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ABSTRACT 

The thermal  dehydroxy la t ion  o f  natural  Al-bearing goethi te  was investigated by  IR 
spect roscopy.  Venezuelan laterit ic bauxites  (which in addi t ion to  goethi te  conta in  kaolin- 
ite, gibbsite, i lmenite and quartz) ,  as well as chemical ly isolated samples o f  Al-goethites, 
were heated  to  300, 600 and 1O00°C. The spectral features o f  the iron oxides formed 
during the thermal  t r ea tmen t  depend on  the heating tempera ture ,  showing that  the first 
dehydroxy la t ion  p roduc t  is Al-bearing p ro tohemat i t e  which at  tempera tures  above 600°C 
is recrystall ized to  Al-bearing hemati te .  Part  o f  the a luminum which is occluded in this 
hemat i te  originates f rom the  gibbsite and to  a smaller ex ten t  from the kaolinite. 

INTRODUCTION 

The  mos t  i m p o r t a n t  i ron minerals  in later i tes  and bauxi tes  are goe th i te  
and  hemat i t e .  Because o f  part icle size, hema t i t e  is m u c h  more  separable t han  
goethite in the red mud resulting from the Bayer process (see e.g., Solymar 
et  al. [1] ) .  The  technologica l  disadvantages caused by  the  goe th i te  c o n t e n t  
of  the  bauxi tes  can be avoided by  t r ans fo rming  goe th i te  in to  hemat i t e ,  i.e. 
b y  the rma l  t r ea tmen t .  Thei=~l~al t r ans fo rma t ion  is also i m p o r t a n t  in geoche- 
mis t ry  as i t  m a y  occur  dur ing  the  m e t a m o r p h i s m  o f  bur ied  sediments .  

The  a -FeOOH-~  c~-Fe203 t r ans fo rma t ion  in the  absence o f  addit ives has  
been t h o r o u g h l y  invest igated and  reviewed (see e.g., R o o k s b y  [2] ). A poly-  
dom a in  wi th  an imperfec t  s t ruc ture  o f  a-Fe20~ is ob ta ined  b y  hea t ing  
goe th i te  up  to  600 ° C. This i ron oxide  var ie ty  is called p r o t o h e m a t i t e  [3] .  At  
h igher  t empera tu res  the  p r o t o h e m a t i t e  recrystal l izes  to  hemat i t e .  The  
various stages of  the  the rma l  t r ans fo rma t ion  and  the  proper t ies  o f  the  result- 
ing hem a t i t e  depend  on  the  chemical  env i ronmen t  as well as on  the  physica l  
cond i t ions  in which  the  d e h y d r o x y l a t i o n  react ions  are carried ou t  (see e.g., 
refs. 4--6).  A l though  mos t  na tura l  goeth i tes  are ac tua l ly  Al-bearing goeth i tes  
(see e.g., refs. 7 and 8), sys temat ic  research on the  t he rma l  t r ans fo rma t ion  o f  
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iron oxides was carried out mostly with synthetic goethites barring a few 
exceptions (see e.g., Perinet and Lafont [9] and Schwertmann et al. [10]. 
During a study of the thermal reduction of goethite by alkali iodides (Men- 
delodci and Yariv [11]) and on the thermal transformation of goethite to 
maghemite hl CsI disks [12], we showed that a natural goethite did not 
behave similarly to synthetic goethite. 

The object of the present investigation is to study the thermal transforma- 
tion of natural Al-bearing goethite as well as the effects of the presence of 
the various minerals found in Venezuelan lateritic bauxites on the reaction 
products. In the first part of the present investigation, the iron oxide reac- 
tion products are examined by IR spectroscopy; in the second part, the 
crystallinity of the resulting oxides will be determined by X-ray diffraction 
[17]. The first part of this work involves the following investigations. 

(1) The thernal transformation of chemically isolated At-bearing goethites 
and the formation of At-bearing hematites is followed by IR spectroscopy; 
moreover the effects of initial ~ substitution in the original goethite struc- 
ture are correlated with band positions. 

(2) The formation of corundum from the natural gibbsite by calcination 
of the lateritic samples after the removal of free iron oxides is followed by 
IR spectroscopy. 

