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Abstract 

Powder samples of plutonium dioxide calcined at different temperatures have been characterized. Microcrystal size, number 
and mass distributions, particle morphology and specific surface area have been studied as a function of the oxide calcination 
temperature. Microcrystal sizes increase as a result of an increase in the calcination temperature; in contrast, the mass 
distribution of particle size is not very sensitive to this parameter. Even if not characterized directly, surface roughness and 
porosity are certainly decreasing functions of calcination temperatures since the grain surface structure and morphology, as well 
as the specific surface area, significantly decrease with increasing calcination temperatures. 

Keywords: Plutonium dioxide: Plutonium oxalate; Calcination temperature: Powder sample characterization: Specific surface area 

1. Introduction 

In dealing with reprocessing of nuclear fuels or 
treatment of radioactive wastes from industry or 
laboratories, one of the problems to solve is solubiliza- 
tion of the actinide compounds present as oxides, 
which are more or less resistant to dissolution. Indeed, 
even if electrorefining in molten salts is reported as a 
possible method for treating particular fuels, [1-3 ] the 
processing of water-cooled reactor fuels and their 
resulting wastes is based mainly on hydrometallurgical 
concepts requiring preliminary dissolution of valuable 
elements (i.e. enriched uranium and transuranium 
elements) in acidic aqueous media [1,4-6]. Uranium 
and plutonium make up the major portion of the 
elements recovered, and the problem of actinide 
element recovery will become more acute with the 
increasing use of MOX-fuels in water reactors [7,8]. 

In contrast to uranium dioxide, plutonium dioxide is 
particularly resistant to dissolution in nitric acid 
medium. Consequently, various processes devoted to 
P u O  2 dissolution have been designed worldwide [9]. 
The classical industrial dissolution processes were 
based on the use of a boiling nitric-hydrofluoric acid 
medium in a corrosion-resistant system. Currently, the 
catalyzed electrolytic plutonium oxide dissolution con- 
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cept (CEPOD) is being increasingly applied [10], 
which leads to flexible processes such as that of using 
dissolution of PuO 2 through oxidation by Ag(II) ions 
generated electrically in a nitric acid medium [11-14]. 

Since PuO 2 also dissolves readily by reduction, we 
have undertaken fundamental work dealing with the 
reductive dissolution of PuO 2 by Cr(II) ions generated 
electrically [15,16]. In addition to convenient reaction 
rates observed under the experimental conditions 
applied, Cr(II) has been selected as a reducing agent 
owing to its inner-sphere coordination properties, 
which enabled basic studies of the electron-transfer 
mechanism to be undertaken. Thus, our work includes 
both reaction mechanism and kinetics aspects. 

Obviously, the detailed study of heterogeneous 
reactions involving both solid materials and ionic 
species in solution requires the perfect description of 
the reaction interface in terms of structure and reac- 
tivity [17]. However,  the knowledge of this interface 
remains one of the most difficult points for such a 
study. Nevertheless, the reaction interface properties 
are thought to depend partly on the bulk solid materi- 
al properties; consequently, the perfect characteriza- 
tion of the solid must be considered as essential for 
obtaining a better  understanding of the interface 
reactivity [ 18 ]. 



X. Machuron-Mandard, C. Madic / Journal of Alloys and Compounds 235 (1996) 216-224 217 

Beyond crystal structure determination (i.e. lattice 
and microcrystal size, crystal face atom density), a 
knowledge of chemical purity and stoichiometry can 
be essential for technical reasons such as high-tem- 
perature deformation and material sintering proper- 
ties, which are important for both fuel manufacture 
and storage. Moreover, it is fundamental, from an 
electronic viewpoint, since many materials have semi- 
conductor properties. These electron properties can 
drastically change the interface behaviour, since the 
surface can act as an electron transfer site and as a 
catalyst [19]. Furthermore, the photochemical behav- 
iour, or more generally speaking, the response of 
materials to irradiation, strongly depends on their 
electron band structure and is consequently very 
sensitive to the presence of impurities and stoichiome- 
try defects [20]. Namely, the specific activity of 
radioactive materials that is responsible for very in- 
tense irradiation rates must be determined, which 
should always be achieved unambiguously by isotope 
composition measurements. Aside from electronic 
phenomena, adsorption often takes place at the solid 
interface. For solids in equilibrium with an aqueous 
solution, ion exchanges are observed as a result of 
acid-base properties [21]. The oxide's interface acts 
as a proton acceptor or donor, depending on the 
acidity or ionic content of the surrounding medium. 
According to classical concepts, this leads to aquo, 
hydroxo and oxo metallic sites (i.e. M-OH2,  M - O H  
and M - O -  respectively) for which acidic constants can 
be defined and measured. The existence of such 
properties is of major interest, since coordination 
structures can appear at those sites and act as one of 
the first (and main) steps for subsequent chemical 
progress of the interface. 

