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The evolution of the acid/base properties of a series of oxide supports (alumina, magnesia and silica) modified by increasing

loadings of additive ions (Li

�
, Ni

2�
, and SO

2ÿ

4

) from 1 to 50% of the support surface coverage is reported using the catalytic test of

isopropanol decomposition, studied as a function of the reaction temperature. The calculated kinetic parameters E
a
, A, and �S

6�

permit interpretation of the reaction mechanismwith relation to the acidity/basicity of the modified surfaces. The series of alumina

oxides, due to the amphoteric properties of the surfaces, decomposed isopropanol through an E
2
mechanism leading to propene and

di-isopropyl ether formation. The selectivity to the two products was dependent on the strength of the basicity (addition of lithium

and nickel) or on the acidity (addition of sulfate) of the surfaces. Magnesia series oxides dehydrated isopropanol through an E
1b

mechanism due to the presence of very strong basic surfaces possessing some weak acid sites. The very weak amphoteric character

of silica was strengthened by the loading of the three additives; themodified silica surfaces displayed enhanced decomposition activ-

ity with respect to pure silica.
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1. Introduction

Supported metal oxide catalysts have obtained much

attention because of their wide application as oxidation

catalysts and/or as precursors to supported metal and

sulfide catalysts. Studies on the nature of the interaction

between the dispersed metal oxide species and the sup-

port have shown that their catalytic behavior and their

acid^base properties are strongly affected by the induc-

tive effect of themetal ions in the solids [1,2].

In previous papers [3,4] have been reported the

results of the microcalorimetric and catalytic studies of

the acidic character of pure oxide supports (alumina,

magnesia, and silica) and the relevant doped oxides by

the addition of very small amounts of metal ions

(Ca

2�
, Li

�
, Nd

3�
, Ni

2�
, SO

2ÿ

4

, Zr

4�
) in a concentration

of 0.1^0.3 �mol/m

2

which corresponds to a surface

coverage of the oxide support of about 0.5^1% of mol

of metal ion per mol of support. The aim of the present

study has been to extend our investigation to sup-

ported oxide samples by varying the amount of the

additive on the oxide support (from 3 up to 50% in ion

surface coverage of the support). In this approach we

have considered both the nature of the guest metal

oxide and the surface structure of the host support,

which include:

(a) Three different supports, such as an amphoteric


-alumina, a weakly acidic silica and a basic magnesia.

These supports provide different capacities for the for-

mation of highly dispersed species formanymetal oxides

and induce metal oxide^support interactions of various

strengths.

(b) Three different guest metal ions such as lithium,

nickel and sulfate ions which exhibit various acid^base

properties especially at low loadings.

(c) Three estimated values of metal oxide loadings

estimated as 1, 10 and 50% of the monolayer capacity of

the supports. In fact, the corresponding experimental

values were not always close to the calculated values,

mainly on silica which involves different types of oxide

phase interactions. However, the sample loadings will be

referred to as 1, 10 or 50 for simplification.

In spite of numerous works [5^8] no general correla-

tion between acid^base properties and the amounts of

added oxide has been formulated. In particular, how the

acidity changes, for a particular ion, the loading varies

from a very low amount, creating an ion-doping effect,

to an added oxide content up to amonolayer coverage.

The decomposition of isopropanol has been applied

to these systems as a method of characterizing the phase

composition and the mode of dispersion of the active

phase on the support: it provides a quick test for evalua-

tion of catalysts, and for checking the adequacy of a

preparation method in producing the optimal acidic cat-
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alyst [3,6]. The results are compared with the acid^base

properties of the same samples determined previously [9]

by adsorption microcalorimetry of various probe

molecules.

2. Experimental

2.1. Preparation of the doped and supported oxides

The three host supports, 
-Al
2
O

3
(from Akzo-

Chemie), MgO (from Carlo Erba), and SiO
2
(from

Grace Catalysts & Carriers) were the same oxides as

those used in the previous works [3,4]. Besides the

doped oxides with Li

�
, Ni

2�
, and SO

2ÿ

4

additives on


-Al
2
O

3
(referenced as Li(Ni,S)-Al-1), on MgO

(referenced as Li(Ni,S)-Mg-1), and on SiO
2
(referenced

as Li(Ni,S)-Si-1) prepared as reported in ref. [3], three

new series of samples with different amounts of guest

oxides have been prepared. They are referenced as

Li(Ni,S)-Al(Mg,Si)-10 or as Li(Ni,S)-Al(Mg,Si)-50

depending on the amount of guest oxide on the support

expressed as percent of mol of metal ion per mol of sup-

port. The composition of the loaded oxides ranged in the

interval 3^10% for Li(Ni,S)-Al(Mg,Si)-10 and 15^50%

for Li(Ni,S)-Al(Mg,Si)-50. Table 1 collects the samples,

their quali^quantitative composition, expressed in ionic

concentration and percentage of surface coverage of the

guest ions [3,10] as calculated from the surface area

values and the chemical analyses of the samples.

