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ABSTRACT

     The dielectric properties of goethite and, in particular, the changes during the 

topotactic conversion of goethite to hematite, were studied from room temperature to 

about 800oC in the frequency range of 400 to 3000 MHz using the cavity perturbation 

technique. The complex permittivity, i.e. both the real and the imaginary or absorptive 

parts (ε' and ε'') were measured under various heating regimens. In addition,

Thermogravimetric Analysis (TGA) was performed in order to characterize the 

transformation of goethite to hematite. The Debye relaxation formalism was applied to 

the processes occurring both during and after the main dehydroxylation reaction in order 

to calculate the relaxation times. The Arrhenius equation for thermally activated 

relaxation times was used to determine the activation energies. 

     Both the real and the absorptive parts of the permittivity exhibited a significant peak 

during the main part of the goethite to hematite decomposition reaction. Above the 

transformation, there was another, less dramatic, thermally activated increase in the 
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permittivity values. The increase in the permittivities during the goethite to hematite 

transformation was attributed to the formation of quasi-free migrating radicals, e.g. 

hydroxyl ions, oxygen ions or hydrogen atoms, during the dehydroxylation of goethite. 

The Derivative Thermogravimetric Analysis (DTGA) curve was found to be directly 

related to the transient values of the real and the imaginary permittivities.   Higher 

heating rates resulted in an accelerated rate of dehydroxylation and therefore higher 

values of the transient permittivities. In the temperature range of 400oC to 500oC, i.e. just 

above the dehydroxylation peak, the real permittivity exhibited a varying frequency 

dependence, which suggested that changes were occurring in the newly formed, highly 

defected hematite structure, which is referred to as hydrohematite. During the reaction

there were multiple relaxation processes and thus the Debye relationship could not be 

applied. However, at temperatures above about 500oC, the structure stabilized, the Debye 

relationship was more closely followed, and the relaxation times could be determined as a 

function of temperature. The activation energy for the relaxation process above 500oC 

was determined to be 0.47 kJ/mole.

INTRODUCTION

    Goethite is a major mineralogical component of a number of ores, in particular bauxite, 

which is the raw material for activated alumina production (1, 2) and for the manufacture 

of aluminum metal (1, 2). The thermal decomposition of goethite (α-FeOOH) to hematite 

(α-Fe2O3) is a reaction of considerable industrial importance, since there are a number of 

applications for α-Fe2O3, such as in pigment manufacture (3), magnetic recording oxides 

(4) and ferrites (5). The overall reaction can be described by the following equation:
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                                              2αFeOOH= αFe2O3 + H2O                                      (1)

The present research was undertaken in order to improve the understanding of the 

microwave heating and dissociation characteristics of goethite as a function of 

temperature and frequency. Firstly, the literature regarding the thermal transformation of 

goethite to hematite has been reviewed, followed by a discussion of the fundamental 

parameters which govern microwave processing, e.g. the real and the imaginary 

permittivities and the loss tangent. The real and the imaginary parts of the complex scalar 

permittivities of the mineral goethite were measured using the cavity perturbation 

technique at six frequencies in the range of 397 MHz to 2986 MHz, up to temperatures of 

about 800oC. Also, since the thermal dehydroxylation of goethite results in a phase 

change with a significant mass loss, then Thermogravimetric Analysis (TGA) was 

performed in order to characterize the transformation reaction. From the TGA results, the 

Derivative Thermogravimetric Analysis (DTGA) curves were calculated and related to 

the permittivities. 

Goethite to Hematite Transformation

It has been proposed that the thermal dehydration of goethite leads to complete 

conversion into a “hematite-like” phase before less than one-half of the water has been 

removed from the goethite (6-9). First, an intermediate species is produced with the 

general chemical formula: α-Fe2-x/3(OH)xO3-x where the x-value is approximately equal to 

1.0.  This chemically and structurally distinct species is often referred to as protohematite

in the literature (10). Furthermore, it has been suggested that as dehydration proceeds, the 

hydroxyl groups ( −OH ) replace the oxygen ions ( −2O ) in the hematite structure and the 
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hydroxyl radicals form associations with vacancies in the cation sub-lattice (6). Before 

complete conversion to α-Fe2O3 is achieved, a second distinguishable intermediate phase, 

termed hydrohematite (11), is produced with an x-value of 0.5 at temperatures in the 

range of 400oC to 600oC. 

    On the other hand, other authors have argued that these intermediate phases do not 

exist and have developed physical models to describe the transformation (12, 13). With 

conventional heating processes, thermal dehydration advances from the surface to the 

interior of the goethite and a compact surface layer of hematite forms. This layer acts as a 

barrier, which hinders the further dehydroxylation of the remaining goethite and thus the 

reaction enthalpy increases with increasing particle size. Additional support for this 

model was provided by a second peak in the Differential Thermal Analysis (DTA) curves

of the goethite samples (13).

