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EVALUATION OF MASS BALANCE 1N'y'ESTIGATiONS
IN GOAL-FIRED HO%h/ER PLANTS

bq

Tina Masterson
Heidrun Earnert Wiemer

ACSTRACT

Cool contains trau quantities cif mang elements thet carr be toxic if
present in high enough concentrations . Mang of these elements are released
after combustion into more evailable forms for human assimilation . Hence,
burninq cool increases the potential für toxic trace element hazard.

Assessment of the literature an measurements of trace elements durinq
the combustion of cool hm mode it cleer thet these rneasurerraents are
imprecise and contradictorq.

In this literature review, rnass belance rr eos.urements in Goal-fired plants
evaluated ond research in the enrichment of trece elerr~ents in coa1

hes is reviewed . The problems in meesurinq trace elements in Goal-fired
facilities are presented with the Intention that the knowiedge of the
difficulties outlined fiere will promote Future study and ective research in
these areas .
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I ntroducti an

C=ool conteins treu quentities of mang elements that cm be toxic if

present in high enough concentretion . Meng of these elements ihre releesed

efter combustion into more evaileble forms for human assimiletion, Hence,
burning cool incremes the potential for toxic trace element hezerd . The

question is, does this release directlg or indirectly affect hurnen welfare?
This can not be enswered an the basis of present date . Assessment of the

literature an measurerr ents of trece elements during the combustion of cool
has m ade it cleer that 'heg ihre imprecise end contradictory . There is little

if any date to compere emissions of industrial boilers, end present date is

too inconsistent to permit even generelized conclusions . Eventu llg there

must be e unificetion and improvernent an more basic levels in rnethods of

sampling anelyticel techniques, and date hendling before greater
essessrnent of emissions of cool-fired fecilities cer be exemined.

irr this litereture review, mass belence meesurernents in cool-fired
plents ihre evelueted end research in the enrichment of trece elernents in cool

a;hes is reviewed . The problems in meesurinq trace elements in Goal-fired

fecilities ihre presented with the Intention that the knowledge of the
difficulties outlined here will promote future studg end ective reseerch in

these erees.

2 . Trace Element Mass Ealence Comparisons Between Coel-Fired

Plants

lt is difficuit to eveluote and cornpare systematicelly mass belances in
full-scale boiler because of the veriations in cool composition and operating

conditions. Most trace elernent determinations haue been dane an combustion

froctions in pulverized--coal combustion ('CC:) boilers 250 MW(e) or larger

thet eire used für- power generation . Trece element studies during

fiuidize-bed combustion are .fewercompered to PGG (Littl .ejohn, 1964).

Essentially, there is not enough 63Laileble information in the literature

to present a comparison of trece element beha%rior during cornbustian in

similar boiler types . The types of coal-fired power plents that hieve been
studied vary in net capacities (250, 622, 750, 870 MW(e)), types of emission

controls, and the caal fired . Therefore, any comparison would have to be



greatly generelized . An additional problem in trace element enalyses of

coal-fired facilities is variatiorrs within the saure plant . Flow rotes cri

vary within the same facilitg . Fly ash removel by a precipitator mag be

netter at different operating times . Even trace elements in cooels cen very

between mines and in the saure coal bed, thus making composition of
combustion products different (Keakinen et al ., 1975; Klein et al ., 1975;

Norton et al ., 1965). llut before any major comparison of cool-fired facilities
is appropriate, there has to be the solving of fundamental problems in the

measurement of trace elements in coal-fired plants . frnprovement in

methods of sampling, analytical technique and data handling will render a
more eccurete determination of trace element mass balances and subsequent
comparison of cool-fired facilities.

3 _ Literature Review of Previous Sass Balance Studiss in
Coai°-Fired Plants

To begin a discussion of previous mass balance investigations, it is
appropriate to review e state of the art comprehensive study done by Klein et

al . (1975) and then examine the more recent principal mass balance
investigations that ha~re been performed to assess the flow of trace
elements through coal-fired power plants (Kaakinen and Morden 1974;

Heinrichs, 1977, 1962 ; Meserole et al ., 1979 ; Melke and Bittrrian, 1962;

Klusek et al ., 1963 ; Tadrnor, 1965), with emphasis an the location of
sampling and the type of date reported and utilized in the mass balance

determinations. Finaliy, this review will discuss the problems with mass

balance determinetions and evidence for improvements in measurements.

