173

coldysis T&y, I I ( I99 I ) 173-301
Elsevier Science Publishers B.V., Amsterdam

HYDROTALCITE-TYPE ANlONlC CLAYS:
PREPARATION, PROPERTIES AND APPLICATIONS.
F. Cavani, F. Trifirb, A.Vaccari
Dipartimento di Chimica Industriale e dei Materiali
Wale de1 Risorgimento 4,40136 BOLOGNA (Italy).
1. HISTORICAL BACKGROUND
Research into hydrotalcite-like compounds and catalysis followed separate parallel paths up to
the year 1970, when the first patent appeared that referred specifically to a hydrotalcite-like
strttctum as an optimal precursor for the preparation of hydrogenation catalysts (ref. 1).
Hydrotalcite (a mineral that can be easily crushed into a white powder similar to talc, discovered
in Sweden around 1842) is a hydroxycarbonate of magnesium and aluminium and occurs in nature
in foliated and contorted plates and/or fibrous masses.
At the same time that hydrotalcite was discovered, another mixed hydroxycarbonate of
magnesium and iron was found, which was called pyroaurite (because of a likeness to gold when
heated) and which w,as later recognized to be isostructural with hydrotalcite and other minerals
containing different elements, all of which were recognized as having similar features.
The fast exact formula for hydrotalcite,

[Mg&l2(OH)16CO3.4H20],

and of the other

isomorphous minerals was presented by E. Manasse, professor of Mineralogy at the University of
Florence (Italy), who was also the first to recognize that carbonate ions were essential for this type
of structure (ref. 2). The opinion current at that time, which persisted for many years, was that such
minerals were mixed hydroxides.
On the basis of X-ray investigations, Aminoff and Broome (ref. 3) recognized the existence of
two polytypes of hydrotalcite, the first one having rombohedral symmetry and the second having
hexagonal symmetry, which was called manasseite in honour of Manasse.
It was necessary to wait for Frondel’s paper published in 1941 (ref. 4), entitled ” Constitution
and Polymorphism of the Pyroaurite and Sjisgrenite Groups” before the interrelations between the
several minerals and their real constitutions were generally recognized. The confusion and the
uncertainty were due to the lack of adequate crystallographic data, which, in turn, was a result of the
complex and unusual composition of these minerals as well as of the fact that the papers by
Manasse and Aminoff and Broome went unnoticed. In 1942 Feitknecht (mfs. 5,6) synthesized a
large number of compounds with a hydrotalcite-like structure, to which he gave the name
“doppelschichtstrukturen” (double sheet structures), assigning then the following structure:
r
4 M&OH)2
k._.

Al(OH13

The Feitknecht’s idea was that the compounds synthesized compounds were constituted by a
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layer of hydroxide of one cation, intercalated with a layer of the second one. This hypothesis was
definitively refuted by Alhnann (ref. 7) and Taylor (ref. 8) by means of the X-ray analysis of
monocrystals. In fact, they concluded that the two cations are localized in the same layer and only
the carbonate ions and the water am located in an interlayer.
Thus, considerable time passed from the discovery of hydmtalcite to the publication of its
structure, due to its non-stoichiometric nature and to the unavailability of sufficiently large crystals
for X-ray analysis. In fact, the earlier works of Alhnann and Taylor dealt with the minerals
sjbgmnite and pyroaurite (monocrystals of which were available), hydrotalcite being studied only
later.
In this review what we shall call a hydrotalcite-like

compound

corresponds

to the

hydroxycarbonate of the sjirgrenite and pyroaurite groups; these compounds are also referred to as
Feitknecht’s compounds or mixed hydroxides in many papers. In the opinion of the authors of the
present review, the reason why hydrotalcite is used as reference name in many applications of these
compounds

may be related to the fact that extensive physico-chemical characterization has been

carried out on hydrotalcite by many authors, rather than on the other similar structures; the
hydrotalcite is simple and relatively inexpensive to prepare in the laboratory (refs. 9-23).
The parallel work on catalysis began with the work of Zelinski and Kommamwsky, published in
1924 (ref. 24), who recognized that coprecipitated Ni,Al catalysts presented good activity in
hydrogenation reactions and, some years later, with the work of Molstad and Dodge (ref. 25) on the
preparation of Zn,Cr mixed oxides for the synthesis of methanol.
It has been recognized that coprecipitation
techniques

for the preparation of non-noble

is one of the most reliable and reproducible
metal-based catalysts. This technique allows

homogeneous precursors to be used as starting materials, where two or more elements are intimately
mixed together, and synergic effects am favoured.
The papers on Ni,Al based catalysts by Milligan and Richardson (ref. 26). Langebeck (ref. 27),
Dent et al. (ref. 28), Merlin et al. (ref. 29) and Rubinshtein et al. (ref. 30) am worth mention and it
also is useful to mention a patent (ref. 31), which dealt with the same catalysts prepared by
precipitation, in which a strong indication
coprecipitation

was given of the formation of a compound during the

stage, having a composition later recognized as being an optimal one for the

prepartion of hydmtalcite-like compounds. The thermal stability and the activity of the catalyst also
had to be attributed to the nature of the precursor.
The time was ripe for the recognition of the fact that the precipitate was a compound which was
structurally similar to hydrotalcite: in fact, in 1970 the fast patent appeared in which it was claimed
that the hydrotalcite-like compounds obtained by precipitation may be very good precursors for
hydrogenation catalysts (ref. 1).
The first papers in the open literature referring to hydmtalcite-like compounds appeared in
1971, written by Miyata et al., dealing with basic catalysts (ref. ll), in 1975 by B&her

and

Kaempfer (ref. 32), dealing with hydrogenation catalysts (even though it is worth noting that in this
paper reference is made to a manasseite-like compound, the polytype form of hydrotalcite, which
exists only in the natural form) and in 1977 by Miyata (ref. 33).
This review begins at the time when the knowledge of hydrotalcite-like compounds was
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introduced to the people working in catalysis.
2. INTRODUCTION
Anionic clays, natural and synthetic layered mixed hydroxides containing exchangeable anions,
are less well known and diffuse in nature than cationic clays. Hydrotalcite belongs to the large class
of anionic clays, and will be taken as a reference name for many other isomorphous and polytype
compounds.
The anionic clays based on hydmtalcite-like compounds have found many practical applications
(see Fig. 1). The hydrotalcites have been used as such or (mainly) after calcination. The most
interesting properties of the oxides obtained by calcination are the following:
1) High surface area.
2) Basic properties.
3) Formation of homogeneous mixtures of oxides with very small crystal size, stable to thermal
treatments, which by reduction form small and thermally stable metal crystallites.
4) “Memory effect”, which allows the reconstruction. under mild conditions, of the original
hydrotalcite structure when contacting the product of the thermal treatment with water solutions
containing various anions.

Fig. 1. Schematic picture of the possible applications of hydrotalcite-like compounds.

Properties 1, 2 and 3 have found application in the field of heterogeneous catalysis
(hydrogenation, reforming, basic catalysts and as support). Properties 1, 2 and 4 are utilized in
applications such as the scavenging of chlorine ions and the purification of water containing waste
anions (organic and inorganic).
The papers and patents dealing with hydrotalcite-like compounds are not only interesting for
their industrial applications, but are also beautiful examples of the scientific preparation of catalysts.
Ah the stages of the preparation of a catalyst based on a hydrotalcite-like precursor (i.e. choice of
the optimal composition, nature and amount of promoters, precipitation conditions, type of reagents,
aging, washing and, possibly, hydrothermal treatments, drying, calcination and activation) need
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precise chemical foundations in order to avoid inhomogeneities and/or chemical segregations,
which would be detrimental to the properties of the final compounds. The high quality of the work
done by many scientists has made it a great pleasure as well as scientifically

stimulating to work

on this review.
NOMENCLATURE
The following nomenclature will be used in the remainder of this paper:
HT= Hydrotalcite.= MgeAl2(OH)i6Co3.4H20
HTlc= Hydrotalcite-like compound=
M(II)M(IlI)A-HT= [M(II)I-xM(III)x(OH~]x+(An-x/n).mH~O, where: A= anion.
3. STRUCTURAL PROPERTIES
3.1 The structure of hydrotalcite.
The most detailed structural investigations (when monoctystals were available) on HTlcs were
carried out by Allmann (refs. 7,34) and by Ingram and Taylor (ref. 35) on sj@re.nite and pyroaurite
with the approximate composition Mg6F~(OH)t&03.H20,

and later by Allmann (ref. 36) on

hydrotalcite; the papers were reviewed by Allmann (ref. 37) and by Taylor (ref. 14).
To understand the structure of these compounds it is necessary to start from the structure of
brucite, Mg(OH)z, where octahedra of Mg2’ (6-fold coordinated to OH-) share edges to form
infinite sheets. These. sheets are stacked on top of each other and are held together by hydrogen
bonding (see Fig. 2a).
When Mg2+ ions are substituted by a trivalent ion having not too different a radius (such as Fe3+
for pyroaurite and A13’ for hydmtalcite, respectively), a positive charge is generated in the hydroxyl
sheet. This net positive charge is compensated for by (COS)~- anions, which lie in the interlayer
region between the two brucite-like sheets (see Fig. 2b). In the free space of this interlayer the
water of crystallization also finds a place (Fig. 2c).
The main features of HTlc structures therefore are determined by the nature of the brucite-like
sheet, by the position of anions and water in the interlayer region and by the type of stacking of the
brucite-like sheets.

C

-OH0.75 Mg2+0.25A13+
-OH-

-o.r2sc+H20

-OH
-OH-

Fig. 2. Brucite lattice (a), HTlc lattice (b), atom positions (c) (ref. 22).
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The sheets containing

cations are built as in brucite, where the cations randomly occupy the

octahedral holes in the close-packed configuration of the OH- ions.
The anion and water are randomly located in the interlayer region, being free to move by
breaking their bonds and forming new ones (as in liquid water). The oxygen atoms of the water
molecules and of the (C@)2- groups are distributed approximately closely around the symmeuy
axes that pass through the hydroxyl groups (0.56

A apart) of the adjacent brucite-like sheet (see

Fig. 3).

Fig. 3. Position of interstitial atoms between the brucite-like sheets (ref. 14).

These hydroxyls are tied to the (C@)2- groups directly
hydrogen bridges: OH--co3--HO

or OH--H2O--Co3--HO

or via intermed&
(ref. 37). The (m)2-

Hz0 through
groups am

situated flat in the interlayer and Hz0 is loosely bound; they can be eliminated without destroying
the structure.
The brucite-like sheets can stack one on the other with two different symmetries, rombohedral
or hexagonal. If we call ABC the three-fold axis of the OH groups in the brucite-like sheet, the
stack may have the sequence BC-CA-AB-BC, thus having three sheets in the unit cell, or
BC-CB-BC with two sheets in the unit cell with hexagonal symmetry (see Fig. 4). Pyroaurite and
hydrotalcite crystallize in rombohedral3R simmetry. the parameters of the unit cell being u and c=
3~’ (where c’ is the thickness of one layer constituted by a brucite-like sheet and one interlayer).
SycSgreniteis the polytype form of pyroaurite and crystallizes with the 2H symmetry, the parameters
of the unit cell being u and c= 2c’.
HTlc specimens of rombohedral symmetry have mainly been found in nature; the hexagonal
polytype may be the high temperamre form of the rombohedral one. In fact hexagonal symmetry
has been discovered in the interior of some mineral crystal&es, while the rombohedml type is
maintained in the external paa; the transformation occurs during the cooling of the mineral, but due
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to the energy barrier the hexagonal form can no longer transform at low temperature (ref. 4).
Reported in Table 1 are the main physical and crystallographic parameters of the three minerals
described, the isomorphism between pyroaurite and hydrotalcite, and

the polytype nature of

sjbgrenite are evident.

Pyroauril

Sjiigrenil

Fig. 4. Stacking sequences in HTlcs with different symmetries (ref. 37).

TABLE 1
Comparison of some physical and crystallographic parameters of pymaurite,
sj@renite and hydrotalcite (ref. 37).
Spatial group
a (A)
c (A)
c’ (A)
Z ‘,(mol/cell)
density (g cmm3)
n
nE
interatomic distances, A
M-OH (6x)
OH-OH in interlayer 3x
6x
OH-H20
H20-CO3 inside interlayer
angle OH-HZO-OH, degrees
OH-OH in brucite sheet
OH-Z sheet-interlaver

pvroaurite
3R
3.11
23.41=3c’
7.803
3/8= 3M
2.13
1.564
1.543

sii&mnite
2H
3.11
15.61=2c
7.805
2/8= 2M
2.11
1.573
1.550

hvdrotalcite
3R
3.05
22.81=3c’
7.603
lf2= 3M
2.09
1.523 to 1.531
1.519 to 1.529

2.065
2.72
3.11
2.93
2.76 to 3.11
158
2.04
2.88

2.06
2.72
3.11
2.92
2.76 to 3.11
160
2.04
2.88

2.03
2.67
3.05
2.84
2.71 to 3.05
160
2.00
2.80
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3.2 Minerals of the pyroaurite and sjiigrenite groups.
In nature many compounds have been found which are isomorphous either to sjbgrenite or
pyroaurite. Reported in Table 2 are the name, the type of symmetry (rombohedral or hexagonal)
and the lattice parameters of the most commonly known minerals, which have the same
approximate composition: M(II)aM(~(OH)I6C@.4H20.
a ratio M(II)iM(IlI)=

The minerals mported in Table 2 have

3/l (thus x= M(III)/(M(II)+M(III))= 0.25).

Many other minerals are known, that have HTlc structums but which are characterized by
different stoichiometries, with more than one anion and more than two cations, or with small
amounts of cations in the interlayer and also with some ordering of the cation inside the brucite-like
layers. Most of these minerals are reported in Table 3 .

TABLE 2
Crystallographic parameters of minerals of approximate formula:
~2(OH)lsC034HzO(ref.38).
Unit cell parameters
Name and chemical composition
a. A
C,A
3.054
22.81
Hydrotalcite Mg6Ak(OH)i6CO3.4H20
3.10
15.6
Manasseite Mg6Ak(OH)itjC03.4H20
3.109
23.41
Pyroaurite Mg6Fe2(0H)iaC03.4.5H20
3.113
15.61
Sjbgrenite M~~F~~(OH)~I~C!O~.~SH~O
3.10
23.4
Stichtite Mg6CrZ(OH)i6CO3.4H20
3.10
15.6
Barbertonite Mg6Crz(OH)i6C~.4HzO
3.025
22.59
Takovite Nk412(OH)i6CO3,OH.4HzO
3.08
22.77
Reevesite Ni61r~(OH)16C03.4H20
3.114
Iksautelsite. M~~M~Q(OH)~~C~.~H~O
23.39

Symmetry
3R
2H
3R
2H
3R
2H
3R
3R
3R

Refs.
36
14
37
37
4,14
4,14
39
40,41
42

3.3 Hydrotalcite-like compounds with formula:
Fr(n)i-~M(m)x(OH)21”(An~
dd.mHzO.
The above formula reflects the atomic contents for the structural element of the two polytype
structures, and indicates that it is possible to synthesize a number of compounds with different
stoichiometries; for natural elements the value of x is generally equal to 0.25. and the carbonate
anion is the most common one. It is possible to synthesize HTlcs with the above formula, and with
more than two metals and two anions.
The nature of MO,

MO,

A”- and the values of x, n and m found in synthetic HTlcs will be

discussed separately. A list of synthetic HTlcs is given in Table 4; the references reported in the fast
column refer to papers devoted specifically or mainly to the synthesis and characterization of the
HTlc, while in the second column some references are reported for papers which describe specific
HTlc compounds utilized as precursors for catalyst pmparation, or in other applications.
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TABLE 3
Minerals with an HTlc structure, with compositions other than those in ‘able 2.
Name and chemical composition

Unit

cell

a, A

c. A

!Sym. Ref.

Motukoreaite NaMgtgAIlz(CO3)6.s(SO4)4(OH)~4.28H20
Wermlandite Mg7AlFe(OH) 18Ca(S04h. 12HzO
Meixnerite
MgeAl2(OH)l8.4HzO
Coalingite
MgmFe~CO3(OH)%.2H20
Chlormagaluminite

3.062
3.1
3.046
3.12
5.29

33.51 3R
22.57 2H
22.93 3R
37.5 3R
15.46

43,4
45
46
47
48

Mg~.~sFeo.~7Nao.osA1i.~3Feo.ojrio.oi(OH)i~Cli.~8(O.5C~)o.2~.2H2O
Carrboydite (Ni,Cu)6.~Akt.48(0H)21.69(S04,C03)2.78.3.67H20
Honessite
N~@Q(OH)~~SO~.~H~O
Woodwardite Cu&l2(OH)lzSO4.4H20
Iowaite Mg.tFe(OH)ioC1.3H20
Hydrohonessite Ni~.43Fe2.s7(0H)i66.95H~0(S04)1.28.0.98NiS04
Mountkeithite

9.14
3.08
3.07
3.119
3.09
10.7

10.34
25.98
10.9
24.25
33.4
22.50

49
41,5(
51,5:
53,51
41,5:
56

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

3R
3R
2H

L

3.3.1 The ~ture of iU(II) and M(N).
M(E) and M(III) ions which can be accomodated in the holes of the close packed configuration
of OH groups in the brucite-lie

layers (i.e. having an ionic radius not too different from that of

Mg”‘), can form HTlcs. In Table 5 we report the ionic radii of some bivalent and trivalent cations.
Be2’ is too small for octahedral coordination in the holes of brucite-like layers, and Ca2’ as well as
Ba2’ are too big; these metals, in fact, form other types of structures (refs. 6,12). However, natural
and synthetic HTlcs with small amounts of Ca2’ inside the brucite-like sheet have been reported by
Allmann (ref. 157) and later confhmed by Drits et al. (ref. 38).
For Cd2’ there am some indications

about the formation of traces of HTlc (ref. 12), but we

have not been successful in reproducing these results. All the bivalent metals from Mg2+ to Mn2+
form HTlcs, with the exception of Cu2’ which forms HTlcs only when another bivalent cation
from Table 5 is present. Reichle (ref. 76) reports the formation of C!uAlC@-HTlc when the gel
obtained is crystallized at relatively high temperature. The ratio between the Cu2’ and the second
metal M(E) ion must be equal or lower than one. The nature of M(II) ions and the C!u2’/M(II) ratio
in the preparation of copper based HTlcs are reported in Table 6, together with the compound
observed after the precipitation stage.
The deviant behaviours of Cu2’ in comparison with other M(E) cations can be attributed to the
nature of the cation itself, ions lie cr2+, Cu2+, Mn3+, Ni3+ form compounds characterized by the
presence of a cooperative Jahn-Teller effect: the distortion in the octahedral coordination structure
leads to a gain in energy. In the HTlc, until the Cu2+/M(II) ratio is lower than or equal to 1, the
Cu2’ cations in the brucite sheet are separate from one another, and copper arranges in an
undistorted octahedral coordination typical of the brucite structure. When the ratio is higher than 1,
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TABLE 4
Synthetic HTlc compounds described in the literature.

~composition:
IMcn, MO

(Refs. : synthesis,characterization

cefs. : applicat.

5,6,9-11,13,15,17,19,20,23,57-61,71-76
5,6,17,23,60.80
15,59,71,77,78
12,15,17
15,71,78,79
16,78
16
80.81,84
80.81,84
12,77,82
79
83
62.78,80.81,84
12,13,17,52,70,75,76,85,104
104
17
15
80

i2-70

A

MgAlC@
MgAlOH
MgAIN03
Mg Al Cl04
MgAl X
Mg Al SO4
MgAICrO4
Mg Al VloozS
Mg Al Mo1024
Mg Al Fe@)(CWe(WCN)6
Mg Al SiO(OH)3
Mg Al Ru(BPS)s,Cl
Mg AI organic anions
~NiAl CO3
iNi Ai so4
Ni Al Cl04
Ni Al Cl
Ni Al Vi&28
Ni Mg Al CO3
Zn Al CO3
Zn Al Cl
!Zn Al organic anions
Fe Al CO3
Co Al CO3
Cu Al CO3
Mn Al CO3
Cu Zn Al CO3
‘Cu Co Al CO3
Cu Co Zn Al CO3
Li Al SO4
Li Al CO3
Li Al Cl
Li Al NO3
Mg Fe CO3
Ni Fe CO3
Zn Cr CO3
Zn Cr Cl04
ZnCrX
ZnCrCl
Zn Cr NO3
Mg Cr CO3
Cu Zn Cr CO3
~cucoCrco3

12,76.112,115
15
12
76
75.76
76
76
117-124
123,131,132
115,133
70,134,135
13,70,134-139
70,79,139
70.139
75,76
75
76,140
143
143.144
144,145
144-146
76
119,123
1123,147

i7

i7

.62,86-108

09-111
13,114

i2.67.116

25:130
51

17

12,67,141,142

47,148
14,148,150
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142
123
Cu Mg Cr CO3
cucoZnCrC@
147
Mg SC CC&
76
patents dealma with many structures
zn co cr co3

148
151-156

TABLE 5
Ionic radius of some cations.
M(II)
M(II1)

Be
0.30
Al
0.50

Mg
0.65
Ga
0.62

A.
Cu
0.69
Ni
0.62

Ni
0.72
Co
0.63

Co
0.74
Fe
0.64

Zn
0.74
Mn
0.66

Fe
0.76
Cr
0.69

Mn
0.80
V
0.74

Cd
0.97
Ti
0.76

Ca
0.98
In
0.81

TABLE 6
Nature of products observed in the preparation of CuM(II)M(III)CC&HTlcs
efs. 117.118,120,12 .48,158).
Cations
Cu Al
CuZnAl
CuZnAl
CuZnAl
Cu Zn Al
CuZnAl
Cu Zn Al
CUCk
CuZnCr
CuCoCr
CuCoCr
CuZnCr
CuMgCr
CuMnCr
CuCoZnCr
CuZnAlCr
Cu Zn Fe
:= Malachite C&C

Ratio
Compounds identified
l.O/l.O
amorphous species
2.0/1.0/1.0
HTlc+R
3.3l1.6Jl.O
HTlc+R
HTlc+R
1.6/0.8/1.0
1.5/1.5/1.0
HTlc (HTlc + R)
1.2/1.u1.0
HTlc
0.8/0.8/1.0
HTlc
1.OD.O
amorphous species
1.5/1.5/1.0
HTlC
HTlc+M
2.0/1.0/1.0
1.5/1.5/1.0
HTlc
1.5/1.5/1.0
HTlc
Hllc
1.5/1.5/1.0
MnC@ + I-Ilk
1.5/1.5/1.0
HTlc
1.4/0.1/1.5/1.0
HTlc
3.0/3.0/1.0/1.0
1.5/1.5/1.0
Au
OH)2 ;R= Rosasite (Cu n)K!03(0H)2; Au= auric alcite

the C!u2” ions can be situated in near-lying octahedra, and the formation of the copper compound
(with distorted octahedra) is energetically preferred to that of HTlc. All the trivalent ions, except
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V3+ and Ti3’ (not stable in air) , with atomic radii ranging from 0.5 to 0.8

A.form HTlcs; this range

is less narrow than the one relative to the ions which form spine1 sauctnres.

3.3.2 The values of x.

Notwithstanding the claims that HTlc structures can exist for values of x in the range 0.1-0.5,
many indications show that it is possible to obtain pure HTlcs only for 0.2tiSO.33. Table 7 reports
the values of the optimum range of x in order to obtain pure HTlcs, according to different authors.
For x values outside the above range either the pure hydroxides or other compounds with different
structures have been obtained (refs. 9,60). In some cases formation of the pure HTlc has also been
reported when operating with excess Al. In such cases, it is probable that the formation of
amorphous Al(OH)s (not detectable by X-ray measurements) also occurted (refs. 23,120).
The A13’ ions in the brucite-like sheet remain distant one from the other, because of the
repulsion of positive charges. According to Brindley and Kikkawa (ref. 17), for x values lower than
0.33, the Al octahedra are not neighbouring. For higher values of x, the increased number of
neighboring Al octahedra leads to the formation of AI(O

similarly, low values of x lead to a

high density of Mg octahedra in the brucite-like sheet, acting as nuclei for the formation of
Mg(OHh.

TABLE 7
CS

?@==
0.251044
0.23-0.33
0.20-0.33
0.17-0.33
0.20-0.337
0.10-0.34
0.15-0.33
0.17(0.2)-0.33
0.25-0.34
0.20-0.41
0.25-0.35

of x for obtaining 1 t HTlcs.
Comvound
MgAlOH-HTlc
MgAlOH-HTlc
MgAlClG+HTlc
MgAlC@-HT
MgAlC03HT
MgAlC03HT
MgAICC&-HT
NiAlCO3-HTlc
NiAlCO3HTlc
NiAlCO3HTlc
ZnCrC(&HTlc

Reference
Pausch et al., ref. 23
Mascolo et al., ref. 60
Brindley et al., ref. 17
Gastuche et al., ref. 9
Miyata, ref. 19
Miyata, ref. 11
Sat0 et al., ref. 75
Brindley et al., ref. 17
Kruissink et al., ref. 94
Sat0 et al., ref. 75
Del Piem et al., ref. 140

The values of x for which NiAlCOQITlc has been observed are presented in Fig. 5 (ref. 17),
plotted against the intensities of the strongest diffraction lines of Ni(OH)z, I-ITlc and AI(O
The figure shows that the hydroxides form only outside the range of x values mentioned.
In Table 8 we report the compounds observed in the preparation of ZnCrCo3-HTlc
CUZ~AICQJ-HTlc as functions of the M(II)/M(III) ratio.

and
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The unit cell parameter u can be taken as an index of the non-stoichiometty with respect to the
formation of the pun HTlc. For an ideal octahedron a= 2l’ r(~-o); in our case we have to take the
mean ionic radius z into consideration, where : z = (l-x) EM

+ x ~M(III); hence, a= 2l’ z, which

gives the direct relationship between a and x, being the slope of the line = -2l’ (~M~~M@II)).

mlall~ intensity,au
100

-I

0

0.6

;:2Al/(*I+Fii)

0.6

1.0

Fig. 5. Intensity relative to the highest recorded intensity of Ni(OHh, HTlc and bayerite in XRD
patterns, plotted against x (ref. 17).

TABLE 8
Nam
(,mf.
.“S”.

of compounds obtained in the preparation of ZnCrCW-IETfc and CuZnAlCOs- H’lk
117
.*,

,.

Cations
zn,cr

Cu,Zn,Al

11Q
1M
*VI.-,‘-“,.

ld7\
Rid0

MUI)/M(IIII
5.6
3.0
1.9
1
9
4.9
3
2.2

X

0.15
0.25
0.35
0.5
0.1
0.17
0.25
0.31

Compounds observed
Hyzincite and HTlc
HTlc
HTlc
amorphous compounds
Rosasite+ HTlc
HTlc + Rosasite
HTlc
HTlc
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The values of II for HTlcs containing Mg and Al taken from different authors am mported as
functions of x in Fig. 6 (ref. 23 and tefs. therein); the parameter a decmases with increasing x within
the range of pure HTlc formation, since the radius of A13’ is smaller than that of Mg2’ (thus, rt,qq
> m(m)), thus obeying Vega&s law, while remaining constant outside the range.

a. A
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\\
II \\
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Al/(AI+tvl~)

Fig.6. Parameter a as a function of the Al content (x value) in natural and synthetic MgAlC!O?HT
(ref. 23 and refs. therein).

By extrapolation of the straight line to x=0, the value of Al=3.14

A is obtained, which is very

close to that of brucite.
According to Pausch (ref. 23) it is possible to obtain HTlcs with higher values of x, up to a
maximum of 0.44. The constancy of 0 for x > 0.33 is related to the fact that repulsion of A++
octahedra compensates for the decrease in (I itself.
Miyata (ref. 19) also observed an increase in the parameter u for values of x lower than 0.2,
but in conditions of very low carbonate concentrations;
hydromagnesite were also obtained.

under such conditions brucite and
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3.3.3 The nature of the anion.
Thexe is practically no limitation to the nature of the anions which can compensate for the
positive charge of the brucite-like sheet; the only problem can be related to the preparation of pure
or well crystallized materials. For example, when preparing HTlcs containing anions different from
carbonate, it is very difficult to avoid contamination from the COZ present in the aqueous solution.
HTlcs containing the following anions are known (also see Table 4):
i) inorganic anions:
l?, Cl-, Bi, I-, (c104)-,
(CICW”,

[FeW%13~,

(No-j)-,

IFeWNl”,

(c103)-,

(103)-v

OH-, (c03)2-,

(s04)2-‘.