Differences in the behaviours of various goethite samples can be attributed to the 

different chemical and physical properties of the goethites. It has been shown previously 

that the dehydroxylation of goethite can be affected by particle size and structural defects 

(14), aluminum substitution (15) and excess or non-stoichiometric hydroxyl ions (16, 17). 

Decreasing particle size and increasing numbers of structural defects promote 

dehydroxylation. Aluminum substitution raises the dehydroxylation temperature, since 

diaspore (AlOOH) is more stable than goethite. The presence of excess or non-

stoichiometric hydroxyl ions can reduce the transformation temperature. Goethite, which 

is synthesized from ferrous ions (Fe2+) can have a lower dehydroxylation temperature 
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than goethite produced from ferric ions (Fe3+) since the goethite from the Fe2+ ions can 

have excess hydroxyl units (18).

     More recently, Ruan et al utilized Fourier Transform Infrared Spectroscopy (FT-IR) to 

study the reaction and found that the hydroxyl units were observed in the hydroxyl 

stretching and hydroxyl deformation and water bending regions (19). The spectrum of 

goethite showed two significant hydroxyl vibrations in the hydroxyl stretching region, 

which were characteristic of the stoichiometric and non-stoichiometric hydroxyl units.  

During the transformation, hydroxyl units were liberated, but the resulting hematite 

inherited both the stoichiometric and the non-stoichiometric types. Hydroxyl units can 

remain in the hematite structure even up to 900oC (20-22).

Dielectric Heating Formalism

     The degree of interaction of microwaves with a material depends on both the dielectric 

and the magnetic properties of the medium and these can be described in terms of the 

complex permittivity (ε) and the complex permeability (µ), respectively.  For a material, 

which does not have significant magnetic properties, then only the complex permittivity 

need be considered. The rate of microwave energy absorption by a material at a specific 

temperature (T) is related to the complex permittivity (ε), which is defined at a given 

temperature (T) as follows:  

( ) ( ) ( )[ ]TjTT rro ε ′′−ε′ε=ε          (2)

where oε  is the permittivity of free space ( 8.86E-12 F/m), rε′  is the relative real 

component of the complex permittivity, rε ′′  is the relative imaginary part of the complex 
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permittivity and  2/1)1(j −= . The relative real part of the complex permittivity, i.e. the 

relative real permittivity ( rε′ ), is often referred to as the relative dielectric constant and is 

a measure of the high frequency electrical polarizability of the material. In most cases, it 

is relatively constant at low temperatures but usually increases at high temperatures. The 

relative permittivity is the ratio of the actual permittivity to that of free space, i.e. 

or εε′=ε′ and or εε ′′=ε ′′ .

     According to the Debye relation, the real part of the permittivity (ε') at a given radial 

frequency (ω) can be defined as follows:

22
s

1
)(

τω+
ε′−ε′

+ε′=ωε′ ∞
∞                               (3)

where ε'∞ is the high frequency limiting value of ε', ε's is the static value of ε', ω = 2πf is 

the radial frequency and f is the frequency of the incident wave in Hz, and τ is the time 

constant or the relaxation time of the polarization process in seconds. This equation is 

usually applied to liquids but can be applied to solids in cases where a dipole-producing 

unit is free to move in the material. At low temperatures, the numerical value of the real 

permittivity is due to charge polarization, i.e. slight displacements of electrons and ions 

from their normal lattice sites. Since this process is usually very rapid then it is 

essentially frequency independent. Furthermore, any loss mechanisms involving the 

movement of electrons or ions will affect the value of the real permittivity, but the 

magnitude of this effect will depend on the relaxation rate of the mechanism. If the 

relaxation rate is higher than the microwave frequency then the real permittivity will not 

be strongly influenced. Standard conduction electron losses, i.e. normal resistivity losses, 
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usually have very fast relaxation times and produce a larger contribution to the imaginary 

permittivity than the real permittivity. 

The imaginary part of the complex permittivity )(ε′′ , or the dielectric loss factor, 

characterizes the ability of the material to convert electrical energy to random thermal 

kinetic energy of motion. It will be dependent on the temperature and the microwave 

frequency. According to the Debye relationship, the imaginary permittivity of a relaxing 

dipole species can be defined at a given radial frequency (ω) as follows:

( )
22

s

1
)(

τω+
ωτε′−ε′=ωε ′′ ∞                           (4)

At low temperatures, the real part of the permittivity is usually much larger than the 

imaginary part. The numerical value of the imaginary permittivity is a result of the 

movement of defects, i.e. ions into vacancies or ions into interstitial sites or to the 

movement of electrons in traps.  The absolute value of the contribution of these to the 

imaginary permittivity will depend on both their number and their rate of movement. 

