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A B S T R A C T  

F o u r  s a m p l e s  o f  V e n e z u e l a n  la te r i t i c  b a u x i t e s  were  h e a t e d  to  300,  600  and  1 0 0 0 ° C  
and  the  t h e r m a l  r eac t i ons  were  s tud i ed  b y  X- ray  d i f f r a c t i o n  ( X R D )  and  b y  chemica l  
e x t r a c t a b i l i t y  o f  silica and  a lumina .  G ibbs i t e  was  c o n v e r t e d  to  b o e h m i t e  a t  300° C ,  to  an  
a m o r p h o u s  phase  a t  6 0 0 ° C  a n d  p a r t l y  to  c o r u n d u m  at  1000° C ,  w i th  i s o m o r p h i c  subs t i tu -  
t ion  o f  Fe  fo r  s o m e  o f  t h e  A1 in the  c o r u n d u m  s t ruc tu r e .  G o e t h i t e  was c o n v e r t e d  to  
p r o t o h e m a t i t e  a t  6 0 0 ° C  a n d  to  h e m a t i t e  a t  1000° C ,  w i th  i s o m o r p h i c  s u b s t i t u t i o n  for  A1 
fo r  s o m e  o f  t he  Fe  in b o t h  ~ - F e 2 0 3  variet ies .  Ti  c o n t r i b u t e d  b y  i lmen i t e  is also o c c l u d e d  
b y  the  h e m a t i t e s .  T h e  occ lus ion  o f  Ti  t akes  p lace  a t  1 0 0 0 ° C  dur ing  the  d e c o m p o s i t i o n  o f  
t he  i lmen i t e  and  c o n c o m i t a n t  r ec rys t a l l i z a t i on  o f  tv -Fe ,Os .  

I N T R O D U C T I O N  

Many  invest igators  have shown  t h a t  X-ray d i f f rac tograms of  na tura l  hema- 
t i tes  differ  f rom reference  syn the t i c  hema t i t e  in the  fol lowing three  aspects:  
(1) mos t  ref lec t ions  show some shif t  towards  lower  spacings; (2) mos t  reflec- 
t ions  are m u c h  broader ,  and (3) relative in tensi t ies  be tween  the  various peaks  
differ  f rom those  of  the  reference  syn the t i c  hemat i te .  These discrepancies  
are expla ined  as resul t ing f rom A1 replacing Fe in the  hema t i t e  s t ruc ture  and 
f rom a low degree o f  c rys ta l l in i ty ,  b o t h  proper t ies  c o m m o n  among  na tura l  
hemat i t e s  (see e.g., refs. 1--3).  

In  the  f irst  par t  of  the  presen t  s tudy  [4] we d e m o n s t r a t e d  wi th  the  help 
o f  IR  spec t roscopy  t h a t  na tu ra l  goe th i te  f rom Venezue lan  later i t ic  bauxi tes  
is conver ted  to  Al-bearing p r o t o h e m a t i t e  a t  t empera tu res  up to 600°C  and  
tha t  a t  h igher  t empera tu re s  th is  p r o t o h e m a t i t e  is conver ted  to  Al-hemati te .  
We also d e m o n s t r a t e d  t h a t  the  A1 c o n t e n t  o f  the  resul t ing hema t i t e  depends  
on the  ini t ial  concen t r a t i on  of  the  gibbsi te  (and to a smaller ex t en t  on  the  
kaol ini te)  in the  la ter i te  samples,  ra ther  t h a n  on  the  a m o u n t  o f  A1 which  
ini t ia l ly  replaces Fe in the  goe th i te  s t ruc ture  o f  the  star~ing material .  Because 
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of  this p h e n o m e n o n  we conc luded  tha t  A l -p ro tohemat i t e  is conver ted  via 
recry-stallization to Al-hemat i te .  

The  purpose  of  the  present  invest igat ion is to  (1) d e t e r m i n e  w h e t h e r  the  
mechan i sm suggested for t he  t r ans fo rmat ion  o f  goe th i te  to  h e m a t i t e  via 
p r o t o h e m a t i t e  in the  natural  lateri tes is suppor ted  by X-ray studies o f  these  
materials,  and (2) gain in fo rma t ion  on  o the r  react ions  tak ing  place during 
the  thermal  t r e a t m e n t  of  the  laterites,  which  were  no t  d e t e c t e d  by IR 
spect roscopy.  

