
Clays and Clay Minerals, Vol. 37, No, 5, 396-402, 1989. 

PREPARATION AND CHARACTERIZATION OF 
AI-RICH Zn-AI HYDROTALCITE-LIKE COMPOUNDS 

F, THEVENOT, R. SZYMANSKI, AND P. CHAUMETTE 

Institut Fran~ais du Petrole, 1 & 4 Avenue de Bois Preau, B.P. 311 
92506 Rueil-Malmaison Cedex, France 

Abstract-Hydrotalcite-like compounds, described by the formula [Zn t - xAlAOHh)[(C03)xl2 'nHzOj, were 
prepared by coprecipitation methods at 80·C and characterized by bulk chemical analysis, X-ray powder 
diffraction (XRD), nuclear magnetic resonance (NMR), and scanning-transmission electron microscopy 
(STEM), An x value of 0,33 was previously assumed to be an upper limit, but recently, AI-rich hydrotalcite
like compounds have been prepared with x as large as 0.44 by hydrothermal synthesis, In the Zn-Al 
system, AI-rich hydrotalcite was synthesized at normal pressure by coprecipitation. Zn-AI hydrotalcite
like compounds were obtained in the range of x = 0.3 to 0.4, An AI-rich hydrotalcite-like compound 
with x = 0.44 was formed in mixtures containing large amounts of a poorly crystalline Zn-AI phase, A 
continuous contraction of the hydrotalcite-like structure occurred as x increased, both the a and c lattice 
parameters decreasing for x values as large as 0.44, This study illustrates the advantages of using quan
titative analytical electron microscopy with high spatial resolution to complement conventional (and 
bulk) characterization techniques for correlating structural and compositional characteristics of finely 
divided materials. 
Key Words - Hydrotalcite, Nuclear magnetic resonance, Scanning-transmission electron microscopy, Syn
thesis, X-ray powder diffraction, Zinc. 

Resume-Des composes de type hydrotalcite, de formule generale [Zn H AIAOH)z)[(C03)xl2,nHzOj, ont 
ete prepares par coprecipitation, it 80·C, et caracterises par diflerentes techniques telles que: analyse 
chimique globale, diffraction des rayons-X (DRX), resonance magnetique nucleaire (RMN), et microscopie 
eIectronique it transmission (STEM). ]usqu'it present, la valeur de 0.33 etait la limite superieure admise 
pour x, mais recemment des phases de type hydrotalcite riches en Al ont ete preparees, pour x = 0.44, 
par synthese hydrothermale. Pour Ie systeme Zn-Al, nos resultats montrent que des composes de type 
hydrotalcite riches en AI peuvent etre synthetises it pression normale par coprecipitation. Des phases de 
type hydrotalcite it base de Zn et AI, ont ere obtenues pour des valeurs de x comprises entre 0.3 et 0.4. 
Vne phase hydrotalcite riche en Al avec x = 0.44 a ete observee en melange avec une grande quantite 
d'une phase it base de Zn et AI tres mal cristallisee. Vne contraction continue de la structure hydrotalcite 
est observee lorsque x augmente, les parametres de maillea etcdiminuentlorsquexaugmentejusqu'it 
0.44, Cette etude illustre les avantages de la microscopie eIectronique analytique it haute resolution spatiale, 
utilisee en complement des techniques de caracterisation conventionnelles, pour correIer les caracteris
tiques structurales et chimiques de materiaux finement divises. 

INTRODUCTION 

Hydrotalcite-like compounds (HT) can be described 
by the general formula [MT:+':xM~+(OHh]x+[X~;;. . nHzO] 
where MZ+ = Mgz+, Zn2+, Ni2+ ... , MH = AP+, Fe3+ ... , 
Xm- = OH-, Cl-, NO), C05- ... , and 0.25 :5: x :5: 

0.33 (Miyata, 1975; Gastuche et aI., 1967; Allmann, 
1970). Serna et al. (1982) showed that the above for
mula should be extended to include some monovalent 
cations in the octahedral positions. These materials 
crystallize in either the R3m space group (rhombo
hedral phase) or the P61mmc space group (hexagonal 
phase). The a and c cell parameters of both phases 
depend, respectively, on the cations and anions present 
in the structure; the relationships between the cell pa
rameters are a hex = arh and Chex = (2/3)crh (Allmann, 
1968, 1970; Taylor, 1969, 1973). Generally, these HT 
structures are described as an alternation of positively 
charged brucite-like layers [ML+-xM~+(OHh]x+ and neg
atively charged interlayers. In the rhombohedral phase 
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three double-layers are present per unit cell: BC-CA
AB-BC and c = 3c'. In the hexagonal phase, two dou
ble-layers only are present per unit cell: BC-CB-BC and 
c = 2e' (AHmann, 1970; Ingram and Taylor, 1967). 

