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DAVID R. TYSON and RENATO G. BAUTISTA* 
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RESOURCES INSTITUTE 

IOWA STATE UNIVERSITY 
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ABSTRACT 

E m p i r i c a l  r a t e  express ions f o r  b o t h  p l a t i n u m  and p a l -  
l ad ium were oh ta ined  from mass balances and concentra-  
t i o n - t i m e  d a t a  i n  a packed bed r e a c t o r  u s i n g  d i f f e r e n t  
(HC1): (HN03) l e a c h i n g  s o l u t i o n  c o n c e n t r a t i o n  r a t i o s .  
The spent c a t a l y s t s  used i n  t h i s  s tudy  ( -60+70 mesh t o  
-120+140 mesh) were analyzed t o  he 3791 ppm p l a t i n u m  
and 1306 ppm pa l l ad ium.  High i n i t i a l  r a t e s  f o r  b o t h  
p l a t i n u m  and p a l l a d i u m  were ob ta ined  f o r  t h e  e a r l y  
s tages of l e a c h i n g  and were fo l l owed  by r a p i d  decay up 
t o  about 110 minutes and 50 minutes r e s p e c t i v e l y .  
T y p i c a l  c o n c e n t r a t i o n s  i n  t h e  leached s o l u t i o n  were 
about 40 ppm P t  and 20 ppm Pd a f t e r  about 5 hours f o r  
t h e  exper imenta l  c o n d i t i o n s  used. The e x t e n t  of reac-  
t i o n  f o r  p l a t i n u m  was i n  t h e  90 p e r c e n t  range w h i l e  
t h a t  o f  t h e  p a l l a d i u m  was i n  t h e  70 pe rcen t  range. 

INTRODUCTION __-_ 

Near l y  a l l  of  t h e  p r imary  p l a t i n u m  group meta l  requi rements o f  
t h e  U n i t e d  S ta tes  a r e  impor ted  from South A f r i c a  (53%), S o v i e t  Union 
(22%), and t h e  U n i t e d  Kingdom (12%) ( 1 - 2 ) .  
t h e  p l a t i n u m  group me ta l s  (PGM) accounts f o r  t h e  balance o f  13 
pe rcen t  ( 3 ) .  

The domestic r e c y c l i n g  o f  
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1150 TYSON AND BAUTISTA 

The secondary sou rces  of  t h e  p l a t i n u m  g roup  m e t a l s  a r e  m a i n l y  
f rom spen t  c a t a l y s t s .  The 1981 s t a t i s t i c s  r e p o r t e d  by t h e  U.S. 
Bureau of Mines ( 4 )  on t h e  q u a n t i t y  o f  t h e  p l a t i n u m  group m e t a l s  s o l d  
t o  consuming i n d u s t r i e s  amounted t o  949,078 t r o y  oz ,  o f  w h i c h  607,283 
t r o y  oz were used by t h e  a u t o m o t i v e  i n d u s t r y  (64%)) ,  230,560 t r o y  oz 
were used by t h e  chemica l  i n d u s t r y  (24%) ,  and 111,235 t r o y  oz were 
used by t h e  p e t r o l e u m  i n d u s t r y  (12%).  
mates t h a t  abou t  16 p c t  o f  t h e  s a l e s  t o  i n d u s t r y  a r e  r e c y c l e d  (1). 
On t h e  average, t h e  a u t o m o b i l e  c a t a l y t i c  c o n v e r t e r  c o n t a i n e d  0.036 
t r o y  oz P t  and 0.14 t r o y  nz Pd ( 5 ) .  
duced a f t e r  t h e  1981 models c o n t a i n e d  0.008 t r o y  oz o f  Rh and as much 
as 0.077 t r o y  o z  o f  P t  ( 6 ) .  

The U.S. Bureau o f  Mines e s t i -  

New th ree -way  c a t a l y s t s  i n t r o -  

Genera l  Mo to rs  and American Mo to rs  a r e  u s i n g  p e l l e t s  o f  c a t a l y s t  
w i t h  a lum ina  s u p p o r t  ( 7 ) .  F o r d  and C h r y s l e r  ( 7 )  on t h e  o t h e r  hand, 
a r e  u s i n g  a honeycomb s t r u c t u r e d  c a t a l y s t  w i t h  a s u p p o r t  made of c o r -  
d e r i t e  magnesium-alumina s i l i c a t e .  
c o n t a i n s  between 500 and 1200 ppm of p l a t i n u m  and between 0 and 300 
ppm o f  p a l l a d i u m .  
and 350 ppm o f  p l a t i n u m  and between 80 and 150 ppm of  p a l l a d i u m .  

The l i t e r a t u r e  on t h e  s e p a r a t i o n  o f  t h e  p l a t i n u m  group m e t a l s  
(PGM) from spent  c a t a l y s t s  can be c l a s s i f i e d  i n t o  t h r e e  d i f f e r e n t  
methods. These a r e  t h e  gas phase t r a n s p o r t  (8 -17 ) ,  s u p p o r t  d i s s o -  
l u t i o n  (18-20) ,  and t h e  s o l u t i o n  e x t r a c t i o n  methods (21 -30 ) .  The gas 
phase t r a n s p o r t  i n v o l v e s  t h e  v o l a t i l i z a t i o n  o f  t h e  PGM f r o m  t h e  
c a t a l y s t s  s u p p o r t .  The s u p p o r t  d i s s o l u t i o n  t e c h n i q u e  i n v o l v e s  t h e  
d i s s o l u t i o n  o f  t h e  c a t a l y s t s  s u p p o r t  i n  n o n o x i d i z i n g  a c i d  o r  base 
s o l u t i o n s  l e a v i n g  t h e  PGM u n d i s t u r b e d .  The s o l u t i o n  e x t r a c t i o n  i n -  
v o l v e s  t h e  d i s s o l u t i o n  o f  t h e  PGM by an a c i d  c o n t a i n i n g  o x i d a n t  wh ich  
l e a v e s  t h e  c a t a l y s t s  s u p p o r t  u n d i s s o l v e d .  

The p e l l e t  s t r u c u t r e  g e n e r a l l y  

The honeycomb t y p e  u s u a l l y  c o n t a i n s  between 270 

D ' A n i e l l o  ( 3 1 )  e v a l u a t e d  t h e  above methods and conc luded  t h a t  
t h e  gas phase t r a n s p o r t  was n o t  as e f f i c i e n t  as e i t h e r  t h e  s u p p o r t  
d i s s o l u t i o n  o r  t h e  s o l u t i o n  e x t r a c t i o n  methods and t h a t  t h e  amount o f  
ene rgy  needed t o  h e a t  t h e  c a t a l y s t  i s  q u i t e  h i g h .  
s o l u t i o n  r e q u i r e s  s i g n i f i c a n t  amount of reagen ts  wh ich  may make 
downstream e n v i r o n m e n t a l  comp l iance  more d i f f i c u l t  and i s  p r o b a b l y  
n o t  e c o n o m i c a l l y  f e a s i b l e  f o r  t h e  s p a r s e l y  l o a d e d  a u t o m o t i v e  c a t a -  
l y s t s .  
" t h e  b e s t  s u i t e d  f o r  n o b l e  me ta l  r e c o v e r y  f rom spen t  a u t o m o t i v e  c a t a -  
l y s t s "  and worked w i t h  aqua r e g i a  (HC1 and HN03) as a l e a c h i n g  s o l u -  

t i o n  and found i t  t o  d i s s o l v e  a t  an " a p p r e c i a b l e "  r a t e  compared t o  
HC1 and o t h e r  o x i d i z i n g  agents.  

