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Abstraet--Submicron-sized (~3-60  nm) powders of Al-substituted magnetite were synthesized in the 
laboratory by precipitation methods by mixing appropriate molar volumes FeCI2, FeC13 and A1CI3 so- 
lutions and precipitating with 20% NH4OH. Precipitates were dialyzed for 48 hr to remove excess salts 
and then freeze-dried. The nominal A1 mole fractions [AL = A1/(Al + Fe)] in the initial precipitate ranged 
from 0.001 to 0.42. Portions of the resulting powders were heated sequentially in air at 400* and 500"C. 
Powders were examined using X-ray diffraction (XRD), transmission electron microscopy (TEM), and 
visible and near-IR reflectance spectroscopy. Solubilities were determined in ammonium oxalate (pH = 
3) and dithionite-citrate-bicarbonate (DCB) solutions. As determined by XRD, the mineralogy of pre- 
cipitated powder samples was predominantly magnetite. Powders having Al~ > 0.20 contained minor 
goethite and a poorly crystalline iron oxide phase (ferrihydrite?), and powders having Al~ > 0.25 also 
contained gibbsite. The color of the magnetites was black throughout the range of Al-substitution. Powders 
heated to 400~ were reddish brown; Munsell colors ranged from 5R 2/2 to 10R 3/4 for Al, from 0.1- 
41.5%, respectively. By XRD, these powders were maghemite, but hematite was also detected by Mrss- 
bauer spectroscopy. XRD and Mrssbauer data indicate powders heated to 500"C are hematite; their 
Munsell colors are not noticeably different from the corresponding 400"C samples. Mean crystallite 
dimensions (MCDs) of the magnetite powders increase with the A1 mole fraction from ~ 10 nm for Als 
= 0.001% to a maximum value of 35 nm for A1, = 0.15 and decrease slightly with further increasing A1 
substitution. Heating magnetite powders to 400"C did not change the MCDs significantly. Heating to 
500~ resulted in hematites having MCDs larger than those for corresponding precursor magnetites for 
A1, < 0.10. The opposite is true for hematites derived from magnetites having A1, > 0.10. For hematite 
powders with AI~ > 0.05, MCD decreased with increasing Al-substitution. Solubilities of powders in 
oxalate solutions were independent of Al content and decreased in the order unheated samples (mostly 
magnetite) >400*C-heated samples (maghemite + hematite) >500*C-heated samples (hematite). All 
powders dissolved completely in DCB. The low crystallinity of the magnetite powders and the presence 
of ferrous iron are responsible for their relatively high solubility in oxalate solutions. 

Key Words--Aluminum substitution, Electron microscopy, Hematite, Maghemite, Magnetite, Oxidation, 
Solubility. 

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

I ron  oxides  in soils can  be select ively r e m o v e d  by  
tak ing  a d v a n t a g e  o f  the i r  d i f ferent ia l  solubi l i ty  to  var -  
ious  reagents .  Trad i t iona l ly ,  the  m o s t  popu l a r  proce-  
du re  is to select ively r e m o v e  " a m o r p h o u s  or  poor ly  
c rys ta l l ine"  i ron  oxides  a n d  then  r e m o v e  "c rys t a l l i ne"  
i ron  oxides  (McKeague  a n d  Day,  1966; S c h w e n m a n n ,  
1964; Saunders ,  1965). Acidif ied a m m o n i u m  oxala te  
(pH = 3) is used  for d i s so lv ing  a m o r p h o u s  or  poor ly  
crysta l l ine  i ron  oxides.  D i t h i o n i t e - c i t r a t e - b i c a r b o n a t e  
(DCB) is used  for  ex t r ac t ion  o f  all f o rms  o f  i ron  oxides  
tha t  are no t  p ro t ec t ed  (i.e., " f r ee" )  by  an  inso luble  bar-  
r ier  such  as a silica conc re t i on  s u r r o u n d i n g  oxide par-  
ticles. T h e  ra t io  Feo/Fed is used  to m eas u r e  poor ly  crys- 
ta l l ine  i ron  oxides  as a f rac t ion  o f  the  to ta l  Fe-oxides  
a n d  is of ten used  as an  index  for  soil profile deve lop-  
m e n t  (McKeague  a n d  Day,  1966). U nf o r t una t e l y ,  some  
well-crystal l ine,  f e r rous - con t a in ing  i ron  oxides  (e.g., 
magne t i t e )  are soluble  in oxala te  (Pawluk,  1972) a n d  
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would  be  cons ide red  poor ly  crysta l l ine  by  the  a b o v e  
cr i ter ia .  