Besides intrinsic properties such as those mentioned 
above, the solids are usually available as powders 
consisting of particles having different shapes and 
sizes. The determination of these extrinsic properties 
(i.e. the resulting particle morphology) is also essential 
for the study of reaction rates [18]. Among those, the 
surface area, which is often a result of macro- and 
microporosity, determines the extent of the interface 
area. Consequently, both porosity and specific area are 
of major interest for kinetics studies. In fact, the 
development of fractal object theory should be an 
alternative means for studying the heterogeneous 
reaction rates [22]. Concerning the overall rates for 
isotropic heterogeneous reactions, however, the 
modelling of solid particles as objects having simple 
geometric shapes is required [23 ]. From that point of 
view, scanning electron microscopy and image analysis 
permit a better knowledge of particle morphology of 
powder materials to be gained, which is fundamental 
here. Moreover, this morphology model must be 
combined with particle size distribution functions 

resulting from particle size analysis, so as to precisely 
calculate the chemical reaction progress [23]. In 
addition, the particle size itself can be a major parame- 
ter determining particle hydrodynamic behaviour, 
which is very important for chemical reactor design; 
also, the size distribution can affect the powder ma- 
terial storage stability in term of size distribution 
homogeneity over long storage periods. Finally, it 
must be pointed out that the observation of the 
particle shape during the reaction progress, by sam- 
pling and analysis at different reaction times, can 
permit the detection of very interesting reaction as- 
pects, such as particular corrosion routes or particle 
shape modification resulting from crystal face reactivi- 
ty anisotropy. This can also be an interesting way of 
providing striking evidence of isotropic heterogeneous 
reaction mechanisms. 

As illustrated above, the determination of powder 
material characteristics is an important but difficult 
task. In fact, these characteristics cannot be obtained 
easily since some of them require very special ex- 
perimental devices not available in every laboratory. 
Consequently, this paper deals with some experiments 
we performed for characterizing PuO 2 batches used 
throughout our kinetics research [15,16]. Lattice and 
microcrystal sizes, morphology of particles, size dis- 
tribution functions and specific surface areas are 
among the parameters obtained as function of the 
P u O  2 calcination temperature presented herein. 

2. Results and discussion 

2.1. Preparation of plutonium dioxide from 
plutonium(IV) oxalate 

Except for plutonium, the chemicals used were all 
analytical grade reagents (Prolabo-R.P. Normapur). 
The aqueous solutions were prepared with high-grade 
distilled water. The plutonium used was supplied by 
the Commissariat ~ l'Energie Atomique (French 
Atomic Energy Commission) as plutonium dioxide, 
the form in which this element is stocked. 

P u O  2 w a s  dissolved in nitric acid solution by using 
Ag(II) ions as electrocatalyst; this leads to soluble 
Pu(VI) species [11]. After reduction of PuO~ ÷ ions 
with hydrogen peroxide and destruction of the reduc- 
ing agent excess by boiling of the solution, a pure 
Pu(IV) nitrate solution was obtained by purification 
through an anion exchange resin (i.e. Dowex l-X2; 
Bio-rad) [24,25]. It must be pointed out that Pu(VI) 
oxalate can explode when heated during conversion 
into dioxide; therefore, total Pu(VI) reduction must be 
achieved and checked before Pu(IV) oxalate precipi- 
tation [26]. Testing of the radiochemical purity of the 
plutonium and of the elimination of americium 241 
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resulting from the /3- decay of 241pu was done by 
alpha spectrometry. 

Plutonium oxalate was prepared after adjustment of 
the acidity of the solution ([Pu(IV)], 8 g 1-1; [HNO3], 
4 M). The oxalic acid, diluted in 0.5 1 of 4 M nitric acid, 
was added slowly to the hot solution (T = 50°C) over a 
period of 1 h. Except for the addition of the two 
equivalents of oxalic acid required to precipitate the 
oxalate of plutonium (IV), the final concentration of 
this acid was fixed at 0.05 M to reduce the solubility of 
Pu(C204) 2 "6H20.  The precipitate was subjected to 
another 1 h digestion period at 50°C. After cooling, it 
was filtered on ashless filter paper without washing. 