The s u p p o r t  d i s -  

D ' A n i e l l o  conc luded  t h a t  t h e  s o l u t i o n  e x t r a c t i o n  method was 

The r e a c t i o n s  o f  t h e  c h l o r i d e  i o n  w i t h  p a l l a d i u m  and p l a t i n u m  
a r e  as f o l l o w s :  

Pd + 4C1- 2 PdCl 47- + 2e- E "  = -0.62 V 

E "  = -0.73 V 

E "  = -0.74 v ( 3 )  
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LEACHING KINETICS OF PLATINUM AND PALLADIUM 1151 

The f i r s t  two o x i d a t i o n  r e a c t i o n s  a r e  d i s s o l u t i o n  r e a c t i o n s ,  
w h i l e  t h e  l a s t  one i s  a s o l u t i o n  r e a c t i o n .  Tho co r respond ing  reduc- 
t i o n  r e a c t i o n s  a re :  

E "  = 0.94 V ( 4 )  
+ NO3- t 3H + 2e- HN02 + H20 

NO3- + 4H+ + 3e- NO + 2H20 E "  = 0.96 V ( 5 )  

2N03- + 4H+ t 2e- N202 + 2H20 E "  = 0.81 V ( 6 )  

The p o t e n t i a l s  o f  t hese  r e d u c t i o n  r e a c t i o n s  a r e  h i g h  enough t o  
a l l o w  t h e  o x i d a t i o n  r e a c t i o n s  t o  t a k e  p lace.  D u r i n g  a l e a c h i n g  run, 
t h e r e  a r e  e q u i l i b r i u m  r e a c t i o n s  o c c u r r i n g  between t h e  d i f f e r e n t  i o n i c  
species i n  s o l u t i o n .  D ' A n i e l l o  a l s o  suggested t h a t  p l a t i n u m  and 

2- 2-  p a l l a d i u m  complexes PtC16 and PdC14 may hyd ro l yze ,  c r e a t i n g  

hydroxo complexes. I n  o r d e r  t o  suppress t h i s ,  a h i g h  c h l o r i d e  con- 
c e n t r a t i o n  and a pH<1 must be mainta ined.  P la t i num and p a l l a d i u m  can 
a l s o  occu r  as ox ides  on a c a t a l y s t .  P re reduc ing  t h e  c a t a l y s t s  w i t h  
e i t h e r  5% H2/N2 f o r  2 hours a t  300"C, hyd raz ine  i n  0.1 M NaOH f o r  1 

hour  a t  100°C, o r  ammonium formate i n  0.1 M NaOH f o r  1 hour  a t  100°C 
p r i o r  t o  l e a c h i n g  shou ld  conver t  t h e  ox ides  i n t o  t h e  me ta l s .  D ' A n i e l l o  
found t h a t  t h e r e  e x i s t e d  no t r u e  b e n e f i t  i n  u s i n g  p r e r e d u c t i o n  where 
HC1 and HN03 a r e  used as t h e  l e a c h i n g  s o l u t i o n .  

E XP E R IME NTAL - 

Equipment 

- 

A schematic diagram o f  t h e  equipment used i n  t h e  l e a c h i n g  a t  
a tmospher ic  p ressu re  i s  shown i n  F ig .  1. The exper imenta l  apparatus 
c o n s i s t e d  o f  a packed bed r e a c t o r ,  a cons tan t  s t i r r e d  tank r e a c t o r  
(CSTR), a temperature c o n t r o l  system, a pump, a n i t r a t e  e l e c t r o d e ,  a 
pH e l e c t r o d e ,  a re ference e l e c t r o d e ,  and two pH meters. The c a t a l y s t  
was h e l d  between two f i l t e r  d i s k s  i n  t h e  c y l i n d r i c a l  packed bed 
r e a c t o r .  The d i s s o l u t i o n  r e a c t i o n s  took Dlace i n  t h i s  chamber. 

The chamber had a 3.4 cm i n s i d e  d iameter  and a l e n g t h  o f  2.8 cm, 
w h i l e  t h e  f i l t e r  d i s k s  were 4 cm i n  d iameter  and approx imate ly  3 mm 
t h i c k .  The CSTR was a t e f l o n  c o n t a i n e r  w i t h  a screw-on l i d .  There 
were ho les  i n  t h e  l i d  which a l lowed f o r  i n s e r t i o n  of a n i t r a t e  e l e c t -  
rode, a double j u n c t i o n e d  pH e l e c t r o d e ,  a re fe rence  e l e c t r o d e ,  a 
thermometer, and a sampl ing p o r t .  The CSTR was 7 inches l o n g  and had 
an i n s i d e  d iamete r  o f  3.5 inches.  The temperature c o n t r o l  system 
c o n s i s t e d  o f  a c o i l e d  g l a s s  tube  i n  a cons tan t  temperature water  
bath.  A h e a t i n g  u n i t  was i n  t h i s  bath, and temperature o f  t h e  ba th  
was c o n t r o l l e d  by r e g u l a t i n g  t h e  f l o w  o f  c o l d  water  th rough  c o o l i n g  
c o i l s .  
c o n t r o l l e d  by a model no. 7013-2 Cole Palmer p e r i s t a l t i c  pump. 

The f l o w  o f  t h e  l e a c h i n g  s o l u t i o n  th rough  t h e  system was 
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1152 TYSON AND BAUTISTA 

1. CSTR [CONTINUOUS STIRRED TANK REACTOR) 10. PERISTALTIC PUMP 
2. pH ELECTRODE 
3. NITRATE ELECTRODE 
4. REFERENCE ELECTRODE 
5.DlGlTAL pH METERS 
6. TYGON TUBING 
7. THERMOMETER 
8.SAMPLING PORT 
9. MAGNETIC STIRRER 

5 m 

1 LTEMPERATURE BATH 
12. COOLING COILS 
13. TEMPERATURE BATH CONTROLLER 
14. ELECTRIC HEATER 
15. MECHANICAL STIRRER 
16. GLASS COIL 
1% PACKED BED REACTOR 
18. CONTACT THERMOMETER 

-15 

I 

' 6  

F i g u r e  1 .  Schematic diagram of t h e  l each ing  equipment. 

