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HNEDEHO UHLI VE FLUIDNIM KOTLI

Abstract

This work was focused to behaviour of toxic minor and trace elements during coal combustion
in circulating fluidised-bed power station. The evaluation was performed through the study of
unburned carbon particles in terms of elemental and mineral composition as well as its textural
characteristics.

Abstrakt

Tato prace byla zaméfena na chovani toxickych minoritnich a stopovych prvki pfi spalovani
uhli velektrarné s cirkulujici fluidni vrstvou.  Hodnoceni bylo provedeno pomoci studia
nedopalovych zrn z hlediska elementarniho a mineralniho sloZeni, stejn¢ jako jeho texturni vlastnosti.

INTRODUCTION

Czech Republic belongs to the world’s largest brown coal/lignite producers; in 2007 about
48.9 million tones of brown coal and 0.5 million tones of lignite were produced in this region. In
Czech Republic brown coal/lignite represents an important and indispensable supply of national fuel
and energy policy [1,2]. But Czech brown coals/lignite are (at average) quite different from low rank
coals coming from other European mining areas, especially in rather high ash content and some unfa-
vorable characteristics of mineral matter [3]. This is the reason why this work was focused to elemen-
tal behavior during brown coal combustion in fluidized — bed boiler power station. Therefore the flu-
idized-bed combustion is widely used in the Czech Republic as a modern and ecological combustion
technology. Low combustion temperature provides many advantages — lower volatility of many toxic
trace elements, the decrease of thermal NOx emissions, high efficiency of sulphur capture due to
limestone addition and so on. Even though the fluidized-bed is used as a modern and ecological tech-
nology, many problems still have not been satisfactorily solved, e.g. emissions of toxic minor and
trace elements from the power stations into atmosphere.

EXPERIMENTAL COMBUSTION UNIT, SAMPLES, METHODS

The aim of this work was to evaluate the behaviour of 15 elements during combustion coal in
circulating fluidised-bed power station in Tisova. The combustion temperature was about 850 °C. In
regular time intervals the samples of coal, bottom ash and fly ash were collected. Unburned carbon
particles were separated from bottom ash by hand. Analysis of major, minor and trace elements was
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carried out using X-ray fluorescence spectrometry on SPECTRO XEPOS. Analysis of mineral phases
was performed by means of X-ray diffraction analysis using BRUKER D8 ADVANCE.Scanning
electron microscope micrographs were taken by SEM PHILIPS XL — 30.

RESULTS AND DISSCUSSION

ANALYSIS OF MINERAL PHASES

The samples of coal (C), unburned carbon (UC), bottom ash (BA) and fly ash (FA) were ana-
lysed for mineral-phases occurrence using X-ray diffraction analysis and the diffraction patterns ob-
tained for these samples are given in Figs. 1A,B,C and D.

Fig. 1. X-ray diffraction patterns of coal, unburned carbon, bottom ash and fly ash.
Q-quartz, L-lime, Cal — calcite, K —kaolinite, H — hematite, A — anhydrite,
Sid — siderite, AlSi - aluminium silicate, Ch - calcium hydroxide, G - goethite, T — anatase
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Fig. 1A. X-ray diffraction pattern of coal Fig. 1B. X-ray diffraction pattern of unburned
carbon
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Fig. 1C. X-ray diffraction pattern of bottom Fig. 1D. X-ray diffraction pattern of fly ash
ash

ANALYSIS OF MAJOR, MINOR AND TRACE ELEMENTS

Contents of major, minor and trace elements in coal (Vdaf = 52.61%), unburned carbon, bottom
ash and fly ash as well as ash contents in these materials are given in Tab. 1

COMPARISON OF ELEMENTAL CONTENTS IN COAL, UNBURNED
CARBON AND BOTTOM ASH

Since the ash contents of coal, unburned carbon and ashes are rather different, the elemental
contents were recalculated to 100% ash content prior to comparison itself.



The recalculation was performed using Eqs. 1-4, where the addition of limestone during the
combustion was taken into account as well.

