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Catalytic Properties of Layered Double Hydroxides and Their Calcined Derivatives
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Studies on the effect of the structural and compositional properties of layered double hydroxides (LDHs) and
their decomposition products on the ethanolysis of propylene oxide to form glycol ethers are reported. The
reaction, supported by results of indicator titrations, is used as a tool for elucidating the identity of the active sites
in these materials. For LDHs, the catalytic behavior relates to their structural properties and the active sites can
therefore be rationalized. In the case of their calcined derivatives, however, there is no apparent correlation due
to the diversity of the active sites.

Introduction industrial reactions such as polymerizatié#? condensatiof—17
and alkylationt® To date, investigations on these reactions have

Extensive research has been carried out to establish thecentered around the exploitation of catalysts generated from
correlation between the catalytic activity and selectivity for the calcining LDHs. These are characterized by uniformly dispersed
solid acid catalysts comprising principally cationic clays and metal atoms in a stable oxide matrix and have higher surface
zeolites and their physicochemical properties. Similar areas compared to their precursors. The claim that uncalcined
information has been obtained for base catalysts such as alkaling pHs are catalytically inactivi@ is discredited by the observa-
hydroxides:® carbonatesand oxides:® However, relatively tions that have been made during the aldol condensation of
little is known about potential bifunctional ones such as layered acetaldehyde that the LDH-calcined derivatives reconstitute to
double hydroxides (LDH$} —an inexpensive, versatile, and | DHs without loss in catalytic activity’ The transformations
renewable source of a range of solid cataly$isDHs have a  have been attributed to the reaction between the water produced
range of properties and these can be attributed to their variablepy the condensation process and the metal oxides.

compositions. The work presented in this paper was carried out to establish

LDHs can be represented by the general formula the nature of the active sites in an LDH before and after
M2 M3 (OH)][A™ ymenH20] - or  [M*1-xM3*(OH)]- calcination. By analysis of the products from the ethanolysis
[A™ @xr1ymnH20]. M*, M#*, and MP* are metal cations which  of propylene oxide (a reaction which may be acid- or base-
are cross-linked through hydroxide groups to form a dimetal catalyzed) using selected LDHs and their calcined derivatives
hydroxide sheet otherwise know as the cationic ldyeA™ as catalysts, their acidic and basic properties could be determined
denotes anions which together withi’‘(the molecules of water), unambiguously.
constitute the anionic layer. Due to the ability to vary these
components and consequently their chemical properties, LDHS Experimental Section
have attracted considerable interest across a wide range of fields
including, predominantly, catalysis. Synthesis of Hydrotalcite-like LDHs. The samples were prepared
from standard analytical grade chemicals supplied by Aldrich Chemical
Co. Two solutions, one containing the metal salts in divalent to trivalent
cation molar ratios of 3:1 or 2:1 and the other containing 0.6 mol of
T Rutherford Appleton Laboratory. NaOH dissolved in 300 mL of decarbonated water, were added

¥ University of Cambridge. dropwise into a container while maintaining a constant pH. The pH
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Table 1. Properties of the Organic Indicators Used in the Titration  Table 2. Sample Identity from Powder X-ray Diffraction and

indicator acid form base form K Chemical Analysis
Crystal Violet blue yellow 08 acronym identity JCPDHile no.
Bromophenol Blue yellow blue 3.0;4.6 ZA-1 Zn—Al nitrate LDH?3
Methyl Red pink yellow 4.2,6.3 ZA-2 Al,03:Zn0, ZnC 5-664, 22-1034
Bromothymol Blue yellow blue 6.0;7.6 LA-1 Li —Al chloride LDH*
Phenol Red yellow red 6.8; 8.2 NF-1 Ni—Fe carbonate LDF}
Phenolphthalein colorless red 8.0;10.0 NF-2 (Fe.6MNio.3900H 14-556
2,4,6-trinitroaniline yellow amber 12.2 NA-1 Ni-Al carbonate LDH?
NA-2 NiAl ,04, NiOP 10-339, 4-835
values were similar to those used in the syntheses by Ketra? In MC-1 Mg—Cr Eltrate LDH?
the preparation of LDHs containing carbonate anions-(Nj Ni —Fe, MC-2 MgCr(|)4 b 46 22-1148
Mg—Al, and Mg—Fe), 0.2 mol of NaCO; was added to the alkali MQ% mg;IAOCf“ onate LD 33.853
solution before precipitation. The precipitated gels were aged &t 65 7C-1 Zg—czr r?itrate LDH?
2_ °C_for 18 h folloyved by coc_)llng, |soI§t|on of the sollds'by repeated - Znp(OH),Cro,° 22.1107
filtering and washing, and, finally, drying at 10%& overnight. The MFE-1 Mg—Fe carbonate LD
calcined samples were obtained by heating the dry LDHs at°@50 ME-2 MgFeO,’ 17-46
for 14 h. MAP-1 Mgo.3Al 0.1 OH)o.61(PW100s9)0.014
Synthesis of Oxometalate Anion LDHs A 0.05 M solution (50 (WQ4)o.14 0.51H,0°
mL by volume) of the acid salt was added dropwise at room temperature MAS-1 Mdo.26Al .15 OH)o.05(SiW12040)0.015
to 50 g of terephthalate slurry while bubbling with.NDetails of the 1.66H0°

