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Abstract--This work investigates unit cell dimensions, crystal size and specific surface area of aluminous 
goethite that was progressively dehydroxylated to form hematite. Goethite synthesized from the ferrous 
system altered to hematite with DTGA maximum increasing from 236* to 273~ for 0 to 30.1 mole % 
Al-substitution. Unit cell dimensions of goethite and hematite decreased as M-substitution increased and 
increased as excess OH increased. The crystallographically equivalent a axis of goethite and c axis of 
hematite were more sensitive than other axes to the presence of excess structural OH associated with Al- 
substitution. Specific surface area increased from 147 to 288 m2/g for goethite and from 171 to 230 m2/g 
for hematite as Al-substitution increased. An increase in specific surface area on heating goethite at 
temperatures between 200* and 240~ is related to a decrease in the size of coherently diffracting domains 
of goethite crystals and to the development of pore and structural defects associated with the formation 
of hematite. The decrease in specific surface area for heating temperatures above 240~ is attributed to 
the growth of hematite crystals by diffusion. 
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I N T R O D U C T I O N  

Dehydroxylation of  goethite in soil with the for- 
mation of  hematite may occur in some environments 
due to natural and managed fires. This alteration is 
also a component  of  some manufacturing processes 
(Perinet and Lafont 1972a, 1972b). The properties of  
hematite formed by the dehydroxylation of  goethite, 
including Al-substituted goethite, are not well defined 
and deserve further study. This hematite may contain 
excess structural OH which mostly affects the unit cell 
c dimension (Wolska and Schwertmann 1989, Stanjek 
and Schwertmann 1992). Excess OH also occurs in 
goethite and mostly strongly affects the unit cell a 
dimension (Schulze 1984, Schulze and Schwertmann 
1984, 1987). These two crystallographic directions are 
equivalent in that they are perpendicular to the planes 
of  hexagonal close packed 02-  anions that are pre- 
served during the topotactic alteration of  goethite to 
hematite (Bernal et al 1959). 

The dehydroxylation of  goethite can be influenced 
by Al-substitution (J6n~s and Solym~r 1970, Fey and 
Dixon 1981), particle size and structural defects (Mac- 
kenzie and Berggren 1970). Excess or non-stoichio- 
metric OH may reduce goethite dehydroxylation tem- 
perature (Schulze and Schwertmann 1984, Goss 1987). 
Goethite formed from Fe 2+ systems usually contains 
more excess OH and has a lower dehydroxylation tem- 
perature than goethite synthesized from Fe 3+ systems. 
Hemati te  formed via the low temperature calcination 
(e.g., -< 300~ ofprecursive goethite may inherit excess 
OH and crystal characteristics of  the parent goethite. 
This paper considers the dehydroxylation of  Al-goe- 
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thite to form Al-hematite. It is part of  a study of  how 
Al-substitution and dehydroxylation influence the 
mineralogical and surface chemical properties of  these 
oxides. 

MATERIALS A N D  M E T H O D S  

Al-goethite was synthesized from the ferrous system 
using a method similar to Fey and Dixon (1981) and 
Goodman and Lewis (1981). AIC13.6H20 and F e C l  2. 

4H20 were mixed to give [Ala+/Fe 2+ + AP +] mole 
percentages equivalent to 0, 10, 20 and 30 mole % A1. 
Cation concentrations (i.e., Fe E+ + Al 3+ ) were set to 
0.1 M in a total solution volume of  4000 ml. Sodium 
bicarbonate solution was used to buffer the system at 
approximately pH 7 during the process of  oxidation 
with about 5 mmole/ l i ter  excess of  NaHCO3 being 
present. Air for oxidation was delivered through a sin- 
tered glass bubbling tube at 22-25 ml/min.  The pH 
remained at 6.5-6.8 and then rose to about 8.2 at the 
completion of  oxidation. A solution of  0.2 M ammo-  
nium oxalate at pH 3.0 was used to extract poorly 
crystalline compounds from precipitates in the dark, 
with five consecutive extractions being made at which 
stage dissolved Fe was at a constant low level (Mc- 
Keague and Day 1966). The precipitate was washed 
three times with deionized water and twice with ace- 
tone and dried at 110~ in an oven. The dry materials 
were gently crushed and stored in a desiccator. All 
subsequent measurements were carded out on the ma- 
terials remaining after oxalate extraction. Al-substi- 
tuted hematite was formed by heating sub-samples of  
Al-substituted goethite in a muffle furnace for one hour 
at temperatures ranging from 180 ~ to 270~ Each sub- 
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sample was heated individually at a selected temper- 
ature. 

The chemical composition of the goethites was de- 
termined by dissolving 10 mg of sample in 20 ml con- 
centrated HCI at 60-80"C. After the solid had com- 
pletely dissolved, the solution was poured into a 100 
ml volumetric flask and made up to the mark with 
deionized water. The Fe and A1 in solution were de- 
termined using atomic absorption spectrometry (AAS). 
An air/acetylene flame was used for Fe and a nitrous 
oxide/acetylene flame was used for A1. The measured 
amounts  of Al-substitution were 0, 9.7, 19.7 and 30.1 
mole % for nominal  A1 molar contents of 0, 10, 20, 
and 30 mole % respectively. 

X-ray diffraction (XRD) analyses using CuKa ra- 
diation were carried out on a computer controlled Sier- 
ay modification of a Philips 1050 vertical goniometer 
with a graphite diffracted beam monochromator.  Sub- 
samples ofgoethite and hematite were taken from the 
original and heated materials and prepared for XRD 
by grinding 200 mg of each sample and back filling an 
a luminum plate holder. 10% by weight of NaCl was 
added during grinding to provide an internal standard 
for spacing and line broadening measurements. Scan 
speed was 0.3 ~ 20 per min and the step size was 0.01 ~ 
20. Patterns were run from 10 to 70 ~ 20. 

The d-spacings (d-values) and the widths at half height 
(WHH) of XRD reflections were derived from the XRD 
patterns using the computer programme XPAS (Singh 
and Gilkes 1992). Unit  cell dimensions (UCD) were 
calculated from d-values using the unit  cell parameter 
regression programme, Crystallographic Least Squares 
Template (Novak and Colville 1989). The 020, 110, 
111 and 151 reflections were used for goethite, and the 
102, 110, 204 and 116 reflections for hematite. The 
130 reflection for goethite and 104 reflection for he- 
matite could not be used for these calculations because 
of overlaps of these reflections in those samples which 
consisted of mixtures of hematite and goethite. Other 
reflections were not clearly resolved and could not be 
used for UCD calculation. Mean coherence length 
(MCL) was calculated from the corrected widths at half 
height of XRD reflections using the XPAS program. 
The hematite/(goethite + hematite) XRD intensity ratio 
was calculated from the ratio of areas under the 110 
reflection ofgoethite and the 102 reflection of hematite; 
the integrated areas being provided by the XPAS pro- 
gram. 