The  extractabi l i ty  of  a lumina  and silica wi th  NaOH f rom the  thermal ly  
t rea ted  laterites was also invest igated and compared  wi th  ext rac tabi l i ty  f rom 
thermal ly  t rea ted  gibbsite and  kaolini te .  Such a compar i son  is useful  to sup- 
por t  conclusions  d rawn f rom IR spec t roscopy and X-ray da ta  on  the  loca t ion  
of  A1 in the  various mineral  phases. According  to  J a n o t  et  al. [2] ,  a l uminum 
incorpora ted  in the  iron oxide  crystals is no t  ext rac table  by NaOH. This is 
impor t an t  i n fo rma t ion  for the  Bayer  process w h e n  deal ing wi th  the  extrac- 
t ion  o f  a lumina  f rom laterit ic bauxi te  ores. 

EXPERE%IENTAL 

The prepara t ion  of  t he  samples was descr ibed in Part I o f  this s tudy [4] .  
X-Ray powder  d i f f rac t ion  pat terns  were r ecorded  on  a Philips d i f f rac tome-  
ter, using Ni f i l tered C~J~a radiat ion.  The  X-ray uni t  was opera ted  at 40 kV 
and 25 mA.  The scanning speed was 1 ° 20 min  -1. 

For  the  selective ex t rac t ion  o f  a lumina  and silica, 0.5 g o f  t he  original 
lateri te samples, as well  as kaol in i te  and gibbsite,  were  suspended  in 2.5 ml  
of  1.25 N NaOH and the  suspensions hea t ed  for 20 rain at 75 ° C. Three con- 
secutive ext rac t ions  were carried ou t  on the  above samples,  bo th  before  and 
after thermal  t r e a tmen t .  After  cent r i fugat ion  the  supernatants  were ana lyzed  
for  A1 and Si by  a tomic  absorpt ion  spec t roscopy using a Varian 1200 spec- 
t romete r .  

R E S U L T S  

X-Ray diffractograms of  corundum 

From the X-ray diffractograms recorded after the thermal treatment of 
latel~tes "c" and "d", it is obvious that gibbsite decomposed at 300°C, giving 
rise to the appearance of characteristic peaks of boehmite at angles corre- 
sponding to d spacings of 0.611, 0.816 and 0.284 nm. The intensities of 
these peaks were weaker in cases where the laterites had been treated with 
NaOH before the thermal treatment. These characteristic peaks disappeared 
after heating the ssmples to 600 ° C, and no other peaks were detected which 
could be used to identify any aluminum oxide phase. However, if the 
samples were  hea t ed  to  lO00°C,  characterist ic  peaks o f  c o r u n d u m  were 
ident i f ied .  These peaks, wh ich  were  no t  d e t e c t e d  in the  d i f f rac togram of 
later i te  " a " ,  appeared broad  in later i te  " b "  and  very in tense  and sharp in 
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lateri tes " c "  and  " d " .  The  intensi t ies  o f  these  peaks were  very m u c h  weaker  
if t he  lateri tes had been  t rea ted  wi th  NaOH before  the  calcinat ion.  The 
weight  ratios b e t w e e n  c o r u n d u m  and h e m a t i t e  fo rmed  at 10000C were  cal- 
cula ted  f rom the  ratios b e t w e e n  the  intensi t ies  o f  t he  mos t  in tense  peaks o f  
these  two  minerals  ( the  113 and the  104 ref lect ions  in c o r u n d u m  and 
hemat i t e ,  respect ively)  and  are given in Table 1. The  cal ibrat ion curve for 
this purpose  was prepared  using d i f f rac tograms o f  artificial mix tures  o f  syn- 
the t ic  c o r u n d u m  and syn the t ic  hemat i t e .  By compar ing  these  ratios wi th  the  
initial g ibbs i te - -goeth i te  ratios f rom the  lateri tes ( table 1, ref. 4), it is ob- 
vious tha t  on ly  part  of  t he  a lumina  had  been  recrystal l ized to  c o r u n d u m  
u n d e r  the  present  expe r imen ta l  condi t ions .  The  r ema inde r  p robab ly  forms 
a m o r p h o u s  a lumina  and si l ica--alumina phases. 