(s203)2-,

(w04)2-,

WO(OH)31m;

ii) heteropolyacids: (PMo1204~1)~-,(PW12040)~- and others;
iii) organic acids: adipic, oxalic, succinic, malonic, sebacic, 1,12-

dodecanedicarboxylic acid,

acyl and arylsulphonates, chlorocinnamic acid (refs. 12,80,84), and metallorganic complexes:
[Ru(4,7-diphenyl-l,10-phenanthrolinedisulphonate)~]4~
iv) layered compounds, as in the mineral chlorite:

(ref. 83);
(Mgu\l(OH)6)+.[Mg3(OH)2/Si3A10lol~

(ref. 37).
The number, the size, the orientation, and the strength of the bonds between the anions and the
hydroxyl groups of the brucite-like layers determine the thickness of the interlayer.
The oxygen atoms belonging to carbonate and water in the interlayers are positioned in sets of
sites distributed closely around the symmetry axes which pass through the hydroxyl ions of adjacent
brucite layers (refs. 14,34,35). In each group, since the oxygen positions are so near together, only
one site is occupied. Three oxygen atoms from three adjacent sets of sites form a carbonate group,
with the C atom placed in the central position. In the case of water, the molecule can assume a
tetrahedral configuration by forming hydrogen bonds to other oxygen atoms in nearby sets of
oxygen sites, or to OH- groups in adjacent brucite-like sheets. The interlayer arrangement is similar
in the hydroxide, nitrate, chloride and carbonate HTlcs (refs. 10,46,52).
The values of c’ (calculated from the first basal reflection &3)

are reqorted in

different inorganic anions (ref. 78) and in Fig. 7 for some organic anions

Table 9 for

in ZnAIA-HTlc and

MgAlA-HT (refs. 12.80); the value of a is not affected by the nature of the anion. The thickness of
the interlayer region (to be compared with the size of the anion) is the difference between c’ and 4.8

A (thickness of the brucite-like sheet) (ref. 15). It is shown that c’ increases linearly with the
number of carbon atoms in the organic anion, and for the halogens the parameter c’ is proportional
to the anionic radius. However, the low values observed for (C03)2- (less than the COZ diameter)
and OH-, as well as the higher value for (Na)‘ and the difference between (C!lO4)- and (So4)”
(which have the same values of ionic radius) can not be explained on the basis of the size of the
anion.
The interlayer thickness observed with carbonate

is comparable with that found with

monovalent ions (halogens); this fact has been related to the strong hydrogen bond that occurs @I
the carbonate-containing HTlcs (ref. 52). The low value of c’ observed with OH- is related to the
similarity of its ionic diameter with that of the water molecule, and to the strong hydrogen bridges
among the water and the OH- of the basic layers; this leads to the best close-packed arrangement
(mfs. 15,78).
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TABLE 9
Values of c’ for some HTlcs (ref. 7
I

CYAI

Anion
OH

7.55
7.65
7.66
7.86
7.95
8.16
8.79
8.58
9.20

(co312-

FclBi

r

(NO3S
w4)2Km4)

i

C’,

spacing
of (006) plane,A

20

16

_

A

0

2
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10

12

carbon rx). of dicarb. acid anions

Fig. 7. Relation between carbon number of the anions in the interlayer region and c’(ref. 12).

The value of c for MgAla-HT

is reported in Fig. 8 as a function of x (ref. 60). It is shown

that in the range where pure HTlc is formed, the value of parameter c decrease s as x increases,
while for compositions where brucite. or Al(OH)3 precipitate, the variations of c arc smoother. The
decrease in c is due to the increase in the electrostatic attraction between the positive brucitc-like
sheets and the interlayer, with modification of the OH--O bond strength (refs. 10&O).The value of
c’ is also a function of the nature of the interlayer anions and, for some kinds of HTlc, of the state of
hydration (ref. 18).
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Fig. 8. c parameter of the unit cell for Mg.Al double hydroxides plotted against x (ref. 60).
The opposite behavior has been observed for HTlcs with nitrate anions in the interlayer (ref. 78).
The reason is related to both the necessity for a larger amount of monovalent ion for positive charge
compensation and to the greater space occupied in the interlayer as compared to other monovalent
ions. @I@)- is thus forced to adopt an arrangement which favours the closest possible packing.
This leads to a strong repulsion inside

the interlayer region when the concentration of (NO3)-

increases. In fact at lower concentrations of (N@)-, c’ is 8.12

A,

comparable with the value

observed for the halogens. The (ClQ)- ion exhibits a value of c’ higher than that for (S04)2-,
notwithstanding the fact that they have the same ionic radius.
The interlayer

arrangements in the sulphate-containing

HTlcs (natural or synthetic) and

chlorate-containing HTlcs are different from the one described here, because of the different anion
geometry (ref. 52). (X04- anions may have two different orientations with respect to the planes of
the hydroxyl ions (mfs. l&16,18,52):
1) configuration with the three basal oxygens of the tetrahedra occupying positions in adjacent
sets of 0 sites (as for the carbonate anion), and the fourth 0 atom (constituting the top of the
trigonal pyramid) pointing towards the

opposite hydroxyl plane, thus with the three-fold axis

parallel to c’;
2) configuration with two of the four oxygens ln the tetrahedra on two of the lnterlayer sites. and
the other two oxygens pointing to each of the adjacent hydroxyl planes; this arrangement
corresponds to the minimum thickness of the interlayer region.
According to Brindley and Kikkawa (ref. 18) , the first configuration is presented by (Cla)‘

,

since the higher number of anions necessary to compensate the positive charge requires a closer
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packing. The second configuration is instead typical of (So4)2-, a divalent anion; in fact, since
fewer anions are involve

they can be arranged within their minimum dimension, thus bringing the

layers closer together. However, Bish (ref. 52) states that a configuration like the second one would
destroy the rhombohedral simmeiry, and is therefore highly improbable; the fmt configuration is
therefore the one assumed by the sulphate anion. Finally, according to Miyata (refs. 1516). the
difference in c’ values between (Clod)- and (StLQ2- is caused by the divalent ion bonding more
strongly with the basic layer than the monovalent

anion, since both anions have similar

configurations (a weak bridge-type bidentate complex).
HTlcs with two anions can be synthesized. When the two anions ate randomly situated in the
interlayer, the values of X-my reflections for the basal planes of both anions are observed. When
the sheets are ordered (and thus an ordered distribution of anions in the interlayer occurs), a value of
c’ corresponding

to the sum of the two single c’ values is observed (refs. 17,18,38,78).

3.3.4 The values of m.
Water molecules are localized in the interlayer in those sites which are not occupied by the
anions. Usually, the amount of water is determined by thermogravimetric measurements of weight
loss (ref.39). However, it is possible to calculate the maximum amount of Hz0 on the basis of the
number of sites present in the interlayer, assuming a close packed configuration of oxygen atoms
(refs. 10,34,35), and subtracting the sites occupied by the anions.
The following formulas can be used:
a) according to Miyata, m= 1 - N x/n (refs. 1537);
where : N = number of sites occupied by the anion;
n = charge of the anion;
x = M(III)/(MO+M(III))
for (C03)2q m= 1 - 3 x/2
b) according to Taylor, m= 1 - 3 x/2 + d where d= 0.125 (ref. 14);
c) according to Mascolo et al., for MgAlOH-HT. m= 0.81-x (ref. 60).
Of course, in all cases an increase in x (and therefore in the counterion) causes a decrease in the
calculated amount of water.
With expression (a), the maximum amount of water in I-IT comes to be m= 0.625, thus giving
Mg&h(OH)l6C~.5H20,

while the natural hydrotalcite has four molecules of water. The latter

value is reported in papers where direct analytical measurement of the amount of water was not
made; direct measurements of synthetic products usually give values lower than 4.
Upon increasing the size of the anion, either the amount of water decreases (as in the case of the
(N03)- anion), or more water can accumulate inside the interlayer region, thus forming two or three
layers (ref. 15).
In the case of HTlcs with (S04)2- (such as takovites) and (C104)-, it has been observed that in
conditions of relative humidity higher than about 50% the values of c’ are higher (10.8 and 11.7 A
for (S04)2- and (ClO4)- , respectively), while for values of relative humidity less than 50%
values of c’ are 8.9 and 9.2
remaining

the

A, respectively (no intermediate values were observed), thereafter

costant until the complete elimination of water around

470-490K (refs. 17,18,49,52).
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Therefore. the water molecules associated with the anions cause an expansion in the thickness of the
interlayer region.
For hydrotalcites having Cl- and (C03)2- as anions, no variation of c’ (or a slight decrease up to
51OK) has been reported (ref. 18). In the latter case, the modification of the structum (with an
abrupt decrease in the c’ spacing) begins at 530K,
Rehydration, with recxpansion

with the decomposition of the carbonate.

of the original spacing, is possible if the HT is not heated above

573K (refs. 18,159).
It has been reported that the temperature at which interlayer water is lost is shifted towards
lower temperatures as the value of x decreases (refs. 1960).
Finally, the value of m is difficult to evaluate accurately in HTlcs containing

(NO$

and

(C03)2-, because approximately one third of the interlayer water can be lost between room
temperature and 373K (refs. 18,159). Miyata (ref. 19) instead considers the weight loss below
373K as due only to physisorbed water.
Other difficulties arise when

calculating m for solids characterized by very low crystallite

dimensions. In these cases, there can be large amounts of adsorbed water and moreover, the
dehydration

and the dehydroxylation

can often partially overlap, thus not permitting

the

measurement of water content by thermal analysis (this is the case of HTlcs with carbonate anion).
3.4 Compounds with the formula [MO~.xM(~~(OH)~1’2X’1)‘[An~~~_~~~].~~0
The possibility of preparing HTlcs of this type is limited only to Li+, which has an ionic radius
comparable to that of M(II) forming HTlcs. With other monovalent cations, such as Na+, K+,
@II%)+, the corresponding double hydroxycarbonates of Al axe dawsonite-type compounds (refs.
13,70,135-139).
The structure of these HTlcs present an important difference in comparison with the HTlcs with
M(R) cations. In fact in the latter compounds (both natural and synthetic) there is no evidence for
ordering of the cations (thus M(R) and M(m) occupy the same set of octahedral sites). Only in
some cases, such as in some specimens of natural pyroaurite and sjogrenite, have there been
indications for some degree of cation segregation and ordering with intergrowth of regions of
different compositions (M(II)/M(III) 2/l and 12/l, refs. 8,35). Also, in I-IT, the presence of an
anomalous weak X-ray reflection was interpreted as an indication of some degree of cation ordering
(ref. 9); complete order was also found in [Ca~l(OI-I)e]2SO4.6H~O (ref. 157).
In the lithium compounds, instead, X-ray studies demonstrated ordering of cations (refs.
135,136). The structure therefore is constituted by the layer containing the cations in which Al
octahedra are arranged as in gibbsite, and the octahedral vacancies are filled by lithium cations (see
Fig. 9); the interlayer region contains the anions and the water molecules. The stacking of the
cation sheet is of the type AB-BA AB-BA, with hexagonal symmetry and supercell dimensions a=
5.32 A and c= 15.24 A.
Table 10 presents the values of c’ and of m for some LiA12AHTlcs, with different anions.
A general formula which takes into account of the two types of HTlcs is:
[MZ+1-xM3+x(OH)2]b+A”b/a.mH20, where b= x when z= 2, and b= 2x-l when z= 1.
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. Ala+

0 Li+

Fig. 9. A view of the ordered octahedral sheet in [Altii(Om]‘,
plane (ref. 136).

TABLE 10
(A) and m for some LiAlz(OH)e A.mH20
Anion
OH-

Cl‘
l/2 (CODZ
(NO3Y

It2 (SQ) 2_

c’(A)
7.50
7.70
7.60
8.80
8.70

2:
1.0
1.5
1.0-1.5
1.5

d 138).

showing the unit cell in the [Ool]
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4. PHYSICOCHEMICAL CHARACTERIZATION
Many techniques have been used to chamcterlxe HTlcs; some of them are generally used as
routine analysis, such as XRD, IR, TEM, STEM, DSC, DT and TG, other techniques are more
specific for some HTlcs, such as ESR, NMR, UV- vis, Exafs-Xanes. We shall discuss the individual
techniques, mporting the most important information obtained with each method.
4.1 X-ray diffraction analysis.
X-ray analyses of single crystals have been carried out on only a few minerals, when
monocrystals were available. For all the other natural and synthetic HTlcs only powder X-ray
diffraction analysis has been carried out; however, general reflections obtained from randomly
oriented powders am usually not sufficiently defined to provide indexing with any certainty.
Difficulties in analyzing the X-ray patterns of HTlcs arise from the fact that the materials are
often very poorly crystallized, therefore, the diffraction lines are broad and asymmetric. Disorder
also may be present in the stacking of the layers, lowering the symmetry and giving rise to
considerable differences in relative intensities.
Besides all these difficulties, which are often encountered in calculating and interpreting the
X-ray data, further imprecisions can arise as a result of the chemical features of HTlcs themselves,
and to their non-stoichiometric nature.
Notwithstanding all these sources of imprecision, X-ray analysis remains the main analytical
technique for the characterization of HTlcs. In Fig. 10, as an example, we show the X-ray patterns of
Mg&12(OH)l6Cl2 (ref. 79) and of CuCoAl-HTlc (ref. 150). The two patterns show some general
features that am typical of all HTlcs: the presence of sharp and intense lines at low values of the 28
angle, and less intense and generally asymmetric lines at higher angular values.

Fig. 10. X-ray patterns of MgAICI-HTlc (a) and CuCoAl-HTlc (b)(refs. 79,150)

X-ray diffraction analysis of oriented samples allows a better distinction between the basal [OOl]
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reflections (the intense and sharp lines at low values of d) and the non-basal lines, and facilitates
their discrimination

from the reflections due to impurities (mfs. 9.17,38).

The basal [OOl]reflections correspond to successive ordersof the basal spacing c’. The true c
parameter is a multiple of c’ and depends on the layer stacking sequence . The intense reflection
around d = 1.5

A has been indexed as [llO] with respect to hexagonal axes (refs. 9,10,15,17). This

reflection is independent of the hind of layer stacking, and can therefote be utilized for the
calculation of the parameter o; a= 2d(t 10).We have seen in the previous section that the value of c1
depends on the nature of the cation (thus on the ionic radius), and on the value of x.
The parameter c’ depends on the anion size (refs. 65,143,145), the x value (refs. 60,72,75) and,
for some anions, on the degree of hydration (refs. 17J852.58).

In the case of two anions in the

interlayer region, it is possible to observe two different basal reflections, relative to the two distinct
anions, or a basal spacing corresponding to their combination.
In the case of M(II)M(III)SCNITlc

the parameter c’ depends on the degree of hydration.

Therefore, depending on the experimental conditions, it is possible to observe basal nflections
relative to the hydrated phase (spacing 11.15

A), to the dehydrated phase (8.65 A) or to an

interstratified phase with an alternate sequence of layers corresponding to the two previous phases.
In the latter case, the overall spacing is the sum of the two components, i.e. 19.80 A (ref. 18).
The fit

complete discussion about the interpretation of X-ray powder data was published by

Gastuche et al. (ref. 9); the authors compared the patterns of some synthetic HTlcs with those of the
corresponding

minerals. The d values, the intensity and the indexing of natural sjogrenite,

pyroaurite and manasseite, together with some synthetic HTlcs taken from ref. 9 and other
references,

are reported in Table 11. It is shown that the synthetic compounds present fewer

diffraction lines than the minerals;

however. all the most intense lines shown by pyroaurite am

present in all samples with mmbohedral

symmetry. The non-basal reflection in synthetic

A wasconsidered to be relative to the [lOO] plane, and was utilized with
A tocalculate the parameter c. The latter was calculated as being
equal to 3.048 and 3.072 A for the Al-rich HT and the Al-poor HT. respectively.
hydrotalcite at d = 2.60

the [ 1101 reflection at d= 1.524

The presence of both sharp and diffuse non-basal reflections was taken as indication of a
partially disordered structure, above all in the stacking superposition of the regular unit layers. The
sharp non-basal reflections indicated, according to the authors, the presence of a fully disordered
subcell (arising from the indeterminate type of packing). The broad reflection at d = 4.57

A was

interpreted as a [lOO] reflection of a supercell, atttibuted to a tendency towards ordering of the
cations in the octahedral sites of the brucite-like sheet. The layer thickness , calculated from the
very sharp basal reflections, was found to be 7.60

A for the Al-rich hydrotalcite, and 7.90 A for the

Al-poor hydrotalcite.
Considerations about the short-range order in the brucite-like sheet of hydrotalcite were reported
by Brindley and Kikkawa (ref. 17). The formation of a supercell with a 2/l Mg/Al ratio
(corresponding to the maximum observed substitution of Mg by Al, thus x= 0.33). also observed in
some minerals by Taylor (ref. 8), was verified to be likely on the basis of geometric considerations.
At higher Al content (x > 0.33). Al octahedra would become adjacent, thus leading to Al(OH)3
nucleation. With a Mg/Al ratio higher than 4 (x < 0.20, not observed), the location of the Mg ion is
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such that the formation of brucite is favoured. However, the short-range order is difficult to observe,
due to the long-range disorder. Allmann and Lohse (ref. 34) clearly talk of a random occupation of
all available octahedral sites in the brucite-like sheets. Similarly, the distribution of anions in the
interlayer is also statistical (refs. 34,35).
X-ray diffraction analysis at high temperature and in the presence of water vapour has also been
carried out, in order to study the nature of the interlayer water (refs. 1859). These analyses
confirmed that the loss of interlayer water does not lead to modifications in the XRD pattern; thus,
the behavior is very similar to that of water in zeolites.

TABLE 11
X-ray diffraction patterns of some HTlc compounds.
Natural
d(A)
7.79
3.89
2.71
2.64
2.53
2.38
2.20
2.03
1.86
1.57
1.55
1.52
1.34
1.19
1.11

sj@renite
igloo
100
80
10
20
20
20
20
20
40
10
10
10
10
10
10

(ref. 34)
hkl
002
004
100
101/006
102
103
104
105
106
108
110
112
200.202
206
208

Pyroaur.
d(A)
7.823
3.912
2.641
2.347
1.99
1.774
1.677
1.565
1.535
1.503
1.290

(ref. 35)
I/@*100
100
24
28
24
27
8
4
9
11
4
4

hkl
003
006
012
015
018
l,O,lO
O,l,ll
110
113
LO,13
LO.16

Synthetic hydrotalc. (ref. 9)
Natural
manass. (ref. 9)
d(A)
I/P*100
hkl
d(A)
I/P*100
hkl
7.63
lOO+
003
7.67
100
002
4.57
5
3.83
20
004
3.81
lOO+
006
3.71
10
2.60
75
101
2.60
50
006
2.532
10
006
2.49
30
102
2.36
27
015
2.34
40
103
2.01
22
018
2.17
40
104
1.897
5
00,12
2.00
40
105
1.523
60
110
1.84
60
106
1.493
60
113
1.56
20
108
1.415
13
116
1.52
30
110
1.317
5
1.49
30
112
1.274
8
1.42
10
114.
1.21
5
1.33
10
LO,10
0.999
6
1.25
10
0.979
10
1.24
10
0.950
5
1.17
10
Natural hydrotalc. (refs.9,59) Synthetic hydrotalc. (ref.591
d(A)
0*100 hkl
d(A)
7.63
100
003
7.69
100
003
3.82
100
006
3.88
70
006
2.56
10
012
2.58
20
012
2.283
5
015
2.30
20
015
1.941
10
018
1.96
20
018
1.524
5
110
1.85
10
106
1.495
5
113
1.75
10
l,O,lO
1.65
10
OJ.11
1.53
20
110
1.50
20
113
1.28
10
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4.2 Infrared characterization

IR analysis is not a diagnostic tool for HTIcs, but CM be useN to identify the presence of
foreign anions in the interlayer between the brucite-like sheets. Besides that, information about the
type of bonds formed by the anions and about their orientations can also be obtained.
Figs. 11 and 12 display the IR spectra of M(II)AlCOGITlcs

with different cations (ref. 70), and

of NiAlA-HTlcs (with x= 0.25 and 0.33) , with A= (CO3)*- and (NOg)- (ref. 94). The absorption at
3500-3600 cm-‘, present in all HTlcs. is attributed to the H-bonding stretching vibrations of the OH
group ti the brucite-like layer. The maximum of this band is shifted depending on x; for Mg(OHh
(x= 0) the maximum of this absorption band is at the higher frequency of 3700 cm“.

Fig. 11. IR spectra of some M(II)AlCO3-HTlcs; MO= Ni (a), and Mg (b); x= 0.25 (ref. 70).

Fig. 12. .R spectra of NiAlA-HTks; (a) x=0.25 and A=C@, (b) x=0.33 and Aa,
A= Na, (d) x=0.33 and A= N@ (ref. 94).

(C) x=0.25 and
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Sema et al. (ref. 70) reported that both the hydrogen stretching and bending frequencies in
HTlcs increase as the M(II)/M(IlI) ratio increases from 2 to 3 (thus decreasing x). This shift has
been correlated with the modification in the layer spacing; moreover. it was observed that the
half-width was smaller in the Mg/Al= 2/l (x= 0.33) hydrotalcite, thus suggesting a more ordered
cation distribution inside the brucite-like layer. A shoulder may be present around 3000 cm“; this
has been attributed to hydrogen bonding

between

H20 and the anion in the interlayer (refs.

1539); an H20 bending vibration also occurs at 1600 cm-*. The intensity of these latter two bands
depends on the type of anion and the amount of water.
In the 200-1000 cm-’ region there are some bands related to vibrations of the anions, and some
related to cation-oxygen vibration. This region has been thoroughly studied only by Sema et al.
(refs. 70,136); the authors made a complete assignment of the observed infrared lattice vibrations
for the ion [A12LiQ] with the ideal D3d simmetry for motions within one octahedral sheet; an
ordering of octahedral cations in the bmcite-like sheet was also found.
The main absorption bands of the anions are observed between 1000 and 1800 cm-l. The
carbonate anion in a symmetric environment is characterized by a D3h planar symmetry, with three
IR active absorpion bands, as well as in the case of the free carbonate anion. In most HTlcs the three
bands are observed at 1350-1380 cm-’ (vg), 850-880 cm-’

(~2)

and 670-690 cm-’ (~4). However, in

some cases the presence of a shoulder around 1400 cm-‘, or of a double band in the region
1350-1400 cm-’ (ref. 39), has been attributed to a lowering of the symmetry of the carbonate (site
of symmetry CZV),and to the disordered nature of the interlayer (refs. 39,70), which causes the
removal of the degeneracy of the v3 and v4 modes. The lowering of the symmetry also causes the
activation of the vt mode around 1050 cm-‘; this mode is Raman active when the anion retains Dgh
symmetry. Miyata (ref. 15) has explained the observed lowering of symmetry by hypothesizing two
different kinds of anion coordination: the carbonate anion can exist in the interlayer region as a
monodentate or a bidentate complex. The same explanation has been reported by the author in order
to justify the band splitting in some HTlcs containing different anions ((NO$,

(SO4)2-, (ClO4)- in

mfs. 15.16).
Sema et al. (ref. 134) gave a different explanation, hypothesizing that the band at 1625 cm-’
may be related to the presence of bicarbonate ions, while the splitting of the band around 1380
cm -t, as well as the appearance of the band at 1060 cm-‘. are related to a perturbation of the
carbonate anion under vacuum. Moreover, the presence of strong covalent bonds in the interlayer
(as occurs in bidentate complexes) could not explain the easy exchanging of the carbonate anion.
The free sulphate anion belongs to the high symmetry group Td, and only modes v3 and

v4 are

IR active; with lower symmetry, splitting of the two modes occurs, together with the appearance of
new bands related to the vt and v2 modes (Raman active in the free anion). Nakamoto (ref. 161) has
related the lowering of symmetry to three different kinds of coordination complex: unidentate (C3v
point symmetry), bidentate (C2v) and bridged bidentate (Czv). By comparison of the magnitude of
splitting of the bands with that for known metal-anion complexes, it is possible to deduce the kind
of complex formed. Miyata and Okada (ref. 16) , for MgAlS04-HTlcs, interpreted the observed
spectrum in terms of the formation of a bridge-type bidentate bond (thus a coordination of the anion
to Mg and Al through the OH of the brucite-like sheet). The width of the ~3 splitting is 60 cm-‘, and
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is therefore indicative of a weak complex, since the splitting for stronger bonds is about 140 cm-’
(ref. 161,162).
The IR spectrum of the sulphate anion in talcovite has been analyzed by Bish (ref. 52). The
absorptions at 1100 and 1150 cm-’ correspond to the splitting of the v3 stretching mode; a weak
absorption at 1000 cm-’ is the vl mode, while the bands at 725 and 760 cm-’ are related to the v4
mode. This assignment has been explained on the hypothesis of C3v symmetry for the (S04)2group in takovite.
4.3 DSC, DT and TG analysis
The thermal behaviour of HTlcs is generally characterized by two transitions:
1) The first one, endothermic, at low temperature corresponds to the loss of interlayer water,
without collapse of the structure; this step is reversible (ref. 58).
2) The second one, endothermic, at higher temperature is due to the loss of hydroxyl groups
from the brucite-like layer, as well as of the anions.
These two transitions depend quantitatively

and qualitatively on many factors, such as:

M(II)/M(III) ratio, type of anions, low temperature treatment (hydration, drying etc), heat treatment
atmosphere (in the case of oxidizable elements such as Cr(III)).
For Al-containing HTlcs, the first transition ranges from 370 to 570K (typically, Tmm543K for
MgAlCC&HT, refs. 20,58) and the second from 620 to 750K (i.e. 72O-740K); moreover, both the
first and the second transition can occur in two stages. For instance, with MgAlOH-HTlc, for any x
value, two peaks are observed at low temperature (Tma 483 and 533K). This has been correlated
with the presence of two different hinds of interlayer water (refs. 20.60); correspondingly, two
weight losses occur. The same phenomenon was observed for MgAlClO.+HTlc (ref. 15).
The high temperature peak also may occur in two stages: in the fiit part the hydroxy groups
bound to Al are lost, in the second one Mg(OH)2 (when present) and carbonates decompose.
Miyata (ref. 15) observed in MgAlCl-HTlc with M(II)/M(IlI)= 2, two peaks with Tmax 703 and
753K, due to elimination of OH- and Cl- loss, respectively. With MgAlA-HTlc, where A= (C!104)~and (Sod)“, the peaks at both low and high temperature were not doubled (ref. 16).
Both synthetic and natural MgAlCOx-HTs also exhibit a very broad, small endothermic peak
around 6233 (thus before the second main transition), which increases in intensity as the value of x
increases (refs. 19,20). This has been assigned to the loss of part of the OH- in the brucite-like
layer. The last peak, more intense, is due to completion of dehydroxylation and removal of
carbonate (refs. 47,58,64).
A different case is presented by the thermal curve for NiAIC!03-HTlc (refs. 95,163); it was
shown that the water loss begins at room temperature (the loss occurs in two stages at high Al
content), and the decomposition is also shifted towards lower temperatures (Tma 653K). The
results were partially confirmed by Hemandez et al. (ref. 104), who also found a strong dependence
on the x value.
In the case of Cr-containing HTlcs, under an inert atmosphere, the fit

transition occurs at a

lower temperature (usually in two stages, with Tmm at about 370 and 430-47bK), and the second
one is also shifted towards 550-570K, corresponding to the decomposition of hydroxycarbonates to
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amorphous phases. For these types of vcs,

during the heat treatment in air the collapse of the

structure occurs at 52OK. owing to the oxidation of C?’ (refs. 118,140).
The TG-DT curves for some HTlcs are reported in Fig. 13; the figure illustrates the phenomena
described above (ref. 75).
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Fig. 13. TG-DT diagrams of synthesized HTlcs: a) Ni1).6&Ak).32(OH)2(CO3)0.16.0.7H20,b)
Mgo.67Feo.33(0H)z(C03)o.165.0.5H20; c) ~.7OAhl.30(0H)2(C03)0.1s.0.29H20 (ref. 75).

Fig. 14 shows the DSC diagrams of some NiCrCO3-HTks and NiAlCOg-HTlcs. The spectra
show the presence of two endothermic peaks; the intensity of the transformations is related to the
crystallinity of the samples: those which have undergone a hydrothermal treatment exhibit a more
intense peak at low temperature, with respect to the untreated ones.
DT and TG analyses cannot be used as diagnostic tools; however, these techniques make it
possible to distinguish the presence of impurities or other compounds, such as for CuZnAl-HTlcs
(refs. 120,121).
4.4 Other techniques.
The ESR technique has been used for Cu-based HTlcs, in order to characterize the Cu2+ species
in the dried HTlc, and during its decomposition by calcination at high temperature (ref. 122); ESR
spectra of a CuZnAlCO~-HTlc calcined at increasing temperatures are shown in Fig. 15. At low
temperature a very large band, several thousand Gauss wide, was observed, caused by isolated Cu2’
ions in the HTlc crystal lattice. As the calcination temperature increased, the intensity of this signal
decreased progressively; at 623K two overlapping signals were observed, an anisotropic line shape
with a hyperfiie structure, and a broad symmetric line at g= 2.15 with AH = 500 G. These spectra
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were correlated with the presence of diluted copper species in the oxidic matrix constituted by ZnO
and spine1 phases.
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Fig. 14. Differential scanning thermograms of Ni/M@I)=ZO precipitates obtained under different
conditions: a) Ni/Cr at high supersaturation level; b) Ni/Cr at low supersaturation level; c) as (a) but
after hydrothermal treatment; d) Ni/Al at high supersaturation levek e) as (d) but after hydrothexmal
treatment.