Synthetic HTs have found many industrial appli
cations related to their anion-exchange properties 
(Reichle et al., 1986; Sissoko et aI., 1985). Cu-, Co-, 
Zn-, and AI-based hydrotalcite-like hydroxycarbonates 
obtained by coprecipitation methods have been used 
by Institut Franvais du Petrole (IFP) as precursors of 
mixed oxide catalysts for alcohol synthesis from syngas 
(Sugier and Freund, 1978, 1981). 

Although a considerable amount of literature has 
been devoted to the properties of synthetic HTs con
taining divalent and trivalent cations, the relation be
tween their structural and compositional characteris
tics is not clear. In minerals, the value of x in the HT 
formula ranges between 0.22 and 0.33, The value of 
0.33 has been assumed to be the upper limit of x, even 
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in synthetic HTs, on the basis of crystal chemical con
siderations (Brindley and Kikkawa, 1979), because Al 
hydroxide formed in most syntheses from starting ma
terials in which x ~ 0.33. Many patents claim the use 
of synthetic HTs having higher x values (e.g., Miyata 
et al., 1975), but few details have been published. More 
recently Pausch et al. (1986) reported the hydrothermal 
synthesis of AI-rich HTs having x = 0.44 for the Mg
Al system. Here, however, the a lattice parameter of 
the HTs remained contant above x = 0.33, and the 
synthesis of AI-rich HTs was demonstrated on the basis 
of the bulk chemical analysis of their materials before 
and after washing in NaOH (to exclude the possibility 
of noncrystalline Al hydroxide phases). Thus, AI-rich 
HTs have apparently not been unambiguously iden
tified. 

Published syntheses illustrate a more general prob
lem encountered in the study of finely divided synthetic 
powders or microprecipitates. To correlate precisely 
structural and compositional characteristics, very ho
mogeneous phases must be obtained, especially if bulk 
methods of characterization are used, such as X-ray 
powder diffraction (XRD) and atomic absorption (AA). 
Unfortunately, minor impurity phases cannot always 
be avoided, and it may be impossible to wash out or 
even detect those that have formed. In many investi
gations of finely divided synthetic materials, the risk 
of not detecting or of neglecting secondary phases 
thought to be present in small amounts in the system 
must be accepted, or the study must be limited to only 
those phases that can be separated. 

The use of quantitative analytical electron micros
copy with high spatial resolution offers an opportunity 
to overcome such problems. At our laboratory a meth
odology has been developed that is based on the anal
ysis by scanning-transmission electron microscopy 
(STEM) of thin foils of the solids obtained by ultra
microtomy, in conjunction with the other conventional 
techniques of characterization. This approach has been 
applied successfully to different types of finely divided 
materials in the field of heterogeneous catalysis (Lynch 
et al., 1987; Szymanski et aI., 1987; Toulhoat et al., 
1987). In the present paper, the advantage of this ap
proach is illustrated for investigating the synthesis of 
AI-rich HTs by coprecipitation methods in the Zn-Al 
system. In particular, the coprecipitation ofZn-AI HTs 
with x ~ 0.33 is demonstrated, and the a lattice pa
rameter of the HTs is shown to decrease continuously 
up to x = 0.44 in this system. 

EXPERIMENTAL 

Materials synthesis 

The basic hydrotalcite-like materials, [Znl-xA1X<OH)~
[(C0 3)X/2' nH20], were obtained by coprecipitation of 
a solution of 0.5 M Zn and Al nitrates in the suitable 
ratio (Znl Al being varied between 3 and 0.5) with an 

aqueous solution of NaOH and Na2C03 • The concen
tration of NaOH was 0.2 M, and a proper amount of 
sodium carbonate was added to keep the ratio CO~-I 
(Zn + AI) ~ 1/8. Temperature and pH were main
tained at 80°C and 9, respectively. After coprecipita
tion, NaOH/Na2C03 was added to increase the pH of 
the stirred mixed suspension to 10. The precipitate was 
then aged for an additional 15 min in the mother-liquor 
at pH 10 at 80°C. The precipitate was then filtered and 
washed thoroughly with distilled water at room tem
perature to remove the sodium ions, and finally dried 
for 16 hr at 40°C and for 3 hr at 90°C. 

