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Abstract

Novel catalysts were prepared from magnetic microspheres and cenospheres recovered from fuel ashes being formed in
combustion of Irsha-Borodinskii lignite and Kuznetskii coal. The specific features of microsphere formation in the coal
combustion were discussed. The morphology as well as composition of different magnetic microspheres and cenospheres
were studied by SEM, electron probe microanalysis and Mdssbauer spectroscopy. The morphology of globules, crystallite
size and defect structure of active phase was established to depend on the basicity of the glass phase. It was shown that
catalytic activity of magnetic microspheres and cenospheres in the reaction of deep oxidation of methane is determined by
the spinel phase and depends on the extent of its accessibility and type of defect structure. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction of Fe, Ca, Mg, Mn-ferrites and-Fe,Os. The glass
phase is composed of calcium ferrite, fayalite, wol-
Complicated oxide systems with spinel and per- lastonite, olivines and mullite [4]. The action of mag-
ovskite structures are promising as catalysts for netic microspheres in oxidative coupling of methane
high temperature (973-1473K) processes because(mixture CHi:O; = 85:15vol%, T = 1123K)
of their catalytic activity and thermal stability was found to be determined by the spinel phase
[1,2]. Among there are the novel microspheri- (Me,2tFe. %) [Fe. > Fer > Me,?t]0s (Me =
cal catalysts with the specific composition which Ca, Mn and Mg) being defective on e The in-
were separated from the coal and lignite fly crease of the & concentration in the spinel phase
ashes by magnetic separation and following hy- resultsinalinearincrease of selectivity of-Groducts
drodynamic classification [3]. The active phase of formation. The activity of the magnetic microspheres
this type of catalysts includes the solid solution in deep oxidation of methane at 793 K depends on the
properties of two phases such as hematite and spinel.
However, the influence of globule morphology, the
* Corresponding author. Fax:7-3912-439431. size of crystallites and their defect structure on the
E-mail addressanshits@krsk.infotel.ru (A.G. Anshits). catalytic properties of magnetic microspheres is still
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unclear. In particular, the accessibility of the spinel

active phase for reagents has not been studied for

microspheres of different morphology.
The objective of the present paper is to study
the influence of the composition of the magnetic

microspheres on the globule morphology, size and

defect structure of spinel crystallites and catalytic
properties in the reaction of deep oxidation of
methane.

2. Experimental

A novel type of catalysts on the base of glass
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3. Results and discussion

3.1. Formation of novel glass crystal catalysts and
their characteristics

The different coal basins vary from each other by
the mineral forms of iron. Iron is distributed uni-
formly between aluminosilicates, pirite and carbon-
ates in coals of the Kuznetskii basin. As for lignite of
the Kansk—Achinsk basin, the significant part of iron
occurs in the form of complex humates, the content
of aluminosilicate and carbonate forms of iron being
low [6]. In spite of variety of mineral forms of iron
in coals, almost all of them take part in the forma-

crystal microspheres and cenospheres was pro-tion of magnetic microspheres. The obvious correla-

duced as a result of coal (P series) and lignite (K

tion between the content of magnetic microspheres in

series) combustion followed by magnetic separa- fly ash and the content of iron in coal® = 0.97)

tion and hydrodynamic classification of fly ash [3].

The products recovered contain 98% magnetic frac-

characterised by different mineral forms of this ele-
ment is the evidence of total mobilisation of iron [7].

tion. In addition to magnetic separation cenospheres The ferrous (F&") silicate melts containing the ad-
have been separated by gravitation method using ditional metal cations (Ca, Al, Mg, Mn) is the most

organic liquids (ethanol and hexane). Magnetic mi-

probable form of iron mobilisation. The formation

crospheres (K and P series) of 0.1-0.16 mm as well of this melt in coal combustion proceeds in a wide
as cenospheres of 0.1-0.16, 0.16-0.2, 0.2-0.4 mmrange of compositions of low-temperature eutectics

and different bulk density were under investiga-
tion.

To establish dimensions of ferrite spinel inclusions
in cenospheres they were treated with 6 N HCI at
363-373K for 1 h. The treatment resulted in the in-
crease of the specific surface area up to 2@rmom-
pared to the initial value 0.3frg.

The catalysts obtained were studied by different

(1366-1473K) for a ternary system CaO-5iBeO
[8].

