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THE INFLUENCE OF ALUMINUM ON IRON OXIDES: 
XIV. AL-SUBSTITUTED MAGNETITE SYNTHESIZED 

AT AMBIENT TEMPERATURES 
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D-8050 Freising-Weihenstephan, Federal Republic of Germany 

Abstract--Mixtures of magnetite and goethite were formed by the slow oxidation of mixed FeCI2-A1C13 
solutions in an alkaline environment at room temperature. The compositions of the products ranged 
from almost exclusively magnetite in Al-free systems to goethite only at AI/(A1 + Fe) ~ 0.3. The magnetic 
phase consisted of a partly oxidized (Fe2+/Fe 3+ < 0.5), Al-substituted magnetite. The unit-cell edge length 
a of the magnetite decreased with increasing A1 (Al = 0-0.37 per formula unit, corresponding to 0-14 
mole % A1) and decreasing Fe 2+ in the structure as described by the empirical relationship a(A) = 8.3455 
+ 0.0693 Fe 2~ - 0.0789 A1. A correlation between the experimentally determined a and that calculated 
from the unit-cell edge lengths of end-member magnetite, maghemite, and hercynite was highly significant 
(r = .96) although shifted by about 0.01 A. M6ssbauer spectra showed A1 to have entered preferentially 
the tetrahedral rather than the octahedral sites at low A1 substitutions (<0.15 per formula unit), perhaps 
because of steric reasons. With increasing A1 substitution the crystal size of magnetite decreased and 
structural strain increased, indicating that the structure had a limited capability to incorporate Al under 
these synthesis conditions. The capacity of the goethite structure to tolerate more Al may explain why 
goethite replaced magnetite at higher A1 concentrations. 

Key Words--Aluminum, Goethite, Iron oxide, Magnetite, M6ssbauer spectroscopy, X-ray powder dif- 
fraction. 

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

Al-subst i tu ted goethi te  and hemat i te  are readily syn- 
t h e s i z e d  f r o m  a q u e o u s  s o l u t i o n s  at  t e m p e r a t u r e s  
< 100~ Al-subst i tu ted goethite forms instead o f  A1- 
subst i tuted lepidocroci te  i f  Al-conta in ing FeC12 solu- 
t ions are oxidized at neutral  pH  (Taylor  and Schwert-  
mann ,  1978; Fey and Dixon,  1981), whereas as much  
as 10 mole  % AI can be incorpora ted  in lepidocroci te  
at p H  8 (Schwer tmann and Wolska,  1990). The  oxi-  
da t ion  o f  FeC12 at p H  > 8 leads to the fo rmat ion  o f  
magneti te .  The  influence o f  A1 on such a system has 
not  yet been investigated.  

To  our  knowledge,  Al- for -Fe  subst i tut ion in mag- 
neti tes has so far only been achieved  by reducing 
(Fe,AI)203 with H2 at 400~ (Michel  and Pouillard,  
1949) or  by sintering mixed  A1 and Fe salts at about  
1300~ in a control led  a tmosphere  (Dehe et aL, 1975; 
Rosenberg  et aL, 1985). The  present  invest igat ion was 
therefore under taken to answer  the following ques- 
tions: (1) Does  A1 inhibi t  magnet i te  fo rmat ion  under  
alkaline condi t ions  at ambien t  temperatures?  (2) In 
magnet i te  fo rmed  under  these condit ions,  is A1 incor- 
porated into the structure? (3) I f  so, what  are the effects 
o f  incorpora ted  AI on unit-cell edge lengths, particle 
size, and strain in the magnet i te  crystals? 

Copyright  �9 1990, The Clay Minerals Society 

E X P E R I M E N T A L  

Sample syntheses 

One-l i ter  batches o f  m ixed  0.05 M FeC12-AI(NO3)3 
solutions,  having A1/(A1 + Fe) ratios between 0 and 
0.40, were prepared and stored in plastic bottles. The  
solutions were slowly oxidized at pH  11.7 and r o o m  
tempera ture  (RT) by daily opening and swirling the 
contents  o f  the bottles. The  total  react ion t ime  was 
between 123 and 155 days. Because the oxida t ion  con- 
di t ions could  not  be perfectly controlled,  two parallel 
series o f  products  were prepared having A1/(A1 + Fe) 
ratios in the solut ion increasing in the range 0-0 .40  in 
relat ive large steps o f  0.05 (series I and II), and three 
series ( I I I -V)  were prepared having AI/(A1 + Fe) in the 
range 0-0 .13 with smaller  steps o f  about  0 .02-0.04.  
An addi t ional  series (series 0.2) was synthesized for 26 
days f rom 0.01 M FeC12-AI(NO3) 3 solut ion (instead o f  
0.05 M), and another ,  f rom 0.05 M solutions,  at 80~ 
for 28 days (series 80). For  these last two series, the 
pH  was also readjusted to 11.7 f rom t ime  to t ime. The  
end-products  were centrifuged, thoroughly washed,  
dr ied at 40~ and gently powdered.  

