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Abstract A method for the 
preparation of chromium-doped 
(pink), manganese-doped (brown) and 
cobalt-doped (blue) alumina pigments 
consisting of spherical particles of 
broad size distribution (< 5/~m) is 
reported. The procedure, based on the 
room-temperature hydrolysis of 
aerosols generated from a mixture 
of aluminum sec-butoxide and a 
solution of the corresponding metal 
nitrates in sec-butanol, yields amor- 
phous solids. The temperature of 
calcination and the composition of 

the so produced powders were varied 
to investigate their effects on the color 
properties of the pigments, which 
were also characterized in terms of 
their composition, crystalline 
structure and electrokinetic behavior. 
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Introduction 

Cr(III)-doped, Mn(II)-doped and Co(II)-doped alumina 
find important applications in the field of ceramic pig- 
ments [1]. Such materials are commercially prepared by 
the traditional method which involves milling of the start- 
ing mixture of components for homogenization, calcina- 
tion of this mixture to develop the crystalline phases and 
colors and a final grinding process to reduce particle size, 
after which particles of irregular size and shape usually 
result. It is amply recognized that the availability of pig- 
ment particles with uniform shape and controlled size 
distribution would be highly desirable for a more precise 
control of their color properties. 

In this paper, we describe the preparation of Cr(III)- 
doped, Mn(II)-doped and Co(II)-doped alumina powders 
through the hydrolysis of liquid aerosols [-2, 3], which has 
been previously used to produce single- [4-7] and mixed- 
metal oxide powders [8, 9] and to incorporate organic 

compounds to inorganic matrices [10, 11]. This aerosol 
method always yields spherical particles since each droplet 
behaves as an independent reactor, whereas their size 
distribution can be controlled by adjusting the conditions 
of the aerosol generation (type of generator, gas flow rates, 
etc.). Therefore, the reproducibility of the color properties 
of the so prepared pigments is guaranteed. Two additional 
advantages of the reported procedure over the conven- 
tional one are its simplicity (grinding is eliminated) and 
continuous character which make it suitable for large-scale 
production. 

As a rule, the method of hydrolysis of aerosols requires 
liquid precursors with a sufficiently high hydrolysis rate as 
to produce solid particles in a few seconds [12]. Such 
a requirement is fulfilled by aluminum sec-butoxide which 
was used as the starting precursor for alumina. Liquid and 
highly hydrolyzable compounds of the selected doping 
metals (Cr, Co, or Mn) were not available. However, the 
incorporation of these cations to the alumina matrix could 
be carried out by entrapping alcoholic solutions of the 
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corresponding metal nitrate in the solid particles during 
their formation process. The resulting amorphous pow- 
ders were calcined to produce the desired crystalline 
phases and colors. The raw composition and the heating 
temperature were systematically varied to evaluate their 
effects on the color properties of the pigments, which were 
also characterized in terms of their particle size and shape, 
crystalline structure, composition, and electrokinetic 
behavior. 

Experimental 

Powder preparation 

Aluminum sec-butoxide (Aldrich, 97%), Cr(NO3)3 �9 9H20 
(Aldrich, 99%), Co(NO3)z '9H20 (Aldrich, 99%) and 
Mn(NO3)2" 6H20 (Aldrich, 98%) were used as supplied. 

The aerosols were generated by spraying a liquid mix- 
ture with the desired M/A1 mole ratio (M = Cr, Mn or Co) 
prepared by mixing, under magnetic stirring, equal 
volumes of the aluminum alkoxide and a solution in sec- 
butanol of the corresponding metal salt. Nitrogen at con- 
stant pressure (0.5 kp cm 2) was used as a carrier gas. The 
aerosols were then hydrolyzed at room temperature with 
water vapors introduced into the reaction chamber by 
bubbling nitrogen (flow rate = 2 dm 3rain-l)  through 
a water container. The resulting solid particles were finally 
collected using nylon sieves. A schematic diagram of the 
apparatus used for the entire process can be found in 
ref. [13]. 

The as-prepared powders were calcined at constant 
temperature for 4 h using platinum crucibles. 

Powders characterization and color measurements 

The particle size and shape of the samples were exam- 
ined by scanning electron microscopy (SEM, JEOL 
JSM5400). The size distribution was evaluated from the 
electron micrographs by counting several hundreds of 
particles. 