W, =100 1€ W, =100 e Egs. (1.2)
¢ ve

W =100 —2 g _jgp e Egs. (3,4)
84~ Weao 54 ' Apy = Wewo 14

where w; represents measured contents and W; recalculated contents of studied elements in coal (C),
unburned carbon (UC), bottom ash (BA) or fly ash (FA) and wc,o are contents of CaO in bottom ash
(BA) or fly ash (FA). Ac, Auc, Apa and Aga are ash contents in studied materials.The recalculated
elemental contents are given in Tab. 2.

Measured contents w; Contents recalculated W;
Element Sample El t Sample
C UC BA | FA emen C UC BA FA
Ash (%) 23.4 56.1 98.9 198.8 S (%) 4.7 2.0 7.3 4.0
Na;0 (%) | <02 | <02 =03 | <03 V (ppm) 266.5 456.5 1424 2279

0.4 Cl(ppm) | 177.2 1045 945 169.0

o, < <
MgO (%) | <0.1 | <0.1 | 02 Ni(pm) | 534 587 452 692

ALO;(%) | 6.0 | 158 | 117 |194

5i0y(%) | 118 | 304 | 201 |347 Cu(ppm) | 286.1 3967 173.7 229.6
P0s%) | 01 02 02 |04 Zn (ppm) | 113.6 674 1630 1782
K;d (%) 0.1 0.2 0.5 0.4 Ga (ppm) | 61.5 464 385 65.1
ca0 %) | 07 Ls 462 | 265 Ge(ppm) | 23.1 212 211 231

X As(ppm) | 1665 713 1537  200.6
TiO, (%) | 1.5 42 32 |48 S pp ol 55 s o1
MnO (%) | 002 | 002 | 007 |0.05 e(ppm) | 5. : : :

o Br (ppm) 7.7 4.3 4.6 9.0

Fe,0:(%) | 1.5 2.5 49 7.0
5% ® = n >3 Rb (ppm) | 48.7 642 638 421

Wpm) | 816 1157 431 663
Pb(ppm) | 295 351 370 390
Thppm) | 243 257 232 246

V (ppm) 62.4 | 256.0 75.0 165.0
Clippm) | 415 | 586 | 498 | 1222
Ni (ppm) 12.5 329 23.8 50.1
Cu(ppm) | 670 | 2225 | 915 | 1662
Zn (ppm) | 266 | 378 85.9 | 129.0 Table 2. Recalculated concentrations
Ga (ppm) | 144\ 26.0 | 203 4 47.1 of elements in measured samples
Ge(ppm) | 54 | 119 11.1 16.7
As(ppm) | 39.0 | 400 | 810 | 1452
Se (ppm) 1.2 1.5 1.3 6.6
Br (ppm) 1.8 2.4 24 6.5
Rb (ppm) | 114 | 360 | 336 | 305
W (ppm) 19.1 64.9 22.7 48.0
Pb (ppm) | 6.9 | 19.7 195 | 282
Thpm) | 57 | 144 | 122 | 17.8

Table 1. Ash contents and concentra-
tions of elements in measured samples

The comparison of recalculated contents of elements in coal, unburned carbon and bottom ash
was performed graphically using diagrams showed in Figs. 2-4, which demonstrates the relations
between recalculated contents of elements in coal, UC and BA and the ash contents in these samples.

The gradual burn-up trend of coal particle is demonstrated only in Fig. 2A by dashed line
(connecting the value for coal and BA). In other figures it has not been shown. The UC value was
compared with the total burn-up trend — with the very dashed line. When the value for UC is situated
below the general burn-up trend (Figs. 2A, B and C) the given element is depleted in UC, which indi-
cated its volatile behaviour. If the value for UC is situated above the line (Fig. 3A,B), the element is
enriched in unburned carbon relating the total burn-up trend and therefore this element shows non-
volatile behaviour.