Sample analyses 

The  chemical  compos i t ions  o f  magneti tes  in the 
magnet i te-goethi te  mixtures  were der ived f rom the 
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Figure 1. Proportion of magnetite (Mt) in the synthesis prod- 
ucts as a function ofA1/(Al + Fe) in the system for the various 
synthesis series. Gt = goethite, Hm = hematite. 

analyses of  extracts obtained by treating about 20 mg 
of sample with 50 ml of  1.8 M H2SO4 at 50~ Dis- 
solution-time curves and X-ray powder diffraction 
(XRD) showed that under these conditions magnetite 
dissolved much more rapidly than goethite. A sepa- 
ration of  the two phases was therefore possible after 
an extraction time of  5 hr. The H2SO 4 extract was 
analyzed for total Fe by atomic absorption spectrom- 
etry, for Fe 2+ using a,a'-dipyridyl, and for A1 using 
aluminon; Fe 3§ was taken as total Fe minus Fe 2+. The 
Fe and A1 contents of  goethites freed from magnetite 
as described above were determined after complete 
dissolution in warm 6 M HCI. Some samples were also 
analysed for Cl using ion chromatography after dis- 
solution of  the magnetite in 0.1 M oxalic acid (20-50 
mg sample + 25 ml oxalic acid, 2 hr at RT). 

The proportions of  magnetite in the magnetite- 
goethite mixtures were quantified by X R D  using the 
peak intensity (peak height times width at half  maxi- 
mum) of  the 220 line of  magnetite multiplied by 3.3 
and the 110 line of  goethite (neglecting a possible in- 
fluence of  Al substitution on peak intensity). The mag- 
netite unit-cell edge lengths a were determined from 
the positions of  the 220, 11 l, 311,400, 511,440, and 
422 lines, using 10% Si as an internal standard and a 
least-squares fitting procedure. In the same way the 
goethite unit-cell edge lengths a, b, and c were derived 
from 6-17 X R D  lines, depending on the goethite con- 
centration. 

To calculate the effective particle size and strain of  
the cubic phase, the widths at half maximum of the 
above-mentioned lines were used, after a quadratic 
correction for instrumental line broading, by applying 
the following equation (Klug and Alexander, 1974, p. 
665): 

K,k[ 620 ] + 16e 2. (1) (620) 2 

tan ~ 0o s [tan OTn 0o d 

This equation is valid provided the particle size-de- 
termined line profile is Cauchy and the strain profile 
is Gaussian. In the equation, 620 is the corrected width 
at half intensity in ~ 0o is the position of  the line in 
~ K is a constant taken to be equal to unity, k is the 
waveIength, L is the mean dimension o f  the crystallites 
(MCD), and e (=Ad/d, where d is the lattice spacing) 
in the strain. A plot of  the left side of  Eq. (1) against 
the term in brackets on the right side yields K,VL as 
the slope and 16 e 2 as the intercept of  a linear relation 
from which L and e can be calculated. 

For M6ssbauer spectroscopy, a 57Co/Rh source with 
an activity of  about 20 mCi was moved in a sinusoidal 
mode. Measurements were carried out at room tem- 
perature on absorbers containing 20 mg sample placed 
in a Plexiglas holder having an area of  2 cm 2, which 
gave average Fe concentrations of  about 7 mg/cmL 
The transmitted radiation was recorded with a Kr-filled 
proportional counter and stored in a 1024 channel ana- 
lyzer. Spectra were taken in the velocity range _ 10.5 
mm/s  until sufficiently good statistics, monitored with 
an oscilloscope, had been attained. A 6-#m-thick me- 
tallic iron foil served for velocity calibration and as 
isomer shift reference. Mirror halves of  the spectra 
were folded and Lorentzian line fits carried out by a 
computer procedure, with corresponding lines within 
every component sextet constrained to have equal 
widths and intensities. 