Procedure ___- 

The CSTR was f i l l e d  w i t h  d i s t i l l e d  wa te r  p r i o r  t o  each run, and 
t h e  water  was pumped through t h e  system t o  c l e a n  i t  ou t .  THE CSTR 
was then  f i l l e d  w i t h  900 m l  o f  l e a c h i n g  s o l u t i o n  c o n s i s t i n g  o f  3.65 M 
HC1 and 0.35 M HN03. A s p e c i f i e d  we igh t  of c a t a l y s t s  f i l l e d  t h e  
packed hed t o  a known h e i g h t .  The packed bed d i d  n o t  need t o  he 
t o t a l l y  f i l l e d  s i n c e  t h e  l e a c h i n g  s o l u t i o n  f l o w  r a t e s  were l ow  enough 
t o  l e a v e  t h e  bed und is tu rhed .  P r i o r  t o  each s t a r t - u p ,  t h e  e l e c t r o d e s  
were c a l i b r a t e d  f o r  v a r i o u s  l e v e l s  o f  n i t r a t e  and hydrogen i o n  con- 
c e n t r a t i o n s .  These c o n c e n t r a t i o n s  were s e t  near  va lues t h a t  t h e  
a c t u a l  r u n  would exper ience.  The pumps were then  t u r n e d  on, and t h e  
l e a c h i n g  s o l u t i o n  was p i p e d  th rough  t ygon  t u b i n g s .  The s o l u t i o n  
passed th rough  t h e  cons tan t  t empera tu re  b a t h  a t  25"C, passed through 
t h p  packed bed r e a c t o r ,  and t h e n  completed t h e  l o o p  back t o  t h e  CSTR. 
A t  v a r i o u s  t imes, b o t h  t h e  e l e c t r o d e  read ings  were recorded and 5 m l  
samples were removed. 
were prepared t o  remove t h e  NO3 ions.  

A f t e r  th_e runs were completed, t h e  samples 
The p l a t i n u m  and p a l l a d i u m  
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LEACHING KINETICS OF PLATINUM AND PALLADIUM 1153 

analyses were c a r r i e d  o u t  u s i n g  a Perk in-Elmer 5000 Atomic Absorp t i on  
Spectrophotometer and p l  at inirm and p a l l a d i u m  standards a t  near 
extreme c o n c e n t r a t i o n s  f o r  t h e  l i n e a r  work ing  range. 

M a t e r i a l  

The c a t a l y s t  used i n  t h i s  i n v e s t i g a t i o n  was a c a t a l y t i c  con- 
v e r t e r  removed f rom a 1976 Ford w i t h  approx imate ly  10,000 m i l e s .  The 
c a t a l y s t  was i n  t h e  form o f  a honeycomb and was ground th rough  a b a l l  
m i l l .  The c a t a l y s t  sample used was i n  t h e  s i z e  range o f  60 t o ’ 1 4 0  
mesh. The s p e c i f i c  s u r f a c e  area of t h e  c a t a l y s t  was determined u s i n g  

t h e  R.E.T. method, and t h e  average va lue  came ou t  t o  be 6.354 m /g. 
Upon a n a l y s i s  o f  t h e  c a t a l y s t ,  i t  was determined t h a t  t h e  amount o f  
p l a t i n u m  was 3790.8 ppm and t h e  amount o f  p a l l a d i u m  was 1305.7 ppm. 
Other  me ta l s  which may b e  presen t  i n  v a r i o u s  smal l  amounts on t h e  
c a t a l y s t  a r e  lead,  phosphorus, s u l f u r ,  z i n c ,  ca lc ium, and i r o n .  Th is  
method o f  d e t e r m i n a t i o n  was developed hy H i l l  and P o t t e r  (33) .  

2 

Mathemat ica l  Model ____ 

The exper imenta l  data of  i n t e r e s t  a r e  t h e  p l a t i n u m  and p a l l a d i u m  
c o n c e n t r a t i o n s  o f  t h e  s o l u t i o n  i n  t h e  CSTR a t  v a r i o u s  t imes.  These 
c o n c e n t r a t i o n s  a r e  a l s o  t h e  c o n c e n t r a t i o n  o f  t h e  o u t l e t  s t ream o f  t h e  
CSTR. There a r e  two mass balances t h a t  can he used. The f i r s t  mass 
balance rep resen ts  what i s  go ing  on i n  t h e  CSTR and i s  g i ven  by: 

where CAi i s  t h e  p l a t i n u m  o r  p a l l a d i u m  c o n c e n t r a t i o n  i n  t h e  i n l e t  

stream, CAo i s  t h e  p l a t i n u m  o r  p a l l a d i u m  c o n c e n t r a t i o n  i n  t h e  o u t l e t  

stream, vo i s  t h e  v o l u m e t r i c  f l o w r a t e ,  V i s  t h e  accumulat ion i n  t h e  

CSTR, and t i s  t ime.  The second mass balance rep resen ts  what i s  
go ing  on i n  t h e  packed bed r e a c t o r  and i s  g i v e n  by: 

vodCi = rAdW 

where C i  i s  p l a t i n u m  o r  p a l l a d i u m  c o n c e n t r a t i o n  i n  t h e  packed bed 

r e a c t o r ,  v i s  t h e  v o l u m e t r i c  f l o w r a t e ,  W i s  t h e  we igh t  o f  t h e  

c a t a l y s t  m a t e r i a l ,  and rA i s  t h e  r a t e  o f  r e a c t i o n  o f  p l a t i n u m  o r  

p a l l a d i u m  i n  t h e  packed bed r e a c t o r  hased on weight .  
mental d a t a  which were c o l l e c t e d  c o n s i s t e d  o f  Cpdo and Cpto versus 

t ime.  I n  o r d e r  t o  f i n d  Cpdi and Cpti, i n f o r m a t i o n  concern ing  

dCpdo/dt and dCpto/dt had t o  be sought ou t .  
was n o t  v a r i e d  i n  increments o f  equal t ime,  t h e  method used t o  f i n d  
t h e  d e r i v a t i v e s  i n v o l v e d  sea rch ing  f o r  an e m p i r i c a l  r e l a t i o n s h i p  he 
tween Cpdo and t and Cpto and t .  

0 

The e x p e r i -  

S ince t h e  t i m e  parameter 

I n  t h i s  i ns tance ,  t=O r e f e r s  t o  t h e  
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1154 TYSON AND BAUTISTA 

p o i n t  i n  t i m e  when t h e  l i q u i d  e n t e r i n g  t h e  CSTR i n i t i a l l y  c o n t a i n s  
p l a t i n u m  a n d / o r  p a l l a d i u m .  A c u r v e  f i t t i n g  p rog ram was employed t o  
d e t e r m i n e  C A o  as a f u n c t i o n  o f  t i m e .  w h i c h  now a l l o w e d  access  t n  

d e r i v a t i v e  va lues .  S i n c e  t h e  d e r i v a t i v e s  were  r e a d i l y  d e t e r m i n e d ,  
t h e  v a l u e s  o f  C A o  and dCAo/d t  were  t h e n  s u b s t i t u t e d  i n t o  Fq. ( 7 )  t o  

f i n d  CAi. 

dec reased  w i t h  each  d a t a  r e a d i n g  by  5 m l .  I n  o r d e r  t o  c o r r e c t  f o r  
t h i s ,  t h e  v a l u e  o f  V dec reased  hy 5 m l  f o r  each d a t a  p o i n t  c a l c u l a -  
t i o n  o f  CAi. When Eq. ( 8 )  i s  r e a r r a n g e d  and a l i n e a r  r e l a t i o n s h i p  

be tween C A I  and W i s  assumed, t h e  f o l l o w i n g  e x p r e s s i o n  i s  o b t a i n e d :  

