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A B S T R A C T  

S y n t h e t i c  a n d  na t u r a l  g o e t h i t e s  (0 .5 - -1 .5  m g )  were  h e a t e d  up  to  6 0 0 ° C  in a lka l i -ha l ide  
disks (400  mg) .  T h e  t h e r m a l  t r a n s f o r m a t i o n s  o c c u r r i n g  a t  d i f f e r e n t  t e m p e r a t u r e s  are  
f o u n d  t o  d e p e n d  o n  the  p r e p a r a t i o n  o f  t he  disks.  F o r  m i x t u r e s  o f  a lkal i -hal ides  and  
goe th i t e  n o t  g r o u n d  du r ing  the  p r e p a r a t i o n  o f  the  disks,  hea t ing  a t  > 2 0 0 ° C  r e su l t ed  in 
p r o t o h e m a t i t e ,  w h i c h  pers i s ted  u p  t o  600°C .  H o w e v e r ,  d isks  wh ich  were  s u b j e c t e d  to  
r e p e a t e d  g r ind ing- -p res s ing  cyc les  b e f o r e  t h e r m a l  t r e a t m e n t s  gave rise to  p r o t o h e m a t i t e  
at  > 2 0 0 ° C ,  w h i c h  on  f u r t h e r  hea t i ng  a t  > 3 3 0 ° C  was  t r a n s f o r m e d  to  a t r ans i t iona l  i ron  
ox ide .  In  CsI  disks ,  t he  t r ans i t iona l  o x i d e  de r ived  f r o m  s y n t h e t i c  goe th i t e  can  b e  f u r t h e r  
t r a n s f o r m e d  to  m a g h e m i t e  a t  500°C ;  h o w e v e r ,  a l m o s t  no  m a g h e m i t e  cou ld  be  o b t a i n e d  
f r o m  na tu ra l  goe th i t e .  A t  600°C ,  b o t h  t he  t r ans i t iona l  o x i d e  and  the  m a g h e m i t e  r e su l t ing  
f r o m  the  s y n t h e t i c  goe t h i t e  in CsI  disks  we re  r e d u c e d  t o  m a g n e t i t e .  On  the  o t h e r  h a n d ,  
in K I  disks ,  t r ans i t iona l  o x i d e s  o b t a i n e d  f r o m  b o t h  s y n t h e t i c  and  na tu ra l  g o e t h i t e s  we re  
r e d u c e d  to  m a g n e t i t e  u p o n  re-press ing  and  g radua l  h e a t i n g  o f  t he  disks  a t  600°C.  In KI 
disks,  m a g n e t i t e  can  be  f o r m e d  o n l y  if the  r e d u c t i o n  t e m p e r a t u r e  is r e a c h e d  g radua l ly ,  
whe rea s  in CsI  disks  m a g n e t i t e  is f o r m e d  u p o n  d i r ec t  hea t i ng  o f  the  disks  t o  600°C.  T h e  
i ron  ox ide s  r e f e r r e d  to  above ,  inc lud ing  the  t r ans i t i ona l  o x i d e s  resu l t ing  f r o m  t h e r m a l  
t r e a t m e n t s ,  we re  s t u d i ed  b y  I R  a b s o r p t i o n  s p e c t r o s c o p y .  

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

The o x i d a t i o n - - r e d u c t i o n  reac t ions  occurr ing  be tween  iron and  iodine  in 
aqueous  sys tems  have been t h o r o u g h l y  inves t igated (see, for  example ,  a dis- 
cussion b y  K o l t h o f f  a n d  S a n d e l l  [ 1 ] ) .  T h e  n o r m a l  o x i d a t i o n  p o t e n t i a l s  f o r  

t h e  s y s t e m s  F e a + / F e  2+ a n d  I 2 / 2  I -  a r e  0 . 7 8  a n d  0 . 5 8  V ,  r e s p e c t i v e l y ,  a n d  i t  i s  

t h e r e f o r e  e x p e c t e d  t h a t  t h e  f o l l o w i n g  r e a c t i o n  w i l l  b e  f a v o r e d  i n  a q u e o u s  

sys tems 

F e  3+ + I-  -* F e  2+ + 1 / 2  I2 

T h e  o c c u r r e n c e  o f  t h e  ferric  i o n  in  t h e  h y d r a t e d  f o r m  is e s s e n t i a l  in  t h i s  
r e a c t i o n ,  a n d  i f  i t  is t r a n s f o r m e d  i n t o  a s tab le  c o m p l e x  or  a s l i g h t l y  s o l u b l e  
c o m p o u n d ,  t h e  o x i d a t i o n  p o t e n t i a l  m a y  c h a n g e  a n d  t h e  ferric  i o n  w i l l  n o t  b e  
r e d u c e d .  H o w e v e r ,  v e r y  l i t t l e  is k n o w n  a b o u t  t h e  o x i d a t i o n - - r e d u c t i o n  reac-  

* O n  s a b b a t i c a l  leave f r o m  t h e  H e b r e w  Unive r s i ty  o f  J e r u s a l e m .  
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t ions  w h i c h  m a y  t ake  place in the  solid s tate  u n d e r  t he rma l  cond i t ions .  
In  a previous  pub l i ca t ion  [2] we  s tud ied  the  reac t ions  which  o c c u r  on  

hea t ing  very  d i lu te  c o n c e n t r a t i o n s  of  goe th i t e  in CsI disks (~0 .25%) .  We 
f o u n d  t ha t  at  250°C the  goe th i t e  is d e h y d r o x y l a t e d ,  fo rming  the  poo r  crys- 
ta l l ine var ie ty  of  ~-Fe203 wh ich  we de f ined  as p r o t o h e m a t i t e ;  then ,  u n d e r  
very special  cond i t ions ,  t he rma l  t r e a t m e n t  a t  500°C results  in the  transfor-  
m a t i o n  of  p r o t o h e m a t i t e  to m a g h e m i t e  via a t rans i t iona l  oxide.  It  shou ld  be 
n o t e d  t ha t  t h e r m a l  t r e a t m e n t  of  goe th i t e  in the  t e m p e r a t u r e  range 200- -  
600°C usual ly  results  in p r o t o h e m a t i t e ,  wh ich  is recrys ta l l ized  at  h igher  tem- 
pera tures ,  f o rming  the  we l l -o rdered  crys ta l l ine  var ie ty  of  ~-Fe203 k n o w n  as 
h e m a t i t e  [ 3 ]. 

In the  p resen t  paper  we descr ibe  the  e f fec t  of  t e m p e r a t u r e  on the  iron 
oxides  o b t a i n e d  by hea t ing  syn the t i c  and  natura l  goe th i tes  up to 600°C in 
KI and  CsI matr ices ,  and show tha t  u n d e r  very special cond i t i ons  iron can be 
t h e r m a l l y  r educed ,  giving rise to the  f o r m a t i o n  o f  magne t i t e .  For  the  sake of  
compar i son ,  t h e r m a l  t r ans fo rma t ions  of  goe th i t e  in NaC1, NaBr, KC1, KBr, 
RbC1, CsC1 and CsBr disks are also descr ibed.  