S to i ch iome t r i c  m a g n e t i t e  has  a f o rmu la  Fe304 a n d  
a ferrous  to ferric ra t io  o f  0.5. In  na tu ra l  sys tems,  mag-  
ne t i t e  is of ten  ca t ion-def ic ien t  ( ferrous  to ferric ra t io  
lower  t h a n  0.5) a n d  con t a in s  o the r  e l emen t s  (e.g., A1, 

Zn,  Cu, Mn ,  Ni,  Co, Mg, Cr,  a n d  Ti: A n a n d  a n d  Gilkes ,  

1984). The  subs t i t u t i on  o f  ca t ions  in  the  m a g n e t i t e  
s t ruc tu re  a n d  the  changes  in ox ida t i on  s ta te  o f  i ron  
m a y  inf luence  its solubi l i ty  wi th  respect  to  oxala te  a n d  
D C B  solut ions .  Fo r  example ,  does  A1 subs t i t u t i on  af- 
fect the  oxala te  solubi l i ty  o f  magne t i t e  or  i ts  ox ida t i on  
p roduc ts  m a g h e m i t e  (7-Fe203) and  hema t i t e  (ct-Fe203)? 
T h e  ob jec t ives  o f  the  p resen t  work  were to s tudy the  
effect o f  Al subs t i t u t i on  on  the  oxala te  a n d  D C B  sol- 
ub i l i ty  o f  synthet ic ,  A i - subs t i t u t ed  magne t i t e s  a n d  the i r  
t h e r m a l  ox ida t i on  products .  X- ray  di f f rac t ion (XRD) ,  
M/Sssbauer,  v is ib le  a n d  n e a r - I R  diffuse ref lectance 
spect roscopy,  a n d  color  da t a  were also ob ta ined .  
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Table 1. Total iron, ferrous iron, and aluminum concentrations [Fe, (Fe 2+ ),, and AI,], mole fraction Als = AI/(A1 + Fe), 
oxalate (o) and DCB (d) extractable Fe and A1, Feo/Fed ratio, and mineralogy of powders synthesized at room temperature. 

Fe (Fe ~'+ ), AI, AI~ Fed AIo Feo AIo Mineralogy t 
Sample (wt. %) (wt. %) (wt. %) (mole ft.) (wt. %) (wt. %) (wt.%) (wt. %) Feo/Fen AIo/AIo (by XRD) 

MT-RT-00 67.1 1.92 0.05 0.001 65.4 0.00 66.6 0.11 1.02 -- mt 
MT-RT-05 61.1 4.1 1.69 0.054 61.6 1.59 63.7 1.73 1.03 1.09 mt 
MT-RT-10 57.9 4.0 3.15 0.101 56.6 3.17 58.4 3.02 1.03 0.95 mt 
MT-RT-15 53.6 4.6 4.66 0.152 52.3 4.66 52.6 4.23 1.01 0.91 mt 
MT-RT-20 50.2 2.9 6.08 0.200 46.9 6.01 46.4 5.13 0.99 0.85 mt 
MT-RT-25 46.1 1.3 7.45 0.251 43.0 7.31 31.3 4.81 0.73 0.66 m t +  gt 
MT-RT-30 40.7 0.6 8.56 0.303 40.0 8.55 27.1 4.91 0.68 0.57 mt + gt + gb 
MT-RT-35 40.5 1.4 10.94 0.358 38.1 7.79 20.9 4.65 0.55 0.60 mt + gt + gb 
MT-RT-40 36.7 1.4 12.57 0.415 35.7 7.33 14.8 4.45 0.42 0.60 mt + gt + gb 

mt = magnetite, gt = goethite, gb = gibbsite. 
z Stoichiometric magnetite (Fe304) has 24.1 wt. % Fe z+. 

M A T E R I A L S  A N D  M E T H O D S  

Magnetite synthesis and oxidation 

Magne t i t e  was  syn thes ized  by  m i x i n g  so lu t ions  o f  
fer rous  a n d  ferric ch lo r ides  in the  mo le  ra t io  2:1 a n d  
t h e n  a d d i n g  20% a m m o n i a  so lu t ion  to a final p H  o f  
12. T h e  prec ip i ta te  was  aged for 24 h r  a n d  t hen  d ia lyzed  
aga ins t  de ion i zed  wa te r  ( ~ 4 8  hr)  unt i l  no  m o r e  chlo-  
r ide  was de tec ted  in the  dialyzate .  T h e  d ia lyzed  p r o d u c t  
was  qu ick - f rozen  in  l iqu id  n i t rogen  a n d  freeze-dried.  
A1 subs t i t u t i on  was o b t a i n e d  by  replac ing a f rac t ion  o f  
FeC13 in the  ini t ial  so lu t ion  wi th  the  appropr ia te  a m o u n t  
o f  A1Cl 3. N i n e  samples  o f  A l - subs t i t u t ed  magne t i t e s  
were  p r e p a r e d  f rom m i x e d  so lu t ions  o f  FeC13 a n d  AIC13 
h a v i n g  mo le  f rac t ion  o f  A1/(A1 + Fe) (denote  as Als) 
r ang ing  f rom 0 to 0.4 in  steps o f  0.05. T h e  resul t ing  
powde r s  ( M T - R T - 0 0  t h r o u g h  M T - R T - 4 0 )  were hea t ed  
sequent ia l ly  in  a i r  in  a muffle  furnace  at  400~ for  4 
h r  ( M T - 4 0 0 - 0 0  t h r o u g h  M T - 4 0 0 - 4 0 )  a n d  t hen  at  500~ 
for  6 h r  ( M T - 5 0 0 - 0 0  t h r o u g h  MT-500-40 ) .  