(8) The lateritic bauxites, either in their original forms or after a partial 
removal of free alumina, are heated to various temperatures, and their IR 

TABLE 1 

C o n t e n t  o f  minera l s  and  t h e r m a l  we igh t  losses (in we igh t  p e r c e n t a g e )  in t h e  l a t e r i t i c  
b a u x i t e  s amples  used  in t he  p r e s en t  s t u d y  

L a t e r i t e  

" a "  " b "  " c "  " d "  

Content of: 
Quar t z  * i0 6 
Kao l in i t e  * 80 40 
Kaolinite ** 70 47 
Gibbsite * Trace 40 
Gibbsite ** Trace I0 
Gibbsite *** Trace 16 
Goethite T 11 22 
I l m e n i t e  * *  7 7 

Weight  losses a t :  
1 0 5 ° C  1.7 
3 0 0 ° C  1.9 
6OO°C 8.7 

l O 0 0 ° C  0.3 

9 Trace 
5 5 

I0 II 
70 70 
48 51 
44 52 
22 26 
8 13 

2.7 1.9 1.8 
6.6 15 .3  18 .2  
6 . 1  4 . 1  2 . 9  
0 . 1  0 . 1  0 . 8  

* Approximate estimation by XRD and/or IR [14 ]. 
** Approximate estimation from total chemical analysis of the elements (kaolinite, cal- 

culated from total SiO2 minus quartz SIO2; gibbsite calculated from total A1203 minus 
kaolinite A1203; Umenite calculated from total TiO2). 
*** E~timated by selective consecutive dissolutions with boiling 0.5 N NaOH. 

% Estimated by the modified CDB treatment [14]. 



329  

spectra  are c o m p a r e d  to  those  o f  syn the t ic  h e m a t i t e  and c o r u n d u m  or to 
hema t i t e s  and  c o r u n d u m s  ob ta ined  by  the  ca lc inat ion o f  t he  natural  goe- 
th i tes  and gibbsites, respectively.  

EXPERIMENTAL 

Materials 

Four  representa t ive  laterit ic samples ( ~ 1 5 0  mesh)  o f  d i f fe ren t  composi -  
t ion  were  used for  this s tudy  f rom a residual profi le  in the  Venezue lan  
Guayana  [13] .  Mineralogical con ten t s  o f  these  samples are listed in Table 1. 
Goe th i t e  was synthes ized  in our  l abora to ry  [14] .  S tandard  gibbsite was 
supplied by ALCOA and Georgia kaol in i te  by  Wards. C o r u n d u m  was ob- 
ta ined  by calcination of gibbsite at 1000 ° C. 

Methods  

Four  d i f fe ren t  groups o f  la ter i te  samples were  examined .  The first group 
compr i sed  the  original g round  samples. The  second  and the  th i rd  groups 
were  ob ta ined  by shaking the  lateri tes wi th  1.25 M NaOH at 75°C for  20 
rain and 15 h, respectively.  The  gibbsite is on ly  par t ly  r e m o v e d  f rom the  
second  group,  whereas  the  th i rd  group is gibbsite-free [14] .  A fou r th  group 
was ob ta ined  by  selective d issolut ion o f  the  i ron in the  natural  la ter i te  
samples,  by  consecut ive  ex t rac t ions  (20 t imes)  wi th  ci t ra te-di thioni te-bicar-  
bona te  (CDB) unt i l  no i ron was d e t e c t e d  in the  extracts  [14] .  Samples o f  t he  
second,  th i rd  and  four th  groups were  t ho rough ly  washed  before  fur ther  
t r ea tmen t .  The  four  d i f fe ren t  laterit ic groups as well  as syn the t i c  goeth i te ,  
gibbsite and  Georgia kaol in i te  were  hea t ed  at 300,  600 and 1000°C for  1 day  
at each t e mp e ra tu r e  and  weight  losses were  d e t e r m i n e d  (Table 1). 

Infrared spectra  o f  t he  the rmal ly  t rea ted  samples were  recorded  on  a Per- 
k in-Elmer  m o d e l  283 grating s p e c t r o p h o t o m e t e r  at s m b i e n t  beam tempera-  
ture.  For  this  purpose  disks o f  13 m m  d iame te r  were  prepared  by pressing 
a mix tu re  conta in ing  1.5 mg o f  sample and  200 mg o f  alkali hal ide (KI or  
CsI). 

