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Abstract

 

Spinel magnetite contained in a silico-aluminous fly ash (originating from la Maxe’s power plant, near Metz in the east of France) is-
sued from bituminous coal combustion has been studied by scanning and transmission electron microscopy linked with energy dispersive
spectroscopy, X-ray diffraction, susceptibility measurements, and Mössbauer spectroscopy. The results show that in this magnetite Mg is

 

strongly substituted for Fe and the chemical formula is closer to MgFe

 

2

 

O

 

4

 

 than Fe

 

3

 

O

 

4

 

. Magnetite also contains Mn, Ca, and Si elements,
but at a lower proportion. The results are compatible with the chemical formula Fe

 

2.08

 

Mg

 

0.75

 

Mn

 

0.11

 

Ca

 

0.04

 

Si

 

0.02

 

O

 

4

 

 and crystallochemical for-

 

mula [Fe

 

2

 

1
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Ca

 

2
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Si

 

4
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]

 

tetra

 

[Fe

 

3
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Fe
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0.16

 

Mg
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0.73

 

Mn

 

2
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]

 

octa

 

O

 

4

 

, showing the cation distribution on octahedral and tetrahedral sites of
the spinel structure. The reason Mg element is not incorporated in soluble surface salt and in glass composition of the silico-aluminous fly
ashes is now understood. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

 

Mineralogical properties of silico-aluminous fly ashes
(material removed from coal power plants) are well known
[1–12]. 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 crystal-
lized phases like 

 

a

 

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

Whether the true chemical composition is linked to the
structural properties of mullite and magnetite in such resi-
dues, usually designed by their classical chemical formula

 

(Al

 

2

 

O

 

3

 

)

 

3

 

 ? 

 

(SiO

 

2

 

)

 

2

 

 and Fe

 

3

 

O

 

4

 

, respectively, has not been
studied. Indeed, contrarily to 

 

a

 

-quartz, the composition of
mullite and magnetite can vary and can incorporate many
impurities. In this work, we were interested in studying

magnetite especially. Another paper concerning mullite has
already been submitted [13].

Magnetite has a spinel structure (space group Fd3m)

 

AB

 

2

 

O

 

4

 

, Z 

 

5

 

 8. Anions O

 

2

 

2

 

 on site 32e form a face-centered
cubic network (FCC) where cations occupy 1/8 of the tetra-
hedral site (site 8a) lettered by A and half of the octahedral
site (site 16d) lettered by B. Pure magnetite contains Fe

 

3

 

1

 

on subnetwork A and equal quantities of Fe

 

2

 

1

 

 and Fe

 

3

 

1

 

 on
subnetwork B. Thus, it is an inverse spinel that corresponds
to the cristallochemical formula [Fe

 

3

 

1

 

]

 

tetra

 

[Fe

 

3

 

1

 

,Fe

 

2

 

1

 

]

 

octa

 

O

 

4

 

.
The saturation magnetization M

 

s

 

 is due to the influence of
both networks A and B antiferromagnetically coupled.
Since magnetic moments are 5 and 4 

 

m

 

B

 

 for Fe

 

3

 

1

 

 and Fe

 

2

 

1

 

,
respectively, M

 

s

 

 value for pure magnetite is 4 

 

m

 

B

 

 (or 96.39

 

m

 

B

 

/g) at 0

 

8

 

K [14,15].
In a spinel structure, the distribution of cations on site A

and B depends on their nature. It strongly influences their
magnetic properties and the intensity of X-ray diffraction
(XRD) lines.

The characterization of magnetite contained in a silico-
aluminous fly ash, after its extraction by magnetic separa-
tion, is made by scanning electron microscopy (SEM),
transmission electron microscopy (TEM) linked with en-
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ergy dispersive spectroscopy (EDS), XRD, susceptibility
measurements, and 

 

57

 

Fe Mössbauer spectroscopy.

