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A MODEL FOR THE RECOVERY OF TITAEJIUM FRO11 MIXTURES OF ILMENITE AND 
HEMATITE BY HYDROCHLORIC ACID LEACHING 

K.C. L i d d e l l  
Department of Chemical Engineer ing 
Washington State  U n i v e r s i t y  
Pullman, WA 99164-2710 

ABSTRACT 

A p a r t i a l  equi l ibr ium model has  been developed t o  
d e s c r i b e  t h e  leaching  of FeTiO - Fe 0 mixtures  
by aqueous HC1. 
l eaching  of t h e  m i n e r a l s  t o  changes i n  t h e  so lu-  
t i o n  s p e c i e s  c o n c e n t r a t i o n s ;  23 s p e c i e s  concen- 
t r a t i o n s  were c a l c u l a t e d  as a f u n c t i o n  of l e a c h i n g  
time. S o l u t i o n  r e a c t i o n s  included i n  t h e  model 
i n c l u d e  (1) t h e  redox r e a c t i o n  conver t ing  Ti(IV) 
and Fe( I1)  t o  T i ( I I 1 )  and F e ( I I 1 ) ;  (2)  formation 
of c h l o r o  complexes; (3) h y d r o l y s i s ;  and (4)  d i s -  
s o c i a t i o n  of H 0. 
d e p l e t e d  than  iematite,  and a v a i l a b l e  d a t a  i n d i c a t e  
t h a t  t h e  t i m e  dependence of t h e  leaching  r e a c t i o n s  
i s  d i f f e r e n t .  Modeling r e s u l t s  show t h a t  t h e  
Ti /Fe  c o n c e n t r a t i o n  r a t i o  d r o p s  s t e e p l y  i n i t i a l l y  
but  then  g r a d u a l l y  rises as t h e  l e a c h i n g  rates 
change. Of t h e  two oxides ,  FeTiO i s  consumed 
f i r s t ,  and t h e r e a f t e r  t h e  Ti /Fe  r i t i o  a g a i n  
d e c l i n e s .  The F e ( I I ) / F e ( I I I )  c o n c e n t r a t i o n  r a t i o  
behaves s i m i l a r l y .  
r a t i o s  have s imultaneous extrema and p l o t s  of 
t h e s e  r a t i o s  v s .  t i m e  can,  w i t h  a p p r o p r i a t e  
ad jus tments  i n  v e r t i c a l  s c a l e ,  v i r t u a l l y  b e  
superimposed. These changes are  g r e a t e s t  when t h e  
i n i t i a l  molar amounts of F e T i O  and Fe 0 are 
approximately equal .  
same, but  of much smaller magnitude, when t h e  
i n i t i a l  FeTiO /Fe 0 molar r a t i o  i s  f a r  from 1.0. 3 3 The s p e c i e s  d i s t r g b u t i o n s  change i n  a complex way 
dur ing  leaching;  t y p i c a l l y ,  hydroxo s p e c i e s  become 
more important  b u t  c h l o r o  s p e c i e s  become less so.  
I m p l i c a t i o n s  of t h e s e  r e s u l t s  f o r  t h e  selective 
recovery of t i t a n i u m  w i l l  be d iscussed .  

3 3 The model couples  t i e  ra tes  of 

I l m e n i t e  i s  more r a p i d l y  

The Ti /Fe  and F e ( I I ) / F e ( I I I )  

3 3 They a re  q u a l i t a g i v e l y  t h e  

2005 
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2006 LIDDELL 

INTRODUCTION 

Although t i t a n i u m  i s  t h e  n i n t h  most abundant element i n  igneous 
rock  ( l ) ,  t i t a n i u m  o r e s  occur  p r i m a r i l y  as smal l  o r  low-grade depo- 
sits. Titanium m i n e r a l s  are o f t e n  found i n  a s s o c i a t i o n  w i t h  Fe 0 2 3  o r  Fe 0 4 .  To b e t t e r  understand what f a c t o r s  i n f l u e n c e  s e l e c t i v i t y  
of t i2anium recovery  from FeTiO -Fe 0 
has  been developed f o r  l e a c h i n g  of mixtures  of t h e s e  minera ls  by HC1. 
The p a r t i a l  e q u i l i b r i u m  approach w a s  employed (2,  3,  4 ,  5 ) .  The 
v a r i a b l e s  w e r e  l e a c h i n g  time, HC1 c o n c e n t r a t i o n  and t h e  FeTiO f F e  0 
feed  r a t i o ;  o t h e r  f a c t o r s  such  as tempera ture  and p a r t i c l e  s i z e  
could r e a d i l y  b e  incorpora ted  i f  more complete k i n e t i c  in format ion  
w e r e  a v a i l a b l e .  Dissolved 0 o r  o x i d a n t s  o r  r e d u c t a n t s  o t h e r  than  
Fe and T i  s p e c i e s  w e r e  n o t  cons idered .  

