
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].

When LDHs are synthesised any appropriate anion

can be placed in the interlayer. These anions may be

any anion with a suitable negative charge including

the phosphate anion. The hydrotalcite may be consid-

ered as a gigantic cation which is counterbalanced by

anions in the interlayer. In hydrotalcites a broad range

of compositions are possible of the type

[M M (OH) ] [A ] H O
1–x

2+

x

3+

2

x+ n –

x / n
�y

2
, 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. It is normal practice to deter-

mine the composition of the formed hydrotalcite by

chemical means such as ICP-AES or EDAX tech-

niques. A
n–

is an exchangeable interlayer anion

[17–19]. 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.

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, 20–24]. Thermoanalytical

methods provide a measure of the thermal stability of

the hydrotalcite. 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

[25, 26]. There are many other important uses of

hydrotalcites such as in the removal of environmental

hazards in acid mine drainage [27, 28], and a mecha-

nism for the disposal of radioactive wastes [29]. Their

ability to exchange anions presents a system for heavy

metal removal from contaminated waters [30]. Struc-

tural information on different minerals has successfully

been obtained recently by sophisticated thermal analysis

techniques [6, 20–24].

The decomposition of the Mg, Al hydrotalcite

structure occurs in three steps:

• removal of adsorbed water (<100°C),

• elimination of the interlayer structural water

(100–200°C), and
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• the simultaneous dehydroxylation and

decarbonation of the hydrotalcite framework

(300–400°C) [6, 31–38].

A fourth decomposition step may occur for the loss

of either a volatile anion species (e.g. Cl
–
, NO

3

–
, and

CO
3

2–
) or a non-volatile species in which the anion is in-

cluded in the formation of a mixed metal oxide

[31, 35, 38]. The determination of the decomposition

steps of hydrotalcite depends on the dryness of the sam-

ple, stability of the interlamellar species, and possible

guest-host interactions mobilising the hydroxyl groups

in the hydrotalcite lattice [35]. Dehydroxylation results

in the collapse of the hydrotalcite structure to that of its

corresponding metal oxides, including MgO, Al2O3, and

MgFeAlO4 (at temperatures over 900°C) [6, 33]. The

exact decomposition product relies on the hydrotalcite

and its counter balancing anions.

Thermal analysis has proven most useful for the

study of the thermal stability of hydrotalcites

[11, 39–42]. In this work we report the thermal analysis

of hydrotalcite with carbonate in the interlayer and ex-

plore the effect of the divalent/trivalent ratio on

hydrotalcite formation. The objective of this research is

to determine the thermal stability of hydrotalcites syn-

thesised with different divalent/trivalent cationic ratio.

Experimental

Preparation of mixed metal ion solution

Varying amounts of aluminium chloride hexahydrate,

iron(III) chloride hexahydrate and magnesium chlo-

ride hexahydrate were dissolved in 500 mL of ultra

pure water. The ratio of moles of M
2+

to M
3+

, where M

is a metal, in the different solutions was: 2:1, 3:1 and

4:1. The following table summarises the quantity of

each metal dissolved in 500 mL of water.

The chosen metal ion solution was then added drop

wise into the caustic solution (2 M NaOH and

0.2 M Na2CO3) via a peristaltic pump. The solution was

then vacuum filtered, washed thoroughly with hot de-

gassed water and dried in an oven overnight at 120°C.

Methods

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 CuK
�

radiation

(1.54052 �). Patterns were collected in the range 3 to

90° 2� with a step size of 0.02° and a rate of 30 s per

step. Samples were prepared as a finely pressed pow-

der into aluminium sample holders. The Profile Fit-

ting option of the software uses a model that employs

twelve intrinsic parameters to describe the profile, the

instrumental aberration and wavelength dependent

contributions to the profile.

Thermal analysis

Thermal decomposition of the hydrotalcite was car-

ried out in a TA
®

Instruments incorporated with a

high-resolution thermogravimetric analyser (se-

ries Q500) in a flowing nitrogen atmosphere

(80 cm
3

min
–1

). Approximately 50 mg of sample was

heated in an open platinum crucible at a rate of

5.0°C min
–1

up to 1000°C at high resolution. The TG

instrument was coupled to a Balzers (Pfeiffer) mass

spectrometer for gas analysis. Only selected gases

such as water and carbon dioxide were analysed.