 

2. Methods

 

2.1. Magnetite separation

 

The magnetic part of a silico-aluminous fly ash (originat-
ing from la Maxe power plant, near Metz in the east of
France) is simply extracted by a permanent magnet.

 

2.2. SEM examination, TEM and EDS analyses

 

The magnetic part of a silico-aluminous fly ash is ob-
served with a scanning electronic microscope (Hitachi
S2500). A transmission electron microscope (Philips CM20)
operating at 200 keV and equipped with an energy disper-
sive spectrometer is used to determine the chemical compo-
sition of magnetite contained in silico-aluminous fly ash.
The magnetic part previously extracted is simply ground
and hung in absolute alcohol; then one droplet of the mix-
ture is deposited on a conductive sample grid.

 

2.3. XRD

 

Powder patterns were recorded from a powder diffracto-
meter with Debye-Scherrer and transmission geometry,
equipped with a Mo tube (quartz monochromator, 

 

u

 

m

 

 

 

5

 

6.07

 

8

 

, 

 

K

 

a

 

1

 

 radiation, 

 

l

 

 

 

5

 

 0.70930 Å) and a scintillation de-
tector. Extracted magnetite is put in a silica tube, sealed un-
der vacuum, and heated at 1000

 

8

 

C for 48 h, so that Bragg
reflections are better defined and the spectrum more suit-
able for structural analysis. Peak diffraction of hematite,
which is present in low quantity in the sample, disappeared
during the heat treatment. The lattice parameter is refined
from 16 corrected Bragg peaks position (silicon is used as
internal standard) by using UFIT program [16]. Structural
analysis is made by using integrated intensities of the Bragg
peaks determined by using the PROFIL program [17]. The
pseudo-Voigt function was used for modeling the Bragg
peak shape, with a reliability factor lower than 5%. Data re-
duction or structure factors calculation from intensity is
made following the formulas: 
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 is the Lorentz factor, 
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Bragg reflection, any absorption correction is applied as it
remains approximately constant on the whole analyzed 

 

u

 

range.
Refinement of the spinel structure is made with the

SHELXL97 program [18], mainly used in single crystal
studied but also adapted to powder data.

 

2.4. Susceptibility measurements

 

Susceptibility measurements were performed at room
temperature, with a Manics magneto-susceptometer
equipped with an electromagnet Drusch, by varying the ap-
plied field from 0 to 16 KG.

 

2.5. Mössbauer spectroscopy

 

The Mössbauer spectrometer comprises a 

 

57

 

Co/Rh source
driven in a sinusoidal mode. Mössbauer spectra are taken at
room temperature and fitted with an appropriate superposi-
tion of Lorentzian lines. The principal parameters that can
be obtained from a Mössbauer spectra are the isomer shift,
the quadrupole splitting, the magnetic hyperfine field, and
the peak width. The velocity is calibrated with a 25 

 

m

 

m

 

a

 

-Fe foil.

 

3. Results and discussion

 

3.1. TEM and EDS analyses

 

Three SEM photographs and one characteristic elec-
tronic diffraction pattern produced under TEM are shown
on Fig. 1.

EDS analyses realized on ten different crystallites are re-
ported on Table 1. Deduced compositions reported to the
formula unit Fe

 

(3-x-y-z-t)

 

Mg

 

x

 

Mn

 

yCazSitO4 indicate that Fe in
magnetite is mainly replaced by Mg and infrequently by Ca,
Mn, and Si. The average chemical composition is Fe2.08Mg0.75

Mn0.11Ca0.04Si0.02O4.

3.2. X-ray diffraction

In Fig. 2, pattern (a) shows a poorly crystallized sample
with broad Bragg reflections and pattern (b) is that after
heat treatment.

The lattice parameter determined for this spinel struc-
ture, a 5 8.3801(15) Å, is lower than those of a pure mag-
netite Fe3O4 (a 5 8.396 Å). Observed and calculated inter-
reticular d values are reported on Table 2. RF2 5 0.13 for all
38 reflections and RF2 5 0.10 for Fobs

2 . 4 s (with RF2 fac-
tor: RF25 S ?Fobs2 2 Fcal2?/S Fobs2). This result is in
agreement with substitution of Mg21 with a ionic radius of
0.86 Å for Fe21 with a ionic radius of 0.92 Å [19].