Transmission electron microscopy (TEM) was car- 
ried out by depositing a drop of suspension of goethite 
and hematite dispersed in distilled water on a carbon- 
coated copper grid to form a film. Micrographs were 
obtained using a Hitachi HU 11B transmission electron 
microscope. 

Differential thermogravimetric analyses (DTGA) and 
thermogravimetric analyses (TGA) were carded out 
using a Perkin-Elmer TGS-2 instrument. Approxi- 

mately 10 nag of sample was heated in flowing air to 
620"C at 10*C min -~. Samples were preheated at 110~ 
for about 10 minutes to remove most adsorbed water. 
The temperature of dehydroxylation maximum was 
obtained from the DTGA output and weight lost at 
particular temperatures was calculated from the TGA 
curves and assumed to be H20. Four replicate D T G A  
measurements were made for each sample, and the 
mean values and standard deviations were calculated. 

Specific surface area was determined by the BET 
method (six-point linear plot) using nitrogen adsorp- 
tion. 

RESULTS AND DISCUSSION 

Change of  the hematite/(goethite + hematite) XRD 
intensity ratio during dehydroxylation 

For goethite samples heated for one hour at various 
temperatures, the extent of transformation of goethite 
to hematite increased as temperature increased. This 
is illustrated by XRD patterns for 9.7 mole% Al-goe- 
thite (Figure 1) which show an increase in the extent 
of transformation ofgoethite to hematite with increas- 
ing temperature in the range 210-250~ Goethite 
started to alter to hematite at about 200~ for 0 mole 
% A1, 210" C for 9.7 and 19.7 mole % A1 and 220~ 
for 30.1 mole % Al-goethites as shown by the changes 
in the intensity ratio (Figure 2). All samples had com- 
pletely altered to hematite in one hour for a heating 
temperature of 260~ i.e., no residual goethite detected 
by XRD. Some OH-groups are retained in the structure 
of hematite formed at these temperatures (Wolska and 
Schwertmann 1989) and perhaps partly as a conse- 
quence coherently diffracting domains are small and 
crystals are strained so that hematite reflections are 
broadened as shown in Figure 1. 

Temperature of  DTGA dehydroxylation 
maximum and residual water 

Temperature of dehydroxylation maximum deter- 
mined by DTGA increased linearly from 236* to 273"C 
(y = 237.3 + 1.21x, R 2 = .99, p = .01) with increasing 
Al-substitution. Values of dehydroxylation tempera- 
ture cited in the literature include 270~ for natural 
non-substituted goethite (Anand and Gilkes 1984), 260- 
280~ (0-9.7 mole % A1) for goethite synthesized from 
the ferric system (Lim-Nunez 1985) and 243-293"C 
(0-40 mole % AI) for goethite synthesized from the 
ferrous system (Fey and Dixon 1981). The slope value 
of the plot of the temperature ofdehydroxylation max- 
imum versus mole % A1 is 1.21 for this work, which 
is close to the values reported in the literature of 1.08 
(calculated by the authors from data of Fey and Dixon 
1981) and 1.12 (Schulze 1982). It seems that the 
AI a+ ion retains coordinated OH more strongly than 
Fe 3§ possibly due to the higher ionic potential of  A13+ . 
Consequently, the dehydroxylati0n temperatures of 
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Figure 2. The ratio of intensities of XRD reflections ex- 
pressed as ]hematite(102)/goethite(110) + hematite(102)] for 
Al-substituted goethite heated at various temperatures. 
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Figure 1. XRD patterns for synthetic 9.7 mole % Al-goethite 
as affected by heating for one hour at various temperatures. 

minum hydroxides are higher than those of corre- 
sponding iron hydroxides. For example, the dehy- 
droxylation temperature of boehmite (3,-A1OOH) is 
450-500"C, and for isostructural lepidocrocite (3'- 
FeOOH) is 230-280~ Similarly, diaspore (a-AIOOH) 
dehydroxylates at 470-500~ compared with isostruc- 
rural goethite (a-FeOOH) which dehydroxylates at 230- 
280"C (Brown 1980). This trend supports the hypoth- 
esis that A1 ions may specifically retain OH-groups in 
the structure of Al-hematite when OH associated with 
Fe has been lost during low temperature dehydroxy- 
lation (Fey and Dixon 1981, Schulze 1982, Schulze 
and Schwertmann 1987). This may also be why greater 
amounts  of chernisorbed surface water and non-stoi- 
chiornetric OH are associated with synthetic Al-goe- 
thite. In this respect it is worth noting that the more 
hydroxlated oxide of A1 (i.e., gibbsite, AI(OH)3) is more 
common in nature than the less hydrated oxides 
(boehmite and diaspore A1OOH, corundum A1203). In 

contrast the less hydroxylated Fe oxides (goethite 
FeOOH, hematite Fe203) are common whereas the 
most hydroxylated material (bernalite Fe(OH)3 ) is rare. 

TGA results indicated that weight loss due to de- 
hydroxylation increased from 10.5 to 14.6 at DTGA 
maximum as Al-substitution increased from 0 to 30.1 
mole %. Non-stoichiometric OH can remain in the 
hematite structure after dehydroxylation of Al-goethite 
giving a compound described as "hydrohematite", 
a-Fe2_,j3Oa_,OHx (Wolska and Schwertmann 1989). 
The OH-groups replace oxygen ions in the hematite 
structure while electroneutrality is preserved by the 
presence of cation vacancies (Wolska and Schwert- 
mann 1989). The amounts of water lost from Al-goe- 
thite formed in the ferrous system are greater than for 
ideal Al-goethite and Al-goethite synthesized from the 
ferric system (Schwertmann et al 1985). For the present 
samples, water continued to be released from hematite 
at temperatures up to 620~ as determined from TGA 
curves between 110~ and 6200C. Amounts  of water 
lost at 620~ of TGA from previously heated samples 
(i.e., heated at temperatures between 110* and 270~ 
decreased as heating temperature increased (Figure 3). 
For the samples heated at 110 ~ with Al-substitution 
from 0 to 30.1 mole %, water lost between 150 ~ and 
3500C ranged from 14.2 to 17.4%, represented the de- 
hydroxylation of remaining goethite, whereas water lost 
at temperatures between 350 ~ and 620~ ranged from 
1.4 to 2.9%, presumably represented OH that had per- 
sisted in hematite. 

