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Abstract

A combination of high resolution thermogravimetric analysis coupled to a gas evolution mass spec-

trometer has been used to study the thermal decomposition of synthetic hydrotalcites reevesite

(Ni6Fe2(CO3)(OH)16�4H2O) and pyroaurite (Mg6Fe2(SO4,CO3)(OH)16�4H2O) and the cationic mix-

tures of the two minerals. XRD patterns show the hydrotalcites are layered structures with inter-

spacing distances of around 8.0 �. A linear relationship is observed for the d(001) spacing as Ni is

replaced by Mg in the progression from reevesite to pyroaurite. The significance of this result means

the interlayer spacing in these hydrotalcites is cation dependent. High resolution thermal analysis

shows the decomposition takes place in 3 steps. A mechanism for the thermal decomposition is pro-

posed based upon the loss of water, hydroxyl units, oxygen and carbon dioxide.

Keywords: dehydration, dehydroxylation, high-resolution thermogravimetric analysis,
hydrotalcite, pyroaurite, reevesite

Introduction

The discovery of large amounts of natural hydrotalcites at Mount Keith in Western

Australia means that these minerals could be mined for specific applications. Further a

wide range of hydrotalcites based on sulphate, chloride and carbonate have been found

in the MKD5 Nickel deposit, Mount Keith, Western Australia (Details from Dr Ben A.

Grguric, Senior Project Mineralogist, Western Mining Corporation). In order to under-

stand the complex relationships between iowaite/pyroaurite, stichite/woodallite and

hydrotalcite/mountkeithite series, it is necessary to study the synthetic minerals. Inter-

est in the study of these hydrotalcites results from their potential use as catalysts,

adsorbents and anion exchangers [1–5]. The reason for the potential application of

hydrotalcites as catalysts rests with the ability to make mixed metal oxides at the

atomic level, rather than at a particle level. Such mixed metal oxides are formed

through the thermal decomposition of the hydrotalcite [6, 7]. The minerals at Mount
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Keith may have economic value for these purposes. Hydrotalcites may also be used as

components in new nano-materials such as nano-composites [8]. Incorporation of low

levels of hydrotalcite into polymers enables polymeric materials with new and novel

properties to be manufactured. There are many other uses of hydrotalcites.

Hydrotalcites are important in the removal of environmental hazards in acid mine

drainage [9, 10]. Hydrotalcite formation also offer a mechanism for the disposal of ra-

dioactive wastes [11]. Hydrotalcite formation may also serve as a mean of heavy metal

removal from contaminated waters [12]. Recently Frost et al. showed the thermal anal-

ysis patterns of several natural hydrotalcites namely carrboydite and hydrohonessite

obtained from mineral deposits in Western Australia. These hydrotalcites are readily

synthesised by a co-precipitation method [13–15].

Hydrotalcites, or layered double hydroxides (LDH’s) are fundamentally anionic

clays, and are less well-known than cationic clays like smectites [16, 17]. The structure

of hydrotalcite can be derived from a brucite structure (Mg(OH)2) in which e.g. Al3+ or

Fe3+ (pyroaurite-sjögrenite) substitutes a part of the Mg2+. In the case of the Mount

Keith deposits, reevesite, hydrotalcite, mountkeithite and pyroaurite predominate. Fur-

ther mixtures of these mineral phases with multiple anions in the interlayer are ob-

served. This substitution creates a positive layer charge on the hydroxide layers, which

is compensated by interlayer anions or anionic complexes [18, 19]. In hydrotalcites a

broad range of compositions are possible of the type [ ) ]M M (OH1–x

2+

x

3+

2 [An–]x/n�yH2O,

where M2+ and M3+ are the di- and trivalent cations in the octahedral positions within

the hydroxide layers with x normally between 0.17 and 0.33. An– is an exchangeable

interlayer anion [20]. In the hydrotalcites reevesite and pyroaurite, the divalent cations

are Ni2+ and Mg2+ respectively with the trivalent cation being Fe3+. In these cases the

carbonate anion is the major interlayer counter anion. There exists in nature a signifi-

cant number of hydrotalcites which are formed as deposits from ground water contain-

ing Ni2+ and Fe3+ [21]. These are based upon the dissolution of Ni–Fe sulphides during

weathering. Among these naturally occurring hydrotalcites are reevesite and pyro-

aurite [22, 23]. Related to hydrohonessite is the mineral mountkeithite in which all or

part there of, the Ni2+ is replaced by Mg2+. These hydrotalcites are based upon the in-

corporation of carbonate into the interlayer with expansions of around 8 �. Normally

the hydrotalcite structure based upon takovite (Ni,Al) and hydrotalcite (Mg,Al) has

basal spacings of ~8.0 � where the interlayer anion is carbonate. If the carbonate is re-

placed by sulphate then the mineral carboydite is obtained. Similarly reevesite is the

Ni,Fe hydrotalcite with carbonate as the interlayer anion, which when replaced by sul-

phate the minerals honessite and hydrohonessite are obtained.