Table 1 also presents  t he  d spacings o f  t he  various co rundums .  F rom the  
Table it is obvious  tha t  all d spacings shift  to  higher  values c o m p a r e d  to  
those  characterist ic o f  t he  s tandard c o r u n d u m .  These shifts indicate  tha t  
some i somorphous  subs t i tu t ion  o f  Fe for A1 takes  place in the  c o r u n d u m  
crystal  [2] .  This is in ag reement  wi th  the  band  shifts observed in the  corre- 
spond ing  IR spectra  [4] .  

X-Ray  diffractograms o f  Ti minerals 

I lmeni te  was d e t e c t e d  in all the  samples which  were  hea t ed  to  300 and 
600 ° C. The  peaks were  m o r e  in tense  in the  d i f f rac tograms of  lateri tes which  
had been  t rea ted  wi th  NaOH before  the  the rmal  t r ea tmen t .  No f lmeni te  was 
d e t e c t e d  in any  o f  t he  samples which  were  hea ted  to  1000°C.  At  this tem- 
pera ture  i lmeni te  is usually t r ans fo rmed  in to  p s e u d o b r o o k i t e  [5] .  I lmeni te  
was ident i f ied  by  characterist ic ref lec t ions  at angles cor responding  to 0.274,  

T A B L E  1 

Charac te r i s t i c  d spac ings  (in r im) o f  c o r u n d u m s  o b t a i n e d  dur ing  the  t h e r m a l  t r e a t m e n t s  o f  
synthetic gibbs i te  and  o f  the  l a te r i t es  h e a t e d  a t  1 0 0 0 ° C  a n d  the  we igh t  r a t ios  between 
c o r u n d u m  and  h e m a t i t e  [ ca l cu l a t ed  f r o m  ra t ios  b e t w e e n  the  in tens i t ies  o f  t he  (113 )  
reflection o f  c o r u n d u m  and  the  ( 1 0 4 )  r e f l e c t i o n  o f  h e m a t i t e  I ( 1 1 3 ) C / I ( 1 0 4 ) H  * ] 

hkl I l i(113) S ource  o f  c o r u n d u m  

S t a n d a r d  gibbsite Laterite L a t e r i t e  La t e r i t e  
" b "  " c "  " d "  

0 1 2  75 0 .346  0 .347  0 .349  0 .347  
104  90  0 .254  0 .255  0 . 2 5 6  0 .255  
110  40  0 .237  n.d.  0 . 239  0 .238  
113  100  0 .208  0 .209  0 .209  0 . 2 0 9  
024  45  0 .174  0 .175  0 .175  0 .174  
116  80  0 .160  0 .161  0 .161  0 .161  

Corundum/hematite weight r a t io  *:  0 .26  0 .25  0 .63  

n.d.  ffi N o t  detected. 
Cal ib r a t i on  cu rve  was  p r e p a r e d  f r o m  p u r e  synthetic hematite and c o r u n d u m .  
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0.254, 0.233, 0.186 and 0.172 nm. Very small peaks of  brookite,  corre- 
sponding to 0.290, 0.248, 0.197 and 0.188 nm, were detected in diffraction 
patterns of  samples heated at 1000°C. 

X-Ray diffractograms of  hematite 

C h a r a c t e r i s t i c  d spacings  c a l c u l a t e d  f r o m  t h e  m o s t  i n t e n s e  p e a k s  o f  dif-  
f r a c t o g r a m s ,  r e c o r d e d  a f t e r  h e a t i n g  t h e  s y n t h e t i c  g o e t h i t e  a n d  l a t e r i t e  
s amples  to  300 ,  600  a n d  1 0 0 0 ° C ,  a re  given in T a b l e  2. F r o m  t h e  T a b l e  i t  is 
o b v i o u s  t h a t  m o s t  d spacings  sh i f t  t o  l o w e r  va lues  c o m p a r e d  t o  t h o s e  cha rac -  
t e r i s t i c  o f  t h e  s t a n d a r d  h e m a t i t e .  S u c h  shi f t s  n o r m a l l y  a c c o m p a n y  subs t i tu -  
t i o n  o f  Fe b y  A1 in t h e  h e m a t i t e  l a t t i c e  [ 6 - - 9 ] .  A w e a k  p e a k ,  w h i c h  co r re -  
s p o n d s  t o  a ( 113 )  r e f l e c t i o n ,  is e x t r e m e l y  b r o a d  in t h e  d i f f r a c t o g r a m s  
r e c o r d e d  a f t e r  h e a t i n g  t h e  l a t e r i t e s  t o  300  ° C. T h e  l ine  is spl i t  i n t o  t w o  peaks  
a f t e r  h e a t i n g  t h e  samples  t o  600  ° C. 