RESULTS A N D  DISCUSSION 

Mineralogical composition 

At room temperature goethite and magnetite were 
the only phases in the end-product, whereas at 80~ 
hematite was also formed. In all series the proportion 
of  magnetite decreased and that of  goethite (plus he- 
matite in the 80~ series) increased with increasing A1/ 
(A1 + Fe) mole ratio (hereafter called A1/(A1 + Fe) for 
brevity) in the total system (Figure 1), although the 
ratios of  the two phases varied somewhat at the same 
A1/(A1 + Fe). The effectiveness of  A1 in suppressing 
magnetite thus increased with increasing A1/(A1 + Fe). 
At 0.01 M instead of  0.05 M (A1 + Fe), relatively more 
magnetite was formed at higher AI/(AI + Fe). 

Compositions and unit-cell edge 
lengths of magnetite products 

The compositions of  the magnetite products, as cal- 
culated from chemical analyses, were expressed per 4 
oxygens according to the bulk formula Fe~+Fey3+alzO4 . 
Table 1 shows all samples to contain less Fe 2+ than 
pure magnetite (x = 1). This deficiency of  Fe 2+ may be 
due either to partial oxidation of  Fe, leading to tran- 
sitional phases between magnetite and maghemite, and/ 
or to Al-for-Fe 2§ substitution. The former explanation 
is favored in view of  the fact that x < 1 even if  no AI 
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had been added.  The  A1 content  o f  the cubic phase 
increased with added  init ial  A1, whereas  Fe 2+ first in- 
creased at low A1 concentra t ions  and then decreased. 

The  unit-cell  edge length a should be a funct ion o f  
both the degree o f  oxida t ion  and At incorporat ion,  i.e., 
o f  x and z in the above  formula.  Fo r  a as a funct ion 
o f  the exper imenta l ly  de te rmined  x and z (n = 34), the 
fol lowing mul t ip le  correlat ion was derived:  

aexp(~) = 8.3455 + 0.0693 x - 0.0789 z, (2) 

which explains 93% of  the var ia t ion  o f  a by the vari-  
a t ion o f  x and z. The  intercept  o f  8.3455 ,~ der ived  
f rom Eq. (2) is very close to the unit-cell  edge length 
o f  maghemi te ,  for which x = z = 0, and agrees exactly 
wi th  the value  recently measured  for a natural  mag- 
bemire  f rom Conakry,  G h a n a  (Schwer tmann and Fech- 
ter, 1984). Eq. (2) fur thermore  reflects the increase in 
a as x (Fe z+) increases and the decrease in a as z (A1) 
increases. 

The  magni tude  o f  the exper imenta l  x and z factors 
may  be compared  with theoretical values obtained from 
the unit-cell  edge lengths o f  the appropr ia te  end m e m -  
ber  minerals ,  i.e., magnet i te  (8.3967 A; J C P D S  19- 
62a), maghemi te  (8.3455 A; Schwer tmann  and Fech-  
ter, 1984), and hercynite,  FC+A1204 (8.1558 ]k; Hill,  
1984). Such a compar i son  assumes a l inear var ia t ion 
o f  a be tween the e n d - m e m b e r s  (Vegard rule), which 
seems just if ied in v iew o f  the dominan t ly  ionic nature 
o f  the magnet i te  structure. The  der ived  theoret ical  
equa t ion  is 

aca~c(~) = 8.3455 + 0 .0512x  - 0 .0949z .  (3) 

The  correlat ion be tween aca~c and aoxp was highly sig- 
nificant (aexp = - 0 . 1 9  + 1.025 aca~c; n = 33; r = .960); 
however,  Eq. (3) underest imates a significantly by about  
0.01 A, as is apparent  i fEqs .  (2) and (3) are compared.  
Thus,  the Vegard rule was not  strictly obeyed,  as has 
been observed  for o ther  Al-subst i tuted Fe(III)  oxides 
synthesized at low temperatures .  

One  reason for this dev ia t ion  may  be that  magnet i te  
is an inverse spinel (in which the d iva lent  cations oc- 
cupy the octahedral  site), whereas  hercyni te  is a normal  
spinel (in which the d iva lent  cat ions occupy the tet- 
rahedral  site). Ano the r  reason could be that  O H  and/  
or  C1 replaced O in the structure. Featureless IR  spec- 
tograms in the OH-s t re tch ing  and -bending range es- 
sentially ruled out  structural OH.  Also,  no C1 was de- 
tected. 