Analytical methods 

Total chemical analysis (TCA) and ferrous iron deter- 
mination. P o w d e r  samples  were d i s so lved  by  digest ing 
100 m g  o f  s ample  wi th  5 m l  o f  H F  a n d  1 ml  o f  10% 
1 , 1 0 - p h e n a n t h r o l i n e  in e t hano l  (Stucki,  1981). T h e  di-  
gest was  d i lu ted  to 100 ml  wi th  wa te r  a n d  a b s o r b a n c e  
read  a t  510 n m  for ferrous  i ron  d e t e r m i n a t i o n .  T h e  
whole  p rocedu re  was p e r f o r m e d  in the  da rk  u n d e r  a 
safe light. S t a n d a r d s  were m a d e  f rom ferrous  a m m o -  
n i u m  sulfate a n d  t r ea ted  in  s imi l a r  fash ion  to the  s am-  
ples. To ta l  Fe a n d  Al  were d e t e r m i n e d  by  a t o m i c  ab-  
so rp t i on  spect roscopy.  A n  a i r -ace ty lene  f lame was used  
for Fe  a n d  a n i t rous  ox ide-ace ty lene  f lame for  Al. 

Acidified ammonium oxalate (pH = 3) extraction (ox- 
alate extraction). Solu t ions  o f  0.3 M a m m o n i u m  ox- 
a la te  a n d  0.3 M oxalic  ac id  were m i x e d  to m a k e  a p H  
= 3 so lu t ion  o f  oxala te  ( S c h w e r t m a n n ,  1964; Mc-  
Keague  a n d  Day,  1966). A p p r o x i m a t e l y  20 m g  samples  
were weighed  in to  40 ml  po lyp ropy lene  tubes  a n d  20 
ml  o f  oxala te  so lu t ion  was added .  T h e  tubes  were cap-  

ped,  cove red  wi th  Al-foi l  to  p r e v e n t  any  exposure  to  
light, a n d  s h a k e n  in a ho r i zon ta l  shake r  for  4 hr. Af te r  
shaking,  suspens ions  were cent r i fuged  a n d  supe rna -  
rants  were col lected for  analys is  o f  Fe a n d  A1. 

Dithionite-citrate-bicarbonate (DCB) extraction. Cit-  
r a t e - b i c a r b o n a t e  buffer  (pH = 7.3) was  p r epa red  as 
desc r ibed  by  J ackson  (1974).  Samples  weighing  ~ 4 0  
m g  were placed in 50 ml  polypropylene  centrifuge tubes.  
C i t r a t e - b i c a r b o n a t e  buffer  was  a d d e d  to the  tube  to 
m a k e  a solid to  so lu t ion  ra t io  o f  1 to  1000, a n d  the  
m i x t u r e  was p laced  in an  80~ wate r  ba th .  Af ter  the  
t ube  h a d  r eached  a t e m p e r a t u r e  o f  80~ a p p r o x i m a t e l y  
1 g o f  s o d i u m  d i t h i o n i t e  was a d d e d  to the  s ample  mix-  
ture.  T h e  tube  was m a i n t a i n e d  at  7 5 ~ 8 0 ~  a n d  occa-  
s ional ly  st irred.  W h e n  the  reac t ion  ceased,  the  con t en t s  
were centr i fuged.  T h e  decan t a t e  was ana lyzed  for Fe 
a n d  A1 us ing  a t o m i c  a b s o r p t i o n  spectroscopy.  Care  was 
t aken  for  the  t e m p e r a t u r e  to no t  to  exceed 80~ d u r i n g  
the  procedure .  

X-ray diffraction (XRD). Powder s  were m o u n t e d  in 
cav i t ies  c a r v e d  on  glass sl ides a n d  X- r ayed  wi th  CuKa 
r ad i a t i on  us ing  a Scintag X D S  2000  X- ray  d i f f rac tom-  
e ter  conf igured  wi th  a g raph i te  m o n o c h r o m a t o r ,  a 0.3 
m m  rece iv ing  slit, a n d  a 0.5 m m  d ivergence  slit. K o t  2 

r a d i a t i o n  s t r ipp ing  was d o n e  by  a sof tware  rout ine .  
X R D  line b r o a d e n i n g  was used  to measu re  the  m e a n  
crystal l i te  d i m e n s i o n s  ( M C D s )  o f  magne t i t e  a n d  he-  
m a t i t e  par t ic les  us ing  Scher re r  equa t ion .  T h e  l ine cor-  
r e s p o n d i n g  to 0 .269 n m  (d104)  peak  was used  for he-  
mat i t e ,  a n d  t ha t  for 0 .253 n m  (d110)  peak  was used  
for  magne t i t e .  Cor rec t ions  for  i n s t r u m e n t a l  b r o a d e n i n g  
were  car r ied  ou t  us ing a qua r t z  p o w d e r  pa t t e rn  ob-  
t a ined  us ing  the  s ame  i n s t r u m e n t  se t t ings  (Zussman ,  
1977). 

Electron microscopy. For  t r a n s m i s s i o n  e lec t ron  mi -  
c roscopy  (TEM),  the  oxides  were d i spersed  in dis t i l led  
water ,  a n d  a d r o p  o f  the  suspens ion  was e v a p o r a t e d  
on  a holey  c a r b o n  film. T h e  d r i ed  sample  was c a r b o n -  
coa ted  p r io r  to  e x a m i n a t i o n  wi th  a J E O L  2000 F X  
scann ing  t r a n s m i s s i o n  e lec t ron  mic roscope  (STEM).  
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Figure 1. X-ray diffraction (XRD) patterns for selected mag- 
netite samples (0.1, 10.1, 20.0, 30.3, 41.5 mole % AI). Note 
the appearance of goethite peaks (0.416 and 0.245 nm) and 
gibbsite peaks (0.485 and 0.437 nm) above 30.3 mole % A1. 
Note the line broadening in the 0.1 mole % AI sample due to 
small particle size. 