These phenomena are temperature dependent but are independent of the frequency if the 

thermally induced hopping rate is significantly higher than the microwave frequency. At 

low temperatures, this is usually the case for most materials. In contrast to the real 

permittivity, the imaginary permittivity will be significantly affected by loss mechanisms 

involving the movement of electrons or ions, even if the relaxation rate of the mechanism 

is much higher than the frequency. If the predominant loss mechanism is thermally 

activated ion or electron conduction then the values of the imaginary permittivity (ε′′) 

should show an inverse dependency on the frequency

A common indicator of the general magnitude of microwave losses is the loss tangent 

(tanδ) as follows:



8

ε′
ε ′′=δtan                             (5)

and substituting equations (3) and (4) into equation (5) gives:

( )
22

s

stan
τωε+ε
ωτε′−ε′=δ

∞

∞                             (6)             

The half-power penetration depth (D), which is defined as the depth where the incident 

power is reduced by one-half, is related to the loss tangent and can be approximated as 

follows:

( ) 2/1
o

tan868.8

3
D

ε′δπ
λ=                         (7)

where oλ is the incident or free-space wavelength. From this equation it can be seen that 

the penetration depth is inversely proportional to the frequency of the microwave 

radiation. Although low frequencies result in greater penetration depths, the actual 

amount of heating may not be significantly increased if the internal field, Eint, is low. 

However, again the actual amount of heating is strongly dependent on the properties of 

the material.  

EXPERIMENTAL DETAILS

Raw Materials

The goethite mineral (α-FeO⋅(OH)) was obtained from Ward’s Natural Science and had 

the following composition: 92.75 %FeO⋅(OH), 3.45 %SiO2, 0.09 %Al2O3, 0.19 %CaO, 

0.27 %MgO, 0.05 %Na2O, 0.04 %K2O, 1.84 %MnO, 0.02 %TiO2, 0.09%P2O5, <0.01 

%Cr2O3, 0.85 %H2O.

Thermogravimetric Analysis
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Thermogravimetric Analysis (TGA) was performed on a Netzsch STA-409 high 

temperature (1575oC) DTA, which can also provide simultaneous TGA. The samples, 

weighing a few hundred milligrams, were placed in an alumina crucible and the heating 

rate was 7.5 oC/min in air. The Derivative Thermogravimetric Analysis (DTGA) data are 

the slope values as calculated from the TGA results and 1 %/oC is equivalent to 7.5

%/min. 

Dielectric Constant Measurements

The fundamental microwave parameters were measured by the cavity perturbation 

technique, which is based on measuring the difference in the microwave cavity response 

between a cavity with an empty sample-holder and a cavity with a sample-holder plus 

the sample (23, 24). In this technique, the apparent interaction between the microwaves 

and the sample is increased to induce a measurable attenuation. This is achieved by 

amplifying the electric field by the quality factor, Q. If the sample size is small enough,

such that the conventional pertubation theory can be applied, then the permittivity of the 

material varies linearly with the resonant frequency and the Q-factor shifts. The system 

can measure the dielectric properties at frequencies between 50 MHz and 3 GHz, up to a 

temperature of about 1400oC. In most cases, the measurements are usually made at 

frequencies of 915 MHz and 2460 MHz, which are the internationally agreed and 

recognized frequency bands. 

The sample powders were compressed in a tungsten carbide lined die at about 20,000 

psi in a uniaxial press to form briquettes with a diameter of about 3.5 mm and a length of 

about 4 mm. The briquettes were weighed and their density was determined to be 2.98 

gm/cc. The sample (a stack of three pellets weighing 0.455 gm) was placed into a high 
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purity amorphous silica (low OH content) cylindrical tube (wall thickness 1 mm, outer 

diameter 6 mm) with an internal shelf to support the sample. The tube was cleaned, dried 

and heated to 500oC before each test. 

     A schematic diagram of the major components of the cavity perturbation 

measurement system is shown in Figure 1. The holder, with the sample in it, was heated 

in a conventional resistance furnace and then rapidly removed and inserted into the high 

electric field region of a thick-walled, well-cooled TM0n0 cavity. The TM0n0 resonator is a 

580 mm diameter, 50 mm long right cylindrical cavity (fundamental mode at 400 MHz) 

which, with a 12 mm long, 3.5 mm diameter sample inserted along the axis, has clearly 

separated modes up to a n = 6 at 2970 MHz. The cavity is a furnace-brazed, thick-walled 

OFHC copper structure with cooling channels machined into the central axial region, 

which is exposed to the high temperature sample holder plus sample. The unloaded Q-

factor of this cavity is approximately 10,000 at 400 MHz and increases to over 30,000 for 

the n = 6 mode. The thermal transient produced by inserting the hot sample produces 

small shifts in frequency, but the effect of these is minimized by performing the hot 

empty sample holder measurements with the same time delays and frequency sequences 

used during the measurements with the sample holder plus the sample. 

