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On the basis of results from instrumental neutron activation analysis of trace
elements in oil shale, coal and their combustion ashes at power plants, it has
been confirmed that these elements are remobilized during the combustion
process.

Introduction

Instrumental neutron activation analysis (INAA) was applied to measure
the concentrations of 40 chemical elements in oil shale and coal and in
the products of their combustion at power plants, the latter consisting of
ash from different points in the furnace and stack, including fly ash.
Special attention was paid to the fine fractions of fly ash, since micron and
submicron particles are responsible for the long-distance transport of air
contaminants. The detection limits of all measured elements which were
studied were lower than their mean amounts in the earth’s crust (this latter
value is K).

Concentrations of heavy metals, including radioactive U and Th, and
Cr, Co, Ni, Zn, Mo, Cd, Hg, etc., and toxic nonmetals - As, Se, Br, Sb -
were determined in the initial fuel and its combustion products at two
large power plants. The first one - the Baltic Power Plant (Estonia) - is
oil-shale-fired, the second one in Chengdu (China) is coal-fired. There are
many similar features in the changes of the trace element composition of
combustion products of both oil shale and coal. Fly ashes are mostly
enriched with volatile elements. Consequently, it is evident that the
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remobilization of trace elements has taken place. The behaviour of these
elements, as revealed by INAA, corresponds to the model of volatilization
and condensation processes occuring during combustion of solid fuel.

Solid fossil fuels - oil shale and coal - will remain the most economic,
generally acceptable and readily available fuel for power production in vast
regions of the world well into the future. The total world resources of oil
shale are estimated to be 11.5 Ttons and Estonian kukersite comprises
2.1 Gtons of this resource. The annual oil shale production in Estonia is
about 30 Mtons, of which 20 Mtons are used in power plants.

Coal resources are abundant, as compared to other fossil fuels. On a
world scale, the availability of oil and gas can be measured in decades,
whereas identified coal reserves are sufficient for many hundred years. This
ensures long-term availability of coal at an increasingly competitive cost.

The total annual output of coal in the entire world is presently about
3.5 Gtons. The leading countries in coal production are China, USA and
Russia. China produces 1 Gton of coal annually, it makes up 75 % of
China's total energy supply. In China, 70 % of particulate emissions and
90 % of discharged sulphur dioxide originate from coal burning.

Medlin and Simon [1] have pointed out that for a complete
characterization of a solid fuel, not only economically important
parameters, but also the entire list of chemical elements present in the fuel
have to be determined. Minor and trace elements are to be included in
this list, too. In fact, the minor and trace elements in coal are remobilized
during mining and combustion and consequently may be released into the
environment. The authors of the present paper consider a complete
analysis of fuel combustion products also very essential. Although many
elements are present in coal only in trace amounts, burning large amounts
of coal may cause a relatively extensive contamination with trace toxic
elements. For example, about 50 thousands tons of arsenic, a toxic trace
element, is released into the global environment every year as a result of
coal combustion [1].

Practically every improvement in the technology of fossil fuel
combustion is accompanied by some changes in the composition of
combustion products - whether in the ash from different points in a power
plant or the fly ash. Modernization of the equipment for removal of
suspended particles (e.g. cyclones, precipitators, filters) also has an effect
on the composition of ash. This is especially true with fly ash, where some
redistribution of chemical elements between different phases occurs. To
observe these changes a multielement and sensitive analytical technique
has to be used.

In the study of combustion products from solid fuel, special attention
must be paid to fine fractions of fly ash. The settling rate of small particles
is very low, and they may therefore remain in suspension for several days.
Consequently, micron and submicron particles are responsible for the
long-distance transport of air contaminants. Fine-size particles may
penetrate into the lungs and stay there (“respirable” particles). It has been
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observed that small particles usually contain the highest amounts of some
toxic chemical elements, evidently being more harmful to man than larger
particles.

The aim of the present work was to use INAA to investigate changes in
the elemental composition of solid fuel and its combustion products at
consecutive stages of combustion.

Experimental

The elemental composition of different combustion products generated at
two large power plants burning solid fossil fuel was studied. The first one -
the Baltic Power Plant (Estonia) - is fired with oil shale and has a capacity
of 1600 MW. The second plant, with a capacity of 330 MW, is coal-fired
and is located in the town of Chengdu (China, Sichuan Province). In both
cases, the compositions of fuel and of various types of ash and fly ash were
determined. Moreover, in China samples of aerosols (urban dust) were
also collected at different distances from the power plant for study.

