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Abstract

A combination of high resolution thermogravimetric analysis coupled to a gas evolution mass spectrometer combined with infrared
emission spectroscopy has been used to study the thermal decomposition of synthetic hydrotalcites hoREss(&NIOH),-4H,0)
and mountkeithite (MgFe(SO;)(OH);6-4H,0) and the cationic mixtures of the two minerals. High resolution thermal analysis shows the
decomposition takes place in five steps. A mass loss step is observed over the TZ5telBperature range and is attributed to the mass loss
due to dehydration. A second mass loss step is observed over the 26G-88@perature range and is attributed to dehydroxylation. The third
mass loss occurs from 350 to 48D, and is assigned to a loss of oxygen. The fourth mass loss step is ascribed to the loss of sulphate from
the hydrotalcite and occurs over the 676—-82Gemperature range. A mechanism for the thermal decomposition is proposed based upon the
loss of water, hydroxyl units, oxygen and sulphur dioxide. The changes in the chemical structures are readily followed by infrared emission
spectroscopy.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction nism for the disposal of radioactive was{éd]. Hydrotal-
cite formation may also serve as a means of heavy metal re-

Interest in the study of hydrotalcites results from their moval from contaminated watef$2]. Recently, Frost et al.
potential use as catalysts, adsorbents and anion exchangershowed the thermal analysis patterns of several natural hy-
[1-5]. The reason for the potential application of hydrotal- drotalcites namely carrboydite and hydrohonessite obtained
cites as catalysts rests with the ability to make mixed metal from mineral deposits in Western Australia. These hydro-
oxides at the atomic level, rather than at a particle level. talcites are readily synthesised by a co-precipitation method
Such mixed metal oxides are formed through the thermal [13-15]. In order to understand the complex relationships
decomposition of the hydrotalci{,7]. Hydrotalcites may  between iowaite/pyroaurite, stichite/woodallite and hydro-
also be used as a components in new nano-materials sucltalcite/mountkeithite series, it is necessary to synthesise the
as nano-compositg8]. Incorporation of low levels of hy-  minerals and determine the characteristics of the pure phase
drotalcite into polymers enables polymeric materials with minerals.
new and novel properties to be manufactured. There are Hydrotalcites, or layered double hydroxides (LDH) are
many other uses of hydrotalcites. Hydrotalcites are impor- fundamentally anionic clay46,17]. The structure of hones-
tant in the removal of environmental hazards in acid mine site and mountkeithite can be derived from a brucite struc-
drainag€9,10]. Hydrotalcite formation also offer a mecha- ture (Mg(OH}) in which e.g. F&" substitutes a part of

the Mc?t. This substitution creates a positive layer charge

+ Corresponding author., Tel61.7-3864-2407; on the hydromde .Iay_ers, which is compensated by inter-
fax: +61-7-3864-1804. layer anions or anionic complex§s8,19]. In hydrotalcites
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M1 >*M, 3 (OH)2][A "~ 11 /n-yH20, where M+ and M+ 2.2. Thermal analysis
are the di- and trivalent cations in the octahedral positions
within the hydroxide layers with x normally between 0.17  Thermal decomposition of the hydrotalcite was carried
and 0.33. A~ is an exchangeable interlayer anif20]. out in a TA® Instruments incorporated high-resolution
In the hydrotalcites hydrohonessite and mountkeithite, the thermogravimetric analyser (series Q500) in a flowing ni-
divalent cations are Rt and Mg respectively with the ~ trogen atmosphere (80 é#min). Approximately, 50mg
trivalent cation being F¥. There exists in nature a signifi- Of sample was heated in an open platinum crucible at a
cant number of hydrotalcites which are formed as deposits rate of 2.00C/min up to 500C. No preparation was re-
from ground water containing Rif and Fé* [21]. These  quired other than grinding the sample up finely. With the
are based upon the dissolution of Ni-Fe sulphides during quasi-isothermal, -isobaric heating program of the instru-
weathering. Among these naturally occurring hydrotalcites ment the furnace temperature was regulated precisely to
are mountkeithite and hydrohonessj&2,23]. Related to  provide a uniform rate of decomposition in the main de-
honessite is the mineral mountkeithite in which all or part composition stage. The TGA instrument was coupled to a
there of, the Nt is replaced by M§+. These hydrotalcites ~ Balzers (Pfeiffer) mass spectrometer for gas analysis. Only
are based upon the incorporation of sulphate into the inter- Selected gases were analysed.
layer with expansions of 10.34-10.8 A.