The initial batch of PuO 2 was prepared by firing the 
Pu(IV) oxalate in air at 450°C for 5 h. Other samples 
of PuO 2 fired at different temperatures ranging from 
450 to 1050°C, which all came from this initial batch, 
were subjected to calcination in air at the desired 
temperature in a silica crucible for 5 h. At the end of 
this time the crucible was immediately removed from 
the furnace and placed in open air in the glove box for 
rapid cooling of the oxide. The batches prepared in 
this manner were stored under dry nitrogen in her- 
metically sealed flasks to prevent adsorption of any gas 
or moisture at the surface of the PuO 2. 

The plutonium isotopic composition was determined 
by thermoionization mass spectrometry. By combining 
these data with the plutonium isotope decay rates 
[27], the specific activity of PuO 2 is estimated to be 
5 × 1012 Bq kg -1 (136 Ci kg-1). It must be emphasized 
that 53.8% of this activity correspond to /3 -  emission 
due to 2~lpu, although the plutonium used was princi- 
pally made of alpha-particle emitter isotopes (Table 1). 
Other nuclear events such as neutron emission re- 
suiting from a,n reactions (e.g. due to oxygen nuclei 
subjected to alpha particle radiations) were not taken 
into account. 

Despite the importance of such characteristics, nei- 
ther chemical purity nor oxygen stoichiometry could 
be determined in our laboratory. However, ion chro- 
matography and the subsequent crystallization steps 
were validated many times over in the past and have 
been considered as certified procedures yielding high 
purity levels [24]. 

Stoichiometry, for its part, requires very accurate 
and difficult measurements [28-30]. For a comprehen- 
sive discussion about plutonium-oxygen compounds, 

Table 1 
Isotopic composition of the plutonium used 

Plutonium isotope Content (at.%) 

238pu 0.0259 
/SgPu 96.7090 
24°Pu 3.0780 
241Pu 0.0798 
Z42Pu 0.1073 

we refer the reader to the review published by Cleve- 
land [31]. Although there is no doubt about the 
existence of the sub-stoichiometric phases (i.e. 
PuO2 x) [32], the existence of slightly super-stoichio- 
metric plutonium dioxide (PuOz+x) had not clearly 
been shown until recent work by Stakebake et al. [33 ] 
Indeed, according to Drummond and Welch [34] or 
Waterbury et al. [35], super-stoichiometric dioxides 
can be obtained under ordinary conditions by calcina- 
tion of various plutonium compounds (e.g. sulphate, 
oxalate, hydroxide) in air. Contradicting the thermo- 
dynamic calculations of Brewer [36], who concluded 
that oxides higher than PuO 2 are probably unstable, 
these authors mentioned that the composition of the 
dioxide can be varied from PuO2. 0 to  PuOzA , depend- 
ing on the initial composition and the calcination 
temperature. They reported that a stoichiometric diox- 
ide (i.e. PUO2.002±0.008) can be obtained above 1200°C 
in certain cases, but the perfect stoichiometry cannot 
be attained from the Pu(IV) oxalate, even after 4 h of 
calcination at 1250°C, which leads to O/Pu ratios 
equal to 2.014 [35 ]. Other authors have mentioned the 
existence of excess oxygen dissolution in the lattice or 
superficial structures, resulting from the adsorption of 
oxygen, to explain an O/Pu  ratio greater than 2 
[32,37,38]. As noted above, Stakebake et al. [33] 
more recently reported the existence of gas-solid 
interface structures corresponding to the mixed-val- 
ence phase Pu(IV)3_xPu(VI)xO6+ x with x ~0.5 as a 
result of plutonium-water reactions under 15 Torr 
water vapour pressure between 200 and 350°C. From 
these data and all things considered, the stoichiometry 
of bulk plutonium dioxide can be dubious when the 
oxide is prepared by Pu(IV) oxalate calcination. Un- 
fortunately, the technology required for obtaining 
reliable data about stoichiometry was not available in 
our laboratory, and therefore we did not determine 
the O/Pu ratio. Nevertheless, the plutonium dioxide 
we obtained should be very much like that resulting 
from plutonium oxalate calcined at 550°C in air, which 
has been reported to yield PuO2.0±0A [39]. 