mix tures ,  a p r e d i c t i v e  model 3 2 3  

3 2 3  

2 

DATA SOURCES 

Leaching of i l m e n i t e  by HC1 i s  o f t e n  represented  by 

FeTiO + 4EC1 -t FeC12 + T i O C 1 2  4- 2H20 
3 

Although t h e r e  a r e  a number of r e p o r t s  on FeTiO l e a c h i n g  by H C 1  
(6 ,  7 ,  8 ,  9 ,  10, l l ) ,  a ra te  l a w  has  been determined i n  only  one 
i n v e s t i g a t i o n  (5) .  This  equat ion  is 

9 0.80 X = 3.91 x 10 (2.0 x 10-3a 

3 

(2)  + 0.02) exp (-7954.5/T) t H+ 

I n  Eq .  ( l ) ,  X i s  t h e  i l m e n i t e  f r a c t i o n  leached ,  aH+ t h e  hydrogen i o n  
a c t i v i t y ,  T t h e  temperature  i n  K and t t h e  time i n  hours .  The d a t a  
from which t h e  ra te  l a w  w a s  developed p e r t a i n  t o  T i  l eaching;  a b r i e f  
per iod  of non-congruent leaching  w a s  observed exper imenta l ly .  For 
t h e  purposes  of t h e  model developed h e r e ,  i n  which long term e f f e c t s  
are of g r e a t e s t  concern,  Eq. (2)  h a s  been assumed t o  b e  s u i t a b l e .  
Eq. (2) a p p l i e s  t o  -45 + 38pm p a r t i c l e s ;  s u r f a c e  areas w e r e  n o t  
measured because FeTiO becomes porous upon l e a c h i n g  and t i t a n i u m  
hydrolyzes  and p r e c i p d a t e s  extremely r e a d i l y ,  making it imposs ib le  
t o  d r y  p a r t i a l l y  leached  p a r t i c l e s  and o b t a i n  a c c u r a t e  s u r f a c e  areas. 
Changes i n  o v e r a l l  p a r t i c l e  d i n e n s i o n s  and development of i n t e r n a l  
pore  s t r u c t u r e  are incorpora ted  i n t o  t h e  to*8o f a c t o r .  

Hematite l e a c h i n g  f o l l o w s  t h e  equat ion  

Fe203 + 6HC1 + 2FeC1 + 3H20 (3) 3 
Q u a n t i t a t i v e  informat ion  on t h e  l e a c h i n g  of hemat i te  is  scarce. The 
only  ra te  d a t a  s u f f i c i e n t l y  d e t a i l e d  f o r  modeling purposes  are t h o s e  
of M a j i m a  e t  a l .  (12) .  These i n v e s t i g a t o r s  r e p o r t e d  leaching  rates 
only  f o r  328B; t h e  HC1 c o n c e n t r a t i o n s  used ranged from 0.1 t o  4.0 
mol/dm3. For 3 and 4 mol/dm3 HC1, t h e  rates were 7.80 x 10-8 and 
1.26 x 10-7 mol/cm2-h, r e s p e c t i v e l y  (Ref. (12), F i g .  5 ) .  
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THE RECOVERY OF TITANIUM 2007 

Because a p a r t i a l  equilibrium model couples d i s so lu t ion  o r  
- p r e c i p i t a t i o n  of s o l i d  phases t o  changes i n  so lu t ion  spec ia t ion ,  

da t a  on t h e  spec ies  present  i n  t h e  l eacha te  a r e  a l s o  requi red .  
t h e  FeTi03-Fe203-HC1-H20 system, these  inc lude  a v a r i e t y  of ch loro  
and hydroxo complexes, as well  as uncomplexed metal  ions ,  ~, C1' 
and OH'. Dissolved O2 w a s  assumed t o  be excluded. The spec ia t ion  
p r io r  t o  leaching must be known ( see  Eq. (7) and accompanying 
d iscuss ion)  and w a s  ca lcu la ted  us ing  an algorithm previously described 
(5) .  
da ta  a r e  summarized i n  Ref. (5 ) .  