Because o f  the var ia t ion  o f  a with x and z, a non-  
l inear re la t ionship was expected between a and z. The  
s igmoidal  shape o f  the dis t r ibut ion curves  (Figure 2), 
in fact, shows that  a may  have  even  increased slightly 
wi th  increasing AI subst i tut ion at A1/O4 (A1 per  for- 
mula  unit) ~< 0.15. This  effect was main ly  due to an 
increase in Fe z+ within  this range, indicat ing that  the 
incorpora t ion  o f  A1 stabil ized Fe z+ in the structure. 
The  shape o f  the curve  may,  however ,  also depend on 
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Figure 2. Variation of the magnetite unit-cell edge length a 
with the A1/O4 (A1 per formula unit) ratio z. 

whether  A1 preferential ly occupied tetrahedral  or  oc- 
tahedral  sites (as in hercynite).  

The  mean  crystallite d imens ion  was fairly constant  
at low substi tution,  but  decreased sharply at a substi- 
tu t ion >0 .15  A1/O4 (see below). As repor ted  by 
Schwer tmann  and Fechter  (1984), Al-subst i tuted mag- 
neti te phases oxidize to Al-subst i tuted maghemi te  
phases that also have  reduced unit-cell  size on heat ing 
to 250~ 

M~ssbauer spectra 

Because o f  electron delocal izat ion on the octahedral  
sites, the room- tempera tu re  M6ssbauer  spect rum of  
magnet i te  comprises  two magnet ic  sextets, one each 
for Fe 3+ on the tetrahedral  sites and Fe with a nomina l  
average valence o f  2.5 on the octahedral  sites (Bau- 
minger  et al., 1961). For  pure, s to ichiometr ic  magne-  
tite, the intensi ty ratio o f  the tetrahedral  to octahedral  
site resonance is 1:2; the hyperfine fields for these are 
49.0 and 46.0 T, and the i somer  shifts (relative to 
metal l ic  Fe) are 0.25 and 0.67 ram/s ,  respectively.  On  
oxidat ion  o f  Fe 2+, electron delocal izat ion on the oc- 
tahedral  sites o f  magnet i tes  becomes  increasingly in- 
hibited,  and the Fe T M  c o m p o n e n t  is gradually replaced 
by an (additional)  sextet due to (excess) Fe 3+ on the 
octahedral  sites. Anners ten  and Hafner  (1973) showed 
this octahedral  Fe 3+ sextet to have  a hyperfine field that  
is higher by only 0.3 T than that  o f  tetrahedral  Fe 3+, 
and the i somer  shift to be higher by about  0.14 m m /  
s. Because o f  their  s imilar  parameters ,  resolut ion o f  the 
octahedral  and tetrahedral  Fe 3+ resonances requires the 
applicat ion o f  an external  magnet ic  field, which was 
not  avai lable  during our  study. 

M6ssbauer  spectra o f  the magnet i te  products  s tudied 
here showed the unsubst i tu ted samples o f  series I, II, 
IV, and V to have  an average total  Fe3+/(Fe 3+ + Fe 25+) 
ratio o f  0.58 + 0.01 (instead o f  ideally 0.33). This  ratio 
indicates significant oxidat ion,  i.e., non-s to ichiometry .  
An  es t imat ion  o f  the degree o f  oxidat ion  made  on the 
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Figure 3. Variation of magnetic hyperfine fields (Bhf in Tes- 
las) of total Fe 3§ and octahedral Fe ~.~§ of the magnetites with 
A1 substitution. 
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bas is  o f  the  re la t ive  in tens i t i es  o f  the  two spectra l  com-  
p o n e n t s  (Coey et al., 1971) shows  t ha t  the  Al-free mag-  
n e t i t e  s a m p l e s  h a d  a n  a v e r a g e  c o m p o s i t i o n  o f  
Fe3+(Fe3+l.z6Fe2+o.61r] o .13)O4, i.e., 39% o f  the  Fe 2+ h a d  
been  oxidized.  T h e  Fe3+/(Fe 3§ + Fe  2+) ra t io  o f  0 .78 
c o m p a r e s  well  w i th  t h a t  o f  0.81 d e t e r m i n e d  chemical ly .  
T h e  average  hyperf ine  fields (Bhf) o f  the  a b o v e - m e n -  
t i o n e d  u n s u b s t i t u t e d  samples  were 49.28 _ .04 a n d  
45.88 + .05 T, a n d  the  two sextets  h a d  i s o m e r  shifts  
o f  0 .293 + .002 a n d  0 .653 + .011 m m / s ,  respect ively.  
In  a g r e e m e n t  wi th  the  h igh  Fe 3+ c o n t e n t  o f  these  mag-  
ne t i t e  phases ,  the  i s o m e r  shif t  o f  the  Fe 3+ r e sonance  
was sh i f ted  to a h igher  va lue  t h a n  t ha t  o f  t e t r ahedra l  
Fe 3+ (0.25 m m / s ;  A n n e r s t e n  a n d  Hafner ,  1973) a n d  the  
hyper f ine  field o f  the  Fe 3§ r e s o n a n c e  was sl ightly h ighe r  
t h a n  t ha t  o f  s t o i ch iome t r i c  m a g n e t i t e  (49.0 T). 