INAA was used with high fluxes of reactor neutrons having an elevated
cadmium ratio value. The samples of solid fuel, ash, fly ash and aerosols
were packed into quartz vials or into aluminum foil. The average mass of a
sample was about 40 mg. The samples, together with a set of multi-
element geochemical standards, were irradiated during periods of 10 or
24 hrs. with thermal or epithermal neutrons having a total flux density of
5 x 1013 cm=2 s-!. With the help of standard reference materials (using the
internal standard method), the concentrations of the following 40 chemical
elements were measured: Na, K, Ca, Sc, Ti, Cr, . Fe, Co, Ni, Zn, As, Se,
Bi=Rb.Sr; Zr, Moz Ag,:@d,:Sb. \@s;-Baj.l.a;; Ce,-Ne.#8m,: Eu, Tb; Ho,
Tm, Yb, Lu, Hf, Ta, W, Ir, Au, Hg, Th and U. The spectral lines of
radionuclides of these elements, in their gamma spectra, were free from
interferences, so INAA is capable of identifying them. The detection limits
of all these elements were lower than their mean amounts in the earth’s
crust (K). The average quantification errors for most of the elements which
were studied did not exceed 20 %, including both precision and accuracy
parameters.

Results and Discussion

Figure 1 is a presentation of the data from the INAA study of oil shale
composition along with the composition of the combustion products at the
power plant in Estonia [2-4]. Ash was analyzed in detail. In addition to
the oil shale samples (), the following samples of ash were studied:
furnace bottom ash (2), gas duct ash (3), cyclone ash (4), four-fielded
electrostatic precipitator ashes (5-8) and fly ash from the exit gas (9). The
values of the mean amounts of the respective elements in the earth’s crust,
K, are marked by horizontal lines with the indexes Ky, Kgp, etc.
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Fig. 1. Elemental concentrations for (¢) U and Th; (6) Ce and Yb; (¢) Ni and Cr;
(d) Rb and Cs; (e) Zn and As; (f) Sb and Br, as measured by INAA of oil shale
and its combustion products. / - oil shale, 2 - furnace bottom ash, 3 - gas duct
ash, 4 - cyclone ash, 5-8§ - electrostatical precipitator ashes, 9 - fly ash from exit

gas
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The K values were taken from a 1ev1ew compiled by Ovtchinnikov,
pubhshed in ‘1990 [5].

- Conversion of oil shale into the furnace bottom ash is accompanied by
‘an increase in the corténts of U, Th and rare earth’s elements (REE). The
.concentrations of U, Ce and Yb in the other types of ash are virtually the
same. Only the concentrations of Th are slightly higher in fly ash. Absolute
amounts of the REE in ash are small less than their mean amounts in the
earth’s crust.

* Furnace bottom ash contains more nickel and chromium than the
1n1t1a1 fuel. The concentrations of thése elements increase in the overhead
ash from the boiler along the ash duct and achieve maxima in the fly ash
in the exit gas. However, the contents of Ni and Cr never reach their
corresponding K values.

. The next diagrams in Fig. 1 are related to volatile chemical elements.
The concentrations of the rare alkaline metals - Rb and Cs - in the
furnace bottom ash are practically the same as in oil shale, but the ash
samples taken along the track of its collection at the power plant show a
gradual increase in Rb and Cs amounts. The concentration of these metals
exceed their K values in ash samples from the last fields of a precipitator
and in fly ash from the exit gas.

‘A similar behaviour is demonstrated for zinc and arsenic. The ash
samples ‘from the last fields of a precipitator and from the exit gas are
characterized by Zn and As concentrations which are many times higher
than their Kz, and K, values. As to the last diagram, where the changes
in the content of Sb and Br are shown, one can see that the

concentrations of these elements also increase gradually along the ash
collection track. There is only one difference, namely in the behaviour of
Br. The combustion of oil shale proceeds in a manner that leads to a sharp
decrease of the content of Br in the furnace bottom ash. The
concentrations of Sb, and especially Br, in all samples studied significantly
exceed the mean concentrations of these elements in the earth’s crust.

Thus, the results obtained by using INAA in the study of variations in
the elemental composition of oil shale products confirm the model of
volatilization and condensation processes proposed previously [6].
According to this model, volatile components are vaporized during
combustion 4nd later they condense on the surface of the ash particles
during cooling. Since finer fractions of fly ash have a larger specific
surface, those particles would be enriched by these volatile compounds.

