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The measurement of a sonochemical effect (SE) requires the
definition of the reference conditions for the so-called ‘‘silent
reaction’’. It is shown that it is impossible to define SE cor-
rectly in the case of heterogeneous reactions, due to the dra-
matic effect of the agitation on reaction rates. This is true not
only from the quantitative point of view (effect of ultrasound

Introduction

Sonochemistry, the chemistry occurring in an acoustic-
ally cavitating fluid, is a well-developed field.[1] The number
of papers describing rate increases in various reactions un-
der sonication conditions is significant, meetings about son-
ochemistry are regularly organized, and books and special-
ized journals are devoted to this field, often described as a
new kind of chemistry. Classically, sonochemistry is divided
into homogeneous and heterogeneous sonochemistry.[2]

This paper is specifically devoted to heterogeneous sonoch-
emistry, the study of the effects of ultrasound on the reactiv-
ity of heterogeneous systems (immiscible liquid phases or
solid suspensions in liquids).

A survey of the literature shows that heterogeneous sono-
chemistry is a more active field of research than homogen-
eous sonochemistry. Heterogeneous sonochemistry is im-
portant, from a synthetic point of view, as an increase in a
reaction rate by a factor of two, even if difficult or imposs-
ible to interpret, is potentially useful for organic chemists
and, obviously, rate increases of many orders of magnitude,
as sometimes observed,[3] are of prime importance in syn-
thesis.

People interested in homogeneous sonochemistry are fre-
quently physical chemists mostly concerned with the origin
of the effects of ultrasound. The majority of measurements
are performed in water, and the bases of the majority of
papers dealing with homogeneous sonochemistry involve
changes of the redox properties of the cavitating field, ox-
idation of ferrous cation and iodide anion by OH radicals
or H2O2,[4,5] or reductive formation of metal colloids.[6,7]

While homogeneous sonochemistry is a product of the
high temperature/high pressure conditions occurring in the
gas phase of the collapsing cavitation bubbles,[8] heterogen-
eous sonochemistry is essentially independent of these so-
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on reaction rates) but also from the qualitative perspective
(change of reaction pathway when ultrasound is applied).
The first, and most dramatic, example of chemical switching
described in the literature, and claimed to be due to ultra-
sound, is proven also to be observable under efficient agita-
tion conditions.

called extreme conditions. Heterogeneous sonochemistry
depends on various effects occurring at different scales.
Acoustic streaming is the origin of large scale effects,[9]

while microstreaming,[10] jetting, splashing.[11,12] and shock
waves[13] associated with the bubble collapse are the origins
of microscale agitation, erosion of solids,[14] shocks between
solid particles,[15] and shearing effects.[16] Although homo-
geneous and heterogeneous sonochemistry both find their
origin in the acoustic cavitation phenomenon, the two fields
are very different in many ways. The main difference lies in
the fact that heterogeneous reactions are very sensitive to
the agitation conditions. To be more precise, whilst a mag-
netic stirrer may be fully sufficient to obtain conditions of
perfect mixing in the case of a homogeneous solution (ex-
cept in highly viscous media, a case not being considered
here), this is definitely not the case in heterogeneous media.
The relevance of quantification of an effect in hetero-
geneous sonochemistry by comparison of the rates of a re-
action under magnetic stirring and under sonication condi-
tions, is therefore questionable. In this paper, we demon-
strate that such quantification is meaningless and that the
majority of published heterogeneous sonochemical effects
concerning heterogeneous reactions are therefore open to
challenge.

Heterogeneous Mixture Agitation and the
Delicate Measurement of Sonochemical Effects
in Heterogeneous Sonochemistry

In the past, agitation was considered an important tech-
nique in organic synthesis. In his well-known ‘‘Practical Or-
ganic Chemistry’’,[17] published in 1949, Vogel described the
various kinds of stirrers and agitation techniques over nine
pages. In 1955, only two pages of Fieser’s ‘‘Experiments in
Organic Chemistry’’[18] are still devoted to agitation tech-
niques, while in two books published in 1969, which de-
scribe many experimental techniques of general use in or-
ganic chemistry in full detail, agitation is not mentioned at
all.[19,20] Why is this? It is obviously impossible to give a
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definitive response to this question, but a partial answer
can be found in the fact that, by the end of the 1960s, mag-
netic stirrers had already ‘‘invaded’’ all organic chemistry
laboratories. Apparently, chemists of this time had nothing
to say about these user-friendly instruments. This, of course,
was the situation in research laboratories but not in indus-
try. In industrial synthesis, agitation was and remains a
challenge and an active research subject for chemical engin-
eers.[21]