2.2. Crystallographic characteristics of plutonium 
dioxide 

Three of the batches of the oxide studied were 
examined by X-ray crystallography using the well- 
known Debye-Scherrer method. The diffractograms 
were recorded using a copper-target X-ray tube and a 
Philips PW1020/20 Debye-Scherrer powder camera 
(360 mm circumference). All these PuO 2 batches were 
obtained by applying the experimental protocol de- 
scribed above and were calcined at 450, 550 and 
1050°C. The diffraction patterns obtained allowed 
identification of the face-centred cubic structure that is 
natural for all actinide dioxides. The lattice parameter 
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a o corresponding to the distance between the (100) 
planes was measured. For each of the three samples 
analysed, the value obtained was (0.5396 - 0.0004) nm. 
No significant difference was thus observed with the 
result generally accepted for ambient temperature (i.e. 
0.53960 ___ 0.00003 nm) [31,40,41]. 

By measuring the diffraction line width, the size of 
the crystallites making up the PuO 2 grains was esti- 
mated [42]. The determination of the size of these 
microcrystals was done on the PuO: samples calcined 
at 450 and 550°C. The oxide prepared at 1050°C was 
assumed to be crystalline enough to be used as a 
reference for taking into account the instrumental 
broadening of the lines caused by, among other things, 
the thickness of the sample-holding capillary (Table 2). 
Although the values obtained are not strictly identical 
to those reported in the literature, they are, neverthe- 
less, of the same order of magnitude, confirming the 
work published by Kanellakopulos et al. [43 ] or Smith 
et al. [44]. In particular, they show the effect of 
broadening the microcrystalline zones under the in- 
fluence of the thermal treatment at high temperature. 

2.3. Particle size distribution analysis 

As mentioned previously, and beyond the wish to 
characterize the material studied as well as possible, 
determination of the particle size distributions of 
various PuO: batches was achieved in order to obtain 
a representative mathematical function, which is very 
important to be able to model the dissolution kinetics 
curves. Theoretically speaking, both number or mass 
distributions of particle size can be used, but the mass 
distribution was selected and modelled owing to the 
more convenient mathematical treatment. 

From an experimental point of view, the size dis- 
tribution analyses were performed with a Coulter 
counter calibrated with a standard powder made of 
spherical grains 18.5 /zm in diameter [45]. The sam- 
ples were dispersed in an electrolytic solution but no 
preliminary reduction of any oxide powder aggrega- 
tions (e.g. by sonication) was done. This protocol thus 
allowed an approach to the conditions in which our 
dissolution kinetics experiments were carried out. 

Fig. 1 shows the number frequency distributions of 
PuO 2 calcined at different temperatures. The mass 

Table 2 
Influence of the calcination temperature of PuO2 on the size of its 
crystallites 

Calcination 
temperature (°C) 

Size of the microcrystals (nm) 

this work Ref. [44] Ref. [43] 

450 190 80 100 
550 320 100 200 

1050 - -  >1000 ~2000 

0.30 -[" / T=IOSO*C 

j ,llT:8 o.o 
0.25 / .J~ / .T=eSO*C ~ T=650"C 

,~ 0.15 = . 

"~ 0.10 

0.05 

0.00 
0 1 2 3 4 5 6 7 8 9 10 

S p h e r i c a l  e q u i v a l e n t  rad ius  (pm)  
Fig. 1. Number frequency distributions for PuO2 batches calcined at 
different temperatures (450-1050°C). 

frequency histograms and their modelled functions are 
presented in Fig. 2. As is made clear by Fig. 1, two 
number distribution patterns were observed. Indeed, 
while the number of very small particles increases as 
the oxide is calcined at high temperature (i.e. above 
750°C), the oxides fired at lower temperature are 
essentially made up of medium-sized grains. Only the 
oxide calcined at 450°C shows significant spreading of 
its distribution; unfortunately, no satisfactory explana- 
tion accounting for this spreading can be provided by 
us. Unlike the number distribution, and as shown in 
Fig. 2, the mass distributions are not very sensitive to 
the calcination temperature. This can be explained, at 
least in part, by assuming that rapid decrease in 
temperature at the end of the calcination can lead to 
grain surface crumbling or small grain splitting, which 
drastically increases the number of very small particles 
from a negligible oxide mass. Obviously, the thermal 
stress applied to the material is all the more violent 
and destructive as the calcination temperature is high. 