T h e  sl ight  silica a n d  a l u m i n a  e x t r a c t i o n  b y  N a O H  (20  ra in)  b e f o r e  t h e  
t h e r m a l  t r e a t m e n t  d id  n o t  cause  a n y  s ign i f i can t  c h a n g e  in  t h e  c h a r a c t e r i s t i c  
spac ings  o f  t h e  h e m a t i t e  o r  in t h e  re la t ive  in t ens i t i e s  a n d  p e a k  w id th s .  This  is 
in c o n t r a s t  t o  t h e  s ign i f i can t  c h a n g e  w h i c h  th is  c h e m i c a l  t r e a t m e n t  h a d  o n  
t h e  l o c a t i o n  o f  t h e  c h a r a c t e r i s t i c  I R  a b s o r p t i o n  b a n d s  o f  h e m a t i t e  [ 4 ] .  

TABLE 2 

Characteristic d spacings (in nm) of protohematites and hematites obtained during the  
therrn~ treatments of  synthetic goethite and Venezuelan laterites 

Temp. t f f . , l  Source of hematite 
(°C) 

Synthetic Laterite Laterite Laterite Laterite 
goethite "a"  "b"  "e"  "d"  

300 012 0.368 z z ~0.367 0.367 
104 0.270 br <0.270 * <0.270 * 0.269 0.269 
110 0.252 0.249 0.250 0.250 0.251 
113 0.221 

0.220 ~0.219 br -0 .219  br ~0.218 br <0.219 * 
116 0.170 

0.169 0.169 0.169 <0.168 * 0.168 br 

600 012 0.369 0.369 0.369 6.368 0.367 
104 0.270 br 0.269 0.269 0.269 0.269 
110 0.252 br 0.251 0.251 0.250 0.251 
113 0.220 0.220 0.220 sh 0.220 sh 0.220 

0.219 sh 0.218 0.219 0.218 
116 0.170 0.169 0.168 0.168 0.169 

1000 012 0.868 0.366 0.364 0.365 0.365 
104 0.269 0.268 0.267 0.268 0.268 
110 0.252 0.251 0.249 0.250 0.250 
113 0.221 0.220 0.219 0.220 0.220 
116 0.169 0.168 0.168 0.168 0.168 