No te  t h a t  t h e  v a l u e  o f  V was n o t  c o n s t a n t  d u r i n g  a r u n  and 

( 9 )  VodCi ' A i I t  - ( t a  + tPR)  ) 
rA = _ _  ._ = - -_ - -~ - -  - 

dW w 

where C i 0  i s  t h e  c o n c e n t r a t i o n  o f  Pd o r  P t  i n  t h e  o u t l e t  s t r e a m  t o  

t h e  packed bed r e a c t o r ,  C i i  i s  t h e  c o n c e n t r a t i o n  o f  Pd and P t  i n  t h e  

i n l e t  s t r e a m  t o  t h e  packed bed r e a c t o r ,  ta i s  t h e  amount o f  t i m e  

r e q u i r e d  f o r  t h e  o u t g o i n g  f l u i d  f r o m  t h e  packed bed t o  t r a v e l  and 
reach  t h e  CSTR, and tpB i s  t h e  amount o f  t i m e  r e q u i r e d  f o r  t h e  i n -  

coming f l u i d  t o  t h e  packed bed t o  t r a v e l  t h r o u g h  t h e  packed bed. ThP 
t i m e  r e q u i r e d  f o r  a ' p l u g  f r o n t '  o f  l i q u i d  (assuming  no  a x i a l  m i x i n g )  
t o  l e a v e  t h e  CSTR and t h e n  go t h r o u g h  t h e  l o o p  and t o  r e e n t e r  t h e  
CSTR i s  r e p r e s e n t e d  b y  t ' .  D i m e n s i o n l e s s  t i m e  can t h e n  he r e p r e s e n -  
t e d  by  z = t / t ' .  F o r  0 < z 5 1, t h e  c o n c e n t r a t i o n  o f  Pd and P t  i n  t h e  
i n l e t  s t r e a m  t o  t h e  packed hed r e a c t o r ,  CAi, w i l l  h e  equa l  t o  z e r o  as 

f r e s h  l e a c h i n g  f e e d  s o l u t i o n  i s  c o n t i n u a l l y  added. Thus, Fq. ( 9 )  
hecomes : 

( V o C i o  

r A  = w 

The r e l a t i o n s h i p  

z - t a / t  I 

. 

between 

O < z < l  - ._ (10)  

t h e  oacked hed c o n c e n t r a t i o n  and t h e  CSTR 

F o r  z > 1, t h e  r a t e  e x p r e s s i o n  becomes: 

The r e l a t i o n s h i p s  hetween c o n c e n t r a t i o n s  i n  t h e  packed bed r e a c t o r  
and t h e  CSTR need t o  b e  deve loped .  As b e f o r e ,  C i o \ z - t a / t l  = CAilz 
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LEACHING KINETICS OF PLATINUM AND PALLADIUM 1155 

for and I z - ( t a / t '  + t p B / t ' )  = ' A o I z - t ' / t '  = C A o l ( z - l ) '  

Here  and tb i s  t h e  amount of  t i m e  r e q u i r e d  f o r  

f l u i d  t o  t r a v e l  f r o m  t h e  e x i t  o f  t h e  CSTR t o  t h e  e n t r a n c e  o f  t h e  
packed bed r e a c t o r .  Thus, Eq. ( 1 2 )  can  now b e  exp ressed  i n  t e r m s  o f  
t h e  CSTR c o n c e n t r a t i o n  and now becomes: 

t '  = ta + tpB + tb 

rA = ( v o / w ) c c A i ~ z  - c A o J ( z - l )  1 z > l  ( 1 3 )  

The e n t i r e  r a t e  e x p r e s s i o n  can be  d e f i n e d  as:  

z > l  C14bl  

I n  o r d e r  t o  make use o f  Eq. ( 1 4 ) ,  an e m p i r i c a l  r e l a t i o n s h i p  between 
C A o  and t i m e  was used. 

t o  t i m e  were  t h e n  s u b s t i t u t e d  i n t o  Eq. ( 7 )  t o  o b t a i n  CAi = f ( z 1 .  The 

r e s u l t i n g  e x p r e s s i o n s  f o r  CAi(z) and CAo(z )  c o u l d  t h e n  be s u b s t i t u t e d  

i n t o  Eq. ( 1 3 )  t o  o b t a i n  a n  e m p i r i c a l  r a t e  e x p r e s s i o n  based on t h e  
d a t a  c o l l e c t e d  i n  t h i s  i n v e s t i g a t i o n .  

RESULTS AND DISCUSSION 

E x p r e s s i o n s  f o r  CAo and dCAo/dt  w i t h  r e s p e c t  

The r e s u l t s  of  t h e  e x p e r i m e n t a l  r u n s  made a t  v a r y i n g  c o n d i t i o n s  
a r e  g i v e n  i n  T a b l e  1. The d a t a  were t a k e n  f r o m  t h e  CSTR and a n a l y z e d  
on an a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t e r  u n i t  f o r  p l a t i n u m  and p a l -  
l a d i u m  c o n c e n t r a t i o n s .  The r e s u l t s  o b t a i n e d  i n  t h i s  work i n c l u d e  
e m p i r i c a l  r a t e  e x p r e s s i o n s  f o r  t h e  d i s s o l u t i o n  r e a c t i o n s  and t h e  
c h a r a c t e r i z a t i o n  o f  t h e  i n f l u e n c e  o f  o t h e r  pa ramete rs  upon t h e  e x t e n t  
o f  r e a c t i o n .  

E m p i r i c a l  R a t e  E x p r e s s i o n  

The d a t a  o b t a i n e d  f o r  each r u n  were  CAo and t. D i f f e r e n t  a n a l y -  

t i c a l  e x p r e s s i o n s  were  t r i e d  t o  f i n d  t h e  h e s t  e x p r e s s i o n  f o r  t h e  
r e l a t i o n s h i p  between CAo and t. 
e x p r e s s i o n :  

'A0 

The b e s t  f i t  was o b t a i n e d  w i t h  t h e  

= A l n ( 1  + B t )  (15)  

where A and B a r e  e m p i r i c a l  c o n s t a n t s .  
t h e  genera l  shape o f  t h e  e x p e r i m e n t a l  p o i n t s  c o n t a i n i n g  r a p i d l y  
r i s i n g  c o n c e n t r a t i o n s  a t  e a r l y  t i m e s ,  and a g radua l  l e v e l i n g  o u t  o f  

T h i s  e q u a t i o n  appeared t o  f i t  
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1156 TYSON AND BAUTISTA 

T a b l e  1. E x p e r i m e n t a l  d a t a  on  t h e  l e a c h i n g  o f  s p e n t  a u t o  c a t a l y s t  
i n i t i a l l y  c o n t a i n i n g  3790.8 ppm P t  and  1305.7 ppm Pd. 