Fig. 15. ESR spectra of a pure CuZnAlCO3-HTlc calcined at increasing temperatures (ref. 122).
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Solid state NMR of Al in MgAlC&HT

has been used to chamcterize the al&mm

species

during the decomposition of the I-IT by calcination at high temperatures (ref. 64), or after the
silication tm.atment (ref. 79). Reichle et al. (ref. 64) found that the calcination at 723K of HT led to
the appearance of the 27Al-NMR signal relative to Al in tetrahedral coordination (in precipitated
HT the only signal observed was the one relative to Al in octahedral coordination); the amount of
tetrahedral Al was evaluated as approximately 20% with respect to total Al.
Xanes analysis of ZnCrA-HTlcs with A= OH, Cl, Br and I, led to the conclusion that no
chemical bond exists between the cations in the brucite-like sheet and the anion, which is rather
delocalized in the interlayer (ref. 145).
The W-vis specaaof Cr ion in ZnCrCOWI

made it possible to detect the presence of

Cr(OH)3 impurities (ref. 140).
STEM allowed the high intensity of the [OOI]reflections in the X-ray diffraction pattern to be
related to a preferential orientation of the crystallographic planes, thus to the lamellar morphology
of the crystals in CuCoAl~-HTlcs

(refs. 150.164). The technique is often accompanied by

microanalysis, which allows the verification of the homogeneity of the chemical composition (see
Fig. 16).

Fig. 16. STEM of a CuCOAlC03-HTlc and related microanalysis (ref. 150).
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5. PREPARATIVE METHODS
5.1 Introduction.
On the basis of the structural considerations developed in Section 3 we should state that
copmcipitation has to be ‘the method’ for preparing HTlcs. However, copmcipitation conditions am
not strictly required, for the followings reasons:
1) aging or hydrothermal treatments of a precipitate can give rise to dissolution, followed by
copmcipitation, thus rectifying improper precipitation conditions;
2) strictly sequential precipitation, for ions which precipitate at different pH when isolated, does
not usually occur
3) in some cases, a pure Hllc is not necessary; furthermore, the presence of other species may
have beneficial effects.
This does not mean that it is easy to obtain a pure H’llc, but that different methods of
preparation are suitable:
1) precipitation

(increasing

pH method, or copmcipitation

either at low or at high

supersaturation);
2) hydrothermal synthesis and treatments, aging;
3) exchange methods.
The first requirement in order to obtain a pure HTlc is to choose the right ratio of cations and
anions; these values have to be (in the final HTlc):
0.2 < M(III)/[M(II)+M(III)] g 0.4
l/n < A”‘/M(III) < 1
The anion which has to be introduced into the HTlc must be the species present in higher
concentration in the solution, and with the higher atfinity for the HTlc itself. Care must be taken in
order to avoid the anion of the metal salt entering or contaminating
milked).

the HTlc (nitrates are usually

Particularly critical anz the preparations of HTlcs with anions other than carbonate. CO2 from
the atmosphere is easily incorporated; it is therefore often necessary to resort to ion-exchange
techniques.
Those preparations which utilize cations such as Cu2’ and Zn2+ are also critical, since they form
several mono and binary compounds (ref. 164).
5.2 Precipitation methods.
In order to copmcipitate two or more cations it is necessary to carry out the precipitations in
conditions

of supersaturation.

Usually

supersaturation

conditions

am reached by physical

(evaporation) or chemical (variation of pH etc.) methods. In the case of the preparation of HTlcs the
method of pH variation

has been most frequently

utilixed. In particulsr, it is necessary to

precipitate at a pH higher than or equal to the one at which the more soluble hydroxide precipitates.
In Table 12 we report the values of precipitation pH for the hydroxides of the most common
metals forming HTlcs. It is shown that at pH 8-10 practically all the metal hydroxides forming HTlc
precipitate; at higher pH first the dissolution of Al occurs. followed by some other metals.
Three methods of precipitation have been used:
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TABLE 12
pH of precipit ion of some M(
pH at IlO-’ M
3.9
5
5
6.5
7
7.5
7.5
8.5

and M(IlI) hyd xides.
pH at 110’1 M
8
9.5
6.5
8
8.5
9.0
9

pH of mdissol.
9-12
12.5
14

1) titration with NaOH and/or NaHC03 (sequential precipitation, or increasing pH method);
2) constant pH at low supersaturation; the pH is controlled by the slow addition in a single
container of two diluted streams (cont. 0.5-2 mol/L); the first stream contains the M(U) and the
M(III) ions, and the second one the base (KOH, NaOH, NaHC03);
3) constant pH at high supersaturation; the solutions containing the M(II) and M@II) are added
very quickly to the one containing NaHCO3 or NaOH .
5.2.1 Titration methods.
Fig. 17 shows the titration curves obtained during precipitation of MgAlOH- , CuZnAlcch- and
NiA1COGITlcs (refs. 5,58,164,165). It is shown that a sequential precipitation of ions occurs, and
therefore it is not possible to directly precipitate a pure HTlc. However, it is also shown that, in the
case of the Mg,Al system, the precipitation of the Mg,Al double hydroxide occurs in the pH range
7.7-8.5, while the precipitation of Mg(OlQ occurs at pH 9.5, and that of Al(OH)3 at much lower
pH (4.0-4.5) (ref. 58). The same effect is shown to occur with the Cu,Zn,Al and Ni,Al systems.

Fig. 17. F’otentiometric titration curves for the precipitation of different HTlcs (mfs. 58,164.165).
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In the Ni,Al system the fmt precipitate is constituted by the Al(OH)3 (pH about 4), and then
most of the nickel is precipitated in the mixed hydroxide at a pH of about 5; the precipitation pH of
the pure Ni hydroxide is much higher (ref. 165).
The neutralization curve of a Cu,Zn,Al nitrate solution by dis&lic carbonate clearly indicates the
multi-step precipitation of the hydroxycarbonate. In this case too, the precipitation of Cu and Al
hydroxideos ccurs at lower pH than the precipitation of the hydroxycarbonates from solutions
containing only the single cations @H 4.4 against 6.7 for Cu2+, and pH 2.9 against 5.5 for A13’,
utilizing the conditions reported in ref. 164). Zn hydroxycarbonate precipitates instead at a normal
pH (at about 7). However, X-ray diffraction analysis of the hydrated precipitate revealed both the
presence of gerhardite [Cuz(OH)3N@] and CuZrrAlCo3-HTlc.
‘Ihe titration with a basic solution definitely does not imply a simple sequential precipitation,
but coprecipitation also occurs.
The first synthetic HTlc was prepared by titration of very dilute solutions of Mg and Al with a
dilute caustic solution up to pH 10. The flocculated precipitate was then placed in a dialysis bag
and immersed in water at 333K for one month; during the prolonged dialysis stage chlorine and
sodium ions were removed, co2 was taken from the atmosphere into the solution, and the
precipitate crystallized (refs. $69). More recently Ni,Al mixed oxide catalysts have been prepared
by Alzamora et al. (ref. 86), and Kruissink et al. (refs. 88,94) with the increasing pH method, the
precipitate obtained, after aging, gave an HTlc

with the same features as those of compounds

prepared by the constant pH method.

5.2.2 Precipitationat lowsupersaturation.
Coprecipitation at low supersaturation, at constant pH, is the method most frequently used in
the preparation of HTlcs. The conditions most commonly utilized are the following: pH ranging
from 7 to 10, temperature 333-353K, low concentration of reagents and low flow of the two
streams. Washing is carried out with warm water, and some aging under the conditions of
precipitation is usually done; the drying temperature does not exceed 393K.
Low supersaturation conditions usually give rise to precipitates which are more crystalline with
respect to those obtained at the high supersaturation conditions, because in the latter situation the
rate of nucleation is higher than the rate of crystal gmwth. A large number of particles is obtained,
which, however, are usually small in size (refs. 131,132,150).
In one of the iirst patents which claimed an HTlc as an optimal precursor for hydrogenation
catalysts the following preparation of a NiAlCO3- HTlc was reported (ref. 100):
Exam&l:

48 mol of Ni(NO&.6H20

and 16 mol of Al(NO&!.9H20 were dissolved in 32 L of

water 72 mol of Na2Co3 were dissolved in 36 L of wateq the two solutions were heated at 353K.
10 L of Hz0 heated at 353K was introduced in one vessel, and a small amount of the carbonate
solution was added in order to obtain pH 8 . The two solutions were then added to the vessel,
carefully controlling the rate of relative addition in order to keep the pH in the vessel between 7 and
8. After completion of the precipitation, the slurry was aged at the same temperature for 15 min.
The precipitate was then filtered and washed to eliminate the alkali metals and the nitrate ions;
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drying was carried out at 383K.
Miyata et al. (ref. 155), in one of the fast patents which claim the synthesis of HTlcs, reported
the following preparation :
-2:

15 g of Al(N@)3.9HzO and 35.6 g of Zn(NO3)2.6HzO were dissolved in 200 mL of

water, a second solution containing 2.1 g of NazC@ and 12.8 g of NaOH in 200 mL of water was
prepared. The two solutions were mixed dropwise in one beaker containing 500 mL water, under
stirring, while keeping the pH between 10 and 11 at 293K. The precipitate was filter& and washed
with 200 mL of water, and finally dried at 353K for 10 hours. X-ray diffraction analysis of the
product confirmed the formation of Z~~AI~(OH)I~CO~.~H~O.
A further example of preparation of a ZnAlNOGlTlc

is taken from a patent of Wolterma~

(ref. 166):
-3:

247.6 g of Al(NO3)3.9H20 and 366.7 g of Zn(No3)zHzO (30.8% of H20 ) wem

dissolved in 2 L of water. A second solution containing 160 g of NaOH in 2 L of water was
prepared. The two solutions were mixed by dropwise addition of both to a container, conuolliig the
pH to keep it at about 10. The solid was washed with a large amount of water and dried overnight at
383-393K. The dried solid was ground and reshnried in 500 mL of water to remove NaN@. The
slurry was stirred at 303K for one hour, washed and dried overnight at 383-393K. X-ray diffraction
analysis showed the formation of the desired HTlc.
A thorough investigation

of the role of precipitation

parameters in the synthesis of

NiAlC@-HTlcs has been carried out by Kruissink et al. (refs. 88,89,94). The role of precipitation
pH, hydrothermal treatment, and presence of (COS)~- has been investigated. Some of the results
am summarixed in Table 13.

TABLE 13
Effect of preparation conditions on some characteristics of the NiAlm-HTlc
metal salts were utilized (ref. 88).
Ni/(Ni+Al)
Precipitating
agent
atomic ratio
O.aaa
NaOH/NazC03
O&ia
NaOH/NadD
0.50
NazC03
0.50
NaOH
a= hydrothermally aged.

pH of
ureciuitation
10
5
7
7

precipitates; nitrate

Layer spacing,

Carbonate,

Nitrate,

A

wt%

wt %

7.58
8.92
7.5
9.0

<0.2
18.3
0.88
13.8

7.9
0.24
8.6
___

The results indicate that if precipitation is carried out in conditions of low concentrations of
carbonate and bicarbonate ions (thus with only NaOH as the precipitating agent, or at pH lower than
6, since the dissociation pKt and pK2 of HzC!a are 6.4 and 10.3, respectively) the nitrate ion is
preferentially incorporated into the structure (ref. 94). The preferential incorporation of nitrate ions
gives rise to the compound with the higher value of layer spacing.
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52.3 Precipitationat high supersazurution.
Preparationsunder conditions of high supersaturation

generally give rise to less crystalline

materials, owing to the high number of crystallization nuclei. In the preparationof Cu,cO,Al-M
catalysts, Madi

et at (refs. 131,132) obtained an amorphous precipitate by the addition of the

metal nitrates to a solution containing NaHCO3, while under low supersammtion conditions a
crystalline HTlc was precipitated
However it is worth mentioning that the first patent on HTlcs as catalyst precursors used high
supersaturation conditions: MgAlC&-HTlc,
CoMnI@Alco3-HTlc

N~A~COS-HT~~,CoMnAl~HTlc,

NiiC(h-HTlc,

as well as other bimetallic and multimetallic HTlcs were synthesized by

adding a solution containing the salts to a NaHC@ solution (ref. 154).
An example of the preparation of NiCrAla-HTlc
a:

10.2 mol of Ni(N@h.6HzO.

is given (ref. 154):

0.17 mol of Cr(N@)3.9&0

and 3.22 mol of

Al(N@)3.9H20 were dissolved in 20 L of water. A second solution was prepared, containing 3 1.2
mol of NaHC03 in 20 L of water, the two solutions were heated at 363K. The first solution was
added to the second in three minutes; the resulting precipitate was then washed with distilled water
to eliminate the nitrates and alkali

metals, and finally dried at 423K

for 24 hours. For the

preparation of other HTlcs the temperature of precipitation ranged from 353 to 368K. In some
cases, Cm was bubbled into the solution. In the precipitation vessel the NaHC@ was in excess
with respect to the metal concentration; the precipitates were aged for some minutes. at the
tempeuuure of precipitation.
Cu,Zn,Al catalysts have been prepared by different methods; Table 14 lists the products
obtained by varying the conditions of precipitation. HTlc has been obtained at constant pH only by
adding a solution containing the soluble salts of Cu. Zn and Al to a solution containing NaHCO3, at
353K (pH about 8.0) (ref. 123).

TABLE 14
Preparation methods and nature of the precursors obtained for Cu,Zn,Al catalyst precursors (ref.
Method
1) addition of fNH4)2CU3 solution to a solution of

Product
hydroxynitrates, hydroxycarbonates

Cu,Zn and Al nitrates at 303K up to pH 6.8.
2) addition of a NazCO3 solution to a solution of

hydroxycarbonates, CuO

Cu,Zn and Al nitrates at 363K up to pH 9.0.
3) addition of a Cu,Zn and Al nitrates solution to a
solution of NaHC03 at 353K (constant pH 8.0).
4) precipitation in vacuum at mom temperature on
A1203 from the ammoniacal complexes of Cu and ZII.

HTlc, hydroxycarbonates
hydroxides, HTlc
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An example of the method of preparation follows (ref. 127):
w
Al(IW)3.9H20

A solution of Zn(bl03)2.6H20

(160.5 g), Cu(NO3)2.3H20 (520.3 g) and

(319.2 g) was prepared by dissolving the salts in 2.65 L of water (T 333K). A

second solution was prepared by dissolving 800.7 g of NaHCO3 in 5.29 L of water (T 3339. The
first solution was added to the second one in 3 minutes, under vigorous stirring.

The final

precipitation pH was 8.0. The precipitate was aged for 30 minutes, kept at 333K, the precipitate was
then filtered, washed with warm distilled water to eliminate the nitrates and sodium, until less than
0.02% NazO remained in the dried sample (heat treatment at 373K).
The Cu,Zn,Al catalysts prepared by this method had surface amas only slightly higher than
those for the same compositions prepared at low supersaturation conditions (refs. 120,121), due to a
lower degree of crystallization; all the other features of the catalysts were similar.
5.3 Preparation of HTlcs with anions other than carbonate.
Miyata synthesized and characterized several HTlcs with anions such as Cl- , (NO3)+, (Clo4)-,
(Cr04)2Vand <So4)2-. The following preparation method has been used for MgAlCl-HTlc (ref. 15):
Exam~U

200 mL of decarbonated and deionized water were placed into a one liter, four-neck

round flask, filled with nitrogen and stirred at about 298K. The decarbonated solution containing
AlC13 (0.25 M) and MgClz (0.75 M) was mixed with an aqueous solution of NaOH (2 M) by
adding dropwise from a burette, the pH of the reaction being kept at about 10. The resulting
precipitate was f&red,

washed and dried at 343K. Table 15 reports the chemical analyses of the

synthetic samples. It is shown that small amounts of (C@)2- are always present, notwithstanding
the care taken by the author to avoid contamination by C@ (ref. 15).

TABLE 15
Chemical analysis of MgAlA-HTlcs of samples synthesized in example 6 (ref. 5).
Anion
M(IIYM(III)
IA+ l/2 (C03)21/M(IlI)
A/M(III)
(N03)2.87
0.80
0.96
cl2.78
0.954
0.964
CT
3.86
0.965
1.09
cl3.00
0.905
1.06
(CR%)3.06
0.73
0.88
(NO3)2.99
0.848
1.03

The samples listed are characterized by a M(II)/M(III) ratio in the optimal range to obtain
HTlcs; the analytical ratio of the total anion content and the Al content is near to 1, in agreement
with the expected ratio necessary for charge balance.
An example of the preparation of an HTlc containing an organic anion is given by Reichle as
follows (ref. 62):
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l&am&Z
210

mL

of

A solution of Mg(N03)GHzO
distilled

water

was

slowly

(0.335 moles) and Al(NO&+.9HzO (0.158 moles) in
at 313K to a solution containing
added

1,12-dodecanedicarboxylic acid (0.0756 moles) and 1.202 moles of KOH in 600 mL of distilled
water, in one hour. The precipitate was carefully filtered and the cake added again to a solution of
the dicarboxylic acid (0.151 moles) and KOH (0.305 moles) in 600 mL of distilled water, and
crystallixed at 338K for 18 hours. The material obtained was filtered. washed and dried at 398K in
vacuum. The X-ray powder pattern of the precipitate was rather diffuse.
5.4 Preparation of supported hydrotalcites.
Preparations of supported HTlcs have been carried out in order to increase the mechanical
strength of the catalyst (pellets containiig only the hydrotalcite exhibit poor mechanical properties),
and to dilute the amount of active species.
Three procedures have been used :
1) precipitation of the HTlc onto a support, the latter being in the form of an aqueous
suspension;
2) deposition-precipitation on a preformed pellet of gamma-alumina;
3) homogeneous coprecipitation inside the pores of preformed pellets of alpha-alumina.
The following is a detailed discussion of the pmcedures.
Procedure

(ref. 108).

Several oxides are reported to be suitable supports for hydrotalcites: Zroz. Al203 or hydrated
alumina, silicates, TioZ. The preparation procedure described is for a catalyst supported on alumina
hydroxide.
A hydrated alumina was obtained by precipitation of a sodium aluminate solution by nitric acid
in the pH range of 7.5 to 8. The precipitate was then separated by filtration, washed until free of
alkali and dried at 473K, 3.72 kg of this support were suspended in 10 L of water in a stirred kettle,
and the suspension was heated at 353K. The nickel hydrotalcite was then precipitated on this
suspended support. For this purpose, two solutions were. prepared and separately heated at 353K.
The fiit solution contained 48 moles of Ni(NO3)2.6II20 and 16 moles of Al(N0&.9HzO,

in 32 L

of water, the second solution contained 72 mol of sodium carbonate in 36 L of aqueous solution.
The hvo solutions were added to the kettle containing the alumina, while maintaining the pH
between 7.5 and 8.0; the precipitated product was stirred for a further 15 minutes, and then filtered,
washed and dried.
Procedure

(refs. 167,168).

In this preparation, the pellets of gamma-alumina are impregnated with a solution containing
only the M(lI) salt (i.e. nickel), using high pH to partially dissolve the alumina as [Al(OH)4]-. In
this way, the support provides the aluminium ions, which then react with the M(II) ions forming the
HTlc on the support surface, inside the pores.
A detailed description of this procedure follows.
Ammonia was slowly added to a Ni(NO3)2 solution, under vigorous stirring; a 2 M aqueous
solution of NaOH was then very slowly added to the fast solution, until the pH reached the value of
10.5. Preformed extrudates of gamma-alumina were put into the solution; after waiting for 30
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minutes the solution was heated at 363K, while m

was bubbled through it (with a rapid decmase

in the pH); this last operation was intended to avoid nitrate incorporation. The synthesis was
stopped after some houq the X-ray diffraction analysis of the dried catalyst showed the presence of
HTlc, besides the support. The catalyst was finally calcined at 723K for 16 hours and then reduced
in flowing hydrogen for 16 hours at 873K (heating rate 2 deg./mitt).
procedure

(ref. 169).

In this preparation Ni and Al carbonates are coprecipitated inside the pores of alpha-alumina.
Rings of ceramic matrices were immersed in a N&Al solution to which urea or some other
hydrolisable material had been add&, the rings were vacuum impregnated with the solution, and the
excess solution was drained off prior to heating the rings at a temperature up to 383K. to cany out
the hydrolysis and coprecipitation inside the pores of the A1203. In order to increase the amount of
loaded HTlc, after the first deposition the rings were calcined at 583K for 2 hours, so as to partially
decompose the hydrotalcite. Thereafter, a new deposition could be carried out, and it was possible
to achieve a loading of the matrix up to 20% wt of nickel, due to an increased capacity of the pores
for further impregnation. In many cases

the hydrolysis by urea could be completed by washing

with water or with NaOH, if necessary. In this way both the DSC cutves of the precipitate and the
TG curves of reduction of the samples were similar to those of the pure coptecipitated hydrotalcites,
thus no free NiO had been formed.
5.5 Hydrothermal treatments.
A hydrothermal preparation concerns the treatment of freshly precipitated mixed hydroxides or
mechanical mixtures of the oxides with water (possibly in the presence of other anions) in order to:
1) synthesize the HTlc;
2) transform the small cxystallites of HTlc into larger and well crystallized ones (essential for
characterization purposes);
3) transform amorphous precipitates into crystalline HTlc.
Two conditions of hydrothermal treatment have been generally used:
1) temperatures higher than 373K, under pressure. in an autoclave;
2) temperatures less than 373% in this case it is better to speak of an ‘aging’ treatment.
5.5.1 Hydrothermal treatments at high temperature.
Roy et al (ref. 59) were the first authors to report the synthesis of MgAlC@-HT starting from a
mechanical mixture of MgO and Al203, or from mixtures obtained by decomposition of the hvo
nitrates. The mixtures were then treated in an autoclave at temperatures lower than 598K (with a
total pressure ranging from 13 to 130 Mpa; the partial pressure for Co2 varied from 0.7 to 133.3
MPa, the water pressure from 6.7 to 133 MPa). The authors obtained a HTlc
magnesite and hydromagnesite

together with

(the latter only at temperatures lower than 458K). Higher

temperatures led to the decomposition of the HTlc.
Recently Pausch et al. (ref. 23) reported some preparations of HTlcs by treating A1203 and
MgO in an autoclave at T 373-623K, and a water partial pressure of 100 MPa. The reaction times
varied from 7 to 42 days. The MgAlC03HT was prepared in the presence of Cch (added as
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MgQOq.H@

in the reagent mixture). In CC&free experiments the authors succeeded in preparing

MgAlOH- HTlc. In the samples prepamd at higher temperatures with higher levels of Al and in the
absence of C@, a disordered phase (due to poor stacking of the layers) was formed instead of the
HTlC.
The

temperature

of transition from a HT phase to a HTlc with no defined stacking order is

reported in Fig. 18 as a function of x (ref. 23). The authors also claimed that, under the
hydrothermal conditions selected, it was possible to prepare a defective hydrotalcite with an amount
of Al% in the brucite-like layer up to x= 0.44, even though the value of parameter u was found not
to decmase beyond x= 0.33. The authors confirmed the absence of Al(OH)3 by X-ray diffraction
measurements, when amounts higher than that cotresponding to x= 0.33 were utilized. To explain
the constancy of a beyond x= 0.33 the authors hypothesized a structure built up of adjacent Al(OH)6
octahedra, with (Ma)+ filling the octahedral vacancies, similar to that reported by Serna et al. (ref.
136) for [Altii(OH)al+A-.nHzO.

420

-

400

-

380

-

hydrotalcite-lika

ph.asa

wilh dillordered

staddng

360
0

0.2
x=

0.4

0.6

0.8

AV(AI+Mg)

Fig. 18. Transition temperature from IIT to HTlc with disordered stacking of the layers as a
function of the initial x value, in the co2-free system (ref. 23).

Many examples are mported in the literature dealing with hydrothermal treatments performed
after the HTlc precipitation, in order to obtain improved crystallinity.
The following procedure was utilized by Miyata (ref. 19). on freshly precipitated HT. The
precipitation wss carried out on HT prepared by precipitation at pH 10, at 313K, fmm MgCl2 and
AK& sohnions. The hydrothermal treannents were performed on the precipitate after exchanging
the Cl- ions with (C&

(by adding 0.1 moles of NagCo3 per liter); after washing with water and
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drying

at 353K for 20 h, 100 g of the precipitate was suspended in 700 nL of deionized water and

placed in a l-liter autoclave. The crystal size of MgAlCC&HT is reported as a function of the time
and temperature of hydrothermal treatment in Table 16, for two different x values (ref. 19). After
the hydrothermal treatments the samples were filtered, washed with water and dried at 353K for 20
h. The data reported show that the two parameters examined had a considerable effect on the
crystailite sire, which increased with time and temperature, with the exception of the test at T =
523K, where decomposition phenomena probably occurred. The effect of the hydrothermal
treatments on coprecipitated NiAlA-HTlcs has been studied by Kruissink et al. (ref. 94). The
treatment was performed in the mother liquor of the precipitation,

at 423K for two days, at 0.5

MPa.

TABLE 16
Effect of hydrothermal treatments on the crystallite size of MgAlC03-R
x= 0.25
Temperature,
Time, h
crvstal size,
x= 0.337
Temperature,
Tie, h
~rvstal size,

K

A
K

A

(ref. 19).

313
0
112

423
5
526

423
10
654

423
24
800

423
48
909

313
0
134

423
24
870

443
24
1282

453
24
1616

473
24
1653

Table 17 reports the cell parameters for a series of NiAlm-HTlc

523
24
820

samples (at different x

values), both before and after hydrothermal treatment. It is shown that the value of c’ increases with
decreasing x; the parameters are constant for higher x values. Both phenomena have already been
discussed in Section 3. It is also confiied

that the value of u does not depend on the anion.

TABLE 17
Cell parameters of hydrothermally treated NiAlCO3HTlc with various x values (ref. 94).
Befom hydr.
treatment
After hydr.
treatment
c*,A
add. chases
a,A
a. A
adduhases
c’, A
Al
3.06
8.0
;15
3.046
7.76
Ni(OHh
0.20
3.05
7.8
3.046
7.76
Ni(OH)z
0.25
3.04
7.7
3.041
7.69
0.34
3.04
7.7
3.041
7.70
*
0.40
3.02
7.6
3.025
7.57
boehmite
0.50
#
7.6
3.025
7.57
boehmite
Hydrothermal treatment at 623K in the mother liquor. I Very poorly crystallixed.
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Moreover, it is shown that only with an x value of 0.25-0.34 (thus within the optimal range for
the precipitation of pure HTlcs) are no new phases formed as.a consequence of the hydrothermal
treatment; also. no modification of the a and c’ parameters is observed. Outside the optimal range
amorphous precipitates are cystallized to boehmite or Ni(OH)2. Hydrothermal treatment of
MgAlN@-HTlc at 4833 for 18 hours has been reported by Cavalcanti et al. (ref. 77); the aim was
to increase the size of the crystallites up to the micron range before performing anion exchange. .
55.2 Aging.
Mascolo et al. (ref. 64)) succeeded in preparing Cti-free

MgAlOH-HTlc from a suspension of

MgO and Al203 in water, kept in a sealed teflon container for a week at 353K.
ZnCrCOg-HTlc has been synthesized by Boehm et al.(ref. 143), by reaction of ZnO with
aqueous solutions of (CL~H~O)~+ or

(c!rcl2.4H20)+.

either at room temperature within several days

or at 333-353K within a few hours.
ZnAlNm-HTlc and ZnCrNO3HTlc have been prepared by Woltermann (ref. 166) by an aging
procedure on the metal oxides; the following procedure was utilized:
&am&&
containing

308 mL of a 1 M solution of Al(N@)3.6HzO in water was added to a slurry
90 g of ZnO in 50 mL of deionized water, and the pH was adjusted to 3.6-4.0; the

slurry was heated while stirring for six hours at 363K. After it had been filtered and washed, the
solid was reslurried in 100 mL of deionized water and once again 308 mL of a 1 M solution of
Al(N@)36H20

was added, adjusting the pH, the slurry was maintained at 363K overnight. The

need for two additions of the M(III) solution was very likely related to the fact that the formed
HTlc covered the unreacted ZnO, and therefore the reaction could not be completed in one stage
only.
The effect of aging on a ZnAlC03-HTlc precipitate has been intensively studied by Courty and
Marcilly (ref. 164); aging for 8 hours at 3533 in water favoured the selective growth of the
precipitated HTlc phase, with respect to the spine1 phase ZnA1204 (which was also observed in the
fresh precipitate).
An example of the preparation of MgAlCO3HT by aging prccedure follows (refs. 62,76,170):
Exam@~%

a solution containing

1.00 mol of Mg(Neh.6H20

and 0.50 moles of

Al(N@)3.9HzO in 700 mL of distilled water was added to a solution containing 3.5 moles of
NaOH and 0.943 moles of Na2C03 in 1000 mL of distilled water. This addition was carried out in 4
hours under vigorous stirring at a temperature around 308K. The slurry was heated at 338K with
stirring for about 18 hours.
This low temperature aging has also been used by Reichle to synthesize crystalline
ZnCrCo3HTlcs

and NiAlC@-HTlcs from amorphous precipitates.