The use of thermal analysis techniques for the study of 2.3. Infrared emission spectroscopy
the thermal decomposition of hydrotalcites is not common

[24]. Heating sjoegrenite or pyroaurite a200°C caused FTIR emission spectroscopy was carried out on a Nico-
the reversible loss of #0. At 200250 C on static heating,  let spectrometer equipped with a TGS detector, which was
or 200-350C on dynamic heating, very little 40 or CQ, modified by replacing the IR source with an emission cell.

were lost, but Changes in the infrared Spectrum and DTA A description of the cell and principles of the emission ex-
effects were observef@4]. To date the number of thermal ~periment have been published elsewhi@®-27]. Approx-
analysis studies of these minerals is very limited. Recent imately, 0.2mg of honessite or mountkeithite was spread
thermal analysis studies of the natural minerals were com-as a thin layer (approximately 0.2pm) on a 6 mm diame-
plicated by the formation of mixed anionic species; i.e. a ter platinum surface and held in an inert atmosphere within
mixture of hydrohonessite and mountkeithite was formed. @ nitrogen-purged cell during heating. Spectral manipula-
In this work, we have synthesised these minerals and nowtion such as baseline adjustment, smoothing and normalisa-
report the thermal analysis of synthetic honessite and moun-tion was performed using the GRANMSsoftware package

tkeithite. (Galactic Industries Corporation, Salem, NH, USA).
2. Experimental 3. Results and discussion
2.1. Synthetic minerals 3.1. X-ray diffraction

Minerals were synthesised by the co-precipitation method. The X-ray diffraction patterns of the synthesised reevesite
Hydrotalcites with a composition of (Ni,MgFe;(OH)1¢ and mixed cationic honessites are shownFig. 1. The
(SOn)-4H,0 were synthesised in an air-tight reaction vessel XRD patterns clearly show the synthetic minerals are
under nitrogen. The purpose of the reaction vessel was tolayered structures with interspacing distances of around
eliminate the possibility of incorporation of carbonate into 9.0A. Some subtle variations in the d(001) spacing are
the hydrotalcite. Two solutions were prepared, solution 1 observed. The honessite gRie(SOy)(OH)16-4H20) has a
contained 2M NaOH and 0.125 M M&aOy, solution 2 con- d(001) spacing of 9.24A. Upon replacement of 1 mol of
tained 0.75M N§+ (Ni(NO3)2-6H20) and 0.75M Mg+ Ni with Mg, the honessite (MgNAI2(SOs)(OH)16-4H20)
(Mg(NOs),-6H,0) in the appropriate ratio, together with is formed. The d spacing decreases to 9.20A. Upon
0.25M Fé* (as (Fe(NQ)3-9H,0)). Solution 2 in the ap-  replacement of a second mole of Ni, the honessite
propriate ratio was added to solution 1 using a peristaltic ((Mg2NigAl2(SOy)(OH)16-4H20) is formed. The d-spacing
pump at a rate of 40 chmin, under vigorous stirring, main-  decreases to 9.13 A. With the equimolar mixed hydrotalcite
taining a pH of 10. The precipitated minerals are washed at ((MgzNizAl2(SOs)(OH)16-4H20) the d spacing reaches
ambient temperatures thoroughly with water to remove any 8.94 A. Further increasing the Mg content results in an ex-
residual nitrate. If the solution 1 contains?Nionly then pansion of the interlayer space to 9.23 A. Previous studies
the mineral hydrohonessite is formed; if the solution con- have shown that the natural minerals have an interlayer
tains Mg+ only then mountkeithite is formed. The com- space of 10.8 428-30]. The effect of cation replacement
position of the hydrotalcites was checked by electron probe of Ni by Mg causes a decrease in the interlayer spacing.
analyses. The phase composition was checked by X-rayPrevious studies have suggested that only the size of the
diffraction. anion effected the interlayer spaf27]. The reason for
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Fig. 1. X-ray diffraction pattern of honessite and mountkeithite and their cationic mixtures.

this change in interlayer space may be attributed to the de-oxygenation varied from 2.82 to 3.83%. The theoretical
difference in cation size between the ffgand the N§*. % loss for this loss was from 3.54 to 4.59%. There was a
The end-members of honessite and mountkeithite have thesmall amount of variation in these results. This could be due
largest interlayer spacing. A previous study of synthetic hy- to differences in the actual amount of oxygen lost. The tem-
drohonessite also showed the interlayer space w&é A peratures for the loss of sulphate vary from 676 to 820
[30]. However honessite has a spacing of around 9.0A, so
it is likely that the series honessite—mountkeithite rather
than hydrohonessite—mountkeithite has been synthesised in
this work.

