
Introduction

Hydrotalcites, or layered double hydroxides (LDH’s)

are fundamentally anionic clays, and are less

well-known than cationic clays like smectites [1, 2].

The structure of hydrotalcite can be derived from a

brucite structure (Mg(OH)2) in which e.g. Al
3+

or Fe
3+

(pyroaurite–sjögrenite) substitutes a part of the

Mg
2+

[3–14]. This substitution creates a positive layer

charge on the hydroxide layers, which is compensated

by interlayer anions or anionic complexes [15, 16].

Further mixtures of these mineral phases with multi-

ple anions in the interlayer are observed. When

LDH’s are synthesized any appropriate anion can be

placed in the interlayer. These anions may be any an-

ion with a suitable negative charge including the

hexacyanoferrate(II) and hexacyanoferrate(III) ions

[17–19]. The incorporation of these ions has implica-

tions in electrochemistry [19–23]. The hydrotalcite

may be considered as a gigantic cation which is coun-

terbalanced by anions in the interlayer. In

hydrotalcites a broad range of compositions is possi-

ble of the type [ ][ ]M M (OH) A H O,
1–x

2+

x

3+

2

n –

x / n 2
⋅y

where M
2+

and M
3+

are the di- and trivalent cations in

the octahedral positions within the hydroxide layers

with x normally between 0.17 and 0.33. A
n–

is an ex-

changeable interlayer anion [24]. In the hydrotalcites

reevesite and pyroaurite, the divalent cations are Ni
2+

and Mg
2+

, respectively with the trivalent cation being

Fe
3+

. In these cases, the carbonate anion is the major

interlayer counter anion. Of course when synthesizing

hydrotalcites any anion may be used [7, 14, 25–27].

Reevesite and pyroaurite are based upon the incorpo-

ration of carbonate into the interlayer with d(003)

spacings of around 8 Å [28, 29]. Normally the hydro-

talcite structure based upon takovite (Ni,Al) and

hydrotalcite (Mg,Al) has basal spacings of ~8.0 Å

where the interlayer anion is carbonate.

Thermal analysis using thermogravimetric tech-

niques enables the mass loss steps, the temperature of

the mass loss steps and the mechanism for the mass

loss to be determined [6, 11, 30–34]. Thermo-

analytical methods provide a measure of the thermal

stability of the hydrotalcite. The reason for the poten-

tial 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 [35, 36]. There are many other im-

portant uses of hydrotalcites such as in the removal of

environmental hazards in acid mine drainage [37, 38],

and a mechanism for the disposal of radioactive

wastes [39]. Their ability to exchange anions presents

a system for heavy metal removal from contaminated

waters [40]. Structural information on different min-

erals has successfully been obtained recently by so-

phisticated thermal analysis techniques [6, 30–34]. In

this work we report the thermal analysis of hydro-

talcite with hexacyanoferrate(II) and hexacyano-

ferrate(III) in the interlayer.
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Experimental

Synthesis of hydrotalcite compounds

A mixed solution of aluminium and magnesium nitrates

([Al
3+

]=0.25 M and [Mg
2+

]=0.75 M; 1 M=1 mol dm
–3

)

and a mixed solution of sodium hydroxide ([OH
–
]=2 M)

and the desired anion, at the appropriate concentration,

were placed in two separate vessels and purged with ni-

trogen for 20 min (all compounds were dissolved in

freshly decarbonated water). The cationic solution was

added to the anions via a peristaltic pump at

40 mL min
–1

and the pH maintained above 9. The mix-

ture was then aged at 75°C for 18 h under a N2 atmo-

sphere. The resulting precipitate was then filtered thor-

oughly, with room temperature decarbonated water to

remove nitrates and left to dry in a vacuum desiccator

for several days. In this way hydrotalcites with different

anions in the interlayer were synthesised. The phase

composition was checked by X-ray diffraction and the

chemical composition by EDXA analyses.

X-ray diffraction

X-ray diffraction patterns were collected using a

Philips X’pert wide angle X-ray diffractometer, oper-

ating in step scan mode, with CuKα radiation

(1.54052 Å). Patterns were collected in the range 3

to 90° 2θ with a step size of 0.02° and a rate of 30 s

per step. Samples were prepared as a finely pressed

powder into aluminium sample holders.