For 

The so lu t ion  spec ies  concerned and the  re levant  equilibrium 

MODEL DEVELOPMENT 

Although p a r t i a l  equilibrium models have previously been appl ied  
i n  hydrometallurgy (3, 4 ,  5 ) ,  t h e i r  s a l i e n t  f e a t u r e s  w i l l  be b r i e f l y  
described here.  
minerals d i s so lve  slowly, gradual ly  a l t e r i n g  the concent ra t ions  of 
the  so lu t ion ' s  components. The so lu t ion  quickly a d j u s t s  t o  these  
per turba t ions  and remains i n t e r n a l l y  i n  equilibrium. For FeTiO?- 
Fez03 mixtures model equations can be developed that are e x p l i c i t  
i n  tune. 
needed t o  compute equilibrium spec ia t ions  and those needed f o r  p a r t i a l  
equilibrium ca lcu la t ions  of t he  changes i n  spec ies  concentrations 
during leaching. 

The c e n t r a l  assumption of such a model i s  t h a t  t h e  

There is a one-to-one correspondence between t h e  equations 

The equilibrium spec ia t ion  of an aqueous so lu t ion  can be 
ca lcu la ted  by solving simultaneous mass ac t ion ,  mass balance and 
charge balance equations.  If t h e  i o n i c  s t r eng th  is approximately 
cons tan t ,  t he  equations are 

H e r e  m 
r eac t idn  i, and C t he  a n a l y t i c a l  concentration of moiety k; vij ,  
p . and h are skoichiometric f a c t o r s ,  Twenty-three so lu t ion  
s#Jcies &e considered i n  model development; e ighteen  independent 
mass a c t i o n  equations may be wr i t t en .  Corresponding t o  Eq. ( 4 ) - ( 6 ) ,  
t he  following p a r t i a l  equilibrium equations can be derived 

I s  t h e  mola l i t y  of spec ie s  j ,  Ki the equilibrium cons tan t  of 

- 
0 = C v n f o r  r eac t ion  i 

j =  
mj  

(7) 
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2008 

f o r  C 1 ,  Fe,  T i ,  d 
k j  n j  

E = z p  - 
k j  

For an increment of t i m e  d t ,  n is  
j 

- dm n j  = _i 
d t  

LIDDELL 

(8) 

(10) 

For the  redox equation, E q .  (7) is  - - - - 
n n 

0 = nFe( I I I )  + T i ( I I 1 )  - "Fe(I1) - Ti(IV) 

Ti(IV) m T i ( I I 1 )  Fe(I1) m Fe( I I1)  m 

where, f o r  example, m represents  the  sum of concent ra t ions  of 
a l l  t r i v a l e n t  i r o n  spec Fe4i;f) 

- 
Ccl = 0 s ince  the  t o t a l  ch lor ide  concentration i s  conserved; 

f o r  T i ,  Fe and H+, C 
a t i m e  i n t e r v a l  d t ,  kusing a b a s i s  of 1 kg so lvent ,  f o r  example, 

i s  determined by the  leaching k i n e t i c s .  For 

'Fe = (%eTi03 *FeTi03 + 2%e203 *Fe203 (11) 

2 
where the  r a t e s  of mineral d i s so lu t ion ,  Ri, a r e  i n  mol/cm -h, and 
the  su r face  a reas ,  Ai,  a r e  i n  cm2. 