Figure 2 demonstrates the results of the present study carried out at the
coal-fired power plant. One can observe the changes in the concentrations
of some elements beginning from coal (/), to furnace bottom ash (2), gas
duct ash (3), cyclone ash (4), and finally, to fly ash (5). In addition, the
mean, concentrations of the same elements, as measured in aerosols
collected at distarices of 1.5 km (6) and 2 km (7) from the power plant are
presented.
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Fig. 2. Elemental concentrations for (@) U and Th; (6) Ce and Yb; (¢) Fe and Ni;
(d) Cr and Ba; (e) Zn and As; (f) Br and Hg, as measured by INAA of coal, its
combustion products and and air-transported aerosols. / - coal, 2 - furnace bottom
ash, 3 - gas duct ash, 4 - cyclone ash, 5 - fly ash from exit gas, 6 - aerosols taken
at 1.5 km from the power station, 7 - aerosols at 2 km from the station
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The behaviour of two radioactive elements - U and Th - during coal
combustion is practically the same. The content of U and Th in furnace
bottom ash exceeds their content in coal. The concentrations of these
elements in ash are also rather high, but the two radioactive elements are
absent in the aerosol samples taken at the distances of 1.5 and 2 km.
Consequently, it is apparent that U and Th primarily remain near the
power plant.

The rare earth’s element (REE) patterns are similar to those of U and
Th. Figure 2 shows the changes in the concentrations of one light and one
heavy REE, Ce and Yb, respectively. As in the case of U and Th, the
concentrations of the REE in coal are higher than their mean amounts in
the earth’s is crust. Furnace bottom ash and overhead ash are highly
enriched with REE, but the contents of these elements in distant aerosols
are close to their mean concentrations in the earth’s crust. Evidently, the
radioactive and rare earth’s elements are not transported far from the
power plant.

Figure 2 also shows the changes in the concentrations of the elements
of the iron group (Fe, Ni, Cr), and the behaviour of Ba. Furnace bottom
ash and fly ash are both enriched with all these elements as compared to
the initial coal. However, in contrast to the previous cases, the amounts of
Fe, Ni, Cr and Ba in aerosols are very high as compared to the ash
remaining at the station. One can give two explanations for this
phenomenon. First, it may be caused by the presence of iron and other
elements present in fine particles within the exit gas which are capable of
long-distance transport. However, this reason is quite improbable, because
only volatile elements are known to be concentrated on small particles,
whereas compounds of Fe, Ni, Cr and Ba are, as a rule, not volatile. So
the second explanation is more likely: the source of these elements is not
the power plant but some other plant in the industrial zone within the
same town. It is worth noting that the concentrations of Fe, Ni, Cr and
Ba both in coal, and in the products of its combustion, are less than the
corresponding values in the earth’s crust. In the aerosols which were
sampled, the amounts of these elements exceed the values of Ky;, Kci,
ete.

Figure 2 shows further the changes in the concentrations of some
volatile elements - Zn, As, Br and Hg. The content of Zn in coal is less
than its Kz,, value; the content of As, Br, and especially of Hg, in this fuel
are higher than their mean amounts in the earth’s crust. Furnace bottom
ash contains reduced amounts of these elements as compared to coal. The
concentrations of the volatile elements studied are higher in the ash than
in the initial fuel. As to the urban dust (aerosols), the concentrations of
these elements are elevated, especially the concentration of Zn.

The behaviour of volatile elements corresponds to the model of
volatilization and condensation processes. One can see that the main
features characterizing the changes in the concentration of elements are
similar to those for oil shale.



136 L. Petsetal.

CIK Fig. 3. Results of- INAA
100 _Cd of the aerosol samples taken
Zn Sb A at adistance of 2 km from
Au §
Ag B the coal-fired power plant
Se Hg
o
10 s
Ir z¢

o Ho ©¢ Cr Nd pe
A Th CquBa TSN

L

In Figure 3, the results of INAA of 2 km aerosol samples from the
coal-fired Chengdu power plant are shown. One can observe the presence
of a group of trace elements in aerosols - Zn, Cd, Au, Sb, Ag, As, Se, Br,
Mo, Hg, etc. Most of these elements are volatile. The capability of fine
aerosol particles to carry elements of high volatility has also been observed
earlier [7]. The high ratio of the concentration of volatile elements in
aerosols and in the earth’s crust (C/K) confirms the technogenic origin of
these elements. Actually trace elements like As, Se and Hg can be used as
indicators of air pollution caused by coal burning. According to recent
studies, about 65 % of anthropogenic emission of mercury to the
atmosphere originates from coal burning [8]. Regional variations in
anthropogenic Hg concentrations in the environment have been attributed
to the deposition of this element, not in the gaseous state, but in
particulate form. Selenium is observed to have the highest enrichment
level as compared with other elements in coal. A high enrichment level of
coal fly ash with arsenic was established by the recent determinations of As
in some fine fly ashes.