The mechanism of iron accumulation in the silicate
melts directly depends on acidity—basicity of melts,
initial valence of iron and composition of gas phase.
As the oxidative potential of the system increases and
the melt is cooled, the solubility of iron decreases.
This effect is accompanied by crystallisation of a fer-

methods: SEM, Mdssbauer spectroscopy, electron rosilicate melt to form a ferrite spinel and polymeri-

probe microanalysis. Detailed description of the
analysis technique was given in the previous works
[3-5].

Catalytic properties of microspheres were stud-
ied in a microcatalytic set-up with a quartz reactor
loaded with 0.3 g of the catalyst and reaction mixture
(CH4:02:He 30:15:55vo0l%). Preliminarily the

sation of a residual silicate melt forming the magnetic
microspheres. It is just this stage which is responsible
for the formation of the globule porous structure and
crystallites of the spinel phase determining the prop-
erties of the novel catalytic systems in oxidative con-
version of methane.

The size of the spinel crystallites, the morphology

catalysts were exposed to a standard treatment by anand variations of composition for individual globules
oxygen flow at 823K for 1 h. The composition of the of cenospheres as well as massive and porous micro-
product stream was analysed by the chromatographspheres (0.1-0.16 mm) were determined by SEM and
“Biochrom-1" using thermal conductivity and flame electron probe microanalysis. The analysis of SEM
ionisation detectors. The rates of products formation images for the microspheres has shown that there are
in deep oxidation were determined under steady-statetwo morphological types of globules including mas-
condition for oxygen conversions of less than sive (Figs. 1a and 2a) and porous (Figs. 1b and 2b)
5%. ones. It should be noted that K series contains 85-90%
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Fig. 1. Magnetic microspheres 0.1-0.16 mm of K and P series: (a) massive; (b) porous; (c, d) cenospheres 0.1-0.16 mm; (e) the surface
of initial cenospheres; (f) the surface of cenospheres after HCI etching.

massive globules, whereas the content of the sameTaking into account that microspheres contain both
ones in P series is 40-55% (Figs. 1a and 2a). Ceno-CaO, MgO, SiQ, Al,O3 and iron oxides, the
spheres are the hollow microspheres with a shell of data obtained are presented as a ternary diagram
5-10pm in thickness (Fig. 1c and d). The distinc- (CaO+ MgO)—SiO, + Al203)-FeO (Figs. 3 and
tions between different types of globule morphology 4). For massive microspheres of K series some com-
is likely to be resulted from the different compositions positions fall on an FeO-calcium silicate line and
of ferrosilicate melt formed in combustion of coals cover a wide field of the diagram corresponding to
and lignite. the composition of olivine (Fig. 3). The other com-

To elucidate the influence of initial melt com- positions are located in the field of ferromontichellite
position on the globule morphology the individ- CaFeSiQ, calcium ferrites including monocalcium
ual massive and porous globules (K and P series) ferrite CaFeQ and semicalcium ferrite Cag®4 and
were studied by the electron probe microanalysis. fayalite 2FeCGSiOs.
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Fig. 2. Polished cross-sections of magnetic microspheres 0.1-0.16 mm of different morphology: (a) massive; (b) porous.

Another trend of crystallisation which is char- There are some compositions of porous globules in
acteristic for porous microspheres is in the more the field of calcium ferrites and close to fayalite
acidic field of wollastonite (Fig. 4). The silicate 2FeOSiO;.
binder of the P magnetic microspheres is also in the Based on the study of the individual globules of
field of olivine as in the case of K microspheres. magnetic microspheres, it can be concluded that dif-

Si0,+ALO

Series:
QO -K0.1-0.6 (82 points);
@ -P0.1-0.6 (41 points)

0, 2 014 016 0,8
CaO+MgO0 FeO

Fig. 3. Chemical composition (wt.%) of massive magnetic microspheres of K and P series 0.1-0.16 mm in the limits of a ternary diagram
(CaO+ MgO)—(SiO; + Al03)-FeO.
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Si0,+Al,0,

Series:
O - K 0.1-0.6 (27 points);
@ - P0.1-0.6 (17 points)

0,6

0,8

0,2 0,4 0,6 0,8
CaO+MgO FeO

Fig. 4. Chemical composition (wt.%) of porous magnetic microspheres of K and P series 0.1-0.16 mm in the limits of a ternary diagram
(CaO+ MgO)—(SiOs + Al,03)—-FeO.