Many mathematical models have been developed to 
represent correctly the particle size distribution of 
powder materials [45,46]. Log-normal analysis ap- 
plied to the experimental distributions allowed repre- 
sentation of the size distributions f(r) satisfactorily by a 
law expressed mathematically as follows [47,48]: 

f(r) = rtr(27r)l/2exp 2tr2 (1) 

where r is the radius of grains assumed to be spherical; 
/z and tr are the mean and standard deviation of In(r) 
respectively. It must be pointed out that such a 
function satisfactorily fits with usual distributions 
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Fig. 2. Mass frequency histograms and log-normal distribution functions for PuO 2 batches calcined at different temperatures (450-1050°C). 

skewed positively and verifies the relation of normali- 
zation expressed by 

limr~0+ Jf(r)dr = 1 (2) 
r 

As mentioned above, in spite of the differences in 
calcination temperatures of the oxide batches, the 
particle size distributions presented in Fig. 2 are quite 
similar. This result seems to indicate that the size 
distribution by mass (or by volume, which is equiva- 
lent) of PuO 2 prepared by calcination of plutonium 

oxalate is not very sensitive to the thermal treatment 
undergone by the material. No growth in grain volume 
occurred during calcination, and the principal parame- 
ters of the particle size distribution (Table 3) for the 
oxide are certainly defined by those which the oxalate 
had, which depends on the physicochemical conditions 
of precipitation. No rupture of grains seemed to be 
observed. In contrast, however, if the mass of each 
grain remained constant, their shape and their porosity 
were subjected to important modifications, as can be 
clearly shown by microscopic examination of the PuO 2 
powder. 
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Table 3 
Log-normal distribution parameters as a 
calcination temperature 

function of the oxide 

Calcination temperature (°C) /x tr 

450 1.909 0.373 
550 1.686 0.451 
650 1.632 0.419 
750 1.792 0.375 
850 1.550 0.496 
950 1.607 0.537 

1050 1.432 0.540 

Average value 1.658 0.456 
Relative standard deviation (%) 8.8 14.4 

2.4. Morphologic analysis of the grains of plutonium 
dioxide 

As mentioned previously, like the particle size 
distribution function, the morphology of the oxide 
grains can be very important in development of a 
model of heterogeneous kinetics. The description of 
average grain morphology from statistical estimates is 
difficult, however, and requires the use of image 
analysis. 

Nevertheless, observation of the sample by scanning 
electron microscopy (Leica-Stereoscan-100 encapsu- 
lated in a glove box) provided better understanding of 
the effect of the calcination temperature of P u O  2 o n  

the value of its specific surface area. From the photo- 
graphs presented in Fig. 3, it is clear that the powder 
samples are made up of two types of grain. Some show 
significant surface roughness and poorly defined shape 
(Fig. 3(A)). Others, smoother, correspond to truncated 
octahedra, which is consistent with the symmetry of 
the cubic system in which the actinide dioxides crys- 
tallize (Fig. 3(C)). 

From the micrographs taken, we have logically 
observed that increase in the calcination temperature 
leads to increase in the proportion of smooth grains. 
This can be exemplified easily by comparing Fig. 3(A) 
with Fig. 3(B) obtained with PuO 2 calcined at 550°C 
and 75&C respectively. 

The geometry of the grains obtained obviously 
depends on the synthesis procedure. Indeed, micro- 
scopic observations of actinide dioxides have often 
been made in syntheses of monocrystals having well- 
developed {100} or {111} faces [49-52]. In the case of 
PuO2, the crystals obtained by slow crystallization in 
molten salts (e.g. L i 2 0 . 2 M o O 3 )  w e r e  reported to have 
octahedral shapes [52]. Our synthesis of PuO 2 by 
thermal decomposition of tetravaient plutonium oxa- 
late did not produce crystals other than the irregular 
ones and the truncated octahedra. No cubic crystal 
was observed. Our results are not inconsistent with 
those published by Rankin and Burney [53], who 
reported the existence of spherical aggregates as a 

(A) 

(B) 

(c) 
Fig. 3. Scanning electron microscope observations of P u O  2 particles. 
(A) PuO 2 calcined at 550°C forming mainly irregular grains. (B) 
P u O  2 calcined at 750°C having higher proportion of smooth grains. 
(C) PuO2 calcined at 750°C allowing observation of specific mor- 
phology (truncated octahedra) of certain grains. 
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result of plutonium oxalate calcination between 450 
and 700°C. Indeed, as mentioned above, particles 
having well-defined shapes are more easily observed 
for materials calcined at high temperatures (i.e. above 
750°C). No information concerning the calcination 
duration, which is obviously among the major parame- 
ters contributing to change in particle shape due to 
atom motion, was provided by these authors. More- 
over, because of the limited resolution of their optical 
microscope, the observation of small octahedral grains 
was probably impossible. 

