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Abstract

 

Mullite contained in a silicoaluminous fly ash (originating from power plant of La Maxe, near Metz in the east of France) issue from

 

bituminous coal combustion has been studied by X-ray diffraction, nuclear magnetic resonance of 

 

29

 

Si spinning at magic angle, and trans-
mission electron microscopy linked with energy-dispersive spectroscopy. By using results from X-ray diffraction [1] and nuclear magnetic

 

resonance spectroscopy [2], an average value of 0.35 for 

 

x

 

, the oxygen holes rate in mullite Al

 

4

 

1

 

2

 

x

 

Si

 

2

 

2

 

2

 

x

 

O

 

10

 

2

 

x

 

, could be determined. Thus,
Al

 

2

 

O

 

3

 

 content is only slightly higher than those corresponding to the classical formula (Al

 

2

 

O

 

3

 

)

 

3

 

 · (SiO

 

2

 

)

 

2

 

. It is shown also that the compo-
sition is heterogeneous and depends on the crystallites; Ti and Fe are impurities substituting for Al in the structure. The average chemical
formula of the mullite determined here is Al

 

4.61

 

Fe

 

0.05

 

Ti

 

0.02

 

O

 

9.65

 

. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

 

Mineralogical properties of silicoaluminous fly ashes,
material removed from coal power plants, are well known
[3–14]. Their composition depends on the nature of the coal
source, which can contain more or less calcium oxide. A bi-
tuminous coal usually gives rise to class F material (i.e.,
with low-calcium content). Typically it consists of the crys-
tallized phases 

 

a

 

-quartz, mullite, hematite, and magnetite in
a matrix of aluminosilicate glass.

A question that has never been studied is the true chemi-
cal composition linked to the structural properties of mullite
and magnetite in such residue, usually designed by their
classical chemical formula (Al

 

2

 

O

 

3

 

)

 

3

 

 · (SiO

 

2

 

)

 

2

 

 and Fe

 

3

 

O

 

4

 

, re-
spectively. Indeed, contrary to 

 

a

 

-quartz, mullite and magne-
tite are nonstoichiometric compounds that can incorporate
impurities. In this work, we were interested in studying
mullite especially. Another paper concerns magnetite con-
tained in a silicoaluminous fly ash [15].

Attempts to link mullite composition with other parame-
ters such as the working temperature in the furnace of the
power of the plant, the source coal, and the mineralogical
composition of the fly ash could be made. For example, if a
correlation between mullite composition and working tem-
perature of the power plant exists, it could be used as an in-

dicator of the thermal history of the ash, which probably in-
fluences its pozzolanic reactivity.

It has been shown that both X-ray diffraction (XRD) [1]
and nuclear magnetic resonance (NMR) techniques [2] can
be employed efficiently to measure the value of 

 

x

 

, the oxygen

 

hole rate in a mullite of general formula Al

 

4

 

1

 

2

 

x

 

Si

 

2

 

2

 

2

 

x

 

O

 

10

 

2

 

x

 

,
and thus to approach the mullite composition. These works
concerned synthetic mullite prepared from elementary ox-
ides. It was interesting to apply these techniques to mullite
contained in a silicoaluminous fly ash. Thus, composition of
such mullite is determined by these methods and addition-
ally by transmission electron microscopy (TEM) linked
with energy-dispersive spectroscopy (EDS) analysis. The
results are compared and discussed.

 

1.1. Composition and lattice parameters

 

Mullite crystallizes in a solid solution [16] with a homo-
geneity domain situated between 71 and 74 wt% of Al

 

2

 

O

 

3

 

.
Its crystallographic structure is well known and is redrawn
in Fig. 1 from structural data found in Ban and Okada [17].
It can be considered a sillimanite derivative with disordered
hole oxygen atoms, corresponding to the general formula:
Al

 

4

 

1

 

2

 

x

 

Si

 

2

 

2

 

2

 

x

 

O

 

10

 

2

 

x

 

, where 

 

x

 

 is the number of oxygen holes
per formula unit. The mechanism leading to the formation
of one oxygen hole is due to the substitution of two silicon

 

by two aluminum atoms: O

 

2

 

2

 

 

 

1

 

 2Si

 

4

 

1

 

 

 

→

 

2 Al

 

3

 

1

 

 

 

1

 

 

 

h

 

. Silli-
manite corresponds to 

 

x

 

 equal zero. The mullite structure is
usually described by AlO

 