RESULTS AND DISCUSSION 

Thermal treatment  o f  lateritic Al-goethites (third group) 

According to Schwertmann et al. [I0] dehydroxylation of Al-goethites at 
800°C results in poorly crystalline Al-protohematites which at higher tem- 
peratures are partly perfected. The difference in the thermal behavior 
between the pure goethite and the Al-bearing goethite is manifested at 
600°C when the first is recrystallized, yielding a three-dimensionally ordered 
structure of hematite; whereas the latter is poorly ordered in the c direction. 
Schwertmann et al. [I0] came to these conclusions from line broadening in 
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Fig. 1. infrared spectra of Al-bearing goethite originated from laterite "c", heated for 1 
day at the following temperatures: (a) and (b) B00 and 450°C, respectively, disks 
reground four times (Al-bearing protohematite); (c) and (d) 1000°C, disks unground and 
reground four times, respectively (Al-bearing hematite). 

X-ray d i f f rac tograms and  i t  seems reasonable  to  examine  t h e  effects  o f  tem- 
pera ture  on  the  IR  s p e c ~ a  o f  these  materials .  I t  should  be m e n t i o n e d  t h a t  
the  t r ans fo rma t ion  o f  the  pure  p r o t o h e m a t i t e  to h e m a t i t e  a t  ~ 6 0 0 ° C  is 
demons t r a t ed  by  drast ic  changes in t he  cor responding  IR  spect ra  [3] .  The  I R  
spec t rum of  syn the t i c  ~ -FeOOH hea ted  for  I d a y  at  600°C  shows character-  
istic features  o f  b o t h  varieties,  p r o t o h e m a t i t e  and h e m a t i t e  (Table 2), 
a l though  the  X-ray di f fxactogram of  the  same sample  is t yp ica l  for  hemat i t e .  

The  t h e r m a l  behavior  o f  t he  Al-bearing goe th i tes  was invest igated af ter  t he  
removal  o f  gibbsi te  and par t  o f  the  kao l in i te  f rom the  na tura l  lateri tes.  The  
spectra  of  t he  a-Fe203 ob ta ined  f rom goeth i te  " c "  af ter  t he  t he rma l  treat-  
men t s  a t  various t empera tu res  are given in Fig. 1. Gr inding  dur ing  the  pre- 
pa ra t ion  o f  the  disks m a y  af fec t  the  IR  spectra  o f  various minerals ,  (see e.g., 
Yariv [15] ) .  No s ignif icant  changes  in t he  spectra  o f  t he  Al-bearing pro tohe-  
mat i tes  fo rmed  at  t empera tu res  up  to  600°C  were observed in t he  present  
s tudy  i f  t he  disks were reground,  apar t  f rom changes  in the  in tens i t ies  o f  t he  
absorp t ion  bands.  On the  o the r  hand ,  gr inding a f fec ted  the  spec t rum o f  A1- 
bear ing he ma t i t e  ob ta ined  at  1000  ° C, in the  sense t ha t  t h e  low f r equency  ab- 
sorp t ion  band  was shi f ted  to a h igher  value (Fig. 1, c and d).  The  dif ferences  
in the  behavior  dur ing  the  gr inding process  be tween  Al-bearing p ro tohema-  
t ire and  its ana logous  h e m a t i t e  are s imilar  to  the  d i f ferences  which  were  pre- 
v iously  observed dur ing  gr inding be tween  syn the t i c  pure  p r o t o h e m a t i t e  and  
its ana logous  hemat i t e ,  t he  la t te r  showing  a band  d i sp lacement  f rom 318 
to  333 cm -1 u p o n  repea ted  gr inding of  the  disk [3] .  