2.5. Specific surface area of plutonium dioxide 

Among the principal characteristics of powders, the 
specific area is one of the most frequently determined. 
It effectively carries the meaning of the reaction 
interface and thus the reactivity of the material, which 
justifies its importance. 

The specific surface area was obtained by dynamic 
measurement of nitrogen adsorption at - 196°C (liquid 
nitrogen) using helium as carrier gas according to the 
B.E.T. method [54,55] The instrument used was the 
Quantasorb from Quantasorb Corp. connected to a 
thermal conductivity detector (i.e. katharometer) cali- 
brated by pure nitrogen injections. 

Fig. 4 summarizes the results obtained and shows 
the significant decrease in the value of the specific area 
when the calcination temperature of the oxide is 
increased. In agreement with the observations made 
from the microscope photographs, this result confirms 
the crystalline rearrangement that occurs at high 
temperatures, leading to the disappearance of the 
pores and of the crystalline irregularities at the surface 
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Fig. 4. Effect of  the calcination temperature  of  PuO 2 on its B.E.T. 
specific surface area measured  by nitrogen adsorption. 

of the grains. This phenomenon probably extends to 
the complete mass of the crystal, which leads to a 
more compact internal structure and less superficial 
roughness as the temperature of calcination of the 
oxide increases. Although no empirical equation is 
proposed to take this phenomenon into account, Fig. 4 
shows the quasi-exponential decrease of the specific 
surface as the calcination temperature increases. It 
must be pointed out that the values measured are 
similar to those usually published [56], but are far 
higher than those expected from theoretical estimates. 
Indeed, specific surface areas calculated from the 
experimental size distributions on the assumption of 
spherical grains should range from 0.05 to 0.9 m 2 g-1 
(estimates calculated for PuO 2 calcined at 550°C and 
1050°C respectively). The discrepancy between these 
estimates and the actual values, illustrates the major 
contribution of surface roughness and porosity to the 
surface area. Unfortunately, no study of the grain 
porosity was undertaken, although this would have 
allowed us to provide valuable information about the 
grain structure. 

3. Conclusion 

As previously mentioned, but paradoxically, few of 
the various characteristics presented in the Intro- 
duction were actually studied since their determination 
required many techniques not available in our labora- 
tory. Moreover, the characterization of highly radioac- 
tive compounds obviously suffers from safety require- 
ments, which made interlaboratory collaborations 
much more difficult. 

However, the results presented herein held the key 
to our better understanding of the heterogeneous 
reductive dissolution of PuO 2 [15]. Although quali- 
tative and quantitative information about metallic sites 
existing at the oxide-solution interface were missing, 
we provided undisputed evidence by using isotope 
labelling experiments that heterogeneous plutonium- 
oxygen structures are involved in the oxide dissolution 
mechanism by Cr(II) ions [15]. Similarly, but from 
kinetics experiments, Agarande showed that the PuO: 
dissolution by Ti(III) ions in sulphuric acid medium 
probably begins with the formation of non-uniform 
heterogeneous structures [57]. 

Such results illustrate the great importance of the 
interface properties for better understanding of the 
reactivity of PuO 2 and, more generally speaking, for 
understanding the reactivity of solids. Therefore, and 
beyond the study presented above, it must be empha- 
sized that solid material dissolution and corrosion 
reactions are among the chemical phenomena having 
major importance for both basic understanding of 
matter reactivity and industrial applications. The in- 
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fluence of the non-solid phase properties (e.g. liquid or 
gaseous phase composition) on such reactions is usual- 
ly tested first, since those properties can be varied 
more easily than those of the solid material. However, 
as mentioned in the introductory section of this paper, 
the solid phase characteristics can play a major role in 
the mechanism of a chemical action and, therefore, the 
characterization of solids should not be neglected 
whenever possible. The stimulation of collaborations 
between physicists mastering powerful characteriza- 
tion techniques and chemists in charge of studying 
heterogeneous chemical events is obviously the key to 
progress in this field. 
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