For FeTi03 - Fe2O3 mixtures,  as discussed above, t he  a v a i l a b l e  
k i n e t i c  information i s  i n  the  form of a r a t e  equation f o r  FeTiO3, 
and numerical va lues  of t he  r eac t ion  r a t e  f o r  Fe203. The computa- 
t i o n a l  procedure the re fo re  w a s  as follows. A time increment (At),  
ac id  concent ra t ion  and a c t i v i t y  (13),  and i n i t i a l  loadings of t he  
two minera ls  were spec i f i ed .  For t h e  f i r s t  time increment, Eqs. ( 4 )  
- ( 6 )  must be solved t o  determine t h e  i n i t i a l  m. va lues  required f o r  
t he  denominator of E q .  (7). 
t i o n s  of T i  and Fe were spec i f i ed  t o  make t h i s  poss ib le ;  a va lue  of 
iO-6 mollkg w a s  s e l ec t ed .  
n ' s ,  new va lues  of m .  were ca lcu la ted ,  r e f l e c t i n g  t h e  changes i n  
s$ecies concentrationJ t h a t  occurred over the  tine increment; i n  t h i s  
way a p a r t i a l  equilibrium ca lcu la t ion  t r acks  the  so lu t ion  spec ia t ion  
over t h e  course of a leaching operation. The nonlinear set Eqs. 
( 4 )  - (6) must be solved once p r i o r  t o  the  f i r s t  t i m e  increment, 
followed by repeated so lu t ion  of Eqs. (7) - ( 9 ) ,  which a r e  l i n e a r .  
Leaching k i n e t i c s  w e r e  i n t eg ra t ed  with t h e  so lu t ion  phase r eac t ions  
i n  the  following t7ay. For a d i s so lu t ion  time t ,  Eq.  (2) was used 
t o  c a l c u l a t e  

A s  i s  customary ( 2 f ,  small concentra- 

Once E q s .  (7) - (9) were solved f o r  t h e  

followed by computation of t he  rate of change % e T i O g  
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Of t h e  T i  concent ra t ion  over t h e  cu r ren t  increment 

For hematite,  decreasing su r face  a r e a  was accounted f o r  d i r e c t l y .  
Assuming t h a t  t he  mineral  p a r t i c l e s  a r e  approximately s p h e r i c a l ,  t he  
amount of Fe2O3 a t  any t i m e  is  

3 
= 4 n r  pN 

P - n 
Fe203 3 

where n i s  t h e  number of moles, r t h e  p a r t i c l e  r ad ius ,  p t he  

molar dens i ty  and N t h e  number of p a r t i c l e s .  Then over increment A t  
Fe203 

P 

. 4 n r  2 N . A t  = pN . 4nr 2 A r  A 
AnFe203 = ‘Fe203 Fe203At = %e203 P P (14 )  

where RFeZo3 i s  t h e  r a t e  of d i s s o l u t i o n  and A 

a rea .  A r y  and new va lues  of A and r ,  a r e  c a l c u l i t i d  from An 

t h e  t o t a l  su r f ace  Fe 0 

Fe203 ‘ 

RESULTS 

3 Computations were performed f o r  3 and 4 molldm H C l  a t  325 K.  
The amounts of the  two minera ls  were var ied  from 
H20; t h e  f i n a l  concent ra t ions  w e r e  low enough t h a t  T i  p r e c i p i t a t i o n  
would not occur. I n  a l l  cases ,  t h e  f i n a l  spec ia t ions  ca l cu la t ed  
using Eqs. ( 7 )  - ( 9 )  were wi th in  5X of t h e  equilibrium spec ies  
concent ra t ions  f o r  t h e  came component concent ra t ions .  

t o  10-2 mol/kg 

Since i n  a l l  s imula t ions  t h e  metal  concent ra t ions  were much 
lower than t h a t  of H C 1 ,  t he  spec ies  d i s t r i b u t i o n s  a r e  e s s e n t i a l l y  
unaf fec ted  by a change from 3 t o  4 molldm3 a c i d .  
of t he  ac id  concent ra t ion  i s  on the  k i n e t i c s .  O f  t he  t e t r a v a l e n t  
t i t an ium spec ie s ,  by f a r  t h e  most important under t h e  condi t ions  
inves t iga t ed  i s  TiC13+ (83%); second is  Ti(OH)z2+ (107;). Of l e s s e  
importance a r e  Ti4+ ( 4 2 ) ,  TiOH3+ (3%),  and T i O C l + ,  TiOC120 and Ti0 
(none g r e a t e r  than 0.1:;). 
spec ie s  (57.79, and both FeC1+ (33%) and Fe2+ (5%) were f a i r l y  
important. FeOH’ concent ra t ions  were neg l ig ib l e .  The most important 
t r i v a l e n t  Fe spec ies  was FeC130 (41%); FeC12+ and FeC12+ had v i r t u a l l y  
i d e n t i c a l  concent ra t ions  (both 29%), while 1.3% of the  t o t a l  Fe( I I1)  
was i n  t h e  form of Fe3+, 
neg l ig ib l e .  The dominant T i ( I I 1 )  spec ie s  w a s  TiC12+ (88%), followed 
by Ti3+ (12%) and TiOH2+ ( l e s s  than 0.01%). Thus, most of t he  major 
spec ies  a r e  ch loro  complexes. 