The  spectra  o f  the  Al-bearing p r o t o h e m a t i t e s  (ob ta ined  f rom the  na tura l  
goethi tes)  hea ted  be tween  250  and  600°C  are on ly  s l ight ly  a f fec ted  b y  the  
t empera tu re .  Fo r  example ,  the  spec t rum o f  t he  p r o t o h e m a t i t e  ob ta ined  f rom 
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goeth i te  " c "  is character ized by  th ree  s t rong absorp t ion  bands assigned as 
O 2- d isplacements ,  at 335--340,  463- -470  and 535- -545  cm-1; the  last o f  
these  shifts to higher  f r equency  wi th  increasing t empera tu re .  The  mos t  pro- 
m i n e n t  effect  of  t empera tu re  on  the  IR spec t rum was the  increasing resolu- 
t ion  o f  t he  470- -540  cm -I absorp t ion  bands  (Fig. 1), which  may  suppor t  t he  
conclus ion  o f  Schwer tmann  et  al. [10] t ha t  t he  degree  of  crystal l ini ty  o f  A1- 
bea_ring p r o t o h e m a t i t e  increases wi th  t empera tu re .  At  1000°C,  Al-bearing 
hemat i t es  are ob ta ined  and the  th ree  characterist ic  bands b e c o m e  very well 
resolved. The  band  max ima  of  the  O 2- d i sp lacement  of  hemat i t e s  ob ta ined  
f rom the  vario~ts goethi tes  at  3 0 0 , 6 0 0  and 1000°C,  axe col lec ted  in Table 2. 
F rom the  Table it is obvious tha t  A1 affects some  o f  t he  absorp t ion  bands,  
sh in ing  t h e m  to  higher  fxequencies. The m o s t  significant shifts are shown  
wi th  the  high f r equency  band  in samples hea t ed  to  1000°C (hemat i tes) .  I t  
seems plausible tha t  A1, initially present  in the  precursor  goeth i te ,  isomor- 
phically subst i tutes  for Fe in the  hemat i t e .  In conclus ion,  IK spectra  seem to  
be reliable indicators  o f  A1 in the  s t ructure  o f  hemat i t e .  

Thermal treatment o f  iron-leached laterites ( fourth group) 

The thermal  behavior  o f  t he  lateri tes at  1000°C was invest igated after  t he  
removal  of  the i r  goeth i te .  The  IR spectra o f  t he  calcined lateri tes are shown  
in Fig. 2. The weight  ratios (Fe203/AI203 in the  leached samples "a" ,  " b " ,  
" c "  and " d "  are 0.09, 0.19, 0.11 and 0.08, respectively.  No c o r u n d u m  was 
de t ec t ed  in the  spec t rum of  sample " a "  which  init ially did  n o t  con ta in  gibb- 
site. Lateri te  " d "  shows a spec t rum typical  o f  c o r u n d u m .  Lateri tes  " b "  and  
"c" ,  on  the  o the r  hand,  which  have higher  Fe203/A1203 ratios, display per- 
tuxbat ion of  the  585 cm -~ peak  which  increases wi th  the  Fe20~/A1203 ratios, 
and may  be due  to subs t i tu t ion  of  Fe for  A1 in the  c o r u n d u m  structure.  

l 

;/++/ t I 

WAVENUMBER (CM -I ) 

Fig. 2. Infrared spectra of  iron-leached laterites e~lcined for 1 clay at 1000°C: (a) laterite 
" a "  (meta-kaolinite); (b) ]aterite " b "  (meta-kaolinite w i th  some corundum);  (c) and (d), 
laterites " c "  and " d " ,  respectively ( co rvndum with very little meta-kaolinite). 
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Thermal treatment  o f  the original and partly aluminum-leached laterites 
(first and second groups) 

Some  selected spectra of  t he  original lateri tes hea t ed  to  300°C and 600°C 
are shown  in Fig. 3. Kaol ini te  persists at  300°C (Fig. 3, a). Its absorp t ion  
bands overlap wi th  those  o f  h e m a t i t e  and it is thus  impossible  to es t imate  
the  m a x i m a  o f  the  hema t i t e  bands  in t he  spectra  of  lateri tes " a "  and  " b "  
hea ted  at this t empera tu re .  Since the  kaol in i te  c o n t e n t  in lateri tes " c "  and 
" d "  is small, hema t i t e  bands  are es t imable  in the  spectra  o f  t he  la t ter  samples 
hea ted  to 300°C (Fig. 3, d). The  spectra  o f  all samples hea ted  to  600°C 
exhib i t  characterist ic bands of  hema t i t e  t oge the r  wi th  bands of  metakao l in i te ;  
t he  lat ter  bands appear  at 465 and 1065 cm -1 and thei r  relative intensi t ies  
decrease in the  order  lateri te  "a" ,  " b " ,  " c "  and " d "  (Fig. 3, b, c and e). The 
465 cm -I band  interferes  in the  accurate  es t imat ion  of  one  of  t he  diagnost ic  
bands of  the  hemat i t e s  in the  spectra of  laterites " a "  and  " b " .  The meta-  
kaol ini te  bands are considerably  weakened  after  the  thermal  t r e a t m e n t  of  
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Fig. 3. Ln~zed spectra of  laterites, heated for I day at 300 or 600°C: (a) laterite "a" ,  
300°C; (b) laterite "a", 600°C; (c) laterite "b", 600°C; (d) laterite "d", 300°C; (e) 
laterite "d", 600°C. 
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the  original  later i tes  a t  1000°C,  as a resul t  of  the  par t ia l  recrys ta l l iza t ion  of  
the  a lumino-si l icate .  

