
Ž .Journal of Molecular Catalysis A: Chemical 151 2000 185–192
www.elsevier.comrlocatermolcata

MgrAl hydrotalcites: preparation, characterisation and
ketonisation of acetic acid

Kulamani Parida ), Jasobanta Das
Regional Research Laboratory, Bhubaneswar 751013, Orissa, India

Received 28 October 1998; received in revised form 14 May 1999; accepted 14 May 1999

Abstract

MgrAl hydrotalcites with different Mg:Al ratios were prepared and characterized by PXRD, FTIR, TGrDTA, basic sites
and nitrogen adsorption–desorption methods. It is confirmed from PXRD that the materials have hydrotalcite structure. The
basic sites of the samples were determined spectrophotometrically by irreversible adsorption of acids having different pKa

values which showed that the basic sites increases with increase in Mg:Al ratio. The specific surface area of all samples lies
in the range 170–231 m2rg. All the samples were predominantly mesoporous in nature and pore diameters lie in the range

˚ Ž .40–70 A. The sample with Mg:Al ratio of 4:1 showed highest specific surface area and conversion )86.5% of acetic acid
to acetone with high selectivity at 3508C. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Anionic clays, particularly hydrotalcites, are
class of layered materials of current interest.
Hydrotalcites have brucite-like positively
charged layer of magnesium and aluminium
hydroxide octahedra sharing edges to form infi-
nite sheets stacked on top of each other and are
held together by hydrogen bonding. Due to

Ž .isomorphous substitution of metal III ions, the
positive charge thus generated on the brucite
sheet is compensated by the anions present in
the inter layer region. They are represented

w Ž . Ž .by the general formula M II M III -1yx x
Ž . x xqw ny x Ž .OH A , Y H O, where M II and2 x r n xy 2
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Ž .M III are divalent and trivalent cations such as
Mg2q, Mn2q, Co2q, Ni2q, Cu2q, Zn2q and
Al3q, Fe3q, Cr 3q, respectively, Any is the inter
layer anion such as Cly, NOy, CO2y or any3 3

other macrocyclic multivalent anions, etc., and
w xxs0.1–0.33 1,2 . Thermal decomposition of

these materials at 4508C results in the formation
of high surface area, basic mixed metal oxides
due to the removal of surfacial and physisorbed
water, and carbon dioxide molecules which are
found to be promising catalyst for base cat-
alyzed reactions. The activity and selectivity of
these solids have been established for several
reactions such as aldol condensation, olefin iso-
merisation, alkylation of ketones, etc.

Catalytic ketonisation by direct synthesis
method is simple, economical and versatile. Ox-

w x w x w xides of thorium 3 , cerium 4 , manganese 5 ,
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w x w xzirconium 6 , rare earth metals 7 as well as
w xalkaline earth metals 8 and metal oxides sup-

ported on inorganic carriers such as alumina,
silica or titania are found to be active catalyst
for this reaction. The present work deals with a
systematic study on MgrAl hydrotalcite with
different Mg:Al ratios for the vapour phase
conversion of acetic acid to acetone which pro-
ceeds according to the general equation:

2RCOOHs2RCORqCO qH O 1Ž .2 2

2. Experimental

2.1. Materials and methods

Hydrotalcites with various Mg:Al ratios were
prepared by coprecipitation at low supersatura-

w xtion method 9 . In this method, two solutions,
Ž .A and B, were added at the same rate 50 mlrh

to a beaker containing 100 ml of deionised
water while stirring. Solution A was prepared
by mixing an equimolar solutions of Mg and Al

Ž .metal nitrates 200 ml in the desired molar
ratios. Solution B was prepared by dissolving

Ž .14 g sodium hydroxide 0.35 mol and 15.9 g
Ž .sodium carbonate 0.15 mol in 200 ml deionised

water. The pH of the suspensions were around
10. The precipitates were aged at 658C for 18 h
in a thermostatic bath. The resulting product
was filtered, washed thoroughly with deionised
water until the filtrate showed no presence of
NaOH and subsequently dried at 908C for 24 h.
Part of the samples were heated at 4508C for 18
h in a muffle furnace for further characterisation
and catalytic activity study.