The composition of the as-prepared powders was de- 
termined by plasma emission (ICP, Perkin-Elmer 5500), 
where the samples were dissolved in concentrated HC1 and 
the solutions diluted in doubly distilled water before ana- 
lyses. The composition of the CrzO3-AI203 solid solu- 
tions generated in the heated samples was estimated from 
the unit cell parameters of the corundum phase by using 
Vegards's law. Unit cell parameters were determined 
from the X-ray diffraction data collected in a Siemens 
D501 difractometer, using CuK~ radiation, between 

10-120 ~ (20) at intervals of 0.04 ~ (20) and for an accumula- 
tion time interval of 20 s. The powdered samples were 
mechanically mixed with a silicon standard (20% by 
weight). The crystallographic data for e-alumina and sili- 
con were taken from refs. [14, 15], respectively. X-ray 
diffraction was also used to identify the different phases 
present in the solids. 

To record the infrared spectra (Nicolet 20SXC), the 
powders were diluted in KBr. Differential thermal (DTA) 
and thermogravimetric (TGA) analyses (STA 781) were 
carried out in air at a heating rate of 10~ min-1 

The isoelectric point (i.e.p.) of the samples were deter- 
mined (Coulter Delsa 440) by measuring electrophoretic 
mobilities of aqueous dispersions as a function of pH. For  
this, 15 mg of sample were dispersed in 100cm 3 of a 
0.01 moldm -3 NaC1 solution to keep the ionic strength 
constant while the pH was varied by adding HC1 or 
NaOH as needed. 

The color of the pigments was evaluated according to 
the CIEL*a*b* system [16]. In this color space, L* is the 
color lightness (L* = 0 for black and L* = 1 for white), 
a* is the green ( - )  red (+)  axis, and b* is the blue 
( - ) -ye l low (+)  axis. For this purpose, powdered layers 
containing a constant amount of sample (6 mg/cm 2) 
were prepared by filtering aqueous dispersions (40 mg of 
sample in 50 cm 3 of doubly distilled water) through 
Millipore membranes (pore size = 0.22 pm). The L*a*b* 
parameters of these pigment layers deposited on the mem- 
branes were then measured for a light source C, with a 
Dr. Lange LUCI 100 colorimeter, using a white tile 
(chromaticity coordinates, x = 0.315 and y = 0.335) as 
standard reference. 

Results and discussion 

Cr-doped alumina 

In order to investigate the influence of the powders com- 
position on their color properties, we prepared samples 
with different Cr/A1 mole ratio (3%, 7% and 12%). The 
comparison between the nominal composition of these 
samples and that measured by ICP (Table 1) confirms the 
incorporation of Cr to the alumina matrix. It should be 
noted that the Cr concentration could not be increased 
above 12.5% (sample 12.5Cr) since in these conditions, the 
high amount of water associated to the chromium salt 
(Cr(NO3)3 �9 9H20), caused the instantaneous hydrolysis of 
the aluminum alkoxide during mixing. 

All the Cr-AI203 samples prepared showed a similar 
thermal behavior. Most of the characterization data pre- 
sented hereafter correspond to sample 12.5Cr (Table 1) 
chosen as a representative example. The as-prepared 
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Table 1 Nominal and measured composition (M/A1 mole ratio, with 
M = Cr, Mn or Co) for the M-doped alumina samples 

Sample M/A1 mole ratio M/A1 mole ratio 
% Nominal % Measured 

12.5Cr 12.0 12.5 
8Cr 7.0 8.0 
4Cr 3.0 4.0 
10.8Mn 10.0 10.8 
8.5Mn 8.0 8.5 
6.1Mn 6.0 6.1 
2.8Mn 2.5 2.8 
10.7Co 10.0 10.7 
5.3Co 5.0 5.3 
2.8Co 2.5 2.8 

particles were spherical, having diameters  ranging f rom 0.2 
to 5/am (Fig. 1A). This b road  size distribution gave a mean 
diameter  (dm) of 1.2 #m and a s tandard  deviation (o-) of  0.8. 
X-ray diffraction showed that  this powder  was amorphous  
which is a general characterist ic of powders  p roduced  by 
aerosol hydrolysis due to the low reaction tempera ture  
(room) and the high react ion rate [2]. The infrared spec- 

t rum of the sample (Fig. 2) displayed bands at 925 and 
565 c m -  1 mainly associated to A1-O vibrations [6] and at 
1380 and 815 cm--1 due to the nitrate anions [17] coming 
from the chromium salt. Finally, absorpt ions at 3440 (not 
shown in the figure) and 1630 c m - 1  were also observed 
which indicate the presence of a high amount  of water  in 
the sample. 