The study by Klein et al . (1975) was done to determine emission

characteristics and obtain mass balances for thirty-seven trace elements
for the Tennessee Volley Authority 670 M\/(e) Thomas A . Allen Steam Plant

in Mernphis, Tennessee . The mass balance measurements für the Allen Steam
Plant were done using Samples of cool, precipitator inlet and outiet flg ash,

and sieg tank solids . The date required for mass balance celculotions were

concentrations of. elements in each stream and the total flow rate of each

stream (g/min) . imbalances .are calculated using the .following formyla:

;f .i e7ü/7r

	

f ow -A TI, I rx fJc» -Ases /IÜ .i•r,, .. ccc i fIow,)/raai ffü».
ImJJ7ti.riNe ty /A2
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Sempling wes also performed on the precipitotor outlet flue ges to

eveluete precipitetor efficiency for verious elements, thereby providing
some meesure cif etmospheric discherges . The authors considered the flow
of trece elements into the plent with eng suspended porticulate in inlet air
er slurrg weter es negligible in the mess belences . The balences for some

elements ere respecteble (Teble 1 ) . Für others the resuits showed much
greeter negative and positive imbelences für the two Sets of runs performed
during January, 1972 end August, 1973 . Serious negative imbelences occurred

for the elements 5r end Cl . lt wes noted thet the impinger solutions for gas
collection were not enelyzed for these elements . Positive imbelences
occurred for Cr and V, suggesting thet en excess in the fly esh wes due to

corrasion of the boiler tubes . The imbelences of the volatile elements viere

thought to be due to the flue ges sempling method thet was designed
primerilg to collect perticulates efficiently . Arsenic was reported in the

1972 sempling to he ge e lerge negative imbelence, wherees, those velues
abteined in 1973 gave en equelly lerge positive imbalance. lt wes tentativelg

concluded thet since very little arsenic was found in the impinger solutions,
then orsenic wes minimal in the vepor phese and imbelences were due to
sempling or enalytical difficulties . However, the lerge negative imbelance
(-57%) could impiy the reverse : thet e substential portion of this element

was in the vapor phese of the flus ges end not edequetely sampled.

The cherecter of trece element partitioning within e single pulverized
coal-fired power plent, the 150 MW(net) Unit No. 5 of the Public Service

Campeny of Coloredo's Yalmont Power Station neer 5oulder, Coloredo, was
investigeted by Kaakinen and Jot-den (1974) . Sempling was performed on all

potientielly significent inlet and outlet streems of trece elements et ebout
the saure time . These included coel ; bottom esh; ash from the mechanicel

callectür hopper and electrostatic precipitotor hopper; fly esh from flue ges

et the scrubber inlet, scrubber outlet, and electrostatic precipitetor outlet;
scrubber slurrg ; end scrubber mekeup waten . No gaseous trece elements in

the fiue ges were successfuily sempled . Total muss flow retes (the solid

end/or liquid flow et each point, avereged für three runs) were celculated,

end mass balences were dune using only 11 elements für which e full set of
meen concentretions hed been obteined (Teble 2 ) . [eneralized results were

reported for element concentretions thet were essentially constent in ell
outlet eshes, depleted in bottom esh, or increesed in fly esh collected

downstreem. Lerge imbelences were found für Se and Hg supporting the
theory thet major portians of . inputs of these elements 1eft as vepcrs or very



"fable 1 : Trace element flows through a coal-fired power plant . (After Klein et ai ., 1975)

Element flow, g/rain
lmbalance

Atmospherio
Element

Coal Inlet gas

-

	

o
/o

discharge
glminSlag Inlet tly ash

Al

	

72 14,000 10,400 3,600 0 400

Al

	

73 15,340 8,620 6 .720 0 30
As

	

72 5 .3 0.5 1 .8 - 57 0 .2
As

	

73 6 .5 1 .5 8 .1 < 0 .1 + 48 0 .2
Ba

	

73 96 42 55 + 1 0 .3
er

	

73 5 .4 0 .2 0 .3 - 90 -- 6
Ca

	