Results and discussion

X-ray diffraction

The X-ray diffraction patterns for the carbonate

interlayer hydrotalcites are shown in Fig. 1a. The

XRD patterns of the decomposition products of the

2:1, 3:1 and 4:1 hydrotalcites are given in Figs 1b–d,

respectively. Hydrotalcite normally has a d(003) spac-

ing of around 7.9 � [43, 44]. The XRD patterns show

that the d-spacing for the carbonate interlayer
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Table 1 Quantity of each metal dissolved in 500mL of water

2:1 solution 3:1 solution 4:1 solution

Magnesium 67.765 g 76.240 g 81.320 g

Aluminium 11.110 g 8.335 g 6.665 g

Iron(III) 22.525 g 16.895 g 13.515 g

Fig. 1a XRD patterns and references for the synthesised

hydrotalcites with varying cationic ratios



hydrotalcite is cation dependent. The XRD patterns

obtained for the synthetic hydrotalcites match closely

with reference pattern 01-070-2150 (pyroaurite –

Fe2Mg6(OH)16CO3(H2O)4.5). The method of synthesis

for these hydrotalcites allows for the possibility of a

variety of products including: hydrotalcite, pyroaurite

and other forms of hydrotalcites with a mixture of

cationic ratios. However, there appears to be only one

phase present in the XRD pattern, suggesting that

multiple phases were not produced. Minor quantities

may have been produced but were not detected using

XRD. The d(003) obtained for the synthesised

hydrotalcites were 7.72, 7.97 and 7.91 �, 2:1, 3:1 and

4:1 hydrotalcite respectively. The increase in d spac-

ing for the 3:1 and 4:1 hydrotalcites indicates an in-

crease in the interlayer region of these hydrotalcites.

Thermogravimetry

The dehydroxylation step for hydrotalcite is generally

observed at around 300°C [6, 31–38]. The results ob-

tained in this investigation agree with literature, with

dehydroxylation occurring at 322, 324 and 312°C for

the 2:1, 3:1, and 4:1 hydrotalcites respectively. The

point of dehydroxylation can be used as an indication

of the thermal stability of the hydrotalcite, where a

delay in dehydroxylation (higher temperature) indi-

cates increased thermal stability. In regards to the

hydrotalcites synthesised it is observed that the 3:1

hydrotalcites are more stable than the 2:1 and 4:1

hydrotalcites, with the 4:1 hydrotalcite having the

lowest stability. This decrease in stability of the 4:1

hydrotalcite is believed to be attributed to the in-

creased positive charge of the brucite-like layers,

which would require a larger number of anions to

counter-balance the charge. The DTG curve for the

2:1 hydrotalcite distinctly shows 2 mass loss steps,

corresponding to first dehydroxylation and then

decarbonation. However, for the 3:1 and 4:1

hydrotalcites only a single mass loss step is observed

indicating that dehydroxylation and decarbonation

occur simultaneously. The ion current curves for the

three hydrotalcites show that water vapour and CO2

evolve at these temperatures. The mass spectrometer

detected chloride gases (m/Z=35 and 32) in all three

of the hydrotalcites synthesised, figures not shown.

This suggests that chloride was intercalated into the

hydrotalcites along with carbonate, however carbon-

ate was the more dominant anion.

2:1 Metal ion solution

The thermogravimetric and differential thermo-

gravimetric analysis of the 2:1 hydrotalcite of pro-

posed formula Mg4(Fe,Al)2(OH)12(CO3)·4H2O is

shown in Fig. 2a. The ion current curves for selected

evolved gases are shown in Fig. 2b. The ion current

curves for the 3:1 and 4:1 hydrotalcite are almost

identical to the 2:1 hydrotalcite. Therefore, only the

2:1 ion current curves are given. A very small mass

loss step between 25 and 42°C of 0.76% is observed

and attributed to the loss of physiosorbed water. Over

the temperature range 42 and 200°C, a mass loss of

14.42% is observed and attributed to the loss of both
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Fig 1b XRD patterns of the synthesized 2:1 hydrotalcite after

thermal analysis treatment

Fig 1c XRD patterns of the synthesized 3:1 hydrotalcite after

thermal analysis treatment

Fig. 1d XRD patterns of the synthesized 4:1 hydrotalcite after

thermal analysis treatment



adsorbed and interlayer water of the hydrotalcite

structure. The theoretical mass loss of adsorbed water

for the 2:1 hydrotalcite is 13.96%, which is in good

agreement with the experimental mass loss. The

m/Z=17 and 18 ion current curves display a broad

peak over this temperature range, indicating the re-

moval of the remaining adsorbed water on the

hydrotalcite surface. The following thermal decom-

position is proposed:

Mg4(Al,Fe)2(OH)12(CO3)·xH2O�

Mg4(Al,Fe)2(OH)12(CO3)+xH2O

The number of moles of water for this

hydrotalcite is 4, shown in the appendix. Therefore,

four H2O molecules are either absorbed or interca-

lated into this hydrotalcite structure. Two mass loss

steps are observed at 322 and 338°C with a total mass

loss of 24.48%. The ion current curves for m/Z=17

and 18 show two maxima at around 325 and 340°C at-

tributed to evolved water vapour at these tempera-

tures confirming the loss of OH units at these temper-

atures. The ion current curves for m/Z=44 and 12

show maxima at ~350°C confirming the evolution of

CO2 at this temperature as well, attributed to the ther-

mal decomposition of the carbonate anion. The DTG

curve shows the separation of these decomposition

steps (shoulder at 338°C), the first due to the partial

dehydroxylation of the lattice followed by the simul-

taneous dehydroxylation and decarbonation of the

hydrotalcite structure. A small shoulder at approxi-

mately 400°C is due to the further loss of CO
3

2–
in the

form of CO2, as shown in Fig. 2b. This peak is present

in the three hydrotalcites synthesised and is believed

to be due to the formation of an intermediate species

during the decarbonation of the hydrotalcite structure,

such as Fe2(CO3)3.

The following reaction is proposed for the

dehydroxylation and decarbonation of the structure to

its corresponding oxides:

2Mg4(Al,Fe)2(OH)12(CO3)�

MgAl2O4+6MgO+MgFeAlO4+2CO2+12H2O

The decomposition products proposed were con-

firmed by XRD analysis (Fig. 1b). The molecular

mass of this compound is on average 444 molecular

mass units, based on a hydrotalcite structure with both

Al
3+

and Fe
3+

in the structure. The theoretical mass

loss associated with the evolution of water vapour and

CO2 is 24.34 and 9.91%, respectively. The experi-

mental mass loss between 200–665°C is 24.48%. A

higher temperature mass loss at around 803°C of

1.58% is observed and is believed to be due to the loss

of HCl from residual salt present in the precipitate.

3:1 Metal ion solution

The thermogravimetric analysis of the 3:1

hydrotalcite of proposed formula

Mg6(Fe,Al)2(OH)16(CO3)·5H2O is shown in Fig. 3.

The number of water molecules is determined using

the percentage mass loss between 0–200°C, which

corresponds to the adsorbed and intercalated water in

the hydrotalcite structure, calculations are given in

the appendix. The molecular mass of this compound

is approximately 651 molecular mass units, depen-

dent on which cation is substituted into the

brucite-like layer. The mass loss over the temperature

range 25 to 65°C is 0.58% attributed to the loss of ad-

sorbed water. The ion current curves for m/Z=17 and

18, figure not shown, prove water is the evolved gas

at this temperature range. A further mass loss of
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Fig. 2a TG/DTG of the synthesised 2:1 hydrotalcite

Fig. 2b Ion current curves of evolved gases for the

synthesised 2:1 hydrotalcite



12.75% at 145°C is observed. The theoretical mass

loss of adsorbed and intercalated water is 13.84%,

which is in good agreement with the experimental re-

sults obtained. Again the ion current curves indicate

that water vapour is evolved at these temperatures.

These mass losses are attributed to the loss of water

from the interlayer of the hydrotalcite. A broad mass

loss step is observed at 324°C with a total mass loss of

26.68%. The ion current curves for m/Z=17 and 18

show a broad maxima at around 311°C with a shoul-

der present at 354°C attributed to evolved water

vapour, confirming the loss of OH units at these tem-

peratures. The ion current curves for m/Z=44 and 12,

figure not shown, also shows a maxima at ~350°C

confirming the evolution of CO2 at this temperature.

This peak is not as defined as the corresponding peak

in the 2:1 hydrotalcite, due to a smaller ratio of CO
3

2–

being expected in the 3:1 hydrotalcite compared to

the number of OH units in the hydrotalcite structure.

The evolution of gases attributed to both OH and car-

bonate units suggests the simultaneous

dehydroxylation and decarbonation of the

hydrotalcite structure occurs in the same temperature

range. The following reaction is proposed:

2Mg6(Al,Fe)2(OH)16(CO3)�

MgAl2O4+MgFeAlO4+10MgO+2CO2+16H2O

The decomposition products proposed were con-

firmed by XRD analysis (Fig. 1c). The theoretical

mass losses according to this formula of CO2 and OH

units are 7.85 and 25.70%, respectively.

4:1 Metal ion solution

The thermogravimetric and differential

thermogravimetric curves for the thermal decomposi-

tion of the 4:1 hydrotalcite is shown in Fig. 4. The

proposed formula for the 4:1 hydrotalcite is

Mg8(Fe,Al)2(OH)20(CO3)·8H2O. The number moles

of water are calculated using the method shown in the

appendix. Thus the molecular mass is between

820 amu, dependent on the cationic composition of

the hydrotalcite. The theoretical mass loss due to ad-

sorbed water and intercalated water is 17.58%. Mass

loss steps of 2.02 and 7.16% at low temperatures is

observed up to around 65°C, and is attributed to the

removal of water adsorbed on the surface. A further

mass loss step of 7.91% at 135°C is attributed to the

dehydration of the hydrotalcite interlayer. A total

mass loss of 17.09% is observed and is in good agree-

ment with the expected mass loss. The ion current

curves prove the evolution of water vapour at the cor-

responding temperatures.