5.6 Anionic exchange methods.
Bish and Brindley (ref. 39) noticed that treatments of takovite with diluted HCl solutions did not
destroy the basic structure of the HTlc; moreover, a new HTlc formed, characterized by diffetent
values of the c’ parameter of the unit cell, and by different inframd spectra, because of the
exchange of (C03)2- with Cl-. Following this procedure, Bish (ref. 52) synthesized NiAlA-HTlcs
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(A = Cl-, (S0.t)2-, (NO97 by treating a NiAlC03HTlc

mineral with a 0.01 M solution of the

corresponding acids, at room temperature and reaction times of several minutes to several days.
As mentioned in the previous sections, the exchange technique is the best way to synthesize
HTlcs containing anions other than carbonate, due to the high aflkity of (COS)~- for HTlcs.
The more facile exchange of (N03)--containing HTlcs (with respect to other anions) has been
utilixed to synthesize many HTlcs containing a variety of anions. Wokrmann
example, claimed that by treating ZnAlNO3-HTlc,

MgAlN~HTlc

(ref. 166) for

and ZnCrN@-HTlc

it is

possible to exchange the nitrate anion with a large series of complex anions, such as very bulky
hetempolyanions;

however, the author did not

report the X-ray patterns

of the exchanged

KllSteriidS.

A recent paper by Chiwe et al. (ref. 80) also should be mentioned. By exposing the calcined
HTlc (double hydroxide) to the appropriate solution these authors prepared pillared materials
containing bulky intercalating organic (such as sebacic acid or p-toluene sulphonate) or inorganic
(polyoxometalate, such as (Vtm)d

or (Mo~m)~-)

anions in the galleries, as well as photoactive

molecules.
Dredzon (refs. 81,84) prepared pillared HTlcs containing polyoxometalate anions by first
directly synthesizing a terephthalate-pillared HTlc (prolonged aging at 353K was necessary), and
afterwards by exchanging the latter with the metalate under mildly acid conditions.
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6. CATALYTIC ACFMTY
6.1 Introduction.
This section only deals with

the catalytic behaviour of catalysts whose precursars were

spec5cally mentioned as being HTlcs. Catalysts whose precursors may very likely be Iillcs (such
as many catalysts pqa&

by coprecipitation t%om mixed solutions of metal cations), but which

were not specifically mentioned as being one, will not be referred to here.
Special emphasis will be given (whenever possible) to the reasons why a pncursar based on
H’llc was chosen; comparisons with the hvity

of similar catalysts prepared with diffen%t methods

will be given. too.
Catalytic applications of HTlcs have been mported for the following reactions:
1) basic catalysis (polymerization of alkene oxides, aldol condensation);
2) reforming of hydmcarbons (naphtha and CI-l.4)with H2Q
3) hydrogenation reactions (prvduction of cH4, CHJOH, higher alcohols, paraffins and olefmes
from syngas; hydrogenation of nitrobenzene);
4) oxidation reactions;
5) support for Ziegler-Nab

catalysts.

6.2 Basic catalysis.
This section de@s essentially with the catalytic behaviour of the products of MgAlC@-HT
decomposition (some examples of other Hllcs will be given); the activity has been attributed to the
presence of basic sites.
Two reactions have been carefully investigated in the literature:
1) polymerization of alkene oxides;
2) aldol condensation of aldehydes and ketones.
6.2.1 Polymerization reactions.
The polymerization of ethylene and propylene oxides is a very important reaction in the
epoxides industry. Polyethylene oxide is used as a water-soluble lubricant for rubber moulds, textile
fibres and metal-forming operations as well as a component in cosmetics and pharmaceuticals.
Polypropylene

glycols are important materials for the production of urethane rubbers. Low

molecular weight polymers are used in all these applications. The preparation of polyalkene oxides
with extremely high molecular weights has been studied in view of their excellent elastomeric
properties.
Three polymerization mechanisms have been classified:
1) step-wise anionic polymerization, which is induced by alkali and gives rise to low molecular
weight polymers;
2) cationic polymerization which is induced by Lewis acid catalysts, and in this case, too, the
degree of polymerization is not high;
3) coordinate anionic polymerization which is characterized by the production of extremely high
.molecular weight polymers; this kind of polymerization is induced, among others, by alkaline earth
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oxides (MgO is the reference catalyst).
6.2.1.1 Polymerization of propyleneoxide.
Kohjiya et al. (ref. 1’71)investigated the activity of synthetic Mg6A12(OH)WO3.H20 calcined
at various temperatures in the polymerization of propyleneoxide. Table 18 reports the polymer yield
as a function of the calcination temperature. The uncalcined HT and the one treated at the
temperature at which only the water of crystallization is lost (533K) were not active, while the
maximum activity was found for the HT calcined at 723K. As we shah see in the next section this
temperature corresponds to the one where the number of acid sites is maximum. The [n] (intrinsic
viscosity) value of the polymer obtained with the HT calcined at 723K (reaction time 2 hours, at
323K). was 2.68 dL/g (measured in benzene at 298K), for a propyleneoxide conversion of 97%.
Polymerization at 293K (reaction time 88 hours) gave a conversion of 83%. with a value of [n]=
3.95 dL/g. According to the authors, the high molecular weights obtained at low temperature were
indication that the mechanism had to be a coordinated anionic one, induced by the basic properties
of the catalyst.

TABLE 18
Effect of the calcination temperature of HT on the
polymerization of propyleneoxide; reaction T= 323K
ef.171).
Yc. temp.,
K
uncalcined
uncalcined
533
533
723
723
923
923

Reaction time.
h
2
12
2
12
2
12
2
12

Polymer yield,
I
0.1
0.7
2.0
2.9
100
100
46
100

6.2.1.2 Polymerization of propiolactone.
Nakatsuka et al. (ref. 66) investigated the activity of
MgAlC03HTs

the calcination products of several

in the polymerization of l3-propiolactone.All the HT precursors were calcined at

723K for one hour, and afterwards cooled to room temperature and stored over anhydrous CaC12.
The activities of the various catalysts (characterized by different Mg/Al ratios) are reported in Table
19 ; the values of intrinsic viscosity obtained show that the relative polymers did not have large
molecular weights.
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TABLE 19
4ctivity of the calcined HT in the polymerization of
sropiolactone (ref. 66).
MgO/AlzO3,

Monomer conversion

According to the authors,

Intr. viscosity,

MgO prepared by calcination was not active in the reaction;

moreover, a correlation was found between the activity and the number of basic sites. The inhibition
of activity occurring upon CO3 and I&O additions confirmed the role of the basic sites in the
formation of the polymerization centers. In particular, the authors correlated the activity to the
interaction between MgO and Al2O3, promoting the formation of suitable basic sites. However,
according to the reported catalyst composition, only sample no.3 was prepared

from the

decomposition of pure HT. Samples no. 1 and 2 were probably characterized by the presence of
A1203, too, while catalysts 4 and 5 by the additional presence of MgO.
6.2.2 Alabl condensation.
Aldehydes and ketones are condensed to dimeric or higher membered products with bases of
widely varying nature. The basic catalyst abstracts a proton adjacent to a carbonyl group, which
gives rise to the corresponding enolate. The latter reacts with the carbonyl group of another
molecule, and the base recaptures the proton giving rise to a S-hydroxy ketone or aldehyde:

The most interesting reaction from an industrial point of view is the aldol condensation of
acetone to produce mesityloxide (the diacetone alcohol rapidly dehydrates under the conditions
used for these base-catalyzed reactions) and diacetone alcohol, as well as the synthesis of
isophorone and 2ethylhexenal, which am hydrogenated to yield solvents or lubricants, or are used
as intermediates for the production of insecticides.
The reaction scheme for the condensation of acetone is shown in Fig. 19.
Usually, the most desired product is isophomne (IP), and to a lesser extent mesityl oxide
(MSO).
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Other by-products : mesitylene. isoxylitones. tetrarnethyltetralone
Fig. 19. Reaction scheme for the aldol condensation of acetone (ref. 172).

Basic catalysts from HTlc precursors have been prepared by Reichle (refs. 62,172-174), in order
to obtain catalysts which can fulfill the following requirements, with respect to the conventional
heterogeneous catalysts (Lisp04 or KOH) utilized for the aldol condensation:
1) longer lifetimes and higher stability (deactivation usually occurs through the formation of
heavy products);
2) higher selectivity for the two useful products. MS0 and Ip,
3) high IP/MSO ratio, in order to take account of market requirements;
4) better reproducibility in the preparation of catalysts.
Reichle intensively investigated the catalytic behavior of the products of the calcination in air of
MgAlC@-HTs, with different x values, as well as of HTlcs with various anions and cations; all the
samples were calcined at 723 K for 18 hours. The catalytic data were obtained by feeding several
aldehydes and ketones as reactants in a pulse reactor; therefore informations on deactivation of the
catalysts is therefore not available,

and the reported data can be taken only as indicative of the

initial activity. Table 20 reports the yields of the various products obtained

in the aldol

condensation of several aldehydes and ketones; the catalyst utilized is the decomposition product of
a MgAlCOs-HT (Mg/Al= 2.2)(refs. 62,173,174). Each reactant tested gave the expected aldol
dimers and trimers; no peculiar selectivities with respect to other, more conventional basic catalysts,
were found.
Table 21 shows the catalytic data obtained on catalysts derived from several HTlcs, containing
different cations, in the aldol condensation of acetone (ref. 62). MgAlC03-HT gave rise to the most
active catalysts, while the presence of other metals influenced the type of by-products obtained.
With MgAlCO3-HT as the catalyst precursor the main product was isophorone, and only small
amounts of mesityloxide were observed, for all the other catalysts non-negligible or very high
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amounts of MS0 were obtained.

TABLE 20
Product yields in the aldol condensation of various aldehydes and ketones
efs. 62i173.174).
Starting reactant, resid. am.%
acetone, 45

methylisobutylketone, 73.3
cyclohexanone, 58.5
acetaldehyde, 19.7

n-butyraldehyde, 47.2

Product, vield %
mesityl oxide, 2.1
isophorone, 36.2
tetramethyltetralone, 6.6
isoxylitones. 7.5
unknowns, 2
2.4.8~tWethyl,4-nonen-done,16.5
unknowns, 9.4
dimers, 12.9+23.9
unknowns, 3.4
2-butenone, 21.4
2.4-esendienone. 34.1
unknowns, 20.0
2-ethylhexenealdehyde, 36.6
unknowns, 14.9

caction temperature 573K.

TABLE21
Heterometal substituted, thumally activated HTlcs. and their
activity
in pul tests for-acetone aldo :ondensation (rc 62).
, Metalions in Hllc
Acetone conv..%
MSO/IP. wt/w~
40.0
MgAl
0.06
Ni$r
20.0
20#
Ni,Mg,Al
37.0
0.29
30.0
Mg,Al,Cr
1.30
N&Al
34.7
1.30#
N&Al
18.0
3.50#
Zn,Cr
10.4
7.50
co,Cr
14.0
All MS0
11.1
55.0
WC+
Co&
21.0
7.10
I
Mo/MGlI) in all samples= 3; reaction temp. 573K.
# large amounts of mesitylene formed
*only NazCQ as base (no NaOH) used during HTlc synthesis.
catalytic
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The higher formation of MS0 can be explained as being due to the lower activity, since
isophorone is formed consecutively from MSO. The formation of large amounts of mesitylene with
Ni-containing catalysts can be attributed to the dehydtogenating and dealkylating properties of
nickel.
Table 22 reports the effect of anion type on the catalytic activity of catalysts prepared from
HTlc decomposition, in acetone aldol condensation (refs. 62,173). In the case of HTlcs containing
Cl‘, (Sod)*- and (CtO4)*-, the corresponding catalysts turned out to be inactive; the only active
catalysts were those prepared from HTlcs containing vaporizable anions (both organic and
inorganic). For samples with heavy organic anions incorporated in the HTlc, it was necessary to
pre-activate the catalyst in air, in order to oxidize the organic residuum. The volatilization of the
anion led to a hydroxyl-containing product, while strongly bound anions (or those vaporizable only
under more drastic conditions) hindered the formation of catalytically active centres. With the
catalysts prepared from HTlcs containing organic anions, flow tests were also performed; the
catalytic data displayed differences in both activity and selectivity, depending on the type of anion
originally present in the HTlc. In particular, the HTlc containing carbonate gave rise to a catalyst
which was mom selective to the desired products (MSO+IP), but not to the most active one.

TABLE 22
Effect of the type of anion in the MgAlA-HTlc precursor
on the activity in acetone aldol condensation; pulse tests
(refs. 62,173).
_

Anion inHTlc
carbonate
oxalate
valerate
chloride
sulphate
chromate
1.12 dodecane-dicarb.
1,lO decane-dicarbox.
adipate

Acetone conversion,%
36.2
45.1
44.0
10.0
very low
very low
55.5
44.7
29.1

MSOiIP
0.125
0.056

0.010
0.028
0.160

Lifetime tests in a pilot-plant flow reactor were carried out on the catalyst formed by
decomposition of MgAlC@-HT (ref. 173), and which preliminary pulse tests showed to be the best
performing catalyst for this reaction. Table 23 shows the experimental conditions utilized, as well
as the results obtained under stationary conditions.
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TABLE 23
Evaluation of catalyst performance in pilot plant
atalyst: MgAlCm-HT heat treated at 673K, (ref. 1 i).
Results:
Acetone conversion, 96
Efficiency to MSO+IP, %
MSOD’. wt/wt
Crude analysis (dry basis), wt. %:
acetone
mesityl oxide
isophorone
midrange unknown pr.
isoxylitones
tetralone
Conditiok
feed rate, g/h
temperature, K
pressure, psi
time on stream, h

23.3
77.7
0.32
80.70
3.70
11.60
0.66
0.82
2.50
680
573
40
450

Cross-aldol condensation of CHzO and acetone to produce methylvinyllcetone is catalyzed by
acid and basic catalysts. Suzuki and Ono (ref. 67) investigated the catalytic behaviour of calcined
MgAlA-HTlcs, with different anions, and of M(II)M(III)C03-HTlc with different cations, for this
reaction.
Table 24 reports the conversion of acetone and the selectivity to methylvinylketone, calculated
both on the basis of acetone and formaldehyde, for the samples containing different metal cations. It
is shown that the catalyst prepared from MgAlC@-HT was the most active, as well as very
selective, the results thus being similar to those obtained by Reichle in aldol condensation. The
results reported by the authors are comparable to those described in the literature for the.same
reaction catalyzed over different materials, such as Na/SioZ. Ca5(OH)(po4)3 and Zr@/Si@.
TABLE 24
Activity and selectivity of various heat-treated HTlcs in the reaction between acetone and
ormaldehyde (ref. 67). _
Cations in HTlc

( Acetone conv., % 1 Selectivity to MVK, 96

.~

Reaction temperature, 6733.
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6.3 Redox catalysis.
6.3.1 Introduction.
The rcdox reactions which utilize catalysts prepared from HTlcs are summarized in Table 25, as
reported in one of the fmt patents referring to HTlcs as optimal catalyst precursors (ref. 1). Almost
all reactions given in Table

25

were described in analogous patents or publications as being

catalyzed by compounds containing the same metals, but not, however, prepared from HTlc
precursors, or where the formation of HTlcs had not been noted.
A general feature of all the catalysts prepared from HTlcs is that they contain a large amount of
transition metal (6677%), and that they have been claimed as being characterized

by higher

stability and longer lifetime with respect to catalysts prepared by other more conventional
techniques (such as impregnation or precipitation), and in many cases also by a higher activity.

A

further improvement to the catalysts reported in Table 25 has been obtained by modification of the
HTlcs through the addition of other elements which do not enter into the brucite-like structure or the
interlayer. Such additions led to improvement in the overall catalytic behaviour (stability, activity,
selectivity, easier activation). The elements added include rare-earth metals (ref. 105), noble metals
or excesses of the cations which form the HTlc (ref. 90).

TABLE 25
Composition of catalyst precursors (HTlcs), and their catalytic applications (ref. 1).
MgeAbCOdOHh~4H20
NiaA12C03(0Hhc~~0

Ni3M@A12C03(0H)i6.4HgO
C0eig3AhCO1(0w16.4~0

CO~AI~CO~(OH)~~.~H~O
Nio.scoO.~~cuO.~~~A4A12co3~0H~1~4H20
Cu3Mi,@12COs(OWla4H2O

Dehydration, carrier.
Hydrogenation, dealkylation.
Hydrogenation, dealkylation, cracking.
Hydrogenation.
Hydrogenation.
Hydrogenation, dehydmgenation.
Dehydrogenation of sec. alcohols to
ketones, hydrogenation of niuo groups.
Isomerization, hydrogenation of nitro groups,
dehydrogenation of sec. alcohols to ketones.
Dehydrogenation of sec. alcohols to ketones,
low temperature conversion.
Hydrogenation.
Hvdroaenation.

In this section we shall report the more important results for the followings applications:
1) reforming;
2) nitrobenzene reduction;
3) methanation;
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4) methanol synthesis;
5) higher-alcohols synthesis;
6) Fischer-Tropsch;
7) oxidation reactions.
In reactions 1 through 6 the active elements am introduced into the brucite-like sheet, while in
the oxidation reactions they are introduced into the interlayer region as heteropolyanions; in the
latter case the elements of the brucite-like sheet act only as a catalyst support.
6.3.2 Steamreforming.
The steam reforming of hydrocarbons involves the following reactions:
C&lm+ n Hz0 --->

n CO + (n + m/2) Hz

for n= 7 (C7Hle) A Ho = 1108 KUmol
The CO formed may take part in two further reactions:
CO + H20 ---> COZ + Hz
CO+3H2

A Ho = - 41 K.I/mole

---> CH4+H20

AH’=-206KJ/mole

These two reactions are exothermic. and are therefore favoured at low temperature. The steam
reforming at high temperature is carried out to produce hydrogen or mixtures of CO and hydrogen;
steam reforming at low temperature is carried out to produce methane.
Nickel-supported. catalysts are very active for these reactions, operating with an inlet
temperature of 723-823K, exit temperature at 923-1123K,

a pressure of 0.3-4.0 hIPa,

steam

/carbon ratio 2-6 and GHSV 5000-8000 VsVc -‘h-l and naphtha LHSV 700-825 VtVc -‘h-l (refs.
165,175,176). catalysts for these reactions must have high thermal stability under hydrothermal
conditions, because of the large amount of water used.
In the case of the production of CO and Hz the temperature must be in the high range, while in
the synthesis of methane it can be lower than 873K. Coprecipitated Ni,Al-based catalysts were
already recognized as satisfying all the requirements for operation in steam reforming for methane
production (ref. 177), even before people working in catalysis became aware of the formation of a
HTlc precursor (in the preparat&

performed by coprecipitation method), and thus began to take

care to carry out the precipitation at constant pH, rather than at increasing pH (ref. 100).
The precursorpreparation at constant PH. taken from ref. 100, has been described in detail in the
section specitically devoted to catalyst preparation. After the precipitation, the precursor was
calcined at 723K for 24 h, pelletixed with 2% graphite and reduced at 723K with Hz at 1.6 h4Pa.
The final composition in wt.46 was 56.8 Ni, 9.5 Al, 0.009 Na. In some preparations the precursor
was directly

precipitated onto a carrier (such as Al203 or bohemite) present as a slurry in the

precipitation vessel; in these cases the final catalyst contained less nickel.
The coprecipitated catalysts were active in the 673-923K range. with a pressure of 2.5-8.5 MPa
and HzO/naphtha wt. ratio = l-2. The naphtha charge had to contain

no more than 0.05 ppm S

(sulphur is a poison for the catalyst), and the paraffin content had to be not less than 70% v/v; the
spatial velocity for naphtha had to be no higher than 2 kg L -’ h“(ref. 100). For a naphtha with
density 0.727 g/cm3 (distillation range 353-428K). the HzO/naphtha wt. ratio utilized was al. the
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pressure 3.0 MPa, the reactor inlet temperature 653K and the space velocity 5 kg L -’ h-‘. The exit
temperature was 73X,

and 1.31 kg of water as well as 1770 NL. of dry gas (with composition:

65.9% CI-Lt,23.1% COZ, 10.6% H20 and 0.4% CO) were obtained (ref. 100).
In order to compare the catalytic behaviour of the copmcipitated catalyst with that of a
conventional steam reforming catalyst prepared by impregnation (with composition: 61.4% Ni,
19.5% A1203 and 1.31% K), an evaluation was made of the time on stream when unconveaed
naphtha appeared at the outlet of the reactor, under similar reaction conditions. With the former
catalyst, this time was measured as 121 h versus 89 h for the conventional catalyst, thus indicating
the superior performance

of the coprecipitated catalyst (ref. 100). Lower H2O/hydrocarbon ratios

and higher space velocities can be utilized in the reforming of butane.
The catalysts prepared by HTlc decomposition are therefore characterized by:
1) higher activity (i.e. they are active at lower temperatures, thus conferring an advantage for the
adiabatic conduction of the reaction);
2) higher stability and lifetime (but only for low temperature reforming);
3) no necessity for alkali metals.
In the catalysts prepared by decomposition of NiAlA-HTlcs thermal sintering phenomena occur
during the reaction, due to the transformation of gamma -Al203 into alpha-Ah03. This causes the
coalescence of Ni particles, as well as the disappearance of the fine pore structure and the loss of
total surface area (ref. 178).
The resistance of Ni,Al catalysts towards steam sintering can be improved by introducing C?’
into the precursor in substitution for aluminium, in amounts corresponding to 5-101 (ref. 99). This
modification also leads to an enhancement against deactivation due to polymer formation. It was
claimed that the substitution of one tenth of the Al ions with Cr gave rise to calcined catalysts where
at least 55% by volume of the pores had a pore radius in the 12-30 A range. This property was
reported to be the beneficial one in regards to the improvement of catalytic performance. In order to
obtain a compound with this type of pore distribution it was necessary to carry out the precipitation
(and also the washing and filtering) of the HTlc at temperatures lower than 333K. The claimed
higher temperature resistance towards sintering allowed higher pre-heating temperatures to be used,
and therefore heavy feedstocks such as kerosine and gas oil could be used.
Table 26 reports the dimensions of nickel crystallites after the sintering test (performed at
873K, for 270 h, in a flow of steam/hydrogen 9/l v/v, at 2.4 Mpa), together with an index of the
deactivation rate (measured as a progression of the reaction temperature profile along the catalytic
bed with time), in a gasification test performed at an inlet temperature of 723K. pressure of 3.0 MPa
and steam/feedstock ratio 1.66/l v/v. The reported data clearly show the enhanced catalytic
behavior of the Cr-containing catalyst.
A catalyst prepared from the decomposition of NisMgA12(OH)16CC3.4H20 precursor has been
proposed for the production of methane by reforming of hydrocarbons having a mean carbon
number in the range C2 to C30, corresponding to a boiling point range 303-573K (ref. 110). The
special activity of this catalyst was attributed to the formation of MgA1204, notwithstanding the
calcination temperature was lower than 823K. Though being alkali free, this catalyst was claimed
to be very active and stable. It is worth noting that in conventional catalysts the presence of K is
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necessary in order to avoid rapid deactivation due to coke formation.

TABLE 26
Sintering resistance properties of reforming catalysts
mated
from Niil&&@(OH)16.4H20
(ref. 99).
Ni tryst. sire, Deactiv. rate index,
a
b
A
inch/lOOh
_
2.0
0.0
277
1.2
1.9
0.1
233
0.7
1.8
0.2
157
0.6
1.2
0.8
155
not eval.

Table 27 reports a comparison of activity between catalysts prepared from the H’llc precursors
and

conventional

catalysts. The time-on-stream

after which unreacted higher hydrocarbons

occurred in the cracked gas was chosen as an index of activity.

TABLE 27
Comparison of activity in methane production of various catalysts (ref.1 10).
Catalyst composition

Ni,K (or Na),

Ni,Mg,Al5/1/2 (from HTlc)
Ni,Mg,Al5/1/2 (from HTlc)
Ni on A1203
Ni on Al203
Ni on Al203
Ni on Al203

wt.%
54.3,O.OOl
55.3,0.003
15.0,O.Ol
51.2,O.Ol
25.0.3.05
61.4, 1.31

Time until fit

breakthrough of

naphtha, h
196
164
from the start
from the start
from the start
89

Reaction conditions were as follows: space vel. 5 kg L -‘h-l, Hinaphtha

wt. ratio 2.0, inlet

temperature 723K, pressure 3.0 MPa.
The steam reforming of methane over coprecipitated Ni,Al catalysts has been studied by Ross
and coworkers since 1973 (ref. 96), but only in his papers published in 1978 (refs. 88,91) did he
report

that the catalyst precursor exhibited

a HTlc structure. In the latter paper (ref. 91) the

catalytic behaviour of catalysts either coprecipitated or impregnated

on several supports were

report&, Table 28 shows the data relative to this comparison. The coprecipitated catalyst appeared
to be more active (per unit weight), but the specific activity was lower than that of the impregnated
catalysts, due to the very high amount of Ni in the copmcipitated samples, and therefore to the
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lower degree of metal dispersion.

TABLE 28
Activity of various Ni based catalysts for the steam reforming of methane (ref. 91).
Catalyst
nrevaration
NiAlCoj-HTlc
Ni/Gibbsite
NiBayerite
NiBohemite
NVGibbsite

Ni content in
unreduc. cat., wt%
69.8
7.4
8.1
6.3
23.0

Total area,
m2/tt
132
206
293
318
172

Reaction rate,
1o”mol i’g-’
6.60
3.00
4.93
2.40
1.74

spfic
activity,
10’ mol s“(m2Ni)-’
3.10
6.67
10.3
2.89
1.09

6.3.3 Hydrogenation of nitrobenzene.
The preparation of a catalyst based on Co5.5Mno.sAl2CC3-HTlc is described in ref. 1, and is
similar to the one described in section 5.2. The precipitate obtained according to that procedure was
then calcined at 573K for 20 h, pelletized with 2% of graphite and reduced with Hz at 72313 for 48
h. The resulting catalyst had a surface area of 60.3 m2/g and average crystallite size of 125 A. 10 g
of the reduced catalyst were charged into an autoclave with a mixture of 125 g of dioxane and 125 g
of nitmbenzene; the system was pressurized to 10 MPa, and then heated at 423K. During heating,
the pressure reached 13.4 MPa; after 26 hours the hydrogen pressure had fallen to 2.9 MPa and
analysis of the reaction mixture showed a nitrobenzene conversion of 65.5% to aniline. A
cobalt-based, unsupported catalyst was prepared with a conventional method (composition: 70 wt.%
Co and 3.8 wt.% Mn) and was shown to be highly efficient and, when tested under the same
conditions, exhibited a conversion of 60.7%.
Comparative catalytic tests were also performed in a flow reactor; the catalysts were charged in
a tubular reactor, and reduced as described above. After reduction, the reactor was heated at 423K
and a mixture of nitmbenzene/dioxane

(25/75 wt/wt) was trickled over the bed; the H2 pressure was

15.0 MPa; the feed rate was 0.3 kg LC -‘h-l. Table 29 reports the conversion of nitmbenzene to
aniline for the two catalysts as a function of time on stream. The catalyst prepared by HTlc
decomposition, though containing a lower amount of cobalt (52.4 wt.% against 70%) turned out to
be more active.
A second comparison

was reported between a catalyst prepared from the precursor

N&A~~.~C~~CO$OH)I~.~H~O and a Ni-Raney catalyst (ref. 1). Under the same conditions the two
catalysts had very similar nitrobenzene conversion; however, the utility of the former catalyst is
related to the possibility of operating at higher temperatures than am possible with the Ni- Raney
catalyst.
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TABLE 29
Catalytic activity in conversion of nitrobenzenc to aniline on Co,Mn,Al based catalysts (ref. 1).
50
100 300 500 750 1000 1250
to.s.. h
nitrob. conv. oncat. 1 94.5 93.0 90.5 90.0 89.3 88.6 88.4
nitrob. conv. oncat. 2 88.5 86.5 80.5 76.0 71.3 68.5 64.5
cat. 1: prep. by CoMnA1Ct&HTic decomp.; cat. 2: conventional Co&In

1500
88.3
61.7
based catalyst.