The rapid development of heterogeneous sonochemistry
in the last 20 years must be considered in this general con-
text. As far as the agitation of a heterogeneous mixture is
concerned, an ultrasonic cleaning bath is as simple as a
magnetic stirrer but much more efficient. It then naturally
follows that its use results in systematic rate increases, com-
pared to the rates observed under magnetic agitation condi-
tions. In some ways, the great success of heterogeneous son-
ochemistry is the direct consequence of the generalized use
of the friendly, but very inefficient, magnetic stirrer. As the
obtaining of more product in less time is an important chal-
lenge in organic synthesis, the success of heterogeneous son-
ochemistry is fully justified. What is less justified is any
comparison between sonochemical effects measured in dif-
ferent laboratories or between sonochemical effects meas-
ured for different reactions. It is not even possible to give
any credence to the majority of quantitative measurements
of sonochemical effects published in literature as soon as
they concern heterogeneous reactions.

By definition, an effect is the ratio of two properties, P/
P0, where P0 is the property measured under reference con-
ditions and P is the property measured under conditions in
which all the parameters but one are the same. If P and
P0 are different, it is considered an effect due only to the
experimental parameter that has been changed.

To measure a photochemical effect, P0 is measured in the
dark and P under light irradiation conditions. To measure a
sonochemical effect, P0 is measured under so-called ‘‘silent
conditions’’ and P under sonication conditions. A question
we have clearly addressed in previous papers, but which still
remains underestimated, is ‘‘what do we mean by silent con-
ditions?’’.[22,23] If we examine the literature, it appears that
‘‘silent conditions’’, when they are defined (which is far
from the general case), means ‘‘under magnetic stirring con-
ditions’’ without any indications of the size of the magnet,
the rotation rate, and the size and shape of the vessel. Such
a situation has dramatic consequences. How can we be sure
that a claimed effect is a fact and not an artifact? How can
we be sure that the effect measured by an author is larger
than the effect measured by another author? How can we
be sure that, in order to obtain a spectacular effect, an au-
thor who does not give any indication about the silent con-
ditions used has not performed the silent reaction in the
absence of any agitation? Unfortunately, all these questions
frequently remain unanswered.

Problems frequently encountered by chemists trying to
repeat a sonochemical experiment described in the literature
are related to the nature and the definitions of the reference
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or silent conditions, as we have already described in a
short paper.[22]

Table 1 gives a summary of those published results in
which sonication was systematically compared to efficient
agitation and to magnetic stirring. It is hardly necessary to
make additional comments to convince the reader that the
silent conditions must be specified before a claim can be
made that sonication has an effect on the rate of heterogen-
eous reactions.

Table 1. Comparison of the effect of ultrasound and of agitation
on the alkaline hydrolysis of benzoate and on the cyclopropanation
of cyclohexene by dichlorocarbene (synthesized in situ from chloro-
form and sodium hydroxide)

Reaction conditions Yields (%)
Sodium 7,7-Dichloro-
benzoate bicyclo[4.1.0]heptane

Magnetic agitation 0 0
Ultrasound 44 6 2 20 6 1
UltraTurax 8000 rpm 9 6 1 23 6 6
UT 16000 rpm 28 6 2 53 6 3
UT 24000 rpm 33 6 3 70 6 4

Sonochemical Switching: A Proof that
Sonochemistry is a ‘‘New Kind of Chemistry’’?

In their well-documented chapter published in 1997, Ma-
son and Luche addressed the problem discussed in this pa-
per.[24] They pointed out that ‘‘critics of the technique re-
garded sonochemistry merely as a kind of super-agitation’’
and as an argument against these critics, and as the first
proof of what they called ‘‘the specific nature’’ of sonoch-
emistry, they gave the case of sonochemical switching, first
discussed by Ando.[25,26] By ‘‘sonochemical switching’’, they
meant a change in a reaction pathway under sonication
conditions, a reaction giving products that differ depending
on whether the reaction is performed under sonication con-
ditions or if it is performed whilst stirring. The conclusion
of these authors is very clear. The chemical switching phe-
nomenon ‘‘shows that sonication is definitively not just an-
other method of providing agitation of a medium’’. This
statement contradicts results that we presented previ-
ously[22] and deserves attention. The reaction studied by
Ando was, therefore, performed under efficient agitation
conditions and compared with the results obtained under
magnetic agitation conditions.