72 5,200 4,000 1,000 - 4 20
Ca

	

73 6,380 3,880 2,360 - 2 10
Cd

	

72 0.58 0 .42 0.30 + 24 0 .01
Cd

	

73 0.69 0 .09 0 .59 < 0 .05 - 1 0 .02
Ce

	

73 12.1 7 .1 6 .2 + 10 0 .04

CI

	

73 1340 8 15 - 98 -- 1,300

Co

	

72 4 .9 2.7 2.1 - 2 0 .04
Co

	

73 4 .3 1,8 2.9 + 9 0 .02

Cr

	

72 27 .5 21 .2 14.0 + 28
Cr

	

73 26 13 22 + 33 0 .3
Cs

	

72 1 .9 1 .1 0 .9 + 5
Cs

	

73 1,6 0 .6 1 .0 0 0.01

Cu

	

73 12.2 1 .7 10 .3 - 2

Eu

	

72 0.30 0 .15 0 .10 - 17
Eu

	

73 0.15 0 .09 0 .09 + 20 0 .0005
Fe

	

72 19,700 14 .800 6,100 + 6 200

Fe

	

73 15,950 9,440 8,940 + 16 60
Ga

	

73 6 .6 0.4 6.0 - 3
Hf

	

73 0 .59 0 .39 0 .30 + 17 0 .002
H g

	

73 0 .18 0 .002 0 .004 0 .17 0 0 .1
(gas oniy)

K

	

72 2,700 1,550 850 --

	

11 20
K

	

73 2,260 1,330 1,480 + 24 9
La

	

72 6.5 5 .5 1 .8 + 12 0.04
..a

	

73 5.6 3.5 3 .0 + 16 0 .02
Mg

	

72 2,000 1,400 620 + 1 50
Mg

	

73 1,780 1,040 780 + 2
Mn

	

72 66 56 18 + 12 0 .8
Mn

	

73 49 .7 24 .9 22 .0 - 6 0 .2
Na

	

72 840 420 320 - 12 8
Na

	

73 1,020 420 750 +15 4
Ni

	

73 23 7 16 0

Pb

	

72 9 .2 0 .6 7 .8 - 9 0 .2
Pb

	

73 7.2 0.5 5 .9 < 0.1 - 11 0 .2
Rb

	

73 22 .8 8 .6 11 .5 - 12 0 .07

Sb

	

73 0 .74 0 .05 0 .89 < 0 .1 + 27 .

	

. 0 .2

Sc

	

72 4 .2 2 .8 1 .5 + 2 0 .2
Sc

	

73 3 .2 1 .8 1 .9 + 16 0 .01

Se

	

73 3 .2 0.0 1 .8 0 .53 - 22 0.4

Si

	

73 33,960 19,300 14,480 - 1

Sm

	

73 1 .47 0.69 0 .78 0 0.003
Sr

	

73 34 14 18 -6
Ta

	

. 73 0.16 0 .08 0 .10 + 12 0 .0007

Th

	

. 73 .

	

3.1 1 .3 1 .5 . - 10 0 .01
Ti

	

72 680 390 230 9 6
Tl

	

73 740 340 440 + 5 4
U

	

72 3 .0

	

. 2 .0 .

	

1 .1 + 3 0 .02
U

	

73 . . 3.20 1 .26 2 .22 + 8
V

	

72 46 34 23 + 24 0 .8

V

	

73 41 .9 21 .9 32.5 + 30 0 .4

Zn

	

72 120 3 78 - 35

	

. 2
Zn

	

73 68 8 .4 55 < 1 .0 - 7 2
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Table 2 : Closure of mass balances . (After Kaakinen and Jorden, 1974)

Relative Imbalance (%)

Element
Analytical

Method Based on
analyses of
ashed coal

Based on
analyses of
whole coal

Mo Color . + 10

Mo XF - 4

Fe AA - 7

Fe XF - 13 - 18

Rb XF -25 -35 a
Sr XF - 17 - 17

Y XF -7 -15

Zr XF -- 20 - 38

leb XF - 16 - 13"

2,O Pb Rad . + 23
210 Po Rad . + 21

Cu XF + 11 + 70'

Zn XF + 9 + 55°

As XF - 1" + 46 !
Se XF - 220' + 62

Sn XF + 45 a + 88'

Pb XF + 13'

reRa Rad . - 60'

a Values involving analyses for which inaccuracies or imprecisions are

indicated to be a problem.