ferent morphology types of microspheres are arisen of acidic and basic oxides. It was established that the
from the melts of different composition. The attempt common feature of the glass phase of porous glob-
to describe reasons responsible for formation of cer- ules compared to massive ones is an enhanced content
tain structural features which are important in cataly- of an acidic component AD3 and a reduced content
sis will be made below. of a basic component CaO. This fact causes the de-
crease of the basicity modulus from 0.8 (massive mi-
3.2. The influence of composition on the morphology crospheres) to 0.2 (porous microspheres) for K and P
of globules, crystallite size and defect structure series. Cenospheres are characterised by the least ba-
sicity modulus equal to 0.05 (Table 1).

From the data of the electron probe microanaly-  Apart from the fact that cenospheres and massive
sis, compositions of the glass phase in microspheresmicrospheres are constituted by glass of different com-
were classified according to its basicity moduls = position, they correspond to various types of eutectics.
(CaO+ MgO)/(SiO, + Al,03) depending on aratio  The basic melts are more mobile for gas inclusions

Table 1
Average chemical compositions (wt.%) and basicity moduMsg) (of glass phase of magnetic microspheres and cenospheres 0.1-0.16 mm
according to data of electron probe microanalysis

Type of morphology Content (%) Si0 Al;,03 MgO CaO FeO MnO POs b)) Mp
Microspheres of K series

Massive 85-90 28.7 1.2 1.1 22.7 39.2 0.9 0.3 94.1 0.8
Porous 10-15 30.5 16.5 1.7 6.0 44.4 - 0.1 99.2 0.2
Microspheres of P series

Porous 50-60 32.2 12.6 6.0 3.7 38.8 1.1 0.1 94.5 0.2
Cenospheres

Hollow 98-100 62.3 19.9 2.3 15 5.9 0.1 0.2 92.2 0.05
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formed at thermal dissociation of minerals to be able (Fig. 2b). The fine crystalline structure of a cenosphere
to easily escape from the melt. This fact explains a shell is distinctly displayed only after HCI etching
low content (10-15%) of porous microspheres in mag- (Fig. 1e and f). Sizes of spinel phase crystallites deter-
netic products of fuel ashes formed from lignite (K mined from SEM images are 10-p®n for K series
series). Amount of porous microspheres in magnetic and 2—5.m for P series. Cenospheres are formed from
products of coal ashes formed from acidic melts is ultra acidic melts of high viscosity which are poorly
50-60% (P series). In this case the gas bubble is notcrystallised and vitrified at cooling, the dimension of
able to escape from viscous acidic glass. The polished ferrite phase inclusions in a cenosphere shell being in
cross-sections of individual globules display that the the range 0.1-0.3m.

coarse crystalline structure of spinel phase is charac- The Méssbauer spectrum of magnetic microspheres
teristic for massive microspheres (Fig. 2a), but porous is superposition of several subspectra for different
microspheres are fine crystalline dendrite formations non-equivalent iron positions (Fig. 5). The parameter
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Fig. 5. Mossbauer spectra of magnetic microspheres and cenospheres: (a) K series 0.1-0.16 mm; (b) P series 0.1-0.16 mm; (c) cenospheres
0.1-0.16 mm of 0.52 g/cy (d) cenospheres 0.1-0.16 mm of 0.52 glcafter HCI etching. The assignment of A, B1, B2, C, D and E to
the iron valence or position is marked in Table 2.
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Table 2
Mossbauer parameters of initial magnetic microspheres and initial cenospheres (0.1-0*16 mm)
Sample 3 H & w S Assignment
K series 0.39 518 -0.34 0.25 0.08 (A) (=22 a-FeO3
0.32 493 0.00 0.52 0.45 (B1) Fe Spinel phase
058 457 0.00  0.87 0.41 (B2) Bt Spinel phase
0.14 0 0.84 0.83 0.06 (E) e (4) Glass silicate
P series 0.38 515 —0.29 0.25 0.05 A) FE a-Fe03
032 489 —0.04 052 0.47 (B1) =33 Spinel phase
059 450 —0.04  0.96 0.42 (B2) Fet Spinel phase
0.09 0 0.65 0.62 0.06 (E) e (4) Glass silicate
Cenospheres of 0.52 g/ém 0.42 479  —0.02 0.65 0.13 (B1) R Spinel phase
0.55 440 —0.05 1.34 0.32 (B2) Fet Spinel phase
1.04 0 2.05 0.98 0.28 ©) 2 Mullite
0.45 0 1.12 0.82 0.20 (D) P& (6) Glass silicate
0.29 0 0.05 0.60 0.07 (E) Be (4) Glass silicate
Cenospheres of 0.52 g/énafter HCI etching 0.39 472 —0.20 0.73 0.08 (B1) R Spinel phase
0.51 413 -0.16 1.51 0.25 (B2) Fet Spinel phase
1.03 0 2.02 0.98 0.34 ©) Be Mullite
0.36 0 1.14 0.86 0.26 (D) P& (6) Glass silicate
0.21 0 0.34 0.36 0.07 (E) Be (4) Glass silicate