As shown in Scheme 1, this so-called ‘‘sonochemical
switching’’[26] takes place during a reaction that can be de-
scribed as a competitive nucleophilic substitution on a
benzylic carbon atom, the leaving group being a bromide
ion. The two nucleophiles in competition are a cyanide ion
on the one hand, and a neutral toluene molecule on the
other. Of course, it is also possible to describe the competi-
tion, and therefore the switching, in a more dramatic way
by speaking about a competition between an electrophilic
Friedel2Crafts reaction and a nucleophilic substitution.
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Thus in terms of competition of two nucleophiles, a charged
one and a neutral one, for the same substrate, the reaction
with agitation by a vibration device, after 3 h at 50 °C, gives
83% of substitution by the neutral aromatic derivative and
0% of benzyl cyanide.[26] At the same temperature, but after
24 h of sonication, benzyl cyanide is obtained in a yield of
76% and substitution by toluene is not observed.[26] It is
important to note that one of the reactants (toluene) is also
the solvent and that the reaction is performed in the pres-
ence of alumina.

Scheme 1. Heterogeneous sonochemical switching ({: mechan-
ically agitated reaction; ))): sonochemical reaction)

We performed the same reaction at the same temperature
under sonication conditions, but also under efficient agita-
tion conditions with an UltraTurax system, providing ad-
justable stirring rates between 8000 and 24000 rpm. From
analysis of the products (Table 2), it clearly appears that
the switching is not solely sonochemical in nature; it is also
observed on comparison of the reaction performed under
magnetic stirring conditions to the reaction performed un-
der efficient stirring conditions. Furthermore, when ultra-
sound is used, the results obtained in the presence of 2,2-
diphenyl-1-picrylhydrazyl (DPPH), a radical scavenger, are
similar to the results of the ‘‘normal’’ sonochemical reac-
tion (Table 2). This is in contradiction with the hypothesis
that the specificity of ultrasound might be related to the
production of radicals in the sonicated medium.[27] These
results clearly indicate that ultrasound does not have a spe-
cific effect; it is just another kind of agitation. It is unneces-
sary to call it ‘‘super’’, it is the reference magnetic stirring
that is ‘‘sub’’! This observation fully confirms what has been
stated in the previous paragraphs in the case of other het-
erogeneous reactions: the mechanical effects of sonication
are quantitatively and, in the last case, qualitatively very
similar to those produced by an efficient stirrer. Interest-
ingly, a rough linear relationship exists between the benzyl
cyanide yield and the rotation rate of the stirrer. Under our
experimental conditions, sonication was equivalent to stir-
ring at 14000 rpm and definitively less efficient than stirring
at higher rates.

It is interesting to search for the origin of the switching,
a question already addressed by Ando himself in 1984.[28]

When a pre-treated KCN/alumina mixture is used, the only
reaction product is benzyl cyanide. As can be seen in
Table 3, if 3 h pre-treatment of a suspension of KCN and
alumina in toluene is performed under efficient agitation
conditions, the reaction yield is exactly the same whether
magnetic stirring or sonication are used. If the pre-treat-
ment is 3 h sonication, a higher yield is obtained if the reac-
tion with benzyl bromide is performed under sonication
conditions than if performed under magnetic stirring condi-
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Table 2. The heterogeneous sonochemical switching; yields of reac-
tion products obtained under magnetic agitation, ultrasound, and
efficient agitation (UltraTurax) conditions; T 5 50 °C, reaction
time 5 3 h

Reaction conditions Yields (%)
PhCH2CN Friedel2Crafts product

Magnetic agitation 0 82 6 6
Ultrasound 16 6 2 0
Ultrasound 1 DPPH 13 6 3 0
UT 8000 rpm 7 6 1 traces (0.5%)
UT 13500 rpm 15 6 1 traces (0.5%)
UT 20500 rpm 21 6 4 0
UT 24000 rpm 28 6 4 0

tions (see Table 3). This result confirms that the switching
is associated with a change in the KCN/alumina solid phase
produced by mechanical effects and that, under our experi-
mental conditions, this modification is more important un-
der efficient stirring conditions than under sonication con-
ditions. It is important to insist on the fact that efficient
stirring and, to a lesser degree, sonication not only favor
the formation of benzyl cyanide but also inhibit bromide
substitution by toluene. This can easily be seen in Tables 2
and 3, taking into account that the reaction times are ident-
ical for all experiments.