T h e  pa t t e rn s  o f  v a r i a t i o n  o f  the  magne t i c  hyperf ine  
field wi th  A1 subs t i t u t i on  were r a t h e r  complex .  A t  low 
A1 subs t i t u t ions  ( z  < 0.20),  the  average  Fe 3+ hyper fme  
field decreased  a p p r o x i m a t e l y  l inear ly  as a func t ion  o f  
z, accord ing  to the  e q u a t i o n  

Bbr = 49 .20  -- 2 .7z ,  r = .92, n = 17, (4) 

wi th  a s lope a b o u t  seven  t imes  s teeper  t h a n  t ha t  o f  the  
Fe  25+ hyperf ine  field vs. z t r end  be tween  0 -< z -< 0.15 
(Figure 3; Tab le  1). Preferen t ia l  i n c o r p o r a t i o n  o f  AI in 
the  t e t r ahedra l  sites s h o u l d  h a v e  led to a m o r e  pro-  
n o u n c e d  r educ t ion  o f  the  hyperf ine  field o f  t e t r ahedra l  
Fe 3+ t h a n  o f  the  fields ensu ing  f rom oc tahedra l  Fe 3+ 
a n d  m i x e d - v a l e n c e  Fe  z 5+  Th i s  m e a n s  t ha t  the  average  
oc t ahed ra l  and t e t r ahedra l  Fe 3+ hyperf ine  field (which  
was obse rved  here) shou ld  also have  been  reduced  more  
t h a n  the  oc t ahedra l  Fe T M  hyper f ine  field. T h e  m o r e  
p r o n o u n c e d  decrease  o f  the  Fe 3+ r e sonance  t hus  ind i -  
cates a p re fe r red  subs t i t u t i on  o f  AI in the  t e t r ahedra l  
sites in  th is  subs t i t u t i ona l  range.  A t  h igher  A1 subs t i -  
tu t ions ,  b o t h  the  to ta l  Fe 3+ a n d  the  Fe 2-5+ hyperf ine  
fields s h o w e d  a n o n - l i n e a r  t r e n d  w i th  AI subs t i tu t ion ,  

100 
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Figure 4. Room-temperature Mrssbauer spectra of mag- 
netites from series IV having different A1 substitutions (0, 5.7 
and 9.6 mole %, respectively, from top to bottom). Magnetic 
subspectra are plotted with broken lines, paramagnetic sub- 
spectra with dotted lines. 

decreas ing  m u c h  m o r e  s t rongly t h a n  for  z -< 0.15. Fo r  
z > 0.15,  the  field o f  the  m i x e d - v a l e n c e  c o m p o n e n t  
f u r t h e r m o r e  showed  a m o r e  p r o n o u n c e d  d e p e n d e n c e  
on  z t h a n  the  Fe 3+ field, ind ica t ing  AI subs t i tu t ing  pref-  
e rent ia l ly  in  the  oc t ahedra l  sites. 

The  l ine w i d t h s  first dec reased  at  low A1 subs t i tu -  
t ions ,  wi th  m i n i m a  for  the  Fe 3+ r e sonance  at  a b o u t  z 
= 0 .12  a n d  for  the  Fe T M  sextet  a t  z = 0.06. A t  z va lues  
grea ter  t h a n  a b o u t  0.15, the  Fe T M  r e sonance  began  to  
b r o a d e n  rapid ly  a n d  b e c a m e  less well-defiined. 