3. Characterisation

3.1. Chemical analysis

The bulk elemental analysis for magnesium
and aluminium were done by chemical methods.
A known weight of the sample was dissolved in
1:1 HCl. For aluminium estimation, a suitable

aliquot was taken, precipitated as hydroxide with
1:1 ammonia solution followed by filtration and
dissolving the precipitate in 1:1 HCl and titrated
by back titration method. The magnesium con-
tent in the filtrate was estimated by titration
with EDTA using Eriochrome Black Tea indica-

w xtor 10 . The sodium content in the calcined
samples was determined by Flamephotometer.

3.2. Powder X-ray diffraction

The crystal structures of the calcined and
uncalcined samples were examined by X-ray
powder diffractometer and the patterns were
recorded with Phillips model 1710 semiauto-
matic X-ray diffractometer with auto divergent
slit and graphite monochromator using Cu K a

radiation at a scanning speed of 28rmin, oper-
ated at 40 kV and 20 mA.

3.3. FTIR and thermal analysis study

FTIR spectra of the samples were recorded
from 180 to 4000 cmy1 in KBr phase with a
Perkin-Elmer FTIR spectrophotometer. TGr
DTA of the uncalcined samples were carried out
in nitrogen atmosphere using a Perkin-Elmer,

Ž .USA Model DTA 1700rTG52rTADS 3600
at a heating rate of 158rmin in the temperature
range 30–10008C.

3.4. Textural properties

Specific surface area, pore volume, average
pore diameter and pore size distribution were
determined by nitrogen adsorption–desorption

Ž .at liquid nitrogen temperature y1968C using a
Ž .Quantasorb Quantachrome, USA . Prior to ad-

sorption–desorption measurement, the samples
were equilibrated by degassing at 1208C at 10y4

Torr for 6 h.

3.5. Surface basicity

The surface basicity of the calcined samples
were determined on the basis of the irreversible
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adsorption of noninteracting acids, such as
Ž . Žacrylic acid, pK s4.2 and phenol pK sa a

.9.9 . Before basicity measurement, all catalysts
were thoroughly degassed at 1208C under static
air condition in a muffle furnace. The catalysts

Ž .were then weighed 0.05 g to stoppered bottles.
To these bottles containing the catalysts, 10 ml
of freshly prepared solution of phenolracrylic
acid in cyclohexane was pipetted out and were
shaken for 2 h at 308C keeping the mouth of the
bottles closed. It was assumed that the interac-
tion of the catalysts with atmospheric CO and2

water was very negligible since the exposure of
the samples to atmosphere was for a very short

Ž .period during weighing only . The concentra-
tion of the substrate in solution in equilibrium
with the adsorbed substrate was determined

w xspectrophotometrically 11 . Sorption experi-
ments were developed at the wavelength of

Ž .maximum adsorption l , nm and in themax

concentration range of the adsorbate where the
Beer–Lambert Law holds good. In each experi-
ment, the time required to achieve equilibrium
condition at constant temperature was checked
and never found to be more than 2 h. The
chemical interaction between adsorbate and cat-
alyst surface was consistent with the Langmuir
adsorption isotherm equation:

crXs 1rbX qcrX , 2Ž . Ž .m m

where c is the concentration of the substrate in
solution, in equilibrium with the adsorbed sub-
strate, b is a constant, X is the amount of
adsorbed substrate per gram of catalyst and Xm

is the monolayer coverage which correspond to
the theoretical amount of the solute adsorbed by
1 g of solute if all sites are covered. This
method, which makes use of organic acids of
different pK values, provides both the totala

concentration of the basic sites and their relative
strength. Similar method was adopted elsewhere
w x12 .

3.6. Ketonisation of acetic acid

Catalytic ketonisation reaction was carried
Ž .out in a fixed bed quartz reactor 10 mm, id on

line with gas chromatograph. The reactor was
placed inside a programmable tubular furnace
Ž .Stanton Red Croft, UK containing 0.25 g of
the catalyst. A nitrogen flow saturated with
acetic acid vapour at room temperature was run
through the catalyst. Prior to the catalytic test,
each sample was pretreated under nitrogen flow
at the lowest reaction temperature in the stream
of reactant for 2 h. The products were analyzed

Ž .by on line gas chromatograph CIC, India oper-
ated on FID mode and using a porapak Q
column. The authenticity of the products were
verified by comparing the retention time with
the standard sample.