Fig. 4 demonstrates the behaviour of Ge, where the value for UC is situated approximately on
the dashed line, i.e. the volatility of this element corresponds with the total burn-up trend.
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Figs. 2A,B,C demonstrate typical volatile behaviour of As, S, Se, Br, Zn a Cl. Significant non-
volatile behaviour was obtained in case of Ni, Rb, V, Cu and W, whereas the behaviour of Ga, Pb, Th
a Ge did not show a clear trend. Ga was slightly volatile, Pb and Th showed non-volatile behaviour
and the behaviour of Ge corresponds to average mineral matter volatility.
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Fig. 2A. Comparison of recalculated elemental ~ Fig. 2B. Comparison of recalculated elemental
contents of As in coal, unburned carbon contents of S, Se and Br in coal, unburned
and bottom ash (volatile behaviour) carbon and bottom ash (volatile behaviour)
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Fig. 2C. Comparison of recalculated elemental contents of Zn and Cl in coal,
unburned carbon and bottom ash (volatile behaviour)
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Fig. 3A. Comparison of recalculated elemental ~ Fig. 3B. Comparison of recalculated elemental
contents of Ni and Rb in coal, unburned carbon contents of V, Cu and W in coal, unburned
and bottom ash (non-volatile behaviour) carbon and bottom ash (non-volatile behaviour)
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Fig. 4. Comparison of recalculated elemental contents of Ge, Ga, Pb and Th in coal,
unburned carbon and bottom ash (no clear trend)

MORPHOLOGY AND PORE-SIZE DISTRIBUTION

SURFACE MORFPHOLOGY

The surface structure of coal, unburned carbon and bottom ash grains was studied by means of

scanning electron microscopy using the secondary-electron beam method.

In Fig. 6-8 the SEM micrographs of a typical grain of coal (Fig.6), unburned carbon (Fig.7)
and bottom ash (Fig.8) are given; for each particle two photographs were taken — a general view (with

magnification of 50x) and a surface detail (with magnification of 1500x).

The comparison of the surface morphology of coal, unburned carbon and bottom ash particles
suggests that the unburned carbon shows well-developed system of ruptures, pores and cavities
whereas the porosity of coal and bottom ash is rather poor. The origin of the pores, ruptures and cavi-
ties in unburned carbon particles is created by the release of volatile combustibles out of the coal par-

ticle during the combustion process.

AccV SpotMagn Det WD p————— | 500 um
250kV35 50x  SE 108

AccV SpotMagn Det WD p——— | 20um
250kV35 1500x SE 102

Fig. 6. SEM micrographs of coal particle

A) general view (magn. 50 X)

B) surface detail (magn. 1500 X)
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Fig. 7. SEM micrographs of unburned carbon particle
A) general view (magn. 50 X) B) surface detail (magn. 1500 X)
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Fig. 8. SEM micrographs of bottom ash
A) general view (magn. 50 X) B) surface detail (magn. 1500 X)

CONCLUSIONS

Analysis of mineral phases indicated that the most abundant minerals in the coal were quartz
and kaolinite and in unburned carbon it was quartz and anatase. In bottom ash and fly ash except
quartz and anatase also Ca-bearing minerals were observed as the dominant phases — lime and anhy-
drite, which was brought about by the addition of limestone to coal during the combustion process.

Behaviour of elements within the combustion chamber was evaluated through the comparison
of the elemental contents in the coal, unburned carbon and bottom ash. The volatile behaviour was
obtained for As, Cl, Br, S, Zn, Se (and to a less extent also for Ga), typical non-volatile character was
observed in case of Rb, W, V, Cu, Ni and rather slightly also for Pb and Th. Behaviour of Ge corre-
sponded with average burn-up trend of coal particle.

The study of surface morphology of the coal, unburned carbon and bottom ash revealed the
highly-developed system of pores and ruptures in unburned carbon grain, while the coal and bottom
ash particle did not show such porous structure. High specific surface area of unburned carbon

(194 m*/g) corresponds with porous character of this material.

Worked out within the research project:
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National Program of Research — INTERVIRON 2B 06068.
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