preparation of a terephthalate slurry are reported elsevthefighe

addition took 45 min during which the pH dropped from 12.3 (pH of
slurry) to 4.5+ 0.5 (pH of the resultant mixture). The solids were
obtained from their mixtures by filtration, repeated washing with hot
decarbonated water, and then drying at°@5 The samples will be  ap jce bath prior to opening. The liquid products were obtained from
referred to as MAP-1 and MAS-1 for the preparations performed using the mixture by centrifugation, separated on a 25 meters long BP25

HsPW12040 and HiSiW12040, respectively. 05 capillary column coated with polyethylene glycol, and identified
Characterization Methods. Powder X-ray diffraction (PXRD) data by mass spectrometry.

were obtained between 3 and 809{R on a Philips 1710 powder
diffractometer for samples deposited on glass slides using Gu K Results and Discussion

radiation ¢ = 1.5418 A) and a step size of 00at a counting rate of . i
a second per step. Structural Properties. The compositions of the samples are

N adsorption measurements were carried out by the nitrogen BET Presented in Table 2. These were identified using elemental
adsorption method on a Micromeritics ASAP 2000 analyzer. The analysis or by a comparison of their PXRD data with JCPDS
absorbents were removed from the sample surfaces by outgassing atables of pure compounds, or by diffraction data from reported
100 °C until a vacuum of the order of 10 Torr had been attained.  works?23-27
Prior to this procedure (which lasted between 2 and 12 h), the volume  The presence of well defined 003 and 006 reflections in the
above the sample was measured using helium gas. diffractograms of MA-1, ZA-1, NA-1, and LA-1 (Figure 1) is

Elemental compositions were determined using a Pefklmer 380 consistent with ordering of the layers in the c-axis direction.
atomic absorption spectrometer (for Mg and Al), Camscan S4 scanningThe 00 reflections for NF-1. ZC-1. MC-1. MF-1. MAS-1. and
electron microscope (for Si, W, and P), and a Carbon Hydrogen \ ap_1 (Figures 2 and 3) are broad and poorly defined compared

Nitrogen Carlo Erba 1106 elemental analyzer (for H). _ ! ) [T
Acidity and Basicity Measurements. A measure of the acidbase to those of NA-1, ZA-1, LA-1, and MA-1, indicating the

functionalities of a sample can be determined by visual inspection of existence of structural disorder. The propertles_ displayed by

the color of suitable indicators adsorbed on a surfacehe lower the  the polyoxometalate LDHSs are due to turbostatic disorder caused

pKa the greater the solid’s acid strength. For example, a solid which DY the high charge density of the anigfisFor LDHs containing

gives a blue coloration with bromothymol blueK(pstrength between ~ carbonate or nitrate anions, the arrangement of the layers is

6.0 and 7.6) and is colorless with phenolphthalei.(§trength between  ordered® (hence the crystallinity of MA-1, ZA-1, NA-1, and

8.0 and 10.0), has an acid strengthwhich lies between 6.0 and 10.0.  LA-1). The broad features observed in the diffractograms of
In view of the visual limitation inherent in determining surface acidity NF-1, MF-1, ZC-1, and MC-1 (these do not contain polyoxo-

and basicity by indicator adsorption, titration measurements were limited metalate anions) are due to defects arising frofi @r Fe*

to light colored samples. The analysis, using the indicators listed in gjiag Comparable features are observed with all LDH-calcined