3.2. High resolution thermogravimetric analysis and mass
spectrometric analysis

The high resolution thermogravimetric analysis (HRTG)
for the synthetic honessite—mountkeithite series are shown
in Fig. 2. The evolved gas mass spectrometric curves are
shown inFig. 3. The results of the analyses of the mass loss
and temperature of the mass loss are reportetable 1.

The temperatures of the evolved gas MS mass gain are re-
ported inTable 2. Several mass loss steps are observed. A
mass loss step is observed over the 125=T5t@emperature
range and is attributed to the mass loss due to dehydration.
A second mass loss step is observed over the 260330
temperature range and is attributed to dehydroxylation. The
third mass loss occurs from 350 to 480, and is assigned

to a loss of oxygen. The fourth mass loss step is ascribed to
the loss of sulphate from the hydrotalcite and occurs over the
676-820C temperature range. A second dehydroxylation
step is observed for some of the hydrotalcites. The mass loss
step for the loss of sulphate occurs over a wide temperature
range. The % mass loss for dehydration varies from 7.3% up
to 8%. This mass loss may be compared with a theoretical L L
mass loss of 7.96 for Nito 10.34 for Mg. The experimental 60 260 460 660 860

% mass loss during dehydroxylation varies from 14.5% up to Temperature/’C

24.6%. The theoretical mass |O§S for dehydroxylation var_ies Fig. 2. High resolution thermogravimetric analyses of honessite and moun-
from 15.9 to 20.6%. The eXpeI’Imental % mass loss dunng tkeithite and their cationic mixtures.

% Mass
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Fig. 3. Mass spectrometric curves for honessite and mountkeithite and their cationic mixtures.
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Table 1

Results of the HRTG of synthetic honessite—mountkeithite

Honessite— Dehydration Dehydroxylation De-oxygenation De-sulphation
mountkeithite

% Mass Theoretical Temperature % Mass Theoretical Temperature % Mass Theoretical Temperature % Mass Theoretical Temperature

loss, % mass loss, % mass loss, % mass loss, % mass

stepl loss step 2 loss step 3 loss step 4 loss
Nig 9.5 7.96 133 16.37 15.93 268 5.55 3.54 379 6.33 7.08 676
NisMg 7.5 8.28 135 16.6 16.56 285 3.43 3.68 400 3.83 7.36 786
NisMg2 8.97 8.62 125 14.5 17.24 284 5.17 3.83 353 3.45 7.66 770
NizMgs 8.51 9.00 150 19.12 17.98 295 5.87 4.00 416 2.53 7.99 811
Ni2Mgg 9.20 9.40 163 20.74 18.79 313 3.13 4.18 428 3.63 8.35 803
NiMgs 7.38 9.84 148 22.01 19.67 328 3.49 4.37 460 3.23 8.74 831
Mgs 8.06 10.32 125 24.62 20.64 329 5.15 4.59 421 2.82 9.17 820
Table 2
Results of the evolved gas mass spectrometry of synthetic honessite—mountkeithite
Honessite—mountkeithite Temperature

Dehydration Dehydroxylation De-oxygenation Desulphation

Nig 140 265 390 683
NisMg 136 284 410 803
NisMg> 130 283 414 777
NizMgs 150 294 443 823
Ni2Mgq 165 307 456 777
NiMgs 147 324 502 800
Mgs 131 322 446 830