* Extremely broad, impossible to determine the  e x a c t  value. 
br, Ve,-lz broad; sh, shoulder; z, kaolinite interference. 
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S y n t h e t i c  g o e t h i t e  is c o n v e r t e d  t o  p r o t o h e m a t i t e  a t  3 0 0 ° C  a n d  a l m o s t  
c o m p l e t e l y  t o  h e m a t i t e  a t  6 0 0 ° C .  T h e  X - r a y  d i f f r a c t o g r a m s  o f  p r o t o h e m a -  
r i t e  o b t a i n e d  f r o m  s y n t h e t i c  g o e t h i t e  d i f f e r  f r o m  t h a t  o f  r e f e r e n c e  h e m a t i t e  
( o b t a i n e d a t  1 0 0 0 ° C )  a n d  f r o m  h e m a t i t e  fo~]ned  a t  6 0 0 ° C  [ 1 0 ]  in  l ine  
b r o a d e n i n g  a n d  in r e l a t i ve  i n t e n s i t i e s  as f o l l o w s :  (1)  o n l y  l ines  a s s o c i a t e d  
w i t h  ( 1 1 0 ) ,  ( 1 1 3 )  a n d  ( 3 0 0 )  p l a n e s  a re  s h a r p  w h e r e a s  t h e  o t h e r  l ines  a re  
m u c h  b r o a d e r  t h a n  t h o s e  o f  r e f e r e n c e  h e m a t i t e  ( T a b l e  3);  (2)  t h e  r e l a t i ve  
l ine  i n t e n s i t i e s  I / I ( 1 0 4 )  are h i g h e r  in  t h e  d i f f r a c t o g r a m s  o f  p r o t o h e m a t i t e  
c o m p a r e d  t o  t h o s e  o f  r e f e r e n c e  h e m a t i t e  ( T a b l e  4) .  T h e  d i f f r a c t o g r a m s  ob-  
t a i n e d  f r o m  h e a t i n g  t h e  n a t u r a l  l a t e r i t e  s a m p l e s  a t  3 0 0  G 0 0 ° C  also  d i f f e r  
f r o m  t h a t  o f  r e f e r e n c e  h e m a t i t e  in  l ine  b r o a d e n i n g  a n d  in  r e l a t i ve  l ine  i n t e n -  
s i t ies  ( T a b l e s  3 a n d  4).  M o r e o v e r ,  m o s t  o f  t h e  p e a k s  a re  b r o a d e r  t h a n  t h o s e  
o f  t h e  s y n t h e t i c  p r o t o h e m a t i t e  ( o b t a i n e d  a t  3 0 0  ° ). T h i s  i n d i c a t e s  t h a t  t h e  
r e s u l t i n g  p r o d u c t s  o f  h e a t i n g  t h e  n a t u r a l  l a t e r i t e s  a re  m o r e  p o o r l y  c r y s t a l l i n e  
t h a n  t h e  s y n t h e t i c  p r o t o h e m a t i t e .  

T w o  d r a s t i c  c h a n g e s ,  w h i c h  are  d i a g n o s t i c  f o r  t h e  r e c r y s t a l l i z a t i o n  o f  t h e  
i r o n  o x i d e ,  a re  o b s e r v e d  a f t e r  h e a t i n g  t h e  l a t e r i t e  s a m p l e s  t o  1 0 0 0 ° C :  (1)  
m o s t  o f  t h e  d i f f r a c t i o n  p e a k s  b e c o m e  s h a r p  a n d  t h e  w i d t h s  a t  h a l f  h e i g h t  a re  
e q u a l  t o  t h o s e  o f  t h e  s t a n d a r d  h e m a t i t e  ( T a b l e  8) ,  a n d  (2)  t h e  i n t e n s i t y  
r a t i o s  o f  t h e  v a r i o u s  p e a k s  r e l a t i ve  t o  t h e  ( 1 0 4 )  r e f l e c t i o n  d e c r e a s e  a n d  
a p p r o a c h  t h e  r a t i o s  o b t a i n e d  fo r  t h e  s t a n d a r d  h e m a t i t e  ( T a b l e  4) .  

TABLE 3 

Widths at half height (in 28 units) of characteristic X-ray diffraction peaks of Fe203 ob- 
tained during the thermal treatments of  synthetic goethite and of Venezuelan lateri~es 

Source of  hemati te Temp. hkl 
(°C) 

102 104 110 113 116 

Synthetic goethite 

Laterite "a"  

Laterite "b"  

Laterite "c" 

Laterite "d" 

300 0.80 0.70 0.30 0.45 0.55 
600 0.30 0.30 0.25 0.35 0.30 

1000 0.25 0.20 0.25 0.25 0.30 

300 z 1.30 z z z 
600 0.60 0.90 0.50 0.50 0.65 

I000 0.20 0.30 0.30 0.55 * 0.25 

300 z <1.50 z z z 
600 0.60 1.00 0.65 0.90 * 0.70 

1000 0.25 0.25 0.25 0.25 0.30 

300 z 0.80 z <1.10 z 
600 0.60 0.95 0.70 1.50 0.55 

I000 0.25 0.20 0.25 0.30 0.30 

300 0.65 0.90 0.65 1.05 1.00 
600 0.50 0.85 0.65 1.00 ** 0.80 

1000 0.25 0.20 0.25 0.30 0.30 

* This line is very broad b e c a u s e  i t  c o m p r i s e s  t w o  m a x i m a ,  s ee  Table 2. 
z, Overlapping with peaks of  e i t h e r  k a o l i n i t e  or quartz. 
** Extremely broad, impossible to determine the exact value. 
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T .4~BLE 4 