6.3.4 Metharhon reactions.
Nickel-based catalysts are used for the methanation of CO because they are less expensive, very
selective, active and no more sensitive to sulphur poisoning than other metals (except ruthenium).
Three applications of methanation reactions are found in the literature (refs. 165,179):
1) purification of CO present in traces (0.3% vol.) in Hz-rich syngas, utilized for NH3 synthesis.
Ni on a support with high surface area is used, the temperature ranges from 523 to 62313, at a
pressure of 3.0 MPa;
2) production of SNG (synthetic natural gas) from syngas obtained from coal. In this case the
gas is richer in CO (3-20% vol.), and large amounts of water are present in the product; the catalyst
must work at higher temperature (523- 7239 and pressure;
3) synthesis of methane in the Adam and Eve project (ref. 179). In a first step the reforming of
methane is carried out utilizing heated helium coming from nuclear plants as the heat source for
the endothermic reaction; afterwards the heat is recovered by the me&nation

of syngas. In this

case, too, the catalyst must operate in the presence of high concentrations of water. It must be active
at 573K (inlet temperature of the reactor) and stable up to 1023K (exit temperature); moreover, the
heat must be released at as high temperature as possible.
The traditional commercial catalysts were not suitable for the last two applications, and the need
was born to prepare catalysts that were not only active and selective, but also

stable at high

temperature under hydrothermal conditions.
The first patent in which a NiAlA-HTlc was claimed to be an optimal precursor for the synthesis
of methane from syngas was published by BASF (ref. 108) in 1973. It was
NiiA~(OH)l&G3.4H20

claimed that

gives rise after calcination and reduction to catalysts which are mom

active with respect to those prepared by standard procedures, such as impregnation or precipitation.
A further peculiarity of the claimed catalyst is that the addition of alkali metals (usually added to
improve the catalytic activity) is not necessary. In order to obtain active catalysts the dried
hydrotalcite must be calcined in air at temperatures lower than 823K, the maximum temperature
(preferred range from 613 to 733K) must be reached quickly (a heating rate from 1.66 to 3.33
K/mitt is reported). The solid must then be reduced in a stream of hydrogen between 573 and 773K
(ref. 108). The claimed catalysts are reported to be active in methane synthesis at temperatures
between 473 and 573K. at pressures ranging from 2.5 to 8 0 MEa, and space velocities from 3000 to
7000 h-l. The catalyst can be supported on Zr@ or on hydrated aluminium oxides in order to
increase the mechanical stability.
Indications about catalysts suitable for SNG production, prepared from Ni~MgAl~CQ+HTlcs,
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have been presented in the review by Ross (ref. 165). Most of the work on the methanation reaction,
with catalysts prepared from NiAlC03HTlcs,

has been done by the groups Ross and van Reijen, on

the basis of an English-Dutch cooperative program. The authors chose precursors (for the Adam and
Eve Project) based on Ni&lC@-HTlcs;

the catalysts obtained exhibited high hydrothermal

stability under steam reforming conditions.
Table 30 reports the activity in methane formation for catalysts prepared from HTlcs with
different anions (ref. 88), together with the dimensions of NiO and Ni crystallites obtained after
calcination and reduction stages, respectively. The most active catalysts are those derived from
HTlcs containing (COS)~- as the anion, while HTlcs containing (N@)’ and Cl- anions am less
active, because of the greater crystallite dimensions for both the oxide and the reduced catalyst.

TABLE 30
Relation between incorporated anion and properties of the
methanation reactions (ref. 88).
Anion

Particle size of NiO

Particle size of Ni in

final Ni.Al based catalysts

Ni surf. area. m’/g

in talc. catalvst, nm* reduc. catalyst, nm+
4.0
6.2
Kw25.5
8.5
(NW2r cs
>50
>50
Calculated from X-ray diffraction line broadening data.

49
28
21

in

Specific activity,
10’7(Catoms) ~-‘rn-~,
0.137
0.115
0.063

Table 31 reports the dependence of the methanation activity on some preparative parameters.
The data show that the activity does not depend strongly on the Ni content in the HTlc precursor.
Moreover, when relatively high amounts of Na am left in the HTlc, the catalyst obtained displays a
lower activity.
Most of the catalysts loose 20% of their activity in two weeks of operation at 5733. The activity
data of some of the catalysts reported above are given in Table 32, together with an index of
stability expressed as decay rate: (l/A * dA/dt), calculated assuming a first-order decay for the
initial activity A. The results show that no clear role can be assigned to the effect of the anion on
the above parameters (ref. 98).
The presence of Na in the HTlcs has a considerable detrimental effect on the activity of the final
catalyst (ref. 89). Reported in Fig. 20 is the specific activity in methane production as a function of
the Na content. The effect induced by Na on the activity of Ni catalysts seems to be specific for
catalysts prepared by HTlc decomposition. Catalysts prepared by impregnation exhibit a maximum
in activity as the Na content is increased (ref. 180). The poisoning effect of Na was attributed more
to a decrease in Ni reactivity (thus to a decrease in the turnover number) rather than to a variation
in the surface area. Indeed, careful washing of the samples containing high levels of alkali restored
the activity.
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TABLE 3 1
Methanation activity as a function of x value, of anion type and of Na content in NiAlA-HTlcs,
atalyst precursors (ref. 88).
Specific activity,
Na content,
Anion
;= Al/(Al+Ni) pH of precipitation
incorporated, wt. %
0.15
0.25
0.25
0.28
0.50
0.50
0.75
0.25
0.50
0.63
0.50
0.25
0.34

10
10
7:

10
7
10
6
7
5#
7
10
10
10
0.60
’ prepared at increasing pH

(co3Y-

”

8.2
11
II
” 8.4
” 8.6
II
(N03)- 13.8
11
” 16.4
clco3)*-

I

I,
II

wt %
not meas.
0.09
0.05
not meas.
0.07
0.05
not meas.
not meas.
0.21
not meas.
0.05
0.37
0.70
1.13

1017(C atom&-‘i’
5.6
9.4
6.1
5.3
5.8
6.7
5.2
3.3
3.3
2.0
1.3
2.5
2.5
?*

TABLE 32
Activity and stability of some Ni,Al based catalysts in methanation reaction as functions of the
reparative parameters of HTlc precursors (ref. 98).
,Hof

precip.
5
5#
10
lO#

Metal salt
(NW
II
0,
I,

Alkali for prec. Anion in interl. Initial activity,
mol h-‘g-’
OH/CCC$
(NO3)0.24
11
II
0.21
1,
(co3)*0.38
11
I,
0.32
(co3)*”
0.50
(NO3S
0.22
Cl0.10

Decay rate,
h-’
-0.0050
-0.0030
-0.0020
-0.0025
-0.0020
-0.0010

The washing treatment of the precipitated HTlcs is therefore necessary; a further decrease in Na
content is accomplished by precipitating the HTlcs at a pH lower than 10. or by the application of
a second washing of the dried gel-like material precipitated at the highest pH (ref. 88).
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Fig. 20. Specific methanation activity as a function of the Na content for catalysts prepared from
NiAlC@-HTlcs precipitated at pH 10 (x= 0.25) (ref. 89).

An investigation has been carried out on the role of different alkali metals on the methanation
activity. The following order for the extent of the poisoning effect was found: Cs > K > Na > Li
(ref. 105). All these elements, except lithium, do not enter into the hydrotalcite framework, due to
their large ionic radius; therefore their action must become effective after the decomposition of the
HTlcs, in the final catalyst. A geometric screening effect over the Ni crystallites has been suggested
(refs. 105,107).
By contrast,

the addition of lanthanum

has been found to have a beneficial effect on the

activity (refs. 163,169). Fig. 21 shows the methanation activity as a function of increasing amounts
of La; the best results were obtained for a La content of about 0.5%; the promoter was included in
the coprecipitation mixture. The promoter effect of lanthanum, which is also observed with small
amounts of the metal, has been attributed both to the induced increase of the turnover number of Ni
crystallites, and to hinderance of the sintering of alumina through the formation of surface
La-aluminates, which enhance the catalyst stability (refs. 167.181.182).
Catalysts prepared fmm HTlcs have good activity and thermal stability, but poor mechanical
sttength. Catalysts with improved mechanical properties have been prepared by a
deposition-precipitation method, which allows precipitation of NiAlA-HTlcs inside a porous
support, such as ceramic materials or gamma-alumina (refs.167,168,183). Table 33 reports the
activities of reduced catalysts, before and after the sintering test (ref. 167).
The results shown indicate that the catalysts deposited inside the A1203 matrix have improved
thermal stability with respect to coprecipitated, unsupported catalysts. Moreover, the most active
catalysts are those precipitated onto gamma-A1203; the sample on alpha-AU% is quite inactive.
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mol.fractbn of lanthanum

Fig. 21. Activities at 573K for CO methanation on N&Al based catalysts with different La contents,
prepared by a) coprecipitation, low supersaturation, b) coprecipitation, high supersaturation, and c)
coprecipitation and impregnation with La(N@)3 (ref. 105).

TABLE 33
Methanation activity at 523K for Ni,Al based catalysts prepared by the deposition-precipitation
method (ref.
Vi, wt 8

Activity of

talc. samples

4ctivity of uncaksamples

A

I
L-

a
b
1.12
12.6
o.a75
0.43
13.7
0.61
0.98
0.54
17.7
0.96
1.51
0.46
27.0
0.89
1.25
0.45
0.74
33.9
1.00
0.27
37.2
0.62
0.97
0.25
17.9
0.71
1.00
0.64
15.5
0.28
1.08
0.39
1.6
0.00
0.00
4.0
0.10
0.64
0.13
0.58
0.32
I 69 7
a: before sinuer ing tests. b: af ter sinter g tests. Activity expressed as: (mol CO)g(Ni)- h‘
*: the samples were calcined at 723K after each step.
b
0.27
0.29
0.47
0.38
0.30
0.26
0.65
0.21

1$~?Y;
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6.35 Methanol synthesis.
Methanol can be synthesized from syngas by two processes:
1) an older process, working at high temperature and pressure (623K. 35 MPa), based on Zn,Cr
mixed oxides as catalysts;
2) a more recent process operating at lower temperatures and pressures (523K and 5.0 MPa),
based on Cu-containing mixed oxides.
6.3.5.1 Catalystsfor the high pressure synthesis of methanol.
The catalyst for the high pressure synthesis of methanol has an atomic composition of 75% Zn
and 25% Cr (typical of a hydrotalcite-derived catalyst), a composition which corresponds to a
maximum in activity in methanol synthesis.
A new interest in this catalyst has resulted from its capacity, when doped with alkali metals, to
be active and selective in isobutanol synthesis. Preparation of this catalyst therefore has been the
object of research in recent years, using precipitation conditions suitable for obtaining a hydrotalcite
phase (refs. 140,146,149). Different compositions lead to different structums, after drying of the
precipitate (ref. 140); a pure HTlc is obtained for Zn/Cr ratios in the range 3/l to 2/l. When excess
zinc is present the diffraction lines of zinc hydroxycarbonate are seen in the X-ray pattern while, for
higher chromium contents, amorphous phases are formed.
Table 34 reports the activity in methanol formation as a function of the Zn/Cr ratio (ref. 146).
Catalysts prepared from pure hydrotalcites (Zn/Cr = 3/l, thus x = 0.25) exhibited high activity, but
indeed amorphous precursors led to even more active catalysts; the highest selectivity in methanol
was obtained for compositions typical of hydrotalcite. Data on the stability of the various catalysts
(depending on the initial HTlc composition) have not been obtained.

TABLE 34
Productivity of methanol and by-products as a function of the Zn/Cr ratio on Zn,Cr oxides catalysts
(ref. 146).
Productivity,
React. temp.,
g kgc -’ h-’
zn/cr,
K
atomic ratio
MeOH
H.A.
H.M.W.
75/25
623
188.4
0
0.6
1.0
75l25
673
59.1
3.4
1.7
0.2
50150
623
392.6
4.6
10.9
3.6
50150
673
194.4
7.2
17.1
1.5
H.A.= higher alcohols; H.M.W.= other high mol. weight compounds. React. conditions: P= 8.0
MPa; react. time 8 h; GHSV 8000-9000 h“.

6.3.5.2 Catalystsfor the low pressure synthesis of methanol.
Two types of catalysts have been prepared from HTlc precursors for this reaction: Cu,Zn,Al
oxides and Cu,M(II),Cr oxides.
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catalysts.
Cu,Zn,Al oxides with different amounts of the metals have been prepared, in attempts to obtain

C&&AI

a HTlc phase as the catalyst pmcursor. Table 35 reports the activity in methanol formation, as a
function of the nature of the catalyst precursor, for different gas compositions (ref. 126). The values
of activity depend not only on the catalyst composition, but also on the reactant phase composition
as well as on the units chosen to express the activity data. The highest activities per kg of catalyst
and per kg of Cu for both gas compositions have been obtained with catalysts whose precursor was
a mixture of a malachite-type carbonate (rosasite) and hydrotalcite; pure HTlc was instead
characterized by a lower activity. By contrast, when the activity per unit surface ama of Cu was
taken into consideration, for a gas composition poor in hydrogen, the catalysts which were prepared
from pure HTlc exhibited the same activity as that of catalysts prepared from mixtures of rosasite
and HTlc.

TABLE 35
Rate of methanol formation and selectivity for two different gas compositions, on Cu,Zn.Al
:atalysts from IT c precursors (ref. 126).
H2/CO/Co2=86/8/6 (v/v)
H2/CO/COz=65/32/3 (v/v)
a
b
c
d
Precursor comn.
98.6
0.06
0.20
0.02
0.;
G.9
0.06
b
o.“zo 0.02
d
HTlc
98.8
0.16
0.37
0.14
0.28
99.9
0.18
0.42
0.16
HTlc
99.4
0.22
0.39
0.14
0.13
HTIc+M
99.8
0.14
0.24
0.09
0.08
99.1
0.10
0.14
0.05
99.8
0.11
0.16
0.06
HTlc+M
0.17
99.5
0.18
0.57
0.12
99.7
0.19
0.61
0.13
HTlc+amorp.
0.25
99.7
0.34
0.72
0.15
99.5
0.35
0.75
0.16
M+HTlc
0.28
99.8
0.49
0.78
0.25
H’llc+M
99.0
0.36
0.57
0.18
0.19 1 99.7
0.09
0.21
0.07
HTlc.
I 99.7
0.11
0.26
0.09
vl= malachite-l$e pha:e (Cu,Zn)zCOg(O,H)z @asite); a= selectiyity fo CH3OH.
b= kg WOH h-’ k -I ;c= kg CH30H h-’ kgcu -’ ;d= kg CH~OH h-’ rn-’ (CU afterreducrion)
Y
e= kgCH30H he’ rn- (CU afte.r reaction).

oxides

e
0.04
0.25
0.21
0.07
0.17
0.24
0.40
0.15

Fig. 22 shows the activity per liter of catalyst (the most interesting data for industrial
application) as a function of the Cu/Zn ratio and Al content (ref. 126). In the figure the composition
at which pure HTlc was present in the precursor has been marked. It is observed that as the Al
atomic content increased, the activity decreased linearly. The highest activity was obtained with
catalysts prepared from mixtures of HTlc and rosasite.
The same conclusions were drawn by Doesburg et al. (refs. 120,121) based on studies with
catalysts prepared from CuZnAlA-HTlc precursors, containing

other phases beyond HTlc. The

HTlc preparations were carried out under low supersaturation conditions. Table 36 reports

the

activity data expressed in different ways; once again, the most active catalysts were those whose
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precursorwas a mixture of HTlc and rosasite, containing less Al (ref. 120).
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Fig. 22. Rate of methanol formation as a function of a) the Cu/Zn ratio (Al 24.0%) and b) of the Al
atomic content (Cu/Zn 1.0); HtiCO/Co2= 86/8/6 (v/v) (ref. 126).

TABLE 36
‘atalyticactivith

>f Cu,zn+Al ox:ide:s catalysts prepared from HTlc precursors (ref. 120).

Composition
r
Cu/ZnlAl
0.97
HTlc
36/36/29
1.10
HTlc + (R)
48124l29
1.10
38/38/25
HTlc + (R)
1.20
5OLW25
HTlc + (R)
0.90
25fSV24
U+VfDc)
1.90
R+HTlc
58/24/18
0.79
U
28/S/17
1.45
56127117
R+(HTlc)
R
0.98
67/33/O
c= rosasite (Cu. h(GHkzCo3
U= unknown ternary compound called roderite
Precursor

2.84
2.34
3.09
2.47
3.95
3.38
3.16
2.70
1.60

Different interpretations have been given by Gusi et al. (ref. 126) and by Doesburg et al. (ref.
120) of the different catalytic behaviours observed for different catalyst compositions.
According to Gusi et al. (ref. 126) the activity was correlated with the presence of two different
copper-containing species, identified as an oxidizable species (detected as CuO by X-ray analysis)
and as non-detected copper (not detectable by X-ray diffraction); metallic copper (also identified in
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the X-ray diffraction patterns after exposure to air) did not contribute to the global catalytic activity.
The correlation between activity per unit weight of catalyst is reported in Fig. 23 as a function
of the sum (CuO + undetected Cu). All attempts to correlate the catalytic activity with only one of
these species failed, also, no correlation was found between the activity and the copper surface area
(ref. 126).

rateof CH3OH fem..wg(cat)

h

O.37

0

0.1

0.2

0.3

0.4

CuO+undetected copper, kg(Cu)/kg(cat)
Fig. 23. Rate of methanol formation as a function of the sum of CuO and undetected cow,
H2/CO/Co2 &WV6(0) and 65LW3 (0) on Cu,Zn,Al oxides catalysts; (ref. 126).

According to Doesburg et al. (ref. 120). the activity was instead related to the dimensions of the
Cu crystallites. Maximum activity was observed corresponding to a crystal size of 7 nm; Fig. 24
reports the relationship between productivity and crystal size.
However, no information has been qorted

in the papers mentioned on the stability of the

catalysts, nor on the influence of the nature of the precursor on stability, deduced from the
performance of life tests. It could be that the purity of the precursor may play a fundamental role
from this point of view.

Cu,Me(II),Cr based catalysts.
Several Cu,M(II).Cr mixed oxides have been prepared and theii activity compared with that of

Cu,Cr and Cu,Zn.Al oxides. Table 37 shows this comparison; in parricular the yield of methanol,
expressed either as kglkg(cat) or as kg/kg(Cu), is qorted as a function of the catalyst composition
and nature of the precursor (ref. 118).
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Fig. 24. Initial rate of methanol production on Cu,Zn,Al oxides catalysts as a function of the
average particle size. Crystal sixes calculated from dQ(l11) (ref. 120).

The highest activities were obtained with the Cu,Zn,Cr and Cu,Zn,Al systems. as compared to
Cu,Mg,Cr and Cu,Co,Cr systems (even though the latter catalyst precursors are characterized by
pure HTlcs). The two systems Cu,Cr and Cu,Mg.Cr showed comparable activities per weight of Cu;
in this case, therefore, Mg had no effect in promoting the activity. Cobalt, by contrast, exhibited a
strong inhibiting effect towards the methanol synthesis, which was evident above all for systems
containing’low amounts of Co, for which the formation of paraffins was not observed.

TABLE 37
Catalytic data on various Cu,M(lI),Me(III) mixed oxides, catalysts for methanol synthesis, and

amounts of paraffiis formed.
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The data therefore indicate that a specific role is played by the bivalent metal added to Cu in the
preparation of HTlcs. The added metal also plays a role in determining the phases present in the
spent catalysts. The XRD patterns for all the samples showed a high degree of sin&ring, with
segregation of different phases; in the case of Cu,Cr and Cu,Mg,Cr catalysts, CuO was identified by
X-ray analysis, as well as Cu20, MgO and CuCrOz In the case of Cu,Zn.Cr and Cu,Co,Cr mixed
oxides a spinel-lie

phase was identified (together with the two metal oxides), and with Cu,Zn,Al

the phases detected were CuO, Cu and ZnO. The addition of a third element, such as Co or Zn, thus
considerably modifies the activity and/or selectivity of the Cu/Cr catalyst, due to the formation of
mixed phases which am stable under the reaction conditions (ref. 118).
6.3.6 Synthesis of higher alcohols.
Diffemnt classes of catalysts prepared by the calcination of HTlc precursors have been claimed
as being active and selective in the synthesis of mixtures of methanol and higher molecular weight
alcohols, which are used as high octane blending stock for gasoline.
The addition of higher alcohols to methanol increases the water tolerance in respect to phase
separation, reduces the fuel volatility and the tendency to vapor lock and also results in higher
volumetric heating values. In some cases the catalyst systems have compositions typical of catalysts
suitable for the synthesis of methanol at high or low temperature, and require the presence of an
alkali promoter to form mainly branched

alcohols. In other cases these catalysts contain

Fischer-Tropsch elements together with copper, and they produce mixtures consisting of linear
primary alcohols having an Anderson-Shultz+Flory distribution (ref. 184). For these systems the
presence of an alkali promoter is necessaty; too, in order to enhance the synthesis of higher
alcohols.
On the basis of their composition, the catalysts may be classified as follows:
1) Zn,Cr, alkali-doped catalysts.
2) Cu,Zn,Al(Cr). alkali-doped catalysts.
3) Cu,Co,(Zn),Al(Cr), alkali-doped catalysts.
The main operating conditions, as well as the catalytic performances of these classes .of
catalysts, are summarized in Table 38 (ref. 185).

TABLE 38
Comparison of the operating conditions of different catalysts in the synthesis of higher alcohols (ref.
185).
“Chain growth”due to:
Range of operating conditions
0perat.narameter-s
Kev elements
T ,K
P. MPa
HtiCO
C2+OH. wt%
HighTandP
Zn,cr,alk.metals
650-690
17-25
2-3
20-30
_ LowHz/CO
Cu,Zn,Ivl(III). alk.
570
10
cl
20-30
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6.3.6.1 Zn,Cr, alkxali-dopedcatalysts.
These are typical high-temperature and high-pressure methanol catalysts modified by the
addition of an alkaline element, generally potassium. These systems have been thoroughly
investigated by Natta and coworkers (refs. 186,187); however, recent years have witnessed renewal
of interest in these systems (refs. 188-193). By employing a catalyst of this class Snamprogetti has
developed a process for the production on an industrial scale of mixtures of methanol and higher
alcohol from synthesis gas (refs. 194,195). Fig. 25 displays the flow-sheet of the plant (ref. 195).

Fig. 25. Flow-sheet of the Snamprogetti plant for the production of mixtures of methanol and higher
alcohols (ref. 195).

Table 39 (ref. 188) reports the catalytic data for two typical compositions: an undoped catalyst
and one doped with 3% of potassium. The two compositions have been obtained by decomposition
OfanHTlC pmcumor with Zn/Cr ratio 3.0 and by calcination of an amorphous hydroxycarbonate
precursor with Zn/Cr 1.0. It is shown that at 623K the presence of potassium has a strong poisoning
effect for both catalysts, while at 673K the potassium decreases the yield of methanol to a lesser
degree, while increasing the formation of higher alcohols, especially for the Zn/Cr = 3.0 catalyst.
Both catalysts, in the absence of potassium, give rise to the formation of higher alcohols, even if in
a smaller amount. It is worth noting that the catalyst with Zn/Cr ratio 1.0, which, after calcination,
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presented only a spinel-like phase with no evidence of a ZnO side-phase, is more active at both the
temperatures investigated (refs. 188-190).
Table 40

shows the compositions of the liquid phases obtained, under the experimental

conditions reported, for the catalyst prepared from the HTlc precursor (Zu/C!i= 3.0), both undoped
and 3% K-doped. The classes of compounds detected are mainly alcohols, some aldehydes and
ketones, methylcarboxylates, and a very small amount of acids, in agreement with the data mported
in the literature (ref. 190). A higher selectivity for isobutanol was found for the K-doped catalyst;
this may be interpreted on the basis of the mechanism of alcohol formation proposed by some
authors for this type of catalyst (refs. 187,191,192).

TABLE 39
data in the higher alcohols svnth
C<atalvtic
.

is for the Zn/C!r = 3.0 and Zn/Cr = 1.0 catalysts.

!eact.temp., ‘roductivity, g kgc -’ h-’
H.A.
K
CI+OH
H.M.W.
4.6
392.6
10.9
3.6
623
5OlSO
0
130.0
4.2
1.2
623
so/50
0
623
188.4
0.6
1.0
75l25
0
623
108.3
6.7
1.0
7X25
7.2
673
194.4
17.1
1.5
so/50
14.0
150.0
28.0
2.0
673
5OlSO
3.4
673
59.1
1.7
0.2
75/25
1.6
673
55.3
18.9
2.1
75/25
H.A. = higher alcohols; H.M.W. = other higher molecular weight compounds. Reaction conditions:
P 8.0 MPa, reaction time 8 h, GHSV 8000-9000 h”, H2/CO/C@ = 62.1/32.5/5.4 v/v (ref. 188).
Zn/Q ,
ltomic ratio

K, wt.%

FT-infrared spectroscopy and temperature pmgmmmed desorption techniques showed that
doping with potassium favoured the formation of both formate and methoxy groups. These species
decompose when heated and K-bonded carbonates are formed (ref. 190).
In order to verify the role of K-doping in the chain growth, chemical enrichment tests were
performed in a laboratory plug-flow reactor. Different oxygenated compounds were added to the
syngas, one at a time, and the distribution of the products was verified (ref. 190). When either
methanol or formaldehyde was added to the syngas no differences were found from the usual
distribution of products; this means that the reactivity of these compounds is the same as for the
synthesis gas. The addition of oxygenated C2 compounds was associated with an increase in
heavier products (Pig. 26).
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TABLE 40
Composition of the liquid phase obtained with undoped and 3% K-doped Zk/Cr = 3.0
ltalists at 623 and 673K (ref. 190).
Product
water
methanol
ethanol
i-propanol
n-propanol
i-butanol
n-butanol
pentan-l-01
hexan-l-ol
acetone
lcetaldehyde
other
zaction cond

zn/Cl=3.0
3%K 2n/C1=3 .O
623K
673K
623K
8.1
29.5
14.0
68.6
90.9
go.3
0.1
0.1
1.4
0.0
0.1
0.0
0.0
0.1
1.4
0.2
1.4
2.0
0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.0
0.0
0.0
0.0
0.1
0.2
0.1
0.1
0.5
0.1
0.5
ms : I-WCOlCOz = 63l32/5; P 1 MPa

3
carbon

4

673K
19.4
57.6
0.7
0.0
1.3
16.0
0.1
1.1
1.3
0.1
0.1
2.3

5

number

Fig. 26. Products obtained by the addition of C2 oxygenated compounds to the syngas mixture:
relative selectivities of C3, c4 and CS oxygenated products. (1) n-propanol, (2) i-propanol, (3)
(4) i-butanol, (5) 2-ethylbutan-l-01,
(6) n-pentanol,
(7) pentan-3-01, (8)
n-butanol,
3-methylbutan-2-01 (ref. 190).
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The same result was obtained using ethanol or acetaldehyde, probably because thermodynamic
equilibrium between the two compounds was achieved on the catalyst surface. In the liquid pmduct
a relative abundance of n-propanol, n-butanol, 2-methylbutan-l-01
suggesting that the more probable pathway for chain growth is ti
confirmed

by adding other oxygenated

compounds,

and n-pentanol was observed,
&attack. These results were

such as n-propanol,

i-pmpanol

and

i-butyraldehyde, which always confinned a chain-growth mechanism through the insertion of a Cl
unit into the B-position of a Cn unit. This strongly suggests that enolization of carbonylic or
carboxylic intermediates occurs, as a function of the basic@ of the catalyst surface. It seems
reasonable to propose that enolic compounds react with an electrophilic Cl compound. Methyl
formate, especially in an adsorbed form, may provide a reasonable Cl electrophilic unit on the
surface.
However, in the Cl--> Q

scheme, some difficulties arise in the identification of a Cl

carbanionic, or at least nucleophilic, species. Taking account of the fact that methyl formate may be
rearranged to acetic acid, which is readily reducible (refs. 196.197), it was proposed that methyl
formate isomerization provides the Cl--> C2 step in higher alcohol synthesis. In a recent paper (ref.
198), however, it was proposed that the formation of C2+ oxygenates occurs by a slow Cl--> C2
step, which involves coupling of two Cl species, one of them being strictly related to formaldehyde.
6.3.6.2 Cu,Zn,Al (Cr), alkali-doped catalysts.
By using alkalinized, low-temperature, copper-based catalysts, the synthesis from CO and H2
gave rise preferentially to primary alcohols, such as ethanol and l-propanol (refs. 147.184,199-208),
according to the higher alcohol chain-growth scheme reported by Smith and Anderson (ref. 184).
By employing a catalysts of this class Lurgi developed the production of alcohol mixtures from
syngas; it was necessary to use higher temperatures than those required for the synthesis of
methanol (540-580K). Higher temperatures, however, caused an increase in copper sintering,
shortening the lifetime of the catalyst. The catalysts were prepared by a precipitation procedure,
resulting in a single phase precursor (refs. 11,164,209), followed by stepwise calcination and
impregnation with the alkali salt solution. However, it should be pointed out that only few data were
referred specifically to catalysts obtained from pure HTlc precursors, doped with small amounts of
potassium and cesium (refs. 147,205).
Figs. 27 and 28 report the productivities in terms of the different compounds displayed by two
Cu,Zn,M(III) (M= Cr and Al) catalysts having a M(II)/M(III) ratio of 3.0 and a CuEn ratio of 1.0
(ref. 147).
It is worth noting that higher alcohols were also obtained with the undoped Cu,Zn,Cr catalyst,
even if an increase in activity in both methanol and higher alcohols synthesis was observed by
doping with low amounts of potassium. On the other hand, for the Cu,Zn,Al catalyst no alcohol
formation was observed with the undoped catalyst, and the potassium did not show any activating
role on the methanol synthesis.
The different behavior, related to the presence of either Al or Cr, has been associated with
reconstruction of the HTlc precursor upon doping of the Cu,Zn,Al catalyst (ref. 205). The Cu,Zn,Cr
catalyst did not exhibit this phenomenon, and doping with cesium led to a further improvement,
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increasing the catalyst stability and suppressing the synthesis of dimethylether, the formation of
which was undoubtedly due to the acidic nature of the chromia component.