The doped and the supported oxides were prepared

by incipient wetness impregnation of weighed amounts

of the host oxides in powder form (impregnation point

of Al
2
O

3
, MgO and SiO

2
of 1, 4, and 3 ml/g, respec-

Table 1

Physico-chemical properties of the loaded oxides

Sample Composition

M (wt%)

Ionic

concentration

a

Surface coverage

b

(%mol ion/mol

Surface

area

Adsorbed volume

c

(�mol/g)

(�mol/m

2

) support) (m

2

/g) NH
3

SO
2

Al Al
2
O

3
(100) ^ ^ 208 497 470

Li-Al-1 Li(0.015)^Al
2
O

3
0.10 0.50 210 544 492

Li-Al-10 Li(0.22)^Al
2
O

3
1.49 7.12 212 639 563

Li-Al-50 Li(1.75)^Al
2
O

3
13.25 56.7 190 625 713

Ni-Al-1 Ni(0.135)^Al
2
O

3
0.11 0.52 203 558 486

Ni-Al-10 Ni(2.43)^Al
2
O
3

2.05 9.31 202 585 539

Ni-Al-50 Ni(10.0)^Al
2
O
3

9.46 38.3 180 670 55

S-Al-1 S(0.115)^Al
2
O
3

0.18 0.80 201 505 498

S-Al-10 S(0.60)^Al
2
O
3

0.85 4.2 219 611 318

S-Al-50 S(2.94)^Al
2
O
3

3.67 20.6 250 639 88

Mg MgO (100) ^ ^ 110 102 407

Li-Mg-1 Li(0.007)^MgO 0.08 0.23 125 201 618

Li-Mg-10 Li(0.08)^MgO 7.19 2.78 16 187 77

Li-Mg-50 Li(0.85)^MgO 87.36 29.5 14 ^ 135

Ni-Mg-1 Ni(0.10)^MgO 0.15 0.41 112 158 803

Ni-Mg-10 Ni(0.80)^MgO 1.05 3.3 129 320 657

Ni-Mg-50 Ni(3.45)^MgO 4.94 14.2 119 252 651

S-Mg-1 S(0.10)^MgO 0.26 0.76 119 151 686

S-Mg-10 S(0.15)^MgO 0.33 1.12 139 313 763

S-Mg-50 S(1.36)^MgO 2.49 10.23 170 434 692

Si SiO
2
(100) ^ ^ 310 91 8

Li-Si-1 Li(0.020)^SiO
2

0.10 0.46 280 144 16

Li-Si-10 Li(0.34)^SiO
2

1.75 7.84 279 361 87

Li-Si-50 Li(2.79)^SiO
2

16.12 64.4 249 289 139

Ni-Si-1 Ni(0.26)^SiO
2

0.14 0.70 307 120 10

Ni-Si-10 Ni(3.67)^SiO
2

2.22 10.0 281 172 38

Ni-Si-50 Ni(17.3)^SiO
2

8.80 47.2 335 342 175

S-Si-1 S(0.072)^SiO
2

0.08 0.36 276 124 10

S-Si-10 S(0.15)^SiO
2

0.17 0.63 281 97 ^

a

Concentration of themetal ion deposited on pureAl
2
O

3
,MgOand SiO

2
oxides.

b

Surface ion coveragewith respect to pureAl
2
O

3
,MgOand SiO

2
expressed inmetal ionmol to oxide supportmol.

c

Adsorbed volume under an equilibriumpressure of 66 Pa.
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tively) with aqueous solutions containing known con-

centrations of the salts of the three additives. As salt

precursors, lithium acetate (Strem), nickel formiate (J.