Unit cell dimensions o f  Al-goethite 

Previous studies have shown that unit  cell param- 
eters of goethite decrease as Al-substitution increases 
(Thiel 1963, Lewis and Schwertmann 1979, Schulze 
1984, Schulze and Schwertmann 1984, 1987, Fazey et 
al 1991), aswas also observed in this study (Figure 4). 
For b and c unit  cell parameters, similar but not iden- 
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tical changes in size with mole % A1 occurred for AI- 
goethites heated at various temperatures, but there were 
quite different changes for the a parameter (Figure 4). 
These changes are best discussed by reference to the 
slope (o) and intercept (A) values calculated from the 
straight lines (R 2 > .97, p < .05) of Figure 4 as is 
shown in Figure 5. The intercept values (i.e., the values 
for 0 mole% Al-goethite heated at various tempera- 
tures) of plots of the a unit  cell dimension of goethite 
versus mole % A1 decreased systematically by 0.18% 
as heating temperature increased from 110 ~ to 210~ 
(Figure 5a). Intercept values for the b unit  cell dimen- 
sion decreased by 0.07% between 110 ~ and 190~ and 
then increased to the original value at 200~ (Figure 
5b). The c dimension decreased by 0.10% on heating 
at 200~ (Figure 5c). For non-substituted goethite, the 
influence of excess OH is greatest on the a axis di- 
mension with the intercept value of the line for a being 
more sensitive than for b and c (Schulze and Schwert- 
mann  1984). 

The slopes of lines relating unit  cell dimension to 
Al-substitution for goethite heated to different tem- 
peratures (i.e., rate of decrease of unit  cell dimension 
with increasing Al-substitution) shown in the plots of 
Figure 4 increased in magnitude with increasing tem- 
perature (Figures 5e-Sg) which reflects a decreasing 
effect of excess OH and thus the relatively increasing 
effect of Al-substitution on unit  cell size with increasing 
temperature. The increases in slope value of this line 
as a proportion of unit  cell dimension (i.e., &slope/ 
UCD) from 110 ~ to 210~ were about 0.26 x 10 -4, 
0.45 x 10 -4 and 0.92 x 10 -4 (mole % A1) -1 for the a, 
b and c axes, respectively. These are large changes in 
slope; evidently the relationships for all unit  cell di- 
mensions are sensitive to the presence of non-stoichi- 
ometric OH-groups in the structure of Al-goethite with 
the c dimension being most sensitive. 

The intercept and slope values in Figure 5 for the 
samples heated at 210~ can be compared with pub- 
lished data and a Vegard line based on JCPDS (1983) 
cards 29-713 for goethite and 5-355 for diaspore. The 
intercept values for Al-free goethite in the present study 
(a = 4.6265 ,~, b = 9.9391 ~,  c = 3.0269 .~), are quite 
close to the values reported by Schulze (1982, a = 4.632 
,~, b = 9.940 A, c = 3.024 .~) for goethite synthesized 
from the ferrous system, and by J6n~s and Solym~r 
(1970, a = 4.621 ,~, b = 9.939 ,~, c = 3.024 ,~) for 
goethite synthesized from the ferric system at 40-50~ 
The a and c values are considerably larger than for 
JCPDS card 29-713 (a = 4.608 ~,  c = 3.0215 .~) while 
the b value is smaller (b = 9.957 A). The magnitude 
of the slope value for the relationship for the unit  cell 
c dimension versus mole % A1 for 210~ heated goe- 
thite in the present study ( c  = - 16 x 10 -4) was similar 
to that of the Vegard line based on JCPDS data (c = 
- 1 8  x 10 -4) whereas the magnitude of slope values 
for a ( - 6 . 4  x 10 -4) and b ( - 3 3  x 10 -4) were much 
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Figure 3. Total weight loss at temperatures between 110 ~ 
and 620~ from TGA curves versus heating temperature for 
Al-goethites. 

smaller than for the Vegard lines for a ( - 2 0  x 10 -4) 
a n d  b ( -  53 • 10-4), respec t ive ly  d e r i v e d  f r o m  J C P D S  
data. 

Uni t  cell volume (UCV) decreased linearly (R 2 > 
.97, p < .05) with the increase in Al-substitution (Fig- 
ure 4d) and also decreased systematically with heating 
temperature (intercept values in Figure 5d). The slope 
values for UCV increased in magnitude from 0.116 to 
0.137 (,~3/mole % A1) with increasing temperature 
showing that loss of excess OH makes the UCV rela- 
tionship trend (Figure 5h) towards the ideal Vegard 
relationship (slope value for JCPDS data is 0.204). A 
similar trend has been reported by Taylor and Schwert- 
mann  (1978), for Al-substitution ranging from 5.4 to 
23.5 mole %. 

Evidently, the departures of unit cell parameters from 
values for the ideal Vegard relationships are at least 
partly due to the presence of excess OH. By comparing 
goethites synthesized at 25~ from the ferric system 
with those synthesized at 70~ Schulze and Schwert- 
mann  (1987) found that the unit  cell a and c dimensions 
for the samples synthesized at 25~ were 0.006--0.014 

and 0.0037 A larger respectively than for the samples 
synthesized at 70~ The b dimension was similar for 
samples synthesized at both temperatures. The larger 
a and c dimensions indicate that the goethites synthe- 
sized at 25~ contain more structural defects and those 
defects are believed to be associated with the structural 
OH content which increases with increasing Al-sub- 
stitution. Schwertmann et al (1985) reported that the 
a dimension is about 0.02 A larger for goethites syn- 
thesized between 4 ~ and 30~ than for goethites syn- 
thesized between 50 ~ and 80~ Schulze and Schwert- 
mann  (1984) indicated that Aa, defined as the observed 
a dimension minus the a dimension predicted by the 
ideal Vegard relationship, is related to structural de- 
fects associated with an increase in OH in the goethite 
structure. They also found that goethite synthesized in 
2 M KOH had larger Aa values than goethite synthe- 
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Figure 4. Unit cell dimensions (a, b, c) and unit cell volume ofgoethite as affected by Al-substitution and heating; R 2 values 
for these relationships are between .972 (p < .05) and .999 (p < .01). The broken lines are the ideal Vegard lines. 

sized in 0 .3-0 .4  M K O H ,  concluding that  the high O H  
concent ra t ion  in the synthesis solut ion induces excess 
O H  into the goethi te  structure, resulting in higher  Aa 
values. 