M6ssbauer and reflectance spectroscopy. M6ssbauer 
spectra were obtained at room and liquid nitrogen tem- 
peratures only for the unheated Al-magnetites using a 
25 mCi 57Co/Rh source at room temperature. Velocity 
calibrations were done by laser interferometry. Visible 
and near-IR reflectance spectra were obtained at 293 
K on a Cary-14 spectrophotometer configured with a 
9-inch diameter integrating sphere. The spectra were 
obtained relative to a Halon standard and converted 
to absolute reflectivity (Weidner and Hsia, 1981). The 
color of the powder samples was determined using 
Munsell color charts. 

RESULTS 

Total chemical analysis and XRD 

Values of A1, in the precipitates, which were calcu- 
lated from total dissolution data, are similar to those 
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Figure 2. Weight percent Fe 2+ in magnetite and 400~ heat- 
ed magnetite samples determined colorimetrically for samples 
of Als 0.001 to 0.41. 
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Figure 3. X R D  patterns for 0 mole % AI magnetite at 250C, 
after heating for 4 hr at 400~ (maghemite), and after heating 
for 6 hr at 500~C (hematite). 

of  the reactant mixture (Table I). Observed values of  
AIs represent the degree of Al substitution in magnetite 
only if no other Al-bearing phases are present. XRD 
data (Figure 1; Table 1) indicate magnetite as the major 
phase present for samples MT-RT-00 through MT- 
RT-20. Both magnetite and goethite (0.418 nm peak) 
were detected in sample MT-RT-25. Magnetite, goe- 
thite, and gibbsite (0.46 n m  peak) were detected in 
samples MT-RT-30 through MT-RT-40. Additional 
minerals in minor quantities (e.g., < 5 wt. %) or poorly 
crystalline (X-ray amorphous) minerals (e.g., ferrihy- 
drite) are not easily detected by XRD specially in the 
presence of more crystalline phases. Broad humps in 
the XRD background near 0.25, 0.22 (Figure 1), and 
0.15 nm (not shown) suggested possible presence of 
ferrihydrite, the amount  of which appears to increase 
with increase in Als. Presence of ferrihydrite is also 
supported by M6ssbauer and TEM data discussed lat- 
er. 

The magnetites have a maximum Fe 2+ content of 
~4.5 wt. %, which is considerably lower than the value 
of 24.1 wt. % for stoichiometric magnetite. The mag- 
netites are, therefore, strongly cation deficient (partially 
oxidized). This is apparently the general case for mag- 
netite prepared by wet chemical methods (Schwert- 
mann  and Murad, 1990; Sidhu et aL, 1981). Upon 
heating the magnetite powders to 400~ for 4 hr in the 
air, the Fe 2§ was completely oxidized to Fe 3§ (Figure 
2). Magnetite-like XRD patterns and near-zero ferrous 
Fe content indicates these powders are maghemite. 
However, M6ssbauer spectra of these samples indi- 
cated the presence of some hematite in addition to 
maghemite. Hematite was the only phase detected by 
XRD and M6ssbauer data when the samples in the 
MT-400 series were heated to 5000C for 6 hr. XRD 
data for the powder MT-RT-00 with Als = 0.001 along 
with those of its heated products is shown in Figure 3. 
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Figure 4. Mean crystallite dimensions of magnetite and he- 
matite produced by heating magnetites for samples of Als 
0.001 to 0.41. 

Goethite content increased with increase in Als for the 
MT-RT series in agreement with a similar effect re- 
ported by Schwertmann and Murad (1990). 

Mean crystallite dimensions (MCDs) for magnetite 
(unheated powders) and hematite (500~ powders) were 
calculated using the Scherrer equation (Zussmann, 
1977). The MCD in a direction perpendicular to the 
[311 ] crystallographic plane for magnetite has an initial 
sharp increase with A1 content up to Als ~ 0.15 and 
then decreases slowly with further Al substitution (Fig- 
ure 4). Hematite MCDs (perpendicular to [ 104] plane) 
also increases initially with AI content up to Als = 0.054 
and then decreases in MCD with further increases of 
Al (Figure 4). Magnetite samples MT-RT-00 (Als = 
0.001) and MT-RT-05 (Als = 0.054) have MCDs less 
than 20 nm; all other MCDs are ~30  rim. The MCD 
calculations were done assuming that no strain was 
present in the crystallites. Strain, if present, may also 
cause XRD line broadening. 

Transmission electron microscopy (TEM) 

TEM photomicrographs (Figures 5a-5d) and select- 
ed area electron diffraction patterns (SAED) of mag- 
netite, maghemite, and hematite particles (Figures 5e- 
5g) are shown for unsubstituted (Als = 0.001) samples. 
The dimensions of magnetite particles in MT-RT-00 
are 3-15 nm across. The MCD(31 l) estimated from 
line broadening is on the same order (~ 12 nm). As Als 
increases from 0 to 0.2, the magnetite particle size 
increases as seen by TEM (Figure 5j) and XRD mea- 
sured values of MCD(31 l) also increase (Figure 4). 
From Als 0.2 to 0.4, a slight decrease in MCD is ob- 
served. The MCD(31 l) of 35 nm for MT-RT-20 is 
within the 5-60 nm range observed by TEM. Electron 
diffraction patterns of both MT-RT and MT-400 series 
samples show superlattice reflections indicating the or- 
dering of vacancies. Formation of hematite (MT-500 
series) has caused considerable solid phase alteration, 
as suggested by the rounded edges (Figure 5d) and the 

well-formed structure (Figure 5h). Hematite has the 
best ordering of atoms in single domain particles. 