as: isomer shift relative to natural iront0.02 mm/s;H: hyperfine field,+5kOe; ¢: quadrupole splitting+0.04 mm/s;W: width of
spectral lines;S occupation of the certain phase or crystallographic position by iehp3; F&5*: iron in a state of a mixed valence
arisen from fast electronic exchange between ions 8t Fend Fé1 in octahedral positions of magnetite.

values of subspectrum hyperfine structure allow to ric magnetite). The observed excess offFén the
identify the valence state of iron and its assignment to spinel phase cannot be explained only by formation
specific phase (Table 2). The study of the temperature of Mg, Mn-ferrites because their content in the crystal
influence on Mdssbauer spectra has shown that thephase is low. It is likely that the most part of octa-
relation of magnetic and paramagnetic phases of ceno-hedral iron cations in magnetite does not take part in
spheres is not changed up to the temperature of liquid the electronic exchange due to distortion of the crys-
nitrogen. This fact points to the presence of param- tal lattice and/or presence of cation and anion vacan-
agnetic compounds of iron identified as?Femullite cies. The most probable reason of théFexcess is
and Fé* (6- and 4-coordinated)-iron silicate [9]. the cation vacancies in the magnetite structure. Con-

The initial samples of K and P series are char- sequently, the spinel phase should be divided not into
acterised by the similar values of ratio of iron magnetite and ferrite but into two magnetite phases
phases and Mdssbauer parameters of the spinel phaséncluding the ideal phase with the electronic exchange
(Me,2tFe, ;3 [Fe. 2t Fer .3 Me,2t104 (Me = and phase with defect structure without exchange.
Ca, Mg, Mn). Moreover, the spinel phase of micro- The hematite amount in initial cenospheres is be-
spheres of P series is more disordered. This is evi- yond the detection limit with the spinel content be-
denced by the more wide spectral lines and reduceding lower than in K and P series. Comparing to the
values of hyperfine fields. K and P series, the B1/B2 ratio being equalgtg1

As it can be calculated from the data of Table 2 for deviates from the ideal value in the opposite direc-
K and P series, the ratio of the area of sextet (B1) to tion. This fact testifies that the spinel phase is char-
that of sextet (B2) (see caption of Fig. 5 for a defi- acterised by an excess of¥eand/or oxygen vacan-
nition of these sextets) is significantly different from cies. The content of oxygen vacancies in cenospheres

24 is lower than the content of cation vacancies in K and

this ratio for stoichiometric magnetites€, 224 for
K and P series, respectively, ar%dfor stoichiomet- P series. At the same time the hyperfine fields on the
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Table 3
Characteristics of samples and their specific catalytic activity in
30:15:55 vol%b)

A.G. Anshits et al./Catalysis Today 64 (2001) 59-67

the reaction of deep oxidation of md&thané78K, CH;:Oz:He =

Sample Size of Bulk weight Surface area  Total content  Content of Fe in W x 1016 (CHy
particles (mm) (glcn?) (BET) (mP/g)  of Fe (Wt.%) spinel phase (wt.%) molecules/Ms)

Cenospheres 0.2-0.4 0.36 0.4 4.8 0.8
0.2-0.4 0.45 0.3 4.6 1.6
0.2-0.4 0.52 0.4 5.2 6.6
0.16-0.2 0.36 0.4 4.7 0.6
0.16-0.2 0.45 0.3 5.2 1.0
0.16-0.2 0.52 0.3 5.2 4.8
0.1-0.16 0.36 04 4.9 3.1 1.0
0.1-0.16 0.45 0.3 5.4 2.9 11
0.1-0.16 0.52 0.3 5.7 2.6 11.9