The  influence o f  excess O H  on uni t  cell parameters  
becomes  m o r e  complex  when  goethi te  also contains  A1 
as bo th  const i tuents  affect these parameters .  Figure 6 
shows goethi te  uni t  cell d imens ions  plot ted  against the 
total  weight  loss (assumed H 2 0  loss ,  T G A  data) be- 
tween 110 ~ and 620~ for Al-goethi tes  that  had  been 
previous ly  heated  at var ious  tempera tures  below the 
dehydroxyla t ion  t empera tu re  (i.e., -< 210~ There  are 
good,  nearly linear,  re la t ionships  o f  uni t  cell a and c 
parameters  and  U C V  with excess water  bu t  mos t ly  no 
systemat ic  change for the b parameter .  W h e n  the slopes 
o f  these regression lines are expressed as percentage 
changes o f  the uni t  cell d imens ions  (Table 1), it is 
ev iden t  that  values  o f  slope increase with Al-subst i-  
tu t ion  and that  the a and c d imens ions  are more  sen- 
si t ive to water  conten t  (i.e., m e a n  slope values  o f  about  
0.034) than  the b d imens ion  (i.e., m e a n  slope value  o f  
0.009) wi th  the except ion o f  the highest  level  o f  A1- 
subst i tut ion (i.e., 30.1 mole  %) where  the b axis was 
sensi t ive to water  conten t  (Figure 6b). U n i t  cell v o l u m e  
increased with  increasing water  conten t  for all four  

goethites (Figure 6d). Fo r  each heat ing tempera ture ,  
water  content  increased with increasing Al-subst i tu t ion  
with the combined  effect being a decrease in uni t  cell 
v o l u m e  as A1 content  increased (Figure 6d). Stepwise 
l inear regression analysis was used to deve lop  the re- 
la t ionships o f  uni t  cell parameters  wi th  Al-subst i tu t ion  
and water  content .  The  predic t ive  equat ions  are ex- 
pressed on a percentage change basis: 

a% = 100 - (0.017 + 0.001) mole  % A1 

+ (0.033 + 0 . 0 0 4 ) W L %  

(R 2 = .96), 

b% = 100 - (0.031 + 0.002) mole  % AI 

+ (0.010 - 0.007 W L %  

(R 2 = .96), 

c% = 100 - (0.053 + 0.001) mole  % A1 

+ (0.036 + 0 . 0 0 7 ) W L %  

(R 2 = .99), 

U C V %  = 100 - (0.102 + 0 . 0 0 3 ) m o l e  % A1 

+ (0.078 + 0.012) W L %  

(R 2 = .99) 
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Figure 6. Unit cell dimensions a (a), b (b), c (c) and unit cell volume (d) of goethite heated at various temperatures up to 
the onset of hematite formation (200~ for 0 mole% A1 and 210*C for others) plotted against total weight loss from TGA at 
620"C. R 2 values and errors as in Table 1. 

where WL% is the percentage of weight loss. Note the 
opposite effects of A1 (negative coefficients) and excess 
water (positive coefficients) on unit  cell dimensions. 
These results should be assessed by consideration of 
the structure of goethite which is based on the hex- 
agonal close packing of oxygen atoms with 6-fold co- 
ordinated Fe atoms occupying octahedral positions. 
The Fe atoms are arranged in double row to form what 
can be described as double chains of octahedra which 
run the length of the c axis. Within the double chains 
in the b-c plane, all bonds are covalent with each oc- 
tahedron sharing four of its edges with neighbouring 
octahedra. In contrast, bonding between double chains 
consists of relatively weak H-bonding directed through 
apical oxygen ions directed along the a axis (Fran- 
combe and Rooksby 1959, Schulze 1984). Thus, stack- 
ing of double chains along the a axis can be easily 
disrupted and this consequently induces structural de- 
fects, i.e., excess OH incorporated into the goethite 
structure during crystal growth (Fey and Dixon 1981, 
Schulze and Schwertmann 1984, 1987, Schwertmann 
et al 1985). For crystal growth ofgoethite, Lewis and 
Schwertmann (1980) indicate that the smallest thick- 
ness of crystals along the crystallographic a axis de- 

velops its final size at an early stage of growth whereas 
crystal growth along b and c axes may continue�9 The 
faster the crystal growth along the a axis, the more 
structural defects are induced and presumably more 
excess OH is incorporated. 

According to the model proposed by Schulze (1982), 
the amount of nonstoichiometric OH incorporated into 
the goethite structure can be explained by one Fe or 
A1 ion being replaced by three H ions�9 The proportion 
of Fe and AI ions replaced by three H ions is expressed 
by the formula, 

a-Fel _ yAly) l x/30 l - ,(OH) l +, 

where x represents the fraction of Fe and A1 ions re- 
placed by three H ions, and y is the mole fraction of 
Al-substitution. This replacement is believed to occur 
mainly along the a axis (Schulze 1982) and may explain 
why the a dimension of non Al-substituted goethite is 
most sensitive to structural OH. 

Unit cell dimensions of  Al-hematite 
The effect of Al-substitution on the unit  cell dimen- 

sions of hematite produced by the dehydroxylation of 
goethite was similar to that for goethite. Figure 7 shows 
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Table 1. Percentage change in slope for unit cell dimensions versus total weight loss (TGA, 110-620"C) for goethite and 
hematite. 

Slope ~rameter  

UCD x Mole % AL Slope Aslope (%)2 Mean (%) R 2 

Gt a 0 0.00103 + 0.0001 0.022 0.992** 
(110-210"C) 9.7 0.00145 + 0.0004 0.031 0.828* 

19.7 0.00154 + 0.0004 0.033 0.824* 
30.1 0.00236 + 0.0006 0.051 0.833* 

n m  
(230-270"C for 
0 mole % AI and 
250-270"C for 
9.7, 19.7 and 
30.1 mole % A1) 

UCV 

UCV 

0.034 -+ 0.0061 
0 0.00086 + 0.0012 0.0087 0.209 
9.7 0.00003 + 0.0009 0.0003 0.000 

19.7 -0 .00028 + 0.0004 -0 .0028  0.138 
30.1 0.00301 _+ 0.0008 0.0306 0.828* 

0.009 + 0.0075 
0 0.00037 _+_ 0.0002 0.012 0.613 
9.7 0.00125 +__ 0.0002 0.042 0.908* 

19.7 0.00083 _+ 0.0001 0.028 0.963** 
30.1 0.00187 _+ 0.0001 0.063 0.996*** 

0.036 --- 0.0108 
0 0.0603 + 0.0182 0.044 0.847 
9.7 0.1008 + 0.0072 0.074 0.986*** 