Figure 3 shows the D T A  curve obtained for sample 
12.5Cr. The broad  endothermic  peak  at about  100~ is 
attributed to the release of adsorbed water, whereas the 
exothermic one at 185 ~ could be due to the decomposi-  
tion of residual organic species (sec-butanol and unreacted 
alkoxide groups). Two addit ional  exothermic effects were 
detected at 325 ~ and 860 ~ respectively. The first one is 
associated to the decomposi t ion  of the nitrate anions in 
agreement with the d isappearance  of the infrared nitrate 
bands (1380 and 815 c m -  1) after heating at 400 ~ (Fig. 2). 
T G A  analysis showed a weight loss (51%) between 25 ~ 
and 500 ~ mainly due to the above  processes. As a conse- 
quence, a shrinkage of the spherical particles ( d  m = 0.8 /am 
and o- -- 0.6) was detected (Fig. 1B). The exothermic peak 
at 860 ~ was due to the crystallization of q-A1203, as will 
be substantiated later. 

Fig. 1 SEM micrographs of 
sample 12.5Cr as prepared (A) 
and after heating at 500 ~ (B), 
1200 ~ (C) and 1400~ (D) 
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Fig. 2 Infrared spectra of sample 12.5Cr as prepared (A) and after 
heating at 400 ~ (B) 
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Fig. 3 Differential thermal analysis of samples 12.5Cr, 10.8Mn and 
10.7Co 

According to X-ray diffraction, sample 12.5Cr re- 
mained amorphous  up to 600 ~ After heating at 700 ~ 
weak peaks due to Cr203 (corundum) were identified in 
the pattern (Fig. 4). Additional peaks were also observed 

C r o A l ~ O  3 

7 0 0 " C  =J = * o.�82 

20 30 40 50 60 70 
2O 

Fig. 4 X-ray diffraction patterns obtained for sample 12.5Cr after 
heating at different temperatures. Symbols designating different 
phases: (o) Cr203 (M t/-A1203, (=) 6-AlzO3. Unlabelled peaks corre- 
spond to Cr203 AlzO 3 solid solutions 

at 20 values intermediate between those cor responding  
to Cr203 and c~-Al/O3, suggesting the fo rmat ion  of 
a Cr203 A1203 solid solution by incorpora t ion  of some 
A13+ cations to the Cr203 lattice. The Cr/Al mole ratio 
determined for the latter by using Vegard's  law was 
62.5 + 5% (Table 2). This value is approx imated  since the 
error  in the est imation of cell parameters  is ra ther  high 
(Table 2) as a consequence of the low intensity of the peaks. 
The presence in the pattern of the heated sample of very 
broad features centered at 20- -30  ~ 45 ~ and 65 ~ manifests 
that some material  still remained am o rp h o us  in the 
sample, which crystallized into r/-AI203 on calcinat ion at 
900 ~ (Fig. 4), explaining the exothermic effect at 860 ~ 
detected by D T A  (Fig. 3). It should be noted that  a l though 
the X-ray diffraction patterns of 7-AlzO3 and t/-A1203 are 
very similar [18, 19], in this case, the crystalline phase 
comes f rom an amorphous  material which is expected to 
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Table 2 Unit cell a parameter and composition of the Cr203 A1203 
solid solutions developed in sample 12.5Cr after calcination at differ- 
ent temperatures. Errors are given in parenthesis 

Heating a [A] Cr/A1 [%3 
temperature [:C] 

700 4.8831 (0.010) 62.5 (5.0) 
900 4.8513 (0.007) 46.6 (3.5) 