The major e f f e c t  

?i+ 
FeC1zO w a s  t h e  most prominant Fe( I1)  

FeOH2+ and Fe(OH)2+ concent ra t ions  were 

The exception is  Ti(OH)22f, 
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2010 LIDDELL 

i l l u s t r a t i n g  the  tendency of Ti(1V) t o  hydrolyze r ead i ly .  The u l t i -  
mate Ti(1V) concentration is about s i x  orders  of magnitude g rea t e r  
than t h a t  of T i ( I I 1 ) ;  s ince  FeTi03 is assumed t o  conta in  t e t r a v a l e n t  
T i  and d iva len t  Fe, a l l  T i ( I I1 )  present  is produced by reduction of 
Ti(IV). During t h e  leaching of pure i lmeni te ,  t he re fo re ,  t he  con- 
cen t r a t ions  of Ti(1V) and Fe(I1) should be equal and much g rea t e r  
than those of T i ( I I 1 )  and Fe( I I1) .  Only if some o ther  oxidant o r  
reductan t  is ava i l ab le  w i l l  t h e  s i t u a t i o n  d i f f e r .  

I n  p r inc ip l e ,  the s i t u a t i o n  could be considerably more compli- 
cated when FeTi03 and Fez03 a r e  leached simultaneously. 
r a t e s  of r eac t ion  of t he  two minerals a r e  unequal, t he  Ti/Fe 
concentration r a t i o  changes continuously throughout the  leach. A s  a 
poin t  of comparison, it i s  use fu l  t o  no te  that i f  t h e  leaching rates 
of t h e  two minera ls  w e r e  equal,  t h e  Ti/Fe r a t i o  would be f ixed  by 
the  amounts of FeTi03 and Fe203 i n i t i a l l y  p re sen t ,  For equimolar 
i n i t i a l  amounts of i lmeni te  and hematite,  the  Ti/Fe molar r a t i o  
would always be 113; devia t ions  from t h i s  r a t i o  ind ica t e  which 
mineral  is  reac t ing  f a s t e r  i f  t h i s  r e s t r i c t i o n  on s o l i d  composition 
is obeyed. S imi la r  cri teria e x i s t  f o r  o the r  feed r a t i o s ,  Figure 1 
i l l u s t r a t e s  a case  f o r  which the  i n i t i a l  FeTi03/Fe203 is 111 but the  
Ti/Fe r a t i o  is g r e a t e r  than 113 u n t i l  both minerals have completely 
reac ted .  I lmenite r e a c t s  f a s t e r  and is depleted f i r s t ,  Over the  
e n t i r e  range of condi t ions  inves t iga t ed ,  T i / F e  r a t i o s  w e r e  found t o  
be higher than would be  pred ic ted  on t h e  assumption of equal leaching 
rates. 
f a s t e r  than FegO3. 
unusual toe80 time dependence. This causes a minimum i n  t h e  T i / F e  
r a t i o  q u i t e  e a r l y  i n  a leach  (see  Fig. l ) ,  followed by a rise t o  a 
sharp maximum as FeTi03 is deple ted ,  Thereaf te r  t h e  r a t i o  dec l ines  
smoothly u n t i l  t he  FeqO3 has a l s o  reac ted  completely. Since Ti(1V) 
and Fe(I1) a r e  supplied only by FeTi03, Fez03 is  the  only source of 
F e ( I I I ) ,  and formation of T i ( I I1 )  i s  s t rongly  disfavored thermodynam- 
i c a l l y ,  changes i n  the  Fe ( I I /Fe ( I I I )  r a t i o  p a r a l l e l  those i n  the  
Ti/Fe r a t i o .  ( I f  an  add i t iona l  oxidant o r  reductant w e r e  ava i l ab le ,  
e.g., d i sso lved  oxygen, t h i s  s i t u a t i o n  would be  expected t o  change.) 
Indeed, when appropr ia te ly  sca led ,  p l o t s  of F e ( I I ) / F e ( I I I )  v s .  t i m e  
and Ti/Fe vs .  t i m e  can v i r t u a l l y  be superimposed. The ex is tence  of 
the  extrema i n  t h e  p l o t s  suggests t h a t  a separa t ion  of T I  from Fe ,  
e.g. by so l id- l iqu id  separa t ion  and so lvent  ex t r ac t ion  of T i ,  could 
be most e a s i l y  c a r r i e d  ou t  near  t he  maximum Ti/Fe r a t i o  and would be 
most d i f f i c u l t  near the minimum. On the  o ther  hand, t he  leaching 
rates a r e  similar,  so t h a t  leaching is  not highly s e l e c t i v e .  The 
Ti/Fe and P e ( I I ) / F e ( I I I )  r a t i o s  the re fo re  do not exh ib i t  wide 
v a r i a t i o n s  during the leaching. 
by the  FeTi03fFe203 r a t i o  of t h e  feed. 
ac id  concentration is t o  decrease  t h e  t i m e s  a t  which the  maxima and 
minima occur.  