Thermal analysis

Thermal decompositions of the hydrotalcites were

carried out in a TA
®

Instruments incorporated high-

resolution thermogravimetric analyzer (series Q500)

in a flowing nitrogen atmosphere (80 cm
3

min
–1

). Ap-

proximately 50 mg of sample was heated in an open

platinum crucible at a rate of 5.0°C min
–1

up

to 1000°C. TG instrument was coupled to a Balzers

(Pfeiffer) mass spectrometer for gas analysis. Only

selected gases were analyzed.

Results and discussion

X-ray diffraction

The X-ray diffraction patterns for the hexacyano-

ferrate(II) and hexacyanoferrate(III) interlayered hydro-

talcites are shown in Fig. 1. For comparison the XRD

patterns of the sulphate and carbonate interlayered

hydrotalcite are shown. The XRD patterns clearly show

the formation of the hydrotalcites with the different an-

ions in the interlayer. The XRD patterns also show no

impurities in the synthesised hydrotalcites. Hydrotalcite

normally has a d(003) spacing of 7.9 Å. The sulphate

interlayered hydrotalcite has a spacing of 7.99 Å. The

hexacyanoferrate(II) complex has a spacing of 10.9 Å

and the hexacyanoferrate(III) hydrotalcite 11.1 Å. The

increased interlayer spacing is due to the size of the an-

ion between the brucite-like layers.

Thermogravimetry and mass spectrometric analysis

of the hexacyanoferrate(II)–hydrotalcite

The thermal analysis patterns for the hexacyano-

ferrate(II) interlayered hydrotalcite are shown in

Fig. 2. The ion current curves are displayed in Fig. 3.

A significant number of mass loss steps are observed.

These occur at 89, 157, 270, 354, 413 and 460°C. The

total mass loss for the steps at 89 and 157°C is 16%.

The ion current curves show that water is lost

over the 50 to 200°C temperature range. The CN units

are lost in two steps at 259 and 416°C. Some carbon di-

oxide is also lost at 415 and 460°C. The presence of
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Fig. 1 X-ray diffraction patterns of hydrotalcite with carbon-

ate, sulphate, hexacyanoferrate(II) and

hexacyanoferrate(III) anions in the interlayer

Fig. 2 TG and DTG of the thermal decomposition of

hexacyanoferrate(II) interlayered hydrotalcite



carbon dioxide is an impurity in the experiment and de-

spite all the efforts to keep the carbon dioxide out of

the system, some still enters the hydrotalcite interlayer.

The ion current curves also show that water vapour is

evolved at 303, 352, 404 and 409°C. This water is the

result of the dehydroxylation of the hydrotalcite. It is

noteworthy that the ion current curves show four dis-

tinct dehydroxylation steps. In comparison, the DTG

shows an overlapping profile of mass losses without

these distinguishing features. The DTG curve is domi-

nated by the mass loss associated with the removal of

the CN units. The theoretical total mass loss for the

hexacyanoferrate(II)–interlayered hydrotalcite based

upon the formula Mg6Al2(OH)16(Fe(CN)6)0.5⋅7H2O

is 49.5%. The total mass loss determined experimen-

tally is 45.0%. The mass loss of 16.0% over the 50

to 200°C temperature range is attributed to the process

of dehydration of the hydrotalcite. Two mass loss steps

are observed at 270 and 354°C. The first mass loss step

is ascribed to the loss of CN units and to some OH

units. This step represents the first dehydroxylation

step. The major mass loss step is at 413°C with a loss

of 21.6%. Associated with this mass loss is the loss of

OH units and CO2 impurities.

Mechanism for the decomposition of hydrotalcite

with hexacyanoferrate(II) in the interlayer

The following steps describe the thermal decomposition

of the hexacyanoferrate(II)–interlayered hydrotalcite.

Step 1 at 89°C

This step includes the loss of adsorbed water.

Mg6Al2(OH)16(Fe(CN)6)0.5⋅7H2O→

Mg6Al2(OH)16(Fe(CN)6)0.5⋅2H2O+5H2O

This step represents the first dehydration step and

shows five moles of water are lost at this temperature.

Step 2 at 157°C

Mg6Al2(OH)16(Fe(CN)6)0.5⋅2H2O→

Mg6Al2(OH)16(Fe(CN)6)0.5+2H2O

This step represents the second dehydration step and

shows two moles of water are lost at this temperature.