4. Results and discussion

The XRD pattern of the 908C dried samples
Ž .Fig. 1 show sharp and symmetric peaks which
gives clear indication that the samples are well
crystallised and the peaks corresponding to
Ž . Ž . Ž . Ž .003 , 006 , 110 and 113 planes are charac-

Ž .teristic of clay mineral hydrotalcite having
w xlayered structure 13 . In the case of calcined

Ž . Ž .samples, the 003 and 006 reflections, which
Ž .give the basal spacing d 003 , practically disap-

pear indicating that the hydrotalcite structure is
mainly destroyed after calcination at 4508C and
there is disorder in the stacking in the layers. In
all the uncalcined samples, the intensity of the
corresponding peaks decreases as the Mg:Al
ratio increases.

The IR spectrum of the uncalcined hydrotal-
cite samples shown in Fig. 2 possess an intense
broadband between 4000 and 2700 cmy1 which
may be represented as a superimposition of
deformational vibrations of physically adsorbed

w x ywater 14 , vibrations of structural OH groups
w x15 , characteristic valent vibrations of
HO . . . OH andror CO2y–OHy in hydrotalcite3
w x16 and of characteristic stretching vibration of
the Mg2q–OHy bond in Mg, Al-hydroxy-

w x y1carbonate 14 . The band at around 1632 cm
Ž .bending vibration of d HOH may be assigned
to the adsorbed interlayer water. An intense
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Fig. 1. XRD patterns of 908C dried MgrAl hydrotalcite with
different Mg:Al molar ratios.

absorption band at 1383 cmy1 is attributed to
the CO2y absorption and the impurities of NOy

3 3

which may be the result from the synthesis

w xsolution 17,18 . The broadband at around 663
cmy1 most probably is a superposition of the
characteristic bonds of boehmite or hydrotalcite

w xin this frequency interval 19 . The doublet at
around 791 and 663 cmy1 coincides by position
and intensity ratio with the corresponding char-

w xacteristic vibrations of hydrotalcite 16 . Upon
calcination, there is a significant decrease in the
intensity of water and carbonate characteristic
peaks due to the removal of water and CO2

vapours.
The DTA peaks obtained from the thermal

analysis studies of the samples are presented in
Fig. 3 which exhibit a two-step weight loss
process. The first step below 2508C is attributed
to loosely bound water in the interlayer space
and the second one below 4258C is due to the
simultaneous dehydroxylation and decarbona-
tion of the lattice OHy, strongly bound water
and CO2y groups.3

The specific surface area, average pore diam-
eter and pore volume are presented in Table 1.

Fig. 2. IR spectrum of 908C dried MgrAl hydrotalcite with
different Mg:Al molar ratios.
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Fig. 3. DTA curves of MgrAl hydrotalcite with different Mg:Al
molar ratios.

The specific surface area of the samples in-
creases with the increase in Mg:Al ratio up to
4:1 and thereafter decreases. The sample with
Mg:Al ratio 4:1 shows highest surface area of
231 m2rg. The adsorption–desorption isotherm
of the materials, which is shown in Fig. 4, are

w xnearly of type-IV in BDDT classification 20 .
In the case of all the samples, the hysteresis
loop starts at a high relative pressure which
supports the mesoporous nature of the samples.
From the nature of the loop, it can be concluded
that the pores are of uniform shape and size.

Assuming the pores to be cylindrical, the aver-
age pore diameter is calculated by using the
formula ds4V rS where d is the averagep p

pore diameter, V is the pore volume and S isp p

the specific internal surface area of the pores.
The average pore diameter is found to be in the

˚range 40–70 A. This is also supported by the
mesopore size distribution curve calculated by

w xBJH equation 21 which is shown in Fig. 5.
Since adsorption depends upon the pK val-a

ues of the organic acids, the values for phenol
adsorption measure strong basic sites, whereas
acrylic acid measures the total basicity of the
sample. For a particular solid, the weak basic
sites can be measured from the difference of
values of acrylic acid and phenol adsorption. It
is observed from Table 1 that the basic sites
increases with the increase in Mg:Al ratio and
all the samples have very few number of strong
basic sites.

