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Study of the kinetics of decomposition of 
goethite in vacuo and pore structure of product 
particles 
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The kinetics of decomposition of c~-goethite were investigated, under vacuum conditions, in 
the temperature range 170-250 ~ C. The experimental thermogravimetric traces were interpreted 
according to the shrinking core model for cylindrical particles. The Arrhenius plot of InK 
(kinetic constant) against 1/T yielded an activation energy of 119 �9 9kJ mo1-1 at 210 ~ The 
highest specific a r e a ,  SBE T = 118.4 • 5.5 m 2 g-l ,  of the reaction product a-hematite, was 
obtained by decompsition at 225 ~ Information about the formation of micropores and their 
evolution with temperature was also obtained. 

1. In t roduct ion  
The decomposition reaction of ~-goethite to yield 
a-hematite 

2c~-FeOOH (s) = :~-Fe203 (s) + H20  (v) (1) 

is a very important process in the production of 
catalytic materials, magnetic recording medium of 
y-Fe203, colouring pigments and, more recently, 
humidity and gas ceramic sensors. 

The decomposition behaviour of c~-goethite has 
been extensively studied by means of different experi- 
mental techniques and in different atmospheres [1-8]. 
The products of the reaction were analysed by scan- 
ning and transmission electron microscopy [9-13], by 
X-ray diffraction [4, 6] and by adsorption measure- 
ments [7, 14-17]. 

The topotactic nature of the decomposition has 
been proposed by Van Oosterhout [11], and in a recent 
review details of the solid state reaction have been 
extensively discussed by Volpe and Boudart [18]. They 
pointed out the lack of quantitative and reproducible 
studies of the kinetics of reaction involving solids 
and the influence of experimental variables, such as 
particle dimension, bed dimension and heat transfer 
on the reaction regime. 

This study was undertaken with the aim of obtain- 
ing the kinetics of decomposition of  c~-goethite 
powder, in a temperature range 170-250 ~ C, by means 
of thermal and differential thermal analysis, TG  and 
DTA. Information concerning the evolution of the 
structure, the formation of micropores and their 
modification as function of temperature were also 
obtained by nitrogen adsorption, scanning and trans- 
mission electron microscopy. 

2. Experimental procedure 
The acicular goethite samples used in this work were 
supplied by the Bayer Co. The purity of the sample 
was controlled by X-ray analysis. 

The shape and the dimensions of the particles were 

determined by scanning electron microscopy, taking 
several pictures of the sample and comparing the 
particles with the reference marker. All the particles 
observed had a cylindrical shape as shown in Fig. la. 

The dimensions of about 200 particles of e-goethite 
were determined in over 20 pictures and the obtained 
measurements were compiled in ranges differing by 
0.05#m. The average dimensions of the goethite 
particles were determined by evaluating the statistical 
weight of each range; the resulting values of  the radius 
and the length were obtained as 0.10 + 0.01 #m and 
1.0 + 0.1 #m respectively. 

The specific area, measured by the BET method and 
employing a Carlo Erba liquid nitrogen Sorptomatic 
mod. 1800, was found to be 14.1 _+ 0.3m2g -1, where 
the associated error is an overall evaluation of the 
errors asociated with the BET method. 

The experimental runs of decomposition of c~-goethite 
were carried out as described below. 

About 100mg of  the sample was heated in a stain- 
less steel boat, suspended from the left arm of a 
computerized Cahn 1000 microbalance, in an evacu- 
ated quartz apparatus. The boat was immersed in an 
oil bath with electronic thermostat, previously heated 
to the desired temperature. The decomposition of 
acicular goethite was carried out at 170, 180, 190, 200, 
225 and 250~ The experimental temperature was 
assumed to be the same as that of the oil and con- 
trolled by a calibrated thermometer. The vacuum in 
the apparatus was maintained below 1 x 10 5 torr in 
all runs by means of diffusion and mechanical pumps 
and liquid nitrogen traps. At each decomposition 
temperature, about 20 experimental points of weight 
loss as a function of time were recorded. 