Inf rared  spec t ro scopy  is a useful  too l  for  the  present  invest igat ion.  It  is 
preferable  to  X-ray m e t h o d s  as it can be used successful ly  to dist inguish 
be tween  p r o t o h e m a t i t e  and  h e m a t i t e  [4] ,  as well  as be tween  magne t i t e ,  
m a g h e m i t e  and  h e m a t i t e  [5] ,  even in micro-quant i t ies .  Since the  alkali-halide 
mat r ix  does  n o t  absorb  IR rad ia t ion  in the  region used for  the  s tudy  of  iron 
oxides,  the re  is no need  to dist inguish be tween  the  iron oxide  and the  alkali- 
hal ide  for  an IR s tudy,  as w o u l d  be necessary if X-ray analysis were  to be 
used for  the  same purpose .  

EXPERIMENTAL 

Aiaterials 

S y n t h e t i c  goe th i te  was o b t a i n e d  by t i t ra t ing  FeC13 • 6 H20 wi th  KOH to 
pH 13 and aging the  p rec ip i ta te  at 60°C for  4 days  [6] .  The  crysta l l ine  
goe th i t e  p r o d u c t  was cha rac te r i zed  by X-ray and IR me thods .  Natura l  
goe th i t e  was o b t a i n e d  f rom Venezue lan  lateri tes  by shaking the  g round  sedi- 
m e n t  w i th  1.25 M NaOH [7] at  75 ° for  16 h. The  resul t ing solid was washed  
by  cen t r i fug ing  wi th  H20 to pH 7 and  t h e n  washed  wi th  ace tone ;  f inal ly it 
was air-dried. This goe th i t e  has previously  been s tud ied  by X-ray d i f f rac tom-  
e t ry  and  IR  spec t roscopy .  F rom a selective d issolut ion s tudy  [8] ,  the  
chemica l  c o m p o s i t i o n  of  the  na tura l  goe th i te  was f o u n d  to be (Fe0.v6Alo.~_4)- 
O(OH).  

The  alkali-halides were  suppl ied  by  Merck.  T h e y  were  of  a " s u p r a p u r "  
grade sui table  for  spec t roscopic  s tudy .  

M e t h o d s  

Mixtures  were  p r epa red  by  hand-mix ing  0.5 or 1.5 mg syn the t i c  and 
na tu ra l  goe th i tes  in 200 mg  of  all alkali-halides and  in 400 mg  KI or  CsI. 
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Three  parallel  series of  t he rma l  t r e a t m e n t s  of  the  m i x t u r e s  we re  ca r r ied  
ou t ,  t w o  in disk fo rm,  u n g r o u n d  and  re -ground,  respec t ive ly ,  and  o n e  in 
p o w d e r  fo rm.  The  u n g r o u n d  disks (13 m m  diameter}  we re  p r e p a r e d  b y  press- 
ing the  h a n d - m i x e d  m i x t u r e  a t  30 tons  for  30 sec. The  r e -g round  disks we re  
p repared  by r e p e a t e d l y  gr inding and  pressing the  same disk a t  least  t h r e e  
t imes,  The  p o w d e r y  mix tu re s  were  o b t a i n e d  by re-gr inding the  g r o u n d  disks. 

The  disks and  p o w d e r  mix tu re s  were  h e a t e d  for  1 day  in air at  250 ° C, fol- 
lowed  by  hea t ing  a t  500°C,  and  t h e n  at  600°C  for several days.  Each  day  the  
disks were  re-pressed and  IR spec t ra  were  r e c o r d e d  at  a m b i e n t  t e m p e r a t u r e  
using a Pe r k in - -E lmer  283 IR  s p e c t r o p h o t o m e t e r .  S o m e  e x p e r i m e n t s  w e r e  
carr ied o u t  by  gradual ly  hea t ing  the  disks, f rom initial t e m p e r a t u r e s  b e t w e e n  
200 and  300°C up  to 600°C.  The  disks were  lef t  for  several days  at  each  
t e m p e r a t u r e  (200,  230,  250,  300,  330,  360,  400,  450,  500,  550 and  600°C) ,  
and IR  spec t ra  were  r e c o r d e d  every  day  af ter  the  disks had  been  re-pressed,  
unt i l  no s ignif icant  changes  in the  spec t ra  were  r e c o r d e d  for  each  t empera -  
ture .  Parallel e x p e r i m e n t s  were  carr ied ou t  by leaving the  disks in t he  oven  
dur ing  the  w h o l e  pe r iod  of  gradual  hea t ing  unt i l  t he  oven r e a c h e d  the  h ighes t  
t e m p e r a t u r e  (600°C) .  These  disks we re  n o t  re-pressed du r ing  the  t h e r m a l  
t r ea tmen t .  

The  magne t i c  ac t iv i ty  of  t he  var ious oxides  ob t a ined  du r ing  the  t h e r m a l  
t r ans fo rma t ions  [9] was t es ted  by examin ing  w h e t h e r  or  n o t  t he  disks we re  
a t t r ac ted  by a conven t iona l  small hand  magne t .  

RESULTS AND INTERPRETATIONS 

Tile ef fect  o f  grinding otz the spectrum o f  goe thite 

Inf ra red  spec t roscopy  is a useful  t oo l  in the  s tudy  of  g r o u n d  m i x t u r e s  of  
minerals  and alkali-halides [10 ,11] .  

When the  disk is r e p e a t e d l y  g r o u n d  the  Fe--O d o u b l e t  at  397 and  405 
cm -* becomes  a single band  wi th  a m a x i m u m  at 407 cm-* (Fig. 1). The  num-  
ber of  re-grindings necessary  for  the  d i sappearance  of  the  397 cm -1 b a n d  
d e p e n d  on the  c o n c e n t r a t i o n  of  the  disk. One  re-gr inding is suf f ic ien t  if the  
disk con ta ins  0.3 mg in 200 mg KI, bu t  the  397 c m - '  band  still appears  a f te r  
th ree  re-grindings if the  disk con ta ins  1.5 mg goe th i t e  in 200 mg  KI.  

The in tens i ty  of  this band  c o m p a r e d  to  t ha t  o f  the  o t h e r  bands  increases  
as a resul t  of  the  r epea t ed  gr inding--press ing cycles.  The  abso rbance  i n t ens i t y  
rat io b e t w e e n  the  405- -407  c m - '  band  and  the  270 c m  -* band  d e p e n d s  on  
the goe th i te  c o n c e n t r a t i o n  in the  disk,  and  for  a m i x t u r e  c o n t a i n i n g  0.4 m g  
goeth i te  in 200 mg KI the  rat io  is 1.1 for  the  u n g r o u n d  sample  and  b e c o m e s  
1.45, 1 .72 and  1.84 af ter  1, 3 and  5 r e p e a t e d  gr inding--press ing cycles ,  
respect ively.  These  values decrease  u p o n  increasing the  c o n c e n t r a t i o n  o f  
goe th i te  in the  disks. Af te r  t he  s ixth cyc le  this ra t io  begins to  decrease .  T h e  
band at  640  cm -1 is on ly  sl ightly a f fec ted  by  the  gr inding--press ing cycles ,  
becoming  ra the r  sharper .  The  absorbance  in tens i ty  ra t io  b e t w e e n  this  and  
the  270 cm -1 band  is 0.86,  and  does  n o t  change  u p o n  grinding.  The  differ-  
ence b e t w e e n  the  behavior  of  the  407 c m  -* band  and  t h e  o t h e r  t w o  bands  



28 

. • 7 ~ ._  : ' ~ J  ' ~ - ' : i  

"---:  - ; i  !! I 
"~j 

¢. =. .~ ~ -, ; :  : 

Q 
-.~.. 

~ ~ . ~ :: 
t :.-' . !:,, "-';7 : .:. 

4 8 0  4 6 6  

/ , 

t 

. . "  % ' :  .- 4 ~ 6  \ L : ~ !  