Matthey), sulfuric acid (Prolabo, for the doped oxides)

or ammonium sulfate (Prolabo, for the supported oxi-

des), were chosen. Water was gently removed from the

final solutions at 120

�
C. Eventually the dry solutions

were calcined at 500

�
C for 3 h in air for the doped oxi-

des, Li(Ni,S)-Al(Mg,Si)-1, and for 6 h in pure oxygen

for the supported oxides, Li(Ni,S)-Al(Mg,Si)-10 and

Li(Ni,S)-Al(Mg,Si)-50. The optimal temperature of cal-

cination was chosen on the basis of the temperatures of

decomposition of the precursor compounds resulting

from thermal analysis experiments (TGA/DTA). The

decomposition temperature of the precursors impreg-

nated on the supports corresponded with those of the

relevant compounds. The formation of Li
2
O and NiO

oxides on alumina and silica occurred at 400 and

300

�
C, respectively, and were associated with exother-

mic reactions. The decomposition of (NH
4
)
2
SO

4
was an

endothermic reaction; on silica, before the complete

decomposition to sulfate (confirmed by XPS analysis),

the dimer compound (NH
4
)
3
H(SO

4
)
2
was formed at

300

�
C. On magnesia support, a remarkable loss of mass

was observed at 350

�
C due to Mg(OH)

2
decomposition.

On this support, the decomposition of the cationic pre-

cursors was observed at 350

�
C [10,11], that of sulfate at

420

�
C [12], in agreement with literature. Therefore, cal-

cination performed at 500

�
C ensured the complete

decomposition of the three precursor compounds on

the supports as well as that of surface Mg(OH)
2
, pre-

venting the evolution of Li
2
O and the decomposition of

sulfate.

2.2. Physico-chemicalmeasurements

X-ray powder diffraction patterns (XRD) of the sam-

pleswere collected on a computer-controlled Phillips dif-

fractometer equipped with nickel-filtered Cu K�

radiation (� � 1:54178Ð).

BET surface areas were determined from conven-

tional N
2
adsorption isotherms. The samples were

heated at 400

�
C for 2 h under vacuum (increasing rate of

temperature � 2

�
C/min) before BET analysis.

Ammonia and sulfur dioxide were chosen as probe

molecules to perform volumetric gas^solid titrations of

the acid and basic sites of the samples. Ammonia and sul-

fur dioxide (Air Liquide, purity > 99.9%) were purified

by successive freeze^thaw pumping cycles before use.

Ammoniawas previously dried on sodiumwires.

The samples (�100 mg) were pretreated at 500

�
C

with a 2

�
C/min increase rate under vacuum overnight

before ammonia or sulfur dioxide adsorption. The

adsorption temperature wasmaintained at 80

�
C in order

to limit physisorption. The equilibrium pressure was

measured by means of a differential pressure gauge

(Datametrics).

2.3. Catalytic tests

The catalytic test of decomposition of isopropanol

(IPA) was realized as described in refs. [3,6]. The

reaction was carried out under inert atmosphere in a

continuous-flow pyrex microreactor containing about

0.10 g of sample in powder form at atmospheric pres-

sure. The feed was a mixture of isopropanol (purity

grade > 99.9%) in nitrogen obtained by passing the

nitrogen through the liquid isopropanol held in a satura-

tor at 15

�
C. The gaseous mixture was further diluted

with nitrogen to obtain partial pressures of isopropanol

(P
IPA

) in the range 600^2800 Pa. Typical runs were car-

ried out with a total flow rate through the fixed bed of

sample at 30 STP ml/min, with a P
IPA

of 2800 Pa. Each

run lasted at least 24 h. During the run, the reactor tem-

perature was automatically changed in a random man-

ner, to prevent a systematic influence of deactivation

phenomena, in a range of about 80

�
C starting from the

lower temperature at which some reactivity was

detected. The reaction products, acetone (A), di-isopro-

pyl ether (DIE), and propene (P) were automatically

detected at 1 h intervals by an on-line gas chromato-

graph equipped with both FID and TCD detectors. A 2

m long stainless-steel column packed with Porapak Q

was utilized; the column temperature was programmed

from 55 to 140

�
C. Bymeasuring the concentration of the

isopropanol before and after the reactor as well as the

concentration of the reaction products at the outlet of

the reactor, conversion (X
IPA

(%)) and selectivity to the

three products (S
A
(%), S

DIE
(%) and S

P
(%)) were calcu-

lated. Moreover, taking into account the contact time

(0.2 g s ml

ÿ1
), the reaction rates to acetone (r

A
), di-iso-

propyl ether (r
DIE

), and propene (r
P
) were calculated and

expressed in�mol g

ÿ1
s

ÿ1
.

3. Results

3.1. Catalysts

The host oxides which were selected are commonly

used as well as supports and catalysts. Considering that

magnesia, alumina and silica take part in most of the

acid^base reactions, to find a way to regulate or modify

their surface properties appears as a fundamental objec-

tive. This can be effected either by adding very small

amounts of metallic ions which will act as doping ions or

by covering a larger surface of the support to give rise to

supported oxides.