The Als = 0.20 magnetite sample (MT-RT-20), how- 
ever, suggests heterogeneity in composition (Figure 5i). 
The rounded particles coated with finer particles are 
magnetite and the elongated needle-like ones are goe- 
thite or lepidocrocite. The very fine particles (<5 nm) 
may be a ferrihydrite-like phase, as suggested by the 
two-line electron diffraction pattern (Figure 5k, 0.25 
nm and 0.15 nm). There were occasional large particles 
of magnetite that yielded spot patterns (not shown). A 
ring pattern was also noted for fine hematite particles 
formed from ferrihydrite-like phase and a spot pattern 
for the large particles of hematite formed by heating 
the Als = 0.20 magnetite powder (Figure 51). In samples 
with higher A1 contents, an occasional lepidocrocite 
crystal was also detected (presence of 0.6 nm lattice 
fringes). 

Oxalate and dithionite-citrate-bicarbonate 
(DCB) extractions 

Our magnetite samples are essentially completely 
soluble in oxalate. The samples heated to 400~ (mag- 
hemite + hematite) are partially soluble. Samples heat- 
ed to 500~ (hematite) are the least soluble of the three 
sets of samples considered (Figure 6). Within each sam- 
ple set, oxalate-soluble Fe deviates from total Fe as Als 
increases (Table 1). This probably results from the 
presence of the oxalate-insoluble minerals goethite and 
gibbsite at high A1 contents (Figure 1). Ferrihydrite, if 
present ,  would comple te ly  dissolve in oxalate 
(Schwertmann, 1964). 

DCB extractions were done only for magnetite (un- 
heated) and hematite (500~ samples. Concentrations 
of DCB-extractable Fe are similar to total Fe concen- 
trations for unheated samples (Table 1), indicating that 
all oxides containing Fe (e.g., magnetite, goethite, and 
ferrihydrite) dissolved in DCB. The deviation of AI~ 
from Aid for two samples with the highest A1 content 
(MT-RT-35 and -40) is consistent with the formation 
of gibbsite as observed in XRD data. The results for 
samples heated to 500~ are similar. 

M6ssbauer spectroscopy of  A1- magnetites 

M6ssbauer data for Al-magnetite samples MT-RT- 
00, MT-RT-05, MT-RT- 10, MT-RT- 15, and MT-RT- 
20 (AI~ = 0.001, 0.054, 0.101, 0.152, and 0.20, re- 
spectively) are given in Table 2 and Figure 7. Room 
temperature spectra are characterized by a Fe 3+ dou- 
blet, whose percentage area increases markedly from 
only 1% for MT-RT-00 to 73% for MT-RT-20, and 
one or two magnetic sextets. The two-sextet spectra 
are consistent with magnetite where sextets # 1 and #2 
result from tetrahedral (occupied by Fe 3+ ) and octa- 
hedral (occupied by Fe 2+ and Fe 3+ ) sites, respectively. 
The single, very broad, and asymmetric sextet for the 
unsubstituted sample (MT-RT-00) results from an un- 
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Figure 5. Transmission electron micrographs (TEM) of Al-magnetite and its heat transformation products: a) TEM of 0.1 
mole % A1 magnetite; b) high resolution TEM of two magnetite particles of 0.1 mole % AI; c) maghemite produced by heating 
magnetite in (a) to 400~ for 4 hr; d) hematite produced by heating maghemite in (c) to 500~ for 6 hr; e) selective area 
electron diffraction pattern (SAED) of (a); f) SAED pattern of (c); g) SAED pattern of (d); h) high-resolution TEM image of 
hematite particle from (d), beam direction is along the (1007 zone axis and the 0.36 nm corresponds to spacing d(012); i) 
TEM of 20 mole % AI product; j) hematite produced from 20 mole % A1 product, (K) SAED pattern for (i), and SAED pattern 
for (j). 
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Figure 6. Total and acidified ammonium oxalate (oxalate) 
soluble Fe (wt. %) in magnetite, maghemite, and hematite of 
0.001 to 0.41 Al, oxide samples. 