Run Solution C a t a l y s t  Bed S i z e  L e a c h i n g  sol. E x t e n t  o f  
No. f l o w  r a t e  w e i g h t  h e i g h t  f r a c t i o n  c o m p o s i t i o n  Metal R e a c t i o n  

(ml/min)  ( g )  (cm) (mesh)  (M) 

3.65 M HC1 P t  73.67 % 
0.35 PI H N 0 3  Pd 96.32 Z 

1 10.57 11.59 1 .6  -70+80 

3.65 M HC1 P t  80.39 % 2 10.57 12.27 1 .7  -100+120 
0.35 M H N 0 3  Pd 95.88 % 

3 10.57 20.13 

4 10.57 15.89 

5 10.57 20.03 

6 10.57 21.50 

7 10.57 20.11 

2.8 -60+70 

2.5 -80+100 

2.8 -70+80 

2.8 -100+120 

2.8 -120+140 

3.65 M HCl P t  57.59 % 
0.35 M H N 0 3  Pd 76.45 % 

3.0 M H C 1  P t  98.31 X 
1.0  M HN03 Pd 76.12 % 

3.0 M H C l  P t  96.64 % 
1.0 M , H N 0 3  Pd 72.22 Z 

3.0 M HC1 P t  91.27 X 
1 . 0  M HN03 Pd 75.42 % 

3.0 M HC1 P t  91.06 X 
1.0  M H N 0 3  Pd 7 3 . 6 4  % 

c o n c e n t r a t i o n  va lues a t  l o n g e r  t imes.  T h i s  equa t ion  a l s o  s a t i s f i e d  
two boundary c o n d i t i o n s  which were C A o  = 0 a t  t = 0 and dCAo/dt + 0 

as t+m. There were o t h e r  equa t ions  t h a t  f i t t e d  t h e  p o i n t s  b e t t e r  b u t  
d i d  n o t  s a t i s f y  t h e  boundary c o n d i t i o n s ,  and equat ions t h a t  s a t i s f i e d  
t h e  boundary c o n d i t i o n  bu t  d i d  n o t  a c c u r a t e l y  f i t  t h e  shape o f  t h e  
curve.  The p l o t  o f  Cpto vs. t i s  shown i n  F ig .  2, and t h e  p l o t  o f  

‘Pdo 
r u n  3. 

vs. t i s  shown i n  F i g .  3. Bo th  f i g u r e s  rep resen t  da ta  f rom 

I f  t h e  cu rve  f i t  o f  CAo = A I n ( 1  + 8 

s i o n l e s s  t i m e  and B ’  = B t ’ ) ,  a r e l a t i o n s h  
between rA and z can be obta ined.  F i r s t ,  

z )  i s  employed ( z  i s  dimen- 

p o f  e m p i r i c a l  n a t u r e  
t h e r e  i s :  CAo = A l n ( 1  + 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



LEACHING KINETICS OF PLATINUM AND PALLADIUM 1157 

a 
c" 5 L  
z 
W 
0 z 
0 0 

- 

F i g u r e  2. C o n c e n t r a t i o n  of p l a t i n u m  i n  the CSTR v e r s u s  
t i m e  for r u n  3. 

0 , )  I I I l l  I I 1  1 [ I  1 )  1 , I ,  

R ' z )  and dCAo/dt = A5/(1 + R ' z ) .  
t u t e d  i n t o  E q .  ( 7 ) ,  w i t h  j = 1, ... rl where n i s  t h e  number o f  
samples, t o  o b t a i n :  

These express ions a r e  t h e n  s u h s t i -  

= A l n ( 1  + R ' z )  + (V . / v  ) [ A R / ( l  + R ' z ) ]  (16)  
' A i  j J O  

When t h e  forms f o r  CAij and CAo a r e  s u b s t i t u t e d  i n t o  E q .  C131, t h e  

e m p i r i c a l  r a t e  exp ress ion  becomes: 

r = (vo/W)LA I n ( 1  + R ' z )  + (Vj/vo)CAB/(l  + B ' z ) ]  0 - -  < z < 1 
A j  

r = (vo/W)[A l n ( 1  + B'z) + 
A j  

o r  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1158 TYSON AND BAUTISTA 

~ PREDICTED Cp,,-6.45 In (1+1.2811 

0 EXPERIMENTAL LEACHING SOLUTION 3 65 M HCI 
COMWS IT ION 

SOLUTION FLOW rO 57ml,m,n 
RATE 

SIZE FRACTION -60.70 MESH 

0 35 M HN03 

BED HEIGHT 2 8  c m  

CATALYST WEIGHT 20 139 

% 80 I60 240 320 400 480 560 640 720 BOO 080 960 1040 1120 1200 1280 1360 1440 

TIME (minutes) 

Ffgure 3. Concentration of palladium in the CSTR versus 
time for  run 3. 

r = (Avo/W 
A j  

l n C ( 1  

10 

I n  Eq .  ( 1 6 ) .  V v a r i e s  w i t h  z i n  an a r b i t r a r y  way, c a u s i n g  rA t o  b e  

d e t e r m i n e d  i n  a p o i n t - w i s e  f a s h i o n  a t  each t i m e  t h a t  a sample  was 
removed. Thus, f o r  an  a c c u m u l a t i o n  o f  610.0 m l ,  V .  = 610.0 - 5 ( j - 1 )  

J 
f o r  j = 1, ... n. A l s o ,  a l l o w a n c e  i s  made f o r  V = V1 = 610.0 m l ,  

where V i s  volume of  a c c u m u l a t i o n  a t  t = 0, such  t h a t  r = 610.0 
0 Ao 

0 
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LEACHING KINETICS OF PLATINUM AND PALLADIUM 1159 

AB/W. 
complete t h e  r e c y c l e  l oop ,  whereas i n  t h e  r e g i o n  o f  z > 1, t h e  c losed  
l o o p  system i s  f u l l y  Pmployed. 

I n  t h e  r e g i o n  o f  0 5 z 51, t h e  l e a c h i n g  s o l u t i o n  has y e t  t o  

The c u r v e  f i t t i n g  program f o r  CAo = A l n ( 1  + R t )  determined t h e  

The r e l i a b i l i t y  o f  these r a t e  express ions depends on how 
va lues  f o r  A and R f o r  each run, and t h e  r e s u l t s  a r e  t a b u l a t e d  i n  
Table 2. 
w e l l  t h e  e m p i r i c a l  cu rve  f i t s  t h e  CAo and t i m e  data. 

a r e  g i ven  i n  F i g u r e  4 and 5 r e s p e c t i v e l y .  
r e a c t i o n  was 250.4 g/min-g f o r  p l a t i n u m  and 222.6 g/min-g f o r  

pa l l ad ium.  I n  b o t h  cases, t h e  r a t e  va lue  decayed r a p i d l y .  The r a t e  
became very low and n e a r l y  cons tan t  f o r  p l a t i n u m  a t  t imes  o f  about 
110 minutes o r  more. 
n e a r l y  cons tan t  a t  t imes  of about 50 minutes o r  more. 