The spinel structure of the substituted magnetite found in
silico-aluminous fly ash is determined from 38 structure
factors and by refining five parameters: one scale factor,

Table 1
Composition of magnetite formed in a silico-aluminous fly ash, expressed 
in the unit formula unit Fe3-x-y-z-tMgxMnyCazSitO4 (accuracy > 5%)

Points
measured Fe Mg Mn Ca Si

1 1,722 1,046 0,157 0,032 0,042
2 1,988 0,850 0,123 0,028 0,010
3 2,141 0,727 0,102 0,015 0,014
4 2,424 0,490 0,0603 0,018 0,005
5 2,485 0,402 0,078 0,023 0,010
6 2,223 0,655 0,055 0,050 0,015
7 1,879 0,929 0,098 0,046 0,047
8 1,927 0,850 0,142 0,073 0,007
9 2,019 0,795 0,129 0,049 0,007

10 2,024 0,797 0,129 0,049 0,000
Average 2,08 0,75 0,11 0,04 0,02
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one overall temperature factor, the x coordinate of O atoms
on 32e site, and mainly occupancy factors of Fe on sites 8a
and 16d and Mg on sites 16d. Indeed, a preliminary refine-
ment shows that Mg does not occupy the tetrahedral site 8a.
Ca [20] and Si [21] are placed on tetrahedral site 8a and Mn
on octahedral site 16d [22] by fixing their occupancy factors
at values corresponding to the chemical formula determined
above. In order to decrease the number of refined parame-
ters, a constraint is applied assuming that the sum of occu-
pancy factor of Fe, Mg, and Mn on octahedral site is equal
to the unity. Moreover, occupancy factor of Fe on the tetra-

hedral site 8a could be fixed also at the 0.92(2) value. The
reliability factor RF2 (F2 . 4s) converges satisfactory to
0.10. Observed and calculated structure factors are re-
ported in Table 2 and atomic parameters are summarized in
Table 3.

The magnesium content is refined to the 0.73(6) per for-
mula unit, which is in agreement with the chemical compo-
sition. These results allow proposition of the substituted
magnetite for the following crystallochemical formula:
[Fe31

0.92(2)Ca21
0.06(2)Si0.02(2)]tetra[Fe31

1.0(2)Fe21
0.16(2)Mg21

0.73(6)

Mn21
0.11(2)]octaO4.0(2).

Fig. 1. SEM photographs (a, b, c) and electronic diffraction pattern (MET) along [001] zone axis (d) of silico-aluminous fly ashes covered with magnetite.
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3.3. Susceptibility measurements

The curves are presented on Fig. 3. Pure Fe3O4 is in-
cluded for comparison.

Magnetic susceptibility curves are characteristic of ferro-
magnetic behavior. Table 4 reports the magnetization satu-
ration value at room temperature for both compounds. The
lower value 39.40 emu/g for magnetite contained in the ash
compare to 88.95 emu/g for Fe3O4 can be explained by the
various substitutions shown in the cristallochemical formula
expressed above.

A theoretical value Ms corresponding to this crystal-
lochemical formula can be calculated, taking into account
that the A and B networks are antiferromagnetically cou-
pled and considering the value of the individual magnetic
moment of cations and their position into the structure: Fe31

in A and B, 5 mB; Fe21 in B, 4 mB; Ca21 and Si41 in A are
diamagnetic, Mn21 in B, 5 mB; Mg21 in B is diamagnetic.
Theoretical magnetization at saturation Ms(0 K) is MA-MB,
the difference of the moment taken by A and B subnet-
works: MA 5 0.92 3 5 mB and MB 5 1.0 3 5 1 0.16 3 4 1
0.11 3 5. Thus, Ms(0 K) 5 1.59 mB/mole. Since the molar
mass corresponding to the formula of magnetite contained
in these ashes is 202.92 g, the theoretical Ms(08K) value is
42.9 emu/g. For pure Fe3O4, the saturation magnetization at
room temperature is 92% of its value at 08K. With the as-
sumption that there is the same decrease for magnetite in the
ash, the calculated value at room temperature would be of
39.5 emu/g, identical to the measured value (see Table 4).
The crystallochemistry deduced from the structural refine-

ment and analyzed by MET is in agreement with magnetic
measurements.