. - / i  \'~ 
r " 

t 

V~.',-q V E N U M B E R ( c r n - l  } 

Fig .  1. I R  s p e c t r a  o f  synthetic goethite ( 0 . 4  m g )  in K I  d i s k s  ( 4 0 0  nag). ( a )  u n g r o u n d ;  ( b )  
r e - g r o u n d  a n d  r e - p r e s s e d  ( o n e  c y c l e ) ;  ( c )  r e - g r o u n d  a n d  r e - p r e s s e d  ( t h r e e  c y c l e s ) .  I R  
s p e c t r a  o f  n a t u r a l  g o e t h i t e  ( 1 . 0  nag) in K I  d i s k s  ( 4 0 0  nag). ( d )  u n g r o u n d ,  (e )  r e - g r o u n d  a n d  
re-pre~ed (three cycles). 

m a y  i n d i c a t e  t h a t  g o e t h i t e  c r y s t a l s  a re  c l e a v e d  in a c e r t a i n  d e f i n i t e  d i r e c t i o n  
d u r i n g  t h e  g r i n d i n g  p r o c e s s ,  t h e  4 0 7  cm-~  b a n d  c o r r e s p o n d i n g  t o  a v i b r a t i o n  
p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  c leavage .  T h e  i n t e n s i t y  r a t i o  b e t w e e n  t h e  
5 ( O H )  b a n d  [ 1 2 ]  a t  8 9 0  a n d  t h e  2 7 0  c m  -1 b a n d  is 0 . 7 2 ,  w h i l e  t h a t  b e t w e e n  
t h e  "y(OH) b a n d  [ 1 2 ]  a t  8 0 0  a n d  t h e  2 7 0  c m  -1 b a n d  is 0 . 49 .  N o  i n d i c a t i o n  o f  
d e c o m p o s i t i o n  was  s e e n  a f t e r  f ive r e - g r i n d i n g - - r e - p r e s s i n g  cycles•  

T h e  n a t u r a l  g o e t h i t e ,  l ike  t h e  s y n t h e t i c  m i n e r a l ,  is s ens i t i ve  t o  g r i n d i n g .  
A n  u n g r o u n d  d i s k  has  a d o u b l e t  a t  4 6 6  a n d  4 8 0  c m  -1 w h i c h  b e c o m e s  a s ingle  
b a n d  a t  4 7 6  c m  -~ u p o n  r e p e a t e d  g r i n d i n g  {Fig. l d ,  e),  b u t  is v e r y  b r o a d  c o m -  
p a r e d  t o  t h e  4 0 7  c m  -1 b a n d  o f  s y n t h e t i c  g o e t h i t e .  T h e  a b s o r b a n c e  i n t e n s i t y  
r a t i o s  b e t w e e n  t h e  4 7 6  c m  -~ b a n d  a n d  t h e  2 9 5  c m - '  b a n d  is 3 .4  f o r  a n o n -  
g r o u n d  d i s k  a n d  b e c o m e s  3 .8 ,  4 .1  a n d  4 .7  a f t e r  1, 3 a n d  5 r e -g r ind ing - - r e -  
p r e s s i n g  c yc l e s ,  r e s p e c t i v e l y .  A s h o u l d e r  a t  ~ 6 9 0  c m  -I is o n l y  s l i gh t ly  
a f f e c t e d  b y  t h e  g r i n d i n g  cyc le s ,  t h u s  b e c o m i n g  s h a r p e r .  T i m  a b s o r b a n c e  
i n t e n s i t y  r a t i o  b e t w e e n  t h i s  b a n d  a n d  t h e  2 9 5  c m  -1 b a n d  is 0 . 1 8  a n d  d o e s  
n o t  c h a n g e  w i t h  g r i n d i n g - - p r e s s i n g  cyc le s .  T h e  d i f f e r e n c e  b e t w e e n  t h e  
b e h a v i o r  o f  t h e  4 7 0  c m  -1 b a n d  a n d  t h e  o t h e r  t w o  b a n d s  m a y  aga in  i n d i c a t e  
t h a t ,  as a c o n s e q u e n c e  o f  g r i n d i n g ,  t h e  g o e t h i t e  c ry s t a l s  a re  c l e a v e d  in a cer-  
t a i n  d e f i n i t e  d i r e c t i o n ,  t h e  4 7 0  c m - '  b a n d  c o r r e s p o n d i n g  t o  a v i b r a t i o n  per-  
p e n d i c u l a r  t o  t h e  p l a n e  o f  c leavage .  T h i s  m i g h t  m e a n  t h a t  g r i n d i n g  r e s u l t s  
n o t  o n l y  in  d i s a g g r e g a t i o n  b u t  a l so  in  a f o r m a t i o n  o f  t h i n n e r  c r y s t a l l i n e  
u n i t s .  T h e  i n t e n s i t y  r a t i o s  o f  t h e  9 3 0  a n d  2 7 0  c m  -~ b a n d s  a n d  t h e  8 0 0  a n d  
2 7 0  c m  -I b a n d s  a re  0 . 6 8  a n d  0 . 8 0 ,  r e s p e c t i v e l y ,  a n d  d o  n o t  c h a n g e  u p o n  
r e - g r i n d i n g - - r e - p r e s s i n g  ( u p  t o  f ive  t i m e s ) .  

Thermal treatments of  synthetic goethite 

T h e  s p e c t r a  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  p o w d e r  m i x t u r e s  
o r  d i sks  ( u n g r o u n d  a n d  r e - g r o u n d )  in t h e  p r e s e n c e  o f  a n y  o f  t h e  alkal i-  
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halides,  for  2 weeks  at  200 ° C, 2 days  a t  230°C or  for  1 day  at  250- -300  ° C, 
are charac ter i s t ic  o f  a m u l t i d o m a i n  of  p r o t o h e m a t i t e .  The  m u l t i d o m a i n  of  
p r o t o h e m a t i t e  has been  cha rac te r i zed  [4]  by a d o u b l e t  at  297 and  305 cm -I. 
In  the  g round  unaggrega ted  f o r m  this  d o u b l e t  becomes  a single band.  loca ted  
at  308 cm -1. No s ignif icant  changes  were  observed  in the  spec t ra  of  e i ther  
the  p o w d e r  mix tu re s  or  t he  u n g r o u n d  disks on  hea t ing  to  h igher  tempera-  
tures  (up to  600  ° C). Disks of  the  s tar t ing mate r ia l  (goe th i te )  or the  resul t ing 
p r o t o h e m a t i t e  were  n o t  a t t r a c t e d  by  a magne t .  The  p r o t o h e m a t i t e  disks 
were  r edd i sh -b rown  in color .  However ,  t he rma l  t r e a t m e n t s  on the  re -ground 
disks resu l t ed  in s ignif icant  changes  in the  IR  spectra,  and  also, in some 
cases, in the  magne t i c  p roper t i e s  and  co lo r  of  the  disks. 