Table 1, was as follows: 0.2 g of a finely powdered sample was placed o\ atives. Two representative diffractograms are shown in
in a 25 mL conical flask avoiding exposure to moisture as practically Figure 4 '

as possible. Then 2 mL of the indicator which had been dissolved in . T .
benzene or dichloromethane was added and the mixture shaken briefly., Slnce. the product d'St”bE’t'O” from h.eterogeneous' reactions
In some cases the transition between acidic and basic conditions was'S also influenced by sorption properties, the porosity of the
gradual and the end points could not be determined unambiguously. Asamples was investigated. The surface characteristics (reported
cut of time of 10 min was chosen. in Table 3) reveal that with the exception of ZA-1, ZA-2, and
Catalytic Reaction. A mixture containing ethanol and propylene  NF-2 (which are macroporous), LDHs and their calcined
oxide in a volume ratio of 10 to 1 was mixed WwiflL g of powdered
sample in 25 mL stainless steel autoclaves. The vessels were heate@23) Reichle, W. T.Solid State lonic4986 22, 135.
to 120+ 5 °C in a vacuum oven at autogenous pressures. To optimize (24) Hernandez-Moreno, M. J. H.; Ulibarri, M. A.; Rendon, S. J.; Serna,
the contact between the reactants and the catalyst, the autoclaves were, g J.Phys. Chem. "_"'0951985 _1éh34- q Solids08
shaken hourly for 30 s. They were removed after 5.5 h and cooled in (2°) zfgto' T Fujita, H.; Endo, T.; Shimada, React. Solidsl988 5,

(26) Pesic, L.; Salipurovic, S.; Markovic, V.; Vucelic, D.; Kagunya, W.;

a JCPDS= Joint Committee on Powder Diffraction Standards files.
b Refers to assignments based on JCPDS files or chemical analysis.
¢ Refers to identity based on elemental analysis.

(20) Kuma, K.; Paplawsky, W.; Gedulin, B.; Arrhenius, Grigins Life, Jones, WJ. Mater. Chem1992 10, 1069.

Evol. Biospherel989 19, 573. (27) Del Piero, G..; Trifiro, F.; Vaccari, Al. ChemSoc, Chem. Commun
(21) Kagunya, W.; Chibwe, M.; Jones, WIlol. Cryst. Lig. Cryst1994 1984 656.

244, 155. (28) Kwon, T.; Pinnavaia, T. Xhem. Mater1989 1, 381.

(22) Tanabe, KSolid Acids and Baseécademic Press: New York, 1970. (29) Allmann, V. R.Chimia197Q 24, 99.



5972 Inorganic Chemistry, Vol. 35, No. 21, 1996 Kagunya et al.

d
b
J« g
=
1 ;
£
g b 1
E 10 20 30 40 50 60 70 80
‘J 26/ degrees
k..,_h_,&ﬂwumw Figure 3. X-ray diffraction patterns for (a) MgoAlo.1(OH)oos
(SiW12040)0.0151.66 HO and (b) Mg.30Al0.1OH)o.61(PWi0Oz0)0.014
A a (WO4)0.140.51 HO.
— b
10 20 30 40 50 60 70 80 2 b
28/ degrees g —
=
Figure 1. X-ray diffraction patterns for (a) MgAl carbonate, (b) Zr- E a
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Figure 4. X-ray diffraction patterns of the calcined derivatives for (a)
Zn—Cr nitrate and (b) Mg-Fe carbonate.
¢ Table 3. Surface Characteristics of Layered Double Hydroxides
2 and Their Calcined Derivatives
;g surface area micropore mesopore macropore
E acronym (m?/g) % % %
B b ZA-1 21 0 13 87
w ZA-2 38 0 7 93
NF-1 117 0 87 13
- NF-2 133 0 12 88
MA-1 69 0 81 19
a MA-2 232 4 94 2
MC-1 38 1 68 31
MC-2 139 1 73 26
Aot zC-2 50 0 99 1
— MF-2 127 9 91 0
10 20 30 40 50 60 70 80 LA-1 115 0 86 14
28/ degrees NA-2 145 0 96 4
Figure 2. X-ray diffraction patterns for (a) NtFe carbonate, (b) Zn 2 The definition of acronyms is as indicated in Table 2.

Cr nitrate, (c) Mg-Cr nitrate, and (d) Mg Fe carbonate LDHs.
Table 4. Acid—Base Values of Layered Double Hydroxides and

derivatives are largely mesoporous. These pores are the crack§neir Calcined Derivatives
and crevices between the sample platelets, and it is through thent

that the reacting species access the active sites and the resuI'[ingt,jlcrom,m1 amdlténlazsmty acrony amdlténgzswlty
products migrate from. In view of the general similarity in the

pore structure of the LDHs and their calcined derivatives and maj g%ﬁfz 2 éﬁ:; g'g?ozo
the lack of any correlation between porosity and catalytic |51 10-12.2 MAS-1 0830
properties (discussed below), it can be concluded that it is the [A-2 10-12.2 MAP-1 0.8-3.0

identity of the active sites rather the overall pore structure that
determines the catalytic potential of LDHs and their calcined
derivatives. anions are located between cationic layers with which they

Acidic and Basic Properties. Qualitative analysis of the  charge balance, varying their identity has no effect on the acidity
color changes using the indicators revealed that the samplesor basicity of a well-ordered LDH. This result is particularly
fall into three groups (Table 4): those with strong basicitg{p  significant as it corroborates the Cgrafting theory proposed
> 8.2), an intermediate group withKg values between 6 and in ref 10 which was used to explain the acidic property of a
8.2, and a relatively acidic group with values belot,5. chloride LDH after thermal activation.

