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Synthetic hydrotalcite-like samples with composition [I\/IffXAlff(OH)z](COg)X/z -nH,0, where
M=Mg, Ni, x=0.25 and 0.33, n=2x and 1.5x, are studied by XRD, DTA, TG and IR
spectroscopy after heating in the temperature interval 120-260 °C and rehydration in air
and water. Structural models of the two metaphases obtained are proposed.
Metahydrotalcite-D (HT-D) is formed at 140-180 °C by the reversible dehydration of the
interlayer. Metahydrotacite-B (HT-B) is formed at temperatures 240-260°C as a result of the
dehydroxilation of a part of OH groups of the brucite-like layer and inclusion of two
oxygenes from the CO3-group in the same layer. The HT-B has a specific crystal structure.
Rehydration does not restore the initial structural state but leads to the formation of a
phase (HT-B-r) characterized with increased thickness of the interlayer, high content of
water and a low temperature of dehydration. The properties of HT-B depend on the ratio
M?2*: Al of the initial sample. The substitution Mg <> Ni does not influence the properties of
the metaphases in the low temperature region. © 1999 Kluwer Academic Publishers

1. Introduction tion, and decarbonization) proceed in the temperature
The mineral hydrotalcite (HT) is a layered Mg-Al con- intervals: 20-300, 300-700, and above 7001In the
taining hydroxycarbonate hydrate with Mg-to-Al ratio firsttemperature interval one suggests that there is are-
between 3 : 1 and 2 : 1 [1-4]. There is a great num~ersible loss of interlayer molecular water [6, 14, 15],
ber of papers in the literature concerned with synthetidbout some data on TG-analysis [21] and MAS NMR
analogous with general formula ﬁi_VIXMiJF(OH)Z]XJr [17, 18] has also indicated partial dehydroxylation of
A™- .nH,0O, where cations Kt = Mg, Ni, Fe, Zn, etc.  the brucite-like layer. In the second temperature inter-

X/m . ..
and MB+ = Al, Cr, Fe, Mn occupy octahedron positions val, 300—-700C, dehydroxylation of the remaining OH
in brucite-like layers, while A~ — COZ:; S(f( OH- groups and interlayer decarbonization proceeds. There

have been different opinions about the duration and

CI~, NOj etc. is the only interlayered anion [5-10]. hani f Vi ; d
The value ofx for the Mg-Al system varies between Mechanism of evolving of 40 and CQ [6, 19, 20].
During the heating in the third temperature interval,

0.20and 0.33. The structure of HT-like compounds con b he final d o ducts2vD
sists of consequent positively charged brucite-like Iay—angvl\%z(lz%g’Ot4,ea:26;0rr?]%%rhpos't'on products;

ers and compensating negative anion-water interlayer3 | ite of th . o h
[11, 12]. These materials are interesting due to their var- " SPIt€ Of the numerous investigations on the pro-

ious applications. HT-like compounds have been use§€SSes of thermal decomposition of hydrotalcite-like
as antiacide, antipeptin, catalyst support, flame retar@(.)mIOOundS by various modern methods, many nex-
dant, absorbing agent, anion exchangers, acid residd@'cable an_d contrat;ilc_tory problems remain. In this
scavengers, stabilizers for polymers etc. [13]. Many ofVOrk, we aim at clarifying the composition, structure
their properties are closely related with the thermal acti2Nd Properties of thermally decomposed metaphases in
vation and the high temperature products formed. Som€ temperature interval 20-300, which would make

dehydrated and pillared forms of these compounds havgossible to un(_jerstand the Processes of decomposition
properties of molecular sieves. and regeneration of hydrotalcite-like compounds.