6

 

 edges sharing octahedra that
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form parallel chains along [001] direction. Theses chains
are connected by double chains of TO

 

4

 

 tetrahedra, also par-
allel to [001], where T can be Si or Al atoms. In the silli-
manite structure, tetrahedra TO

 

4

 

 are alternatively centered
by Si and Al atoms along [001] leading to a 

 

c

 

 parameter
twice those of mullite. In the mullite structure, because of
oxygen holes, the arrangement of tetrahedra is more com-
plex. Holes are formed where oxygen atoms connect TO

 

4

 

tetrahedra (site Oc on the drawing). Thus, to keep a fourfold
coordination, Al-atoms move toward neighboring O-atoms
(called Oc*), leading to the formation of (T,T,T*) tricluster.
It has been shown that Si atoms occupy the T site only [18].

As is usual in a solid solution, lattice parameters strongly
depend on the composition. The variation of the lattice pa-
rameters of the mullite as a function of the oxygen hole
number 

 

x

 

 per formula unit was reported by Cameron [1]. It
was shown that the 

 

a

 

 parameter presents the most signifi-
cant variation and it was suggested it be used for determin-
ing the composition of any mullite.

It is also worth pointing out the existence of an alumina-
rich mullite with composition Al

 

5.65

 

Si

 

0.35

 

O

 

0.9.175

 

 [19]. Its
great number of oxygen holes leads to the formation of tetra
clusters T

 

4

 

O. So, it would be interesting to know if such
mullite is encountered in silicoaluminous fly ash.

 

1.2. Composition and 

 

29

 

Si MAS NMR spectrum

 

Nuclear magnetic resonance of 

 

29

 

Si spinning at magic
angle has been used on synthetic mullite with various com-
positions [2]. This technique is sensitive to the local Si envi-
ronment. It has been shown that the mullite structure con-

tains four NMR silicon sites (numbered from 1 to 4) and
distinguished by the second neighbors, the first neighbor be-
ing always the four oxygen atoms of the tetrahedra. Site 1
(chemical shift 

 

d

 

 

 

5

 

 

 

2

 

81 ppm) corresponds to the silicon
site near oxygen holes; site 2 (

 

d

 

 

 

5

 

 

 

2

 

86 ppm) corresponds
to a silimanite site (i.e., a silicon tetrahedra surrounding by
two adjacent AlO

 

6

 

 octahedra and three AlO

 

4

 

 tetrahedra);
site 3 (

 

d

 

 

 

5

 

 

 

2

 

90 ppm), so displaced by 

 

2

 

4 ppm compared to
sillimanite site (site 2); and site 4 (

 

d

 

 

 

5

 

 

 

2

 

94 ppm) shifted by

 

2

 

4 ppm from site 3, corresponds to substitution of an Al-
atom by an Si-atom in the second coordination sphere, so
each SiO

 

4

 

 tetrahedron is surrounded in that case by two
AlO

 

6

 

 octahedra, by only one AlO

 

4

 

 tetrahedra and thus by
two SiO

 

4

 

 tetrahedra.
NMR spectra have been recorded as a function of the

composition. The intensity of each NMR peak is propor-
tional to the number of silicon in the corresponding sites; it
has been shown (see Fig. 2) that their occupancy factors
vary with composition and consequently with the number of
oxygen hole per formula unit. Occupancy factor of site 1 (near
oxygen holes) decreases linearly with 2 · 

 

x

 

 as the oxygen hole
is accompanied by substitution of two Si-atoms by Al-atoms.
Occupancy factor of site 2 and 3 decrease with 1 · 

 

x

 

, those of
site 4 are weakly occupied and approximately constant (its
variation as a function of 

 

x

 

 is not so significant).
The fly ash used here originated from bituminous coal,

which contains about 0.9 wt% of sulfur (originated from La
Maxe’s power plant, near Metz in the east of France). Its
mineralogical composition determined by quantitative X-ray
diffraction (QXRD) analyses is typical of class F [20]: mul-
lite (Al

 

6

 

Si

 

2

 

O

 

13

 

) 25 wt%, 

 

a

 

 quartz (

 

a

 

-SiO

 

2

 

) 9 wt%, magne-
tite (Fe

 

3

 

O

 

4

 

) 4 wt%, hematite (Fe

 

2

 

O

 

3

 

) 

 

,

 

 1 wt%, and 62 wt%
of a silicoaluminous vitreous phase. It is shown that mullite
is mainly formed during the coal combustion from kaolinite
(Al

 

2

 

Si

 

2

 

O

 

5

 

(OH)

 

4

 

) [21], a clay mineral present as an impurity
in the coal source.