Rat ios  o f  intensi t ies  (in percen tage)  o f  charac ter i s t ic  X- ray  d i f f r ac t ion  peaks  o f  Fe=Os ob-  
ta ined dur ing the thermal  t r e a tmen t s  o f  syn the t i c  goe th i t e  and  o f  Venezue lan  lateri tes,  
relative to  (104)  la t t ice  plane I/I(104) 

Source  o f  h e m a t i t e  Temp.  hkl 
(°C) 

102 104 II0 113 116 

Syn the t i c  goe th i te  300 30 100  105  35 50 
600  20 100 60 20 45 

1000  25 100  60 20 50 

L a t e ~ t e " a "  300  z 100  z z z 
600 50 100 110 65 65 

I000 30 100  70 40  * 50 

L a t e ~ t e " b "  300 z 100  z z z 
600 30 100  85 40 * 60 

1GO0 80 I00 65 25 40 

Late~e"c" 300 z I00 <I00 <55 z 
600 85 I00 95 30 * 45 

1000  30 100  65 25 45 

L a t e r i t e " d "  300  45 100  90 45 55 
600  40 I00 85 35 * 50 

I000 30 I00 60 20 40 

z, Over lapping wi th  peaks o f  e i ther  kaol in i te  o r  quar tz .  
* Rat io  de te rmined  for  the  m o r e  intensive o f  the  t w o  peaks  (see Table  2). 

Ext~'actabflity o f  alumina from calcined laterites 

The effect of the calcination temperatures on the extractability of 
alumina and silica by NaOH from synthetic gibbsite, standard kaolinite and 
the various lateritic bauxites is summarized in Table 5. The data of Table 5 
represent the summation of three consecutive extractions. Regarding extract- 
ability of the silica, in most cases there was no clear decrease in the amount 
of dissolved SiC= during the three consecutive extractions, and in the few 
cases when we continued with the consecutive extractions more than three 
times, we found that the dissolution decreased only slightly. On the other 
hand, the extracted amount of alumina from the heated laterite samples 
decreased drastically with the number of extractions. In more than half of 
the cases extractability was already less than i% in the third extraction. The 
extractability of alumina from kaolinite is similar to that of silica from this 
mineral, and there is no clear decrease in the amount of dissolved Al2Os 
during the three consecutive extractions. It is clear that 20 min is not suffi- 
cient time to reach equilibrium in the solubility reaction and that the results 
presented in Table 5 do not give information on the absolute amounts of 
extractable alumina and silica, but merely represent a trend on their extrac- 
tion. 

Maximum extractability of alumina from gibbsite is achieved after the 
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TABLE 5 

Extractability of Al203 and SiO2 (in percentage) from standard gibbsite, Georgia kaolin- 
ite and laterites "a", "b", "c", and "d" by three consecutive extractions with an aqueous 
solut ion  of NaOH (1.25 N) 

Sample  Ex t rac ted  Unt rea ted  
oxide  sample  

Calcination temp. (°C) 

300 600 1000 

Gibbsi te  AlzO 3 2.77 38.70 7.73 0.16 

Kaolinite  A1203 1.32 1.12  12.33 0.66 
SiO 2 2.33 1.99 14.27 27.63 

Later i te  " a "  A1203 2.17 3.81 8.04 0.21 
SiO2 2.07 7.81 9.77 5.62 

Later i te  " b "  A1203 5.80 10.04 7.12 0.26 
SiO2 1.90 4.45 7.27 4.81 

Later i te  " c "  A1203 9.35 15.04 5.24 0.75 
SiO2 0.73 0.90 2.03 1.50 

Later i te  " d "  A1203 12.22 15.87 4.81 0.37 
Si02 0.70 1.14 2.41 1.90 

mineral has been heated to 300 °C, and transformed to boehmite. Extract- 
ability decreases when the boehmite is dehydroxylated at 600°C and drasti- 
cally falls when corundum results at I000 ° C. 