The use of thermal analysis techniques for the study of the thermal decomposition

of hydrotalcites is not common [24]. Heating sjögrenite or pyroaurite at <200°C caused

the reversible loss of H2O. At 200–250°C on static heating, or 200–350°C on dynamic

heating, very little H2O or CO2 were lost, but changes in the infrared spectrum and

DTA effects were observed [24]. Recently thermal analysis techniques have been ap-

plied to some complex mineral systems [25–27]. To date the number of thermal analy-

sis studies of these minerals is very limited. Recent thermal analysis studies of the natu-

ral minerals were complicated by the formation of mixed anionic species; i.e. a mixture
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of reevesite and pyroaurite was formed. In this work we have synthesised these miner-

als and now report the thermal analysis of synthetic reevesite and pyroaurite.

Experimental

Synthetic minerals

Minerals were synthesised by the co-precipitation method. Hydrotalcites with a com-

position of (Ni,Mg)6Fe2(OH)16(CO3)�4H2O were synthesised. Three solutions were

prepared. Solution 1 contained 2 M NaOH and 0.125 M Na2CO3, solution 2 con-

tained 0.75 M Ni2+ (Ni(NO3)2�6H2O) and solution 3 contained 0.75 M Mg2+

(Mg(NO3)2�6H2O) in the appropriate ratio, together with 0.25 M Fe3+ (as

(Fe(NO3)3�9H2O)) . Solution 2 in the appropriate ratio was added to solution 1 using a

peristaltic pump at a rate of 40 cm3 min–1, under vigorous stirring, maintaining pH 10.

The precipitated minerals were washed at ambient temperatures thoroughly with wa-

ter to remove any residual nitrate. This step is important as the slightest trace of ni-

trate as sodium nitrate is readily evident in the synthesised hydrotalcite. If the solu-

tion 2 contains Ni2+ and combined with solution 1, then the mineral reevesite is

formed; if the solution 3 containing Mg2+ is added to solution 1, then pyroaurite is

formed. The composition of the hydrotalcites was determined by electron probe anal-

yses. The phase composition was checked by X-ray diffraction.

Thermal analysis

Thermal decomposition of the hydrotalcite was carried out in a TA® Instruments in-

corporated high-resolution thermogravimetric analyzer (series Q500) in a flowing ni-

trogen atmosphere (80 cm3 min–1). Approximately 50 mg of sample was heated in an

open platinum crucible at a rate of 2.0°C min–1 up to 500°C. The heating program of

the instrument was regulated precisely to provide a uniform rate of decomposition in

the main decomposition stage. The TGA instrument was coupled to a Balzers (Pfeif-

fer) mass spectrometer for gas analysis. Only selected gases were analyzed.

Results and discussion

X-ray diffraction

The X-ray diffraction patterns of the synthesised reevesite and mixed cationic reevesite

are shown in Fig. 1. The XRD patterns clearly show the hydrotalcites are layered struc-

tures with interspacing distances of around 8.0 �. The XRD patterns for the reevesite

patterns are less noisy; this is attributed to the crystallinity of the reevesite phase. The

reevesite crystallises more rapidly than pyroaurite. Such a phenomena can be observed

in the width of the XRD peaks. The d(001) peak for reevesite is sharp, whereas the

peaks for the pyroaurites are broad.

Variations in the d(001) spacing are observed (Fig. 2). An almost linear variation

is observed as Ni is replaced by Mg in the progression from reevesite to pyroaurite. The
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equation is y=0.0202x+7.7845 with R2=0.9914. The significance of this result is that

not only are the interlayer spacing of hydrotalcites anion dependent [28] but are also

cation dependent. Synthetic reevesite (Ni6Fe2(SO4)(OH)16�4H2O) has a d spacing of

7.78 �; when one mole of Ni is replaced with Mg, the synthetic reevesite of formula

((Mg,Ni5)Fe2(SO4)(OH)16�4H2O) has a d spacing of 7.81 �. The Mg end member
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Fig. 1 X-ray diffraction patterns of the d(001) spacing of reevesite-pyroaurite

Fig. 2 Variation of the d(001) spacing with magnesium content (reevesite to
pyroaurite)



(pyroaurite) has a d(001) spacing of 7.91 �. Figure 2 also reflects the strength of the

bonds formed between the NiOH units and the carbonate. The bond strength is much

stronger for the reevesite compared with pyroaurite.