r e so lved  supe rpos i t i on  o f  the  two sextets.  T h i s  con-  
d i t i o n  impl i e s  t h a t  the  ra t io  o f  ferric to  ferrous  i ron  in 
the  oc t ahed ra l  site is h igh  so t h a t  the  M S s s b a u e r  pa-  
r a m e t e r s  o f  the  two sites are near ly  the  same.  T h i s  is 
cons i s t en t  wi th  the  low c o n c e n t r a t i o n  o f  Fe E+ , wh ich  
is - 2  wt. % as c o m p a r e d  wi th  24 wt. % for s to ich io-  
me t r i c  magne t i t e .  F o r  the  o t h e r  four  samples ,  the  
c h e m i c a l l y - d e t e r m i n e d  Fe 2+ c o n c e n t r a t i o n  is m u c h  
larger  a n d  two c lear ly - reso lved  sextets  are  p resen t  in  
the  M 6 s s b a u e r  spectra;  one  c o r r e s p o n d s  to m i x e d  va-  
lence Fe2+-Fe  3+ in oc t ahed ra l  sites a n d  the  o t h e r  to 
Fe 3§ in t e t r ahed ra l  ( and  poss ib ly  oc tahedra l )  sites. In 
add i t i on ,  there  is an  inc reas ing  p r o p o r t i o n  o f  the  Fe 3+ 
d o u b l e t  w i th  inc reas ing  A1 subs t i tu t ion .  Th i s  doub le t  
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m a y  c o r r e s p o n d  to a separa te  phase ,  and  inc reas ing  
p r o p o r t i o n  o f  the  ferric doub l e t  wi th  increas ing  AIs 
toge ther  imply  t ha t  the  ra t io  o f  ferric to  ferrous  i ron  
in the  t e t r ahedra l  site is lower  re la t ive  to M T - R T - 0 0  
a n d  also decreases  as Als increases .  It  is no t  k n o w n  how 
Al is pa r t i t i oned  be tween  the  doub l e t  phase  a n d  mag-  
ne t i t e  or  h o w  it  is p a r t i t i o n e d  be tween  t e t r ahedra l  a n d  
o c t a h e d r a l  s i t e s  o f  m a g n e t i t e .  In  a r e c e n t  s t u d y  
( S c h w e r t m a n n  a n d  Murad ,  1990), no  preferent ia l  af- 
finity o f  Al  for the  magne t i t e  sites was  obse rved .  

A n  apprec iab le  f rac t ion  o f  the  R T  doub l e t  r e m a i n s  
at  77 K for s amples  wi th  Als = 0 .152 a n d  0.20.  Because  
fe r r ihydr i te  is still a doub l e t  a t  77 K ( M u r a d  et al., 
1988), this  m a y  be  ev idence  for a ferr ihydri te- l ike phase,  
wh ich  would  be X- ray  a m o r p h o u s  a n d  could  be Al-  
subs t i tu ted .  Jo l ive t  et al. (1992)  also found  a s imi la r  
doub l e t  in  u n s u b s t i t u t e d  magne t i t e s  p r epa red  in a s im-  
i lar  fashion ,  bu t  on ly  for  low Fe 2+ c o n c e n t r a t i o n  in the  
so lu t ion .  The  doub le t  d i sappea r s  comple te ly  at  77 K 
for  s amples  wi th  Als = 0.001 a n d  0 .054 a n d  shows  
re laxa t ion  b r o a d e n i n g  for  the  0.101 Als. For  these  sam-  
ples the  r o o m  t e m p e r a t u r e  doub l e t  can  be  ass igned to 
smal l  par t ic les  o f  ferric oxide  wh ich  b e c o m e  magne t -  
ically o rde r ed  at  77 K or  higher .  

T h e  oc tahedra l  m i x e d  va lence  sextet  #2 pers is ts  a t  
77 K wi th  no  r educ t ion  in  in tens i ty  for s amples  w i th  
0 .152 a n d  0 .20 Als. T h i s  is qu i te  different  f rom pure  
magne t i t e ,  wh ich  undergoes  the  Vervey  t r ans i t i on  at  
a b o u t  120K, be low wh ich  the  Fe 2+ a n d  Fe 3+ b e c o m e  
dis t inct .  I f  the  magne t i t e  is par t ia l ly  ox id ized  (ca t ion  
deficient) ,  however ,  the  t r ans i t i on  t e m p e r a t u r e  is low- 
e red  a n d  no  longer  sha rp  (Haley et al., 1989). T h e  two 

Table 2. M~ssbauer parameters IS (isomer shift), quadrupole splittings (QS), hyperfine field (Bur) and relative spectral area 
(RA) at room temperature and 77 K for the powders synthesized at room temperature. Quadrupole splitting of sextets was 
constrained to zero during the fitting procedures. IS is relative to metallic iron at room temperature. 

Sextet #l  Sextet #2 
(tet.) (oct.) Fe 3+ Doublet  

T A1, 1S Bhf RA IS Bhr RA IS QS R A  
Sample (K) (mole ft.) (mm/s) (T) (%) (mm/s) (T) (%) (mm/s) (mm/s) (%) 

MT-RT-00 RT 0.001 0.34 46.4 99 nd ~ nd nd 0.35 0.59 1 
77 0.28 50.9 46 0.54 51.4 54 nd nd nd 

MT-RT-05 RT 2 0.054 0.32 48.1 80 0.59 45.1 10 0.30 0.68 10 
77 0.45 50.8 72 0.48 46.1 28 nd nd nd 

MT-RT-10 RT 0.101 0.31 48.4 28 0.60 45.2 31 0.33 0.69 42 
77 0.45 51.1 32 0.69 46.5 15 0.41 3 52 

MT-RT-15 RT 0.152 0.31 48.6 22 0.62 45.2 21 0.33 0.68 57 
77 0.43 51.0 35 0.85 47.1 27 0.45 0.80 38 

MT-RT-20 RT 0.200 0.31 48.4 13 0.61 45.0 13 0.32 0.68 73 
77 0.44 50.9 25 0.91 46.7 13 0.44 0.74 63 

Magnetite 4 RT 0 0.26 48.6 -- 0.70 46.2 -- 

Maghemite 4 RT 0 0.32 49.9 - -  

nd = not determined. 
2 Spectra fitted to a distribution of hyperfine fields; field of maximum probability is reported. 
3 Broad relaxation peak with no clearly defined splitting. 
4 From Morris et al. (1985). Single-sextet fit for maghemite. 
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Figure 8. Diffuse reflectance spectra (350-2100 rim) for un- 
heated samples (MT-RT series) and samples heated to 500~ 
(MT-500 series). Spectra offsets are shown in parenthesis. 