The selected additives (Li

�
, Ni

2�
, SO

2ÿ

4

) were chosen

on the basis of their very different behaviors, as a basic

alkali ion, a transition metal ion and an acidic sulfated

ion. The ions were added on each support oxide in a con-

centration range between 0.1 and 16 �mol of metal ion

per surface area which corresponds to a surface coverage

of the support between 0.2 and 64% metal ion mol per
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support oxide mol. Details on the composition of the

samples and various surface coverages can be seen in

table 1.

The interaction betweeen the support and the addi-

tives, in terms of anchorage points, determined the

experimental surface coverage obtained. This can

explain the failure in obtaining high degree of surface

coverage in particular cases (i.e., S-Si-10, no anchorage

point on silica surface, etc.).

The alumina series oxides did not display important

modifications in the surface area values with reference to

pure alumina, even when a high degree of surface cover-

age was realized (table 1). Starting from 208 m

2

/g of

pure alumina, among the aluminas modified with catio-

nic additives, the lower surface values were those of Ni-

Al-50 and Li-Al-50, with values of 180 and 190 m

2

/g

(decrease of 11%).When alumina was modified with sul-

fate, an increase of the surface was observed, in particu-

lar when high sulfate loading was realized (250 m

2

/g for

S-Al-50, increase of 18%). This can be due to the open

structure of the sulfate groups deposited on the alumina

surface. The analogous light influence of the additives

on silica surface area values was observed (table 1). The

values ranged from a minimum of 249 m

2

/g for Li-Si-50

up to 335m

2

/g forNi-Si-50, 18% and 8%of decrease and

increase of areas, respectively, with respect to pure silica

(310 m

2

/g). Doping the magnesia surface with small

amount of additives (1% of surface coverage), no impor-

tant modification was created. Moreover, a deep

decrease of the surface area values was observed with

increasing lithium loading (i.e., Li-Al-10 and Li-Al-50).

Due to the small ionic radius of Li

�
[13], it could hinder

the microporosity of MgO leading to the observed loss

of about 80% of the MgO surface. On magnesia too, the

loading with high amount of sulfate (S-Mg-10 and S-

Mg-50) caused enhanced values of surface areas.

All the modified oxides which have been studied

remained amorphous (SiO
2
) or crystalline (
-Al

2
O

3
and

MgO periclase) phases of the relevant host oxides inde-

pendent of the additive loading. In fact, XRD spectra of

the samples did not reveal well detectable lines due to

segregated oxide islands even for 50% of surface cover-

age. This could indicate that the guest oxides were well

dispersed on the three host supports. One can also infer

that the difficulty in detecting separate oxide phases was

due to the difference between the mass of the guest (in

particular for Li
2
O and SO

3
) and the host oxides (Al

2
O

3
,

MgO, and SiO
2
). Only for Ni-Al(Mg,Si)-50 samples, on

which the deposition of a high amount of NiO (heavy

atom) was performed, very light XRD lines typical of

NiO phase were revealed. Therefore, it can be concluded

that the doped as well as the supported oxides were pre-

pared with acceptable good dispersion of the host oxides

on the support surfaces.

As said above, the acid^base properties of the same

samples have been determined by adsorption microca-

lorimetry using NH
3
and SO

2
as probe molecules. The

volumetric and calorimetric results were already pub-

lished [9] and table 1 gives only the respective volumes

adsorbed under an equilibriumpressure of 66 Pa.

3.2. Catalytic test of isopropanol decomposition

The modification of the acid/base properties of the

three oxide supports following the loading with Li

�
,

Ni

2�
, and SO

2ÿ

4

ions were investigated by controlling the

selectivity to the different products in the decomposition

of isopropanol in inert atmosphere. As known from lit-

erature [8,14^16], the dehydration of alcohols on solid

acids leads to olefin and ether, in particular propene and

di-isopropyl ether, respectively, when considering IPA,

whereas the dehydrogenation leads to ketones, in parti-

cular acetone when considering IPA. The nature of the

solid acid and that of alcohol affect the reactionmechan-

ism, as well as the oxidant or inert atmosphere and the

reaction temperature can modify the selectivity to the

main products [17,18]. The majority of primary and sec-

ondary alcohols react through an E
2
concerted mechan-

ism, whereas tertiary alcohols react through a two-step

E
1
mechanism, due to the higher stability of the inter-

mediate carbocation. The E
1
mechanism requires only

very strong acid sites, responsible for the formation of

olefins, whereas the E
2
mechanism, involving both the

acid and the basic sites of the solid, leads to ether forma-

tion, too [19]. In fact, literature reports that pure acidic

solids, as silica^aluminas and zeolites [17] give more ole-

fins than amphoteric oxides which have a balanced

strength of acid and base sites, such as alumina. Alcohol

dehydration can proceed also through the E
1b
mechan-

ism involving an intermediate carbanion on very basic

solids which possess acid/base sites with imbalanced

strength [20]. Concerning the dehydrogenation reaction,

through an E
1b

mechanism involving the same inter-

mediate carbanion, the ketone is formed by an �-hydro-

gen abstraction [20^22]. The different reaction

mechanisms which can occur on acid and basic solids for

the IPAdecomposition are diagrammed in fig. 1.