Thermogravimetric analysis and mass spectrometric analysis

The high resolution thermogravimetric analysis (HRTG) for the synthetic

reevesite-pyroaurite series are shown in Fig. 3. The evolved gas mass spectrometric

curves are shown in Fig. 4. These plots are representative ones and typify the MS curves
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Fig. 3 TG and DTG curves for reevesite-pyroaurite

Fig. 4 DTG and MS curves for pyroaurite (as an example)
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obtained in this work. The results of the analyses of the mass loss and temperature of the

mass loss are reported in Table 1. The temperatures of the evolved gas MS mass gain are

reported in Table 2. Several mass loss steps are observed. A mass loss step is observed

over the 158 to 168°C temperature range and is attributed to the mass loss due to

dehydration. A second mass loss step is observed over the 230 to 340°C temperature

range and is attributed to dehydroxylation. The third mass loss occurs from 340 to

460°C, and is attributed to a loss of oxygen. The mass loss for dehydration takes place in

two steps for the reevesite with two dehydration steps at temperatures of 103 and 150°C,

for the one mole of Mg substituted reevesite the dehydration mass loss steps occur at 110

and 154°C and for the two moles of Mg substituted reevesite dehydration mass loss steps

occur at 121 and 163°C. For the equimolar Mg–Ni reevesite/pyroaurite dehydration

extends over a wide temperature range; no two distinct DTG maxima are observed and

the maximum is observed at 146°C. This particular hydrotalcite appears to be different

from the remainder of the series. One possibility is that there is not a regular cation
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Table 2 Results of the evolved gas mass spectrometry of synthetic reevesite-pyroaurite

Reevesite/Pyroaurite

Temperature/°C

Dehydration
Dehydroxylation
De-carbonation

De-oxygenation

Ni6 148 234 342

Ni5Mg 152 264 363

Ni4Mg2 159 278 438

Ni3Mg3 140 283 421

Ni2Mg4 167 307 458

NiMg5 161 314 465

Mg6 162 338 459

Fig. 5 Variation of the temperature of dehydroxylation with magnesium content
(reevesite to pyroaurite)



distribution of Mg and Ni but cationic groups may be formed. The temperature of

dehydration for the pyroaurite end members the temperature changes from 165°C for

Ni2Mg4 to 161°C for NiMg5 and 158°C for pyroaurite. The temperature of dehydration

appears to increase then decrease in the series form reevesite to pyroaurite. The same

trend is observed in the temperatures for mass gain due to evolved water vapour

(Table 2). Table 1 shows the experimental mass losses due to dehydration and a

comparison is made with the theoretical mass losses based upon a formula for the

reevesite/pyroaurite based upon 16 mol of water. Such a result is not unexpected as

hydrotalcites can adsorb water.

Table 1 shows the temperature for the dehydroxylation and decarbonation. Fig-

ure 4 shows that the water and carbon dioxide are evolved simultaneously. The temper-

atures of dehydroxylation as determined by the evolved water vapour are in excellent

agreement with the HRTG results. The temperature of dehydroxylation increases lin-

early in the reevesite-pyroaurite series (Fig. 5). The temperature of dehydroxylation re-

flects the strength of the bond between the cation and the hydroxyl groups. The experi-

mental mass loss steps for dehydroxylation/decarbonation are in reasonable agreement

with theoretical mass loss calculations. The temperatures as determined by MS are

higher than those from HRTG.

Mechanism for the thermal decomposition of reevesite-pyroaurite series

The following set of steps show the mass loss steps, the temperature of the mass loss

and the chemical reaction associated with the mass loss:

Step 1 Temperature range 150 to 165°C

(Ni(6–x)Mgx)Fe2(CO3)(OH)16�4H2O� (Ni(6–x)Mgx)Fe2(CO3)(OH)16+4H2O

Step 2 Temperature range 245 to 340°C

(Ni(6–x)Mgx) Fe2(CO3)(OH)16� (Ni(6-x)Mgx)O5Fe2O3+CO2+8H2O

Step 3 Temperature range 341–455°C

(Ni(6–x)Mgx)O5Fe2O3 � (Ni(6–x)Mgx)Fe2O3+O2

The first step represents the dehydration step with the consequent loss of water. This

step occurs in general over the 150 to 165°C temperature range. The second step involves the

simultaneous loss of carbon dioxide and water. It is assumed that the metal oxides are

formed. The third mass loss step involves oxygen loss and the reduction in the moles of

oxygen in the mixed metal oxide.

Conclusions

The HRTGA of the two related minerals reevesite and pyroaurite have been studied.

These hydrotalcite minerals show at least five mass loss steps ascribed to

(a) water-desorption; (b) dehydration; (c) dehydroxylation; (d) loss of oxygen;

(e) de-carbonating.
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HRTG shows that (a) the temperature of dehydration increases with increased

substitution. The temperature increases for Mg3Ni3 and then decreases. (b) The tem-

perature of dehydroxylation increases as the Mg content is increased. (c) The temper-

ature for the loss of hydroxyl/carbonate increases with Mg content. Mechanisms for

the thermal decomposition of the reevesite-pyroaurite series are proposed. The effect

of cation substitution increases the interlayer distance.
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