The resonant frequency and loaded quality factor, Q, of the cavity were measured by a 

Hewlett-Packard 8753 network analyzer and stored for off-line analysis, which includes 

the subtraction of the hot empty sample holder effects. The peak-analysis and frequency-

agile abilities of the Hewlett-Packard 8753 network analyzer allows for measurements at 

half-a-dozen frequencies in less that ten seconds. The sample holder was continuously 

flushed with high purity argon gas. After the measurement, the sample and holder were 
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quickly returned to the furnace for further processing. The sample was held at 

temperature for at least five minutes to ensure that equilibrium was achieved at a given 

temperature in the resistance furnace. Two heating rates of 3.2oC/min and 7.5oC/min in 

an air atmosphere were employed. At the completion of the test, the mass of the sample 

and the sample dimensions were re-measured. The empty sample holder values were 

obtained using the same technique at 100°C intervals up to the maximum selected 

temperature. Then, assuming linear behavior, the empty holder measurements were

subtracted from the sample plus holder measurements.

 The data analysis employs the general formalism of resonant cavity frequency shift 

theory, in which the real ( eχ′ ) and the imaginary parts ( eχ ′′ ) of the complex electric 

susceptibility ( )eee jχ ′′−χ′=χ  are related, through functions, which are dependent on the 

sample shape, to the change in cavity resonant frequency and the Q-factor through the 

following equation (23, 24): 
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where fE is the cavity frequency, QLE is the loaded cavity Q with the empty sample 

holder, ∆f is the frequency shift produced by the sample, QLS  is the loaded cavity Q with 

both the holder and the sample, Fsh is a real number which is dependent on only the 

sample shape, Vs and Vc are the respective sample and cavity volumes, and A is a real 

calibration constant which is dependent on only the shape of the electric fields in the 

absence of the sample. The two calibration constants in the formula, A and Fsh can be 

determined either by comparison with known samples or with computer simulations. The 

absolute calibration is normally performed at room temperature and uses measurements 
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on known high purity standards. For solid samples, single crystal high-purity sapphire is 

utilized as a standard with  rε′  = 11.54 with the electric field parallel to the C-axis and 

rε′ = 9.34 with the electric field perpendicular to the C-axis. Furthermore, Teflon with 

rε′ = 2.07 can also be used as a standard at low dielectric constant values.

RESULTS AND DISCUSSION

Thermogravimetric Analysis (TGA) and Derivative Thermogravimetric Analysis (DTGA)

The thermogravimetric (TGA) data and the corresponding derivative

thermogravimetric (DTGA) curve for goethite are shown from room temperature to 

1000oC at the heating rate of 7.5oC/min in Figure 2. There is a very small increase in the 

moisture content of about 0.11%, from room temperature up to about 50oC and it has 

been shown previously that goethite can absorb some hydroxyl units from the atmosphere 

(19). The dehydroxylation of goethite occurs in three stages. In Stage I, goethite shows a 

slow rate of water loss up to about 250oC. In the range between 250oC and 400oC, termed 

Stage II, there is a peak in the DTGA curve, during the main part of the goethite to 

hematite dehydroxylation reaction. Being a thermally activated reaction, the temperature 

range over which the main reaction occurs would be expected to be dependent on the 

heating rate.  The rate of mass change increased to a maximum of about 1.05 %/min 

(0.14 %/oC) at a temperature of about 370oC. After the maximum, the rate of dehydration

began to decrease until the reaction was essentially completed at about 400oC. In Stage 

III, at temperatures above 400oC, the evolution rate is reduced but water continues to be 

liberated although at a diminishing rate, even up to 1000oC. The theoretical mass loss 

according to equation (1) would be 10.1 mass percent and this is approximately the value 

obtained in the present experiments as shown in Figure 2. 
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Real (ε′) and Imaginary Permittivities (ε″)

The real (ε′) and the imaginary permittivities (ε″) of goethite are shown as a function 

of both temperature and frequency in the three dimensional mesh plots in Figure 3 (a) and 

Figure 3 (b), respectively. In general, the real and the imaginary permittivities follow 

similar trends. The real permittivities are relatively constant at temperatures below 300oC 

and at high frequencies. The imaginary permittivities are also constant but their values 

are significantly lower than the real permittivities and are only slightly above zero at 

temperatures below 300oC. During the goethite to hematite transition there is a significant 

peak in both the real and the imaginary permittivities.  After the transformation and 

above about 500oC, both the permittivities increased rapidly with temperature. Also, it 

can be noted that both the real and the imaginary permittivities increased with decreasing 

frequency. The relative changes in the imaginary permittivities, as a function of 

frequency and in particular temperature, are much larger than those for the real 

permittivities. On cooling, the dielectric data was irreversible and there was no peak.

Figure 4 shows the real and the imaginary permittivities up to almost 1000oC at a 

frequency of 2460 MHz, which is the frequency used in most microwave applications. 