Color . - Colorimetric
AA

	

-- Atomic Absorption Spectrophotometry
XF

	

-- X-ray Fluorescence
Rad. - Radiochemical analysis

Eine particles in the flus gas.

Tedmor (1986) has recentlg perforrned en•irlvolved material balance

coornputation on radioelements 210Pb; Th and . U, using data .from Klein et 1.

0975), Kaakinen et al . (1975), and Norton et al . (1977) . The material balances

ufere computed using öctivit or concentrations previously measured in the
input coal and in the different fractions of esh produced in the coal-fired

pients . These ectiv°ities combined with the peroent p ges of different
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plant . Samples were obtained frorn the brown cool, inlet and outlet

precipitator ash and bottom ash from three boilers . Calculetion of en] feed

rate and the flow rotes of slag and precipitetor ash were done frorn the plant
metering system and corrected to dry weight . Percent irnbalarrces were

celculated usinq the formula:

2 ' 1 Achmee =	 F ec:ipf/ ürfeietAst&tttom -grüezirüc:e7 X 100

rÜeW Cüü

Percent imbelances (Table 4) were in generell negative für most elements
and for Cr, Fe, Sc, V and Zr positive . lt was concluded that the excess of

these elements in the fly ash was possibly due to corrosion of the pipes.
Negative imbalances für As, Eri, Cd, Cl, F, Hg, P, Pb, S, Se, Tl and Zn were
thought to have originated from less efficient retainrrrent by electrostatic

precipitation . The elements were found to be "remarkedly enriched" in the

outlet fly ash . The elements Cl, F, Hg and S were thought to have been

primarily discherged to the atmosphere es gases . A rough estimate is given

for velues of the annual nation-wide trace element emissions due to brown

coal combustion for pawer production (Table 5 ) . The emission values ere

oniy for the elements in the flue gas thet were lese well removed by

electrostatic precipitators . lt was noted thet there is a lack of information
in what form the metals ere emitted and that chiorine and fluorine possibly

participate in the transport of these metals . Chlorides ere known to hone e

high vapor Pressure and to take pari in the transport of heavy metals
(Ahlheirn and Romer, 1984) . In addition, chlorides are found to be the most

volatile naturölig occurring compounds für most metals (Krauskopf, 1979).
As of yet, the extent of the rote of chlorine and fluorine in the transport of
metals in the fly ach and flue gas has not been determined.

A study to .charocterize the routes of twenty-seven trace elements
through four cool-fired Power plante equipped with various ash control
devices was perforrned by Meserole et al . (1979) . Elementei material

balanees were used to verify the rneasured trace element flowe in Bach of
the outlet streams . All inlet and outlet process streams were sempled . The

exit streams included bottom ash, collected fly ash, and vepors in the

exhausted flue gases . The flow rate and aneigneal trace element
concentration date were used to ceiculate the amount of trace elernent that
was entering or exiting the plant in various streams . Closure of these
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Table 4 : Trace element flows through a brown coal fired power plant.
(After Heinrichs . 1982)

Element flow, kg/day

Precipitator lmbalance P.O .A.
Brown coal Bottom ash -°---lnle# ash P .1 .A.

Al 1 .46x105 1 .38x105 6.75x103 -

	

1 (±

	

1) 1 .8
As 4.36x10' 3.71x10' 8.25x10-' -13 (± 3) 5 .2
Ba 1 .71x103 1 .62x103 3.83x10' 3 (± 2) 1 .8
Be 1 .84x10' 1 .72x10' 2.74x10-' - 5(¢ 2) 1 .7
Si 5.61x10-' 4.05x10-' 6 .74x10- 3 -27(_..