19.7 0.0795 + 0.0193 0.059 0.850* 
30.1 0.1805 + 0.0142 0.136 0.982** 

0.078 + 0.0202 

0 0.00281 + 0.0005 0.056 0.912" 
9.7 0.00355 + 0.0008 0.071 0.953* 

19.7 0.00670 + 0.0004 0.134 0.996* 
30.1 0.00189 + 0.0007 0.038 0.887 

0.075 + 0.0209 

0 0.01390 + 0.0031 0.101 0.873* 
9.7 0.01677 + 0.0037 0.122 0.954 

19.7 0.05309 + 0.0402 0.388 0.636 
30.1 0.01699 + 0.0061 0.124 0.887 

0.184 + 0.0683 
0 0.6433 + 0.1077 0.214 0.922** 
9.7 0.6916 + 0.1700 0.233 0.943 

19.7 1.6807 + 1.1995 0.582 0.633 
30.1 0.5921 + 0.2103 0.203 0.888 

0.381 + 0.0915 

UCD is unit cell dimensions derived from least squared calculation and UCV is unit cell volume. 
2 Percentage change of slope ((A~J/~/A weight loss) x 100) based on unit cell dimensions calculated from Figures 6 and 9. 
*p < 0.05, **p < 0.01 and ***p < 0.001, respectively. R 2 are taken from the regression lines of Figure 6 for goethite and 

of Figure 9 for hematite. 

t h a t  un i t  cell d i m e n s i o n s  a a n d  c dec reased  l inear ly  as 
A l - s u b s t i t u t i o n  inc reased  (R 2 > .98, p < .01). T h e  a 
a n d  c d i m e n s i o n s  o f  h e m a t i t e  also decreased  wi th  hea t -  
ing t e m p e r a t u r e  (Figure 7). I n t e r cep t  va lues  for  0 mo le  
% A l - h e m a t i t e  d e r i v e d  f r o m  plo ts  o f  a a n d  c d i m e n -  
s ions  versus  A l - s u b s t i t u t i o n  (i.e., F igure  7) dec reased  
sys temat ica l ly  w i th  hea t ing  t e m p e r a t u r e  (Figures 8a  
a n d  8b). T h e  a d i m e n s i o n  decreased  by  0 .13% a n d  the  
c d i m e n s i o n  dec reased  by  0 .18% be t w een  230  ~ a n d  
270"C. These  % decreases  are s imi l a r  to those  r epo r t ed  
by  S tan jek  a n d  S c h w e r t m a n n  (1992)  w h o  f o u n d  t h a t  
va lues  o f  a a n d  c d i m e n s i o n s  decreased  f r o m  5.042 to 
5.033 7k (abou t  0 .18%) a n d  f r o m  13.76 to 13.73 
(abou t  0 .22%) respect ively ,  as syn thes i s  t e m p e r a t u r e  
inc reased  f r o m  40* to  997"C for  the  0 - 1 8  mo le  % A1- 
subs t i t u t ed  hemat i t e s .  U n i t  cell p a r a m e t e r s  for  a dis-  

o rde r ed  hema t i t e - l i ke  phase  t r a n s f o r m e d  f r o m  goe th i te  
be tween  250* a n d  350"C were  a p p r o x i m a t e l y  0 .3% larg- 
er  t h a n  those  for  well  crys ta l l ized h e m a t i t e  ( B r o w n  
1980). The  re la t ive ly  smal l  decrease  in  the  i n t e r cep t  
va lues  for the  c d i m e n s i o n  o f  h e m a t i t e  (i.e., va lue  for  
no  Al - subs t i t u t i on )  w i th  hea t ing  t e m p e r a t u r e  c o m -  
pa red  wi th  the  A l - s u b s t i t u t e d  h e m a t i t e s  (Figure 7b)  
ind ica tes  t h a t  re la t ive ly  less wa te r  was  p re sen t  in  n o n -  
subs t i t u t ed  h e m a t i t e  t h a n  in  A l - s u b s t i t u t e d  hema t i t e .  
T h e  m a g n i t u d e  o f  the  change  in s lope for  e x p e r i m e n t a l  
l ines  ca lcu la ted  for  p lo ts  o f  the  a d i m e n s i o n  ve r sus  
m o l e %  AI (Figure 7) dec reased  by  8% o v e r  the  hea t ing  
t e m p e r a t u r e  range  2 3 0 - 2 7 0 " C  (Figure 8d). T h e  mag-  
n i t u d e  o f  the  change  in  s lope for  the  c d i m e n s i o n  o f  
hema t i t e  increased cons iderab ly  (316%) (Figure 8e) o v e r  
th i s  t e m p e r a t u r e  range;  clearly the  c d i m e n s i o n  is m u c h  
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Figure 7. Unit cell dimensions (a, c) and unit cell volume 
of hematite as affected by Al-substitution and heating; R 2 
values are .980-.999 (p < .01). The broken lines are the ideal 
Vegard lines. 

more sensitive than the a dimension to the presence 
of water in the hematite structure. The great sensitivity 
of the c dimension to heating probably reflects the 
presence of OH ions in planes parallel to (001), the 
effect being greater for high A1 hematite. This behav- 
iour of the c dimension may not be related only to the 
presence of OH but also to the migration of cations 
and rearrangement of oxygen packing, especially over 
the temperature range of dehydroxylation used in this 
study. The increase in the c dimension may reflect 

initial development of the hematite structure along the 
c direction, comparing with very small hematite do- 
mains as indicated by peak broadening. Stanjek and 
Schwertmann (1992) showed that the relationship of 
the c dimension to AI content is poorer than for the a 
dimension. In their work, the deviation of the c di- 
mension (Ac) from the value for the ideal structure was 
much better related to water content than was Aa. 