The  subs t i t u t i on  o f  Fe by  A1 led to an  inc reas ing  
c o n t r i b u t i o n  f rom the  m i x e d - v a l e n c e  oc t ahedra l  c o m -  
ponen t ,  reflecting the  increas ing  Fe 2+ con t en t  s h o w n  
by  chemica l  ana lys is  a n d  the  increase  in a. Because  o f  
the  low ini t ia l  Fe 2+ c o n t e n t  o f  the  magne t i t es ,  add i -  
t iona l  poss ib i l i t ies  exis ted for  e lec t ron  de loca l i za t ion  
o n  the  oc t ahedra l  sites, so t ha t  the  re la t ive  area  o f  the  
low-hyper f ine  field c o m p o n e n t  inc reased  (Figure 4). A n  
i n h i b i t i o n  o f  e lec t ron  de loca l i za t ion  be tween  Fe 2+ a n d  
Fe 3§ due  to an  increas ing  subs t i t u t i on  o f  oc t ahedra l  
Fe 3+ by  AI, wh ich  s h o u l d  h a v e  w e a k e n e d  the  m i x e d  
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Table 1. Proportion, composition, and physical properties of the magnetites. 

l~opor o 

t ion o f  Propert ies  of  magnet i te  Fe~ ~ Fc~+AI~O4 
mag-  

Initial  nctite M C D  Strain  B(Fe~§ 2 B(Fe~ 2+)2 
AI/(AI + Fc) (%) a (~)  x y z (nm) 104 (Tesla) I (Fe~)  ~ (Tesla) l (Fe 2 s + ), 

Series I 0.05 M, RT, 123 days * 
0 99 8.3833 (3) 0.50 2.33 0 62.2 3.76 49.29 (1) 0.57 45.86 (4) 0.43 
0.074 98 8.3794 (9) 0.50 2.22 0.12 49.4 3.53 48.94 (2) 0.44 45.90 (4) 0.56 
0.I38 96 8.3546 (3) 0.48 2.10 0.25 45.3 6.17 48.33 (3) 0.41 45.05 (7) 0.59 
0.180 85 8.3481 (15) 0.46 2.10 0.26 39.8 7.40 48.12 (4) 0.26 44.64 (11) 0.74 
0.231 70 8.3395 (9) 0.29 2.12 0.36 -- -- 47.24 (9) 0.23 42.8 (3) 0.77 

Series II 0.05 M, RT, 155 days 
0 100 8.3806 (1) 0.48 2.35 0 44.6 2.58 49.33 (1) 0.58 45.85 (4) 0.42 
0.074 96 8.3562 (2) 0.43 2.17 0.21 47.0 7.44 48.69 (1) 45.02 (7) 
0.138 79 8.3588 (4) 0.44 2.14 0.23 42.1 8.21 48.63 (3) 44.96 (12) 
0.180 69 8.3496 (7) 0.46 2.13 0.24 37.4 10.6 
0.231 63 8.3409 (16) 0.27 2.14 0.35 24.9 -- 

Series III 0.05 M, RT, t45 days 
0.015 99 8.3844 (2) 0.64 2.20 0.04 48.5 1.15 49.04 (2) 0.46 46.06 (3) 0.54 
0.029 98 8.3887 (4) 0.70 2.15 0.05 49.7 1.80 48.99 (2) 0.44 46.01 (3) 0.56 
0.057 91 8.3910 (5) 0.77 2.07 0.08 72.8 4.16 48.89 (2) 0.38 45.97 (3) 0.62 
0.096 87 8.3904 (6) 0.70 2.05 0.15 61.3 4.82 48.90 (4) 0.32 45.91 (6) 0.68 
0.132 81 8.3790(12) 0.62 2.07 0.19 54.9 6.82 

Series IV 0.05 M, RT, 145 days 
0 98 8.3852 (3) 0.56 2.29 0 67.8 3.56 49.27 (1) 0.59 45.95 (1) 0.41 
0.015 100 8.3824 (3) 0.61 2.21 0.05 50.3 2.27 49.13 (1) 0.54 45.96 (1) 0.46 
0.029 98 8.3833 (2) 0.65 2.16 0.08 47.5 2.29 48.96 (1) 0.48 45.93 (2) 0.52 
0.057 98 8.3795 (5) 0.67 2.11 0.11 44.1 3.68 48.81 (1) 0.45 45.82 (2) 0.55 
0.096 85 8.3717 (3) 0.55 2.14 0.16 59.9 6.93 48.77 (1) 0.44 45.68 (3) 0.56 
0.132 80 8.3728 (15) 0.54 2.12 0.19 46.5 7.14 48.76 (2) 0.29 45.44 (4) 0.71 