K I  disks 

The  changes  in the  spectral  and  magne t i c  proper t ies  w h i c h  occur  dur ing  
the  gradual  t h e r m a l  t r e a t m e n t  of  re -ground KI disks of  syn the t i c  goe th i te  
can be s u m m a r i z e d  as fol lows.  The  spec t rum ob ta ined  at  t e m p e r a t u r e s  
b e t w e e n  200 and  300°C is t ha t  o f  p r o t o h e m a t i t e  (Fig. 2a). At  this stage the  
r edd i sh -b rown  disks do n o t  show magne t i c  act ivi ty.  At  ~ 3 3 0 ° C  the  spec t rum 
exhibi ts  an add i t iona l  abso rp t ion  at  565 cm -1 and  a shou lder  at  348 cm -1, 
wi th  in tensi t ies  wh ich  increase wi th  the  n u m b e r  of  re-gr inding and  re-pres- 
sing cycles  carr ied o u t  on the  goe th i t e  disk. When the  disk is h e a t e d  to  h igher  
t empe r a tu r e s  (~-400°C) it tu rns  black in co lor  and  new bands  p r e d o m i n a t e  
in the  absorp t ion  spec t rum,  the  bands  wh ich  charac te r ize  p r o t o h e m a t i t e  dis- 
appear ing.  These  spec t ra  do n o t  co r r e spond  to h e m a t i t e  [4] ,  m a g h e m i t e  [5] ,  
magne t i t e  [5] or  wus t i t e  [13 ] ,  and  p re sumab ly  rep resen t  a t rans i t ional  
oxide .  Similar  spect ra  are ob t a ined  f rom disks p re -hea ted  at  250°C and  t h e n  
h e a t e d  for  1 day  at  500°C (Fig. 2b, h). 

On p ro longed  hea t ing  a t  500°C,  the  band  at  348 cm -l shifts to 360 cm -1, 
and af ter  a longer  hea t ing  per iod  a shou lder  at  390 cm -1 develops  very  
slowly;  this m a y  be diagnost ic  for  magne t i t e .  In add i t ion  to magne t i t e ,  very 
small  bands  charac ter is t ic  o f  h e m a t i t e  appear  at  -~ 320 and  460 c m -  1 (Fig. 2c, 
d). The  relat ive intensi t ies  o f  the  la t te r  bands  increase wi th  increasing initial  
c o n c e n t r a t i o n  of  goe th i t e  in the  KI  disks, and  if the  t e m p e r a t u r e  is raised to 
550°C.  

For  an initial  goe th i t e  c o n t e n t  o f  1.5 rag, the  d iagnost ic  abso rp t ion  of  
magne t i t e ,  a l though  very weak ,  cou ld  be d e t e c t e d  af te r  on ly  1 day ' s  hea t ing  
at  500 ° C; the  s~me spec t rum also shows the  absorp t ions  charac ter i s t ic  of  the  
t rans i t ional  ox ide  (Fig. 2n).  At  this stage the  disk is s t rongly  a t t r ac t ed  by the  
magne t ,  whereas  a KI  disk con ta in ing  0.5 mg  goe th i t e  hea t ed  for  several days  
at  500°C is on ly  sl ightly a t t r ac t ed  by the  same magne t .  

On hea t ing  the  g round  disks gradual ly  to 600 ° C, the i r  spec t ra  s h o w e d  the  
diagnost ic  band  of  magne t i t e  at  390 cm -1 af ter  1 day  at  600°C;  in add i t ion ,  
the  560 c m  -1 band  shifts to  575 cm -~. The  390 cm -1 absorp t ion  appears  
w h e t h e r  the  disks were  p re -hea ted  at  500°C for  4 days  or  22 days.  The  inten-  
sity of  this  band  increases w i th  the  l eng th  of  t ime  the  sample  was held  at  
600°C,  whereas  the  converse  is t rue  for  the  intensi t ies  of  the  348 and  360 
cm -l bands  (diagnost ic  of  the  t rans i t iona l  ox ide)  (Fig. 2e, i, j, o, p). 
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F i g .  o.. IR  spec t ra  or  syn the t i c  ffoethite in I{I clisks (400 m~.). !el  .uo,.nhite (0.5 rag) in a 
re-~round and re-pressed (thcee cycles} disk. hea ted  at 250=t: .  ] day-  (b) samlfle (el 
hea ted  at 500=C. l day ;  (c) sample  (a) hea ted  at 5 0 0 : C .  1-I days:  ((1) .<ample (a) he;ited ;it 
500°C. 22 days; (e) sample (d) heated at 600°C. 1-[ days- (r) sample, i a) heaTt~d at 500;C, 
5 days  and at 600~C. 7 day's w i thou t  laein~ re-pre.~eci during the t i l , rmal  t re : , tment-  (~) 
goe th i t e  (0.5 rag) in a re -ground and re-pressed (one cycle)  disk, ht~alt,d at 250-~C, 1 day :  
(h) sample  (g) hea ted  at 500~C. -5 days :  (i) sample  (h) hoated at 600~(7. {; clays: (j) -~:mlph, 
(h) hea ted  at 600=C. 10 d:Lx's: (k) goeth i te  10.5 m~) in a re-~rtnmd and re-prvssed {thr~,t" 
cycles)  disk. hea ted  direct ly  at .500~C. 4 days :  ( | ) s a m p l e  ~k# hea ted  at 600~C. 6 d-'Lvs: (m) 
goe th i t e  (0.5 m~) in a re-ground and re-pressed ( ihree c'. 'cles) di.~k, heated  direfully al 
600~C, 7 days ;  (n) goeth i te  (1.5 ml~) in n r~-~round and re-prd.ss,.d (thl',,,~ cych ' s l  disk. 
hea t ed  at 250":-C, 1 day alld then at 500=C. 5 days :  I-)s~mH~h" 1,1) heatt,d at 600: t . ' .  ti 
days ;  (p) sample  ( n ) h e a t e d  at 600-~C, 13 days. (P. i ) rotoh, ,m:ai t~:  [[. ht, m a l i t , :  .~I. ma.,.Zn,,- 
tire; T. t ransi t ional  oxide . )  

T h e  d i a g n o s t i c  a b s o r p t i o n s  o f  h e n l a t i t e  d e v e l o p  s l o w l y  a n d  inc rease  in 
i n t e n s i t y  d u r i n g  h e a t i n g  a t  600=C.  T h e y  c o u l d  be  de t ecLed  o n l y  a f t e r  1 0 - - 1 4  
days" h e a t i n g  and  if  the  d i sks  w e r e  h i g h l y  concenLrated  in iron o x i d e  (1 .5  
rag) or w e r e  part ly  g r o u n d .  _At this  s tage  the  c o l o r  o f  t h e  d i sks  hP.came 
b r o w n i s h - g r e y  w i t h  d i spersed  b lack  p o i n t s  and  stains .  

W h e n  g r o u n d  d i sks  o f  g o e t h i t e  w e r e  h e a t e d  d i rec t ly  at  5 0 0  or 6 0 0 = C ,  
p r o t o h e m a t i t e  w a s  t h e  m a i n  p r o d u c t  (Fig .  2k ,  m ) . . A t  th i s  s tage  the  b r o w n  
d i sks  d id  n o t  s h o w  a n y  m a g n e t i c  ac t iv i ty .  M a g n e t i t e  w a s  d e t e c t e d  ne i ther  if 
t h e  d i sk  w a s  p r e - h e a t e d  at  500--C nor  i f  the  s a m e  d i sk  w a s  t h e n  h e a t e d  at 
6 0 0 ° C  (Fig .  21). 

T h e  re -press ing  o f  the  d i sks  several  t i m e s  d u r i n g  t h e r m a l  t r e a t m e n t  is 
e s s en t ia l  for  t h e  f o r m a t i o n  o f  m a g n e t i t e .  A re -ground  d isk  w h i c h  w a s  gradu- 
a l ly  h e a t e d  up  t o  6 0 0 ° C  w i t h o u t  b e i n g  re-pressed  d u r i n g  t h e r m a l  t r e a t m e n t  



31 

gave rise to  the  f o r m a t i o n  o f  p r o t o h e m a t i t e  w i t h  m i n o r  a m o u n t s  o f  m a g n e -  
t i te  (Fig.  2f) .  