6 , moleah kg(d)
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Fig. 27. Productivity in methanol ( 0 ); H.M.A. (A) and hydrocarbons ( 6 ) as a function of the
amount of potassium add&, reaction conditions: T 553K, P 1.5 MPa, H2/CO 2.0, GHSV 1700 h-l;
Cu,Zn,Cr catalyst (ref. 147).
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Fig. 28. Prcductivity in methanol ( q ), H.M.A. (A) and hydrocarbons ( o ) as a function of the
amount of potassium added, reaction conditions: T 553K, P 1.5 MPa, Hz/CO 2.0, GHSV 1700 h-l;
Cu,Zn,Al catalyst (ref. 147).
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L,ow amounts of potassium were necessary, independent of the catalyst composition, whereas

further addition of potassium gave rise to a deactivation which was more significant than the
decrease of the surface area, having a trend similar to that of the copper surface area after both
reduction and reaction (ref. 147). Furthermore, doping the Cu,Zn,Cr catalyst with high amounts of
potassium gave rise to the formation of K2Cr-207, as detected by X-ray diffraction analysis (Fig.
29); a specific interaction with the active phase, probably a spinel-like phase formed upon
calcination, could therefore he postulated (ref. 147).

Fig. 29. X-ray diffraction patterns of Cu,Zn,Cr oxides catalyst, undoped and doped with different
percentages of potassium (* KzCr207-type phase) (ref. 147).

For these catalysts, too, the reaction parameters strongly influenced the yields of the different
products. Appreciable amounts of higher alcohols were always obtained with Hz/CO ratio 5 2.0,
and the maximum for each alcohol shifted progressively towards the lower values of the HtiCO
ratio as the chain length increased. At the same time the productivity in methanol (practicalIy the
only product observed with hydrogen-rich feeds) showed a linear decrease. However, at I-WC0
ratios < 1.0, a strong increase of hydrocarbon formation (mainly methane) was observed, especially
for the undoped catalysts.
Fig. 30 shows that at low temperatures only methanol was observed (with selectivity 99.5%),
while at higher temperatures the methanation reaction increased markedly, together with a
deactivation of the catalyst. A decrease of the inlet space velocity strongly increased the selectivity
to higher alcohols, while decreasing that to methanol (ref. 147). It has to be taken into account that
the lowering of the inlet space velocities also caused an increase in the hydracarbon formation,
particularly at the highest temperatures examined.
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Fig. 30. Effect of temperature on productivity in methanol ( q ), H.M.A. (a) and hydrocarbons (0)
for Cu,Zn,Cr oxides catalyst doped with 0.2% of potassium reaction conditions: P 1.5 MPa, H2/CO
2.0, GHSV 1700 h-’ (ref. 147).

6.3.6.3 Cu,Co,(Zn),Al(Cr), alkali-doped cataiysts.
This class of catalysts has mainly been developed by the Institute Fran@

du P&role (France)

(refs. 133,150,151,164,210,211), which also developed the industrial scale process together with
Idemitsu Kosan Co. (Japan) (refs. 185212,213).
Fig. 31 displays the flow-sheet of the IFP process for alcohol synthesis, while Table 41 shows
the operating conditions and typical performances (mfs. 185,213). Fig. 32 reports some operating
parameters, from the demonstration, plant as functions of time on stream. It is shown that, due to
catalyst deactivation, it was necessary to increase the reaction temperature and pressure, with an
increase of the selectivity to alcohols and a decrease of that to C2+ alcohols.
Alkali promoted Cu,Co catalysts were prepared by the citric acid method as well as by
coprecipitation
compounds

from metal nitrate solutions (ref. 164). In the former case amorphous solid

having vitreous structures and homogeneous compositions

were obtained; they
using low
stepwise to mixed oxides. With the coprecipitation technique,
decomposed
supersaturation ratios and appropriate M(II)/M(III) ratios, coprecipitates were obtained which were

constituted by a HTlc, either pure or with an amorphous side-phase (ref. 115). After calcination
these phases formed mainly spinel-like phases which, under typical reaction conditions, gave rise to
highly divided Cu,Co clusters (refs. 150.214-216). However, it was emphasized that selectivity was
very dependent on the preparation and activation procedures (refs. 150,151.1~.210.211).
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Fig. 31. Flow-sheet of the IFP plant for the synthesis of higher alcohols (ref. 185).

TABLE 41
Operating conditions and performances in the direct synthesis of alcohols with Cu/Co based
,---- --.,,.
lange of operating conditions:

Ypical pe$ormances:

Temperature 533-593K
Pressure
6-10 MPa
GHSV
3000-6000 h-’
Hz/COv/v
l-2
cG2 %vol
0.5-3
CO conversion, 90 % (CO conv. to C@ not incl.)
alcohols selectivity 70-8096 (CQ2 excluded)
alcohols woductivity 0.10-o. 15 kg L -’ h-’

:ompositiom of alcoholsproduced
beforefractionation):
lreakuhwn:

alcohols (anhydrous) 97.5-99 wt%
Q+alcohols 35-45 wt%
CmOH 23-26 wt%
C3H7OH 7.5-11 wt%
C&OH 2-5-4.5 wt%
CSHIIOH l-2 wt%
C&OH 1-2 wt%
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Fig. 32, Performance data of IFP demonstration plant for the synthesis of higher alcohols (ref. 185).

This class of catalysts also required the presence of small amounts of an alkaline element, which
may be added by different methods including dry-impregnation of the precalcined mixed oxides and
direct alkalinization of the wet or dried HTlc precursor.

Fig. 33 shows

the selectivity in the

different classes of products as a function of the precursor composition for the alkalinized ternary
CuO,CoO,CrzO3 systems (ref. 150). Copper-rich catalysts showed high selectivity in methanol,
while the activity (yield > 0.5 g gc -’ h-l) went through a maximum for Cu/C!o= 4.0-5.0 and Cu/C!r=
2.0-3.0 ratios. On the other hand, the chromium-rich compositions showed low activity (yield
< 0.5g gc -’ h-l) with high selectivity to methanol even for high Co/Cu ratios. A Fischer-Tropsch
behaviour was observed, methane being the main product formed for high Co/Cu ratios and lower
chromium content,
cobalt

wwr

chromium

Fig. 33. Selectivity as a function of composition in the CuO,CoO,~~

ternary system (ref. 150).
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For intermediate compositions, especially in the range lLkCu/co<3.0.
and selective catalysts

with Co/Cr9.5,

active

for the synthesis of light Cl-c6 alcohols were obtained, with Cl-Ca

hydrocarbons as by-products. The higher alcohol synthesis was favoured by increasing the CoKu
ratio, whereas increasing the Cr/Co ratio decreased the overall activity and increased the selectivity
to methanol. However, alkslinization was always requimd to obtain selective catalysts and to avoid
uncontrolled methanation. Fig. 33 shows that for M(II)/M(III) ratios ranging between 2.0 and 3.0,
i.e. for compositions typical of pure HTlc precursors, methanol was the main product obtained,
while the alcohol synthesis required a ratio ranging between 0.5 and 1.0. This ratio lies outside the
range necessary to obtain pure HTlc phases, and therefore the presence of an amorphous phase
containing part of the trivalent element must be postulated.
On the other hand it should be pointed out that the presence of cobalt forces the copper to enter
into the HTlc structure, notwithstanding the location of all cations in octahedral sites, as well as the
preferential stereochemistry of the copper ions (ref. 118). For these catalysts low values af the
H2/CO ratio are required and most of the reactions involved am strongly exothermic. The reaction
mechanism of CO hydrogenation obeys a Schultz-Flory polymerization law and leads to the
simultaneous production of alcohols and hydrocarbons, according to the scheme presented in Fig.
34 (refs. 150,185).
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Fig. 34. Assumed reaction mechanism on &Co based catalysts (ref. 185).

Finally, Table 42 points out that Cu,Co based catalysts gave rise to an alcohol phase of high
purity, since the presence of cobalt lowered the formation of esters and oxygenated impurities such
as ketones and aldehydes.
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TABLE 42
Cu and Cu,Co oxides c alysts (ref. 185).

ypical composition 01 lcoholic phase produced

I

Composition of
Cu,Co based catalyst,
ticoholic phase. wt.,%
HNO=2
57.5
CIBOH
CzOH
28.5
7.1
C30H
2.8
CIOH
1.2
CsOH
1.3
C&OH
hydrocarbons
0.3
0.7
esters
other oxygenated
0.6
100.0 (anhydrous basis)
Total
98.3
alcohol purity, 8
40.9
Cz+OH, %

Co free, Cu based cat.,
H2/Co<l
53.3
3.9
3.1
6.2
3.8
14.8
4.3
10.1
0
99.7 (+0.3 H20)
85.3
31.9

6.3.7 Fischer-Tropsch reaction.
Cobalt-containing HTlcs may be useful precursors of catalysts for the synthesis of hydrocarbons
from CO/I-I2 mixtures (Fischer-Tropsch
148.158.217).

these precursors,

upon

synthesis). As has previously been reported (refs.
essentially produce spinel-like phases,

calcination,

notwithstanding the high values of the M(II)/M(III) ratio. In the catalysts activated up to 623K, the
spinel-like phases were also present after reaction, while the formation of metallic cobalt and/or
cobalt oxides was not detected by X-ray diffraction (refs. 148,217). However, after activation at
higher temperatures, the segregation of metallic cobalt was also observed (ref. 217).
Table 43 shows that the catalytic activity was found to be related to the catalyst composition
and to the activation procedure adopted. A Co/Cr = 75:25 catalyst showed a very low activity
when activated up to 623K while, after reduction up to 7733, a strong increase of catalytic activity
was detected, associated with an increase of methane formation.
The presence of massive cobalt particles, the formation

of which was favoured by

high-temperature pretreatment of the high cobalt samples, was supposed to be mainly responsible
for the high activity in CO hydrogenation. Furthermore, the high methane selectivity was related to
the formation of carbonyl species formed on top of massive cobalt particles (ref. 217). On the other
hand, the absence of metallic cobalt would explain the low activity observed after reduction in the
293-623K temperature range (refs. 148,158,217), even though the presence of cobalt that remained
undetected by X-ray diffraction (probably as very small particles of f.c.c. cobalt phase) could not
be excluded.
When cobalt and copper were both present, two different types of behaviour were detected:
1) A high catalytic activity for the catalysts containing comparable amounts of cobalt and
copper.
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2) A poisoning effect on the methanol synthesis in the presence of small amounts of cobalt.
In the first case a maximum of activity for both the Fischer-Tropsch and the shift reaction was
observed for catalysts containing comparable amounts of copper and cobalt, independently of the
presence and/or content of zinc (ref. 148) , as shown in Fig. 35.

TABLE 43
Total productivity in hydrogenated compounds and selectivity to the various products, for different
:actant composition and reaction temperatures on Co,Cr oxides catalysts (ref. 217).
;
HN /C@=52/48/0
2/CO/CGz=65/32t3
Cobalt

Reaction

Prcductivity,
mol h’kgu -’
0.3
0.5
0.4
1.4
1.2
4.0
2.0
5.0
10.1
34.4
60.9

Selectivity, %
30
b

2;

23d

Productivity,

Selectivity, %

uolh-lkg(cat)W’
0.3
1.0
0.3
1.0
1.1
2.3
1.5
4.7
6.3
14.9
35.9

a
b
c
d
28 20 29 23
8
11
11
40 41
22 58 9
9 <l
30 50 20 <l
23 68
28 61 11 cl
20 69 11 <l
6 cl
10 84
10 84 6 <l
5 <l
5 <l
14 81
15 80
1
27 45 27
25 43 32 <l
1
1
32 48 19
34 50 15
1
29 49 21
1
29 59 11
9
<l
38 49 13 cl
42 49
41 44 15 <l
38 43 19 cl
4
cl
8 cl
55 41
40.9
51 41
d = oxygenated (rn, rly methanol) ; e =catruysts acttvatec1
at 623K; f= catalysts activated at 77313, selectivity calculated on a carbon atom basis.
:ontent, Q
33e
33e
50e
50e
75e
75e
33t
33f
5of
5of
75:

temp.,

563
583
563
583
563
583
563
583
563
583
563

K

;5

Fig. 35. Yields in hydrogenated compounds ( - ) and in Co;! (+ ) as a function of the Co/(Co+Cu)
ratio for catalysts with 24.0% Cr and different Zn content. Reaction conditions: T 563K,
Hz/CO/Co2 65/X/3 v/v; P 1.2 MPa; GHSV 3600 h-’ (ref. 148).
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On the other hand, Fig. 36 shows that zinc increased the yield in paraffins and decreased that
in CQt (ref. 148). This effect is more remarkable when we consider that by incmasing the amount
of zinc in the catalysts, the amount of both cobalt and copper decreased.

Fig. 36. Selectivity (on a carbon atom basis) in methanol, paraffins and olefms as a function of the
Co/(Co+Cu) ratio for catalysts with 24% Cr and different Zn contents. Reaction conditions as in
Fig. 35 (ref. 148).

The catalysts containing both cobalt and copper were able to homologate to a good extent,
giving rise to the production of a wide range of hydrocarbons, ranging in carbon number from Cl to
CII. The amount of hydrocarbons produced fitted well with the Schultz-Flory distribution (with the
exception of C2-hydrocarbons), with small variations as a function of the catalyst composition. In
fact, the alfa values varied from 0.43 and 0.59, with smaller values for the most active catalysts, and
were similar to those reported in the literature for cobalt-supported Fischer-Tropsch catalysts (refs.
218,219). Therefore the existence of a synergic effect between copper and cobalt may be postulated
as being

responsible for the high catalytic activity; this effect can not be attributed to overall

surface area changes nor to differences in the surface area of metallic copper, which was practically
the same for catalysts having quite different activities (ref. 148). The synergic effect would seem to
be correlated either with the presence of a non-stoichiometric spinel-like phase, in which copper,
cobalt as well as zinc are mainly located in octahedral positions, or to an interaction between the
well-dispersed metallic copper (formed under reducing conditions) and the spinel-like phase (ref.
148).
On the other hand, Fig. 37 shows that when present in small amounts (2% atomic ratio) cobalt
is associated with a strong deactivating effect, with a minimum of activity (about 50 times lower
than the activity of the cobalt-free catalyst) (ref. 158). With increasing cobalt content beyond this
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value the activity increased, but with a change of selectivity towards hydrocarbon formation; Figs.
38 and 39, however, show that the reactions conditions were fundamental in determining the
selectivities to the diffexnt products (ref. 158).

productivity, moles/h kg(cat)
101

cobalt amount, atom %

Fig. 37. Total productivity as a function of cobalt content on Cu.Co,Zn,Ck oxides catalysts; reaction
conditions: T 533K, P 12MPa, GHSV 15000 h-’ (ref. 158).
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Fig. 38. Selectivities (on a carbon atom basis) as a function of cobalt content on Cu,t&,~u$!r
oxides catalysts: methanol (O ), paraRms ( 0), olefms (A); reaction conditions as in Fig. 37 (ref.
158).
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Furthermore it should be pointed out that while for the catalysts with cobalt contents up to the
1% only methane was obtained besides methanol, homologation products began to form with higher
cobalts contents. The catalyst having 4% of cobalt was able to produce a range of hydrocarbons
with a carbon atom number ranging from Cl to C7, and with a Schultz-Flory type distribution.
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Fig. 39. Selectivities (on a carbon atom basis) as a function of cobalt content on Cu,C!o,Zn,C!r
oxides catalysts: methanol (o), paraffins (0), olefins (A); reaction conditions: T 563K, P 1.2 MPa,
GHSV 3600 h-l (ref. 158).

Studies of these catalysts by TPD of methanol (ref. 220) showed that on increasing the cobalt
content the interaction of CO with the surface increased, as evidenced by an increase of the
desorption temperature, with a parallel increase of the CO/Co2 ratio flable 44). Therefore, strong
adsorbed species were formed when cobalt was added to the low-temperature methanol catalysts;
this addition strongly decreased the oxidizing capacity of the catalyst surface. The observed
poisoning effect can be related to the decreased oxidizing property of the catalyst surface, on
account of its role in the methanol synthesis (refs. 126,221).

TABLE 44

XPS analysis of calcined catalysts are shown in Table 45; the tests indicated that the surface
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composition for all samples was similar to the nominal one, thus suggesting that all the elements in
the hydmtalcite-lie

precursors were homogeneously dispersed in the brucite-like layers, and that

no segregation and/or surface enrichment occurred during the HTlc decomposition (ref. 220). Also,
after reaction, with a cobalt content up to the 2%. value of surface composition similar to the one
before reaction were observed for all catalysts.

TABLE 45
KPS surface compositions of the Cu,Co,Zn,Cr oxides catalysts after the different steps (ref. 220).
Cobalt,
wt%
co-o.0
co-o.2
Co-l.0
co-2.0
co-4.0
a= nominal

CtQZn at. ratio
b
a
1.00
0.92
O.c67
0.99
0.95
0.92
0.97
1.01
0.82
0.95
0.92
0.89
0.89
0.82
0.48
ratio; b= ratio after reduction;

Cr/Zn

at. ratio
b
0.:3
0.75
0.“76
0.63
0.79
0.68
0.63
0.79
0.75
0.63
0.80
0.71
0.63
0.79
0.75
c= ratio after reaction.

Co/Zn
OaO
0.0
0.03
0.05
0.11

at.ratio
b
n.d.
n.d.
0.02
0.03
0.14

n.cd.
n.d.
0.02
0.03
0.23 \

In spent samples containing 4% of cobalt, on the other hand, a change in the surface
composition was detected with respect to catalysts befom reaction: the cobalt content increased
remarkably , while that of copper decreased. For all catalysts the Z&r
practically constant, thus indicating

surface ratio remained

that &he two metals were strongly interacting, probably in a

spinel-like phase. The change of surface composition with the enrichment in cobalt was concluded
to be responsible for both subsequent increases of activity and changes of selectivity.
Furthermore, XPS analysis showed that cobalt was located in octahedral sites both before
reaction (as Co3’) and after reaction (as Co*+>, thus probably was located inside the spinel-like
structure.
The XPS data, together with the indications reported above from TPD experiments, may give an
explanation about the poisoning effect observed at low cobalt contents; this effect may thus be
attributed to a specific interaction of the cobalt. In a recent paper (ref. 222), on the basis of
spectroscopic da@ it was proposed that this interaction mainly involves a small fraction of the
copper, characterized by a low-index surface plane, which is active for methanol. This copper
fraction, which is not detectable by XRD, was obtained by reduction of the spinel-like phases
formed by HTlc calcination, and was found to interact strongly with cobalt, in line with the XPS
data on the localization of cobalt

6.3.8 Oxiaktion reactions.
Supported metal oxide catalysts have found wide application in industtial processes and
considerable interest exists in understanding the correlation between the structure of the metal oxide
and its reactivity, as well as the role of the support (mfs. 224-226). New methods for generating
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metal oxide

layers on supports constitute an area that is being actively investigated, the aim being to

improve the performance of the catalyst by influencing the oxide dispersion and the interaction with
reactants and products.
The last few years have seen a great interest in the preparation and properties of a new class of
expanded layered catalysts obtained from HTlc precursors by introducing complex anions (refs.
79,84,143,166,227-230). The weakness of bonding in the c direction of the HTlc structurewas
exploited to introduce different anions, such as organic and organometallic (refs. 12,225,230),
silicate (ref.79), and polyoxometalate

(refs. 84,166,227,228,230,231). Table 46 reports some

examples of HTlcs exchanged with polyanions (ref. 166); it is worth noting that, after calcination,
all samples displayed high values of surface area. Polyoxometalate ions may be introduced as pillars
into HTlcs both by direct anion exchange of original chloride anion (refs. 79,166,227-230) or h
intermediate terephthalate derivative, prepared by coprecipitation/digestion techniques (ref. 84).

TABLE 46
urface areas I ElTlcs excha
M(lI)

Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Zn
Mg
Mg
Mg
Cd
cu
cu
cu
Cu
co
Co
co
Ca

M(III)
Al
Al
Al
Al
Al
Al
Al
Al
Cr
Cr
Cr
Cr
Cr
Cr
Al
Al
Al
Al
Al
Al
Cr
Cr
Al
Al
Al
Al

ed with several aniiC 1s (ref. 166).

A
W6018(oH)l-~
wb6018(OH
r7
D%o281-

b

[pMO120401”
[pw120401-3
[pMG5w60401-~

[Pyo6v~~[Taao18(oH)l-~
:Nb6018Kw-7
:~%i~60401”
[~h’io6~6~401-5

Surface area, m2/a
140.6
95.0
169.2
89.2
85.4
91.0
78.2
122.3
108.4
80
115

bWM6
[PM012040 -3
d
DWh41
FMo6V6040
rv10@81-

b

-5

69.1
71.5
92.2

3

Ph$O;[

85

[MwOzd6
wl00281”
NvOz4-6
[PMo6v60441-5

48

w1OQ281
MnQN6
~Phh6v60401-5

an
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The interlayer space in the HTlc phases provides a reactive environment, even upon gentle
thermal treatment. Themfore the polyoxometslate ions may lose their structural integrity, even
though the layered structure may remain intact (refs. 84229,230).
The catalytic properties of vanadium-containing

catalysts prepsred by this method were

investigated in the photoxidation of isopropyl alcohol to acetone (ref. 227) and the oxydation of
o-xylene to o-tolualdehyde (ref. 229). In order to provide access to the vanadium sites in the
interlayers, samples were used that had been obtained by thermal decomposition at 620-720K. At
this temperature, the framework is partially destroyed with collapse of the layer structure, but
without any significant reaction between the vanadate and the framework species, which takes place
at T > 72OK. according to the scheme shown in Fig. 40 (refs. 229,230). In the oxidation of o-xylene
mainly o-tolualdehyde

was obtained along with the unreacted reagent, in a 1:6 ratio (ref. 229).

About 70% of the o-xylene used in the reaction was recovered, indicating that the tetrahedral
vanadates under these reaction conditions promote the selective oxidation of one of the methyl
groups, but with only relatively low conversion.
On the ,other hand, in the photoxidation of isopropyl alcohol it was observed that, in the
absence of oxygen,

only the stoichiometric amount of acetone was produced with a parallel

reduction of the vanadate species. However, in the presence of oxygen the reaction became catalytic
and produced an amount of acetone about three times higher than that obtained with homogeneous
catalysts, under equivalent reaction conditions (ref. 227).

cm-

Hzo.cos.-OH- OH.
-

-

350-370

K

370.570

K

57047OK

Fig. 40. Evolution of the vat&ate-containing

> 720K

HTlcs with temperature (rif. 229).

At the end of this section it should be pointed out that although the anions of the interlayers in
the HTlcs are not accessible for a direct intracrystalline reaction, they may be readily transferred to
external edge surfaces

and react with substrates adsorbed at those sites. This possibility was

demonstrated by halide-exchange reaction between the halide ions of the HTlc phases and alkyl
halides in the condensed state or in the vapour phase (ref. 232).
6.4 HTlca as catalyst supports.
Several types of HTlcs have been patented as precursors of supports for the polymerization of
oleiins with Ziegler catalysts (ref. 156). The HTlc is calcined at different temperatures, from 453 to
673K, and the decomposition product is then sieved, the fraction between 2 and 100 micron is
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partially or completely chlorinated with chlorine or phosgene. The mixed chloride or oxychloride
obtained is used as a support for the active phase, prepared from a mixture of titanium or vanadium
chloride and an alkylaluminium compound.
Table 47 reports the conditions of calcination of the HTlc, and the yields of polyethylene after
one hour with different amount of alkylaluminium.

TABLE 47
Activity of TiCht(VCht)/Al& catalysts supported on heat treated HTlc of the given composition
(anion= C03) (ref.156).
HTlc camp.
Ni,Al
MgZn,Al
MgCr
MgMn&
Mg,Co,MGu~
co,Cr
Mg,Al,Cr
Mg,Al

Tie of heat
treatment, h
15
10
30
5
10
20
40
3

Temp. of heat
treatment, K
563
523
603
473
503
593
593
723

Active phase
TiCWAlR3
II
I,
I,
VCWUR3
II
TiCLt/AlR3
ZrCWAIR3

Catalytic activity,
g of polyethylene
130
135
165
180
130
135
160
130

The catalysts prepared with an HTlc-derived support exhibited higher activities than those
prepared fmm (MgCO&.Mg(OH)zHzO. and the control of the molecular weight was also better.
A solid solution, Mg2A1205. prepared by decomposition

of a HTlc, was utilized by

Bhattacharyya et al. (ref. 223) as a support for CeoZ, in particular, the support was impregnated
with Ce(NO3)GHzO

(CeoZ content 28.7%), and then calcined at 973K, it was utilized for the

removal of SOx from FCC vent gas. The catalyst with a HTlc-derived support was found to have a
characteristic hardness similar to the one of a typical FCC catalyst; moreover, it exhibited the
highest activity in SO, removal, with respect to CeO2 supported on Al203 or on MgO.
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7. PROPERTIES OF CALCINED HYDROTALCITE.
7.1 Introduction.
The natural product of calculation
M(lI)M(IlI)A-HTlc

or activation in inert gas (without reduction) of a

has to be a spinel M(fI)M(JQ204, together with fme MOO.

Indeed, those

M(II) and M(m) ions which are able to form HTlcs can also form spine1 phases. This is what has
been observed when the HTlc is calcined at 870K or even IMOK, thus at temperatums at least
200K higher than that of HTlc decomposition.
In the range between the temperature at which J5llc decomposition commences (around 620K)
and that of spine1 formation (characterized by an X-ray pattern corresponding to the ASTM one), a
series of metastable phases form, both crystalline and amorphous.
The properties of these phases depend on:
a) the elements which constitute the original HTlc phase (both cations and anions);
b) small differences in H’llc preparation, such as the tune of aging or the temperature of
precipitation; these differences do not usually lead to significant differences in the X-ray diffraction
pattern of the precipitated HTlc;
c) the temperature, time and atmosphere of heat treatment, as well as the heating rate;
d) the presence of impurities (residues from the precipitation step).
We shah first discuss separately each catalyst investigated, thereafter we shall deal with the
four main properties of the oxides and mixed oxides formed by JJTlc calcination :
1) basic properties;
2) paracrystalliity;
3) formation of non-stoichiometric spinels;
4) memory effect.
7.2 The MgAICOSHT system.
Fig. 41 shows the modifications of some HT properties (surface area, pore volume, X-ray
pattern) according to the temperature of calcination (ref. 22). The main transformations occurred
between 570 and 67OK, where the d values of reflections for MgO began to appear in the X-ray
pattern. Between 670 and 770K small variations in porosity and weight loss were observed, and at
further, higher temperatures no other modifications apparently occurred (MgA1204 forrned.at even
higher temperatures).
High surface area MgO and, possibly, amorphous phases containing aluminium ions are the
products of MgAlC03-HT decomposition. The authors reported that up to 723K the heating did not
cause any change in the crystal morphology, the structure remaining a layered one; numerous fiie
pores were formed, with a corresponding increase in the surface area (from 120 to 230 m2/g) and of
the pore volume; a partial change in the bulk Al coordination (from octahedral to tetrahedral) also
occurred. The calculated amount of tetrahedral aluminium in decomposed HT was approximately
20%, the remainder being in the octahedral coordination

state; this demonstrates that the

decomposition of HT does not lead to gamma-alumina. In fact, in this latter structure, half of the
aluminium possesses tetrahedral coordination.
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Fig. 41. Modification of some HT properties as a function of the calcination temperature (refs.
2264).