Step 3 at 270°C

Mg6Al2(OH)16(Fe(CN)6)0.5→

Mg6Al2O2(OH)13Fe(CN)4)0.5+HCN+H2O

This step shows the first loss of OH units to-

gether with some CN units probably as HCN.

Step 4 at 354°C

Mg6Al2O2(OH)13(Fe(CN)4)0.5→

Mg6Al2O3(OH)11(Fe(CN)4)0.5 + H2O

This step represents a second dehydroxylation step.

Step 5 at 452 and at 460°C

2Mg6Al2O3(OH)11(Fe(CN)4)0.5→

12MgO+2Al2O3+FeO+4HCN+9H2O

Thermogravimetry and mass spectrometric analysis

of the hexacyanoferrate(III)–hydrotalcite

TG analysis pattern for the hexacyanoferrate(III)

interlayered hydrotalcite shows a simpler profile than

for the hexacyanoferrate(II) interlayered hydrotalcite

(Fig. 4). The DTG pattern shows three mass loss steps

in the 50 to 200°C temperature range at around 345 and

414°C. The first mass loss step is associated with dehy-

dration, the second mass loss step with dehydroxyla-

tion and the third mass loss step with loss of the CN

units and also the loss of the additional OH units.
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Fig. 3 Relative ion current curves for the thermal decomposi-

tion of hexacyanoferrate(II) interlayered hydrotalcite



The ion current curves for the evolved gases are

shown in Fig. 5. The theoretical mass loss for the dehy-

dration step based upon the formula

Mg6Al2(OH)16(Fe(CN)6)0.66⋅4H2O is 11.1%. The experi-

mental mass loss is 19.9%. This value corresponds well

with 7 moles of water in the formula. In other words, the

correct formula for the hexacyanoferrate(III) hydro-

talcite is Mg6Al2(OH)16(Fe(CN)6)0.66⋅7H2O. The mineral

honnessite can exist in two forms honnessite with

4 moles of water in the formula and hydrohonnessite

with 7 moles of water in the formula. The total mass loss

for the loss of OH units for the hydrotalcite

Mg6Al2(OH)16(Fe(CN)6)0.66⋅7H2O is 22.2%. The theo-

retical mass loss for the CN units is 12.03%. The experi-

mental mass loss for the two steps at 345 and 414°C

is 25.1% which is low compared with the theoretical to-

tal loss of 34.2%.

Mechanism for the decomposition of hydrotalcite

with hexacyanoferrate(III) in the interlayer

The following steps describe the thermal decomposition

of the hexacyanoferrate(III)–interlayered hydrotalcite.

Step 1 from 50 to 200°C

This step includes the loss of adsorbed water.

Mg6Al2(OH)16(Fe(CN)6)0.66⋅7H2O→

Mg6Al2(OH)16(Fe(CN)6)0.66+7H2O

DTG pattern shows a number of overlapping

steps at 92, 123, 153 and 185°C. Each of these steps is

attributed to dehydroxylation. Calculations show

seven moles of water are lost at this temperature.

Step 2 at 345°C

Mg6Al2(OH)16(Fe(CN)6)0.66→

Mg6Al2O2(OH)12Fe(CN)6)0.66+2H2O

This step represents a dehydroxylation step. Cal-

culations show approximately 25% of the OH units is

lost at this temperature.

Step 3 at 414°C

Mg6Al2O2(OH)12Fe(CN)6)0.66→

(6MgO)Al2O3(Fe2O3)0.33+4H2O+4HCN

This step represents the third dehydroxylation

step and 12 OH units are lost at this temperature. Si-

multaneously 4 moles of CN units are lost.

Conclusions

The thermal decomposition of hydrotalcites based

upon a Mg/Al ratio of 6/2 with hexacyanoferrate(II)

and (III) in the interlayer has been studied using ther-

mal analysis techniques complimented with X-ray dif-

fraction. The products of the thermal decomposition

were a mixture of oxides and a spinel. Three processes

are observed in the thermal decomposition firstly dehy-

dration, secondly dehydroxylation and loss of the cya-

nide ions. Dehydration and dehydroxylation takes

place in several steps. Mechanisms were proposed for

each of the steps in the thermal decomposition.
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Fig. 4 TG and DTG of the thermal decomposition of

hexacyanoferrate(III) interlayered hydrotalcite

Fig. 5 Relative ion current curves for the thermal decomposi-

tion of hexacyanoferrate(III) interlayered hydrotalcite
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