CsI d i sks  

At t e mp e r a t u res  b e l o w  5 0 0  ° C, the  changes  tak ing  p lace  in the  spectra l  and  
m a g n e t i c  propert ies  o f  the  re -ground CsI disks o f  g o e t h i t e  dur ing  gradual  
thermal  t r e a t m e n t  are s imilar  to  those  occurr ing  in KI re-ground disks  u n d e r  
the  same c o n d i t i o n s .  At  5 0 0  ° C, however ,  a d i f f e r e n c e  appears  b e t w e e n  t h e  t w o  
groups o f  disks.  This  can be s u m m a r i z e d  as fo l lows .  The  s p e c t r u m  o b t a i n e d  
at t empera tures  b e t w e e n  2 0 0  and  3 0 0 ° C  corresponds  to  p r o t o h e m a t i t e  (Fig.  
3a).  At  this  stage the  redd i sh -brown disk is n o t  a t tracted  by the  m a g n e t .  A t  
higher t e m p e r a t u r e s  ( 3 0 0 - - 4 5 0 ° C )  the  trans i t ional  o x i d e  is gradual ly  
deve loped ,  giving rise to  absorpt ion  m a x i m a  at 3 4 8  and 5 6 2  c m  -I, w i t h  
intens i t ies  w h i c h  increase  wi th  the  n u m b e r  o f  re-gr inding--re-press ing c y c l e s  
to  w h i c h  the disks have b e e n  subjected .  As s h o w n  prev ious ly  [ 2 ] ,  p r o l o n g e d  
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Fig. 3. IR spectra of  synthetic  goethite in CsI disks (400  rag), re-ground and re-pressed 
three times. (a) goethite (0.5 rag) heated at 250°C,  I day; (b) sample (a) heated at 500°C 

O - -  O " 1 day; (c) sample (a) heated at 500  C, ~ days; (d) sample (a) heated at 500  C, 22 days; 
(e) sample (c) heated at 600°C,  3 days; (f) sample (c) heated at 600°C,  6 days; (g) sample 
(d) heated at 600°C,  3 days; (h) sample (d) heated at 600°C,  6 days; (i) goethite  (0.5 rag) 
heated directly at 600°C,  1 day; (j) sample (i t heated at 600°C,  9 days; (k) unground disk 
of  goethite (0.5 mg) heated at 600°C,  1 day; (l) goethite (1.5 rag) heated at 250°C,  1 day 
and at 500°C; (m) sample (1) heated at 500°C,  5 days; (n) sample (m) heated at 600°C,  1 
day; (o)  sample (m) heated at 600°C,  6 days; (p)sample  (m) heated at 600°C,  10 days. (P, 
protohematite;  H, hematite;  M, magnetite; O, maghemite  (oxymagnite) ;  T, transitional 
oxide. )  
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hea t ing  for  several days  at  500°C gives rise to  the  s p e c t r u m  of  m a g h e m i t e  
(Fig. 3b---d, l - -n) ,  and  h e n c e  the  disk is a t t r ac t ed  by  a magne t .  

At  600°C  bo th  m a g n e t i t e  and  h e m a t i t e  are ob ta ined ,  m a g h e m i t e  disap- 
pear ing  wi th in  a f ew days (Fig. 3e--h ,  n--p) .  I t  is d i f f icu l t  to  i den t i fy  
magne t i t e  spec t roscopica l ly  in the  presence  o f  m a g h e m i t e  since bo th  oxides  
show diagnost ic  absorp t ions  at  390 cm -1. The  f o r m a t i o n  of  magne t i t e  in the  
presence  of  m a g h e m i t e  can the re fo re  be d e d u c e d  by c o m p a r i n g  the  relat ive 
intensi t ies  of  the  co r r e spond ing  bands  dur ing  the  t he rma l  t r e a t m e n t .  Judg ing  
f rom the  changes  in the  relat ive intensi t ies  of  these  bands,  it seems plausible 
t ha t  magne t i t e  is f o r m e d  main ly  dur ing  the  first few days  of  the  the rma l  
t r e a t m e n t  at  600°C and t ha t  f o r m a t i o n  of  h e m a t i t e  occurs  m o r e  s lowly.  As 
expec t ed  f rom the  t r a n s f o r m a t i o n  of  m a g h e m i t e  in to  hema t i t e ,  the re  is a 
decrease in the  magnet ic  a t t rac tab i l i ty  of  the  disk. 

A trmlsi t ional  ox ide  is f o r m e d  w h e n  a g r o u n d  CsI disk of  goe th i t e  is hea t ed  
d i rec t ly  at  500°C for 1 day.  This t rans i t iona l  ox ide  is t r a n s f o r m e d  into 
m a g h e m i t e  on fu r the r  hea t ing  at 500°C for several days;  the  reac t ion  is simi- 
lar to t ha t  occur r ing  wi th  disks p re -hea ted  for  1 day  at  250 ° C. However ,  the  
t r ans fo rma t ion  is s lower  in the  disk hea t ed  d i rec t ly  at 500 ~ C. On hea t ing  the  
la t ter  at 600°C,  the  m a g h e m i t e  disappears  and  some  magne t i t e ,  t oge the r  
wi th  m o r e  hema t i t e ,  are o b t a i n e d  wi th in  several days.  

When a g round  disk of  goe th i te  was hea t ed  d i rec t ly  to 600  ° C, a spec t rum 
character is t ic  of  magne t i t e  was r eco rded .  This spec t rum also s h o w e d  the  
presence  of  small  a m o u n t s  of  hema t i t e .  On p ro longed  heat ing,  the  magne t i t e  
c o n t e n t  decreased ,  whi le  t h a t  of  h e m a t i t e  increased (Fig. 3i, j). 

Alkali-chloride and bromide disks 

Re-ground  disks of goe th i t e  in alkali  hal ides  o t h e r  t han  KI and  Csl also 
give rise to  p r o t o h e m a t i t e s ,  a t rans i t iona l  oxide,  and h e m a t i t e  dur ing  the rma l  
t r e a tm e n t .  The  results  of  the  II~ s tudy  are summar i zed  in Table  1. Sod ium 
bromide  is the  on ly  salt w h i c h  prevents  t he  t he rma l  t r a n s f o r m a t i o n  of  proto-  
h e m a t i t e  in to  the  t rans i t iona l  oxide .  The  ces ium salts, inc lud ing  CsI (see 
previous sect ion) ,  show the  greates t  t e n d e n c y  to  p r o m o t e  h e m a t i t e  forma-  
t ion at  600°C.  I t  shou ld  be no t ed ,  however ,  t ha t  for  h ighly  c o n c e n t r a t e d  
alkali-halide disks of  goe th i t e  (33%) the  ces ium salts s h o w e d  the  smallest  
t e n d e n c y  to p r o m o t e  f o r m a t i o n  of  h e m a t i t e  at  &30°C (paper  in prepara t ion) .  

Small  a m o u n t s  of  magne t i t e  were  d e t e c t e d  at  600°C in the  CsBr disks 
only.  In this case m a g n e t i t e  was o b t a i n e d  bo th  in the  disks wh ich  were  
hea t ed  gradual ly  and  in those  which  were  h e a t e d  d i rec t ly  at  600  ° C (as for  the 
CsI disks). I t  shou ld  be n o t e d  t h a t  m a g h e m i t e  was n o t  d e t e c t e d  in any  spec- 
t r u m  ob ta ined  f rom CsBr disks. 