1100 4.7900 (0.001) 16.1 (0.5) 
1200 4.7837 (0.001) 12.9 (0.5) 

give only t/-A1203 upon heat  t r ea tmen t  [-20]. This crystalli- 
za t ion  process was accompan ied  by the disappearance of 
the Cr203  peaks  and the shift of  those  corresponding to 
the solid solution to higher 20 values (Fig. 4). Such a be- 
hav ior  resulted in a decrease of  the Cr/A1 mole ratio to 
46.6 _+ 3.5% (Table 2) indicating a progress  in the incorpo- 
ra t ion  of A13 + cations to the c o r u n d u m  lattice. This pro- 
cess proceeded on calcination at still higher temperatures.  
Thus,  at l l 0 0 ~  a solid solut ion with a Cr/A1 ratio of 
16.1 _+ 0.5% (Table 2) represented the ma jo r  phase in the 
sample  (Fig. 4). In fact, only a small  am oun t  of 6-AlzO3 
was still present  which complete ly  d isappeared  at 1200 ~ 
(Fig. 6). At this temperature ,  the Cr/A1 mole  ratio of 
the solid solution (12.9 _+ 0.5%) (Table  2) was in agree- 
men t  with that  of  the original sample  (12.5%) (Table 1), 
suggesting the complete  interdiffusion of the two corun- 
d u m  phases. It  should be no ted  that  after this heat 
t rea tment ,  the particles retained the spherical shape as 
observed  in Fig. 1C which, after a careful examination,  
also shows their polycrystal l ine nature .  N o  further struc- 
tural  changes were detected in sample  12.5Cr on heating at 
higher tempera tures  (_< 1400 ~ A certain particle sinter- 
ing was only noticed when the sample  was calcined at 
1400~ (Fig. 1D). 

Cr-doped a lumina is classified as a solid-solution 
pigment with co rundum structure 1-11], which depending 
on the Cr content  presents reddish (Cr /AI<50%)  or 
green ( C r / A I > 5 0 % )  colors [21]. Therefore, the color 
propert ies were only measured for samples heated at dif- 
ferent temperatures  above that  corresponding to the 
complete format ion of the Cr203  A1203 solid solution 
(>1200~ As observed in Table  3, the values of a* 
and b* for sample 12.5Cr heated at 1200~ correspond 
to a lilac color. The tempera ture  increase up to 1400 ~ 
did not induce any noticeable change in color hue, in 
agreement  with the absence of structural changes dur- 
ing t reatment  (Fig. 4). However ,  a slight decrease of 
luminosity (L*) from 68.4 (1200~ to 64.0 (1400~ 
was observed, p robab ly  as a consequence of the increase 
of particle size resulting from the sintering process. 
The decrease in the Cr/A1 mole ratio of the samples 
heated at 1200~ to 8% (sample 8Cr, Table 1) gave 
rise to an increase of the a* value and a decrease of the 
b* value, involving a change of the color tint to pale 
pink. This change was accompanied  by an increase of 
L* (74.6) (Table 3), i.e., by a decrease of the color intensity. 
When the Cr/A1 mole ratio was further decreased to 4% 
(sample 4Cr), a similar color hue (a* and b* parameters) 
was observed al though with lower intensity (higher L*) 
(Table 3). 

Electrophoret ic  mobilities of sample 12.5Cr heated at 
1200~ are plotted as a function of pH in Fig. 5, along 
with those of a pure a lumina sample, prepared by using 
a similar procedure (blank), which is included for compari-  
son. As observed, the i.e.p, obta ined for both  samples was 
similar (5.2), being in the range reported [22] for ~-A1203 
(5-9.2). Therefore, it seems that  the substi tution of 12.5% 
of A13 + cations by Cr a + in the co rundum lattice has no 
significant effect on the electrokinetic behavior  of this 
material.  

Table 3 C.I.E.L*a*b* 
parameters of the doped 
alumina samples heated at 
different temperatures 

Sample Temperature [~ L* a* b* Color 

12.5Cr 1200 68.4 -- 0.2 2.1 
12.5Cr 1400 64.0 0.9 1.2 
8Cr 1200 74.6 3.8 - 0.9 
4Cr 1200 80.5 4.4 -- 0.3 
10.8Mn 1100 54.0 12.9 13.8 
10.8Mn 1400 54.9 13.9 13.8 
8.7Mn 1100 55.3 11.0 13.0 
6Mn 1100 60.9 12.1 14.4 
2.8Mn 1100 68.1 8.2 10.0 
10.7Co 1100 56.5 -- 6.0 - 34.3 
10.7Co 1300 55.3 - 6.4 - 34.9 
5.3Co 1100 61.0 - 9.0 - 27.7 
2.8Co 1100 64.7 - 6.0 - 26.5 