The aim of this work is to complete the characterization
of the mullite contained in a silicoaluminous fly ash. For
this purpose, mullite is first extracted from the coal residues
and then analyzed by XRD, its composition determined by
chemical analysis (EDS) linked with TEM observations and
NMR spectra recorded, and compared to earlier results de-
scribed above and used as reference.

 

2. Experimental procedure

 

2.1. Mullite extraction from the silicoaluminous fly ash

 

The method used to extract the mullite from a silicoalu-
minous fly ash is prompted from a previous work [22]. It
consists of dissolving vitreous phase in which mullite is em-
bedded by dilute fluoride acid. Cenospheres are used prefer-
entially to the whole part of silicoaluminous fly ash because
they contain less iron oxides. Indeed, magnetite has undesir-
able effects on NMR spectra. Our separation method can be
described by three steps:

Fig. 1. Projection of the mullite structure along [001], from crystallo-
graphic data found elsewhere [17]. It shows the coordination geometry of
the cations.
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Step 1 (magnetite separation): cenospheres are finely
grinded, put in water, and magnetically shacked. Iron
oxides are naturally fixed on the permanent magnet and
so can be easily removed. Powder is dried after filtration
and verified by magnetic susceptibility measurements.

Step 2 (dissolution by dilute fluorhydric acid): the ob-
tained powder (100 mg) after step 1 is mixed with flu-
orhydric dilute acid solution (2.5 mL) at 3% in a plas-
tic bottle. The solution is than decanted after 15 h.

Step 3 (extraction): the solid part is washed with a great
quantity of water, and successively by dilute HCl
(4N), dilute HNO

 

3

 

 (4N), and by ethyl diamine tetra
acid (EDTA) at pH 7 then at pH 9. This step is re-
peated several time. The remaining powder is then
weighted. The weight loss (

 

<

 

70 wt%) corresponds to
the proportion of vitreous phase and a majority of 

 

a

 

-
quartz contained in this silicoaluminous fly ash. The
extracted mullite is then checked by XRD, scanning
electron microscopy (SEM) observations and suscep-
tibility measurements.

 

2.2. XRD

 

Powder patterns have been recorded by using a powder
diffractometer (Inel, Artenay, France) with Bragg-Brentano
geometry, equipped with a Molybdenum tube (quartz

monochromator, K

 

a

 

1

 

 radiation, 

 

l

 

 

 

5

 

 0.70930 Å). The lattice
parameter are refined from the position of 40 corrected
Bragg peaks (silicon is used as internal standard) by using
UFIT program [23].

 

2.3. TEM and EDS analysis

 

TEM (Philips CM20 [Limeil Brèvannes, France] operat-
ing at 200 kV and equipped with an energy dispersive spec-
trometer) is used to determine the chemical composition of
the crystallites of mullite. The mullite is simply ground and
hung in absolute alcohol. Then, one droplet of the mixture is
deposited on a conductive sample grid. Some electronic dif-
fraction pattern are realised on mullite needles for verifica-
tion. Chemical analysis (EDS) is made by using Albite
(NaAlSi

 

3

 

O

 

8

 

) as internal standard for Al and Si elements.

 

2.4. 29Si MAS NMR

The experiment was performed on a Brucker MSL-300
spectrometer (Wissembourg, France), operating at a mag-
netic field strength of 7.0 Tesla. The sample was put in zir-
conia rotors, spinning at the magic angle of 548449 at 4 kHz,
using a pulse length of 4.5 ms and a recycle time of 15 s.
About 10,000 scans were necessary to obtain a correct sig-
nal. The chemical shifts are referenced to tetramethylsilane.
The NMR peaks are fitted by Gaussian lines. The variation

Fig. 2. Variations of the occupancies of the four different sites with the number oxygen holes per formula unit, copied from Fig. 4 of Jaymes et al. [2]. These
curves are used as standard for interpreting our NMR results.
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of their intensity as a function of the hole composition ex-
posed in another work [2] is reported in Fig. 2 and is used as
reference.