From 24oC to about 100oC there was a slight increase in ε′ and this is likely due to the 

evaporation of a small amount of free water, which results in some mass loss and an 

increase in the sample density. Above 100oC, the ε′ values decreased slightly, then 

remained essentially constant and at about 200oC began to increase somewhat with 

temperature up to about 330oC.  Overall, the real permittivity increased only marginally 

from room temperature to 330oC and the average value of ε′ was 7.77. On the other hand, 

the imaginary permittivities were low and had an average value of about 0.08 over the 



14

same temperature range. At about 300oC, as the goethite started to convert to hematite, 

both ε′ and ε″ increased and reached peak values at 380°C of 13.31 and 7.85, 

respectively. During the dehydroxylation process, the relative change in ε″ was 

significantly larger than that for ε′. Beyond the maximum, both ε′ and ε″ decreased and ε′ 

had an average value of 7.37 from about 425oC to 625oC. This value of the real 

permittivity (ε′) is slightly lower than the average value of 7.77 for temperatures below 

325°C, suggesting a loss of material, as would be expected if water was evolved from the 

mineral with no volume change. From about 650°C to 800oC, the values of ε′ and ε″

began to increase with the relative increase in ε″ being again significantly larger than ε′. 

Excluding the goethite to hematite transition, the ε′ values for goethite were found to vary 

with temperature according to the following equation with a correlation coefficient (R2) 

of 0.998:

ε′=7.78–1.2x10-3T–5.0x10-6T2+2.0x10-7T3–7.0x10-10T4+1.0x10-12T5–5.0x10-16T6          (9)

Similarly, excluding the goethite to hematite transition, the imaginary permittivity was 

found to vary with temperature as follows with a correlation coefficient (R2) of 0.999:

ε''=0.409–1.19x10-2T+1.0x10-4T2-2.0x10-7T3+5.0x10-11T4+4.0x10-13T5–3.0x10-16T6    (10)

It is noteworthy that at the higher temperatures, the curves for ε′ and ε″ are essentially 

parallel in Figure 4 and this is reflected in the similarity of the higher order terms in 

equations (9) and (10).

The real permittivities (ε′) of the mineral goethite (α-FeO⋅(OH)) are shown as a 

function of temperature up to about 650oC at six different frequencies in the range of 397 

MHz to 2986 MHz in Figure 5. Below about 330oC, the values of ε′ were essentially 

independent of frequency, except for the slightly higher values at 2460 MHz. As 



15

mentioned previously, at low temperatures the value of ε′ is mainly determined by charge 

polarization which is very fast and thus frequency independent. The slightly higher 

values at 2460 MHz may reflect the increased interaction of the microwaves with the 

hydrated water in the mineral at that particular frequency. However, this relatively minor 

effect is smaller than the 2% error of the measurements.

     Above about 330oC, as the goethite began to convert to hematite, ε′ increased rapidly 

and reached a maximum value of 10.88 at a frequency of 397 MHz at about 380°C as 

shown in Figure 5. For each frequency, the magnitude of the peak decreased with 

increasing frequency. Also it can be noted that the frequency dependency was more 

significant at the lower frequencies. The temperature range of the peak corresponds to the 

dehydroxylation temperature range of goethite, as shown in Figure 2, and thus the 

increase in the real permittivity is due to the movement of ions during the 

dehydroxylation process.

Figure 6 shows the peak values of the real permittivity as a function of frequency for 

the two different heating rates of 3.2oC/min and 7.5oC/min. The experimental results at a 

heating rate of 3.2oC/min were fitted to an inverse first order polynomial with a 

correlation coefficient (R2) of 0.999 as follows:

f

10x17.1
95.7

peak

3

+=ε′                              (11)

where f is the frequency in MHz. It is clear from Figure 6, that the magnitude of the peak 

real permittivity is a strong function of not only frequency but also the heating rate. The 

goethite to hematite transformation is a relatively slow endothermic reaction and the 

transformation temperature range is dependent on the heating rate. Slower heating rates 

allow more time for the dehydroxylation reaction to occur between the permittivity 
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measurements, more water has previously been evolved and thus the rate of ion 

generation is reduced at each temperature. This will result in lower permittivities during 

the transformation process and a lower temperature for the peak permittivity value.

After the peak at 380oC, the real permittivities decreased rapidly and as shown in 

Figure 5 there was also a step change as the ε′ values fell below those at 330oC. As 

mentioned previously, the value of ε' is mainly determined by charge polarization and 

therefore the step decrease can be attributed to the reduction in the number of atoms per 

unit volume as the water is evolved and the goethite is converted to hematite. During the 

measurements there was no change in the bulk sample volume and the actual bulk sample 

density decreased during the run, from an initial value of 3.08 gm/cc to 2.75 gm/cc after 

the full heating and cooling cycle.  Goethite and hematite have single crystal densities of 

4.1 g/cc and 5.3 g/cc, respectively.  