Ketonisation of acetic acid over MgrAl hy-
drotalcites with different Mg:Al ratios are shown
in Fig. 6. As the material is highly basic in
nature as evident from the basic site data, it is
expected that the products in the ketonisation of
acetic acid are acetone, carbon dioxide and wa-
ter. From the reaction profile, it is evident that
the conversion starts at 3008C in case of sam-
ples with Mg:Al ratios of 2:1 to 4:1 and in case
of samples with Mg:Al ratio 5:1 and 7:1 it starts
at a higher temperature. The maximum activity
for conversion of acetic acid is shown by sam-
ple prepared with Mg:Al ratio of 4:1. In this
case, a maximum conversion of )86.5% was

Table 1
Textural properties of MgrAl hydrotalcites prepared with different Mg:Al ratios

Ž .Sample Mg:Al sample MgrAl S Average pore Pore volume Basic sites Na %BET
2 3˚Ž . Ž . Ž .code molar ratio atomic ratio m rg diameter A cm rg Acrylic acid Phenol

Ž . Ž .mmolrg mmolrg

MAH-1 2:1 1.84 219.44 58.06 0.29 7.54 0.16 0.011
MAH-2 3:1 2.80 196.36 64.28 0.26 8.34 0.24 0.008
MAH-3 4:1 3.73 230.93 50.50 0.21 8.48 0.36 0.004
MAH-4 5:1 4.68 192.72 42.64 0.23 8.69 0.41 0.005
MAH-5 7:1 6.42 186.02 70.36 0.34 8.87 0.39 0.009
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Ž .Fig. 4. Nitrogen adsorption–desorption isotherm of MgrAl hydrotalcite; numbers refer to samples cf. Table 1 .

achieved at a temperature of 3508C and there-
after the conversion remains almost unchanged
as the temperature is increased even to 4008C.
Similar results have also been reported by oth-
ers for hydrotalcites with Mg:Al ratio of 4:1 for

w xvarious chemical reactions 22,23 . Parida and
w xMishra 24 have also achieved similar range of

conversion in case of metal promoted zirconia
in the temperature range 350–4258C using 0.5 g
of sample under identical conditions. By vary-
ing different metal oxides such as MgO, CdO,
CoO, Fe O , La O , CeO , MnO on silica2 3 2 3 2 2

w xsupport, Glinski et al. 25 have observed that

the acetone yield reached better than 50% at
3758C. The higher activity of sample prepared
with Mg:Al ratio of 4:1 could be due to its high
specific surface area, comparatively small pore
diameter and pore volume compared to other
samples. Furthermore, a synergetic interaction
between the metal oxides is obtained upon cal-
cination of the precursor with high surface area
and porosity which is absent in case of physi-

w xcally mixed oxides. Yekerson 8 and Yekerson
w xet al. 26 have investigated some oxidic sys-

tems in detail and proposed two pathways
through which acetic acid interact with the solid
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Ž .Fig. 5. Distribution of pore as a function of pore radius; numbers refer to samples cf. Table 1 .

Ž .to give acetone. These were i the formation of
bulk acetates and their decomposition to acetone

Ž .and ii surface interaction. The former path is
generally followed by oxides of low lattice en-
ergy whereas the latter occurs preferentially with
solids of high lattice energy. MgrAl hydrotal-
cites being a compound of high lattice energy
thus might be allowing surface interaction. It is
seen from Fig. 7 that with the linear increase in

Fig. 6. Effect of Mg: Al ratio on the ketonisation of acetic acid.
GHSVs15000.

Ž .gas hourly space velocity GHSV , a significant
drop in acetone yield is observed in the temper-
ature range 300–4008C and also a shift in the
temperature of maximum conversion to higher
values. This effect may be attributed to the
variation in proportionate exposure of active
sites to reactant concentration. A slight decrease
in the activity is observed in time-on-stream

Fig. 7. Catalytic activity of MAH-3 on ketonisation of acetic acid
at various GHSV.
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Fig. 8. Yield of acetone in time-on stream experiment over
MAH-3 at 3508C, GHSVs15000.

Ž .profile Fig. 8 during the first 4 h of reaction at
3508C, and thereafter it remains almost con-
stant.