All the oxides studied have been tested in the reaction

of IPA decomposition as a function of reaction tempera-

ture. The collected results in terms of kinetic parameters,

calculated from the partial pressures of A, DIE, and P,

are given in table 2. In this table, the temperature range

in which the kinetic parameters were calculated is

reported; the range corresponded to an IPA conversion

W50%, even if a wider temperature interval was

explored. The activation energy (E
a
), the frequency fac-

tor (A), and the activation entropy values (�S
6�
) have

been calculated from the reaction rates obtained at dif-

ferent temperatures. They can be directly regarded as

rate coefficients, since zero-order reactions for the for-

mation of the three products were found at the P
IPA

used

in the kinetic runs for the whole temperature range cov-

ered [3], in accordance with literature, as well [15,21,23].

Therefore, by plotting ln�r
A;DIE;P) vs. 1=T , according
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with the empirical Arrhenius law (eq. (1)), and

ln�r
A;DIE;P=T� vs. 1=T according with the Eyring law (eq.

(2)) for the transition state theory [24], the kinetic

parameters forA,DIE, and P formationwere obtained:

ln r � ln Aÿ E
a
=RT ; �1�

ln�r=T� � ln�k
B
=h� ��S

6�

=Rÿ�E=RT

� ln C
a
ÿ ��n

6�

ÿ 1� ; �2�

where k
B
and h are Boltzmann's and Planck's constants,

respectively, R is the gas constant, �E is the activation

energy, C
a
is the surface concentration of the reactant

(IPA) in a complete monolayer (in accordance with a

zero-order reaction), and�n
6�
is the change in number of

molecules during the formation of the transition state.

C
a
was calculated according to ref. [25] from the liquid

density of IPA. The entropy at a surface concentration

of 1 mol/g was taken as standard state. As reported in

ref. [3] and according to other authors [19,26], �n
6�
� 0

for acetone and propene formation and �n
6�
� ÿ1 for

di-isopropyl ether formation were considered in the

computation. In order to give an indication of the accu-

racy of the parameters, the estimated standard errors of

the calculated parameters are reported in table 2.

3.2.1. Alumina series oxides

Pure alumina oxide displayed catalytic activity start-

ing from 160

�
C, the Li

�
addition caused a decrease in the

ability of IPA decomposition, the temperature at which

10% of IPA conversion was observed increased from

167

�
C, for Al

2
O

3
, to 173, 215, and 280

�
C for Li-Al-1, Li-

Al-10, and Li-Al-50, respectively. This behavior could

indicate a decrease of surface acidity. The addition of

sulfate on Al
2
O

3
caused an opposite trend: a decrease of

the temperature at which 10% of IPA conversion was

observed, increasing the sulfate loading (166, 148, and

136

�
C for S-Al-1, S-Al-10, and S-Al-50, respectively).

This behavior reflects an increase of the surface acidity.

In the case of lithium and sulfate additives, propene and

di-isopropyl ether were the only products formed. The

loading with nickel modified the alumina surface in a

more complicated way, a progressive decrease of DIE

and P formation was oberved going from Ni-Al-1 to Ni-

Al-50. On this latter sample acetone formation was

observed. To facilitate the comparison among the cat-

alyst activities of the different alumina series oxides, the

rates for A, DIE, and P formation were reported at the

temperature of 180

�
C (fig. 2). The reaction rates were

calculated either by interpolation or extrapolation using

the Arrhenius parameters of table 2. The extrapolations

were justified by the good linearity of the experimental

points. Due to the amphoteric properties of the alumina

surfaces having acid/base sites of balanced strength

[3,27,28], the E
2
mechanism can be claimed for the for-

mation of the dehydration products, DIE and P [17]. The

presence of a high amount of nickel on theAl
2
O

3
surface,

Ni-Al-50, changed completely the reaction mechanism

of IPA decomposition. The surface lost almost com-

pletely its dehydration ability. Accordingly, our experi-

mental volumetric results showed that Ni-Al-50 has a

lack of acid/base sites of balanced strength. In this case,

the occurrence of a small amount of acetone could be jus-

tified by the dehydrogenation ability of nickel cation

rather than an increase of basicity of the surface, as indi-

cated from volumetric results of SO
2
adsorption (see

table 1).