A comparison of the lines for unit  cell parameters 
versus A1 content for Al-hematite for the present study 
with values of Vegard line based on standard JCPDS 
(1983) cards 13-534 for hematite and 10-173 for co- 
rundum shows that Al-hematite formed at 270~ had 
a larger c dimension (13.763 ~)  than the standard 
(13.752 A) whereas the a dimension (5.034 /i) was 
identical to the value for the standard hematite (5.034 
/k). Values of slope of - 1 . 2  x 10 -3 and - 3 . 5  x 10 -3 
(/i/mole % A1) for lines for the a and c dimensions 
respectively for heating temperatures of 260 ~ and 270~ 
were smaller in magnitude than those of Vegard lines 
of - 2 . 8  x 10 -a and - 7 . 6  x 10 -a respectively calcu- 
lated from JCPDS values. However, the value of slope 
for the a dimension was similar to that for Al-hematite 
synthesized via Al-ferrihydrite precursor ( -  1.5 x 10 -3) 
(Schwertmann et al 1979) and for Al-hematite formed 
by the dehydroxylation of Al-goethite ( - 1 . 6  x 10 -3) 
(DeGrave et al 1982). Wells et al (1989) obtained a 
slope value of - 5 . 7  x 10 -3 for the c dimension of 
hematite formed by the dehydroxylation of synthetic 
goethite at 350~ which was larger than the value of 
- 3 . 5  x 10 -3 at 260-270~ for this study but both 
values were less than the slope value of the Vegard line 
derived from JCPDS data ( - 7 . 6  x 10-3). Schwert- 
mann  et al (1979) and DeGrave et al (1982) found no 
systematic trend and reported a scattering of values for  
the slope for the c dimension, while Stanjek and 
Schwertmann (1992) reported that the regression lines 
for the c dimension versus mole % A1 varied irregularly 
as affected by synthesis temperature. The regular in- 
crease in magnitude of slope value for the c dimension 
with increasing temperature is illustrated in Figures 7b 
and 8e. The smaller magnitude of slope of the c di- 
mension for hematite formed at lower temperatures 
(i.e., <270~ is presumably due to excess OH re- 
maining in hematite structure in positions parallel to 
(001) (Wolska and Schwertmann 1989, Stanjek and 
Schwertmann 1992), thereby reducing the contracting 
effect of Al on the unit cell c dimension. As would be 
anticipated, unit  cell volume (UCV) shows a similar 
trend with Al-substitution to that shown by the a and 
c unit  cell parameters (Figure 7c). The intercepts and 
slopes of the regression line which are shown in Figures 
8c and 8f, demonstrate that the UCV intercept de- 
creased systematically with heating temperature indi- 
cating that structural OH retained in the hematite 
structure is progressively released with increasing tem- 
perature. The magnitude of slope values for the plot 
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unit cell dimensions and unit cell volume of hematite to AI- 
(a) (d) a dimension, (b) (e) e dimension and (c) (f) unit cell 

of  UCV versus mole % AI increased exponentially with 
temperature reaching a constant value at 260"C (Figure 
80 as did the c axis slope value (Figure 8e). 

It therefore seems probable that the changes in unit  
cell dimensions of Al-hematite due to heating are a 
consequence of structural OH that is lost as water and 
an increasing influence of A1 within the hematite struc- 
ture. Figure 9 shows that for each specimen heated at 
various temperatures (230-270"C) there are linear re- 

lationships between water loss from hematite at 620~ 
of TGA (total weight loss) and the a and c dimensions. 
Because of the need to avoid water loss from any goe- 
thite present in samples, these data are for specimens 
that contained only hematite so that the larger unit  cell 
parameters of hematite shown in Figure 7 do not ap- 
pear in this graph. The close linear relationships in- 
dicate that unit  cell dimensions provide an indication 
of the OH in hematite. Table 1 expresses the slopes of 
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volume (c) of hematite produced by dehydroxylation of goe- 
thite at various temperatures plotted against total weight loss 
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experimental lines in Figure 9 on a percentage change 
basis. The c axis is about twice as sensitive to OH 
content (mean value 0.184) as the a axis (0.075) and 
changes to a and c unit cell dimensions for 19.7 mole 
% Al hematite are more sensitive to OH content than 
for other levels of  Al-substitution (Table 1). Stanjek 
and Schwertmann (1992) concluded that some OH re- 
mained in the crystal structure of  hematite up to ap- 
proximately 1000*C and this conclusion is supported 

by other work (Gregg and Hill 1953, Okamoto et al 
1967, Wolska 1981, Wolska and Szajda 1985). The 
major differences in unit cell dimensions of  the present 
samples shown in Figure 9, however, are due to dif- 
ferences in A1 substitution with relatively less differ- 
ence being due to excess OH content. 

The equations relating unit cell parameters for he- 
matite to mole % A1 and total weight loss (WL) were 
derived by stepwise linear regression analysis and con- 
vened  to a % basis, are as follows: 

a% = 100 - (0.030 ___ 0 .002)mole  % AI 

+ (0.074 _+ 0 .016)WL% 

(R 2 = .99), 

c% = 100 - (0.034 _ 0 .003)mole  % A1 

+ (0.109 ___ 0.036)WL% 

(R 2 = .98), 

UCV% = 100 - (0.094 + 0.004) mole % A1 

+ (0.252 + 0 .048)WL% 

(R 2 = .99) 

The c dimension of  hematite is more sensitive to struc- 
tural OH than is the a dimension with a and c dimen- 
sions being almost equally sensitive to Al-substitution. 

There is a precise crystallographic relationship be- 
tween the orthorhombic structure of  goethite and the 
hexagonal structure of  hematite during the thermal 
transformation ofgoethite to hematite. The [100], [010] 
and [001 ] directions in the orthorhombic structure be- 
come, respectively, the [001], [010] and [210] direc- 
tions in the hexagonal structure (Brown 1980). Water 
molecules (as hydroxyl groups) can simply be removed 
in strips running parallel to the c axis of  goethite and 
some of  the Fe and A1 atoms are rearranged in the 
octahedral interstices (Francombe and Rooksby 1959). 
The mechanism of  hematite crystal transformation from 
goethite is essentially a nucleation process (Watari et 
al 1983). The rearrangement of  Fe and AI results in 
nucleation and associated diffusion, creating voids par- 
allel to the (100) plane of  goethite which is the (001) 
plane of  hematite, enabling the escape of  water vapour 
(Naono and Fujiwara 1980, Rendon et al 1983). As a 
result, the unit cell a dimension for goethite (Schulze 
1984, Schulze and Schwertmann 1984) and the c di- 
mension for hematite (Stanjek and Schwertmann 1992) 
are relatively more sensitive to the presence of  struc- 
tural OH. 