Physical characterization 

Chemical analysis. The amounts of AI, Zn, and Na of 
each sample were determined by atomic absorption 
(AA) with a Perkin Elmer 5000 spectrometer. H, C, 
N, and 0 were determined by organic elemental anal
ysis. 

X-ray powder diffraction. The XRD powder pattern of 
each sample was obtained using a Philips PW1050 
goniometer with CoKa radiation (l\ = 1.79 A). The 
lattice parameters of each hydrotalcite-like structure 
were determined using a least-squares cell-parameters 
refinement program (LSQ). This refinement was made 
from an XRD powder pattern collected with a quartz 
internal standard. 

Nuclear magnetic resonance. 27 Al nuclear magnetic res
onance (NMR) spectra were obtained with a Bruker 
CXP200 spectrometer using magic-angle spinning 
(MAS). AI(H20n+ was used as reference. 

Electron microscopy. Samples were examined by scan
ning-transmission electron microscopy (STEM) using 
a dedicated VG HB5 instrument equipped with a 
Tracor TN5500/8500 energy-dispersive X-ray spec
trometer (EDX) and image processor, a Gatan 607 
electron-energy-loss spectrometer (EELS), and a high
sensitivity video camera for dynamic recording ofelec
tron microdiffraction patterns (ED). Thin foils of the 
solids, a few hundred of Angstroms in thickness, were 
obtained by ultramicrotomy using a diamond knife on 
grains previously embedded in an epoxy resin. Quan
titative information was obtained from the EDX spec
tra using a method based on the Cliff-Lorimer K-ratio 
approach (Szymanski and Lynch, 1986). 

RESULTS 

Six samples (A to F) were prepared having a bulk 
value of x = Al/(Al + Zn) (determined by AA) ranging 
from 0.26 (A) to 0.65 (F). Bulk chemical analysis of 
samples A to F are listed in Table 1 along with the 
theoretical values calculated from the HT formula, 
Znl-xAlx(OHh(C03)x/2'nH20, where n varies between 
4 and 2 when x ranges from 0.26 to 0.65 (Allmann, 
1970). The calculated atomic weight percentages were 
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Table I. Results of bulk chemical analyses Cwt. %) of samples A. B, C. D. E, and F.' 

Zn Al C 0 H 

Sample x exp. Th. Exp. ± 0.5 Th. Exp. ± 0.5 Th. Exp. ± 0.2 Th. Exp. ± 0.5 Th. Exp. ± 0.2 

A 0.26 45.5 45.1 6.56 6.50 1.46 1.57 43.7 44.2 2.85 2.52 
B 0.29 43.0 42.1 7.36 7.20 1.64 1.68 45.1 46.4 2.95 2.73 
C 0.33 40.4 41.2 8.18 8.35 1.82 1.78 46.5 45.9 3.06 2.71 
D 0.37 37.6 37.6 9.09 9.10 2.02 1.84 48.1 48.7 3.17 2.93 
E 0.43 35.9 36.2 11.2 11.3 2.49 1.71 47.6 48.0 2.76 2.87 
F 0.65 22.0 25.4 16.5 19.2 3.67 1.15 54.7 51.7 3.12 2.53 

Th . = theoretical; Exp. = experimental. 
, Theoretical atomic weight fractions were calculated from the formula Zn, _xAIxCOH),CC03)xl2 ·nH20 . 

close to the experimental values for all samples, except 
samples A, E, and F, for which larger discrepancies 
were observed. The low Na and N values for all pre
cipitates, respectively <50 ppm and < 0.05%, should 
be noted. 

The XRD patterns of samples A to F showed sharp 
and symmetrical peaks characteristic of well-crystal
lized HTs and were indexed in rhombohedral sym
metry, as illustrated in Figure 1 for sample C. Table 2 
reports the relative intensities of the reflections, the 
observed and calculated d-values, and the a and c lat
tice parameters obtained from the LSQ refinement pro
gram for each sample. Small amounts of ZnO in sam
ples A and B, and bayerite in sample E were detected. 
In sample F, the most AI-rich precipitate, broad XRD 
reflections were noted at about 4.7, 2.89, and 2.44 A. 
These were attributed to the presence of an unidenti-

32 

311 

21 

21 

10 

8 

: '- J l.A. A A itA 
2 7 U U ~ ~ 32 ~ Q C ~ ~ E ~ nnE 

°29 (CoKcc radiation) 
Figure I. X-ray powder diffraction pattern of sample C Chy
drotalcite-Iike phase). 

fied, poorly crystalline phase coprecipitated with the 
HT. 