3.2.2.Magnesia series oxides

Since magnesia surfaces displayed poor dehydro-

genation and dehydration activity, a temperature range

as high as 200^300

�
Chad to be utilized to detect the reac-

tion products. In this temperature range, IPA conver-

sion was lower than 20%, except for Li(Ni,S)-Mg-10.

These samples attained, at the highest tested tempera-

tures (280^300

�
C), 40^60% of X

IPA
. Interesting modifi-

cations were observed in the selectivity to the three main

products following the loading with the three additives.

Propene was the main product in every case. The pres-

ence of lithium on MgO did not alter the catalytic prop-

erties of the magnesia surface. Even if more basic

surfaces were created with respect to MgO (see table 1),

acetone was never observed among the reaction prod-

ucts. Depending on Li

�
loading, the ratio between the

two main products, DIE and P, changed. A remarkable

increase of propene formation was noticed on Li-Mg-10.

The loading with nickel deeply modified the magnesia

surface starting from the doped oxide, Ni-Mg-1. The

mechanism of IPA decomposition changed, as can be

observed from the appearance of acetone among the

reaction products. Concerning the effect of sulfate, no

important modification in terms of selectivity or total

Fig. 1. Reaction mechanisms of IPA decomposition on acid and basic

catalysts leading to dehydration products: DIE, di-isopropyl ether, and

P, propene, and to dehydrogenation product: A, acetone. (H

�
,

Br�nsted acid site; A

��
, Lewis acid site; :B, basic site; m, s, w indicate

medium, strong, andweak sites.)
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IPA conversion was observed. Fig. 3 displays, for the

MgO surfaces, the rates of A, DIE, and P formation cal-

culated by using the Arrhenius parameters reported in

table 2, compared at 220

�
C. This temperature corre-

sponded to X
IPA

< 10% in every case. The more charac-

teristic feature shown by this series of oxide surfaces was

the remarkable increase of propene formation on the

supported samples, Li(Ni,S)-Mg-10, and the abrupt

decrease on high-loaded supported oxides, Li(Ni,S)-

Mg-50. This behavior can be related to modification of

the acid/base population sites following the increase of

the additive loading. The MgO surfaces possess very

strong basicity, in terms of both number and strength of

their basic sites, although some acid sites are present

[3,4,27]. This picture could justify the formation of pro-

pene through the E
1b

mechanism requiring acid^base

pairs of imbalanced strength (strong basic sites). The

sample Li-Mg-10, on which high amount of propene was

formed, has surface basic sites of high strength [9]

(average heat of SO
2
adsorption, Q

av�SO
2
�
� 104 kJ/

mol), together with an appreciable number of acid sites

of very low acid strength [9] (average heat of NH
3

adsorption, Q
av�NH

3
�
� 4:4 kJ/mol). Li-Mg-50, how-

ever, has very basic surface and no acidity. This could

justify the poor propene formation.

3.2.3. Silica series oxides

The silica series oxides displayed catalytic activity in

the same temperature range as the magnesia surfaces.

The loading of the three additives on silica surface start-

ing from a loading of about 10% of surface coverage,

Li(Ni,S)-Si-10(50), changed significantly the activity of

SiO
2
, as shown in fig. 4. The comparison in terms of reac-

tion rates, r
A
, r

DIE
, and r

P
calculated from the Arrhenius

parameters of table 2, has been made at reaction tem-

perature of 220

�
C. At this temperature, X

IPA
ranged

from 2 to 10%, except for Ni(S)-Si-10 which attained

about 50% of X
IPA

. Pure SiO
2
formed only little amount

of propene, the basic sites being too weak to give rise to

ether formation. The addition of Li

�
gave rise to higher

IPA conversion and selectivity toDIEwas observed too.

This reflects the increase of basicity of the surfacesmodi-

fied with Li

�
(table 1) which could decompose isopropa-

nol through an E
2
mechanism. The presence of nickel on

the silica surface completely changed the IPA decompo-

sition activity of SiO
2
. Ni-Si-10 formed acetone and both

di-isopropyl ether and propene as dehydration products,

Ni-Si-50 had only dehydrogenation ability giving ace-

tone as unique reaction product. The addition of sulfate

in an ionic concentration as low as 0.08 �mol/m

2

(S-Si-

1) did not cause detectable modification of the silica sur-

Fig. 2. Comparison of acetone, di-isopropyl ether, and propene forma-

tion from IPA decomposition at 180

�
C, in terms of intrinsic rates for

the alumina series oxides at various surface coverages of additive.