Miyata

(ref. 19) investigated the products of the decomposition of a MgAlCOy-HT with x = 0.287,

hydrothermally treated at 473K, the HT was calcined at various temperatures in the range
570-1170K. After calcination at 573K for 2 hours both HT and MgO were detected by X-ray
analysis, while, after calcination at 670-1070K, only MgO could be detected. At 1173K MgO,
MgAlz04 and traces of gamma-A1203 were found. Fig. 42 shows

the values of the lattice

parametera and the crystallite sire for MgO as functions of the calcination temperature (ref. 19).
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Fig. 42.
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The value

of the u parameter remained lower than the ASTM value up to 1173K. above 1173K the

a parameter corresponded to that of pure MgO. The dimensions of the MgO crystal&s remained
stable up to 1073K, and then began to increase. This behavior was related to the substitution of Al
into the MgO lattice, occurring in the range 770-97OK. inhibiting the growth of the MgO crystals.
7.3 The NiAIA-HTlc system.
In the preparation of catalysts based on Ni,Al mixed oxides from an H’l’lc precursor the first
decision to be made is the choice of the type of anion to be used. In the case of the sulphate anion,
interlayer (S04)2- is lost as SO3 only around 1123K (ref. 104). Nitrate ions favour the sintering of
NiO crystallites obtained during the calcination at high temperature (ref. 86,233), and chlorine ions
not only enhance the sintering of NiO particles, they also remain bound to the nickel, poisoning its
dehydmgenatlon

properties (ref. 98). Therefore, the properties of the products obtained by

calcination of NiAlCO3-HTlc, the only one useful for the preparation of Ni,Al-based hydrogenation
catalysts, will be considered.
NiAlC03-HTlc

decomposes at 653K, losing the carbonate ions and the inter-layer water, and

going on from this stage to form the material of interest for catalytic applications (ref. 104). In this
case, too, the formation of NW204 was observed only after calcination at high temperatures.
Fig. 43 shows the X-ray diffraction patterns of the products of NiAlCO3-HTlc calcination at
increasing temperatures. The sample which had been heat-treated at 523K still displayed reflections
typical of the HTlc, while at 623K the latter lines disappeared and those related to NiO were
observed. Only at 1023K could some diffraction lines typical of the spine1 phase be discerned, and
then they became more intense as the calcination temperature increased.

60

60

b0

20

Fig. 43. X-ray diffmcdon pattern for NlAlC!O3-HTlc sample after calcination
temperatures. (7) HTlc; (v) NiO, (0) NlAlm
(ref. 104).

at different
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Fig. 44 shows the values of surface area as a function of the calcination temperature for a
NiAlCO#Tlc

sample, both before ‘and after reduction (ref. 86). In both cases a sharp decrease of

surface area occurred upon calcination at the highest temperatures, i.e. in correspondence with the
appearance of the diffraction lines typical of the spine1 phase NiAl204.
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Fig. 44. Total areas as a function of calcination temperature for a NiitX&
and after (A) reduction (ref. 86).

HTlc sample before (0)

Fig. 45 shows the values of parameter (I (relative to the NiO unit cell) plotted against the
calcination temperature. At low temperatures the parameter a was lower than the ASTM value; the
latter was reached only after treatment at 1073K (ref. 233).
All these data indicate that calcination at 1073K led to sintering of the mixed oxides, with
phase segregation and formation of NiO and of NiAl204, while at lower calcination temperatures
the product of HTlc decomposition was constituted by a NiO phase doped with aluminium, in the
form of nickel-aluminate aggregates. The presence of aluminium ions inside the NiO lattice was
responsible for decreasing the parameter a of the cell (the A13+ ion is smaller than Ni2’). The
existence of a doped NiO phase was also indicated by the reduction behaviour of the calcined
catalysts.

The surface area of metallic nickel, determined on two samples calcined at 723K, is

reported in Fig. 46 as a function of the reduction temperature. The continuous increase in the nickel
surface area with temperature (thus corresponding to an increase in the extent of reduction) was an
indication of the difficulty in reducing aluminium-doped NiO as compared to pure NiO (ref. 86).
The higher temperature of reduction required by NiO prepared from HTlcs in comparison to that
of pum NiO is a typical property of catalysts prepared from HTlcs. This property constitutes a
drawback for catalysts which am to be used in the purification of CO streams in ammonia
synthesis, where a low activation temperature is needed for the catalyst reduction.
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Fig. 45. Lattice parameter a of the NiO phase in NiO/Alz@ mixtures obtained from a HTlc as a
function of the calcination temperature (ref. 233).
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Fig. 46. Nickel area of Ni,Al samples as a function of the reduction temperature (ref. 86).

Ahuninium ions in NiO crystals are also responsible for the stabilization of small crystallites of
NiO and of metallic nickel. The dimensions of NiO particles , calculated from X-ray diffraction line
broadening (for samples with Ni/Al= 3, typical of HTlc, 9 and 20, i.e. with a large excess of nickel)
are plotted in Fig. 47 against the calcination temperatum (ref. 95). Nickel oxide prepared from the
pure HTlc exhibited constant values for the crystallite dimensions, while samples with excess nickel
showed a continuous increase in crystallite sire with temperature.
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Fig. 47. NiO particle size of calcined Ni,Al samples with different Ni/Al ratios as a function of the
calcination temperature (ref. 95).

The same phenomenon was observed for the crystallites of metallic nickel (ref. 95). The
stabilization effect of aluminium on the nickel particle size under reductive treatment is shown in
Fig. 48. In particular, the crystallite size of nickel in some samples with increasing Ni/Al ratios is
plotted against the reduction temperature. Samples prepared from the pure HTlc showed a
constancy of the crystallite dimensions (independent of reduction temperature: 50 A), while the
crystallite size of samples with excess nickel increased considerably with increasing temperature.
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Fig. 48. Nickel particle size for samples with different NiiAl ratios as a function of the reduction
temperature (calcination temperature 6239 (ref. 95).
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Moreover, in the former sample, the crystsllite size was close to that of the unreduced sample, in
agreement with the hypothesis that no sintering of the aluminiumdoped

NiO crystallites occurred

during the reduction (ref. 95).
According to Puxley et al. (ref. 85), the only decomposition product of NiAlCO3-HTlcs was a
metastable phase with a spinel-like structure (a non-stoichiome.tric spinel: we shall discuss this
aspect in another section), All of the aluminium ions were associated with this phase; no separate
alumina phase was formed. This metastable phase was responsible for all the properties of the
oxides formed at calcination temperatures lower than 1073X. At higher temperatures the metastable
phase decomposed to NiO and stoichiomehic NiAlKQ.
The model proposed by Ross and coworkers is somewhat different (refs. 8891). In addition to
the aluminium-doped

NiO described above @cording to the authors a surface nickel-aluminate

species in the case of catalysts prepared by impregnation over A1203). decomposition of the HTlc
also produced a second nickel-rich phase (pmbably discrete nickel oxide crystallites). The reduction
of the calcined material gave rise to metallic nickel crystallites (having a geometry similar to that of
the original NiO crystals), while the nickel-aluminate

gave rise to isolated nickel atoms, which

remained closely associat& with $e aluminium atoms. These two different types of nickel sites
were also characterized by different reactivities. A similar model was proposed by Borisova et al.
(ref. 87), and Dzis’ko et al. (ref. 234).
Doesburg et al. (ref. 93) investigated the product of calcination of a NiAlC@-HTlc (x= 0.30,
precipitated at pH 7). by means of surface area analysis and SEM microscopy; Table 48 reports the
values of surface area and the phases identified in the calcined and reduced HTlcs (ref. 93). The
materials were also treated with carbon monoxide in order to remove the nickel as a volatile
carbonyl compound. Using SEM analysis the authors observed that, after every treatment, the
sample maintained the morphology of the HTlc precursor (a very porous sponge-like structure),
although the calcination and reduction treatments had obviously led to considerable modifications
in the composition (see Fig. 49).

TABLE 48
Surface area and phases identified in NiAlC03-HTlc after different treatments(ref.93).
Samule
after coprecipitadon
after calcination
after reduction
after Ni removal

Phasesdetected bvX-ray
Nit4Ab(OH)&C@)3.HzO
NiO
Ni
___-

Surface area, m2/g
not determined
150
,100
268

Ni surface area, m2/g
____
____
25
___-

The X-ray analysis allowed the detection of only a NiO phase, and this led the authors to
conclude that the aluminium oxide could either be amorphous or dissolved within the NiO. The
considerable difference between the surface area of the reduced catalyst and the nickel surface area,
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as well as the maintenance of the original morphology in the reduced catalyst, was explained by
postulating very small nickel crystallites (in which patt of the aluminium ions may be enclosed, ref.
233) in the pores of an amorphous aluminium oxide, acting as a support, a skeleton which allows
the retention of the morphology unaltered (ref. 93). Indeed, Williams et al. (ref. 178) also detected
the presence of poorly crystallized

gamma-m03

in coprecipitated NiAlCOMIlcs,

after

calcination.

Fig. 49. Scanning electron microgmph (magnification 10000 x) of NiAlC03-HTlc
(ref. 93).

after calcination

A further indication of the presence of this aluminium-rich amorphous phase could be deduced
from the sintering trends of the calcined catalyst (the sintering tests were performed at 973K, in
flowing H&earn).

In Fig. SOthe values of total and nickel surface ateas of the catalyst sre plotted

against the time of sintering. For sinterlng times up to 200 hours the total surface area and that of
metallic nickel varied in psrallel, thus indicating that the sin&zing of the aluminium-rich support
was responsible for the sintering of metallic nickel. An increase in the nickel crystallite size from 10
to 25 nm was also observed. At longer sintering times the crystallite size of the nickel remained
constant, while the

total surface area decreased, this effect could be explained only on the

assumption of a particular nature of the nickel particles (ref. 233).
The effect of the stabilization of the surface area observed upon the addition of lanthanum was
attributed to the avoidance of alumina sintering (refs. 181,182). This effect is another indication of
the existence of an amorphous aluminium-rich phase.
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Fig. 50. Total and nickel surface areas in Ni,Al samples as functions of sintering time; calcination
temperature 873K (ref. 233).

7.4 The ZnCrCO3-HTlc system.
The decomposition products of ZnCrA-HTlcs not only depend on the calcination temperature
but also on the atmosphere in which the treatment is conducted (air, inert or

vacuum) (refs.

140.146,188,235-238). In fact, during calcination decomposition of the HTlc (with desorption of
carbon dioxide and water) may occur with a simultaneous oxidation of d’

to C?.

Fig. 51 shows the amount of CrG formed as a consequence of the calcination treatment, as a
function of the Zn/Cr ratio in the initial precipitate (ref. 140). It is shown that a calcination at 573K
led to the oxidation of a large amount of chromium, while at higher temperatures the amount of
oxidized chromium decreased considerably.
The IR spectra and the X-ray diffraction patterns of a pure ZnCrCO3-HTlc (x= 0.25), and, for
comparison, those of an amorphous compound

with Zn/Cr= 1 (x= OS), after calcination at

increasing temperatures are shown in Figs. 52 and 53 (ref. 140). The crystallinity of the sample
increased considerably with increasing temperature, and the reflections appropriate to ZnO and
Zn@04

spine1 became evident. The sample with Zn/Cr= 1 showed only the lines of a poorly

crystallized spine1 phase up to 653K, while at higher temperatures the reflections

split into those

appropriate to well crystallized ZnO and ZncrZO4.
The IR spectra of both samples calcined at low temperature showed evident absorption bands
typical of chromate species. The intensity of these bands decreased with respect to the intensity of
the absorption bands of the spine1 phase as the calcination temperature increased.
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Fig. 52. IR spectra of Zn,Cr samples with Zn/Cr ratio 3.0 (a) and 1.0 (b), after calcination at
different temperatures (ref. 140).

Fig. 54 shows the values of parameter u of the unit cell of the spine1 as a function of the Zn/Cr
ratio (mfs. 140.188.236). The spinel-like phase formed from HTlcs had higher values of the a
parameter (with respect to the ASTM value for stoichiometric spinel) when the samples were
calcined at 653K. The higher value of the a parameter was attributed to the presence inside the
spine1 lattice of excess ZnO (Zn’+ ions are larger than C?’ ions) (refs. 140,146,188,236).
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Fig. 53. X-ray diffraction patternsof the ZncrCOf-HTk samples calcined at different tempeXatWeS
for 24 h. a) Zn/Cr 3.0; b) Zn/Cr 1.0; (m) spinel-like phase; (0) ZnO (ref. 140).
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Fig. 54. Values of the (I parameterof the spinel-like phase as function of d&rent
ZnCrU&-HTlc samples calcined at 653K (ref. 188).

Zn/C!r ratios for

Quantitative X-ray analysis of the free ZnO showed that a large part of the Zn remained

undetected. Table 49 reports the amount of ZnO which was not detected by means of X-ray
diffraction (with respect to the amount utilized for the preparation), for the different Zn/Cr
compositions, after calcination at increasing temperatures (ref. 140). A clear correlation exists
between the amount of undetected zinc and the higher values of the a parametez for the unit cell of
the spinel.
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TABLE 49
Values of y in ZnyCnn(~)O
(for stoichiometric spine1 y= 0.25) and of lattice
pinel-like phase of samples calcined at different temperatures (ref. 140).
Calcination temperature, K
ZlllCr
atomic ratio
573
653
753
a
Y
Y
Y
85/15
0.66
nd
0.56
8:39
0.43
8:37
75r25
0.62
nd
0.51
8.41
0.42
8.38
65/35
0.55
nd
0.44
8.40
0.40
8.376
50150
0.40
nd
0.40
8.360
0.36
8.358
33167
0.25
8.36
0.25
8.341
0.25
8.340
.
.._
. .

parameter a for the

853
Y
0.25
0.25
0.30
0.31
0.25

8.;49
8.352
8.351
8.345
8.337

The values of surface atea for different compositions are plotted in Fig. 55 against the
calcination temperature (ref. 239).
initially a considerable

All the samples exhibited practically the same behaviour, with

decrease in the surface area at the temperature at which amorphous

chromates transformed to the

spinel-like phase, decreasing afterwards linearly at higher

temperatures, in correspondence with the withdrawal of ZnO from the spine& whose a parameter
finally reached the ASTM value.
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Fig. 55. Surface srea of ZnCrCO3-HTlcs samples with different Zn/Cr ratio as function of the
calcination temperature (ref. 239).

Therefore, calcination of ZnCrA-HTlcs led fit

to the formation of amorphous zinc chromates

(around 57OK), and thereafter the latter transformed almost completely into a non-stoichiomettic
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spinel-like phase (with an excess of Zn in comparison to the spine1 phase) at around 67OK. At
higher temperatures

the excess ZnO inside the spine1 passed out of the structure. This

transformation was associated with the lowering of the parameter a, the increase of free ZnO (as
detected by X-ray analysis) and a considerable decrease in surface area (ref. 140).
DSC analysis of Z&C@-HTlc

showed that decomposition under an inert

occurred in the same manner as that for MgCrCO3HTlc

or NiCrCo3-HTlc,

atmosphere

with an initial

endothermic peak at 45OK, corresponding to the elimination of interstitial water, and a second
transition around 57OK. related to the loss of structural water and carbon dioxide (ref.140).
However, in contrast to other HTlcs. a third endothermic peak occurred around

853K, without

weight loss. Infrared spectra of the sample before and after this third transition revealed the
formation of the spinel; in correspondence, well defied absorption bands typical of the spine1 phase
appeared in the IR spectrum (Fig. 52).
7.5 The NiCrC03-HTlc system.
The products of decomposition of NiCrCO~HTlc

have been chamcterixed by X-ray diffraction
and IR techniques, as well as TPR profiles (ref. 240). The heating of the NiCrC!O3-HTlc system has
been carried out both in air and under vacuum, in order to avoid the oxidation of chromium and to
compare the products of HTlc decomposition with those obtained with the NiAlA-HTlc system, an
intensively investigated catalyst for the steam reforming reaction.
Fig. 56 displays the IR spectra of samples heated in air and under vacuum at different
temperatures; in samples calcined in air at 723K the presence of NiC!rQ together with NiO was
found, too. As the calcination temperature increased, the amount of chromate decreased, with a
correspondingincrease in the intensity of the two NiCnO4 bands (620 and 500 cm-‘) and of the

NiO band.

wavenumber. cm-

Fig. 56. lR spectra of Nil3
samples prepated by heating of the Ni<xo3-HTlc
(a) and in vacuum (b) at increasing temperatures (ref. 240).

precursors in air
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The bands relative to the spine1 phase were not observed in samples heated at 723K under
vacuum; the spine1 phase could be detected only after treatment at 823K. The X-ray patterns of the
samples described above are shown in Fig. 57.
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m

Fig. 57. X-ray patterns of NiiCr samples prepared by heat treatment in air (a) and in vacuum (b) of
NiCrC@-HTlc precursors at increasing temperatures (ref. 240).

After heating at 723% both in air and in vacuum, only the diffraction lines relative to NiO could
be detected, at 823K in air or 873K in vacuum the limes of the spine1 phase appeared, thus
confuming the IR findings. Therefore, the formation of the spine1 phase, which occurred at much
lower temperature than in the case of the Ni.Al system (ref. 104), can not be attributed to the
formation of chromates, but has rather to be related to the specific character of the chromium ion,
and may be interpreted on the basis of tbermodynsmic considerations (ref. 240).
The values of lattice parameters of NiO in Ni,Al samples calcined at 723K were found to be
lower than those of unsupported NiO, this difference can be attributed to the presence of A13’ ions
inside the NiO lattice, in agreement with literature. data (refs. 85,165); however, the NiO lattice
distortion became negligible at the higher calcination temperatures. Small lattice distortions were
observed for the Ni,Cr samples, independent of the heating conditions, in agreement with the fact
that the d’ ionic radius is only slightly smaller than that of Ni2’.
Figure 58 shows the effect of the calcination temperature on the crystal size of NiO. prepared
from both NiAlCX&HTlc and NiCrCOHITlc precursors; it is shown that in the former samples the
crystal size of NiO was smaller, and remained practically constant up to 1000 K. The crystal size of
NiO increased in correspondence with the formation of the spine1 phase (refs. 240,241).
The reducibility of NiO was found to be different in the two cases, too; in the samples prepared
by decomposition of NiCrC@-HTlc the reduction began at a lower temperature, as shown in Fig.
59. The reducibility of NiO increased remarkably for the samples prepared by decomposition of
NiAlCO#&s
in correspondence with the formation of the spine1 phase. Therefore, small NiO
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~rystallites, which are resistant to reduction,
corresponding aluminium-contaiuing

could be formed by decomposition

of the

HTIc pracursor (refs. 240,241). The same effect was not

shown by the NiCr(D+HTlc.
NiO crystal size, nm

NIO

‘77

1000

1100

1200 1300

temperature, K

Fig. 58. NiO crystal size in samples prepared by decomposition of NiAlco3-HTlc (+ ),
NiCrC@-HTlc (O), and Ni(NO3h (n), as functions of the calcination temperature (ref. 241).
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Fig. 59. TPR profiles of samples prepared by decomposition
NiCrC@-HTlc (b) at increasing temperatures (ref. 240).

of NiAlCO3-HTlc

(a) and
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The main difference between the oxides formed by decomposition of the two HTlcs was that in
the case of the Ni,Cr system the spine1 fotmed at lower temperatures (ref. 240); in agreemnt with
this, the behavior of NiO crystals in respect of their stability and reducibility was the same as that of
pure NiO reference cystals (refs. 240,241).

7.6 The CuCoAICO3-HTlc and CuCoZnAIC03-HTlc systems.
CuCoAlA-HTlc and CuCoZnAlA-HTlc have been prepared as precursors of catalysts for CO
hydrogenation

to higher alcohols by an IPP group (refs. 130, 150,151,164); however, the

composition described by the authors falls outside the optimal range of the pure HTlc, and
amorphous phases containing higher amounts of the trivalent ion were present.
The

STEM

analysis

of the

dried

CuCoZnAlC!@-HTks

revealed

the presence

of

hexagonally-shaped platelets, attributed to the HTlc crystals; in addition, amorphous phases were
also detected (ref. 115). The biphasic character was maintained after the heat treatment, which was
carried out under a nitrogen amrosphere, in order to avoid the oxidation of the cobalt. The authors
observed the formation of holey platelets as products of decomposition, while X-ray analysis
revealed the formation of one or more spinel-lie

phases, with high surface area (100-200 m2/g)

and with the cell parameter a = 0.810 nm, i.e. different from the values of known stoichiometric
spinels (ref. 133).
Table 50 shows some properties of some ZnAl204(CuO)x(CoC)y

catalysts prepared by

activation in a nitrogen atmosphere (ref. 133). The authors claimed that a superstoichiometric spine1
formed with au excess of bivalent ions; microanalysis revealed that the local composition of the
calcined phase was the same as that of the precursor, thus indicating the formation of a single
phase. X-ray measurements confirmed the presence of a single phase. After calcination at high
temperature, and for samples with high copper contents, CuO was also observed, together with the
spine1 phase (ref. 133).

TABLE 50
Some features of Zr1Al2C@uC)x(Co@y catalysts, activated in Nz atmosphere (ref. 133).
X

0.21
0.21

Y
0.21
0.21

Pore size distrib..

XRD cristallinity

A

of spine1 phase

A

poor
good
poor

8.16
8.10
8.10

large: 75 1100
narrow: 70- 130
narrow: 75-125

Lattice parameter a. Surface area, m’/g
120
173
192

The catalyst prepared in a nitrogen atmosphere (to prevent cobalt oxidation) was thus depicted
by the authors as beiig

COnStiNted

of finely divided oxides of Co*’ and Cu2+ supported on a spine1

271

phase. After reduction, small clusters of Cu,Co (2-4 nm in size) were observed, stabilized inside the
spine1 matrix.
When an oxidizing atmosphere was used instead, the formation of Co@4 in solid solution with
the alumina was observed; the reduction gave rise to the formation of poorly dispersed crystallites
of metallic cobalt, associated with sintering of the spine1 (ref. 133).
The CuCoAlA-HTlc

system was also studied by Marchi et al. (mfs. 131.132242); they

investigated the nature of the oxide formed by decomposition of HTlcs with different M(n)rAl
ratios, and with Cu/Co=l. Fig. 60 shows the X-ray patterns of samples heated in flowing nitrogen
at 773K (ref. 242); for the (Cu+Co)/Al=l ratio a spinel-like phase was observed, characterized by a
high surface area (189 m2/g). On increasing the (Cu+Co)/Al ratio beyond 2 an additional phase was
observed, identified as CuCooZ.

Fig. 60. X-ray pattern of Cu,Co,Al mixed oxides obtained by calcinatio~ at 773K of, HTlc
precursors; (Cu+Co)/Al=l.O(a). 2.1(b), 3.1(c), 5.3(d); surface area: (a) 189 m&/g, (b) 108 m&/g, (c)
80 m2/g, (d) 47 m2/g (ref. 242).
The spinel-like phase was not stoichiometric, due to an excess of bivalent ions; it was claimed
that a (CuC)xCoA1204, superstoichiometric. pardy inverse spinel-like phase was formed, with a
high concentration of cobalt in octahedral coordination. This phase was unstable with respect to the
nom’& CoA1204 stoichiometric spine1 (ref. 242).
Fig. 61 shows the X-ray patterns of CuCoAlC@-HTlc
increasing temperatures (ref. 242).

(with M(II)/Al=I) after calcination at

Although in the precursorAofbly the HTlc was detected by

means of X-ray diffraction, the authors claimed the additional presence of amorphous Al(OH)3.
After treatment at 673K (i.e. above the HTlc decomposition temperature) a poorly crystallized,
spinel-like phase was obtained; the crystallinity increased as the calcination temperature increased,
and at 873K the CtiO phase also appeared. The authors claimed that at high temperature diffusion of
Co2” from octahedral to tetrahedral sites occurred, with formation of a more stable spinel.
The main chemical and physical properties of the samples obtained by calcination at increasing
temperatures are shown in Table 51 (ref. 242). The surface area increased, up to the temperature at
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which the stoichiometric

spine1 was formed together with CuO (by decomposition

of the

superstoichiometric spinel-like phase). At higher temperatures the surface area decreased, as did the
porevohlme.
The TPR profiles of the sample with (Cu+Co)/Al=l, obtained by decomposition of the HTlc
precursor at different temperatures, are shown in Fig. 62 (ref. 242).

Fig. 61. X-ray pattern of a Cu,Co,Al mixed oxide with M(II)/Al=l obtained by calcination of the
HTlc precursor at different temperatures (ref. 242).

TABLE 51
Effect of the thermal treatment on the physical properties of a Cu.Co,Al mixed oxide with
MO/Al=1 (ref. 242).
Temueratum of calcination, K
Surface area, m’/g
Pore volume, mIJg
pore diameter, A

363
43
0.1
137

473
111
0.26
136

673
170
0.34
122

773
189
0.38
104

873
76
0.21
160

The sample prepared by decomposition at 8733 is characterized by the fiit peak (attributed to
the reduction of Cu*+) being shifted towards lower temperatures in comparison with samples
prepared by decomposition at 773 and 673K. the second peak (attributed to the cobalt reduction), by
contrast, moved towards higher temperatures. This phenomenon has been attributed to the fact that,
in the superstoichiometric spinel, copper is localized inside the spinel-like phase, and is therefore
less reducible than free CuO. On the other hand, cobalt can more readily be reduced when it is
localized in the octahedral sites. Calcination at higher temperatures (873K) led to the formation of
free CuO, as well as to the motion of Co*’ into the tetrahedral sites, so causing a modification of the
reactivity towards hydrogen. The samples with higher (Cu+Co)/Al ratio showed an additional peak
related to the reduction of cobalt in C&o@, achieved at a lower temperature than in COO.
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Fig. 62. TPR profiles of Cu,Co,Al mixed oxides with M@)/Al=l
increasing temperatures of the HTlc precursor (ref. 242).

obtained by calcination at

7.7 The CuZnCrCOpHTlc,
CuCoCrCO3-HTlc,
CuCoZnCrCO34ITlc,
CoCrCoj-HTlc
systems.
The decomposition at 623K of the C!oCrCO3-HTlc gave rise to an X-ray diffraction pattern
which is typical of a spinel-like phase. Fig. 63 shows the value of the lattice parameter a of the
spinel-type phase, both after calcination and after reaction (samples reduced up to 623K). as a
function of the cobalt content in the precursors (ref. 220,243). The HTlc phase was present only for
a cobalt content of 75%; this composition, after calcination, displayed a lattice parameter a which
was very similar to that of

Co(lI)Co@II)CxO4.

After reduction up to 623K and/or reaction, this

compound evolved toward a rock-salt type structure, as evidenced by an increase of the a
parameter.
When the samples were reduced at ‘higher temperatures (up to 773K) the segregation of well
crystallized cubic metallic cobalt was detected in the X-ray diffraction patterns of the samples with
higher cobalt contents. Only the sample with the Co/Jr ratio 33/67 (i.e. a ratio corresponding to that
of the stoichiometric Co@04 spinel) maintained a stable structure also in these conditions.
It has been suggested that calcination in air leads to the formation of a non-stoichiometrlc
spinel-like phase, associated with the oxidation of a part of the Co*’ ions to Co3’. This oxidation
allows, first, the introduction of an excess of cobalt (as Coy

into the spine1 structure, very likely in

the octahedral site. After reduction at 625K the cobalt remains, as Co*‘, in octahedral coo&nation,
forming a superstoichiomenic

spinel, similar to that reported in the previous section for the

Cu,CoN system.
Table 52 reports some chemical and physical features of Cu,Cr,Co,Zn catalysts with different
compositions (ref. 148); in copper-rich catalysts the HTlc phase was accompanied by the presence
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of malachite, while in chromium-rich catalysts amorphous phases were present, identified as
hydroxycarbonates on the basis of infrared analysis.

latticeparameter

a. A

s’w_

0

100

50
cobalt content, atomic %

Fig. 63. Dependence of the lattice parameter u on cobalt content for calcined ( 0 ) and spent (A)
Co,Cr systems; (0): literature data for Co0204 and CaC1-04 (refs. 220,243).

TABLE! 52
Compositions,
phases identified by X-ray
&Z&r CQMTlcs dried at 363K (mf.148).
Sample
1
2
3
4
5
6
7
8
9
10
11

Icu/~cu+co+zrl
1
0.50
0.25
24J12.7f12.7l50.6
0.17
0.67
0.50
0.24
0
0
0
0
0.45
Cr/cu/Co/i!Jl
24/38/38/O

analysis

and

CrN!r+Cu+C!o+Zn)
0.24
0.24
0.24
0.24
0.50
0.24
0.24
0.50
0.24
0.67
0.24

surface

area

values

for

Phases ident. Larea, m’/g
HTIC
58
HTIC
40
HTIC
48
HTlc,malach
30
88
amorphous
90
HTlc
54
HTlc
16
amorphous
HTlc
6
amorphous
13
HTlc

The properties of calcined samples are shown in Table 53 (ref. 148); in all samples calcined at
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623K a spinel-like phase was observed, except for those containing excess CuO. The values of the
parametera are different from those of the known stoichiometric cobalt and chromium-containing
spine1 phases.