Included in the first category are MA-1 and LA-1. Although ZA-1 displays a much lower base strength than either MA-1
the identity of the anions in these samples differ, carbonate for or LA-1. Since intercalated anions do not influence the acid
MA-1 and chloride for LA-1, their basicities are comparable. base properties of an LDH and the trivalent cation is the same
This is in conformity with the rationalization that because the in all three samples, it can be argued that the difference between

aThe definition of acronyms is as indicated in Table 2.
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Scheme 1. Mechanism for the Formation of 1-Ethoxy-2- Table 5. Activity of Calcined and Uncalcined Layered Double
propanol and 2-Ethoxy-1-propanol Hydroxides in the Glycol Ether Reaction
H O H Me OH LDH conversion (%) LDH conversion (%)
acronyn? uncalcined calcineéd acronyni uncalcined calcined
MA-1 9 19 zZC-1 8 10
H Me H H NF-1 11 25 NA-1 7 14
propylenc oxide - ethanol MC-1 10 11 MF-1 8 21
LA-1 7 11 MAS-1 13 n.s.
. ZA-1 9 7 MAP-1 12 n.s.
(acidlfcl,fagc(;te) 2 The definition of the acronyms is as indicated in Tableé Phe
calcined samples were obtained by heating the dry LDHs at°@50
ACIDI(/ \msm for 14 h.¢n.s.= not screened.
OH
EtO H H 10
H OH
Me H B
Me H
OFEt
H 8 -
2-ethoxy 1-ethoxy
-1-propanol -2-propanol x .
2
the basicity of ZA-1 and that of its analogues is due to the g 6
identity of the second catierZn?* for ZA-1, Lit+ for LA-1, E
and Mg for MA-1. The ionicities of Mg+ and Li" and .g
consequently the basicities are similar, whereas that &f &n % O o v
an order of magnitude lowethence the apparent acidity of ZA- =41
1.
LDHs pillared with oxometalate anions along with their
calcined derivatives display the highest acidity. Though the 2
structure of the former is understood to consist of anions
sandwiched in between cationic she&t® 3! the observed . 4
physicochemical properties suggest otherwise. Chemical analy-
sis indicates that some polyoxometalate LDH samples contain 5 10 15 20 25 30
. . conversion (%)
products of anion hydrolysis. These are the source of the A NE1 X LAl
observed acidities since LDHs containing Mg and Al cations @ nE2 o LA2
(exemplified by MA-1) are basic. The polyoxometalate species ® NAlL N MF1
are not removed by the repeated washing performed during X Na2 & Mr2
synthesis since they are chemisorbed on the LDH surface. + MA-1 0O cail
The calcined derivatives fall under the same basicity grouping V MaA2 [0 ca2
as their precursors: LA-2 and MA-2 in the strongly basic and O Mci +  ZAd
ZA-2 in the intermediate one. These samples consist of either W Mc2 O za2
dimetal oxides or oxide hydroxideshe former otherwise O 1 B Map1
A 7c2 V¥ MaAs-1

known as spinels. Studies on the structural properties of spinels
using a combination of adsorption and spectroscopic techniquesFigure 5. Basicity acidity ratio (BAR)s conversion for layered double
by Morterra et al32 and Buscaet al3 have revealed that hydroxides and their calcined derivatives.

irrespective of the pre treatment temperature the spinels can not
be devoid of hydroxyl groups. It is therefore not unusual to
observe that even thoughlalln LDH’s compositiqn is significantly selectivity to 2-ethoxy-1-propanol (%)
altered by the decomposition process, the acid-base properties

are not. C/(C+D) x 10 (2)

conversion (%)= (A — B)/A x 10 1)