9 processing, t he  bes t  con t ro l  s t r a t egy  would l i k e l y  involve monitoring 
changes i n  the  Ti/Fe r a t i o .  

Since t h e  

Available rate da ta  i n d i c a t e  t h a t  PeTiOg a t  first leaches  
The r a t e  law f o r  FeTiOj (5), however, has an 

Both r a t i o s  are influenced pr imar i ly  
The e f f e c t  of an increased 

Given the  v a r i a b i l i t y  i n  r eac t ion  time i n  batch 
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Figure 1. Ti fFe  molar r a t i o  i n  so lu t ion  a s  a func t ion  of 
t i m e .  Reaction condi t ions  are 4 molfkg HC1, 3283, 
and i n i t i a l  FeTi03 and Fe203 loadings both 
mol i n  lkg. 

The r e l a t i v e  importance of t h e  va r ious  Ti(IV) spec ie s  i.e., t h e  
f r a c t i o n  of t h e  t o t a l  Ti(1V) concent ra t ion  comprised of a given 
spec ies ,  i s  v i r t u a l l y  t h e  same whatever mixtures of  FeTiO and Fe203 
(or FeTi20j alone) a r e  leached, and t h e  same is  t r u e  of tze T i ( I I I ) ,  
Fe(I1) and Fe(II1) spec ies .  This i s  due t o  t h e  l a r g e  excess of 
ch lo r ide  r e l a t i v e  t o  m e t a l  and t o  t h e  f a c t  that t h e  Ti-Fe redox 
r eac t ion  has only an  extremely small e f f e c t .  A s  i s  i l l u s t r a t e d  f o r  
Ti(IV) i n  F ig .  2 ,  t h e  concent ra t ion  of each spec ies  rises quickly 
a t  t h e  beginning of t h e  leach ,  then more slowly as t h e  FeTi03 is  
exhausted. Only minor changes occur la te  i n  t h e  l each  when only  
Fez03 is l e f t .  
For T i ( I I I ) ,  t h e  s imula t ions  i n d i c a t e  a s l i g h t  decrease i n  the  
spec ies  concent ra t ions  a f t e r  t h e  dep le t ion  of FeTi03. 
i n t e r v a l  on ly  Pe( I I1)  i s  being added t o  t h e  so lu t ion ,  and i t  s h i f t s  
t h e  redox r e a c t i o n  i n  t h e  d i r e c t i o n  of Fe(I1) and Ti(1V). Under 

Similar p a t t e r n s  were found f o r  Fe(I1) and Fe ( I I1 ) .  