Due to practical interest to partly or totally calcined
products there are lots of papers concerned mainly with
processes of thermal decomposition [6, 14-20]. The2- Experimental
majority of authors consider that the main processedWo Mg-Al-COz sampleswithx =0.25(1HT)and 0.33
of thermal decomposition (dehydration, dehydroxyla-(2HT) were prepared by dropwise-mixing of acid of
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Mg(NOs); - 6H,0 and AI(NGs)3 - 9H,O with alkaliso-  3.7.1. Metahydrotalcite-D (1HT-D)

lution of NaOH and NgCO;. The temperature and the X-ray diffraction pattern and IR spectrum of this phase
pH of the reaction mixtures were 5@ and 10-10.5, do not change considerably except for the molecular
respectively. The resulting gels were aged in polypropywater absorption band at 1630 chwhich disappears.
lene bottles for 48 h at 9. The precipitates obtained  Lattice parameters remain the same, i.e., the inter-
were filtered, washed until washing water reaches a payer thickness does not change. The resulting product
of 8-8.5 and then dried at room temperature. Using th&trongly adsorbs water molecules from the air and thus
same procedure samples were obtained in which Mgapidly regenerates its content of water (Fig. 4). The
was replaced for Ni either in half (MN-1HT; MN-2HT) DTA curves and IR spectra of the rehydrated products
or entirely (N-1HT; N-2HT). The samples obtained in are the same as those of the starting material (Figs 1b
that manner were annealed at various temperatures snd 3b).

the range 120-26(. After heating, the samples were  The results presented indicate that 1HT-D has a
kept either in air, at room temperature and humidity,pillared structure in which carbonate groups, without
or in water at 20C and 90 C for different time peri- changing position and symmetry, play a role of pillars
ods, thus providing the opportunity to investigate the(Fig. 5b). The metaphase has an adsorption volume of
processes of rehydration and rehydroxylation. 0.27 cn¥ per 1 cni hydrotalcite accessible for water

Identification of the starting compounds and characmolecules and, possibly, for other small-size molecules.
terization of the annealed samples was performed by The phase 1HT-D is formed by heating above 100
DTA and TG analysis, X-ray powder diffraction and IR and preserves up to 160-18D, when changes in its
spectroscopy. In a desiccator above a saturated solutiafiffraction pattern and IR spectrum occur, indicating
of NaBr we have studied the sorption of water vaporsthe appearance of a new structure, named metahydrotal-
in some samples under controlled relative air humidity.cite-B (LHT-B), which is the only phase in the temper-

The differential thermal analyses and the thermo-ature range 240-26C.
gravimetric investigations were carried out on Stan-
ton Redcroft STA 780 apparatus at the following con-
ditions: temperature heating rate°d@in, static air;
16.0-16.5 mg, samples weight and@} as a refer-
ence material.

The powder X-ray diffraction (XRD) patterns were
recorded on a TUR M62 diffractometer using GoK
radiation.

The IR spectroscopy was performed on a UR-20
Karl Zeis using KBr pellet technique.

3.1.2. Metahydrotalcite-B (1HT-B)
The powder X-ray diffraction pattern of this phase dif-
fers substantially from that of the initial sample in
that only the lines 003 and 110 remain both with de-
creased intensity (Fig. Sc);The interlayer spadpng
decreases from 7.84 to 6.80and a week shallow line
appears at about 24

Similarly to the metaphase D, the phase 1HT-B
adsorbs water vapors from the air even at low air

3. Results and discussion humidity (Fig. 4), whendggsz increases up to 8.08.
3.1. Mg-AI-CO3 hydrotalcite with x =0.25 In air with relative bumidity of 70-80%gy03 changes
(THT) from 6.60 to 8.06A in 10-15 min (Fig. 6). At the