samples with highest AI show this latter effect. Samples 
0.001 and 0.054 Al~ show no sextet #2 for the mixed 
valence Fe at 77 K, while the proportion is decreased 
for 0.102 Al~ sample (and partially masked by the re- 
laxation effect). The sextet #2 (octahedral) for the 0.001 
and 0.054 Als samples at 77 K is Fe 3§ as these samples 
are highly oxidized (note the low value of  IS compared 
with 0.152 and 0.20 A1s), and the 0 mole % At sample 
has the two overlapping sextets characteristic of  mag- 
hemite rather than magnetite (consistent with its great- 
er oxidation). Jolivet et al. (1992) in preparing mag- 
netite in a similar fashion to what we have done, 
observed the formation of  two types of  particles, some 
smaller (~ 4 nm) and others larger ( > 25 nm). The greater 
the oxidation of  Fe 2§ the more of  the smaller variety 
formed. The extent of  oxidation in our samples is with- 
in the range of  their study. 

Ref lec tance  spectroscopy 

The reflectance spectra for the cation deficient mag- 
netite samples (Figure 8a) resemble those reported by 
Morris et al. (1985) in that they are all strong absorbers 
in the 200 to 2000 nm wavelength region and have a 
broad relative reflectance maximum in the 730-800 
nm region. The maximum reflectivity observed (~0.08) 
is for sample MT-RT-30 which has the lowest Fe z+ 
content. The maximum reflectivity for the remaining 
M T - R T  samples is ~0.04. The reflectance spectra of  
MT-RT samples heated at 500~ are shown in Figure 

0.6 
1 IT-500 -500 series ~ - . ~  series 

0.5 - T 

~.~ o.34 
+o 

0.2- 
~o 0.1 ~ ~-RTseries 

o 
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Figure 9. Mole fraction AI in the oxalate (Alo) extract vs. 
total mole fraction AI in the solid phase (Als) for MT-RT, 
MT-400, and MT-500 series samples. High A1 mole ratio in 
hematite extract probably indicate surface migration of A1 
during heating. 

8b. The spectrum of  MT-500-00 is typical of  that for 
hematite powders (e.g., Morris et al., 1985; Sherman 
et al., 1985). The band minimum near 860 nm and 
feature centered near 630 nm result from the ferric 6A~ 
--* 4T~g and 6A l ~ 4T2g electronic transitions, respec- 
tively. The edge near 520 nm results from the 2(6A]) 

2(4T~g) pair transition (Sherman and Waite, 1985). 
The position of  the 6A] ~ 4T~g band shifts from 860 
nm to longer wavelengths with increasing Als, as ob- 
served by Morris et aL (1992) for Al-hematites. Re- 
flectance spectra of  samples heated to 400~ were sim- 
ilar, indicating the optical dominance of  the hematite 
observed in Mrssbauer data. 

Bands near 1400 and 1900 nm, which are combi- 
nation and overtone bands of  H20 and OH funda- 
mentals, are also present in the hematite spectra. Pos- 
sibilities for their origin include 1) adsorbed water on 
these fine powders, 2) incomplete dehydroxylation, 
gibbsite (AI(OH)3) impurities, and 3) retention of  hy- 
droxyl or H20 in the structure of  the hematite. In a 
recent study, Stanjek and Schwertmann (1992) re- 
ported the inclusion of  hydroxyls in aluminous he- 
matite, where the amount of  nonsurface water in- 
creased with increase in AI substitution. 

DISCUSSION 

M T - R  T series samples  

The ratio ofoxalate to DCB extractable Fe (Feo/Fe~) 
is generally considered as an index for soil develop- 
ment. The ratio Feo/Fed = 0 represents a mature soil, 
and Feo/Fed = 1 represents an immature soil. As shown 
in this and other studies (Rhoton et al., 1981; Jolivet 
et al., 1992), magnetites prepared by precipitation from 
aqueous solutions (MT-RT samples) have small par- 
ticle sizes and are strongly cation deficient (partially 
oxidized). Despite relatively low Fe 2 + contents (< 5 wt. 
%), all magnetite powders are strong absorbers (black) 
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at visible and near-IR wavelengths (350-2100 nm). In 
agreement with Rhoton et al. (1981), we found Feo/ 
Fed = 1.0 for Als < 0.20, which implies that the pres- 
ence of magnetite can compromise the use of the Feo/ 
Fed as an index of soil development. For Als > 0.20, 
Feo/Fed decreases with increasing Als, which could in- 
dicate a decrease in poorly crystalline components with 
increase in Al substitution. However, the XRD data 
indicate the difference more likely results from iron- 
bearing and oxalate-insoluble phases like goethite and 
gibbsite (Table 1). As shown in Figure 9, the mole 
fraction of oxalate-extractable A1 (Alo/(Alo + Feo)) is 
linear with a slope of approximately unity for the MT- 
RT samples, which means that Al and Fe are extracted 
congruently by oxalate. 