As a resul t  of  the  t h e r m a l  t r e a t m e n t ,  all t he  disks of  p r o t o h e m a t i t e  were  
r edd i sh -b rown  in color ,  whereas  those  of  the  t rans i t iona l  ox ide  were  darker .  
The  first were  n o t  a t t r a c t ed  by  a magne t ,  whereas  the  black disks were  
a t t r ac t ed  slightly.  When b o t h  p r o d u c t s  were  fo rmed ,  the  disk was dark- 
brownish ,  or  b rownish-grey  wi th  b lack  spots  and  stains if ces ium salts were  
used as matr ices .  



33 

TABLE 1 

Protohematite (P), hematite (H), magnetite (M), and transitional oxide (T), obtained dur- 
ing the thermal treatme.nts of disks of goethite (0.5-1.5 mg) in alkali halides (200 mg). 
Major component of iron oxide is underlined a 

NaCl NaBr KC1 KBr RbCl CsCl CsBr 

Gradual heating (250-600°C) and re-pressing of the disk every day during thermal treatment 
250” C, 1 day % TW) E E E 
500°C, 1 day 

& T(vU E, H(1) E H(vl) 
T T 

p 2 E 
PW), T P,H,T P(l), r 

5 days 
E 

E 
6OO’C, 1 day 

PW), T P, H, T P(l), T 
P 

6OO”C, 10 days T F E 
r PW), T P, H P(l), T 
T P(vl), HWE Y H, M(I), T(v1) 

Gradual heating (2SO-600°C) without re-pressing of the disk during the thermal frcatmcnt 

6OO”C, 10 days p E T P,T P,H,X 15 li, M(I) 

Heating directly Co 5OO’C 
5OO”C, 1-5 days T. E. P, T P,T P,T 
600” C 

EH,T P,T 
T P P,T P,T P,T H H, W) 

Heating directly to 6OO’C 
600°C P, T IL P,H,T EH(v1) P,H,T(vl) H cr 

a v, very; 1, little; nr, non-reproducible results. 

Thermal treatment of natural goethite 

The thermal behavior of Al-goethite is similar to that of goethite, since AI- 
protohematite is obtained upon low temperature dehydroxylation (-3OO”C), 
the latter being recrystallized to Al-hematite at high temperatures 
(-1000”c) [14]. 

Al-protohematite obtained by heating Venezuelan natural goethites for 1 
day at 250°C is characterized by a spectrum exhibiting three broad maxima 
at 340, 470 and 535 cm-‘. These maxima appear at 345,470 and 560 cm-’ 
in the spectrum of Al-hematite obtained at 1000°C. 

There are considerable changes in the spectral properties during the 
gradual thermal treatment of re-ground KI disks of natural goethite, but only 
slight changes in the magnetic properties. Figure 4 shows that the spectrum 
recorded after heating at 250°C is similar to that of Al-protohematite, and 

the disk is therefore not attracted by the magnet. At 5OO”C, there is evi- 
dence of slight magnetic activity, the spectrum indicating the formation of 
the transitional oxide. At this stage, the high frequency Fe-O stretching band 
sharpens and shifts to 565 cm-‘. The two other characteristic Fe-O bands 
are significantly broadened and shift to higher values. 

When the disk is heated at 600°C a new spectrum is obtained, which 
shows distinctive bands characteristic of hematite (318, 330 and 460 cm-‘) 

and magnetite (390 and 580 cm-‘). However, the intensity ratios of the 
various peaks differ from those expected from a mixture of pure hematite 

and magnetite. The presence of the latter should cause magnetic activity; 
however, none is observed. It is therefore plausible to suggest that the 
presence of Al causes spectral changes and decreases the magnetic attraction 
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Fig. 4. IR spectra  of  natural goethite (1.5 mg) in KI disks (-100 rag) re-ground and re- 
pressed ( three cycles). (a) heated to 250°C, I day; (b) sample (a) heated at 500=C, 5 days: 
(c) sample (b) heated at 600oC. 5 days; (d) heated directly at 500~C. 5 days; (e) sample 
(d) heated at 600°C, 9 days; (f) heated directly at 600°C. I day. 
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Fig. 5. IR spectra  of" natural  goethi te  (1.5 rag) in CsI disks (400 rag) re-ground and re- 
pressed ( three cycles). (a) hea ted  to  250°C, 1 day;  (b) sample (a) heated to 500°C, 4 
days; (c) sample (b) heated to  600°C, 9 days; (d) heated directly to 500°C, 4 days: (e) 
sample (d) heated to  600°C, 9 days; (f) heated direct ly to  600°C, 5 days. 
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o f  t h e  m a g n e t i t e .  N a t u r a l  m a g n e t i t e s ,  e s p e c i a l l y  t i t a n o - m a g n e t i t e s ,  c o n t a i n -  
ing  i n c l u s i o n s ,  have  m u c h  l o w e r  s u s c e p t i b i l i t i e s  t h a n  p u r e  m a g n e t i t e  [ 4 ] .  

T h e  b e h a v i o r  o f  n a t u r a l  g o e t h i t e  in g r o u n d  CsI  d i sks  d i f f e r s  f r o m  t h a t  in  
KI d i sks  (Fig .  5) d u r i n g  t h e  g r a d u a l  t h e r m a l  t r e a t m e n t .  T h e  t r a n s f o r m a t i o n s  
t a k e  p l ace  in  t w o  s tages :  a t  5 0 0  a n d  6 0 0  = C. 

A t  5 0 0 ° C ,  t h e  h igh  f r e q u e n c y  Fe----O b a n d  sh i f t s  to  5 6 3  c m - '  a n d  t h e  
o t h e r  t w o  F e - - O  b a n d s  are  b r o a d e n e d .  T h e s e  s p e c t r a l  c h a n g e s  are  a c c o m p a -  
n i e d  b y  t h e  d e v e l o p m e n t  o f  s l igh t  m a g n e t i s m .  S h o u l d e r s  a t  ~ 6 3 0  a n d  6 9 0  
c m  -~ a p p e a r  a f t e r  5 d a y s  o f  t h e r m a l  t r e a t m e n t  a t  5 0 0 ° C ,  i n d i c a t i n g  t h e  for-  
m a t i o n  o f  t r a ce  a m o u n t s  o f  m a g h e m i t e .  T h e s e  s h o u l d e r s  d o  n o t  d e v e l o p  i n t o  
p e a k s  even  if t h e  d i sk  is l e f t  a t  t h i s  t e m p e r a t u r e  ['or 22  days .  

A t  6 0 0  ° C, t h e  m a g n e t i c  a c t i v i t y  o f  t h e  Cs[ d i sk  d i m i n i s h e s .  T h e  I R  a b s o r p -  
t i o n  p e a k s  are  s h a r p e n e d  a n d  t h e  n a a x i m a  s h i f t  to  l o w e r  va lues .  T h e  s p e c t r u m  
r e s e m b l e s  t h a t  o f  p u r e  h e m a t i t e  r a t h e r  t h a n  t h a t  o f  : \ l - p r o t o h e m a t i t e .  T h e  
c o n t r i b u t i o n  o f  t h e  3 1 8  c m  -~ p e a k  to  t h e  l ow  f r e q u e n c y  F e - - O  a b s o r p t i o n  
inc reases  a n d  i t  is t h e r e f o r e  a s s u l n e d  t h a t  A l - p r o t o h e m a t i t e  is r e c r y s t a l l i z e d  
in t h e  CsI  d i sk  at th i s  t e m p e r a t u r e .  