Lilac 
Lilac 
Pale pink 
Pale pink 
Strong brown 
Strong brown 
Strong brown 
Strong brown 
Light brown 
Blue 
Blue 
Blue 
Blue 
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Fig. 5 Electrophoretic mobilities measured as a function of pH 
for samples 12.5Cr (o), 10.8Mn (A), 10.7Co (m) and for an alumina 
blank (v) 

Mn-doped alumina 

The rather good agreement between the nominal and 
measured compositions of the as-prepared Mn-doped 
alumina samples (Table 1) indicates the incorporation to 
the alumina matrix of the total amount of Mn(II) added 
to the aluminum alkoxide. As expected, these samples 
showed the same amorphous nature and morphological 
characteristics (particle size and shape) of the Cr-doped 
powders (Fig. 1A), since the experimental conditions used 
for the generation and hydrolysis of the aerosol were 
identical in both cases. The as-prepared Mn-doped sam- 
ples also contained water and nitrate anions showing 
a thermal behavior at <500~ similar to that of Cr- 
doped samples (Fig. 3). However, some differences were 
noticed above this temperature. Thus, two exothermic 
effects were detected at 875 ~ and 1050~ which, as 
indicated by X-ray diffraction, are due to the crystalliza- 
tion of t/-A1203 and to the phase transformation from 
q-A1203 to ~-A1203, respectively (Fig. 6). At 1100 ~ weak 
peaks corresponding to Mn304 [23] were also observed, 
which reacted at higher temperatures (1400 ~ with the 
aluminum oxide to form a spinel with composition 
MnA1204 coexisting with an excess of ~ - A I 2 0 3  (Fig. 6). It 
should be noted that after heating at 1100 ~ the particles 
were still spherical, showing a shrinkage with respect to 
the as-prepared powder similar to that observed for 
sample 12.5Cr (Fig. 1B). The spherical shape was lost at 
1400 ~ as a consequence of particle sintering (Fig. 7A). 

14000C 

11000C 

_L 

Mn-AI203 

A 

�9 I 

900~ 

20 30 40 50 60 70 

2O 

Fig. 6 X-ray diffraction patterns obtained for sample 10.8Mn after 
heating at different temperatures. Symbols designating different 
phases: (m) ~-A1203, (A) Mn304 and (e) MnAI204. Unlabelled peaks 
correspond to :~-A1203 

The structural evolution of the other prepared Mn-doped 
alumina samples (Table 1) with temperature was similar to 
that described above, except that the complete formation 
of the spinel phase took place at higher temperature 
(1500 ~ 

Since Mn-doped alumina is considered as a corundum- 
type pigment [11], the color of the Mn-doped alumina 
samples was evaluated after corundum crystallization 
(1100-1400 ~ The L*a*b* parameters of sample 10.8Mn 
heated at 1100 ~ corresponded to a strong brown color, 
which remained unaltered with increasing temperature up 
to 1400 ~ (Table 3), in spite of the change in the nature of 
the chromophore agent from Mn304 (ll00~ to 
MnAI204 (1400~ (Fig. 6). The same color properties 
(L*a*b* values) were observed when the Mn/A1 mole ratio 
was reduced from 10.8% to 8.7%, keeping the same calci- 
nation conditions (Table 3). This finding seems to indi- 
cate that a certain degree of color saturation was attained 
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Fig. 7 SEM micrographs of: 
(A) sample 10.8Mn heated at 
1400 C;  and (B) sample 10.7Co 
heated at 1300 C 

for a Mn/A1 ratio of about  8.7%. A further decrease in the 
Mn content to 2.8% gave rise to a progressive increase of 
the L* value (Table 3), i.e., to a decrease of the color 
intensity. 

The electrophoretic mobilities of sample 10.8Mn 
heated at l l 0 0 ~  (Fig. 5) gave an i.e.p, higher (6.1) than 
that corresponding to the blank (5.2) indicating that 
Mn304  may be preferentially located at the particle outer 
layers. 

Co-doped alumina 

Table 1 shows the Co/A1 mole ratio of the as-prepared 
Co-doped alumina samples. As expected, no significant 
differences in the morphological  features, composi t ion and 
structure were detected in these powders with respect to 
those doped with Cr or Mn, except the change in the 
nature of the doping cation. 