27 Al NMR spectra of samples A to E showed a single 
resonance at + 13 ppm (relative to AI(H20n+ refer
ence) (Figure 2), corresponding to octahedral AI, char
acteristic of the HT structure (Reichle et al., 1986; 
Schutz and Biloen, 1987). For sample F. the octahedral 
resonance was observed at + 6 ppm. A weak resonance 
at about + 50 ppm was also detected, corresponding 
to tetrahedral AI. These two resonances were attributed 
to the poorly crystalline phase detected by XRD. 

These results demonstrate that Zn-Al HT was pres
ent in each sample and that a structural evolution oc
curred, inasmuch as both the a and c lattice parameters 
of the HT structure decreased from sample A to sample 
F. The correlation of a and c with the x value in the 
HT formula was, however, apparently limited to sam
ples C and D, inasmuch as impurity phases were de
tected in samples A, B, E, and F. For samples Band 
E, their contribution may be neglected, because only 
weak peaks of ZnO and bayerite, respectively, were 
detected by XRD, and NMR and chemical analysis 
revealed no significant amounts of other noncrystalline 
phases (to the limit of experimental error). For samples 
A and F, in which all results confirmed the presence 
ofZnO and a large amount ofa poorly crystalline, AI
containing phase, a microscopic approach was neces
sary to determine the x values of the respective HTs. 

Observation by STEM showed in all samples the 
presence of well-crystallized hexagonal platelets, about 
0.5 to 1 #m in size, yielding characteristic spotty ED 
patterns (Figure 3). This morphology is characteristic 
of the synthesized HT and was the only morphology 
observed in samples C, D, and E. The presence ofZnO 
was confirmed in sample A (Figure 4) and in sample 
B in lesser amounts. In sample F, large amounts of an 
additional phase were observed, formed by agglom
erates of very small particles, showing diffuse-ring ED 
patterns, which corresponded to the poorly crystalline 
phase detected by XRD (Figure 5). 

The use of EDX in the STEM allowed the compo
sitional homogeneity in the individual HT platelets to 
be checked on a statistical population in each sample. 
The average x values obtained on the HT by EDX are 
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Table 3. Scanning-transmission electron microscopy (STEM) 
and energy-dispersive X-ray (EDX) analysis of hydrotalcite
like phases (HT).' 

x = AU(Zn + AI) 

Sam· Bulk HT platelets 
pie (AA) (EDX/STEM) Additional phase (WI. %) 

A 0.26 0.29 ± 0.02 ZnO (""9%) 
B 0.29 0.30 ± 0.02 ZnO (""1%) 
C 0 .33 0.33 ± 0.02 
D 0.37 0.37 ± 0.02 
E 0.43 039 ± 0.02 bayerite (""5%) 
F 0.65 0.44 ± 0.02 poorly crystalline phase 

(""65%) (x = 0.73) 

, Nature and proportion of additional phases as determined 
by X-ray powder diffraction (XRD). 

substantiated the overall homogeneity ofthese samples 
demonstrated by the other analytical techniques (ZnO 
was practically negligible in sample B). The data also 
confirmed the validity of the quantitative approach 
used in EDX, despite some problems of stability of the 
HT under the intense electron beam of the STEM. 
Beam damage, coupled with the intrinsic limitations 
of quantitative process, affected the precision on x (cf. 
Table 3). For samples A, E, and F, the amounts of 
additional phases were appreciable, and the x values 
determined for the HTs were significantly different from 
the bulk compositions. The x value of the HT in sample 

HT ZnO 

Energy 

Figure 4. Scanning-transmission electon microscopy char
acterization of sample A (ZnO + hydrotalcite-like compound 
(HT», showing energy-dispersive X-ray spectra for HT and 
ZnO. 

ZnK., 

Energy Energy 

Figure 5. Scanning-transmission electron microscopy char
acterization of sample F (poorly crystalline phase + hydro
talcite-like compound (HT». 

A was close to that of sample B, which is consistent 
with the close structural characteristics of the HT in 
both samples. Note that for sample E, a value of x = 

0.39 was found for the HT vs. 0.43 for the precipitate. 
This difference emphasizes the risk of significant errors 
if the contribution of Al hydroxide was neglected, as 
first proposed, on the basis of the bulk methods results. 
Finally, the data obtained for sample F fully illustrates 
the advantage of the microscopic analysis because, for 
this sample, it was the only method able to evaluate x 
in the HT. The value of 0.44 for the HT, vs. 0.65 for 
the overall precipitate, was the upper limit of x ob
served for the HT prepared in our precipitation con
ditions. 