3. Results and discussion

3.1. XRD

The pattern before and after the treatment with dilute HF
is shown in Figs. 3a and b, respectively. The disappearance
of the vitreous phase is clearly seen, and the remaining
phase is mullite with a small amount of a-quartz. The lattice
parameters, a 5 7.557(4) Å, b 5 7.675(4) Å, and c 5
2.882(1) Å are refined with a correct reliability factor of
3.7%. For comparison, those of mullite corresponding to
ASTM no. 15-0776 card are a 5 7.5456 Å, b 5 7.6898 Å,
and c 5 2.8842 Å.

3.2. Orthorhombicity

An orthorhombicity parameter, defined as 100 3 (b 2 a)/
(b 1 a), has been calculated from the curve given elsewhere
[1], showing the variation of lattice parameters as a function
of the hole concentration x. The variation of orthorhombic-
ity as a function of x is reported in Fig. 4. The linear varia-
tion shows that the relaxation induced by formation of holes
affects the basis (a,b) planes of the mullite. So, it is worth
taking advantage of the fact that this relative parameter is
free of zero shift error that can occur in lattice parameter
measurements. The orthorhombicity of 0.77(5)%, measured
on our sample, corresponds to an x value of 0.35(2) and a

composition of Al4.70Si1.30O9.65 or to a mullite with 75.5 wt%
of Al2O3. It can be deduced from these XRD results that
mullite contained in this silicoaluminous fly ash has a classi-
cal composition, only slightly more enriched with Al2O3

than those corresponding to (Al2O3)3 · (SiO2)2.

3.3. 29Si MAS NMR

Experimental and fitted NMR spectra are reported in Fig. 5.
The simulated spectrum corresponds to the sum of the four
Gaussian peaks noted from 1 to 4. The reliability factor be-
tween the experimental and simulated spectrum (sum of the
four Gaussian lines) has a value of 2.5%. The position of
their maximum corresponds to the values reported else-

Fig. 3. XRD patterns (l 5 0.70930 Å) of the silicoaluminous fly ash (cenosphere part only) (a) before treatment and (b) after treatment with dilute HF. M 5
mullite, Sa 5 alpha quartz. Si is used as internal standard.

Fig. 4. Variation of the orthorhombicity as a function of oxygen vacancies
content (x) per formula unit in Al412xSi222xO102x, calculated from another
work [1]. A3S2 5 mullite.
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Fig. 5. Observed and calculated 29Si MAS NMR spectra of the mullite contained in the silicoaluminous fly ash.

Fig. 6. TEM photograph of mullite needles (a) and electronic diffraction pattern (b) along [1–10] zone axis.
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where [2]. The contribution of each silicon site and the cor-
responding x holes values deduced from Fig. 2 are inserted
in the figure. The NMR x hole number found is 0.36(1), in
good agreement with XRD results.

3.4. TEM analysis

Typical mullite crystallites with needlelike shape and
corresponding electronic diffraction of zone axis [1-0] is re-
ported in Fig. 6. The composition has been determined from
35 crystallites corresponding to 59 point measurements in-
dicated in Table 1. It is expressed per formula unit
Al412xSi22xO102x, pointing out the x oxygen hole content.
The results show the composition is heterogeneous from
one crystallite to another but homogeneous in the same
crystallite. The crystallites of mullite contain low quantities
of Fe and Ti. A lower Al content corresponds always to a
higher Fe content, meaning that Al31 substitutes for Fe31

cations in the mullite structure. Maximum values for Fe cor-
respond to point 1 on the table (0.35/f.u.). It corresponds to
substitution of 7.5% of Al by Fe atoms. Substitution of Al by
Ti is less clear, but is probably the same case. Maximum
value for Ti (0.023/f.u.) is measured on point 35d. It corre-
sponds to substitution of 0.6% of Al by Ti atoms. The dis-
crepancy of the composition of the x value is shown in Fig. 7,
where the frequency distribution of the 59 points analyzed as
a function of x is reported. The x values set in the range 0.25
to 0.45, with an average of 0.34(2), correspond in the accu-
racy of the measurements to X-ray and NMR results.