During t h i s  
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Figure  2.  Concent ra t ions  of Ti(IV) s p e c i e s  c a l c u l a t e d  u s i n g  
t h e  p a r t i a l  e q u i l i b r i u m  model. React ion c o n d i t i o n s  
are  3 mol/kg HC1, 328K,  and i n i t i a l  FeTi03 and 
Fe203 loadings  of and mol, r e s p e c t i v e l y .  

a l l  c i rcumstances,  however, t h e  c o n c e n t r a t i o n s  of T i ( I I 1 )  are 
immeasurably low. Over t h e  course  of leaching ,  c e r t a i n  s p e c i e s  
increased  i n  importance r e l a t i v e  t o  o t h e r s  of t h e  same va lence .  
While a l l  such changes are  s m a l l  f o r  t h e  c o n d i t i o n s  of t h e  simula- 
t i o n s ,  c e r t a i n  p a t t e r n s  emerge. The s p e c i e s  e x h i b i t i n g  d e c r e a s e s  
are a l l  c h l o r o  complexes, s p e c i f i c a l l y  T iC13+ ,  FeC1zO, FeC130, and 
TiC12+; t h e s e  are t h e  predominant Ti ( IV) ,  F e ( I I ) ,  F e ( I I 1 )  and T i ( I I 1 )  
s p e c i e s ,  r e s p e c t i v e l y .  Chloro complexes w i t h  fewer l i g a n d s ,  hydro- 
lyzed  s p e c i e s ,  and f r e e  metal i o n s  a l l  become r e l a t i v e l y  more 
important  l a te r  i n  t h e  l e a c h i n g  process .  
t h e  increased  m e t a l / c h l o r i d e  r a t i o  and t h e  decreased H+ concent ra t ion .  

These changes are due t o  
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CONCLUSIONS 

Simultaneous d i s s o l u t i o n  of i lmen i t e  and hematite by HC1 has 
been modeled us ing  concepts of p a r t i a l  equilibrium. 
on t h e  rates of r e a c t i o n  w e r e  coupled wi th  d a t a  on t h e  so lu t ion  
spec ies  t o  ob ta in  p red ic t ions  of  t h e  spec ies  concent ra t ions  through- 
out t h e  leaching  process.  Var iab les  needed a s  input  a r e  t h e  i n i t i a l  
ac id  concent ra t ion  and amounts of each mineral;  a b a s i s  of 1 kg of 
H20, temperature of 328K, and i n i t i a l  p a r t i c l e  s i z e  of -106 + 75vm 
were assumed. 

Available d a t a  

Ti ( IV) ,  F e ( I I ) ,  Fe( I I1)  and T i ( I I 1 )  spec ie s  are considered, 
and o the r  ox idants  o r  reductan ts  are assumed t o  be absent .  Due to 
t h e  f a c t  t h a t  T i ( I I 1 )  i s  h ighly  uns t ab le  and can form only by 
reduct ion  of Ti(IV),  T i (1 I I )  concent ra t ions  a r e  always very  low, 
although they a r e  not cons tan t .  
l each ,  then rises t o  a sharp maximum coinc id ing  wi th  t h e  dep le t ion  
of FeTiO3 before  dropping again.  
t h i s  and e x h i b i t s  maxima and minima coinc id ing  wi th  those  of t he  
Ti/Fe r a t i o .  Both t h e  minima and maxima occur e a r l i e r  a t  higher 
ac id  concent ra t ions  when t h e  rates are f a s t e r .  The magnitudes of 
t hese  r a t i o s ,  however, are determined pr imar i ly  by t h e  amounts of 
FeTi03 and Fe2O3 supplied.  There may be oppor tun i t i e s  t o  develop 
sepa ra t ion  processes which e x p l o i t  optimal va lues  of t hese  parameters. 
For t h e  r e l a t i v e l y  low me ta l / ch lo r ide  r a t i o s  inves t iga t ed ,  t h e  d i s -  
t r i b u t i o n  of spec ie s  d id  not s h i f t  much over t h e  course of a l each .  
However, t h e  degree of metal  complexing by ch lo r ide  became s l i g h t l y  
less pronounced, 

The Ti/Fe r a t i o  drops e a r l y  i n  a 

The F e ( I I ) / F e ( I I I )  r a t i o  p a r a l l e l s  
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