Fig. 3. Comparison of acetone, di-isopropyl ether, and propene forma-

tion from IPA decomposition at 220

�
C, in terms of intrinsic rates for

themagnesia series oxides at various surface coverages of additive.

Fig. 4. Comparison of acetone, di-isopropyl ether, and propene forma-

tion from IPA decomposition at 220

�
C, in terms of intrinsic rates for

the silica series oxides at various surface coverages of additive.
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face as concerns the catalytic activity. By contrast, the

presence of sulfate in higher amount, 0.17 �mol/m

2

(S-

Si-10) led to remarkable increase of IPA conversion and

formation of appreciable amount of di-isopropyl ether.

The weak amphoteric character of silica was strength-

ened by sulfate addition.

4.Discussion

The understanding of the acid/base properties of the

modified surfaces studied can be approached on the

basis of the calculated kinetic parameters of the test reac-

tion of isopropanol decomposition. With this perspec-

tive, we consider that the number and the nature of the

sites should mainly affect the Arrhenius parameters, A,

the strength of the sites should mainly affect the activa-

tion energy [3,6], E
a
, and the reaction path (formation of

``activated complex'') should be reflected by the activa-

tion entropy,�S
6�
[3]. Therefore, the kinetic parameters

collected in table 2 can be related to the acidity/basicity

of the oxide surfaces, in a complementary way with the

volumetric^calorimetric results.

As expected, the values ofE
a
for the formation of pro-

pene (E
a P
) were, as a general trend, higher than those of

di-isopropyl ether (E
aDIE

) and acetone (E
aA
) formation.

The E
a P

value for Al
2
O

3
was 123 kJ/mol, the values for

the modified alumina oxides were in a narrow range

(107^144 kJ/mol). E
a P

values for magnesia series oxides

were widened, going from a minimum of 66 and 97 kJ/

mol, for Ni-Mg-10 and S-Mg-10 up to 160 kJ/mol for

Ni-Mg-50. In this case, it is not possible to obtain valu-

able information on the acidity/basicity of the surfaces.

It is known that basic and amphoteric oxides having

strong basic andweak acidic surface sites can form either

acetone or propene depending on the temperature and

on experimental conditions (i.e., oxidant or inert atmos-

phere). For this reason, the decomposition of alcohol

cannot be utilized as good test to study the character of

sites of basic solids. The E
a P

values for the modified

silica surfaces were lower than that of pure silica in

agreement with a strengthening of the acidity and

amphoteric properties of the loaded oxides.More appre-

ciable differences among the E
aDIE

values were found

for the three series of oxides. The lesser the E
aDIE

values

(i.e., Ni-Al-1, S-Al-1, Ni-Mg-10, Li-Si-1(10)), the higher

the amphoteric character of the surfaces in terms of

balanced strength of the acid/base sites.

As regards the Arrhenius parameter A, no appreci-

able differences were noticed among the frequency fac-

tors for P formation (lnA
P
, as reported in table 2) on

alumina series oxides. Only Li-Al-50 has lnA
P
value

much lower (lnA
P
� 12:15) than those of the other alu-

mina samples (average value lnA
P
� 19:15). This sam-

ple, as reported in table 1, has a high number of basic

sites and low number of acid sites; this situation might

justify a catalytic behavior different from that of pure

alumina and the other modified alumina surfaces. The

lnA
P
for the magnesia surfaces were in a wide range

(8.1^21.5) reflecting deep variation of the number and

nature of the acid and basic sites of these surfaces.

Regarding the SiO
2
series oxides, it can be noticed that

when the modified surfaces were able to form di-isopro-

pyl ether, the lnA
P
values were low (average value ln

A
P
� 7), while when only propene were formed, the

values were higher (average value lnA
P
� 18). This

could be diagnostic of changes in the nature of the acid/

base sites of the surfaces. For the three series of oxide

samples, the values of lnA
DIE

were more affected by the

loading of the surfaces than the relevant lnA
P
values. It

is really difficult to find a group of samples having simi-

lar lnA
DIE

values. As discussed above, for ether forma-

tion both an acid site and a base site is necessary, and

since the nature of both the sites is expected to affect the

frequency factor value, this complicates the interpreta-

tion of the lnA
DIE

values.