W h e n  g r o u n d  d i sks  o f  n a t u r a l  g o e t h i t e  in KI o f  Cs[ m'e h e a t e d  d i r e c t l y  t o  
5 0 0  or  6 0 0 = C ,  A l - p r o t o h e m a t i t e  is t h e  o n l y  p r o d u c t  d e t e c t e d  b y  I R  spec-  
t r o s c o p y .  N o  o t h e r  e f f e c t s  ( s p e c t r o s c o p i ( :  o r  magn( , t i c )  are  o b s e r v e d .  

DISCUSSION 

T h e  t r a n s f o r m a t i o n  o f  g o e t h i t e  in a lka l i -ha l ide  d i sks  has  b e e n  f o l l o w e d  by  
IR  a b s o r p t i o n  s p e c t r o s c o p y ,  t h e  f o l l o w i n g  a s p e c t s  b e i n g  s t r e s sed :  

(a) d i f f e r e n c ~ s  in t h e  h e a t i n g  t r e a t m e n t s ,  w h i c h  m a y  l ead  to  t h e  r e d u c t i o n  
o f  i ron  : 

(b)  e f f e c t s  o f  .~ ' ind ing  a n d  p r e s s ing  t h e  d i sks  o n  th i s  r e d u c t i o n  p r o c e s s .  
G r i n d i n g  is o n e  o f  t h e  basic  p r o c e s s e s  u s e d  in t e c h n o l o g y  a n d  i n d u s t r y .  

N e v e r t h e l e s s ,  t h e  e f f e c t s  o f  ~ ' i n d i n g  o n  t h e  t t l e r m a l  p r o d u c t s  o f  m L x t u r e s  o f  
m i n e r a l s  have  r e c e i v e d  l i t t l e  s y s t e m a t i c  a t t e n t i o n .  M i s h i r k y  e t  al. [ 1 5 ]  h a v e  
s h o w n  p r e v i o u s l y  t h a t  t h e  t h e r m a l  r e a c t i o n s  o f  m i x t u r e s  c o m p o s e d  o f  m o r e  
t h a n  o n e  so l id  p h a s e  are  d e p e n d e n t  o n  t h e  i n t e r f a c e  r e a c t i o n s  t a k i n g  p l a c e  
d u r i n g  g r i n d i n g .  D i f f e r e n t  r e s u l t s  w e r e  o b t a i n e d  in t h e  t h e r m n l  ana ly s i s ,  
d e p e n d i n g  o n  w h e t h e r  t h e  c o m p o n e n t s  o f  t h e  m L x t u r e  ( k a o l i n i t e  a n d  cal- 
c i n e d  k a o l i n i t e ,  in t h e  a b o v e - m e n t i o n e d  s t u d y )  w e r e  g r o u n d  t o g e t h e r  o r  sepa-  
r a t e ly .  Yar iv  e t  al. [ 1 6 ]  have  s h o w n  t h a t  t h e  t y p e  o f  d i l u e n t  p r e s e n t  in  t h e  
m i x t u r e  d u r i n g  t h e  g r i n d i n g  p r o c e s s  has  s i g n i f i c a n t  e f f e c t s  o n  t h e  t h e r m a l  
r e a c t i o n .  T h e y  have  s h o w n  t h a t  t h e s e  e f f e c t s  are  m a n i f e s t a t i o n s  o f  t h e  in t e r -  
face  a n d  s o r p t i o n  r e a c t i o n s  w h i c h  o c c u r  d u r i n g  t h e  g r i n d i n g  p r o c e s s .  

T h e  p r e s e n t  i n v e s t i g a t i o n  c l ea r ly  i n d i c a t e s  t h a t  t h e  t h e r m a l  r e a c t i o n s  
o c c u r r i n g  d u r i n g  t h e  t r e a t m e n t  o f  a lka l i -ha l ide  d i sk s  o f  g o e t h i t e s  d e p e n d  o n  
t h e  m e t h o d  o f  p r e p a r a t i o n  o f  t h e  d i sks ,  mad o n  t h e  s e q u e n c e  o f  t h e r m a l  
t r e a t m e n t .  We are  t h e r e f o r e  ab le  t o  d i f f e r e n t i a t e  b e t w e e n  t w o  d i s t i n c t  t y p e s  
o f  d i sks :  (1} d i sks  p r e p a r e d  by  a v o i d i n g  t h e  r e - g r i n d i n g  p r o c e s s ,  a n d  (2)  d i s k s  
p r e p a r e d  by  r e p e a t e d  g r i n d i n g  a n d  p ress ing .  

T h e  f i r s t  g r o u p  o f  d i sks  b e h a v e s  in a m a n n e r  s imi la r  t o  p o w d e r  m i x t u r e s ,  
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and  on ly  d e h y d r o x y l a t i o n  reac t ions  were  observed  at  t e m p e r a t u r e s  up to  
600°C,  resul t ing in p r o t o h e m a t i t e .  The  second  group  shows the  fo l lowing 
the rma l  t r a n s f o r m a t i o n  sequence .  In t he  first  stage, at  t e m p e r a t u r e s  above 
200 ° C, syn the t i c  pure  goe th i te  gives rise to p ro tohe ,na t i t e ,  whi le  the  sample  
con ta in ing  na tura l  Al-goethi te  gives rise to  Al-bearing p r o t o h e m a t i t e .  

In  the  second  stage, at  t empe ra tu r e s  above  330°C,  the  p r o t o h e m a t i t e  is 
t r a n s f o r m e d  in to  a t rans i t ional  ox ide  of  u n k n o w n  s t ruc ture ,  i t  should  be 
n o t e d  tha t  the  f o r m a t i o n  of  this t rans i t ional  ox ide  is n o t  specific to alkali  
iodides  and  t ha t  a similar p r o d u c t  is o b t a i n e d  wi th  m a n y  o t h e r  alkali  halides, 
e.g. NaC1, KC1, KBr and  RbC1. Since the  p robab i l i ty  of  hal ide  ox ida t ion  in 
these  alkali  salts is very  low, the  occu r r ence  of  cons iderab le  a m o u n t s  of  
ferrous  i ron  in t he  t rans i t iona l  ox ide  can be ru led  out .  