Figs 1-3 show DTA curves, powder XRD patterns andsame time, all other lines in the diffraction pattern are
IR absorption spectra of the initial samples and therecovered, but with lower intensities and some weak
products obtained by annealing and rehydration in aichanges in the intensity ratios.
and in water. Our results for the initial samples are in The close similarity between the X-ray diffrac-
accordance with published data for materials of similattion patterns of the starting phase and the rehydrated
composition [19, 22]. DTA curve of the initial sample metaphase B (1HT-B-r) was used in a number of papers
(Fig. 1a) reveals four endothermic effects: the first, a flato suppose regeneration of hydrotalcite. The compari-
one, passes at 160-180 into a second, sharp effect son of DTA curves and IR spectra of the 1HT-B-r and
centered at 237C. The third energy absorption processthe initial samples (Figs 1a—d and 3a—d) indicate that,
at about 370C reveals as a shoulder of the fourth sharpin contrast to the high temperature phase (300=%)0
peak at 416C. A marked plateau separates the DTA[5, 13], the phase-B has not regenerated into hydrotal-
curve into high- and low-temperature parts between theite and differs in its specific crystal-chemical behavior
second and the third peaks. and composition. This phase preserves these peculiar-
All contemporary studies have indicated that in theities during a long stay at room temperature both in air
low temperature region subsequently detached are adnd even in water as well as after repeated heating and
sorbed water, interlayer water and water moleculesehydration.
formed in the recombination of hydroxyl groups from  The sharp peak at 23T, which correspondsto dehy-
the brucite-like layer. The last ones, according to datalroxylation of part of the OH groups in the brucite-like
of TG analysis [21, 23], are formed during the secondayer, disappears in the rehydrated 1HT-B-r DTA curve
sharp endothermic effect in which a quarter of the hy{Fig. 1c—e). Instead of it, a relatively deep, symmetric
droxyl groups in the layer are destroyed forming twoendothermic peak, centered at about 409nd a cor-
water molecules per one formula unit. responding step in the TG curve appear (Fig. 7), which
In the detachment of adsorbed and interlayercorresponds to a weight loss of 14.4%, approximately
water a state is formed referred to later on asequal to that in the initial sample at 280 (which is
metahydrotalcite-D. 15.6%).
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Figure 1 DTA curves of: (a) 1HT—initial sample; (b) heated for 2 h at 280 then kept in air; (c4 h at 260°C, 48 h in air; (J 4 h at 260°C, 48 h
in water at 20C; (e) 4 h at 260C, 7 h in water at 90C.

The IR spectrum of 1 HT-B differs markedly from 1. The formation of HT-B is connected with the col-
that of the initial samples mainly in the absorption lapse ofdyos from 7.84 to 6.60A7, which is evidently
bands of the carbonate anion. The bagdt 1383 cn?! due to° reduction of the interlayer thickness from 3.1
splits into two well-formed and separated bands. Thigo 1.9A. This distance is smaller than the diameter of
splitting has been discussed by some authors [19, 2Qn oxygen anion and, consequently, it is impossible to
and has been explained by the appearance of bidepiace the carbonate group therein.
tate bonds and a corresponding change in the carbon- 2. TG analysis data indicates that the sharp endother-
ate group symmetry from 4 to Gy, [18]. This bid-  mic peak at 273C corresponds to dehydroxylation
entate C@‘ anion is the most characteristic feature of of two hydroxyl groups per Al atom in the reaction
the metaphase and this is the reason to use the symOH- — H,O+ O% . In this process, at room temper-
bol B for its labeling. In addition, an absorption band atature, OH groups are not recovered in the brucite-like
1045 cnt! appears, which corresponds to the vibrationlayer neither in air nor in water. Even after many-hour
v1 (IR inactive in Dy, Symmetry group). boiling one can find only initial indications for layer

To construct an adequate structural model of the conrehydroxylation (Figs le, 2f, and 3e).
sidered metaphase 1HT-B one should take into account 3. NMR data fof’Al and?°Mg [16, 18] as well as IR
the following arguments: spectra show that independently of the loss of hydroxyl
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Figure 2 X-ray diffraction patterns of: (a) 1HT—initial sample; (b)
heated for 2 h at 180C, then kept in air; (c) 4 h at 26, recorded
immediately hereafter; (d) 4 h at 26Q, 48 h in air; (e) 4 h at 26TC,
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48 h in water at 20C; (f) 4 h at 260°C, 7 h in water at 90C.

groups both aluminum and magnesium preserves its
octahedral surrounding.

4. The structure preserves its layered character and
rehydrates in air and in water adsorbing in its interlayer
50% more water molecules than 1HT-D.

5. The changes in IR spectra demonstrate a sharp
change in the surrounding of the @Ogroups, which
results from a possible changing of its crystal-chemical
role in the structure.

Such a change is confirmed by the close correspon-
dence observed between that parts of the IR spectra
of 1HT-B and the mineral dawsonite, NaAl(O400s,
which are generated by carbonate group vibrations [24]:

vz (cm1) v1 (cm™t)
HT-B 1553,1534 1382, 1360 1045
Dawsonite 1550 1390 1090

This correspondence can result from an analogous
interaction of the carbonate group with octahedral
cations.