3.4. Mössbauer spectroscopy

Deconvolution of Mössbauer spectra using Lorentzian fit
are realized and lead to the results reported on Table 5. The
appearance of a six line spectrum (sextet), as shown in Fig.
4, indicates the presence of a long-range magnetically or-
dered phase, the characteristics of which can be studied af-
terwards. Because every iron ion makes its own contribu-

Fig. 2. XRD patterns of the magnetite part of silico-aluminous fly ash (a) before heat treatment, (b) after heat treatment at 10008C for 48 h. l 5 0.70930 Å,
Si 5 silicon (internal standard), F 5 magnetite, and F 5 hematite.

Fig. 3. Magnetization variation (emu/g) of magnetite from silico-alumi-
nous fly ash after heat treatment and of pure magnetite Fe3O4 under vary-
ing magnetic field (Gauss).
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tion to the overall Mössbauer spectrum, the area of each
spectral component is approximately proportional to the
number of iron in a particular environment. This permits a
quantitative determination of the iron content in each site if
the Mössbauer f factor is assumed to be the same for all iron
sites [23].

In the pure magnetite, Fe3O4, the iron is situated in the
two crystallographically inequivalent tetrahedral A and oc-
tahedral B sites [24]. The spectrum of pure magnetite
[Fe31]tetra[Fe31, Fe21]octaO4 at room temperature is com-
posed of only two sextets (S1 and S2), characterized by a
hyperfine magnetic field H having typical values of 460 and
490 kOe [25], representing 2/3 and 1/3 of the whole spec-
trum area, respectively. S2 corresponds to Fe31 cations on
tetrahedral site while S1 corresponds to Fe21 and Fe31 cat-
ions on octahedral site. Supplementary electrons brought by
Fe21 are nonlocalized and it can be considered that the octa-
hedral site is occupied by Fe2.51 cations. Such electronic de-

localization leads to the appearance of one sextet S1 only;
consequently, the two valence states on octahedral sites are
not distinct.

The spectrum observed for the ash magnetite is very dif-
ferent. It is composed of three sextets (S1, S2, and S3) with
corresponding hyper fine field of 504, 476, and 439 kOe, re-
spectively. S3 sextet is characterized by a higher isomer
shift value, about 0.72 and corresponds to Fe31 cations.
Here, the electronic mobility is lost or partially lost and
leads to the appearance of these three sextuplets, Fe21 on
tetrahedral site (S2 representing 47.5% of the whole area),
Fe31 on octahedral site (S1 representing 41% of the whole
area), and Fe21 on octahedral site (S3 representing 9.9% of
the whole area). This phenomena is explained by foreign
cations on the octahedral site, and this inhibits electron de-
localization confirming the previous results (Mg21 and
Mn21 on octahedral site).

The cation distribution deduced from these measurement
is the following: 48% of the whole iron atoms are Fe31 on