Figure 7 shows an enlarged view of Figure 5 over the temperature range from 400oC 

to 650oC. It can be seen that after the thermal transformation and above 406oC the 

frequency dependency of the real permittivity again was small and the average value of 

7.31 was similar to that exhibited below 330oC. However, as the temperature increased 

above 406oC, the real permittivity increased more rapidly at the lower frequencies than at 

the higher frequencies. The temperature range of about 400 to 600oC, over which this 

effect occurred, will be referred to as the frequency inversion transition region. At 

temperatures above this region, the frequency dependency becomes the same as during 

the transformation.

     Kryukova et al showed that the hematite which forms from goethite at 400oC contains 

two percent hydroxyl groups (25). Also the hematite which was produced at 400oC had
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close orientation relationships with the original goethite and the crystal morphology did

not change during the dehydroxylation process. At 400oC narrow voids were observed, 

these formed closed spherical pores at 500oC and the hydroxyl groups disappeared at 

600oC.  The temperature range from 400oC to 600oC is the range over which 

hydrohematite is converted into hematite (11). Therefore, the inversion in the frequency 

dependency from 400 to 600oC, as shown in Figure 7, may reflect both the structural 

modifications and also the changes which occur as the residual hydroxyl groups are 

removed from the dehydroxylated goethite.  

     Figure 8 shows the effect of temperature on the imaginary permittivities (ε'') at the six 

different frequencies and the general shapes of the curves were similar to those observed 

for the real permittivities as shown in Figure 5. Although the values of ε″ were much 

lower than ε′, the relative changes in ε″ were significantly larger than those for ε′. While 

there was a significant peak during the transformation of goethite to hematite, the values 

of ε'' below 305oC were less than about 0.2 and therefore the step was non-existent at low 

frequencies and very small at high frequencies. In a manner similar to the real 

permittivities, the imaginary permittivity was essentially independent of temperature 

below the transformation. Furthermore, both during and after the transformation, the 

values of the imaginary permittivity increased with increasing frequency under all 

conditions. However, there was no frequency transition region as was observed for the 

real permittivity.

The peak imaginary permittivities ( peakε ′′ ) at 380oC for the two heating rates of 

3.2oC/min and 7.5oC/min were plotted as a function of frequency in Figure 9 and it can be 

seen that the frequency dependency decreased with increasing frequency. The peak 
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values at the heating rate of 3.2oC/min were fitted to an inverse second order polynomial 

equation with a correlation coefficient (R2) of 0.999 as follows:

2

33

peak
f

10x48.4

f

10x25.3
50.0 −+=ε ′′                    (12)

where f is the frequency in MHz. Attempting to fit the data to an inverse first order 

polynomial gave a relatively poor fit, which indicates that the relationship between ε'' and 

frequency is more complex than that between ε' and frequency. Higher heating rates 

result in significant increases in the complex permittivities. However, in comparison to 

the real permittivities, the relative increases in the complex permittivities are much larger 

as the heating rate increases from 3.2oC/min to 7.5oC/min. This reflects the stronger 

dependency of the complex permittivity on both the number and the rate of movement of 

ions.

Loss Tangent (tanδ)

     The loss tangent (tanδ) of goethite is shown as a function of both temperature and 

frequency in the three dimensional mesh plot in Figure 10. It can be seen that the loss 

tangent followed trends similar to the real and imaginary permittivities. At temperatures 

below about 305oC, the loss tangent values were low, essentially independent of 

frequency and varied from about 0.08 to 0.017. However, as the goethite began to 

dehydroxylate the loss tangent increased rapidly, particularly at low frequencies and the 

peak loss tangent (tanδpeak) increased with decreasing frequency. After the reaction was 

complete and at about 406oC, the loss tangent dropped again to a low value and then 

began to increase rapidly with temperature. Above 406oC, the loss tangent increased with 

decreasing frequency and this effect was more pronounced at the lower frequencies.

Comparison of the DTGA with the Real (ε′) and Imaginary (ε″) Permittivities 
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     Figure 11 provides a comparison of the DTGA curve for goethite with both the real 

(ε′) and the imaginary permittivities (ε″) at 2460 MHz. It can be seen that the changes in 

the permittivities during the goethite to hematite transformation were a strong function of 

the changes in the combined moisture content. Both ε′ and ε″ increased with the rate of 

water removal and vice versa during the thermal transformation of goethite to hematite, 

with the effect being more significant for ε″ than for ε′. A number of researchers have 

shown that for thermal decomposition reactions there is a correlation between the 

dielectric properties of a material and the Derivative Thermogravimetric Analysis 

(DTGA) data or Differential Thermal Analysis (DTA) data (26-33). The relationship

between the permittivities (ε′ and ε″) and the rate of change of water content (DTGA) 

during the conversion of goethite to hematite can be explained in terms of the liberation 

of hydroxyl units  and the formation of water vapour and oxygen ions according to the 

following reaction:

−− += 2
2 O2OH2OH4                      (13)

When the rate of water removal is high, the flux of migrating hydroxyl units will be high 

and this will result in an increase in the permittivities. After the maximum flux of 

hydroxyl ions, which corresponds to the maximum rate of water removal, the 

permittivities will decrease. As mentioned previously, the hematite, which is formed from 

the dehydroxylation of goethite contains residual hydroxyl units and is called 

hydrohematite. Thus, the dielectric properties of the hydrohematite produced from 

goethite should be different from hematite, which does not contain any residual hydroxyl 

ions. Also Kryukova et al have shown that at 600oC the hematite structure consisted of 

slightly misoriented crystalline blocks (25). A dislocation network formed at 700oC and 
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from 800oC to 1000oC, the dislocations disappeared with the simultaneous formation of 

twins and macrosteps due to the recrystallization process. Therefore, as shown in Figure 

12, above the goethite to hematite transition, the values of ε′ and ε″ are higher for the 

defected hematite produced from goethite, than those of the mineral hematite, which does 

not contain these residual hydroxyl units and/or defects.

Relaxation Times (τ)

     A plot on rectangular coordinates of ε'' versus ε' at various temperatures is shown in 

Figure 13. The data have been divided into three regimes as discussed previously; Stage 

I, which are temperatures below the goethite to hematite transition; Stage II, which are 

temperatures in the main goethite to hematite transformation temperature range; and 

Stage III, which are temperatures above the main goethite to hematite transition. For 

temperatures before the reaction, i.e. below 305oC, the values of the imaginary 

permittivity are very low and essentially independent of temperature and frequency. 

During the reaction, i.e. for temperatures from 330oC to 380oC, both ε' and ε'' increase, as 

ions are generated during the dehydroxylation process. As mentioned previously, the 

relative increase in ε'' is larger than that of ε', since ε'' is more sensitive to processes 

which involve the movement of ions. The values of ε'∞, i.e. the high frequency limiting 

values of ε', during the reaction are similar to the values before the reaction. After the 

reaction, at temperatures in the range of 406oC to 630oC, the majority of the experimental 

points fall on a common curve with a common value of ε'∞. A comparison of the Debye 

relationships as given in equations (3) and (4) yields:

( )ε ′′ωτ−ε′=ε′ s (14)

and



21

τ







ω
ε ′′+ε′=ε′ ∞

1
(15)

According to equation 15, if the Debye relation is obeyed then a linear relationship will 

be obtained between ε' and (ε''/ω) and the slope of the plot will be linear with a value of 

(1/τ). Figures 14 (a) and 14 (b) show the ε' versus (ε''/ω) plots for temperatures during the 

reaction and after the reaction, respectively. During the conversion of goethite to 

hematite, ε' was not a linear function of (ε''/ω) and thus the Debye equation was not 

followed. This indicates that there is more than one relaxation time, which would be 

expected since migrating hydroxyl, oxygen ions and possible hydrogen atoms are

involved in the dehydroxylation process. After the reaction from 406oC to 456oC the plots 

were again non-linear, again reflecting the changing frequency dependency in this 

transition region. However, above about 500oC, a linear behaviour was observed and as 

the temperature increased the slope increased, which corresponds to a decrease in the 

relaxation time, τ. This linear behaviour demonstrates that the Debye relationship is being 

closely followed and there is one relaxation process with a well-defined relaxation time.

     Using the theory of absolute reaction rates in condensed phases (34), Eyring has 

shown that the following equation can be utilized to describe the relaxation behaviour 

(35):







 ∆

−+−
∆=τ

R

S

k

h
lnTln

RT

H
ln                              (16)

where ∆H is the activation energy of dipole or ionic relaxation, R is the gas constant, T is 

the temperature, h is Planck’s constant, k is Boltzman’s constant and ∆S is the entropy of 

activation. The last term is independent of temperature and also the ln T term is relatively 

small. Therefore, the slope of an Arrhenius plot of ln τ versus 1/T is ∆H/R. Figure 15
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shows an Arrhenius plot of the relaxation times, τ, which could be calculated after the 

reaction and after the transition period (507oC to 630oC) from the linear behaviour 

observed in Figure 14 (b). As mentioned previously, τ values could not be obtained for 

temperatures in the range of 406oC to 481oC, which are after the reaction but during the 

transition period. Above 507oC the activation energy had a relatively low value of 0.47 

kJ/mole. 

CONCLUSIONS

The real and imaginary permittivities and the loss tangent of goethite were 

determined from room temperature to about 800oC and from 400 MHz to 3000 MHz. 