Crystal size and shape 

Transmission electron micrographs of  the oxides 
show that the particles are micro-crystalline, anhedral 
and decrease in size with increasing Al-substitution for 
both goethite and hematite (Figure 10). Particles of  
nonsubstituted goethite have a lath-like crystal shape, 
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Figure 10. Transmission electron micrographs of goethite and corresponding hematite; (a) 0 mole % A1 110*C and (b) 30.1 
mole% Al 110*C; (c) 0 mole % A1 and (d) 30.1 mole% Al-substituted goethite heated at 260"C for one hour. 

and particles of  corresponding hematite,  t ransformed 
from goethite at 260"C, inherited this crystal charac- 
teristic (Figures 10a and 10c). Goethite crystals de- 
creased in size and altered to a more equant shape as 
Al-substi tution increased (Figure 10b). These Al-goe- 
thites resemble those synthesized from the ferrous sys- 
tem by Fey and Dixon (198 l) and Schulze (1982). There 
was no evident change in morphology associated with 
the dehydroxylat ion o f  goethite at low temperature 
(Figures 10c and 10d) but  this may reflect the lack of  
resolution of  the micrographs. 

Mean coherence length (MCL) (i.e., size of  coher- 
ently diffracting domains  normal  to hkl plane) for goe- 
thite and hemati te  determined by X R D  line broad-  
ening are shown i n  Table 2. MCL values are mostly 

7 nm which compare well with MCL of  synthetic 
goethites examined by Schulze (1982) and to particle 
sizes taken from the electron micrographs (Figure 10). 
For  the samples heated at 110"C, MCL for Gt110 (i.e., 
goethite 110) and Gt  111 reflections increased with A1- 
substitution levels from 0 to 9.7 mole  % A1 and then 
decreased between 9.7 and 30.1 mole % A1 (Table 2). 
However,  the MCL for the Gt020 and Gt151 reflec- 
tions showed a decreasing trend as Al-substi tution in- 
creased from 0 to 30.1 mole % (Table 2). The same 

trends were apparent  for goethites heated at temper-  
atures up to 210*C. These results indicate that  crystals 
of  non-substi tuted goethite are longer along the b axis 
(i.e., crystal width) than along the a axis (i.e., crystal 
thickness). In contrast, crystals of  Al-substi tuted goe- 
thite are longer along the a axis than along the b axis 
(Table 2). There is no comparison of  sizes along the c 
axis since no well resolved X R D  line provides this 
information. 

A schematic diagram illustrating the changes in crys- 
tal size and shape with Al-substi tution and dehydrox- 
ylation to hemati te is shown in Figure 11 and provides 
a succinct summary of  the data. Fey and Dixon (1981) 
reported an increase in MCL with Al-substi tution for 
the range 0 and 10 mole % A1 a n d  then a decrease 
between 10 and 40 mole % A1. Later, Schulze and 
Schwertmann (1987) indicated that MCL increased with 
Al-substi tution over  the range 0 and 20 mole % A1 and 
then decreased between 20 and 33 mole % A1. Their  
results showed that goethite, with little or no Al-sub- 
stitution, consisted of  crystals with several coherently 
diffracting domains  elongated along the c axis whereas 
at high level of  Al substitution the crystals mainly con- 
sisted of  monodomains .  This t rend is consistent with 
the data presented for the present investigation. MCL 
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Table 2. The mean coherence length (nm) derived from XRD line broadening for goethite and hematite as affected by AI- 
substitution and heating. 

Reflec- AI Heating temperature (*C) 
tion (mole %) 110 180 190 200 210 220 230 240 250 260 270 

Gt 020 

Hm 

0 
9.7 

19.7 
30.1 

110 0 
9.7 

19.7 
30.1 

111 0 
9.7 

19.7 
30.1 

151 0 
9.7 

19.7 
30.1 

102 0 
9.7 

19.7 
30.1 

110 0 
9.7 

19.7 
30.1 

204 0 
9.7 

19.7 
30.1 

116 0 
9.7 

19.7 
30.1 

8.9 8.9 8.7 8.7 7.5 
7.5 7.7 7.6 7.7 7.2 
5.7 5.7 5.8 5.7 5.5 
5.4 5.5 5.2 5.3 5.3 
6.4 6.4 6.5 6.6 6.2 
8.5 8.4 8.6 8.5 7.9 
8.1 8.0 8.0 8.3 8.2 
7.5 7.6 7.7 7.5 7.4 
7.1 7.1 7.0 7.0 6.4 
7.6 7.7 7.6 7.5 7.0 
6.8 6.9 7.0 6.9 6.9 
6.6 6.7 6.7 6.6 6.7 
8.1 8.0 8.1 8.2 6.6 
7.6 7.6 7.6 7.5 7.0 
6.4 6.5 6.5 6.5 6.4 
6.0 5.9 5.8 6.0 5.7 

5.1 
4.9 
6.2 
7.7 6.5 
7.8 7.2 
7.2 6.7 

6.8 
6.2 
6.2 

6.9 
6.0 
5.5 

4.6 

6.7 

6.7 

7.8 

6.0 

4.9 5.0 5.2 5.4 5.7 
4.4 4.6 4.8 4.8 4.9 
3.0 4.1 4.1 4.2 4.3 

3.5 3.6 3.9 4.0 
10.0 10.5 10.9 11.2 11.8 
7.5 8.7 8.9 9.1 9.9 

5.8 7.0 7.7 
5.1 6.1 6.5 

6.7 6.9 7.1 7.2 7.5 
5.7 5.7 6.0 6.3 7.0 
5.0 5.6 5.7 5.8 6.0 

4.9 5.3 5.4 5.6 
8.2 8.8 9.3 9.5 10.8 
9.4 9.6 9.8 10.0 10.5 
8.8 9.3 9.3 9.3 9.3 

8.6 8.6 8.8 8.8 

for goethites o f  the present study were unchanged by 
heating temperatures (i.e., <200"C) below which goe- 
thite started to transform to hematite and these results 
are consistent with those reported by Schwertmann et 
al (1985). Above this "threshold temperature" crystal 
size decreased. Conversely, MCL for the main reflec- 
tions for hematite increased with increasing tempera- 
ture. MCL of  hematite decreased systematically with 
increasing Al-substitution (Table 2). 

A comparison of  crystal sizes derived from the 020 
reflection (i.e., MCL Gt020) for goethite and the crys- 
tallographically equivalent hematite direction (MCL 
H m  110) are shown in Figure 12. There was a decrease 
in MCL Gt020 during decomposit ion of  goethite (i.e., 
>200"C) and an increase in MCL of  hematite (i.e., 
H m  I 10) during formation of  hematite (Table 2; Figure 
12a). The crystal size of  goethite was smaller than that 
of  the corresponding hematite that formed at temper- 
atures greater than 250"C. The increase in crystal size 
with increasing temperature in the range from 230* to 
270"C was greater for non-substituted hematite than 
for Al-hematite due at least partly to differences in 

dehydroxylation temperature (Table 2; Figure 12a). Al- 
though the size of  newly-formed hematite crystals ini- 
tially depended on the size of  precursor goethite crys- 
tals or more precisely the size of  domains in the b axis 
direction, the hematite domains expanded along the a 
axis with increasing temperature. The comparison of  
goethite MCL Gt110 and the closest equivalent he- 
matite direction MCL Hm116 shows a similar trend 
with a reduction in size ofgoethite crystals above 200"C 
and the size of  newly-formed hematite crystals increas- 
ing as heating temperature increased (Figure 12b). This 
increase in size reflects the growth of  regularly ordered 
hematite domains by sintering and surface diffusion 
which induces coalescence of  precursor goethite do- 
mains. 