The effect of calcination temperature on the extractabllity of alumina and 
silica from kaolinite is different. Maximum extractability for both oxides is 
achieved only at 600°C, after the dehydroxylation of this mineral and its 
transformation to meta-kaolinite. At 1000°C, after the segregation of the 
rneta-kaolinite into silica and alumina phases, the extractability of the silica 
decreases slightly, whereas that of the alumina is drastically reduced. 

Regarding the extractability of silica from the ]aterites, all the samples 
show behavior characteristic of kaolinite, namely, a maximum in extract- 
ability is reached after the samples are heated at 600~C when the kaolinite is 
transformed to meta-kaolinite. On the other hand, the extractability of 
alumina depends on the sample's mineralogical composition. It is typical of 
kaolinite in laterite "a", and gibbsite in laterites ~c" and "d" and seems to 
be controlled by both minerals in laterite "b". The alumina phases formed 
during the calcination of laterites "c" and "d" at 300 and 600°C are less 
extractable than the alumina phase which is formed from gibbsite at the 
same temperature. This is probably due to surface coatings by silica and 
iron oxide (protohematite), which results in the lowering of the solubility 
of the aluminum oxide. On the other hand, the alumina phases which are 
formed at 1000°C are more extractable than the pure corundum phase. This 
may be explained if we assume that the resulting alumina phase at this tem- 
perature is an iron-bearing corundum phase, whose existence was proved 
from the X-ray study. It seems plausible that such a solid solution phase, 
which forms very fine particles [2] and which is thermodynamically less 
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s t ab le  t h a n  a p u r e  c o r u n d u m  p h a s e ,  m a y  be  m o r e  e x t r a c t a b l e  b y  N a O H  solu-  
t i o n  t h a n  t h e  p u r e  p h a s e .  C o r u n d u m  f r o m  l a t e r i t e  " c "  c o n t a i n s  h i g h e r  
a m o u n t s  o f  o c c l u d e d  Fe  t h a n  t h a t  f r o m  l a t e r i t e  " d " ,  a n d  is t h e r e f o r e  m o r e  
s o l u b l e  t h a n  t h e  l a t t e r .  

DISCUSSION 

The present investigation has clearly demonstrated that Al-bearing goe- 
thite is thermally transformed to Al-bearing hematite via the analogous 
protohematite. In this sense the natural Al-bearing goethite and the pure syn- 
thetic goethite behave similarly. However, the apparent minimum tempera- 
ture at which a rapid transformation of protohematite to hematite begins is 
above 600°C; the latter being the minimum temperature necessary for the 
respective transformation of synthetic A/-free iron oxide to take place in the 
absence of additives. It may be concluded that in the Venezuelan laterites A1 
does not inhibit hematite formation unless a suitable temperature is applied. 
These results support the suggestions of Schwertmann et el. [3] and of 
Perinet and Lafont [II] that differential line broadening in the X-ray dif- 
fractograms of a-Fe203 from various soils and bauxites is due to the exis- 
tence of iron oxides having a crystallographic character similar to that of 
protohematites in the natural samples. 

Whereas lateritic hematite and protohematite can be unequivocally differ- 
entiated using the X-ray diffractograms, only one significant difference was 
ascertained between their Ii~ spectra, namely a shift of the Fe--O high fre- 
quency band. On the other hand, there are drastic differences between the 
Ii~ spectra of synthetic pure protohematite and hematite [12]. In addition 
to the shifts of the maxima of all three bands, the latter displays broad 
absorption bands whereas protohematite, which is of a very small particle 
size, exhibits veIT sharp absorption bands. The diffuse character of the 
abso1~tion bands of the Al-bearing protohematite may indicate that this 
material is much more defective than the protohematite obtained from syn- 
thetic goethite; the latter has a fully ordered structure in the hematite a 
direction. This is in agreement with the fact that X-ray peaks are broader in 
the lateritic protohematites than those of the pure synthetic sample 
(Table 3). 