A th i rd  stage begins at  500 °C, w h e n  the  t rans i t ional  ox ide  is t r ans fo rmed  
into  m a ghe m i t e .  This stage is specific for  CsI disks of  syn the t i c  goe th i t e  and 
does n o t  occu r  in disks of  KI or  any  o the r  alkali halide.  A four th  stage 
occurs  at  600°C w h e n  par t  of  the  i ron is r educed  and  magne t i t e  is ob ta ined .  
This r eac t ion  occurs  w i th  the  syn the t i c  goe th i te  in bo th  disks, t hough  pre- 
d o m i n a n t l y  wi th  KI;  wi th  the  na tura l  sample  it occurs  on ly  in the  KI disk. 
However ,  if the  CsI disk is hea t ed  d i rec t ly  to  600 ° C, the  t e m p e r a t u r e  of  the  
fou r th  stage, a h igher  f rac t ion  of  the  ox ide  appears  in the  form of  magne t i t e .  
At  the  same t e m p e r a t u r e  a slow recrys ta l l iza t ion  process gives rise to hema-  
t i te.  This recrys ta l l i za t ion  p r e d o m i n a t e s  in the  CsI disks and  is on ly  m i n o r  
in the  KI disks. I t  is t h e r e f o r e  c o n c l u d e d  tha t  maghemi t e  tends  to recrystal-  
lize to h e m a t i t e  at this t e m p e r a t u r e  (600°C) ,  whereas  the t rans i t ional  ox ide  
is first t r a n s f o r m e d  in to  magne t i t e  and  fo rms  hema t i t e  on ly  very s lowly,  
h e m a t i t e  being the  m o s t  stable i ron ox ide  at  600°C u n d e r  a tmospher i c  oxy-  
gen. Of course ,  it is d i f f icu l t  to  d raw a line be tween  the  various t ransforma-  
t ion stages, and thus  a very small a m o u n t  of  magne t i t e  m a y  be d e t e c t e d  af ter  
hea t ing  the  KI disks for  several days  at  500°C.  The  t rans i t ional  ox ide  ob- 
ta ined f rom na tura l  goe th i t e  is recrys ta l l ized  to h e m a t i t e  in Csl disks bu t  no t  
in KI disks. 

If the  g round  KI disks are hea t ed  d i rec t ly  at t e m p e r a t u r e s  above 400°C,  
w i t h o u t  any  pre-heat ing  at l ower  t empera tu re s ,  the  t rans i t ional  ox ide  is n o t  
fo rmed .  Thus  no magne t i t e  is o b t a i n e d  at  600°C.  The  ma jo r  p r o d u c t  u n d e r  
these cond i t i ons  is p r o t o h e m a t i t e ,  ind ica t ing  tha t  on ly  the  first stage of  the  
t he rma l  t r a n s f o r m a t i o n  sequence  occurs .  The  gradual  hea t ing  of  KI disks is 
cri t ical  for  the  appea rance  of  the  t rans i t ional  oxide .  However ,  this gradual  
hea t ing  is on ly  of  m i n o r  i m p o r t a n c e  for  o t h e r  salts, especial ly KC1 and  KBr. 
The re-pressing of  the  disks, wh ich  is also cri t ical  in ob ta in ing  the  t rans i t ional  
oxide  and magne t i t e  wi th  the  KI  mat r ix ,  again is of  s econda ry  i m p o r t a n c e  
for  disks of  the  o t h e r  halides,  excep t  NaC1 (see Table 1). 

The  f o r m a t i o n  of  magne t i t e  is associa ted wi th  the  r e d u c t i o n  of  ferric iron 
by the  iodide ,  and  implies  a shor t  d is tance  b e t w e e n  the  t w o  ions. F r o m  the  
present  results  it appears  obvious  t h a t  the  t rans i t ional  oxides  are the  phases 
largely respons ib le  for  the  thi rd-  and  four th-s tage  reac t ions .  The  fo l lowing 
suggest t ha t  the  f o r m a t i o n  of  a t rans i t iona l  ox ide  depends  on  in te r face  reac- 
t ions b e t w e e n  the  alkali  hal ides and  p r o t o h e m a t i t e .  

(a) R e p e a t e d  gr inding--press ing cycles  are essential  for  f o r m a t i o n  o f  the  
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t rans i t iona l  ox ide .  Moreover ,  t he  f r ac t ion  o f  this  phase  in t he  salt  ma t r i x  
increases wi th  the  n u m b e r  of  cycles.  As s h o w n  in t he  Resul ts  sec t ion ,  t h e  re- 
gr inding--re-pressing process  does  n o t  resul t  in a r a n d o m  break ing  o f  t h e  
goe th i t e  part icles ,  b u t  in a cleavage a long a cer ta in  plane.  In  o r t h e r  words ,  
t he  re-gr inding--re-pressing process  resul ts  in t h i n n e r  goe th i t e  par t ic les  a n d  
greater  exposu re  of  fresh surface  F e - O H  groups.  

(b) The  t rans i t iona l  ox ide  is f o r m e d  in alkali-halide disks, b u t  n o t  in t he  
p o w d e r  mLxture o b t a i n e d  a f te r  t he  re-gr inding of  the  same disk. This  m a y  
ind ica te  t h a t  good  c o n t a c t  b e t w e e n  the  surfaces of  part ic les  in t he  t w o  
phases,  ach ieved  in the  disk, is essential.  

(c) No sys temat i c  e f fec t  (e i ther  acce le ra to ry  or  inh ib i to ry )  due  to  a n y  par- 
t icular  alkali  or  hal ide  ion has in f luence  o n  the  f o r m a t i o n  of  t he  t rans i t iona l  
oxide .  Table  1, howeve r ,  shows t ha t  some salts, e.g. KBr or  NaC1, do  acceler-  
ate t he  f o r m a t i o n  of  the  t rans i t iona l  oxide ,  whereas  others ,  l ike NaBr  and  to  
some  e x t e n t  KCI, behave  as inhib i tors .  This suggests t ha t  these  effects  m u s t  
be a t t r i b u t e d  to  the  w h o l e  salt and  n o t  to the  individual  ions. I t  m a y  also be 
infer red  t h a t  the  reac t ions  governing the  second-s tage process  do  n o t  o c c u r  
at  in te r ionic  (or  i n t e r a tomic )  level, bu t  at  the  sal t - - i ron ox ide  in te r face .  

In a separa te  s tudy  of  t he  t he rma l  de , ;ompos i t ion  of  goe th i t e  in concen-  
t r a t ed  disks (33%) of  KC1, KBr,  KI  and  CsI, we  s h o w e d  tha t  the  fo l lowing  
in te r face  reac t ions  t ake  place dur ing  the  d e h y d r o x y l a t i o n  of  goe th i t e  (paper  
in p repa ra t ion)  

FeOOH + KI -+ F e O O K  + HI (1) 

F e O O H  + KI -~ FeOI  + KOH (2) 

The  same surface reac t ions  m a y  t ake  place in the  very di lu te  disks investi- 
gated here .  F u r t h e r m o r e ,  since the  re-gr inding--re-pressing cycles  increase the  
surface area of  the  goe th i te ,  the  c o n t r i b u t i o n  of  the  la t ter  r eac t ion  to the  
m e c h a n i s m  m u s t  be cons idered .  

CONCLUSIONS 

S y n t h e t i c  goe th i t e  was r e d u c e d  to magne t i t e  in KI  or CsI disks. In  bo th  
cases, the  disk m u s t  be re -g round  and  re-pressed at  least  th ree  t imes  dur ing  
the  the rma l  t r e a t m e n t  for  the  r e d u c t i o n  to  occur .  Gradua l  hea t ing  up  to 
600°C is op t ima l  for  ob ta in ing  magne t i t e  in KI  disks, whereas  in CsI disks 
magne t i t e  is d e t e c t e d  u p o n  d i rec t  hea t ing  at  600°C.  P ro longed  hea t ing  of  
the  magne t i t e  disk at  600°C  gives rise to  hema t i t e ,  a process  w h i c h  is fas ter  in 
CsI t han  KI  disks. Magne t i t e  was also o b t a i n e d  f rom a na tura l  goe th i t e  (A1- 
bear ing goe th i t e )  in KI  disks bu t  n o t  in CsI disks. In f ra red  spec t ro scopy  was 
successful  in i den t i fy ing  the  d i f f e ren t  c o m p o u n d s  of  i ron p r o d u c e d  in t he  
t h e r m a l  t r e a t m e n t  of  goe th i t e  in alkal i-hal ide disks. 
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