The  h e m a t i t e  band  m a x i m a  of  the  various original  la ter i te  samples (first  
group),  and  o f  the  samples whose  gibbsi te  was pa r t ly  removed  wi th  N a O H  
(second group)  are summar ized  in Table  3. F r o m  the  Table  it  is obvious t h a t  
t he  band  at  abou t  540 cm -1 is h igh ly  sensit ive to  b o t h  factors,  (1) the  heat-  
ing t e m p e r a t u r e  o f  the  la ter i te  sample,  and  (2) the  ini t ia l  gibbsi te  con ten t .  

(1) Small  inc rement s  in the  band  m a x i m a  (10- -14  cm -1) are recorded  
w h e n  the  hea t ing  t empera tu re  changes f rom 300 to  600°C.  Much larger 
inc rement s  in these  m a x i m a  (17--37 cm -1) are recorded  on hea t ing  the  later- 
ires to  1000 ° C. Parallel  inc rements  were  recorded  dur ing  the  t he rma l  treat-  
men t s  of  the  chemica l ly  isolated Al-bearing goethi te ,  suggesting t h a t  at  
300°C Al -p ro tohema t i t e  is fo rmed,  which  at  600°C  is s l ight ly recrysta l l ized.  
Fur ther  recrys ta l l iza t ion  and  Al-hemat i te  fo rma t ion  occurs  a t  1000 ° C. 

(2) The  f r equency  of  the  band  m a x i m u m  increases wi th  increasing A1 con- 
t e n t  in the  s -mple .  The  removal  o f  gibbsi te  b y  1.25 M N a O H  ~olution~ does  
n o t  seem to have a s ignif icant  ef fec t  on  the  loca t ion  o f  the  band  m a x i m a  in 
the  spectra  o f  samples hea ted  to  300°C.  A slight e f fec t  o f  gibbsi te  removal  is 
recognized  in spectra  recorded  af ter  hea t ing  t he  la ter i tes  to  600°C,  bu t  the  
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WAVENUMBER (CM-I) 
Fig. 4. Infrared spectra of  synthet ic  gibbsite and goethi te  and o f  laterites heated for 1 day 
at 1000°C:  (a) synthet ic  gibbsite (corundum);  (b)  laterite " d " ;  (c) laterite " c " ;  (d) laterite 
" c "  t reated for  20 rain with NaOH; (e) Iaterite " b " ;  (f) synthetic goethite (hematite). 
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gibbsite removal  is very signif icant  if t h e  samples are h e a t e d  a t  1000°C.  No 
changes  were  d e t e c t e d  in t he  loca t ion  o f  this  band  at  540 cm -I in t h e  spec t ra  
of  la ter i te  " a "  before  and  af ter  the  20 min  NaOH t r e a t m e n t ,  because  this  
sample  ini t ial ly does  n o t  con ta in  gibbsite w h i c h  should  be r e m o v e d  dur ing  
this shor t  d issolut ion process.  A l u m i n a  i nco rpo ra t i on  in t he  h e m a t i t e  o f  
la ter i te  " a "  results  f rom the  i n t e r ac t i on  o f  t he  i ron ox ide  w i th  t h e  t h e r m a l  
d e c o m p o s i t i o n  p roduc t s  o f  me t akao l i n i t e  at  1000°C.  Metakao l in i t e  segre- 
gates in to  poo r ly  o rde red  silica and  a lumina  phases [16] ,  and  the  la t te r  inter- 
acts wi th  the  i ron oxide  to fo rm Al-bearing hema t i t e .  Only  p ro longed  treat-  
m e n t s  wi th  NaOH,  in w h i c h  par t  o f  t he  kaol in i te  is r e m o v e d ,  will  a f fec t  the  
loca t ion  o f  this absorp t ion  band  ( compare  Tables 2 and  3). 