The physical meaning of the activation entropies,

�S
6�
, according with theory of absolute reaction rates

following a ``thermodynamic approach'', is connected to

the possibility of estimating the properties of the acti-

vated complex [24]. If�S
6�
is positive, corresponding to

amore probable activated complex, the reaction is faster

than normal. On the contrary, if �S
6�
is negative, the

activated complex is less probable and the rate slower. In

any event,�S
6�
is expected to become more negative for

a reaction between two polyatomic molecules than for a

reaction between two atoms or involving only one polya-

tomic molecule. An inspection of the calculated �S
6�

values from the experimental rates of A, DIE, and P for-

mation (table 2) reveals that, as a general trend, more

highly negative entropies of activation were found for

acetone and di-isopropyl ether formation than those for

propene formation [3]. The highly negative �S
6�
values

for DIE are expected as the entropy loss in the formation

of the transition state is higher when two molecules are

adsorbed on the surface than when only one molecule is

involved, as above discussed. Regarding the�S
6�
values

for A formation compared with those for P formation,

the highly negative values for the former ones reflect a

high loss of vibrational degree of freedom of IPA reac-

tant molecule in the transition state. Two different sets

of �S
6�
values for P formation have been found, the

more negative values are in the range ÿ122� 38 J/

(mol K) and the less negative in the range ÿ43� 21 J/

(mol K). Assuming the localized adsorbed reactant to be

the initial state and neglecting rotational contributions,

the two different sets of�S
6�
valuesmay be explained, to

a first approximation, by differences of the vibrational

partition functions in the ground and transition states of

the reactant molecule, IPA. The higher the E
1
character

the more pronounced is the C�^O bond fission of IPA

molecule (ionic character) which results in a higher loss

of vibrational degree of freedom and therefore leads to a

highly negative entropy of activation. The E
2
-like reac-
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tion intermediate exhibits also a certain ionic character

[18,26]. However, with increasing the E
2
character, the

C�^O bond loosening of IPA molecule is weaker, the

double bond is preformed, and the �-hydrogen forms a

bond to the basic site. Therefore, some bonds are weak-

ened and the respective force constants are lowered;

however, other bonds are strengthened and new bonds

are formed. Completely different sets of force constants

and frequencies between the E
1
and E

2
reaction inter-

mediates have to be considered for the ground and tran-

sition states. Eventually, it can be inferred that the

higher the E
2
character of the transition state, the lower

is the entropy loss in the formation of the transition

state. Following this argument, the more negative �S
6�

values could be associated with E
2
-like reaction inter-

mediates with higher ionic character. In terms of acid-

ity/basicity of the surfaces this signifies the presence of

amphoteric surface with acid/base sites of not balanced

strength. All the alumina series oxides, except Li-Al-50,

havemoderate negative�S
6�
values (average value 50 J/

(mol K)). Magnesia and silica series oxides have a more

heterogeneous behavior in terms of the �S
6�
values,

reflecting important differences in the nature and

strength of their surface acid/base sites. In particular

when very high �S
6�
values were observed (i.e., Ni-Mg-

10 and Li-Si-10), a more ionic reaction intermediate

could be inferred, as the E
1b
-like intermediate is due to

the strong basicity of the surfaces.

Fig. 5 represents the rates of propene formation on

the modified alumina samples measured at 180

�
C as a

function of the number of total acidic sites determined

by ammonia adsorption for an equilibrium pressure of

66 Pa. There is a pretty good correlation between these

two approaches of the acidity measurement and the

dotted lines of the figure confirm that the addition of sul-

fate increases both the acidity and catalytic activity

while the addition of nickel or lithium decreases both.

5. Conclusion

Modification of alumina, silica or magnesia with

small amounts of other oxides has a considerable influ-

ence on their acid/base properties. The change in these

properties depends on the nature and amount of the

modifying oxide introduced, as shown by the reaction of

isopropanol decomposition.

Important perturbations of the surfaces are reflected

by the change of the reaction products, while the kinetic

parameters of the reaction are more related to perturba-

tions of the significant fraction of sites which are

involved in the reaction mechanism. Acidic and ampho-

teric surfaces can be more directly diagnosed by the test

reaction of IPA decomposition, in the present situation

alumina and silica series oxides, while the results

obtained on basic surfaces, in the present case magnesia

series oxides, have to be evaluated with more care [6].

Moreover, the approach has to be made with homoge-

neous series of catalysts in terms of nature and strength

of the active acid/base sites, otherwise wide heterogene-

ity of catalysts can prevent simple relationships from

being diagnosed. This conclusion was supported by our

experimental data on the three distinct series of alumina,

magnesia, and silica surfaces.
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