Below about 300oC the permittivities were essentially independent of frequency and 

temperature. Above 300oC and during the goethite to hematite transformation

temperature range, the dielectric properties increased with the rate of dehydroxylation

and a peak was observed in the dielectric properties. Also, as the sample heating rate 

increased, the dehydroxylation rate increased and thus the dielectric properties increased

even further. The real permittivity decreased with increasing frequency both during and 

after the transformation, except for a frequency transition range from about 406oC to 

456oC where the frequency dependency reversed. This behaviour could indicate that the 

goethite has been converted to hydrohematite rather than hematite. The imaginary 

permittivity increased with decreasing frequency and showed no frequency transition 

region. In addition, the imaginary permittivity was more strongly dependent on frequency 

than the real permittivity. The dielectric properties of the reacted goethite, i.e. 

hydrohematite were higher than those of hematite, at the same temperature and this 

provided further evidence that the hydroxyl ions make a significant contribution to the 
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dielectric behaviour. Using the Debye formalism, relaxation plots were determined both 

during and after the main goethite to hematite reaction. The relaxation times were non-

linear both during the main reaction and also during the transition period after the 

reaction. However, linear behaviour was observed above about 500oC. This behaviour of 

the relaxation times again indicates that hydrohematite exists after the main goethite to 

hematite reaction. The Arrhenius equation for thermally activated relaxation times was 

used to calculate the activation energy above about 500oC and a value of 0.47 kJ/mole 

was obtained. 
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FIGURE 1: Schematic diagram of the TM0n0 cavity system (in cross-section)
                    showing the linear actuator with the quartz sample holder and a
                    sample located on axis in the centre of the cavity. 

HIGH TEMPERATURE 
RESISTANCE FURNACE

TM010 RIGHT
CYLINDRICAL 

CAVITY

SUPPORT
STAND

ENTRY 
 HOLE

SAMPLE

QUARTZ
SAMPLE
HOLDER

  SAMPLE
STAGE



31

FIGURE 2: Thermogravimetric Analysis (TGA) data and the corresponding 
                    Derivative Thermogravimetric Analysis (DTGA) data for goethite. The 
                    heating rate was 7.5oC/min.
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FIGURE 3 (a): Three dimensional mesh plot of the real permittivity (ε′) as a function of 
                         temperature and frequency. The heating rate was 3.2oC/min.
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FIGURE 3 (b): Three dimensional mesh plot of the imaginary permittivity (ε′′) as a
                          function of temperature and frequency. The heating rate was 3.2oC/min.
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FIGURE 4: Real (ε′) and imaginary permittivities (ε′′) of goethite from room temperature
 to 1000oC at a frequency of 2460 MHz. The heating rate was 7.5oC/min.
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FIGURE 5: Real permittivities (ε′) of goethite as a function of temperature at six 
                   frequencies. The heating rate was 3.2oC/min.

TEMPERATURE (oC)

0 100 200 300 400 500 600 700

R
E

A
L 

P
E

R
M

IT
T

IV
IT

Y
 (
ε '

)

7.0

7.5

8.0

8.5

9.0

9.5

10.0

10.5

11.0

397 MHz
912 MHz
1499 MHz
1977 MHz
2460 MHz
2986 MHz



36

FIGURE 6: Peak values of the real permittivity (ε′peak) at 380oC as a function of 
             frequency for the two heating rates of 3.2oC/min and 7.5oC/min.
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FIGURE 7: Enlarged view of Figure 6 over the temperature range from 400oC to 
                   650oC. The heating rate was 3.2oC/min.
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FIGURE 8: Imaginary permittivities (ε′′) of goethite as a function of temperature at six 
                    frequencies. The heating rate was 3.2oC/min.
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FIGURE 9: Peak values of the imaginary permittivity (ε′′peak) at 380oC as a function of
                    frequency for the two heating rates of 3.2oC/min and 7.5oC/min.
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FIGURE 10: Three dimensional mesh plot of the loss tangent (tanδ) as a function of 
                      temperature and frequency. The heating rate was 3.2oC/min.
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FIGURE 11: Comparison of the Derivative Thermogravimetric Analysis (DTGA) results
                 with the real (ε') and imaginary permittivities (ε''). The heating rate was 

                      7.5oC/min.
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FIGURE 12: Comparison of the real (ε') and imaginary permittivities (ε'') of goethite
                      with the mineral hematite. The heating rate was 7.5oC/min.
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FIGURE 13: Plot of the imaginary permittivities (ε'') versus the real (ε') at temperatures, 
                     before, during and after the reaction. The heating rate was 3.2oC/min.
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FIGURE 14 (a): Plot of ε′ versus (ε′′/ω) for temperatures during the reaction. The heating
                           rate was 3.2oC/min.
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FIGURE 14 (b): Plot of ε′ versus (ε′′/ω) for temperatures after the reaction. The heating 
                           rate was 3.2oC/min.
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FIGURE 15: Arrhenius plot of (ln τ) versus 1/T for temperatures after the reaction. 
                     The heating rate was 3.2oC/min.
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