	

8) 5 .9
Ca 4.99x10 5 4 .42x105 5 .21x10° -

	

1 (±

	

1) 1 .7
Cd 1 .12 8.44x10- 1 1 .46x10- 2 -23 (± 6) 4 .4
Ce 1 .71x102 1 .52x10 2 1 .65x10 1 -

	

1(±

	

1) 1 .9
Cl 2 .06x10` 1 .05x103 1 .09x102 -94(± 4) 9 .1
Co 6.86 x 10' 6 .75 x 10 1 2 .70 + 2 (±

	

1) 1 .4
Cr 1 .99x102 1 .99x10 2 7 .88 + 4 (± 2) 1 .9
Cu 6.54x10' 6 .41x10' 1 .05 0(T

	

1) 2 .7
Dy 1 .18x10' 1 .15x10' 3 .41x10'' 0(T

	

1) 1 .3
F 2.93x10 3 7 .43x102 2.55x10' -740-11) 6.6
Fe 1 .68x10 5 1 .76x105 1 .58x104 +14(± 6) 2 .0
Gd 4.36x10' 4 .05x10' 9.00x10-' - 5 (±

	

1) 1 .8
leg 3 .43 4,05 x 10-' 1 .13 x 10- 3 - 88 (± 9) 9 .4
K 1 .96 x 104 1 .82 x 10 4 1 .16 x 103 -

	

1 (±

	

1) 1 .5
La 1 .09 x 102 1 .05 x 102 7 .88 + 4 (°r 2) 1 .0
Mg 6.23x10` 5.54x104 6.75x103 0(+

	

1) 2 .1
Mn 1 .68x103 1 .45x103 1 .88x102 - 2(±

	

1) 1 .6
Mo 4.05x10' 3.71x10' 4 .13 + 2 (± 1) 1 .8
Na 2.21x103 2 .03x103 1 .46x10 2 - 2(±

	

1) 1 .8
Nb 7 .48x10' 7 .09x10' 3 .75 0 (±

	

1) 1 .7
Nd 1 .96x102 1 .72 x 102 2 .03x10' - 2 (±

	

1) 2 .0
Ni 7 .48 x 10' 7 .09 x 101 4 .50 +

	

1 (±

	

1) 1 .0
P 1 .12 x 103 9 .79 x 102 3 .53 -12 (± 5) 2 .1
Pb 6 .86 x 10' 5 .74 x 10' 9 .38 x 10-' ---15 (±

	

3) 5 .9
R b 2 .74 x 102 2 .63 x 102 8 .25 -

	

1 (±

	

1) 1 .2
S 1 .84x105 7.76x10" 1 .54x103 -57(± 6) 8.4
Sc 1 .59x10' 1 .59x10' 7.13x10-' + 4(±

	

1) 0 .9
Se 7 .48 6.08 1 .39 x 10-' -17 (± 2) 7.9
Sm 1 .22x10' 1 .18x10' 3.30x10-' -

	

1 i'

	

1) 1 .8
Sr 2.06x103 1 .99x103 5.63x10' --

	

1 (±

	

1) 1 .4
TI 8.41x10-' 7.43x10-' 3.34x10- 2 -

	

8 (±

	

1) 3 .1
V 2 .77x102 3.11x102 9 .00 +16(± 4) 1 .3
Y 9 .97x10' 9 .19x10' 1 .16 -

	

1 (,1

	

1) 1 .5
Yb 9.04 8 .78 7.50x10- 2 - 2 (±

	

1) 1 .6
Zn 1 .40 x 102 1 .15 x 102 2 .74 -16 (± 3) 4 .1
Zr 2 .87 x 102 3 .21 x 102 9 .00 +15(-~ 3) 1 .1

P .O .A . - Precipitator Outiet Ash
P .I .A . - Precipitator inlet Ash
P .O.A

. - Concentration ratlos of the different fly ashes
P .I .A .
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Table 5 : Annual ernissions due to brown-coal combu-
stion of 1 .14 x 105 1 for power production in the
Federal Republic of Germany.
(After Heinrichs, 1982)

Element emission, t/yr

As

	

8 .5 CI

	

2 .9 x 104
Bi

	

0 .23 F

	

3 .3x103
Cd

	

0 .39 F

	

2 .0 x 10 2
Hg

	

4 .5 S

	

1 .6 x 10 5
Pb

	

15.
Se

	

1 .9
TI

	

0 .10
Zn

	

34 .

