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The thermal decomposition of akaganeite, P-FeOOH, in air is studied. The structural properties of the 
dehydroxylation product, identified as hematite, are determined at different temperatures. From the 
results on crystallite size and microstrains, a change of crystallite shape has been shown to occur in the 
range of temperatures of 300 to 484°C. A marked increase in crystallite size and a diminution in 
microstrains is observed at 525°C. This change is related to the occurrence of an exothermic peak in 
the DTA and DSC curves of akaganeite at about 512°C. The peak is thus ascribed to a recrystallization 
process of hematite. Electron micrographs support the most relevant observations of changes in 
particle size and shape. 

Introduction 

The DSC and DTA curves of synthetic 
akaganeite, /3-FeOOH, show a multiple en- 
dothermic peak due to the dehydroxylation 
process, as well as a sharp exotherm near 
450°C (1). This exothermic peak has been 
interpreted in various ways, depending on 
the nature of the sample and the conditions 
of recording of the DTA curves. Gonzalez- 
Calbet et al. (2) studied the thermal decom- 
position of akaganeite under vacuum. 
These authors identify the dehydroxylation 
product as y-FezOj and ascribe the exo- 
therm observed in air to the transforma- 
tion of maghemite into hematite, an expla- 
nation first suggested by Mackay (3). On 
the other hand, Naono et al. (4) show that 
the X-ray diffraction patterns of the dehy- 

* Actual address: Dpto. Quimica Inorganica, Fa- 
cultad de Quimica, Sevilla, Spain. 

droxylation product in a vacuum contain no 
reflections, due to the presence of ultrafine 
crystals of decomposed fi-FeOOH. This 
phase transforms into a-Fe203 with increas- 
ing temperature. 

The thermal decomposition of akaganeite 
in nitrogen and oxygen atmospheres was 
recently studied by Paterson et a/. (5). 
These authors show that a different but 
poorly crystallized phase occurs in each at- 
mosphere after dehydroxylation. These 
phases change particle shape and increase 
crystallinity at higher temperatures, proba- 
bly producing the exotherm, although the 
peak is also associated with the loss of chlo- 
rine in a N2 atmosphere. From this work, 
some doubts about the nature of the exo- 
thermic effect arise. The aim of this paper is 
to examine the products obtained at differ- 
ent stages of the DTA curve of synthetic 
akaganeite in order to provide a consistent 
explanation of the exothermic peak. 
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FIG. 1. (a) DTA curve of synthetic akaganeite in air, showing the temperature of the exothermic 
peak (512°C) and those used in the preparation of decomposed samples. (b) X-Ray diffraction pattern 

of synthetic akaganeite. (c) X-Ray diffraction pattern of the sample obtained at 3Oo”C, showing he- 
matite reflections exclusively. 

Experimental days, separated in a centrifuge, and washed 
The synthetic sample of P-FeOOH was until peptization occurred. The X-ray dif- 

prepared by the hydrolysis at 70°C of an fraction pattern of the sample (see Fig. 1) 
aqueous solution of iron(M) chloride (2% shows exclusively the reflections of akaga- 
in weight). The precipitate was aged for 15 neite. 
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A differential thermal analysis was per- 
formed on a Stanton Redcroft 673-4 ther- 
moanalyzer in static air atmosphere. De- 
composed samples at 300, 485, and 525°C 
were obtained by interrupting the DTA ex- 
periment. These samples were used in the 
remaining determinations. 

Differential scanning calorimetry was 
carried out on a Mettler TA 300 apparatus 
provided with a TA processor unit that was 
used to obtain the integrated AH and peak 
temperature. 

Electron micrographs were performed on 
a Phillips EM 300. The samples were dis- 
persed in acetone by ultrasound and settled 
on copper grids for examination. 

X-Ray diffraction patterns were recorded 
on a Phillips PW 1130 diffractometer, using 
CoKa radiation and Fe filter. X-Ray dif- 
fraction line profiles were recorded by con- 
tinuous scan at 0.125” mint and the intensi- 
ties were read each 0.025” 28. A line profile 
analysis was carried out in the (104), (1 lo), 
(024), and (116) reflections of hematite. 
These lines were chosen for their high peak 
to background ratio and the absence of 
overlapping peaks. A highly crystalline he- 
matite sample (“Merck” Fe203 annealed at 
800°C during 4 hr) provided the instrumen- 
tal profiles. Centroid position and back- 
ground level were corrected by means of a 
computer program based in that of 
Edwards and Toman (6). The determina- 
tion of crystallite size and microstrains was 
developed by four different methods in or- 
der to avoid a biased interpretation of the 
results. 

In first instance, the slope of the inte- 
grated intensity versus reciprocal range 
curve (kr) was used to obtain an estimate of 
the apparent crystallite size (Q,) which was 
computed after the subtraction of k,, from 
kth, without correcting truncation errors, as 
it is specified by Langford (7). The linear 
extrapolation of this curve provided values 
for the total intensity of the line (S,). From 
these data, the integral breadths were cal- 

culated and the Jones correction of instru- 
mental broadening was performed. A new 
estimate of crystallite size (D) was com- 
puted from the corrected integral breadths 
(/3) by the Scherrer equation. 