Table 3. The heterogeneous sonochemical switching; yields of sub-
stitution and Friedel2Crafts products with pre-sonicated alumina
(lines 122) and pre-agitated by UltraTurax alumina (lines 324);
T 5 50 °C, reaction time 5 3 h

Reaction conditions Yields (%)
PhCH2CN Friedel2Crafts product

Pre-sonicated alumina
Magnetic agitation 12 Traces (0.5%)
Ultrasound 43 Traces (0.5%)
Pre-agitated by UT alumina
Magnetic stirrer 55 0
Ultrasound 55 0

At this stage, we confirm what has already been sug-
gested in previous literature: the sonochemical switching
(which, incidentally, could be also described as an ‘‘efficient
stirring switching’’) depends on the change in the KCN/
alumina solid phase. It may be due in part to a deactivation
of the acidic sites of alumina, as suggested by Suslick,[29]

but at the same time, it is associated with an activation of
the nucleophilicity of the cyanide anion. In order better to
understand this activation, a systematic study of the alu-
mina and alumina/KCN solid system was performed.

Efficient Agitation and the Associated Changes
in the Alumina/KCN System

All of our experiments were performed with γ-alumina,
a highly porous solid with a specific area that can reach 200
m2·g21. It is common knowledge that the catalytic proper-
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ties of alumina are dependent on its degree of hydra-
tion.[30,31] In the absence of water molecules, acidic sites
(Al31) and basic sites (O22) are exposed on the surface. If
water molecules are present, the surface is covered by OH
groups; following the heterolytic cleavage of H2O, a proton
is fixed on the negative oxygen atom and an OH anion is
fixed on the aluminium cation.[32]

For the reaction under study, adsorption of KCN onto
the alumina surface is certainly very efficient, due to the
presence of negative and positive charges on this surface.
Of course, competition could exist between water molecules,
K1, and CN2. A nonhydrated alumina of Brockmann ac-
tivity equal to I was therefore used.[33,34] In view of the great
complexity of the system under study, we decided to per-
form an ensemble of physico-chemical measurements in or-
der to characterize the alumina/KCN.

We first measured the powder particle size distribution
by laser granulometry. Figure 1 shows the volume distribu-
tion of the alumina/KCN powder as a function of the aver-
age particle diameter. Magnetic agitation does not change
the distribution compared to the untreated powder, while
sonication and efficient agitation both produce significant
particle size reduction. It was tempting to imagine that the
reduction in the particle size was associated with an in-
crease in the accessible reactive or catalytic surface of the
solid. Measurements of the specific area of alumina
(Table 4), determined by the BET nitrogen adsorption
method[35], before any treatment give a value of 218 m2·g21,
while this is only 198 or 176 m2·g21 for alumina treated by
ultrasound or efficiently agitated. Moreover, the specific
area is reduced to about 60 m2·g21 when the alumina/KCN
system is sonicated or efficiently agitated. Clearly, simple
correlation in the macroscopic surface/volume ratio is not
relevant in the case of a highly porous solid like alumina.
Strong agitation or sonication seems to reduce the pore ac-
cessibility to dinitrogen molecules slightly, probably
through a change in the superficial structure of the powder
grains. The KCN treatment results in a dramatic decrease in
the pore accessibility due to pore clogging, which is clearly
observable in images obtained by scanning electronic micro-
scopy (see Figure 2).

Figure 1. Size distribution of the powders after treatment under
different conditions
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Table 4. Specific surfaces determined by the multi-point method of
different powders prepared under different conditions; UltraTurax
used at 24000 rpm

Preparation condition Specific surface (m2/g)Analyzed solid

Alumina alone Mag. agit. 218
Ultrasound 198
UltraTurax 176

Alumina 1 KCN Ultrasound 67
UltraTurax 53

Figure 2. The KCN treatment produced a dramatic decrease in the
pore accessibility due to pore clogging, clearly observable in images
obtained by scanning electronic microscopy

With the chemical switching thus not correlated in any
direct way with the powder-specific area, it became neces-
sary to test other possible explanations. Competition reac-
tions with alumina of different hydration levels were per-
formed (Table 5). The presence of water strongly favored
substitution by CN2, while it was only with alumina I that
substitution by toluene (Friedel2Crafts product) was ob-
served in an 82% yield under magnetic stirring conditions,
but not under sonication or efficient stirring conditions.
The role of water in the competition between the two nucle-
ophilic substitutions had already been observed by Ando in
1984,[28] but strangely enough, this observation remained
disconnected from the so-called sonochemical switching
phenomenon. As KCN is a hygroscopic solid, we performed
the competition reactions using a KCN sample previously
heated in a vacuum at 100 °C for 4 h. As shown in Table 6,
under such conditions and even with sonication or efficient
agitation, substitution by toluene takes place together with
substitution by the cyanide ion.