85-TS (002) T2v LoV BOMUIYOOW BYL /UoSHOLT 1M S04 “Td
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There was a considerable difference between theoretical and For the decomposition of natural hydrohonessite six de-
actual loss of sulphate. This may be due to some sulphatescomposition steps were observed. The problem with using
being bound more strongly to the hydrotalcite lattice. One the natural sample is that a mixture of interlayer anions
possibility is that after the dehydration and dehydroxyla- complicates the thermal decomposition. In the case of the
tion steps the metal oxide surfaces are highly surface en-natural hydrohonessite, both sulphate and carbonate anions
ergetic. Therefore, the sulphate reacts with the oxides towere found in the interlayer. For the synthetic honessite,
form sulphates. Further, not all sulphate may be taken upthis difficulty is removed. For the natural honessite, three
in the hydrotalcite formation; some amorphous iron phases weight loss steps were observed at 71, 95.6 and C3&hd
may have formed. The XRD patterns show some back- are attributed to dehydration. Two weight loss steps were
ground in the 2226 indicating some amorphicity. It was ob-  observed for natural honessite at 294 and ¥2%ith a to-
served that after heating, the samples were no longer finelytal weight loss of 10.5% attributed to dehydroxylation. The
ground, but rather fused together in a solid mass. Becauseweight loss step is observed at 6485 and is attributed to
of this, there may have been some sulphates embedded idoss of sulphate. This temperature is less than that observed
the mass which could not evolve as a gas within the temper-for the synthetic honessites. The results for the synthetic
ature range of the experimerkig. 2 shows certain trends  honessite correspond well with those for the natural hones-
in the mass loss steps: (a) the temperature of dehydrationsite. In the study of natural honessite, it was not obvious
increases with increased substitution. The temperature in-that oxygen was one of the evolved gases; whereas for the
creases for MgNi3 and then decreases. (b) The temperature synthetic honessites, oxygen is evolved in the 3902456
of dehydroxylation increases as the Mg content is increased.temperature range.
(c) The temperature for the loss of sulphate increases with
Mg content. _ 3.3. Infrared emission spectroscopy

The mass spectrometric results of the evolved gases are
shown inFig. 3. The MS of evolved water vapour clearly
shows dehydration occurring in three steps. The first mass
gain occurs at low temperaturegaple 2). The temperatures
vary between 46 and 6. The second mass gain occurs in
the temperature range 130—16% This temperature appears

Fo be a func’Flon_ of the _composm_on_of the hydrotalcite and mountkeithite cationic mixtures are shown fiig. 4. The
increases with increasing substitution. The temperature Ofspectra at 100C show a low signal to noise ratio due to low

this second nja;]sshgamlof evolved vyater vapourisin exhcellenttherma| emission energy. The spectra forddgd NpMga
agreement with the values determined by HRTG. Inthe MS 5o nic mixtures show a series of peaks between 2980 and

curves for O= 16, evolved gas of oxygen occurs over the  5geq ¢yl which are caused by adsorbed isopropanol. Iso-
390-456'C temperature range. The temperature appears 10, 4,304 was used to suspend the sample to give an even
be composition dependent and increases with Mg content. giguiption of sample for IR spectroscopic analysis. There
This evolved gas appears to coincide with a small mass Io:ssWas no isopropanol required for the other two samples.
step observed at around the 4@ temperature range in Fig. 4 clearly shows the loss of both water and hydroxyls
the HRTG stepsFig. 3 shows the mass spectra for S or 54 thermal decomposition of the hydrotalcite takes place.
02 (32), SQ or $, (64) and SO (48). The temperatures for e po: hydrotalcite (at 300C) shows four curve resolved
the loss of sulphate as SQ@re reported iMTable 2. Some o4 at 3677. 3606. 3512 and 3374 &mAt 400°C only

variation in the temperature for the loss of £© observed. two bands are observed at 3610 and 34924nAt 600°C
The temperatures vary between 683¢gNand 830 (Mg). no intensity remains. One probable assignment is that the

The values are in good agreement with the results of HRTG. ot yvo bands are assignable to OH stretching vibrations

Mechanism for the thermal decomposition of honessite— from MgOH and AIOH units and the last two bands to
mountkeithite series

The thermal decomposition of the synthetic hydrotal-
cites can be monitored using vibrational spectroscopy and
a thermal stage. One technique of doing this is by infrared
emission spectroscopy. The infrared emission spectra of
the hydroxyl stretching region of selected honessite and

Step 1. Low temperatures: (M§i,Mg,) Fex(SOs)(OH)16-4H20 — (Ni6—x)M0,) Fe(SOs)(OH)16 + 4H20

Step 2. Temperature range 130—260 (Ni_x)Mgx) FE&(SO)(OH)16 — (Nie—xM,)Oy/2 FE&(SO)(OH)16—-, + Y/2H0
Step 3. Temperature range 268—329 (Ni_)Mg:)O,,2 F&(SO4)(OH)16—y — (Nig_x)Mgy)Og F&(SOy)+(16—Yy)/12H,0
Step 4. Temperature range 390—486 (Nie—x)Mg,)Og Fe(SOs) — (Ni—rMg,)O7 Fe(SC3) + O2