There is some contradiction be~ween the results of the X-ray and the IP~ 
studies of the above hematites. Shifts in the characteristic Ii% absorption 
bands of the hematite are correlated with the initial gibbsite/goethite ratio 
(or total A1203 content of the laterite) and were therefore suggested as indi- 
catolm of substitution of Fe by A1 in the hematite structure [4]. According 
to this assumption, hematite fo~,,,ed at 1000°C from laterite "d" has the 
highest ratio of substituted A1 and this ratio gradually decreases in the order 
laterite "c", "b" and "a". On the other hand, many investigators showed 
that A/ isomorphous substitution causes shifts in the d spacings to lower 
values, particularly the (019.), (110) and (113) reflections. According to 
Table 2 it appears as if the hematite formed at 1000 ° C from laterite "'b" has 
the highest ratio of substituted /%/. This is neither in agreement with the IR 
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data  no r  wi th  wha t  one  wou ld  expec t  f rom the  chemical  compos i t i on  of  the  
system. I t  is t he re fo re  m o r e  plausible tha t  in this m u l t i c o m p o n e n t  sys tem 
o the r  e lements  in add i t ion  to  A1 may  subs t i tu te  for  Fe in hemat i t e ,  causing 
the  d spacings to  shift  e i ther  towards  lower  or  h igher  values. Recen t ly ,  Fitz- 
pat r ick et al. [13]  showed  tha t  t i t an ium can be incorpora ted  in the  iron 
ox ide  structures.  Fu r the rmore ,  t he  presence  o f  t i t a n o h e m a t i t e  has been  
d e t e c t e d  in soils. By compar ing  X-ray diff~actograms of  h e m a t i t e  and i lmen- 
ite one  wou ld  expec t  tha t  Ti occlusion in h e m a t i t e  will shift  d spacings to 
h igher  values [5] .  Later i te  " b "  has the  lowest  i lmeni te  c o n t e n t  and  is there-  
fore  the  least a f fec ted  by  Ti occlusion.  On the  o the r  hand,  la ter i te  " d "  has 
t he  highest  i lmeni te  c o n t e n t  and the  h e m a t i t e  f o rmed  at 1000°C will be 
highly c o n t a m i n a t e d  by Ti ions. Values o f  d spacings cor responding  to  hema-  
t i te  " b "  are the re fo re  lower  t han  those  o f  h e m a t i t e  " d "  f o r m e d  in the  more  
Ti-rich lateri te,  a l though  f rom thei r  IR spectra  it was conc luded  tha t  the  
fo rmer  conta ins  less occ luded  A1 ions. The  fo l lowing two XRD observat ions  
may  suppor t  this suggestion:  (1) we did  no t  f ind any  significant d i f fe rence  
b e t w e e n  the  X-ray d i f f rac tograms o f  e i ther  the  NaOH ex t rac ted  (20 rain) 
samples before  the  the rma l  t r e a t m e n t  or  f rom the  the rmal ly  t rea ted  samples 
which  were  n o t  NaOH treated,  and  (2) i lmeni te  was d e t e c t e d  by X-ray in the  
samples hea t ed  to  300°C and 600°C bu t  d isappeared after  the  samples were  
heated to 1000 ° C. Diffractograms of the latter show very weak and diffuse 
lines of brookite, and therefore it is suggested that during the thermal trans- 
formation of ilmenite to brookite some of the Ti ions diffuse into the hema- 
tite which at this temperature is recrystallizing. 

The extractability experiments carried out with NaOH (Table 5) give some 
additional information about the character of the solid phases. Silica is 
extracted from a silica--alumina phase which seems to be uniform. This is 
inferred from the solubility of silica which is almost constant during the 
three consecutive extractions. Alumina, on the other hand, is extracted from 
several different solid phases, and its solubility decreases with the number of 
extractions. The extractability of alumina from the laterites heated at 300°C 
can be corre la ted  wi th  the  to ta l  AlzO 3 c o n t e n t  init ially present  in the  sample;  
t he  ext rac tabi l i ty  increases wi th  increasing a lumina  concen t ra t ion .  On the  
o the r  hand ,  t he  ext rac tabi l i ty  o f  a lumina  f rom the  lateri tes hea t ed  at 600°C 
increases wi th  the  to ta l  $iO2 c o n t e n t  o f  t he  sample.  The  the rmal  react ions  
b e t w e e n  t h e  a lumina  and the  iron ox ide  b e c o m e  critical at 1000°C and thei r  
e f fec t  on  the  ext rac tabi l i ty  o f  A1 becomes  recognizable  after  heat ing  the  
samples at 1000°C.  
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