Conclusions

Application of INAA to the study of trace element composition of solid
fossil fuels and their combustion products, showed many similar features
between oil shale and coal. In both cases, a remobilization of elements
and volatile compounds takes place, showing a tendency for the materials
to accumulate on the surface of the fine particles of ash. INAA is a very
effective technique to evaluate different parameters of fuel quality. To
characterize coal beds, a set of 128 parameters, including the
determination of minor and trace elements was proposed [1]. INAA
enables one to determine most of the trace elements, not only in the
initial fuel, but also in all products of combustion.
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INAA is certainly too expensive for routine ‘mé?surements. But it is
convenient for a detailed study to follow any changes in the elemental
composition of the combustion products. These chianges may be caused by
some essential alteration in technology of solid fuel combustion aimed at
improving its efficiency and especially at' diminishing the atmospheuc
pollution by heavy metals and toxic elements. INAA is also useful i
different control studies - for example, for inter-laboratory calibration.

CPABHUTEJIBHOE U3YYEHUE PEMOBUIN3ALINHA
MPUMECHBIX DJIEMEHTOB B ITPOLIECCE
CXKWUTAHHMSA CIAHIA-KYKEPCUTA 1 KAMEHHOT'O
YIJIA HA DJIEKTPOCTAHIIUAX ;

JI. TIELL, I1. BATAHOB, Y2KOY XYHbBIISH
Pesrome

[IpM CXWraHWMM TBEPAOrO TOIMUIMBA B KOTENbHBIX arperatax IPOMCXOAUT
peMOOMIM3aLIUsI TIPUMECHbIX 3JIEMEHTOB, U MX MOBEAEHMUE TMOAYMUHSETCS MOIENU
«ucnapeHue-koHaeHcauus» [1, 6]. Llens naHHON paboTel — CpaBHUTENIbHOE
H3ydyeHWe peMOOMIM3AUMM TMPUMECHBIX 3JIEMEHTOB B IIpOLIECCE CXMUIaHMs
claHLa-KyKePCUTa U KAMEHHOTO YIJisl B KOTEJIbHBIX arperatax 3JeKTPOCTAHIIMMN.

[IpoGbl TOMJIMB M MHUHEPATbHOW YacTH MPOAYKTOB HX CXWTraHWs ObLIU
OTOOpaHbl C TEXHOJIOTMYECKUX Y3JIOB TPakKTa 30JI0yJaBJIMBAaHUSI KOTEJIbHBIX
arperatoB [lpubantuiickoit I'POC (BcroHus), paborawmouieii Ha ciaHLe, WU
sJieKTpocTaHLiMK ropona YsHay (npoBuHLuMs CeiuyaHb, Kurait), ncrnonbs3ylouiei
KaMeHHbIA yrojb. MeTOOOM WHCTPYMEHTAJIbHOrO HEWTPOHHO-aKTMBALIMOHHOTO
aHajau3a B OTOOpaHHBIX Mpobax ompenesieHbl KOHLEHTPALUU COPOKa 3JIEMEHTOB.
JlaHHbIE TIO CJIaHLly M €ro 3o/1aM npuBeneHbl B paborax [2—4]. KoHueHTpauuu
NpeacTaBUTENIEH OTAEbHBIX IPYIN 3JIEMEHTOB MpUBeIeHbl Ha pucyHKax | u 2. Ha
KaXXIOW IuarpaMme [UIsl CPaBHEHMs JaHbl BEJIMYMHBI KIApKOBBIX COAEpPXaHWM
COOTBETCTBYIOILLIMX 3JIEMEHTOB B 3eMHOM Kope [S].

CornocraBjieHWe KOHLIEHTpalMid 3JIEMEHTOB HA DA3JIMYHBIX BTamax orbopa
npo6 BbLISIBJISIET OAMHAKOBbIE 3aKOHOMEPHOCTU B TOBENEHUM 3JIEMEHTOB IIpH
CKMMaHMM Kak claHlia, TaK M KaMeHHoro yrisi. [loaTsepxkaaercs o6oraliaeMocThb
MHUKPO3JIEMEHTAMU JIETYYMX 3071 000MX TOIUIMB M 3HAYMTEJIbHOE KOJMYECTBEHHOE
MPEBOCXOACTBO MUKPO3JIeMEHTOB, ocobeHHo Hg, Se u As, B yrie u ero 3omax mo
CPABHEHMIO CO CIIaHLIEM M €ro 30J1aMM.
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