5. Conclusions

MgrAl hydrotalcite could find application in
the ketonisation of acetic acid as it has apprecia-
ble number of basic sites, high thermal resis-
tance and high specific surface area. The sample
with Mg:Al ratio of 4:1 showed highest conver-

Ž .sion )86.5% of acetic acid with high selec-
tivity at 3508C. Mg to Al combination in the
ratio of 4:1 is most ideal for controlling electro-
static interaction between the layers so as to
give highest surface area to the material. Being
a high energy solid, prefers surface interaction
with the acid for ketonisation.

Acknowledgements

The authors are very much thankful to Prof.
H.S. Ray, Director, RRL, Bhubaneswar, for his

permission to publish this paper, and Dr. S.B.
Rao, Head, IC Division, for his constant encour-
agement throughout the work.

References

w x1 F. Trifiro, A. Vaccari, in: J.L. Atwood, D.D. Macwicol,
Ž .J.E.D. Davies, F. Vogtles Eds. , Comprehensive Supra-

molecular Chemistry, Chap. 7, Vol. 7, Pergamon, Oxford,
1995.

w x2 F.M. Labajos, V. Rives, P. Malet, M.A. Centeno, M.A.
Ž .Ulibarri, Inorg. Chem. 35 1996 1154.

w x Ž .3 H.J. Arpe, J. Falbe, Brennst.-Chem. 48 1967 69.
w x Ž .4 R. Novotny, S. Pauls, Ger. Patent 1158050 28 Nov. 1963 ;

CA 60; P 9156a.
w x Ž .5 G.P. Hussmann, US 4 754 074 28 June 1988 ; CA 109; P

192582e.
w x6 H. Frochlich, M. Schneider, W. Himmele, M. Stromeyer, G.

Ž .Sandrak, K. Baer, Ger. Offen. 2758113 5 July 1979 ; CA
91; P 14034600.

w x7 M.B. Turova-Polyak, N.T. Thuan, I.E. Sosnina, Zh. Fiz.
Ž .Khim. 42 1968 1372, CA 69; 86282c.

w x8 V.I. Yakerson, Izv. Akad. Nauk USSR, Otd. Khim. Nauk 18
Ž .1961 1527.

w x Ž . Ž .9 F. Cavani, F. Trifiro, A. Vaccari, Catal. Today 11 2 1991
203.

w x10 A.I. Vogel, A Text Book of Quantitative Inorganic Analysis,
3rd edn., pp. 434 and 436.

w x11 J.M. Campelo, A. Garcia, J.M. Gutierrez, D. Luna, J.M.
Ž .Marinas, Can. J. Chem. 61 1983 2567.

w x12 K.M. Parida, P.K. Pattnayak, J. Colloid Interface Sci. 182
Ž .1996 381.

w x Ž .13 F. Cavani, F. Trifiro, A. Vaccari, Catal. Today 11 1991
173.

w x Ž .14 G. Allegra, G. Ronca, Acta Crystallogr. A 34 1978 1006.
w x Ž .15 D. Roy, R. Roy, E. Osborn, Am. J. Sci. 251 1953 337.
w x Ž .16 R. Allmann, Chimia 24 1970 99.
w x17 H.C.B. Hansen, C.B. Koch, R.M. Taylor, J. Solid State

Ž .Chem. 113 1994 46.
w x18 F. Rey, V. Fornes, J.M. Rojo, J. Chem. Soc., Faraday Trans.

Ž .88 1992 2233.
w x Ž .19 F. Trifiro, A. Vaccari, J. Catal. 85 1985 260.
w x20 S. Brunaver, D.W. Demming, L.S. Demming, E. Teller, J.

Ž .Am. Chem. Soc. 62 1940 1723.
w x21 E.P. Barret, L.G. Joyner, P.P. Hallenda, J. Am. Chem. Soc.

Ž .73 1951 373.
w x Ž .22 J. Santhanalakshmi, T. Raja, Appl. Catal., A 147 1996 69.
w x Ž .23 S. Velu, C.S. Swamy, Appl. Catal., A 162 1997 81.
w x Ž .24 K.M. Parida, H.K. Mishra, J. Mol. Catal. A 139 1999 73.
w x25 M. Glinski, J. Kijenski, A. Jacubowsky, Appl. Catal., A 128

Ž .1995 209.
w x26 V.I. Yakerson, E.A. Fedorovskaya, A.L. Klyachko-Gurvich,

Ž .A.M. Rubinstein, Kinet. Katal. 2 1961 907.