The stoichiometry of the reaction was previously 
verified by TG, D TG  and DTA analyses, in the tem- 
perature range 20-1000~ at a heating rate of 
10 ~ C rain 1. The resulting curves were compared with 
studies reported in the literature. The X-ray analyses 
were carried out for two hematite samples obtained at 
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Figure 1 (a) e-goethite particles (SEM x 40 000). (b) e-hematite particles obtained at 225 ~ C (SEM x 40 000). (c) Micropores in the e-hematite 
particles obtained at 225~ (TEM x 160000). (d) Macropores in the e-hematite particles obtained at 1000~ (TEM x 108 000). 

500 and 1000 ~ C. The diffractograms were those of 
pure hematite, with sharper lines of diffraction for the 
sample obtained at 1000 ~ C. 

In separate experiments, about 1 g of goethite was 
completely decomposed, at temperatures of 175, 200, 
225, 250 and 275 ~ with the same procedure and 
experimental conditions previously described. The 
specific area of  7-Fe203 was measured by the liquid 
nitrogen BET method. Transmission electron and 

scanning electron photographs were taken, employing 
a 300 kV energy TEM and a 30 kV energy SEM. 

3. R e s u l t s  and  d i s c u s s i o n  
Fig. 2 shows the function /3 = (1 - X) x 1 0 0 a s a  
function of time, where X is the conversion of goethite, 
experimentally determined. 

For  the interpretation of  the data the shrinking 
core model for cylindrical particles [20] was utilized 
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Figure 2 Decomposition curves of  acicular ~-geothitie 
at different experimental temperatures ( I  170~ 
�9 180~ x 190~ + 200~ u 225~ o 250~ 
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Figure 3 Plot of[1 - :(1 - • ) 1 / 2 ]  

against time and relative straight 
lines obtained by least square 
treatment of  the data. 

assuming the rate determining step was the diffusion 
of the proton from the acceptor regions to the donor 
regions that will gradually transform into pores [4, 19]. 
This model is made explicit through the relation 

K M  
1 - (1 - X) j/2 - t (2) 

~r0 

In the above expression X again represents the con- 
version of the goethite, K is the kinetic constant 
of the process, 6 the density of the goethite [21], 
M the molecular weight of  the goethite and r 0 the 
average radius of the reacting particles, experiment- 
ally determined. The length of  the particles was 
assumed to have no influence on the rate of decom- 
position. 

An inspection of the curves reported in Fig. 3, 
where the function [1 - (1 - X) ~n] is plotted against 
time, shows a linear trend, after about 0.30 conver- 
sion. This behaviour was attributed to the presence 
of particles with dimension smaller than the average 
values calculated and employed in Equation 2. 

In Table I are reported the slopes, S, and the inter- 
cepts, B, of  the straight line obtained by least square 
treatment of  the experimental data. At each tempera- 
ture, the kinetic constant of the process, K, can be 
obtained, by the relation S = KM/fro. The K and 
In Kvalues are also reported in Table I. The activation 
energy of  the transformation is related to the kinetic 
constant by the Arrhenius equation 

l n K =  InA - E , / R T  (3) 

The least square treatment of l nK  against 1/T data 

yielded a value of the activation energy, Ea = 119 _+ 
9 kJ tool -~ , at the average temperature of 210 ~ C. The 
associated error takes into account the standard 
deviation from the mean and the error associated with 
the K values. The plot of lnK against l IT is shown 
in Fig. 4. 

3 . 1 .  Specif ic area and pore structure 
The results of specific area measurements, obtained 
by nitrogen adsorption on the surface of hematite 
at the temperature of liquid nitrogen, are reported in 
Table II are plotted in Fig. 5. It can be seen that the 
maximum specific area of hematite corresponds to a 
decomposition temperature of  about 225 ~ C. 