Series V 0.05 M, RT, 145 days 
0 99 8.3846 (6) 0.57 2.28 0 50.5 2.19 49.23 (t) 0.58 45.87 (3) 0.42 
0.015 99 8.3870 (7) 0.62 2.20 0.05 58.3 3.02 49.04 (1) 0.53 45.95 (2) 0.47 
0.029 99 8.3877 (7) 0.70 2.12 0.07 46.7 2.47 48.91 (1) 0.47 45.91 (2) 0.53 
0.057 98 8.3842 (4) 0.68 2.09 0.12 48.3 4.05 48.83 (1) 0.41 45.84 (2) 0.59 
0.096 94 8.3776 (3) 0.64 2.08 0.16 41.8 5.03 48.69 (2) 0.38 45.63 (3) 0.62 
0.132 77 8.3651 (7) 0.59 2.04 0.23 36.2 6.22 48.55 (2) 0.36 45.35 (6) 0.64 

Series 0.2 0.01 M, RT, 26 days 
0 100 8.3799 (3) 0.52 2.32 0 49.8 2.11 49.64 (1) 0.66 45.66 (5) 0.34 
0.070 88 8.3742 (4) 0.47 2.29 0.07 46.2 5.46 49.17 (3) 45.1 (2) 
0.130 84 8.3732(3) 0.51 2.23 0.10 35.3 4.92 
0.184 87 8.3581 (4) 0.44 2.19 0.18 25.3 5.54 
0.231 91 8.3493 (4) 0.36 2.21 0.22 23.9 6.21 
0.723 86 8.3406 (3) 0.31 2.20 0.26 20.1 4.73 
0.310 72 8.3369 (22) 0.26 2.20 0.29 21.3 6.83 

Series 80 0.05 M, 80~ 28 days 
0 98 8.3583 (4) 0.26 2.49 0 73.5 5.40 49.67 (1) 45.80 (6) 
0.015 89 8.3628 (4) 0.18 2.51 0.03 72.7 4.91 
0.029 93 8.3612 (5) 0.19 2.48 0.05 72.0 5.25 
0.057 91 8.3550 (4) 0.19 2.42 0.12 75.9 6.41 
0.096 85 8.3471 (8) 0.24 2.33 0.18 -- -- 
0.132 94 8.3278 (3) 0.16 2.35 0.21 38.5 5.75 
0.154 78 8.3260 (5) 0.08 2.35 0.27 24.3 5.72 
0.186 80 8.3174 (3) 0.10 2.23 0.37 32.3 6.82 

L Series denomination, initial concentration of synthesis solution, synthesis temperature and duration. 
B (Fe3+), B(Fe 2-5+) = Magnetic hyperfine fields of total Fe 3§ and mixed valence FeZS+; errors on last digit given in parentheses. 
I(Fe3+), I(Fe z.5+) = Relative intensities of the total Fe 3+ and the mixed valence Fe 2-5+ resonance; average error ~ 0.01-0.03. 
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Figure 5. Variation of mean crystallite dimension ofgoethite 
perpendicular to 110 (MCDI,0) with the A1/(A1 + Fe) ratio 
in the system. 

valence component, was not observed, probably due 
to the low extent of A1 substitution studied here, al- 
though the large excess of Fe 3+ may also have played 
a role. 

Mrssbauer spectra of the samples prepared at higher 
A1 concentrations in the synthesis solutions showed an 
additional (paramagnetic) component. This compo- 
nent had an average quadrupole splitting of 0.59 mm/s  
and an isomer shift of 0.35 mm/s, and can be essen- 
tially assigned to aluminous goethite. No separate tet- 
rahedral Fe E+ component, as was described by Dehe et 
al. (1975), was observed in the substitutional range 
covered. 