Se lec ted  spect ra  of  la ter i tes  h e a t e d  to  1000°C and  o f  syn the t i c  c o r u n d u m  
and  h e m a t i t e  are given in Fig. 4. There  is a progressive d e v e l o p m e n t  f rom the  
spec t rum of  h e m a t i t e  to t ha t  o f  c o r u n d u m  wi th  increasing a m o u n t s  o f  gibb- 
site in the  lateri tes.  This is man i fe s t ed  by  the  decrease  o f  t he  in tens i ty  o f  t he  
340 cm -I band  relative to  t he  intensi t ies  of  the  o the r  bands.  In  add i t ion ,  t he  
550 cm -I band  shifts to  higher  f requencies ,  whereas  t he  470 cm -I band  
shifts to lower  f requencies;  at  the  same t ime  these  t w o  bands  are sharpened .  
With high Al c o n t e n t  an add i t iona l  band  appears  at  637 cm -~. This band  
does  no t  appear  in the  spec t rum of  la ter i te  " a "  and  is very  w e a k  in t ha t  o f  
la ter i te  " b " ,  af ter  being hea t ed  to I 0 0 0  ° C. F u r t h e r m o r e ,  it is w e a k e n e d  af ter  
20 rain treatment with NaOH and does not appear at all if the samples have 
been treated for 15 h with NaOH before the thermal treatment (cf. Figs. 1 
and 4). It is therefore obvious that the 340 cm -~ band represents hematite 
whereas the 637 cm -~ band represents corundum. 

In Part II of this study [17] it will be shown from the X-ray diffracto- 
grams that these samples contain physical mixtures of two phases, Al-bear- 
ing hematite and Fe-bearing corundum. It is expected that such a mixture 
will be represented by an IR curve which is a combination of two traces. 
This combination curve should have two maxima in each of the ranges 550-- 
590 and 440--470 cm -I. However, only one maximum is recorded in each 
range. Since the corundum concentration is considerably smaller than that of 
hematite (inferred from X-ray and from the fact that the 687 cm-* band is 
weak compared to the other bands), it seems plausible that the maxima 
recorded in the two mentioned ranges correspond to Al-hematite. 

In a previous study on the thermal transformation of goethite to hematite 
in the presence of additives such as K and Cs salts [6] we showed that during 
the goethite -~ protohematite dehydroxylation, the iron oxide became highly 
contaminated with K ÷ and Cs ÷. During the recrystallization of protohematite 
to hematite, the iron oxide became ~ree of the alkali ions. However, in the 
present study it was demonstrated that in the presence of additives which are 
abundant suppliers of Al ions, such as gibbsite or kaolinite, enrichment of the 
resulting iron oxide by substituting Al3+ takes place during the proto- 
hematite-* hematite thermal recrystallization process. This difference in 
affinity between the Al, on the one hand, and the alkali cations, on the 
other, for the isomorphic substitution of iron is due mainly to different ionic 
radfi and charges. Thus, the affinity of aluminum to hematite- which is 
found so often in nature- must be considered when considering industrial 
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separation processes o f  a luminum from ferruginous bauxites, involving ther- 
mal treatments. 

CONCLUSIONS 

Hematites formed during the thermal  t ransformat ion of  goethites f rom 
Venezuelan la ter i tes . incorporate  A1 into their  structure to an extent  which 
depends on the initial gibbsite concentra t ion  of  the samples. This incorpora- 
t ion takes place mainly at 1000°C, during the recrystall ization o f  proto- 
hemati te  to  hemati te  and o f  amorphous alumina to corundum.  Small 
amounts  of  incorporated A1 can be contr ibuted  by kaolinite which segregates 
at this temperature to poorly  ordered silica and alumina phases. Infrared 
spectroscopy has been successfully employed for the s tudy of  isomorphic 
subst i tut ion of  Fe by A1 in hematites.  
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