In the structure of dawsonite At and Na are in oc-
tahedral positions surrounded by OH groups and oxy-
genatoms from Cggroups. Each Alatom has as neigh-
bors 40H groups and 20 atoms, two of the oxygen
atoms in the C@group are coordinated by one Al and
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Figure 3 IR-spectra of 1HT—initial, heated and rehydrated forms (labels as in Fig. 1).
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two Na atoms, while the third oxygen forms only hy- gen of the interlayer C©group. The second oxygen
drogen bonds with OH groups. of the CQ group is incorporated in the same way

1HT-B forms a configuration similar to dawsonite if into the nearest Al-octahedron, while the third one
during the endothermic effect at 232 two hydroxyl  remains in the interlayer, forming possible hydrogen
groups in each Al octahedron recombine forming onebonds with the other brucite-like layer. The flat €O
removed water molecule and oné Oanion, which

remains in one of the octahedron apexes and com- 7.84 A

pensates the excess charge of aluminum. The place

of the removed OH group is occupied by one oxy- 6.60 A
a

% H,0

| e

[ |
1 1 1
200 400 - 600 50 ©CoKa 90
, m
Figure 6 003 X-ray peak of: (a) LHT—initial sample; (b) 4 h at 28D,
Figure 4 Water vapor adsorption in 1HT from air with relative humidity recorded immediately hereafter; (c) kept for 6 min in air (RH 70-80%);

23%: @) heated for 2 h at 180C; (O) heated fo4 h at 260°C. (d) 10 min; (e) 16 min; (f) 20 min.
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Figure 5 Structural schemes of: (a) HT; (b) HT-D; (c) HT-B; (d) HT-B-r.
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Figure 7 TG curves of 1HT (solid line) and 1HT-B-r (dashed line).
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(Fig. 5). The AI(OH} octahedrons are transformed into d
Al(OH),O~ 0% octahedrons. Mg octahedrons placed T e
between two Al octahedrons are with composition 786 A
Mg(OH),02~, Mg(OH):0; or Mg(OH),0* O~ and W
some of the other Mg octahedrons remain unchange e
Mg(OH)e.
The structure has the behavior of a layered structure 763 A
but the role of CQgroups changes, namely from inter- W
layer’s, only they become parts of both the interlayer
and the brucite-like layer. . 30 © CoKa 200
During rehydration, the brucite-like layers widen up
to the thickness of a monomolecular layer of waterFigure 8 X-ray diffraction patterns of 2HT—initial, heated and rehy-
molecules. As in the interlayer each €@roup con-  dratedforms (labels as in Fig. 2).
tributes only with one oxygen, there should be two more
water molecules per formula unitinvolved and, thus, thericher in peaks IR spectrum for 2HT including the sharp
adsorption capacity should increase by 50%. and non-split band at 1367 crh Obviously, these pe-

In fact, the observed adsorption volume of the phaseuliarities are due to that, like in all hydrotalcite com-
1HT-B is 0.38 cm per 1 cn? hydrotalcite, i.e. 41% pounds, Al-OH-Al bonds cannot lay in the brucite-like

group is oriented across to the brucite-like layers ﬁ6.73A

greater than that of 1HT-D. layer [25]. Forx =0.33 (Mg : Al=2: 1) thisis realized
The proposed model explains also the other peculiarenly for fully ordered cations in octahedral positions.
ities of the metaphase-B: The difference in the cation radii and in the layer charge

o preservation of the octahedral coordination of2'® responsible respectively for the differing values of

cations in spite of removal of 1/4 of the hydroxyl th€ parameteraandc. _ o
groups: The behavior of 2HT-D is very similar to that of

« change of the carbonate group symmetry and relHT-D. Quite similar are also the B-metaphases; how-
sulting spectroscopic effects: ever, some characteristic features exist, namely:

e reduction of the interlayer to a value less than the

oxygen atom diameter (Fig. 5¢). and c), while in 1HT this reduction is from 7.84 to

e preliminary data of unidimensional synthesis of6 60 A. In the former compound the reflection 006
loo1 explain the disappearance of 006 and the ' '

: ) corresponding td = 3.36 A, remains visible.
lnig:ar?;d(r)gtiléir;eé'ray powder patterns of the 2. The phase 2HT-B cannot be rehydrated in air

(Figs 8d and 10c) for several mounts due, most proba-
bly, to the greater number of hydrogen bonds between
the layers. However, for samples rehydrated in water,