Specific surface area 
Specific surface area of  goethite increased linearly as 

Al-substitution increased (Figure 13a). The values of  
intercept and slope of  regression lines for samples heat- 
ed to 110*C are similar to the values calculated from 
the data of  Fey and Dixon (1981) as is shown in Table 
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Figure 11. Polar diagram indicating the mean size and shape 
ofgoethite domains (a) in the (001) plane and of corresponding 
hematite crystallites (b) in the (010) plane. Dashed arrows 
indicate the directions normal to the lattice planes with the 
given Miller indices. 

3. The value of slope derived form the data of Good- 
man and Lewis (1981) is almost twice as large and the 
value of intercept is much smaller (Table 3). The in- 
crease in specific surface area is considered to be related 
to the decrease in goethite crystallite size with increase 
in Al-substitution. A moderate increase in specific sur- 
face area was induced by dehydroxylation to hematite 
due to the formation of pores (Watari et a11979, 1983, 
Naono and Fujiwara 1980, Rendon et al 1983). Inter- 
cepts of plots of specific surface area versus Al-substi- 
tution (i.e., values for 0% Al-goethite heated between 
110" and 260"C) increased from 143 to 184 m2/g (Fig- 
ure 13b) and the values of slope (rate of increase in 
specific surface area with increasing Al-substitution) 
decreased from 2.86 to 1.69 m2/g/mole % A1 (Figure 
13c). The values of intercept increased up to 240"C and 
then decreased between 240* and 260"C (Figure 13b). 
This trend may predominantly reflect the development 
of slit-shaped microporosity during decomposition of 
goethite and formation of hematite at temperatures up 
to 240~ whereas between 240 and 260"C the processes 
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~ 4 
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8 . 
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5 
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1 O0 130 160 190 220 250 280 

Heating temperature (~ 

Figure 12. A comparison of mean coherence length (MCL) 
derived from XRD line broadening measurements ofgoethite 
and hematite reflections that approximately correspond to the 
same crystallographic directions; (a) Gt020 and Hm110, and 
(b) Gt110 and Hm116; plain lines for goethite and dashed 
lines for hematite. 

of surface and volume diffusion may enable healing of 
crystal defects and the growth in size of hematite crys- 
tals with a consequent reduction in porosity (Watari et 
al 1979, 1983, Naono and Fujiwara 1980, Rendon et 
al 1983, Goss 1987). The rate of increase in specific 
surface area wi th /d-subst i tu t ion  (i.e., values of slope) 
decreased with temperature up to 240"C due predom- 
inantly to the smaller effect of heating on the surface 
area of high/d-substituted hematites (Figure 13c). These 
Al-hematites initially consisted of smaller particles of 
Al-goethite; thus loss of water during heating is less 
likely to generate voids as diffusion distances to crystal 

Table 3. A comparison of intercept and slope values for 
specific surface area ofgoethites as affected by AI-substitution 
(heated at 70 ~ or 110~ 

Slope 
(m2/g/ 

Intercept mole % 
( m 2 1 g )  A [ )  R 2 ' 

Present work 143 2.86 0.962* 
Fey and Dixon (1981) 155 2.74 0.903* 
Goodman and Lewis 2 (198 l) 112 4.79 0.988** 

I p (0.05", 0.01"*). 
2 Heated at 70~ 
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Figure 13. (a) Specific surface area of goethite as a function 
of Al-substitution for various heating temperatures, (110*C) 
y = 143 + 2.86x, R 2 = .96", (200"C) y = 153 + 2.10x, R 2 = 

.90", (220*(2) y = 166 + 1.79x, R 2 = .92", (240~ y = 184 
+ 1.69x, R 2 = .98"*, (2600C) y = 173 + 1.90x, R 2 = 0 . 9 8 " * ,  

(*p < .05 and **p < .01, respectively); intercept (b) and slope 
(c) values for straight lines relating specific surface area to A1- 
substitution in goethite versus heating temperature. 

surfaces are  m u c h  smal l e r  t h a n  in n o n s u b s t i t u t e d  he-  
mat i t e .  

C O N C L U S I O N S  

A l - s u b s t i t u t i o n  in  goe th i te  resul t s  in  increases  in  de-  
h y d r o x y l a t i o n  t e m p e r a t u r e  a n d  the  a m o u n t  o f  excess 
( n o n - s t o i c h i o m e t r i c )  O H .  S o m e  o f  th i s  excess O H  is 
i n h e r i t e d  by  h e m a t i t e  f o r m e d  by  the  d e h y d r o x y l a t i o n  

o f  goethi te .  T h e  a d i m e n s i o n  o f  goe th i te  a n d  the  c 
d i m e n s i o n  o f  h e m a t i t e  are en la rged  a n d  are the  crys- 
ta l lographic  axes  t ha t  a p p e a r  to  be  m o s t  sens i t ive  to  
excess OH.  T h e  s t ruc tura l  defects  assoc ia ted  w i th  a n  
increase  in pores  w h i c h  con t r i bu t e s  to  the  increase  in  
specific surface area m a y  also d i s rup t  Fe-O (AI-O) b o n d s  
the reby  enab l ing  excess s t ruc tura l  O H  to be  r e t a ined  
d u r i n g  the  t h e r m a l  t r a n s f o r m a t i o n  o f  goe th i te  to  he-  
mat i te .  

The  ex ten t  to  wh ich  na tu ra l  goe th i te  a n d  h e m a t i t e  
in  soils c o n t a i n  excess wa te r  has  no t  b e e n  d e t e r m i n e d .  
T h e  sys temat ic  changes  in un i t  cell p a r a m e t e r s  o f  these  
mine ra l s  o n  hea t ing  to va r i ous  t e m p e r a t u r e s  t h a t  h a v e  
been  desc r ibed  in th i s  p a p e r  m a y  p r o v i d e  a bas is  for  
the  inves t iga t ion  o f  the  occur rence  o f  excess O H  in 
these  na tu ra l ly  occur r ing  i ron  oxides.  
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