This result can be explained through a combined 
process of pore formation, due to the evaporation of 
H20 from the structure, and rearrangement of  the 
high stressed surface and structure. Both these mech- 
anisms are enhanced by increasing the temperature, 
but with opposite effects on the specific area. At about 
225~ the best balance is obtained. Visual observa- 
tion by SEM of goethite (Fig. la) and hematite (Fig. 
lb) did not show any significant change in the mor- 
phology of the particles. Observations carried out at 
x 100 000 magnification did not reveal the presence of  
pores in the surface either. TEM observations of 
the hematite obtained at 225 ~ C, showed the existence 
of micropores, of about 2.5nm average diameter, 
aligned along the main axis of the particle (Fig. lc). 
Fig. ld is a TEM photograph relating to the hematite 
obtained at 1000 ~ C, and shows the presence of spheri- 
cal micropores of about 50nm average diameter 
located in the centre of the particle. 

T A B L E  I Slopes (S) and intercepts (B) of  the straight lines describing the decomposition of  c~-goethite at the experimental tem- 
perature T, and relative kinetic constant k 

T (1/T)LO 3 S B k x 10 -5 Ink 
(~ (K l) ( •  2 ) ( •  2 ) (molm 2h l) 

170 2.257 1,21 • 0.03 10.92 _+ 0.23 5.795 
I80 2.207 1.82 _+ 0.03 14.96 • 0.28 8.731 
190 2.159 5.07 _+ 0.27 10.52 • 0.18 24.359 
200 2.113 7.16 _+ 1.54 12.76 • 0.92 34.395 
225 2.007 50.80 + 1.04 5.79 + 1.03 244.429 
250 1.911 132.29 • 0.53 - 2 . 0 7  • 0.22 635.191 

-9 .756  
-9 .346  
- 8.320 
-7 .975 
-6 .014  
-5 .059 

The associated error is the standard deviation from the mean. 
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Figure 4 Temperature dependence of the kinetic constant k and 
interpolation straight line E~ = 119 • 9 kJ mol 1. 

4. Conclusion 
The two possible rate determining steps of the 
decomposition of goethite into hematite are the dif- 
fusion of the protons from the acceptor regions to the 
donor regions and the diffusion of the water molecules 
through the pores. These two mechanisms correspond 
to different mathematical relations in the shrinking 
core model for cylindrical particles [20]. 

Our experimental data fitted well with the math- 
ematical approach that considers the diffusion of the 
proton in the structure as the controlling step. 

The energy of activation value, Ea = 119 4- 9 kJ 
tool ~ is in agreement with previous determinations [4] 
obtained in a temperature range higher than the one 
considered here. 

From the observation of a-FeOOH and Fe203 par- 
ticles by SEM and TEM techniques it can be seen that 
the micropores have essentially a slit-shape with 
dimensions ranging from 1 to 5 nm and are aligned 
along the main axis of the particles. 

It is also evident that the formation of pores is 
mainly a bulk phenomenon, since no apparent dif- 
ference in morphology was noticed by observing the 
surfaces of goethite and hematite at x 100 000 magnifi- 
cation. These observations s~upport the results obtained 
in previous investigations [8]. If the decomposition 
temperature is increased to 1000~ the pores evolve 
in spherical macropores, ranging from 15 to 100nm 
diameter, and are positioned in the centre of the 
particle. This macroporosity can be ascribed to a 
structural rearrangement and coalescence of the 
micropores induced by the temperature. The mor- 
phology of hematite appears sensibly modified due to 
surface mobility. 

T A B L E I I Specific area of a-hematite samples, by BET method, 
obtained at different decomposition temperatures 

Decomposition SBET (m 2 g 1) 
temperature (o C) 

175 102.1 4- 5.0 
200 105.7 • 6.5 
225 118.4 + 5.5 
250 116.6 + 7.4 
275 104.7 • 5.2 
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Figure 5 Behaviour of the specific area, SBET, of e-hematite as 
function of the decomposition temperature of c~-goethite. 
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