1. In2HT-Bdpgsreduces from 7.60 to 6.733(Fig. 8a

sample e ovs the diffraction patterns restore and the interlayer, as for
001 003 006 009  1HT-B, broadens with 0.22—-0.28 (Figs 8e and 10d).
IHT 100/100 34/a4 3/3.5  Under condition of boiling, the interlayer restores its
e 1007100 0610 010 initial size (Figs 8f and 10e). The broadening is due
probably by unordered filling of the interlayer by water
molecules. However, it seems that under conditions of
3.2. Mg-Al-CO3 hydrotalcite with x=0.33 boiling the interlayer orders, which is confirmed by the
(2HT) reconstruction of the IR spectrum.

Figs 8 and 9 show X-ray diffraction patterns and IR 3. Thelong-wavelength spectral band corresponding
spectra of the sample with high Al content and theto thevs vibration of the bidentate C£pf 2HT-B does
products obtained from it by the procedure describedot split (Fig. 9c and d), whereas the short-wavelength
for 1HT. Comparison of the corresponding figures re-one splits into two bands. The vibratiefin this case
veals differences known from the literature for the ini- appears at 1015-1020 cf while in the sample with
tial samples, namely reduced lattice parameters and law Al-content at 1045 cmt.
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Figure 9 IR-spectra of 2HT—initial, heated and rehydrated forms (labels as in Fig. 1).
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Figure 10 DTA curves of 2HT—initial, heated and rehydrated forms (labels as in Fig. 1).
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3.3. Ni-containing hydrotalcite-like CrQ2"), are characterized by a sharp endothermic effect
compounds in the temperature range 220-2€D[27].

In the investigated temperature interval Ni- and Mg- 2. The samples containing monovalent compensat-

Ni-containing samples reveal the same peculiarities amg anions (HCQ@, Br—, OH") are characterized by a

those characteristic of the Mg-containing samples. Thigharp endothermic effect at temperatures much higher

demonstrates once again that the structural changes fhan 400°C [28].

this temperature interval result mainly from the com-

mon components: aluminum and carbonate groups.
Ni-containing samples are blue-green coloreds With4 Conclusions

different density, which depend on the content of Ni.l' In the temperature interval 20—240. the ther-

Heated up to 260C they change the color to gray- ~° P '

green. Itis known that Ni oxides and hydroxidesarecol-mal decomposition of the compounds studied pro-

ored from blue-greento green, only Ni oxide-hydroxideCeeetgS rllr;;\g/g.stages with consecutive formation of two
is black in color [26]. One can suppose that the color€@P . . . .

change is due to ‘©OH coordination of Ni in the (a) Metahydrotalcite-D resulting from interlayer de-

phase-B. Probably the darker gray color of the phas ydratlon,vyhlchln contactwnh atmosphere, reversibly
N-2HT-B is due to all Ni-octahedrons therein which ransforms into the starting pha_se. .

are of hydroxide-oxide anions, in contrast to the case (b) Metahydrotalcite-B resulting from simultaneous

of N-1HT-B, where a part of them are built simply of d_ehydroxylanon of two OH groups per Al and |.nclu-
hydroxide groups. sion of two oxygen atoms from the @Ogroup in the

brucite-like layer. In this structural transformation, the

. . positive charge of the octahedral layer vanishes, while

3.4. Eo?p?rlls_?n_l\{\ll(lth carbonat(;a-free the CQ group changes its symmetry fromgpinto
ydrotaicite-like compounds Co,. In the new layered structure 5-6 water molecules

There are very sporadic data on the decompositiogan be reversibly rehydrated (in air for LHT-B and only

of such materials, which are concerned mainly .W'thby moistening in water for 2HT-B), and be removed at
DTA studies of samples containing organic anions.; 160

These data can serve as basis for some preliminary

S The correspondence of the two metaphases with
conclusions:

one another, with the starting phase and with the high
1. The samples containing ¥, F€** and bivalent, temperature phases can be presented by the following
oxygen containing compensating anions @CCBO}(, scheme:

Hydrotalcite
[MgsAL(OH);s)" [CO; 4H,01*

160°C +4H,0 20°C
(in air)