4. Conclusions

A value of 0.35 for x, the rate of oxygen holes in mullite
Al412xSi222xO102x contained in a silicoaluminous fly ash
originated from coal combustion has been determined inde-

Table 1
Composition of mullite formed in silicoaluminous fly ash, expressed in the 
formula unit (Al,Fe,Ti)412xSi222xO102x

Points measured Al Si Fe Ti Oxygen holes rate

1 4.300 1.336 0.350 0.015 0.332
2 4.780 1.189 0.023 0.009 0.406
3 4.304 1.330 0.348 0.018 0.335
4 4.805 1.180 0.003 0.012 0.410
5 4.810 1.176 0.004 0.010 0.412
6 4.715 1.260 0.007 0.017 0.370
7 4.753 1.219 0.008 0.020 0.390
8 4.796 1.175 0.007 0.022 0.413
9 4.764 1.214 0.000 0.022 0.393

10 4.813 1.143 0.013 0.030 0.428
11 4.735 1.212 0.025 0.027 0.394
12 4.683 1.294 0.014 0.009 0.353
13 4.658 1.2808 0.032 0.031 0.360
14 4.667 1.332 0.001 0.000 0.334
15 4.467 1.345 0.175 0.013 0.327
16 4.539 1.413 0.032 0.015 0.293
17 4.450 1.406 0.108 0.035 0.297
18 4.627 1.310 0.017 0.045 0.345
19 4.479 1.441 0.045 0.034 0.279
20 4.576 1.369 0.020 0.034 0.316
21 4.562 1.404 0.013 0.021 0.298
22 4.538 1.393 0.054 0.015 0.303
23 4.603 1.365 0.007 0.024 0.317
24 4.481 1.499 0.016 0.005 0.250
25 4.720 1.244 0.031 0.004 0.378
26 4.764 1.208 0.015 0.013 0.396
27 4.600 1.262 0.129 0.009 0.369
28a 4.547 1.429 0.002 0.022 0.285
28b 4.560 1.413 0.004 0.023 0.293
28c 4.587 1.385 0.004 0.023 0.307
28d 4.683 1.294 0.004 0.019 0.353
29a 4.563 1.367 0.052 0.018 0.316
29b 4.658 1.285 0.041 0.015 0.358
29c 4.683 1.247 0.050 0.019 0.377
29d 4.554 1.358 0.064 0.024 0.321
30a 4.582 1.334 0.068 0.016 0.333
30b 4.582 1.336 0.068 0.013 0.332
30c 4.606 1.312 0.066 0.016 0.344
30d 4.568 1.347 0.070 0.015 0.326
31a 4.423 1.409 0.154 0.013 0.295
31b 4.529 1.320 0.143 0.008 0.340
31c 4.552 1.345 0.097 0.006 0.328
31d 4.293 1.499 0.195 0.0122 0.250
32a 4.729 1.237 0.022 0.012 0.381
32b 4.782 1.189 0.019 0.009 0.406
32c 4.777 1.196 0.014 0.012 0.402
32d 4.658 1.320 0.012 0.010 0.340
33a 4.668 1.297 0.018 0.017 0.352
33b 4.688 1.278 0.019 0.014 0.361
33c 4.700 1.266 0.022 0.015 0.367
33d 4.711 1.244 0.030 0.015 0.378
34a 4.492 1.450 0.045 0.012 0.275
34b 4.552 1.411 0.027 0.009 0.294
34c 4.576 1.383 0.029 0.011 0.308
34d 4.539 1.428 0.020 0.012 0.286
35a 4.601 1.358 0.018 0.023 0.321
35b 4.600 1.363 0.019 0.017 0.318
35c 4.568 1.399 0.015 0.0177 0.301
35d 4.555 1.402 0.016 0.027 0.299

Fig. 7. Oxygen hole frequency distribution of the mullite contained in a sil-
icoaluminous fly ash. Results are from analytical TEM analyses of 35 crys-
tallites.
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pendently by XRD measurements and 29Si NMR MAS
spectroscopy. So, the alumina content determined in such
mullite is only slightly higher compared to the classical for-
mula Al4.5Si1.5O9.75.

TEM coupled with EDS analyses is in agreement with
this composition and brings supplementary information.
Composition determined above is only an average on the
analyzed sample. In fact, mullite of the ash is very heteroge-
neous. This is not surprising since the natural conditions in-
volved by the fast cooling rate of the fume are not favorable
for a good crystallization and homogenization. Mullite con-
tains Fe as a main impurity, which can substitute for Al in
the structure. A maximum of 7.5 at% of Fe and 0.6 at% of
Ti substituting Al has also been detected.

Finally the average chemical formula Al4.61Fe0.05Ti0.02O9.65

characterizes well the mullite contained in a sample of sili-
coaluminous fly ash studied here. It has been proven that an
accurate measurement of the lattice parameters of the mullite
contained in the ash is enough to have partial but available in-
formation on its average composition.

Characterization of mullite contained in the residues can
be made easily by XRD and could be done on various fly
ashes to observe similarities or differences following their
origins.
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