From the slope (k) and intercept (W,) of 
the variance-range curves of the g and h 
profiles corrected for truncation (7), the 
slope and intercept of the f profiles were 
obtained. Slopes were simply subtracted 
while the intercepts were corrected for the 
nonadditivity error according to 

kf = k,, - k, 
Wol- = Woh - W”,, - n2kfk,/2. (1) 

The values of kf and Wof were used in the 
computation of apparent crystallite size (Q,) 
and the variance of the lattice strain distri- 
bution ((e2)) by means of the equation of 
Langford and Wilson (8), in which: 

Wcy = 4 tan%(e?) - X~l(47r2~~cos20). (2) 

Where A is the radiation wavelength and H 
the angle of the line centroid. 

Finally, the cosine Fourier coefficients of 
thefprofiles obtained by the Stokes method 
(9) were used to calculate the average crys- 
tallite size perpendicular to the reflecting 
planes (Ed). These values and an alternative 
evaluation of microstrains (( e)r) were com- 
puted by using the Fourier-space method 
developed by Smith (IO), in which the 
Fourier coefficients (A,) are adjusted by 
curve fitting to Bertaut’s equation (II), 
stated as 

A, = (1 - anl&F)cos(2n/(e)n). (3) 

Where 

a = X/4(sin 0, - sin 8,)) 
1 = 2a sin &,/A. (4) 

Where 00 is the angle of the centroid and /!I0 
- 8, is the period of expansion of the 
Fourier series. 
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FIG. 2. X-Ray diffraction line profiles of the (104) reflections of hematite obtained at 300, 485, and 
52s”C. A decrease of the broadening on increasing temperature is observed. 

The relatively poor accuracy of these sin- 
gle-line methods is, however, unavoidable, 
because of the anisotropy of crystallite size 
and microstrains and the absence of multi- 
ple order reflections in more than one crys- 
tallographic direction. 

Results and Discussion 

Figure la shows a typical DTA curve of 
synthetic akaganeite recorded in air atmo- 
sphere. The sharp exothermic peak occurs 
at approximately 510°C. The DSC curve is 
identical in shape, yielding values of AH of 
1.53 J g-r for the integrated peak. Three 
samples of decomposed akaganeite were 
prepared by interrupting the DTA experi- 
ment at the temperatures shown in Fig. la. 
The lowest temperature (300°C) was se- 
lected in order to characterize the initial 
product of dehydroxylation, while the other 
temperatures provide samples whose dif- 
ferences are able to explain the exothermic 
effect. The X-ray diffraction patterns of 
these three samples show the same reflec- 
tions which allow the identification of the 

product of dehydroxylation as hematite 
(see, for example, Fig. lb). The lines of he- 
matite are especially broadened for the 
samples obtained at 300 and 485”C, while a 
marked increase in crystallinity is observed 
after the exothermic peak is developed 
(525’C) (Fig. 2). Nevertheless, no other 
phase seems to be present in the samples. 
These results agree in part with those found 
by Paterson et al. (5) in nitrogen atmo- 
sphere, except for the absence of any 
phase structurally related to /3-FeOOH. On 
the other hand, the differences with the 
products obtained in a vacuum (2, 4) are 
marked. Thus, the exotherm observed in 
air cannot be ascribed to a transformation 
of y-FezOj into hematite. 

Since the most important difference be- 
tween samples obtained at 485 and 525°C 
involves their crystallinity, the X-ray dif- 
fraction line profile analysis may provide a 
quantitative evaluation of the changes de- 
veloped through the exothermic peak in 
terms of crystallite size and microstrains. 
Table I contains the results of the various 
methods of line profile analysis applied to 
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FIG. 3. Cosine Fourier coefficients A(L) of the (116) 
reflection of hematite as a function of L (--, 525°C; 
---, 300°C; ., 485°C). 

the (104), (llO), (024), and (116) reflections 
of hematite. In these results, one should 
note the important divergences observed 
between the values of crystallite size ob- 
tained from the variance, Fourier, and 
Scherrer methods. Similar discrepancies 
have been pointed out by Guilliatt and Brett 
(12), and Lou& et al. (13), and seem to be 
inherent to the application of these meth- 
ods. No correction for truncation was car- 
ried out in the Fourier coefficients. How- 
ever, the contribution of truncation errors 
to the so-called “hook” effect, first recog- 
nized by Bertaut (14, 15), seems to be ab- 
sent,,as is shown in Fig. 3. On the contrary, 
an important relation is found between the 
values of ok and .skl which is consistent with 
the assumption of Lorentzian tails of the 
profiles. Some of the integrated intensity, 
I max 9 versus reciprocal maximum range 
curves of the h profiles are plotted in Fig. 4. 
A significant linearity is observed, that 
yields for the values of kl an accuracy simi- 
lar to that of the variance-range slopes, 
once the background is correctly elimi- 
nated. On the other hand, it is interesting to 
note that truncation errors (Aklk) are gen- 
erally low and close to the percentages of 

integrated intensity lost by truncation (AS/ 
S,). According to Langford (7), truncation 
can remove about 5% of the integrated in- 
tensity of a typical profile, and the values of 
Aklk should not exceed 15%. These re- 
quirements are fulfilled by the results in- 
cluded in Table I. 