Particle size and strain 

The Al-free magnetite crystals varied greatly in size 
and shape. Small euhedral crystals < 100 nm in size 
were formed together with almost spherical crystals as 
much as 300 nm in diameter. More uniform but small- 
er, euhedral crystals (30-60 nm) were formed at A1/ 
(A1 + F e ) =  0.14, whereas at A1/(A1 + F e ) =  0.23 the 
crystals had less sharp boundaries and less well-defined 
shapes. Elongated goethite crystals were also present 
(see below). Somewhat larger magnetite crystals were 
obtained at 80~ 

To calculate average strain and mean crystallite di- 
mension (MCD), all XRD lines of the cubic phase were 
taken as equivalent. A relationship according to Eq. 
(1) for a particular sample was only considered valid 
for r > .99. The values for MCD (L) and strain (e) 
obtained in this way are given in Table 1. In general 
agreement with electron microscopic observations, the 
MCDs were negatively correlated with A1 substitution, 
whereas strain showed a positive correlation. The over- 
all correlation was significant, but the coefficients were 
not very high (r = .68 and - .73 ,  respectively). Intro- 
duction of structural Fe 2§ as a variable did not improve 

the correlation. The poor correlation could partly have 
been due to a slight increase in MCD and decrease in 
strain in the lower substitutional range of some series, 
possibly connected with the parallel increase in Fe 2+. 
A similar phenomenon has been observed for Al-sub- 
stituted hematite samples (Schwertmann et al., 1979; 
Murad and Schwertmann, 1986) and goethite samples 
(Golden, 1978; Schulze and Schwertmann, 1987). 

The development of smaller crystals and higher strain 
at A1/O4 substitutions >~0.10-0.15 may have been 
caused by the substitution of A1 for Fe in octahedral 
rather than tetrahedral positions. Crystal growth may 
thus have been impeded by strain, because the differ- 
ence in bond length between Fe3+(VI)-O and 
AI(VI)-O is about double that between Fe3+(IV)-O and 
AI(IV)-O. 

Goethite 

Chemically determined A1 substitutions of the goe- 
thite products ranged from 8 to 33 mole %. The gen- 
erally accepted upper substitutional limit of 1/3 of the 
Fe atoms thus was not exceeded, even though in some 
preparations the A1/(A1 + Fe) of the starting solutions 
exceeded 0.33. At these high Al concentrations gibbsite 
formed instead. The chemically determined A1 substi- 
tution, Alch~m, was significantly correlated with that 
calculated from the unit-cell edge lengths c, Ale, (using 
the equation Ale = 1730 - 527 c; Schuhe, 1984) as 
follows: 

Ale = 2.4 + 0.941 Alehem , (r = .946, n = 22). (5) 

At any given A1/(A1 + Fe), goethite incorporated more 
A1 in its structure than did magnetite, indicating a higher 
affinity of A1 to the goethite than to the magnetite 
structure. 

MCDs calculated from corrected widths at half height 
depended strongly on A1/(A1 + Fe); see Figure 5. 
MCDHo, for example, showed a maximum of about 
30 nm at A1/(A1 + Fe) ~ 0.30, where A1 substitutions 
were between 20 and 30 mole %. A similar maximum 
was recently observed for goethites synthesized from 
ferrihydrite at 25~ in 0.3 M KOH (Schulze and 
Schwertmann, 1987). The relatively good crystallinity 
of the goethites described here is also reflected in Mrss- 
bauer spectra of these samples taken between room 
temperature and 4.2 K (Murad and Bowen, 1987). Thus, 
A1/(A1 + Fe) ratios of 0.2-0.3 appear to be the most 
favorable for the growth ofgoethite crystals under the 
conditions described here; at lower AI/(AI + Fe) ratios 
magnetite is favored, whereas at higher ratios gibbsite 
competes with goethite for A1. 

Electron micrographs (Schwertmann, 1988) showed 
two types of crystal shape: spindle-shaped particles 0.2- 
0.3 #m in length, which were twinned to form more 
or less complete stars, and thin, rectangular crystals 
about 0.1 by 0.15 #m in size. All crystals showed stria- 
tions in the crystallographic c direction. Goethite crys- 
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tals  very  s imi la r  to  these  in m o r p h o l o g y  a n d  A1 sub-  
s t i tu t ion  were f o u n d  in saprol i tes  f o r m e d  f rom basa l t  
in s o u t h e r n  Brazi l  ( S c h w e r t m a n n ,  1988). 
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Note added in proof After acceptance of this manuscript, M6ssbauer spectra of the samples with 0 < z < 0.11 of series 
IV were taken at 160 K under a longitudinally applied magnetic field of 6 T. The measurements corroborate the results 
presented here insofar as they show the hyperfine fields of both tetrahedral and octahedral Fe 3+ to decrease with A1 substitution, 
but they do not show an obvious preference of A1 for either tetrahedral or octahedral sites. 


