .  The c u r r e n t  e f f i c i e n c y ,  e ,  is  
g iven  by the  e x p r e s s i o n  

Vc ACc - VaACa 
e =  - ( 3 6 0 0 ) t i  

FZ 
141 
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c a t h o l y t e  volume ( I )  

c o n c e n t r a t i o n  change o f  c a t h o l y t e  ( g  C r / l )  

a n o l y t e  volume ( 1 )  

vC 

' lCC 

"a 

where 

c o n c e n t r a t i o n  change of a n o l y t e  (g  C r / l )  A % 
M atomic weight  o €  C r  

F 96500 coulombs 

z valence  o €  C r  

t time ( h r s )  

i c u r r a n t  ('1, 

The correction term V AC r e p r e s e n t s  the  mass due t o  d i f f u s i o n  
i n t o  t h e  c a t h o l y t e  througha thg membrane. 

According to Eq. ( 1 4 ) ,  the  c o n c e n t r a t i o n  of chromium i n  t h e  
c a t h o l y t e  should d e c r e a s e  l i n e a r l y  with time. As expec ted ,  t h e  
Cr(VI) c o n c e n t r a t i o n  decreased  l i n e a r l y  w i t h  time and is shown i n  
Fig.  5. The i n i t i a l  chromium c o n c e n t r a t i o n s  were 0.52, 1.04 and 
3.12 g C r / l .  The c u r r e n t  e f f i c i e n c y  can be obta ined  from t h e  s l o p e  
of the  s t r a i g h t  l i n e s .  For the  r e d u c t i o n  process  of Cr (VI) t o  

TIME, HOURS 

Figure  5 .  Cr(V1)concent ra t ion  vs time, with 
c o n s t a n t  c u r r e n t  electrowinning. 
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* * 1 

3 Cr(0). 3.12 gCr/l 

C@) - Cr(0). 1.04 gCr/l 1 - - 
Cr(W) - Cr(ll1). 0.52 gCr/l - - 

0.00 0.40 0.80 1.20 1.60 
CURRENT DENSITY. AIM 

Figure 6.  Current  e f f i c i e n c y  vs c u r r e n t  
dens i ty .  

C C ( H ~ O ) ~ + ,  2=3 and V ACc f Va ACa = the  y i e ld  of Cr ( I I1 ) .  

t h a t  of Cr(V1) to  Cr(0) , Z=h and V c  A Cc-Va ACa = the  y i e l d  of 
Cr(O), where the  concent ra t ion  increments A C  and A C  inc lude  the  
t o t a l  concent ra t ion  of Cr ( I I1 )  and Cr(V1). 

For 
C 

C a 

Figure 6 shows the r e l a t i o n  of c u r r e n t  e f f i c i e n c y  t o  super-  
f i c i a l  c u r r e n t  dens i ty  a t  d i f f e r e n t  Cr(V1) concent ra t ions .  The 
cu r ren t  e f f  i c iency  inc reases  with inc reas ing  cu r ren t  dens i ty  and 
chromium concent ra t ion  under these  experimental  condi t ions .  The 
c u r r e n t  e f f i c i e n c y  of  the  reduct ion  of Cr(V1) t o  Cr(0) ranged from 
0.08-0.22. This va lue  range is comparable t o  the  c u r r e n t  e f f i c i e n c y  
of the  usual  p l a t i n g  processes  (18) ,  even though much lower concen- 
t r a t i o n s  of  chromium were used i n  t h i s  work. The t y p i c a l  concentra- 
t i on  of C r  i n  a p l a t i n g  bath is 200-450 g Cr03/1, and the  c u r r e n t  
e f f i c i e n c y  is  between e = 0.08 and 0.15 (18) .  Figure 7 shows the 
depos i t ion  rate of chromium, from Cr(V1) t o  C r ( O ) ,  which increases  
wi th  increas ing  c u r r e n t  dens i ty  and chromium concent ra t ion .  

The p l o t  of  cell c u r r e n t  versus  cell  vo l t age ,  shown i n  Fig.  8 ,  
i nd ica t e s  that the  ohmic behavior of the  cell is l i n e a r .  This  
implies  that the  ove rpo ten t i a l  i s  small  compared t o  the  sum of the  
equi l ibr ium p o t e n t i a l s  and the  p o t e n t i a l  drops due t o  ce l l  resis- 
tance. 

The e lec t rowinning  data a r e  given i n  Table 3 f o r  d i f f e r e n t  ce l l  
c u r r e n t  va lues  and the  th ree  i n i t i a l  concent ra t ions  of C r ( V I ) .  
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FLUIDIZED BED ELECTROWINNING 2001 

Figure 7 .  Deposition rate vs current density 
a t  different catholyte 
concentrations. 

1 .oo 

0.80 
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0.00 
CELL VOLTAGE, V 

Figure 8 .  Cell current v8. c e l l  voltage. 
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CONCLUSION 

The FBER was used f o r  the  recovery and the  removal of chromium 
from d i l u t e  so lu t ion .  The chromium p a r t i c u l a t e  cathode (450-600 
microns diameter) wi th  carbon bar c u r r e n t  feeder  and tubular  l ead  
anode were pos i t ioned  in a c y l i n d r i c a l  c e l l .  
were separa ted  by a porous Vycor g l a s s  membrane s e l e c t i v e  to  
hydrogen ions. 

Catholyte and anoly te  

Severa l  runs  werp  c a r r i e d  o u t  a t  f ixed  c u r r e n t  by adjustment of 
the  ce l l  voltage.  The chromium concent ra t ion  in t he  ca tho ly te  was 
var ied  from 0.52 t o  3.12 g C r f l ,  which is a much lower concent ra t ion  
than t h a t  which is found i n  spent  conventional p l a t i n g  baths.  The 
i n i t i a l  concent ra t ion  of H SO in the ca tho ly te  and anoly te  was 1.54 
g /1  in order  t o  keep t)e p i  about 2. The s u p e r f i c i a l  cu r ren t  den- 
s i t y  was 0.38-1.15 AIM-.  The maximum c u r r e n t  was reached a t  a bed 
expansion between 0.25-0.30. It was observed that the  depos i t i on  
process3yf Cr(V1) is in t e r rup ted  by formation of the  s t a b l e  complex 
C r ( H  0 )  . The conversion r a t i o  of Cr(V1) t o  Cr(1I I )  i s  about 0.77, 
thus2he4ping to  reduce the concent ra t ion  of the tox ic  Cr(V1) in 
so lu t ion .  The cu r ren t  e f f i c i e n c y  of chromium depos i t ion  is between 
0.0820.22 and the removal r a t e  of Cr(V1) is between 0.04-0.36 g 
C r f M  hr. 
increas ing  chromium concent ra t ion  and cu r ren t  dens i ty .  

Both c u r r e n t  e f f i c i e n c y  and removal rate increased wi th  

Rased on the above r e s u l t s ,  the FRER i s  p o t e n t i a l l y  use fu l  in 
the recovery and removal of chromium from very d i l u t e  so lu t ions  a t  
an  acceptah le  cu r ren t  e f f i c i ency .  
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