Cenospheres after 0.1-0.16 0.52 3.2 4.5 15 0.5

HCI etching

P series 0.1-0.16 1.8 0.5 57.7 35.2 15.4

K series 0.1-0.16 2.3 0.3 61.2 34.9 10.1

a-FeOs <0.05 - 0.4 69.9 - 27.0

iron nuclei of the spinel phase are noticeably less than actor [10,11]. It was shown that differences of the
in K and P series but spectral lines are substantially ferrite activity are in the range of one order of mag-

widened. These data indicate that the spinel phase i

nnitude, a-Fe0O3 being the most active among the

the cenospheres is the more heterogeneous than in theatalysts studied. Under reaction conditions iron fer-
microspheres. The isomer shifts are enhanced, respecrtite (FeOg) transforms tax-Fe,O3 which determines
tively, K and P series due to the decrease of an elec- catalytic properties. The similar conversion of ferrite
tron density on the iron nuclei. The heterogeneity of spinel into a-Fe03 was established by authors for

the spinel phase is accompanied by expansion of th
lattice.
The complex characterisation of magnetic mi-

emagnetic microspheres of K series in the reaction of
oxidative coupling of methane [12].
The properties of cenospheres of different bulk

crospheres and cenospheres performed by mod-weight and microspheres of K and P series as well as
ern physicochemical methods has shown that the the activity of a-FeOs are presented in Table 3. In

morphology of globules, crystallite size and defect
structure of a catalytic active component (ferrite
spinel) depend strongly on the modulus of basic-
ity of the glass phase of magnetic microspheres
Because of this, the comparison of catalytic prop-

spite of the fact that the microspheres of K and P se-
ries have the similar high contents of the defect spinel
phase, their specific activity differs by a factor of 1.5

. (Table 3). The more readily accessible active phase for
components of a gas phase can be the reason of the en-

erties of magnetic microspheres and cenosphereshanced activity of microspheres of P series which are

in reaction of deep oxidation of methane was of
interest.

3.3. Catalytic properties of magnetic microspheres
and cenospheres in reactions of deep oxidation of
methane

Catalytic properties of ferrites MeF®, (Me =
Mg, Mn, Co, Ni, Cu, Zn, Cd), F€3 and FgO4
in the reaction of methane oxidation were studied
in detail earlier at 623—-808 K using gradientless re-

characterised by the increased porosity of globules and
less sizes of crystallites. It should be noticed that the
activity values of both the spinel phases anéfe,O3

are in a good agreement with results presented in
[10,11].

The content of total iron and the spinel phase in
cenospheres is smaller approximately by a factor
of 10 as in microspheres of K and P series (Table
3). In accordance with the results of the Méssbauer
study (Table 2, Fig. 5) the defect structures of spinels
are strongly distinguished and characterised by the
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oxygen deficiency in the case of cenospheres of 4. Conclusions
0.1-0.16 mm. The growth of the specific activity with
the increase of the globule density is observed for 1. Correspondence between the globule morphology,
all fractions of cenospheres. The specific activity of crystallite size of the ferrite spinel and the basic-
cenospheres of 0.1-0.16 mm is raised by one order of ity modulus of the glass phase for magnetic micro-
magnitude as the content of the spinel phase decreases spheres and cenospheres was established.
(Table 3). It can be explained by the different accessi- 2. The defect spinel phase of magnetic microspheres
bility of the active spinel phase for components of the is characterised by the excess of Féut the spinel
reaction. phase of cenospheres contain in exce$s Bad/or

To clarify the question the more active ceno- oxygen vacancies.
spheres (0.1-0.16 mm, 0.52 gRnwere etched with 3. The catalytic activity of magnetic microspheres and
hydrochloric acid. The etching of the cenospheres  cenospheres in deep oxidation of methane depends
caused the decrease of the reaction rate by a factor on the extent of accessibility of the defect spinel
of 20 in deep methane oxidation with the specific phase.
surface of cenospheres increasing by one order of
magnitude. This fact can be an evidence of the al-
most complete elimination of the accessible active

component (Table 3). Alternatively, cenospheres after e thank Krasnoyarsk Scientific Foundation for fi-

HCI etching save magnetic properties pointing to the nancial support of the research (1M0051).
presence of the spinel phase inaccessible for HCI.
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