Incorporation of AI into the magnetite structure re- 
sults in maxima in mean crystalline dimension (Figure 
4) and Fe 2+ content (Figure 2) at Als ~ 0.15. Similar 
effects have been reported previously (Schwertmann 
and Murad, 1990) and attributed to stabilization of the 
magnetite structure by A1 substitution. Particle size, 
Al content, and Fe 2+ content are related in a complex 
way because, for unsubstituted magnetites, larger par- 
ticle sizes are associated with higher Fe 2+ contents (Jo- 
livet et al., 1992). 

Although the magnetites synthesized for this study 
are completely soluble in both oxalate and DCB, coarse 
crystals of primary magnetites found in nature are not 
so readily soluble by either reagent (Jackson, 1974). 
The difference probably relates to kinetic factors be- 
cause synthetic powders like ours are very fine-grained 
(1-10 nm) and contain some structural H20 while nat- 
ural magnetites are often micrometer-sized or larger 
and are usually derived from igneous processes (i.e., 
little structural water). 

Based on the compositional, solubility, and miner- 
alogical data, we can estimate the relative proportions 
of phases in our MT-RT series samples from the fol- 
lowing equations: 

Magnetite + ferrihydrite = 1.43(Feo) + 1.89(Alo) (l) 

Goethite = 1.43(Fed -- Feo) 

+ 1.89(Ald - Alo) 

+ H2OGt (2) 

Gibbsite = 1.89(AI~o~ - Aid) 

+ H2OGb (3) 

These equations assume that the magnetites and the 
ferrihydrite-like phases are the only oxalate-soluble 
phases, that gibbsite is not soluble in either extractant, 
and that Fe and A1 are congruently soluble. The TEM 
and Mrssbauer data show that magnetite + ferrihy- 
drite is predominantly magnetite for Als < 0.20. For 
the purposes of these approximate calculations, all Fe 
was taken as ferric iron, negative concentrations were 
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Figure 10. Approximate mineralogical composition of un- 
heated powders (MT-RT series) estimated from solubility data. 

set equal to zero, and H20 was added in stoichiometric 
proportions for goethite and gibbsite. The results of 
the calculations (Figure 10) agree qualitatively with 
XRD data. 

The weight total for the oxides does not sum to 100. 
The deficit is about 5 wt. % for MT-RT-00 and in- 
creases to and levels out at 20-25 wt. % by Als = 0.20. 
The deficit probably results from adsorbed H20 and 
structural H20 not associated with goethite and gibbs- 
ite. The ferrihydrite-like phase observed in the TEM 
and M/Sssbauer data of MT-RT-20 but not MT-RT- 
00 implies that the increase in deficit with increasing 
Als results at least in part from structural H20 asso- 
ciated with the ferrihydrite-like phase. 

The above calculations also imply that the molar 
ratio Alo/(Alo + Feo) is a better measure of the degree 
of A1 substitution in the magnetites than is Als. As 
shown in Figure 9, equivalent values are obtained ex- 
cept for the three samples with the highest values of 
Als. These samples contain significant amounts of 
gibbsite so that the values of Als for these three samples 
overestimates the degree of Al substitution. 

M T - 4 0 0  and M T - 5 0 0  series samples 

Upon heating, the MT-RT powders (mostly cation 
deficient magnetite for Als < 0.2) thermally decompose 
to a mixture of maghemite and hematite at 400~ and 
then to hematite at 500~ Although impurity phases 
(goethite, lepidocrocite, ferrihydrite, and gibbsite) ap- 
pear for Als > 0.20, they all transform to hematite by 
500~ except gibbsite. 

The oxalate solubility for the three series of samples 
increases in the order MT-RT > MT-400 > MT-500. 
This could imply mineral solubility in the order mag- 
netite > maghemite > hematite. However, the ob- 
served order of solubility could instead result from 
other changes in properties that would give the ob- 
served order in solubility. These include particle size 
and crystallinity which, as shown by XRD and TEM 
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data ,  b o t h  change  in a way ( M T - R T  < M T - 4 0 0  < M T -  
500) to give the  o b s e r v e d  o rde r  o f  solubil i t ies .  Presence  
o f  excess hydroxy l s  or  wa te r  in the  m i n e r a l  also m a y  
e n h a n c e  oxa la te  ex t rac tab i l i ty  (Stanjek  a n d  Weidler ,  
1992). 

A l t h o u g h  Fe a n d  AI are  ex t rac ted  in the  s a m e  ra t io  
as in the  bu lk  sol id phase  by  oxa la te  for the  M T - R T  
samples ,  they  are no t  ex t rac ted  in the  same  way for 
M T - 4 0 0  a n d  especial ly for M T - 5 0 0  samples  (Figure 
9). Fo r  the  M T - 5 0 0  (hemat i t e )  samples ,  the  s t rong pos-  
i t ive  d e v i a t i o n  f rom the  s lope = 1.0 l ine impl ies  t ha t  
A1 goes in to  oxala te  so lu t ion  in preference  to Fe. Pos-  
s ible  e x p l a n a t i o n s  for  th is  b e h a v i o r  inc lude  1) exso-  
lu t ion  o r A l  f rom Fe-ox ides  as they are hea t ed  as a m o r -  
phous ,  Al - r i ch  (AI,Fe)203 a n d  (AI ,Fe )OOH a n d  2) 
m i g r a t i o n  o f  AI to surface regions  o f  par t ic les  as a 
consequence  o f  heat ing.  
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