F x t p n t  o f  Reac t ion  

The p l o t s  r e p r e s e n t i n g  E q .  ( 1 7 )  f o r  b o t h  p l a t i n u m  and p a l l a d i u m  
The i n i t i a l  r a t e  o f  

c a t  c a t  

Fo r  p a l l a d i u m  t h e  r a t e  hecame very l ow  and 

The e x t e n t  o f  r e a c t i o n ,  eA, i s  d e f i n e d  by:  

w i  

w A" 
eA = -- 

where W i  

t h e  c a t a l y s t ,  and W i  

i s  t h e  t o t a l  mass of p l a t i n u m  o r  pa 

i s  t h e  mass o f  p l a t i n u m  

lad ium d i s s o l v e d  f rom 

o r  p a l l a d i u m  on a g i ven  

weighed amount o f  unleached c a t a l y s t .  S ince each 5 m l  sample removes 
p l a t i n u m  o r  p a l l a d i u m  f rom t h e  system, determ n a t i o n  o f  we igh t  would he 
based on t h e  c o n c e n t r a t i o n s  o f  a l l  t h e  removed samples. The number o f  
samples removed f rom thP  CSTR can be rep resen ted  by n and t h e  concen- 

t r a t i o n  o f  t h e  jth sample ( j  = I ,  ..., n )  removed f rom t h e  CSTR can he 
represented as CAoj .  

i n  t h e  system has a volume o f  (900-5n) m l .  
c o n c e n t r a t i o n  o f  t h e  n t h  sample rep resen ts  t h e  c o n c e n t r a t i o n  o f  a l l  he 
s o l u t i o n  rema in ing  i n  t h e  c losed  loop  system, t h e  f o l l o w i n g  equa t ion  i s  
d e r i  ved: 

A f t e r  comp le t i on  of a r u n  t h e  rema in ing  s o l u t i o n  

On t h e  assumption t h a t  t h e  

n-1 
ws = 5 1 C A o j  + C900-5(n-1)lCAon 

A j=1 
( 1 9  

A weighed amount o f  unleached c a t a l y s t  was analyzed f o l l o w i n g  
t h e  procedure o f  P o t t e r  (32 )  t o  determine t h e  amount of p l a t i n u m  and 

p a l l a d i u m  i n i t i a l l y  p resen t  i n  t h e  c a t a l y s t .  

ppm o f  p l a t i n u m  o r  p a l l a d i u m  on t h e  unleached c a t a l y s t ,  t h e  expres- 

s i o n  f o r  WA becomes: 

If CACat r ep resen ts  t h e  

0 
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1160 TYSON AND BAUTISTA 

Table 2. Empirical C o n s t a n t s  from CAo v e r s u s  time p l o t s  u s i n g  t h e  

expression: CAo = A ln(l+Bt) 

Run n o .  Metal A B 

P t  
Pd 

P t  
Pd 

P t  
Pd 

P t  
Pd 

P t  
Pd 

Pt 
Pd 

P t  
Pd 

3.633 
2.587 

5.609 
2.919 

6.451 
2.919 

6.629 
2.135 

10.269 
3.007 

12.905 
3.352 

11.225 
2.907 

7.648 
0.465 

0.924 
0.275 

1.281 
2.517 

9.823 
7.881 

2.444 
2.943 

0.927 
3.770 

1.376 
5.353 

c a t  w; = WCA 

Upon s u b s t i t u t i o n  of E q .  (19)  and E q .  (20 )  i n t o  Eq. (18) ,  t h e  
f o l l o w i n g  exp ress ion  r e s u l t s :  

n-1 
5 c C A o j  + ~ 9 0 0 - 5 ( n - 1 ) l C A o n  

j=1 

eA = w CACat 

The e x t e n t  o f  r e a c t i o n  f o r  t h e  d i f f e r e n t  runs i s  g i ven  i n  Table 
The o t h e r  parameters which were v a r i e d  i n c l u d e  l e a c h i n g  s o l u t i o n  1. 

composi t ion,  s i z e  f r a c t i o n ,  and bed h e i g h t / c a t a l y s t  weight .  The 
system’s f l o w  r a t e  was n o t  changed due t o  t h e  r i s k  o f  f l o o d i n g  t h e  
packed bed r e a c t o r .  

E f f e c t  o f  Leaching S o l u t i o n  Composit ion __ 
The da ta  on t h e  e f f e c t  o f  l e a c h i n g  s o l u t i o n  composi t ion a r e  

g i ven  i n  Table 1. 
3.65 M HC1 and 0.35 M HN03 and t h e  r e s t  o f  t h e  exper iments were ca r -  

One group o f  exper iments were c a r r i e d  o u t  w i t h  
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Using the rate expression based on moss balances gives: 

W 
u, (CAJ, -c;,,l,-,pe) 

rPI= 
The rate expression fitting the concentration vs. time dato gives: 

r,, : Av, v s 
W [I6 I+Bt+ Insd 

where: u , = l 0 . 5 7 ~  V=610.0ml rnin 
w.20.13 9. 1': a .7  rnin 

A = 6.45% 
B = 1.28min-' 

O O  0 0  0 0 0 o , , . n . 0 %  

0 l i  i 4  36 48 60 72 84 96 108 120 132 144 156 168 180 192 204 216 > 
TIME (minutes) 

'8 

F i g u r e  4.  R a t e  of p l a t i n u m  d i s s o l u t i o n  v e r s u s  t ime 
based on the e m p i r i c a l  c o n c e n t r a t i o n  
r e l a t i o n s h i p  for run  3. 

r i e d  ou t  w i t h  3.0 M HC1 and 1.0 M HN03. 

c o n c e n t r a t i o n  was 4.0 M i n  o r d e r  t o  keep t h e  l e a c h i n g  r e a c t i o n s  under 
t h e  same c o n d i t i o n s .  

I n  b o t h  s o l u t i o n s ,  t h e  H+ 

Cons ide r ing  o n l y  t h e  exper iments w i t h  a bed h e i g h t  o f  2.8 cm, 
t h e  e x t e n t  o f  r e a c t i o n  f o r  p a l l a d i u m  f o r  t h e  3.65 M HC1/0.35 M HNO, 
l e a c h i n g  s o l u t i o n  was h i g h e r  t h g n  f o r  t h e  o t h e r  th ree .  
o f  a h i g h e r  c o n c e n t r a t i o n  o f  C1 
c a t a l y s t  s u r f a c e  r e s u l t e d  i n  a h i g h e r  e x t e n t  o f  r e a c t i o n .  T h i s  ob- 
s e r v a t i o n  makes sense s ince ,  i n  an e q u i l i b r i u m  d i s s o l u t i o n  r e a c t i o n  
where one o f  t h e  r e a c t a n t s  i s  C1 , t h e  s h i f t  i n  e q u i l i b r i u m  would 
f a v o r  t h e  p roduc ts .  I n  o t h e r  words, more meta l  would go i n t o  
s o 1 u t  i on. 

The presence 
i n  t h e  s o l u t i o n  su r round ing  t h e  

F o r  p la t i num,  t h e  e x t e n t  o f  r e a c t i o n  was i n  t h e  90 pe rcen t  range 
f o r  t h e  3.0 M HC1/1.0 M HNf13 l e a c h i n g  s o l u t i o n  runs. 

t h e  t r u e  mechanism u s i n g  these  o x i d a n t s  cou ld  h e t t e r  e x p l a i n  t h e  
observed data. 