Step 5. Temperature range 680—880 (Nie—»)MJ,)O7 Fex(SO3) — (Nie—x)Mgx)Os Fe03 + (SOp)

The five steps listed above show the chemical reactionswater OH stretching bands. For the gNydrotalcite, at
and the appropriate temperature range for the thermal de-300°C, bands are observed at 3656, 3559 and 344Ffcm
composition. The reactions show that in order to make a (Fig. 4d). The first band is attributed to the NiOH stretching
mixed metal oxide based upon Ni, Mg and Fe, a temperaturevibration; the other two bands are due to water OH stretching
of 800°C must be reached. vibrations. As Mg is introduced into the flhydrotalcite in-
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creased complexity is observed in the OH stretching region. [4] S.H. Patel, M. Xanthos, J. Grenci, P.B. Klepak, J. Vinyl Addit.

For the NiMg> hydrotalcite (at 300C) bands are observed
at 3665, 3602, 3522, 3393 and 3189¢ch{Fig. 4c).

4. Conclusions

The HRTGA of the two related minerals honessite and

Technol. 1 (1995) 201.

[5] V. Rives, F.M. Labajos, R. Trujillano, E. Romeo, C. Royo, A. Mon-
zon, Appl. Clay Sci. 13 (1998) 363.

[6] F. Rey, V. Fornes, J.M. Rojo, J. Chem. Soc., Faraday Trans. 88
(1992) 2233.

[7] M. Valcheva-Traykova, N. Davidova, A. Weiss, J. Mater. Sci. 28
(1993) 2157.

[8] C.O. Oriakhi, I.V. Farr, M.M. Lerner, Clays Clay Miner. 45 (1997)
194.

mountkeithite have been studied. These hydrotalcite min- (g . Lichti, 3. Mulcahy, Chem. Aust. 65 (1998) 10.
erals show at least five mass loss steps ascribed to (a)10] Y. Seida, Y. Nakano, J. Chem. Eng. Jpn. 34 (2001) 906.

water-desorption, (b) dehydration, (c) dehydroxylation, (d)

loss of oxygen and (e) de-sulphating. (&) HRTG shows that ,
d[12] Y. Seida, Y. Nakano, Y. Nakamura, Water Res. 35 (2001) 2341.

the temperature of dehydration increases with increase
substitution. The temperature increases fogMig and then

[11] VY. Roh, S.Y. Lee, M.P. Elless, J.E. Foss, Clays Clay Miner. 48 (2000)
266.

[13] M.A. Aramendia, V. Borau, C. Jimenez, J.M. Marinas, J.M. Luque,
J.R. Ruiz, F.J. Urbano, Mater. Lett. 43 (2000) 118.

decreases. (b) The temperature of dehydroxylation increases14] V.R.L. Constantino, T.J. Pinnavaia, Inorg. Chem. 34 (1995) 883.
as the Mg content is increased. (¢) The temperature for the[15] M. Del Arco, P. Malet, R. Trujillano, V. Rives, Chem. Mater. 11

loss of sulphate increases with Mg content. Mechanisms for
the thermal decomposition of the honessite—mountkeithite

(1999) 624.
[16] K. Hashi, S. Kikkawa, M. Koizumi, Clays Clay Miner. 31 (1983)
152.

series are proposed. The effect of cation substitution reduce§17) . ingram, H.FEW. Taylor, Mineral. Mag. J. Mineral. Soc.

the interlayer distance.

(1876-1968) 36 (1967) 465.

Infrared emission spectroscopy shows the changes in thel18] R.M. Taylor, Clay Miner. 17 (1982) 369.

molecular structure of the hydrotalcites as thermal decom-

position takes place. IES of the hydroxyl stretching region

[19] H.F.W. Taylor, Mineral. Mag. J. Mineral. Soc. (1876-1968) 37 (1969)

[20] H.C.B. Hansen, C.B. Koch, Appl. Clay Sci. 10 (1995) 5.

shows the temperatures at which no intensity remains in the»1} g 4. Nickel, J.E. Wildman, Mineral. Mag. 44 (1981) 333.
OH stretching vibrations. These temperatures are in good[22] D.L. Bish, A. Livingstone, Mineral. Mag. 44 (1981) 339.

agreement with the results of the thermal analysis.
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