Table 2
Observed and calculated distances and structure factors for magnetite 
formed in silico-aluminous fly ash

h2 1 k2 112 hkl dcalc(Å) dobs(Å) Fobs Fcalc

3 111 4.8382 4.8432 1 0
8 220 2.9628 2.9627 18 15

11 311 2.5267 2.5266 64 61
12 222 2.4191 2.4174 5 3
16 400 2.0950 2.0946 24 17
19 331 1.9225 0 0
24 422 1.7106 1.7105 14 19
27 333 1.6128 1.6124 52 53
27 511 1.6128 0 0
32 440 1.4814 1.4819 100 100
35 531 1.4165 0 0
36 442 1.3967 0 0
40 620 1.3250 1.3248 22 14
43 533 1.2779 1.2776 32 30
44 622 1.2633 1.2636 9 7
48 444 1.2096 1.2110 8 9
51 711 1.1734 0 0
51 551 1.1734 0 0
56 642 1.1198 1.1199 19 21
59 731 1.0910 1.0914 74 69
59 553 1.0910 0 0
64 800 1.0476 0 0
67 733 1.0238 0 0
68 644 1.0162 0 0
72 822 0.9876 0.9896 20 13
72 660 0.9876 0 0
75 555 0.9676 0.9678 52 42
75 751 0.9676 0 0
76 662 0.9613 0 0
80 840 0.9370 0.9406 37 15
83 911 0.9198 0 0
84 842 0.9143 0 0
91 931 0.8785 0.8783 25 29
96 844 0.8553 0.8552 83 72
99 755 0.8422 0 0
99 771 0.8422 0 0

107 951 0.8101 0.8105 21 24
107 773 0.8101 – 21 14

Table 3
Atomic parameters of the impure magnetite (spinel AB2O4 structure) 
contained in a silico-aluminous fly ash

Atoms Site Nb at/f.u.

Fe1 A(8a) 0.92(2)
Ca A 0.06(2)
Si A 0.02(2)
Fe2 B(16d) 1.16(1)
Mg B 0.73(6)
Mn B 0.11(2)
O 32e, x 5 0.249(1)

Table 4
Saturation magnetization (Ms) of magnetite contained in a silico-aluminous 
fly ash and comparison with pure Fe3O4

Ms at 295 K
(emu/g)

Ms at 0 K
(emu/g)

Pure Fe3O4 88.95 3.68 96.39 4.00
Magnetite in fly ash 39.40 1.46 42.9 1.59

Table 5
Mössbauer parameters for pure magnetite and for magnetite contained in a 
silico-aluminous fly ash

Environment
d 

(mm/s)
DEQ

(mm/s)
H
(kOe)

W
(mm/s)

Relative
abundance 
(%) Interpretation

S1 0.68 0 460 0.37 63.9 [Fe21Fe31]octa

S2 0.29 0 492 0.29 36.1 [Fe31]tetra

Magnetite contained in a silico-aluminous fly ash

D 0.16 0.1 Impurity
S1 0.42 0 476 0.71 41.0 [Fe31]octa

S2 0.32 0 504 0.54 47.5 [Fe31]tetra

S3 0.72 0 439 0.63 9.9 [Fe21]octa

d, isomer shift relative to metallic iron.
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tetrahedral site, so 52% of iron are on octahedral site, of
which 42% are Fe31 and 10% are Fe21. The [Fe]octa/[Fe]tetra

ratio is 1.1, a value very near of 1.26 deduced from the cris-
tallochemical formula refined before. Mössbauer results
confirm that the substitution occurs mainly on the octahe-
dral site of the spinel structure.

4. Conclusions

TEM linked with EDS analysis allowed us to determine
the following chemical formula for the impure magnetite
contained a silico-aluminous fly ash: Fe2.08Mg0.75Mn0.11

Ca0.04Si0.02O4.
Structural refinement and also lattice parameter led to the

knowledge of cation distribution on the octahedral and tet-
rahedral sites of the spinel structure. It has been summarized
in the following cristallochemical formula: [Fe31

0.92(2)

Ca21
0.06(2)Si0.02(2)]tetra[Fe31

1.0(2)Fe21
0.16(2)Mg21

0.73(6)Mn21

0.11(2)]octaO4.0(2)].
These formulas are compatible with magnetic measure-

ments and Mössbauer spectroscopy. It confirms that substi-
tution occurs mainly on octahedral site.

Magnesium contained in a silico-aluminous fly ash is
mainly incorporated in inert spinel phase and so does not
contribute to the reactivity of these residues.
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