A single mass loss of 26.31% is found at 312°C.

The ion current curves of m/Z=44, 18, 17 and 12, fig-

ures not shown, prove that water and CO2 are the

evolved gases at this temperature. This water vapour

results from the dehydroxylation of the hydrotalcite.

There appears to be a shoulder at 400°C, which is

again due to the evolution of CO2, due to the forma-

tion of carbonate species after the decarbonation of

the hydrotalcite structure. The shape of the DTG

curve also looks more symmetrical, and this is be-

lieved to be due to the smaller quantity of carbonate

anions in the structure compared to OH units, which

influence the shape of the DTG curve more strongly.

The evolution of gases attributed to both OH and car-

bonate units suggests the simultaneous

dehydroxylation and decarbonation of the

hydrotalcite structure occurs at around 350°C. The

following reaction is proposed for the

dehydroxylation and decarbonation of the

hydrotalcite:

2Mg8(Al,Fe)2(OH)20(CO3)�

MgAl2O4+MgFeAlO4+14MgO+2CO2+20H2O

The decomposition products proposed were con-

firmed by XRD analysis (Fig. 1d). The theoretical

mass loss of OH units in the dehydrated hydrotalcite

structure is 26.60%. The experimental mass loss be-

tween 200–700°C is 26.68%.
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Fig. 3 TG/DTG of the synthesised 3:1 hydrotalcite Fig. 4 TG/DTG of the synthesised 4:1 hydrotalcite



Conclusions

The decomposition of the synthesised hydrotalcites

occurred in 3 steps (1) evaporation of adsorbed water

(up to 100°C), (2) elimination of the interlayer struc-

tural water (up to 200°C) and (3) dehydroxylation and

decarbonation of the hydrotalcite framework (up to

400°C). The ion current curves revealed that

dehydroxylation and decarbonation occurred simulta-

neously. Changes in the shape of the DTG curve were

observed, where an increase in divalent/trivalent ratio

increase the symmetry of the dehydroxylation/

decarbonation peak, ~350°C. This is believed to be

due to the decrease in the ratio of carbonate units,

compared to OH units, as the divalent/trivalent ratio

increases. The larger number of OH units in the 4:1

hydrotalcite causes the peak corresponding to the

decarbonation of the hydrotalcite to be almost insig-

nificant. Dehydroxylation indicates the thermal sta-

bility of the hydrotalcite structure, where delays in

dehydroxylation indicate a more stable hydrotalcite.

Therefore, the order of stability for the synthesised

hydrotalcites is 3:1, 2:1 and 4:1 divalent/trivalent

cationic ratio. The collapse of the hydrotalcite struc-

ture produced corresponding metal oxides, including

MgO, MgAl2O4, and MgFeAlO4.
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Appendix

Calculation of water content for Mg4(Fe,Al)2(OH)12(CO3)·xH2O

Composition: Mg4(Fe,Al)2(OH)12(CO3)·xH2O

Removing water up to 200°C: 7.18 mg that is

0.398 mmol of H2O removed

Remaining dehydrated mineral up to 200°C: 47.27 mg

that is 0.0903 mmol

Molar mass of dehydrated mineral: 444.2 g mol
–1

Calculation of x:

1 mol dehydrated mineral: x mol H2O

0.0903 mol dehydrated mineral: 0.398 mol H2O

x~4 mol

Calculation of water content for Mg6(Fe,Al)2(OH)16(CO3)·xH2O

Composition: Mg6(Fe,Al)2(OH)16(CO3)·xH2O

Removing water up to 203°C: 7.61 mg that is

0.422 mmol of H2O removed

Remaining dehydrated mineral up to 200°C: 46.83 mg

that is 0.084 mmol

Molar mass of dehydrated mineral: 560.9 g mol
–1

Calculation of x:

1 mol dehydrated mineral: x mol H2O

0.084 mol dehydrated mineral : 0.422 mol H2O

x~5 mol

Calculation of water content for Mg6(Fe,Al)2(OH)16(CO3)·xH2O

Composition: Mg8(Fe,Al)2(OH)20(CO3)·xH2O

Removing water up to 203°C: 7.92 mg that is

0.440 mmol of H2O removed

Remaining dehydrated mineral up to 200°C: 37.14 mg

that is 0.054 mmol

Molar mass of dehydrated mineral: 677.52 g mol
–1

Calculation of x:

1 mol dehydrated mineral: x mol H2O

0.054 mol dehydrated mineral : 0.440 mol H2O

x~8 mol
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