Catalytic Properties. Scheme 1 shows the main products
formed on the basic and acidic sites during the ethanolysis of
propylene oxide. Ethoxypropoxy—propanol isomers are also
formed in minute quantities. The terms “conversion” and
“selectivity” (for 1 g of catalyst) as used in the discussion are
defined as follows:

selectivity to 1-ethoxy-2-propanol (%3
D/(C+ D) x 107 (3)
whereA andB are the mole fractions of both propylene oxide

and ethanol in the feed and product respectively, @raathd D
those of 2-ethoxy-1-propanol and 1-ethoxy-2-propanol in the

products.
(30) Woltermann, G. M. US Patent 4,454,244, 1984. Table 5 shows the calculated conversions for LDHs before
(31) Narita, E.; Kaviratna, P.; Pinnavaia, T.Chem. Lett1991, 805. and after calcination. The conversion trend for the LDHs is
(32) Morterra, C.; Ghiotti, C.; Boccuzzi, F.; Colucia, A. Catal 1978
51, 299.
(33) Busca, G.; Lorenzelli, V.; Escribano, V. S.; Guidetti JRCatal 1997, MAS-1> MAP-1 > NF-1> MC-1 > MA-1 ~ ZA-1 >
131 167 ZC-1~ MF-1> NA-1 ~ LA-1

(34) Malinowski, S.; Marczenski, MCatalysis1989 8, 135.
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The conversions parallel the acidity classification concluded the other hand the aluminates have values which are higher than
from the Hammett indicator titration resuttthe highest values  those of their precursordouble in the case of NA-2. For the
are obtained from the “highly acidic” group and the lowest from Fe0s-based samples, the BAR values are reduced when NF-1
the “basic” one. In the intermediate group are MC-1 and NF-1 is activated but doubled when MF-1 is. The lack of any
which like MAS-1 and MAP-1 have extensive structural correlation between product selectivity and structural properties
deformities. Lattice and surface defects which have been underlines the diversity of the active site types in the calcined
generated during synthesis are also known to promote an oxide’sderivatives.

catalytic activity34 The selectivity to the base catalyzed product (1-ethoxy-2-
The conversion trend observed with the LDH calcined propanol) displayed by most samples is an indication of their
derivatives is predominantly basic properties. Only with NF-2, MAS-1, and

MAP-1 are equal proportions of the acid- and base-catalyzed

NF-2> MF-2 > MA-2 > NA-2 > MC-2 ~ LA-2 > products obtained. It is noteworthy that the deductions gleaned

7C-2 > ZA-2 using the catalytic screening and the indicator methods comple-

ment each other despite the formation of a minor product in

The samples consist of mixtures of spinels, mixed metal oxides, the former and the restriction with the latter to lightly colored

or single metal oxides (Table 2). The main feature of NF-2 Samples.
(highest in the series) is the presence of hydroxide anion Summary

moieties which act as the active sites. In the case of ZA-2  This study demonstrates that LDHs do not have a purely basic
(lowest conversion), the sample has been identified as compris-character even after calcination. Some LDHs (for example those
ing of a mixture of zinc aluminate and zinc oxide which exhibit pillared with polyoxometalate anions) are strongly acidic.
an intermediate basicity. LA-2 compares with MA-2 in terms  Though thermal activation of LDHs is a widely accepted
of base strength but displays a conversion closer to that of ZA- practice, the observations made on the reaction demonstrate that
2. The conversions obtained using LDH-calcined derivatives | pHs possess some catalytic potential and could, therefore, be
do not relate to any active site type. _ _ an alternative to the calcined derivative.

To compare the relative amounts of acid and base sites, the  considerable interest has been circumscribed to catalysis
proportion of the basic product was normalised to that of the occurring primarily on the basic sites present in LDH-calcined
acidic one. A plot of the calculated values (hereafter referred gerivatives although as illustrated by this study, their identity
to as BAR (short for basicity acidity ratio))s conversions is  varies with the composition of the precursor. On the basis of
displayed in Figure 5. The ratio is used to derive qualitative the combined results from catalysis and titration methods, the
information only in view of the fact that minor products are active sites in parent LDHs are the hydroxide groups. In the
formed in the reaction. The plot reveals that the values of all c35e of LDHs containing polyoxometalate anions, the sites
the uncalcined LDHs fall within a one window unit with the  jncjude anionic groups as well. For the calcined derivatives,
exception of LDHs based on polyoxometalate species. Sincethe following three sites are present:2Ocenters which are
the values for ZC-1, MC-1, and MF-1 do not differ significantly  girectly linked to metal atoms (strong basicity-Gons bonded

from those of their analogues (despite the presence of cationyy atoms adjacent to the metal centers (medium basicity), or
defects), it is concluded the catalytic properties of LDHs are gyrface OH groups (weak basicity).

largely influenced by one type of sitehe hydroxide moieties.

In the case of the LDH-calcined derivatives (comprised
largely of spinels), the BAR values do not relate to any active
group type. Those with a gDs-based component are close to
the proportions obtained using corresponding LDH samples. On1C960047E
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