Concerning the values of maximum range 
of scan (&FWHM), it must be noted that 
their relationship with AS/S, also depends 
on crystallite shape (7). This fact might 
result in the lack of a clear correlation be- 
tween both parameters (see Table I). 

The results of microstrain determination 
from the intercept of the variance-range 
plots and the Fourier analysis differ in mag- 
nitude, although their changes with temper- 
ature are similar. This divergence may arise 
from the different approaches inherent to 
each method, which lead to different con- 
cepts of microstrains. 

When the values of crystallite size ob- 
tained for each reflection of a sample are 
compared, a notorious anisotropy can be 
observed from Table I. This fact is ex- 
plained by the assumption of an irregular 
crystallite shape, as has been studied by 
Duvigneaud and Derie (16) for the case of 

2’2 

H 

14 I- O 
FIG. 4. Variation of integrated intensity with (T ’ in 

the tails of the (024) line profiles of hematite (B, 485°C; 
0, 300°C; A, 525°C). 
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hematite derived from goethite. However, 
a cylindrical or acicular shape cannot be 
clearly identified (see, for example, column 
&r in Table I). Nevertheless, the highest ra- 
tio of crystallite size between the (110) and 
(104) reflections occurs for the sample 
heated at 300°C. This behavior may be con- 
sidered representative of a tubular or acicu- 
lar shape (16, 17). 

Moreover, several significant changes in 
crystallite size and shape and microstrains 
are observed in hematite after the dehy- 
droxylation of /3-FeOOH. From 300 to 
485°C small variations occur in crystallite 
size and microstrains, although a differen- 
tial broadening of the lines is encountered. 
In this way, crystallite size obtained for the 
(116) lines decreases markedly, whatever 
the method used in calculation. A similar 
diminution in this parameter is observed for 
the (024) line, although the changes are not 
so marked. By contrast, no significant de- 
crease in crystallite size is obtained for the 
(104) reflection. As has been pointed out 
above, these results could be explained in 
terms of either a change of crystallite shape 
(16), or by the presence of stacking faults in 
the packing of oxygen layers at low temper- 
ature (18). However, the former explana- 
tion seems to be supported by the electron 
micrographs, as will be discussed below. 

Preferential line broadening in goethite- 
derived hematite was recently studied by 
Yamaguchi and Takahashi (19), but the 
results reported by these authors disagree 
with those contained in Table I. Taking into 
account the different oxyhydroxide that 
leads to hematite and the absence of an 
exothermic peak after the dehydroxylation 
of goethite, considerations of line broaden- 
ing are not comparable in both cases. 

On the other hand, once the exothermic 
peak is developed, hematite shows an im- 
portant increase in crystallite size, whereas 
microstrains remain within the experimen- 
tal errors in the variance method and de- 
crease considerably (more than a 50%) in 

the Fourier method. If we take into account 
the small interval of temperatures which 
separates the samples obtained at 485 and 
525”C, the origin of the exotherm can be 
ascribed to the release of energy stored as 
internal strains, which is accompanied by a 
sintering process (Table I). If the broaden- 
ing could be ascribed exclusively to micro- 
strains, a calculation of the released energy 
could be performed (20), but a contribution 
from the crystallite size is in evidence. A 
similar cause has been assigned to other 
exothermic effects in which the contribu- 
tion of crystallite size was large enough to 
be considered, as in the DSC curves of 
ground dolomite (21). 

Finally, Fig. 5 shows the electron micro- 
graphs of the original akaganeite and the 
three decomposed samples. Undecom- 
posed akaganeite shows a characteristic 
spindle shape (Fig. 5a). Similarly, the he- 
matite particles obtained at 300°C have an 
elongated shape (Fig. 5b) that could explain 
the high value of crystallite size for the 
(110) reflection of this sample, that was dis- 
cussed above, if particle and crystallite are 
considered to be identical in shape. When 
hematite is obtained at 485”C, some signifi- 
cant changes take place: the particle size 
decreases slightly and the observed shape 
is more rounded at this temperature (Fig. 
5~). These results agree partially with the 
determinations of crystallite size. How- 
ever, the most important changes in parti- 
cle size and shape are observed when the 
samples obtained at 485 and 525°C are com- 
pared (Figs. 5c and d). The particle size is 
especially high at 525°C and thus, provides 
additional support to the interpretation of 
the exothermal peak in terms of a sintering 
process, aside from the decrease in micro- 
strains, as shown in Table I. On the other 
hand, the assumption of an elongated shape 
of crystallites, which is not supported by 
X-ray profile analysis, seems to be incon- 
sistent with the particles observed in Fig. 
5d. 



310 MORALES, TIRADO, AND MACIAS 

FIG. 5. Electron micrographs of synthetic akaganeite (a), and hematite obtained at 300 (b), 485 (c). 
and 525°C (d). 
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