E l u c i d a t i o n  o f  
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Usinq the rate expression,bosed on moss balances gives: 
vo ( C p a o l t  -Cba,l t - t p s )  

rpa- 7- 
The rate expression fitttna the concentration vs. time data aives: 

v B. ' +E l  
W [% I + E t - * I n W J  

where: v0=10.57fi V=610.0ml min 
~ = 2 0 . 1 3 g .  1 ~ ~ 2 9 . 7  min 

A=2.92pg/mP 
B = 2.52 m i n ~ '  

A A  
A n  

k, I; I8 i 4  i 0  i 6  42 48 ;4 66 $6 ?2 f8 "8'4 60 96 Id2 108" 
TIME (minutes) 

F igure 5. R a t e  of p a l l a d i u m  d i s s o l u t i o n  versus time 
based on t h e  e m p i r i c a l  c o n c e n t r a t i o n  rela- 
t i onsh ip  for run  3. 

- E f f e c t  o f  S i z e  F r a c t i o n  

Thp d a t a  on t h e  e f f e c t  o f  s i z e  f r a c t i o n  on t h e  e x t e n t  o f  reac -  
t i o n  a r e  g i v e n  i n  T a b l e  1. C o n s i d e r  t h e  exper imen ts  p e r f o r m e d  a t  a 
c o n s t a n t  bed h e i g h t  o f  2.8 cm and a l e a c h i n g  s o l u t i o n  compos t i o n  o f  
3.0 M HC1 and 1.0 M HN03. 

between s i z e  f r a c t i o n  and e x t e n t  o f  r e a c t i o n  f o r  p a l l a d i u m .  The 
o t h e r  e x p e r i m e n t  a t  a bed h e i g h t  o f  2.8 cm, a l e a c h i n g  s o l u t  on com- 
p o s i t i o n  o f  3.65 M H C l  and 0.35 M HN03 and a s i z p  f r a c t i o n  o -60+70 

mesh gave a h i g h e r  e x t e n t  o f  r e a c t i o n  f o r  p a l l a d i u m  t h a n  t h e  s m a l l e r  
s i z e  f r a c t i o n s .  The r e s u l t s  f r o m  t h e  l a s t  t h r e e  runs  i n  T a b l e  1 
i n d i c a t e  t h a t  t h e  i n c r e a s e  i n  t h e  e x t e n t  o f  r e a c t i o n  o f  t h e  f i r s t  r u n  
f o r  p a l l a d i u m  i s  due  t o  t h p  h i g h e r  c h l o r i d e  i o n  c o n c e n t r a t i o n  and n o t  
due t o  t h e  s i z e  f r a c t i o n .  

F o r  p l a t i n u m  t h e  l a s t  t h r e e  r u n s  i n  T a b l e  1 show t h a t  t h e  e x t e n t  

T h e r e  appears  t o  b e  no t r u e  c o r r e  a t i o n  

o f  r e a c t i o n  s t a y s  r p l a t i v p l y  c o n s t a n t  w i t h  d e c r e a s i n g  p a r t i c l e  s i z e .  
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LEACHING KINETICS OF PLATINUM AND PALLADIUM 1163 

The e x t e n t  of r e a c t i o n  f o r  p l a t i n u m  r is ing -60+70 mesh i s  much lower  
t h a n  t h e  o t h e r s  l i s t e d  i n  Tahle 1. Th is  d i f f e r e n c e  i s  due t o  t h e  
changes i n  t h e  l e a c h i n g  s o l u t i o n  composi t ions.  

_________ E f f e c t  o f  Red Height  and/or  C a t a l y s t  .~ Weight 

The data i l l u s t r a t i n g  t h e  e x t e n t  o f  r e a c t i o n  dependency on t h e  
b ~ d  h e i g h t  and/or c a t a l y s t  weight  a r e  g i v e n  i n  Tab le  1. 
were c o l l e c t e d  w i t h o u t  s e t t i n g  t h e  i n i t i a l  l e a c h i n g  s o l u t i o n  concen- 
t r a t i o n  o r  t h e  s i z e  f r a c t i o n  t o  any s p e c i f i e d  va lue.  I n  o t h e r  words, 
t h e  l e a c h i n g  s o l u t i o n  c o n c e n t r a t i o n  and s i z e  f r a c t i o n  were considered 
t o  have n e g l i g i b l e  e f f e c t  on t h e  e x t e n t  o f  r e a c t i o n  when compared t o  
t h e  e f f e c t  o f  bed h e i g h t  and/or  c a t a l y s t  weight .  

96 pe rcen t  f o r  bed h e i g h t s  between 1.6 cm and 1.7 cm and about 75 
pe rcen t  between 2.5 cm and 2.8 cm. 
decreased f rom around 96 t o  75 percen t  when bed h e i g h t s  were changed 
f r o m  1.7 cm t o  2.5 cm. 

The data 

Fo r  p a l l a d i u m  t h e  e x t e n t  o f  r e a c t i o n  remained about t h e  same a t  

However t h e  e x t e n t  o f  r e a c t i o n  

The da ta  i n  Table 1 a l s o  i l l u s t r a t e  t h e  r e s u l t s  f o r  p la t i num.  
Wi th  3.76 M HC1/0.35 M HN03 l e a c h i n g  s o l u t i o n  c o n c e n t r a t i o n ,  t h e  ex- 

t e n t  o f  r p a c t i o n  f o r  t h e  bed h e i g h t s  o f  1.6 crn and 1.7 cm inc reased  
f rom 73 t o  80 pe rcen t .  The e x t e n t  of r e a c t i o n  dropped t o  57 pe rcen t  
f o r  a bed h e i g h t  o f  2.8 cm. For  t h e  l e a c h i n g  s o l u t i o n  c o n c e n t r a t i o n  
o f  3.0 M HC1/1.0 M HN03, t h e  e x t e n t  o f  r e a c t i o n  a l s o  decreased f rom 

98 t o  93  pe rcen t  w i t h  i n c r e a s e  i n  bed h e i g h t  f rom 2.5 cm t o  2.8 cm. 

SUMMARY AND CONCLUSIONS - - ____ - 
A k i n e t i c  exp ress ion  was determined e m p i r i c a l l y  f o r  t h e  e x p e r i -  

mental data.  The equa t ion  which f i t  t h e  c o n c e n t r a t i o n - t i m e  data was 
CAo = A l n ( 1  + B t ) .  

va lues and then  dropped o f f  very  q u i c k l y  w i t h  respec t  t o  t ime .  Thus 
i n  o r d e r  t o  ge t  t h e  maximum r a t e  ou t  o f  t h e  process t h e  r e a c t i o n  
shou ld  he c a r r i e d  ou t  w i t h  very s h o r t  res idence  t ime.  

The r a t e s  o f  r e a c t i o n  s t a r t e d  a t  r e l a t i v e l y  h i g h  

From t h e  r e s u l t s  oh ta ined  i t  i s  apparent  t h a t  as bed h e i g h t  
and/or  c a t a l y s t  weight  i nc reases  t h e  e x t e n t  of  r e a c t i o n  decreases. 
T h i s  e f f e c t  h o l d s  t r u e  f o r  b o t h  p l a t i n u m  and pa l l ad ium.  
stems f rom t h e  r e c y c l i n g  e f f e c t  which decreases a v a i l a b l e  c h l o r i d e  
i on .  T h i s  r e s u l t  a l s o  i n d i c a t e s  t h a t  t h e  use of sma l le r  m u l t i p l e  
packed bed r e a c t o r s  would he more e f f i c i e n t  t han  u s i n g  one l a r g e  
packed bed r e a c t o r .  On a l a r g e  sca le ,  c o s t  de te rm ina t ions  and reac-  
t i o n  c h a r a c t e r i a t i o n  would d i c t a t e  t h e  number and s i z e  o f  t h e  
r e a c t o r s  t o  be used f o r  o b t a i n i n g  t h e  h i g h e s t  e x t e n t s  o f  r e a c t i o n  i n  
t h e  l e a s t  amount o f  t ime .  