Metahydrotalcite-D H,0
[Mg AL (OH)17'CO5™ >90°C

240-

worc | 2H0 1O

: Co;
Metahydrotalcite-B-r 20°C

[MgeAly(OH),,0,C0;)’.6H,0

H,0
110- +6H,0 50°C

120°C (in air)

Metahydrotalcite-B
[MgsAl(OH)1,0,CO5Y

500- ~(6-x)H:0
900°C | -(CO)1,

Metahydrotalcite-P (periclase-like)
MgsALOo ey (OH)2:(COs)y

900- -xH:0
1200°C +CO:
Periclase + Spinel
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2. The change of the aluminum content in hydrotal-13
cite influences the temperature of structural transfor-

mations in the investigated temperature range and thl%;' N

sorption properties of the obtained metaphases.
3. The replacement of Mg for Ni?* does not change

the temperature of thermal effects in the low temperass.

ture region and does not affect the metaphases’ prope
ties.
4. Metahydrotalcite-B (1HT-B) is interesting with its

ture of activation.

20.

References 2L
1. FRONDEL, Amer. Mineral.26 (1941) 295. 22,
2. TAYLOR, Mineral. Mag.39(1973) 377.

3. MANDARINO, Mineral Record®25 (1994) 315. 23.
4. ARAKCHEEVA, D. PUSHTAROVSKII, R.
RASTSVETAEVA, D. ATENSIO and G. LUBMAN,

Krystallographia41(1996) 1024 (Russian).

5. MIYATA , Clays and Clay Mineral23 (1975) 369. 25,

6. Idem, ibid. 28 (1980) 50. 26.

7. REICHLE, S. Y. KANG andD. S. EVERHARD, J. Catal.
101(1985) 352. 27.

8. REICHLE, Solid State lonic2 (1986) 135.

9.1. PAUCH, H.-H. LOHSE, K. SCHURMANN and R.

ALLMANN , Clays and Clay Mineral84 (1986) 507.

P. PORTAandS. MORPURGO, Appl. Clay Scil0(1995) 31.
R. ALLMANN andH. P. JESPENN. Jhb. Miner. Mh12(1969)
544,

. R. ALLMANN , Acta Crystallogr24 (1968) 972.

10.
11.

12

r-
17.

18.
sorption capacity for water vapor and its low tempera-ig.

24.

28.

. F. CAVANI,F. TRIFIROandA. VACCARI, Catal. Todayl1l
(1991) 173.

G. J. ROSSandH. KODAMA , Amer. Mineral 52(1967) 1036.
PESIC, S. SALIPUROVIC, V. MARCOVIC, D.
VUCELIC,W. KAGUNYA andw. JONES J. Mater. Chem2
(1992) 1069.

K. MACKENZIE, R. MEINHOLD, B.
Z. XU, ibid. 3(1993) 1263.

M. HUDSON, S. CARLINO andC. APPERLEY, ibid. 5
(1995) 323.

F. REY andv. FORNES JCS Faraday88(1992) 2233.

T. HIBINO, Y. YAMASHITA, K. KOSUGE and A.
TSUNASHIMA, Clays and Clay Mineralg3(1995) 427.

F. M. LABAJOS,V. RIVESandM. A. ULIBARRI,J. Mater.
Sci.27(1992) 1546.

T. STANIMIROVA andN. PETROVA, Compt. Rend. Acad.
Bulg. Sci.51(1998), in press.

M. J. HERNANDES-MORENO, M. A. ULIBARRI,J. L.
RENDON andJ. SERNA, Phys. Chem. Mineral$2 (1985) 34.
T. STANIMIROVA andN. PETROVA, Compt. Rend. Acad.
Bulg. Sci.51(1998), in press.

A. J. FRUEH,JR. andJ. P. GOLIGHTLY, Can. Mineral.10
(1967) 51.

G. W. BRINDLEY, Mineral. Mag.43(1980) 1047.

SHERRIFF and

(Russian).

S. MIYATA andA. OKADA, Clays and Clay Mineral@5(1977)
14.

L. L. MUSSELMAN andH.
5,480,587 (1996).

L. GREEN, US Patent no.

Received 21 October 1998
and accepted 15 March 1999

4161

Handbook of Chemistry, Vol. 2, Chimia, Moscow (1963) 152