TABLE 53
Characteristic data for the samples of Table 52 after calcination at 623K (ref. 148).
Sample
1
2
3
4
5
6
7
8
9
10
11
c00.204
c!o2cro4

Co/Jr,
at.ratio
1.6
0.8
0.5
1.1
0.5
0.4
1.6
1.0
3.2
0.5
0.2
0.5
2.0

S. area, Pore vol., Crystallog. parameters of
m*k
113
122
163
81
109
149
128
101
96
59
149

mUa
0.406
0.605
0.843
0.369
0.712
0.485
0.495
0.335
0.337
0.305
0.542

co304

coo
zncl204

a, A
8.227
n.d.
n.d.
8.230
8.275
8.410
8.231
8.280
8.157
8.304
8.475
8.330
8.170
8.084
8.520
8.327

the spinel-like phase :

crystalsize, nm
3.0
3.0
3.0
5.0
4.5
3.0
4.0
6.5
11.0
5.0
2.5

Table 54 shows the phases identified in the spent catalysts, after syngas reaction; an increase of
the cell parameter a was observed, without any remarkable modification of the crystal sire;
moreover, CuO and Cu were observed in the samples that were richer in copper (ref. 148). Also, it
has been

shown that the zinc containing catalysts whose. precursors were HTlc phases were

characterized by higher values of surface area and porosity, as well as a smaller crystal size of the
spinel-like phase.
Therefore, it was possible to attribute to zinc the role of physical promoter, and the formation of
very small crystallites for the spinel-like phase could be assigned to the Hllc precurso rs, as was
observed in the case of Cu,Zn,Al catalysts (ref. 117).
7.8 The C!uZnAlCO3-HTlc system.
Cu,Zn,Al mixed oxides with Mo/M(BI)

ratio ranging from 2 to 9, and CwZn ratio between

0.5 and 2.0 have been investigated as catalysts for the methanol synthesis at low temperature and
pressure (refs. 122,125,126,244). Table 55 reports the nature of the observed precursors and the
crystal size of CuO and ZnO after calcination at 623K (ref. 122); no spine1 phase was detected.
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TABLE 54
Phases identified by X-ray analysis and crystallographic parameters of spinel-like phase for the
Cu,Co,Cr mixed oxide catalysts examined after reaction (ref. 148); samples as in Table 52 and 53.
Sample

1 Phases
suinel
X

1
X
2
X
3
4
X
X
5
X
6
X
7
X
8
X
9
X
10
X
11
. .
.
.
n.a.= not aetermmeo

identified
cue
X

cu

X
X

X

X

)Crystallog. parameters of the spinel-like phase
a, A
crystal size, nm
n.d.
n.d.
4.0
8.517
n.d.
n.d.
n.d.
n.d.
7.0
8.358
3.0
8.506
4.5
8.475
7.0
8.359
8.0
8.423
5.0
8.342
8.501
3.0

TABLE 55
Crystal size of CuO and ZnO otstained bv calcination of the CuZnAlC~-HTlcs

Identified camp. after drying
HTlc, malachite
HTlc, malachite
HTlc, malachite
malachite, HTlc
HTlc, malachite
HTIC

HTlc,quasi-amorphous
HTlc,quasi-amorphous
HTlc
HTlC

Malachite
Hydrozincite

(Cu+zn)/Al

2.0
2.0
2.0
1.0
1.0
1.0
0.5
0.5
0.5
1.0

9.0
4.9
3.2
9.0
4.9
3.2
9.0
4.9
3.2
3.2

Crystal size
CtlO
6.0
6.0
6.0
6.0
3.6
3.0
3.6
3.0
4.0
<1.5
9.5

at 62313 (ref. 122).
after calcin., run
ZllO
6.0
4.0
2.5
7.0
4.4
4.6
7.0
5.0
6.0
<1.5
17.0

An analysis of the reducibility of the samples revealed that the reduction took place in three
different steps, characterized by different activation energies, and these were attributed to the
presence of different copper species (ref. 125). A first species, corresponding in all samples to
approximately 10% of the initial CuO content, was related to the presence of diffusion phenomena;
a second species was formed by free CuO (whose activation energy in reduction is the same as for
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reference CuO), the amount of which was inversely proportional to the amount of ahuninium in the
different samples. No dependence on the amount of zinc was observed. Finally, the thii

copper

species, whose reduction was characterized by a high activation energy, and which was present in

a

amount that was approximately the same as the aluminum content, was attributed to the reduction of
an amorphous compound fomred between CuO and A1203.
Figs. 64 and 65 display the amounts of the three copper species as functions of the Cu/&
atomic ratio and of the Al content in the samples (ref. 125).
Cu(red)/(Cu+Zn+AI),atomic%
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‘0

CuRn, atomicratio

Fig. 64. Amount of copper reduced in the fit (0 ), second ( q) and third
of the Cu/Zn ratio for samples containing 24% of Al (ref. 125).

Cu(rad)l(Cu+Zn+Al).

(A ) stage as a function

atomic %
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Fig. 65. Amount of copper reduced in the fit ( 0), second (0 ) and third (4) stages as functions of
the Al content for samples with Cu/Zn ratio 1.0 (ref. 125).
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Clausen et al. (refs. 245,246) studied Cu,Zn,Al oxides (catalysts for methanol synthesis) by
means of XAS and Exafs analysis; these techniques allowed them to determine that Cu2’ was
present in a local environment that was different from that of copper in CuO, homogeneously
distributed in a mixed oxide phase containing the three metal cations; accordingly, the local
environment of Zn2’ was found to be different from that of zinc in ZnO or ZnAl$l4.

7.9 Nature of basic properties.
Basic properties have been investigated only for the product of MgAlm-HT

decomposition.

The basic properties of MgO have been recognized for a long time, and have been attributed to 02surface basic sites (strong basic sites), O- located near hydroxyl groups (medium strong sites), and
to OH groups (weak basic sites) (ref. 247).
Fig. 66 shows the basic strength of the products of HT calcination at different temperatunes (ref.
11); the basic strength was measured by titration with different indicators, in order to determine the
number of basic sites in correspondence with different maximum basic strengths (the latter being
expressed by means of the Hammett function). It is shown that them is a maximum in the number of
active sites when the HT is calcined at 773K. It is worth noting that the basic strength of pure MgO
(calcined in the range 770-l 173K) was evaluated by Matsuda et al. (ref. 248) as H-= 27.
Aldol condensation is catalyzed by basic catalysts, and can be taken as a measure of basicity. In
Fig. 67 the conversion of acetone on MgAlCOj-HT is reported for samples calcined at different
temperatures (ref. 62). Similar to what was reported by Miyata, a maximum in the activity has been
observed in correspondence with the I-IT calcined at a defined temperature (in this case around
670K).

1.2
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calcination temperature, K
Fig. 66. Basic strength of decomposed HT after calcination at different temperatures (ref. 11).
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Fig. 67. Effect of the heat treatment on catalytic activity of HT in the aldol condensation of \
acetone; pulse reactor studies (ref. 62).

According to Reichle (ref. 62) the basic centres for aldol condensation are the surface OH
groups in MgfjA1208(OH)2 (product of HT decomposition); the basic strength of the OH groups is
related to that of the associated metal ion. The observed maximum in the activity is related to the
fact that HT does not itself possess any basic sites; beyond 623K all the HT is decomposed, giving
rise to the basic hydroxy groups, while at even higher temperatures the OH groups are released as
water.
Reichle (ref. 62) reported the presence of sites of medium basic@, by studying the isotopic H-D
exchange with several molecules of various types, as well as olefin isomerization. He discovered
little isomerization of pentenes and limonene, which occurs on strong basic sites.
The H-D exchange on a deuterated catalyst allowed the evaluation of the basic strength of the
hydroxy groups; both acetone and toluene exchanged all their hydrogens for deuterium, indicating
that the catalyst is basic enough to remove a proton from the toluene methyl group (pKa 35). On the
other hand, the lack of exchange with cyclohexane @Ka of the proton about 45) indicated that the
catalyst base strength is between pKa 35 and 45.
Somewhat different conclusions were formulated by Nakatsuka et al.(ref. 66); these authors
claimed the presence of strong basic sites in HT calcined at 723K (with 17.2s H- I 18.0), relative to
oxygen (in fact the catalyst was poisoned by CO2 and H20, while OH basic groups were not).
According to the authors aluminium

plays a role in contributing to the appearance of strong basic

sites in the .compound prepared from HT decomposition; MgO alone did not exhibit such strong
basicity, nor any polymerization activity (ref. 66).
The same authors (ref. 66) examined the effect of the Mg/Al ratio in the HT on the basic
strength; they determined the amount of acid sites by titration with butylamine, and the amount of
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basic sites (with strength H- 2 15.0) by titration with benxoic acid in benzene. Table 56 reports the
amount of basic and acid sites. as well as the surface area, as functions of the MgO/Alz03 ratio.

TABLE 56
Saractetization of Mg,Al oxides prepared by HT calcination at 72 K (ref. 66).
MgO/AlzO% Amount of acid Amount of basic
molar ratio
2.49
3.80
5.23
9.33
17.6

sites, mmol/g
0.41
0.32
0.21
0.06
0

sites, mmol/g
0.63
0.54
0.73
0.85
0.94

Surface area,
m2/g
216
133
137
187
209

The number of basic sites clearly increased with the Mg/Al ratio, while the number of acid sites
decreased; however, the compound with the ratio MgO/Alz@=

5.23 (x= 0.28) exhibited the

greatest number of basic sites per unit of surface area, as well as a discrete number of acid sites.
Samples with higher MgO/Alz03 ratios also had to contain MgO, while those with lower ratios
COIhlUXi

&03,

too.

According to the data reported by Miyata (ref. 1l), the Mg/Al ratio affects the basic stxength in a
rather complicated way. The amount of basic sites (determined with different indicators) is plotted
against the Mg/Al ratio in Fig. 68.
amountofa&%~add,

mmdig

0
0

5

Ma/Al

10

atomic ratio

Fig. 68. Amount of titrated basic sites as function of Mg/Al ratio, in HT samples calcined at 773K
(ref. 11).
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A maximum is shown in correspondence with the typical ratio for HT (similar to what was reported
by Nakatsuka et al., ref. 66), but thereafter the number of basic sites increases once again. Reichle,
by contrast,

did not find any definite correlation between the activity in the aldol condensation

reaction and the MgIAl ratio (ref. 62); Table 57 shows the effect of variation of the Mg/Al ratio on
the catalytic activity for acetone aldol condensation.

TABLE 57
Effect of Mg/Al ratio in HT on the catalytic activity in
aIdol condensation (ref. 62).
_ Mg/Al
1.39
1.33
2.24
2.27
3.04
r 6.27

Acetone conv.. 96 Select. IP+MSO,%
83.8
37.5
85.6
21.0
76.3
24.6
88.9
15.0
81.0
22.5
$91.1
24.2

7.10 Memory effect.
By the term “memory effect” we mean the capacity of the samples obtained by thermal
decomposition of hydrotalcite-type pmcmsom, containing a volatile anion such as carbonate, to
reconstitute the original layered structure upon the adsorption of various anions (ref. 65) or, simply,
upon exposure to the air (ref. 15).
This property is strongly dependent on the heating temperature,

(disappearing for T

> 723-873K, as a function of the composition (refs. 41,45)) and may be interpreted by taking
account of the mechanism of thermal decomposition

of hydrotalcite-type

precursors (refs.

15,22,65,73,75). In fact, the thermal decomposition of these precursors generally takes place in two
stages, with a preliminary loss of the interstitial water molecules at about 473K. Additionally,
heating from 550 to 723K leads to the simultaneous loss of hydmxyl groups and carbonate as water
and carbon dioxide, respectively, giving rise to mixed oxide solid solutions, However, it was
reported that for the Mg,Al system, this last heating did not cause any change in the crystal
morphology,

nor any exfoliation of the layered structure (ref. 64). Therefore, a lamellar

microstructure was retained after thermal decomposition, and reconstitution of the hydrotalcite-type
precursors was thus permitted (ref. 75).
On the other hand, other authors (ref, 159), studying the MgFeA-HTlc precursors, proposed
that MgO and MgFqO4 formed topotactically at about 623K, in both cases crystallinity was low
and improved gradually with the calcination temperature, as a function of a nucleation and growth
processes. The orientation of the crystals obtained was initially controlled by nucleation on the
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surface of the interstratified mixed oxide formed first.
A correlation was reported between the order of difficulty of the reconstitution reaction and the
thermodynamic difficulty of the hydration reaction in divalent metal oxide, in the M@),M(III)
oxides solid solution (Table 58) (ref. 75).

TABLE 58
Reconstitution of HTlc structure by the reaction of NaCl-type mixed metal oxides with aqueous
OSM NazCCh and NaN& solutions (ref. 75).
Oxide

@Q,~)O
Wg,WO
ah~)O
(Ni,AI)O

Reconstitution reaction: react. conditions
353K. 12h 523K,4MPa,12h
353K. 2h
0
0
0
0
0
0
X
0
0
X
X
0

0: reconstituted, X:not reconstituted.
Furthermore, the tendency of the different elements to form stable spinel-like phases may be a
key factor in this process, taking account of the fact that only the quasi-amorphous mixed oxides
phases, obtained first by heating at the lowest temperatures, give rise to the reconstitution of the
original structure (refs. 22,65).
7.11 Formation of thermally stable, small metal crystallites.
The fact that HTlcs are good precursors of nickel-based reforming catalysts has been attributed,
as early as in the first patent (ref. lOO), to the formation of thermally stable nickel crystallites. The
most widely accepted model explaining this effect is the one fist proposed by Puxley et al. (ref.
249), who introduced the concept of paracrystallinity.
7.11.1 Paracrystallinity.
The paracrystalline state is intermediate between a crystalline and an amorphous state, and it is
a result of the presence of defects which inhibit recrystalliiation (Fig. 69a); these defects may be
produced by introducing foreign ions or molecules into the lattice (as shown in Fig. 69b) (ref. 85).
The possibility of forming such recrystallization-inhibiting

imperfections is related to the method of

preparation and to the nature of the precursor.
According to Puxley et al. (refs. 85.249), after decomposition of the HTlc a metastable phase is
formed, which contains both nickel and aluminium in a closed-packed configuration; after reduction
aluminate groups remain trapped within the nickel crystallites. creating centres of unusual
reactivity. In agreement with this, Fischer et al. (ref. 250) proposed that centers characterized by
higher reactivity were formed on the surface of paracrystalline crystals. The deactivation of the
catalyst with an increase in the grain size was attributed to the gradual removal of defects, and not
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to the growth and migration of nickel crystallites (ref. 85).
In the case of the Ni,Al system the paracrystallinity

has been revealed by analysis of line

broadening in the time-of-flight neutron diffraction patterns (ref. 249); the X-ray technique is also a
suitable probe, but it is less sensitive and extremely time-consuming (ref. 250). Line broadening can
be be due to different reasons : (i) decrease of crystal size, (ii) strain phenomena, and (iii)
paracrystallinity. In the latter case, the observed broadening is proportional to the square root of the
order of the reflection (mfs. 85,249).
The extensive degree of interaction between Ni and Al oxides, prepared by coprecipitation, does
not allow one to distinguish between a support and the active phase; thus the metal/support
interaction, even in reduced catalysts, is very extensive, and is intra-crystalline. This appears to be a
feature that is typical of coprecipitated catalysts, such as Fe,Al catalysts for ammonia synthesis,
Cu,Zn,Al catalysts for methanol synthesis, as well as N&Al for reforming. On the basis of these
considerations, Puxley et al. (ref. 85) suggested that whenever the coprecipitation route is utilized,
the possibility of paracrystallinity in the final catalyst has to be taken into consideration.

a

Fig. 69. (a) Schematic representation of the crystalline (top), paracrystalline (centre) and amorphous
(bottom) lattices. (b) Aluminate groups as random point defects producing local microstrains and
distorted lattice cells (ref. 85).

7.11.2 Non-stoichiometicspine1phases.
The formation of non-stoichiometric

splnel phases has been postulated to occur upon

decomposition of HTlcs such as ZnCrA-, CoCrA-, CuCoAlA-, CuCoCrA-, CuZnCoAlA- and
CuZnCoCrA-HTlcs. The non-stoichiometry is related to the presence of excess bivalent ions with
respect to the spine1 composition M(II)M(II&Q.

Analogously, the formation of non-stoichiometric

spinel-like phases has been postulated to occur upon the decomposition of pure HTlcs containing
divalent metals in great excess with respect to the stoichiometric requimment for the spine1 phase.
It has been shown that such phases form in samples with
188,235238).For

M(II)/M(III) > 0.5 (refs.

M(II)/M(III) ratios S 1.0, the calcined samples exhibited the pattern of the
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spinel-like phase only; this allowed the calculation of the cell parameters of the spinel-like phase
with a lower degree of uncertainty, as a result of the absence of interference coming from additional
side phases.
A non-stoichiometric spinel-like phase forms when the temperature of HTlc calcination is not
too high, since excess divalent ions remain trapped inside the spinel-lie
with the eliiation

phase which forms along

of hydroxyl and carbonate ions. At higher calcination temperatures excess

divalent ions can pass out of the spinel-like phase, giving rise to the formation of M(II)O and
stoichiometric spinel, with a simultaneous increase in the size of the crystallites (ref. 251).
A second case of non-stoichiometric spinel-like formation occurs when the divalent ion in the
HTlc is susceptible to oxidation; this is the case for cobalt-containing HTlcs. When decomposing
tlte HTlc precursor, a stoichiometric spine1 can be formed in which cobalt can be present either as a
divalent or a trivalent cation. If the reduction is then carried out at moderate temperatures, the Co3+
that undergoes reduction can remain entrapped in the octahedral site it originally occupied (ref.
217). Another case occurs upon calcination of chromium containing HTlcs; after precursor
decomposition, C?’ is oxidized to Cr&, forming chromates which, upon reduction, give rise to
spinel-like phases containing an excess of divalent ions trapped inside the structure (refs. 140,188).
Fig. 70 shows that, on increasing the degree of non-stoichiometry, the spine1 phase changes in
the direction of a rock salt structure. Divalent cations are randomly distributed in the octahedral
sites of the crystal; in fact any ordered arrangement destroys the rock salt structure.

Fig. 70. The nearest neighbours of an anion in the spine1 and rock salt structures (ref. 236).

According to Nielsen (ref. 251), the reason for the relative stability of non-stoichiomettic
spinel-like phases can be related to the low dimensions of crystallites (lower in size than 10 nm) of
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the compounds fotmed by HTlc decomposition. The author proposed a model based on the
assumption that the surface of the particles is negatively charged, while the positive charge is
randomly distributed inside the particle. In order to calculate the stabilization energy of this type of
configuration, it is necessary to calculate, ti addition to the Madelung energy, the attractive energy
originating from the bulk-surface interaction, as well as the repulsive energies inside the bulk and
on the surface.
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8. MISCELLANEOUS

APPLICATIONS

8.1 Pharmaceutical application.
The main application of MgAlCO3HT is as agent for the treatment of peptic ulcers (refs.
33,68,69,252,253), and an increased demand is expected in the future. An effective method for
treating gastric ulcers is to inhibit the action of hydrochloric acid and pepsin in the gastric juice.
A good antacid should be characterized by: (i) rapid neutralizing effect; (ii) buffering power for
the gastric juice in the pH 3-5 range, in order to avoid the pH becoming too alkaline; (iii) stable
activity, even in the presence of the other components of the gastric juice (mucins, for istance). On
the other hand, an antipeptic agent has to inhibit the activity of pepsin, which is mainly responsible
for the onset of peptic ulcer, as well as for its change into a chronic condition.
Fig. 71 (ref. 33) clearly shows that MgAlCO3HT best meets the various requirements imposed
on an antiacid, and its excellence may bc attributed to its structural features. In fact, the rate of
reaction of the HT with the gastric acid is similar to that of Mg(OH)Z, while the buffering pH is
rate-controlled by the dissolution of Al(OH)3 monomer, and reaches a pH value around 4, which is
slightly higher than the one at which Al(OH)3 dissolves (refs. 33,254,255). Moreover, since
AI

does not polymerize, which the aluminium hydroxide gel does, the HT dissolves

completely in the acid.

d

Fig. 71. pH curves of various antiacids measured by the Fuchs method, (a) sodium bicarbonate, (b)
aluminium hydroxide gel, (c) magnesium hydroxide, (d) synthetic aluminium silicate, (e)
magnesium silicate, (f) hydrotalcite, (g) magnesium metasilicate aluminate (ref. 33).

A comparison of different antacid compounds (at doses with at least comparable neutralizing
capacity) also demonstrated that the HT displays the lowest intestinal absorption and does not
increase the level of aluminium in the serum (ref. 256).
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On the other hand, the high antipeptic activity of I-IT can be attributed both to the adsorption of
negatively charged pepsin (with an isoelectric point at about pH = 2) onto the positively charged
surface of HT. and to the buffering of the pH at about 4 for a long time (refs. 33,257).
Furthermore, the absorption capacity of HTlcs has been utilized to produce anti-inflammatory
products (by replacing carbonate with salicylic acid) (ref. 33)

or to stabilize isocarbostyril

derivatives (used in the therapeutic treatment of heart diseases), strongly reducing their degradation
(ref. 258). However, this absorption capacity may be associated with negative effects in the
concomitant use with anticholinergic and/or cytoprotective agents (refs. 259,260).
Finally, the utilization of iron-containing HTlcs in the treatment of iron deficiencies (ref. 261)
and the use of HTlcs for the preparation of ointments (ref. 262) or poultices (ref. 263) for the
protection of damaged skin should be reported.
8.2 Applications as anion exchangers and/or adsorbents.
HTlcs may be used as anion exchangers (mfs. 22,78,264) on account of the vessibility

of the

interlayer region, which depends on the nature of the anion present (refs. 77,78). They display an
exchange capacity (2-3 meq/g) (refs. 22.28) similar to that of anion exchange resins, but are
characterized by a higher resistance towards temperature; HTlcs are therefore utilized as ion
exchangers in some high temperature applications, such as in the treatment of the cooling water of
nuclear reactors (ref. 153).
HTlc compounds have also been investigated for the immobilization of *291-in nuclear fuel
wastes; however, poor results were obtained on account of a low selectivity coefficient for I and a
gradual desorption of the latter due to the slow substitution by COZ from the atmosphere (ref. 265).
It should be noted that the synthesis of HTlc itself can be directly applied to the treatment of waste
water, as has recently been reported for the removal of aluminium from the recovery systems of a
closed kraft pulp mill (ref. 266).
Interesting applications of the exchange properties of HTlcs have recently been reported in the
literature in the achievement of stereoselective separation. Despite the fact that HTlcs themselves
are optically inactive, the stereo-selective adsorption of the configurational isomers of Lr and
D-his&dine was achieved and was attributed to differences in the rates of intercalation (ref. 267).
On the other hand, new polyoxometalate pillared-type catalysts have been obtained by
ion-exchange of chloride-containing (ref. 227) or organic anion-containing (refs. 81,84) HTlcs. The
nature of the organic anion controls the rate of exchange; with terephthalate-containing HTlcs the
exchange with molybdate or vanadate anion proceeds smoothly under mildly acidic conditions (ref.
84). With other organic anions (such as 1,5-naphthalenedisulphonate) the exchange was found to
proceed with difticulty, or to be completely hindered as with lauryl sulphate. The heptamolybdate
and decavanadate H’Ilcs were found to be stable up to 773K, and displayed unusual catalytic
properties related to the presence of both acid and basic sites (ref. 81).
The incorporation in the interlayer region of dicarboxylic acid anions also gave rise to a
significant improvement of the catalytic activity (ref. 62); in such cases the introduction of the
anions was possible only by direct synthesis (refs. 12,62,84), and no conventional ion-exchange
process for organic guests was described.

Furthermore, it has recently been reported that HTlcs have a potential application in the
preparation of novel conducting materials (ref. 228) and of new types of clay-modified electrodes
(ref. 268). The former application

has its origin in the considerable

interest in stacked

metal-over-metal structures of phthalocyanines, and from the opportunity provided by the channels
in the clay for such arrangement.
The ion exchange of nickel(II) phthalocyaninetetrasulphonate

ion in LiAlA-HTlcs. which was

readily and completely achieved, has been studied (ref. 268). X-ray diffraction patterns showed that
the phthalocyanine groups aligned parallel to the aluminate layer, and were arranged in a stacked
fashion; according to the authors, this arrangement is an interesting one and indicates the potential
for novel ion exchange into these materials.
On the other hand, new types of clay-modified electrodes were prepared by supporting a thin
film of a clay dispersion of Cl--, (NO3)--, and (CO3)‘-- containing HTlcs on Sn@ plates, followed
by anion exchange with

K&iO(cN)&?H20,

K2Irc16 and K3Fe(CN)6 (ref. 268). However, since

the carbonate anion was strongly bound in the interlayer, good exchange results were observed only
with the first two HTlcs. The current-potential curves of a Mo(CN)g-HTlc-modified Sn@ electrode
showed that the lMo(CN)s14-‘- couple was fairly strongly incorporated in the interlayer region of
the HTlc; similar results were also observed for the other exchanged anions (ref. 268). Taking into
account the good stability of the different steady voltammograms, it may be concluded that the
HTlc films may have potential applications for new clay-modified electrodes, on accounts of their
anion-exchange properties.
Another method for the introduction of organic anions into the interlayer region is associated
with the “memory effect” property of HTlcs; it is known that exposure of the calcined HTlc to
carbonated water gives rise to the formation of the original HTlc structure, and carbonate anion is
adsorbed inside the interlayer region (mfs. 16,65,75,269). Similarly, the treatment of calcined HTlcs
with suitable solutions can lead to the insertion of fairly large organic anions (i.e. sebacic acid and
p-toluenesulphonate anion) as well as of photoactive molecules (such as cinnamic acid) (ref. 80).
The adsorption properties of calcined HTlcs find application in many fields, such as the
adsorption of sulphur oxides (ref. 270), the refining of beet juice (ref. 271), and the purification of
cyclohexanone from by-product organic acids (ref. 152); many patents have recently been published
claiming applications of HTlc in these fields (refs. 75155,272).
HTlcs display a marked capacity for the removal of small amounts of acidic impurities, which
could not be eliminated by other conventional adsorbents (see Fig. 72, ref. 33). This is the case with
trace impurities present in synthetic lubricant oils and in plasticizers. They can also be used to
adsorb the HCl which is generated during the thermal decomposition of vinyl chloride, thus
stabilizing it against degradation by heat and UV light (ref. 273).
The greatest number of patents in recent years have been devoted to claiming these materials for
the purification and stabilization of polymers (for instance, see refs. 274-277).
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Fig. 72. Rate of adsorption of various adsorbents for 0.03% HCl in dipropylene glycok (a)
hydroralcite, (b) magnesium silicate, (c) active clay, (d) activated carbon (mf 33).

8.3 Other applications.
In this section some examples related to further HTlc applications will be reviewed, mainly in
the field of the improvement of material properties. From this point of view, the main application of
HTlc is as a flame retardant.
Flame retardation is a process by which the normal degradation or combustion processes of
polymers have been altered by the addition of certain chemicals (ref. 278). Flame retardation
materials may be formulated so as to be more resistant towards ignition or to have slower rates of
flame spread in a major tire, which has been initiated by some other source. Many alternative
materids can be used, and the cost performance often dictates the choice of material.
HTlcs act as flame retardants mainly through two modes of action: by dihniorr,

and by

generation of non-combustible gases, (C@ and H20), generated during the thermal decomposition
of the HTlc, which lower the oxygen concentration at the flame front, often leading to the flame
being smffed out. Moreover, the product of HTlc decomposition acts as a diluent, so reducing the
concentration of the combustible matter, and improving the flame retardation. Additionally, HTlc
generates water both by loss of inrerlayer water and by decomposition of the OH groups in the
brucite-like layer (the latter occurring at higher ttmpManues than the former); for this reason, HTlcs
am preferred over other flame retardants (such as hydrated alumina) when processing polymers at
elevated temperatures.
Another interesting aspect of HTJcs is their compression mouldability; Fig. 73 (ref. 33) shows
rhat MgAfCQ?-I-IT has better compression mouldabihty than any existing inorganic material,
inckiing

microcrystahine celhtlose (which is usually considered the best material from this point of

view). In addition. capping does not occur at the time of moulding, and since the flaky crystals arc
oriented the product has a good lustre.
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Fig. 73. Relation between the moulding pressure and compressive strength ; (a) hydrotalcite, (b)
avicel, (c) white carbon , (d) Mg(OHh, (e) Al(OH)3 (ref. 33).

I-IT displays a better lubricity than talc (ref. 33), and it can therefore be added in small amounts
to a material to improve its flexibility and mot&lability, thus avoiding mould blocking (refs.
279-281). For instance, this property can be utilized to produce molded heat-resistant electrical
insulating parts (switch boards, capacitors. insulation wires) (refs. 33,282- 284).
Furthermore, when HT is compression-moulded under a pressure of l-2 tons/cm2 into a plate
having a thickness of about 1 mm, the product becomes transparent (ref. 33). It may therefore be
used in the production of agricultural films capable of transmitting visible light and absorbing IR
radiations (refs. 285,286).
Finally, HTlcs find application as corrosion inhibitors in paints and coating conpositions (refs.
287,288). or spacer sheets for electrolytic capacitors (ref. 289), offering good protection against
bacterial corrosion (ref. 290).
When HT is kneaded with a moderate amount of water prior to extrusion, the workability of the
paste is better than any other material. The granules do not stick to each other, and the dried or
calcined granules have a mechanical strength which is comparable to that of active alumina. The
highly active basic solid obtained by calcination has a high BET surface area (200-300 m2/g), and is
expected to possess properties as a carrier which are different from those of common acid catalysts
such as alumina, silica or diatomaceous earth (ref. 33).
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