DISCUSSION AND CONCLUSIONS 

Homogeneous AI-rich HT phases were synthesized 
in the range of x = 0.3 to 0.39 (samples B, C, D, and 
E). An HT phase with x = 0.44 was obtained, but only 
in a mixture with an unidentified poorly crystalline 
phase (sample F). These results confirm, for the Zn-AI 
system, the possibility of synthesizing AI-rich HT phases 
with x > 0.33 at normal pressure by coprecipitation 
methods. The upper value of x = 0.44 corresponds to 
that observed for Mg-AI-HT (Pausch el at., 1986), 
probably a coincidence. Investigations are in progress 
to prepare HTs with still higher x values, perhaps in 
mixture with other phases. 
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3.070 

o 

.'5.010 

~ ~~----~----~~~~~~~~~ 
0.21 0.33 0.38 0.43 

x=AI/{AI+Zn) 
Figure 6. Variation of a lattice parameter as a function of x 
= Al/(AJ + Zn) in the hydrotalcite-like structure (Hn. 

As shown in Figures 6 and 7, the a and c lattice 
parameters decreased continuously as a function of the 
x value of the HTs from samples A to F. As x increased 
from 0.3 to 0.44, a decreased from 3.08 to 3.05 A and 
c, from 22.85 to 22.54 A. Such variation is consistent 
with a compression of the HT structure, as described 
in other studies. The c parameter has been shown to 
depend on the thickness of the octahedral sheet, the 
thickness of the anion sheet, and the strength of the 
electrostatic attraction between the different sheets, 
whereas the a parameter has been shown to depend 
mainly on the size of the octahedral cation (cf. ionic 
radii) (Brindley and Kikkawa, 1979; Brown, 1980). 
Accordingly, a larger x value, i.e., a more substitution 
ofZn by AI, which increases the electrostatic attractive 
force between the brucite-like sheets and the anion 
interlayers, leads to a decrease in the c parameter. The 
resulting lowering of the mean weighted radius of the 
octahedral cations upon substitution leads to a decrease 
in the a parameter. 

As proposed in previous studies (Brindley and Kik
kawa, 1979), the variation of the a lattice parameter 
can be correlated with x by considering in a first ap
proximation that in an ideal octahedral layer, a = V2' 
(M-O), where M-O is the metal ion-oxygen distance. 
The mean metal-ion radius for the present samples is 
i' = (1 - x)r(Zn) + xr(Al) = r(Zo) - x(r(Zn) - r(AI», 
and the slope ofthe curve a = f(x) is aal ax = - V2[r(Zn) 
- r(AI»). In the linear part of the experimental curve 
(Figure 6), i.e., in the region of x"" 0.3-0.35, the slope 
is about -0.23, which is in agreement with the value 
of-0.29 calculated from the above formula (using the 
ionic radii , r(Zn) = 0.74 A and r(AI) = 0.53 A). For 
larger x values, i.e., for greater Zn2+ substitution by 
AP+, electrostatic repulsion within the octahedral layer 

~~ r-----------------------------, 

x 
~ L-~~ __ ~ ______ ~~ __ ~~~~~ 

0.28 0.33 0.38 0.43 

x=AI/{AI+Zn) 
Figure 7 . Variation of c lattice parameter as a function of x 
= Al/(AI + Zn) in the hydrotalcite-like structure (Hn. 

increases because ofthe greater amount of AP+. These 
electrostatic repulsion effects are likely to affect this 
simple linear relationship between a and x, and an 
attenuation of the decrease of a could occur for x ~ 
0.44, as observed for the c parameter for x ~ 0.35 
(Figure 7). Such an attenuation seems to have been 
observed for Mg-AI HT, for which the a value was 
found to remain constant at 3.04 A for x ~ 0.33 (Pausch 
et al. , 1986). The continuous decrease of a, observed 
up to x = 0.44 in Zn-AI HT, does not contradict these 
results, because, for the present study, the value of a 
= 3.07 A at x = 0.33, instead of 3.04 A for Mg-AI HT, 
due to the larger ionic radius ofZn compared with Mg, 
and decreases to 3.05 A at x = 0.44. New syntheses 
should permit verification of the occurrence of such 
attenuation effects on a. 

Finally, this investigation clearly illustrates the ad
vantages of using quantitative analytical electron mi
croscopy with high spatial resolution in conjunction 
with other analytical techniques to characterize finely 
divided materials. Such an approach could be extended 
to most studies of micro precipitates to provide a better 
understanding of their chemistry and structure. 
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