Table 5. The heterogeneous sonochemical switching; yields of sub-
stitution product obtained with alumina of different activity; T 5
20 °C, reaction time 5 3 h

Alumina Water Yields of PhCH2CN (%)
activity content (%) Magn. agit. Ultrasound UT (24000 rpm)

I 0 0[a] 16 6 1 28 6 4
II 3 2 33 6 2 2
III 6 9 6 1 54 6 1 50 6 8
IV 10 20 6 1 39 6 3 2

[a] In the case of alumina of activity I, 82 % of the Friedel2Crafts
product is formed under silent conditions.

From all these results, we conclude that the presence of
water favors substitution by the cyanide ion and inhibits



On the Quantitative Measure of a Sonochemical Effect in Heterogeneous Sonochemistry FULL PAPER

Table 6. The heterogeneous sonochemical switching; yields of reac-
tion products obtained under ultrasound and UltraTurax condi-
tions with nondesiccated and desiccated reagents and solvents; T 5
50 °C, reaction time 5 3 h

Reaction conditions Yields (%)
PhCH2CN Friedel2Crafts

product

Non-desiccated reagents
Ultrasound 16 0
UT (24000 rpm) 28 0
Desiccated reagents
Ultrasound 9 11
UT (24000 rpm) 18 3

substitution by toluene, probably through a reduction in the
number of Lewis acid sites on the alumina surface. Strong
agitation or sonication results in much better hydration of
alumina than achieved by magnetic stirring, the source of
water being the KCN hydration water or air humidity.

In the context of this work, the most important conclu-
sion of this study of the so-called sonochemical switching
lies in the fact that sonication again appears to be ‘‘just’’
an efficient agitation procedure.

Acoustic Cavitation versus Hydrodynamic
Cavitation

An efficient stirrer such as the UltraTurax system creates
cavitation. This cavitation, known as hydrodynamic cavita-
tion or vortex cavitation, is not qualitatively different from
acoustic cavitation.[36] It can be concluded that what is im-
portant, in the case of heterogeneous reactions, is to induce
cavitation in the medium. Cavitation itself is behind the pre-
viously enumerated agitation phenomena at the microscopic
level. For physicists, cavitation is a unique phenomenon di-
vided into sub-classes such as ‘‘travelling bubble cavita-
tion’’, ‘‘attached cavitation’’, ‘‘vortex cavitation’’, or ‘‘acous-
tic cavitation’’.[36] Sonochemistry would be better called ca-
vitation chemistry, as it is clearly the choice made by Shah,
Pandit, and Moholkar;[37] these authors include some ex-
amples of heterogeneous sonochemical reactions in their
book on cavitation reaction engineering. The question that
remains open concerns the advantages or disadvantages of
acoustic cavitation with respect to hydrodynamic cavitation.
It is doubtful that it is possible to give an unequivocal re-
sponse to this question. Indeed, cavitation depends not only
on the mechanical energy source but also on the shape and
size of the vessel in which the reaction is performed.[38,39] If
what is important is to obtain the highest yield in the short-
est time, it is definitely not necessary also to perform the
reaction under magnetic agitation conditions.

Cavitation Chemistry versus Mechanochemistry

As pointed out in 1984 by Heinicke,[40] cavitation chem-
istry is part of mechanochemistry. In 1993, Luche also un-
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derlined possible links between sonochemistry and mechan-
ochemistry.[41] Today we must conclude, without any doubt,
that sonochemistry, being part of cavitation chemistry, is
also part of mechanochemistry. For people using sonication
to accelerate a heterogeneous reaction, the awareness that
they are actually doing mechanochemistry might be of great
help. Over the years, mechanochemists have accumulated a
huge amount of experimental results and have elaborated
models to explain what they have observed in the case of
solid-state mechanochemistry and tribochemistry. In many
ways, it is simpler to study what is happening at the molecu-
lar level in a mechanochemical experiment than in a sono-
chemical reaction; the system is simpler, the mechanical ef-
fects are better characterized, and the presence of a liquid
phase is not necessary.