The DTA curve of sample 10.7Co was also very similar 
to that of sample 12.5Cr (Fig. 3) showing an endothermic 
peak at 105 ~ due to the release of water, and several 
exothermic ones between 200 and 350 ~ at tr ibuted to the 
decomposit ion of organic impurities and nitrate anions. 
Finally, only one exothermic effect was observed at higher 
temperature  (815 ~ the origin of which will be discussed 
further. 

The X-ray diffraction patterns of sample 10.7Co heated 
at different temperatures  are presented in Fig. 8. No  crys- 
talline phases were detected at < 700 ~ Although at this 
temperature  some material still remains amorphous ,  as 
revealed by the broad  feature at 20-20 ~ several weak 
peaks appeared that could be at t r ibuted to either Co304 
or COA1204, since their X-ray diffraction patterns are very 
similar [24, 25]. On the basis of the phase diagram of the 

�9 Co-AI203 

" "  

20 40 60 

2O 

Fig. 8 X-ray diffraction patterns obtained for sample 10.7Co after 
heating at different temperatures. Symbols designating different 
phases: (m) Co304, (A) ~-A1203 and (e) COA1204. Unlabelled peaks 
are slightly shifted with respect to those of CoAlzO4 

CoO A120 3 system [-26] which shows the formation 
of the CoA1204 spinel at > 1000 ~ we think that in this 
case, the crystalline phase must probably consist of 
C0304. The calcination of the sample at 900~ gave 
rise to a shift of the position of the C0304 peaks to higher 
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20 values, and  therefore to a decrease of  the inter- 
p lanar  spacings value. Such a behavior  could  be inter- 
preted if we assume the diffusion of  some A13+ cations 
towards  the te t rahedral  posi t ions of  Co  2 + in the C o 3 0 4  
lattice, which wou ld  p roduce  a cell compress ion  since 

o 

the ionic radius of  the later (0.72A 1 [-27] is higher than 
that  of  the a l u m i n u m  cat ion (0.5A) [-27]. Not ice  that  
the i nco rpo ra t i on  of  A13 + only  to the oc tahedra l  posi- 
t ions of  Co  3+ (ionic radius = 0.63~,) [-27] would  lead 
to the fo rma t ion  of  the no rma l  COA1204 spinel which 
did no t  show appreciable  differences in the cell dimen- 
sions with respect to C o 3 0 4  [-24,25]. Such a diffusion 
process  could  be responsible for the exothermic  effect 
detected at 815~  by D T A  (Fig. 3). The  appropr ia te  
a toms  a r r angemen t  to form the normal  C o A I 2 0  4 spinel 
required a heat  t rea tment  at l l00~  at which temper- 
ature, the crystal l izat ion of  ~-A1203 also took  place 
(Fig. 8). U n d e r  these condit ions,  the particles were still 
spherical  and  showed a size dis t r ibut ion similar to that  
of  sample 12.5Cr heated at 500 C (Fig. 1B). N o  fur- 
ther morpho log i ca l  (Fig. 7B) or  s t ructural  changes 

were obse rved  on ca lc inat ion at h igher  t empe ra tu r e s  
up to 1300~ 

The L*a*b* paramete r s  of  the C o - d o p e d  a l u m i n a  sam-  
ples hea ted  at different t empera tu res  a b o v e  tha t  of  the 
Co-A1 spinel fo rma t ion  ( > l l 0 0 ~  are inc luded  in 
Table  3. Sample  10.7Co heated  at l l 0 0 ~  s h o w e d  the 
br ight  blue co lo r  character is t ic  of  COA1204, whose  p rope r -  
ties (hue and  intensity) were no t  modif ied  by increas ing  the 
t empera tu re  up to 1300 ~ Finally,  as the Co/A1 ra t io  was  
reduced f rom 10.7% to 2.8%, an increase of  L* a n d  a 
decrease of  b* were observed  (Table 3), ind ica t ing  a 
decrease in the blue co lor  intensity. 

The  i.e.p, ob ta ined  f rom the e lec t rophore t ic  mobil i t ies  
of  sample  10.7Co heated at l l 0 0 ~  was 5.9 (Fig. 5). This  
increase with respect  to the i.e.p, of  the b lank  (5.2) seems to  
indicate the presence of  the COA1204 spinel at  the part icles  
outer  layers. 
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