T h i s  r e s u l t  

The e x t e n t  o f  r e a c t i o n  o f  p a l l a d i u m  increased,  w h i l e  t h a t  o f  
p l a t i n u m  decreased when t h e  c h l o r i d e  i o n  c o n c e n t r a t i o n  was i nc reased  
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1164 TYSQN AND BAUTISTA 

and t h e  n i t r a t e  i o n  c o n c e n t r a t i o n  was decreased. T h i s  o b s e r v a t i o n  
would i n d i c a t e  a d i f f e r e n c e  i n  t h e  mechanisms s u r r r o u n d i n g  t h e  d i s s o -  
l u t i o n  o f  p a l l a d i u m  and p la t i num.  The d i f f e r e n c e  e x i s t s  because 
p l a t i n u m  undergoes a redox r e a c t i o n  w h i l e  i n  t h e  i o n i c  s t a t e  w h i l e  
p a l l a d i u m  o n l y  goes f rom t h e  meta l  t o  t h e  i on .  

For  cons tan t  hed h e i g h t  and cons tan t  l e a c h i n g  s o l u t i o n  composi- 
t i o n  t h e  e x t e n t  o f  r e a c t i o n  f o r  p l a t i n u m  and p a l l a d i u m  does n o t  
change i n  any p a r t i c u l a r  manner f o r  dec reas ing  p a r t i c l e  s i z e s .  There 
i s  no c o r r e l a t i o n  between t h e  e x t e n t s  o f  r e a c t i o n  and p a r t i c l e  s i z e  
f o r  e i t h e r  p l a t i n u m  o r  pa l lad ium. 
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NOMENCLATURE 
A e m p i r i c a l  cons tan t  i n  t h e  equa t ion  which f i t  t h e  c u r v e  o f  CAo 

versus t, (ppm) 

R 

R ’  

CACat 

‘A i  

‘A i  j 

‘A0 

c -  
A 0  J 

‘Aon 

ci 

e m p i r i c a l  cons tan t  i n  t h e  equa t ion  which f i t s  t h e  cu rve  o f  

‘A0 

e m p i r i c a l  cons tan t  i n  t h e  equa t ion  which f i t s  t h e  c u r v e  o f  

‘A0 

s o l i d  c o n c e n t r a t i o n  o f  p l a t i n u m  o r  p a l l a d i u m  on t h e  unleached 
c a t a l y s t ,  (ppm) 

p l a t i n u m  o r  p a l l a d i u m  c o n c e n t r a t i o n  i n  t h e  i n l e t  stream t o  
t h e  CSTR, (ppm) 

p l a t i n u m  o r  palladCHm c o n c e n t r a t i o n  i n  t h e  i n l e t  s t ream t o  
t h e  CSTR f o r  t h e  j reading,  (ppm) 

p l a t i n u m  o r  p a l l a d i u m  c o n c e n t r a t i o n  i n  t h e  o u t l e t  s t ream from 
t h e  CSTR (ppm) 

p l a t i n u m  o r  p a l l a r l f y v  c o n c e n t r a t i o n  i n  t h e  o u t l e t  s t ream f r o m  
t h e  CSTR f o r  t h e  j read ing ,  (ppm) 

p l a t i n u m  o r  p a l l a d i u m  c o n c e n t r a t i o n  i n  t h e  o u t l e t  s t r e a y  f rom 
t h e  CSTR f o r  t h e  l a s t  r e a d i n g  o f  a run,  (ppm) 

p l a t i n u m  o r  p a l l a d i u m  c o n c e n t r a t i o n  th rough  t h e  packed bed 
r e a c t o r ,  ( ppm) 

versus t, (ppm) 

versus t, (ppm) 
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';\i 

c;\O 

A e 

j 

n 

rA 

A .j 
r 

t 

t a  

tPB 

t '  

V 
j 

V 
0 

W 

rA 

"A" 

w : 
2 

p l a t i n u m  o r  p a l l a d i u m  c o n c e n t r a t i o n  a t  t h e  en t rance  o f  t h e  
packed bed r e a c t o r ,  (ppm) 

p l a t i n u m  o r  p a l l a d i u m  c o n c e n t r a t i o n  a t  t h e  e x i t  of t h e  packed 
bed r e a c t o r ,  (ppm) 

e x t e n t  o f  r e a c t i o n  f o r  p l a t i n u m  o r  p a l l a d i u m  

number co r respond ing  t o  t h e  i n d i v i d u a l  samples o f  a r u n  

t o t a l  number o f  samples removed f o r  a r u n  

r a t e  o f  d i s s o l u t i o n  of p l a t i n u m  o r  p a l l a d i u m  based on weight  o f  
c a t a l y s t  sample, g/min-gcat 

r a t e  o f  d i s s o l u t i o n  o f  p l f k i n u m  o r  p a l l a d i u m  based on weight  o f  
c a t a l y s t  sample f o r  t h e  j reading,  g/min-g 

t ime ,  (min)  

c a t  

average t i m e  r e q u i r e d  f o r  an element o f  f l u i d  t o  t r a v e l  f rom 
t h e  o u t l e t  o f  t h e  packed bed r e a c t o r  t o  t h e  i n l e t  o f  t h e  CSTR, 
(min) 

average t i m e  r e q u i r e d  f o r  an element o f  f l u i d  t o  t r a v e l  t h rough  
t h e  packed bed r e a c t o r ,  (min)  

average t i m e  r e q u i r e d  f o r  an element o f  f l u i d  t o  t r a v e l  f rom 
t h e  o u t l e t  o f  t h e  CSTR back t o  t h e  i n l e t  o f  t h e  CSTR, (m in )  

t o t a l  volume of accumulat ion i n  t h e  CSTR a f t e r  t h e  jth sample 
i s  removed, ( m l  ) 

v o l u m e t r i c  f l o w  r a t e  o f  t h e  l e a c h i n g  s o l u t i o n  th rough  t h e  
system, (m l /m in )  

mass of t h e  c a t a l y s t  sample i n  t h e  packed bed r e a c t o r  p r i o r  t o  
l each ing ,  (9) 

r a t e  of r e a c t i o n  of p l a t i n u m  o r  p a l l a d i u m  i n  packed bed r e a c t o r  
based on weight  

mass o f  p l a t i n u m  o r  p a l l a d i u m  on t h e  c a t a l y s t  sample p r i o r  t o  
l each ing ,  ( 9 )  

t o t a l  mass o f  p l a t i n u m  o r  p a l l a d i u m  d i s s o l v e d  f rom t h e  c a t a l y s t  
sample, ( 9 )  

d imension less t ime .  t / t '  
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