In science, it is always a advantageous when artificial bar-
riers can be suppressed. The recognition that mechano-
chemistry, cavitation chemistry, and heterogeneous sono-
chemistry are a unique scientific discipline must have posi-
tive consequences in the various domains.

Conclusion

Nobody would publish a paper describing the change of
the rate of a heterogeneous reaction as a function of the
rotation rate of the stirrer. It is also doubtful that such a
paper, if submitted, would ever be accepted. Nevertheless,
each year, many papers describing the so-called rate in-
crease of various heterogeneous reactions under sonication
conditions are still published, without any serious discus-
sion about the reasons why agitation through acoustic cavit-
ation is preferable to the ‘‘old-fashioned’’ stirring system.
By ‘‘old-fashioned’’, we mean the use of efficient agitation
and not, of course, the use of inefficient systems such as
manual stirring with a glass rod or magnetic stirring.

The aim of this paper is certainly not to try to convince
the reader that heterogeneous sonochemistry is of no inter-
est at all. Cavitation as a nonlinear phenomenon in fluid
mechanics is an extremely complex problem. It remains an
active research area for engineers, who are essentially inter-
ested in reducing the negative effects of cavitation, such as
noise and erosion. Cavitation could also be studied by
chemists or engineers interested in its positive effects on the
reaction rates of heterogeneous reactions. In the context of
organic synthesis, for example, the optimization of acoustic
cavitation and the optimization of hydrodynamic cavitation
remain important challenges. Strangely enough, it is not al-
ways considered as such by chemists working at the laborat-
ory scale level. It would be much more interesting and use-
ful to pay attention to these optimization problems than to
measure so-called sonochemical effects, which, as we have
seen, cannot have any significance when the reference (the
silent reaction) is performed under the worst possible condi-
tions. Acoustic cavitation, and hence heterogeneous sono-
chemistry, is of true interest only when it gives better results
than any other agitation procedure. ‘‘Better’’ can mean ‘‘less
expensive’’, ‘‘easier to handle’’, or any other convincing cri-
terion.
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In this paper, we mean to be clear that the described re-

sults and all the conclusions concern heterogeneous reac-
tions. Homogeneous sonochemistry is obviously also a kind
of cavitation chemistry but not a kind of mechanochemis-
try; it is basically high temperature chemistry even if the
high temperatures reached inside the bubbles at the end of
the collapse obviously have a mechanical origin, adiabatic
compression in a very short period of time.

Experimental Section

A typical experiment was conducted according to this procedure:
Merck type 90 neutral aluminium oxide (632210 mesh), of activity
I according to Brockmann (3.2 g, 31 mmol), and Merck potassium
cyanide (2 g, 30 mmol) were suspended in 10 mL of toluene (Ald-
rich, purity 99.5%) containing benzyl bromide (Aldrich, purity
98%, 0.8 mL, 7 mmol). Magnetic stirring (1100 rpm), ultrasound
(270 W), or UltraTurax (185 W at 24000 rpm) were switched on
just after the mixing of reactants. The UltraTurax was a CAT X-
620 equipped with a TN 10 axis-impeller. The ultrasound source
was a home-made immersion horn with a CHEMSONIC ultra-
sound generator with a frequency of 20 kHz, working at about
20 W·cm22. The reaction time was 3 h, the temperature 50 °C, the
reaction cell was thermostated with a NESLAB RTE-101 appar-
atus. After the reaction time, the medium was filtered. The filtrate
was analyzed by gas chromatography (Delsi DI 200 apparatus
equipped with an FID detector and an integrator ENICA 31; a
glass column, 3 m long and 2 mm in diameter, filled with Carbowax
20M 10% on Chromosorb P or with OV-1 3% on Chromosorb W),
with naphthalene as internal reference. 2 In the reactions per-
formed in the presence of 2,2-diphenyl-1-picrylhydrazyl (DPPH),
the concentration of radical scavenger was about 5·1026 mol/L.
Aluminium oxides of activities higher than I were prepared by ad-
dition of the defined quantity of water to the solid, shaking vigor-
ously, and letting it stand overnight. 2 The powders were analyzed
with a JEOL JSM-820 scanning electron microscope (SEM). 2 The
size distribution of the powders was measured with a COULTER
LS 130 granulometer. 2 Specific surface measurements (multi-
point method) were carried out with a MICROMERITICS ASAP
2010 apparatus. For these measurements, the adsorbed gas was ni-
trogen mixed with helium in order to vary its partial pressure.
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