t/yr - Metric tons per year

balances was accomplished wherr the surr of the trace elements in the
incorning streams equaled within statistical error limits the amount in all of
the exit streems . Out of a total of eighty-one element material halances

computed, sixty-five closed within + or - 35 % and another seven within + or

- 50%' . The material balances in Table 5 were represented as e ratio only:

total sum in autlet streams / total sum in inlet streams

The proportion of input material accounted für in the resulting mass balance
for mercur_g ranged 13 to 212% . At one plant molybdenum resulting mass
belence was 404 per cent . The authors feel the differences cannot simply be

explained by the difficulty of recovering volatile elements from the gas
phase. C:omparing emission from two plants, wich electrostatic
precipitators on the hot side and on the cold side of the air heater, indicated
that some of the valatile elements were not as cornpletely condensed on the
hot side as the cold . Also, that some trace elements were more
coneentrated in smaller particles than in larger ones . This enrichment of
certain elements in the smaller size range, and the relative inefficiency of
collection in this size fange, explained the disproportionate atmo pheric
emissions of some elements . And aside from those elements such as sulfur
and mercury, which are known to be present mastly in the vepor phase, the
other flue gas enriched elements mey exist in Bither the vaporous or
condensed stete and be :ernitted via the flue gas in higher..proportion then
the •bulk fly esh .



'Element Goal
Ash

Slulce
Water

BottomE In Ash

Bottom
Ash Sluice

Water

EconomizerEconomizer
Ash SlulceAsh Water

Fitte Gas

	

Aue Gas
Cyclone South

	

North
Ash Duct

	

Duct
E Out E Out/

E tn

Aluminium 1740 0 .11 1740 ± 220 1480 .30 13 . .05 463 164 82 2200 ± 260 1 .26

Antimony .094 .0048 .10 ± .02 .013 .0061 .00008 .0018 .0049 .040 .025 .09 ± .01 .90

Arsenic 1 .9 .0016 1 .9 ± .3 .33 .0015 .019 .0001 1 .2 .15 .25 1 .9 ± .2 1 .00

Barium 102 < .13 103 ± 23

	

. 96 < .089 1 .3

	

< .044 48 .

	

< 1 .3

	

< 1 .0 147 ± 26 1 .43

Berryllium 14 . .0004 .14 ± .02 ;089 ,0003 .00014 .0003 .052 .0006 .004 .15 ± .02 1 .07

Boron 36 07 36 ± 5 8 .7 .045 .11 .21 10 . 16 . 6 .4 42 ± 3 1 .17

Cadmium .046 .00007 .046 ± .007 .015 .0002 .0003 .0001 .018 .012 .011 0 .56 ± .005 1 .22

Calcium 3220 9 3230 -±- 330 2180 8 . 18 . .4 . 816 . 397 . 204 . 3630 ± 340 1 .12

Chlorine 13 3 .2 16 ± 2 1 .5 2 .8 .02 1 .5 .84 6 .4 8 .0 21 ± 2 1 .31

Chromium 3 .1 < .014 3 .1 ± 4 1 6 . .0094 .019 .0046 .54 .78 .68 3 .6 ± .4 1 .16

Cobalt .18 00007 .18 ± .02 ,17 .0007 .0018 .0003 .081 .062 .039 .35 ± .03 1,94

Copper 2 .5 .002 2 .5 -±-

	

.4 .84 .002 .014 .0007 .90 .42 .20 2 .5 ± .2 1 .00

Fluorine 13 .' .05 13 ± 2

	

< .17 .044 .01 .02 4 .2 6 .4 6 .1 17 ± 2 1 .31

Iron 1770 .11 1770 ± 210 1100 .4 10 . .12 358 2 .08 103 1780 ± 180 1 .01

Lead .20 .0040 .21 ± .04 ,013 .0043 .0013 .0022 .051 .062 .062 .20 ± .02 .95

Magnesium 870 7 880 ± 90 623 4 .6 5 .8 2 .1 226 100 49 1010 ± 100 1 .15

Manganese 18 ` .022 18 . ± 2 12 .0098 .14 .0084 4 .7 1 .6 .8 19 ± 2 1 .06

Mercury . .017 .:0001 .017 ± .002

	

< .0002 < .00008 .00001

	

< .00004 .0011 .018 .016 .036 ± .004 2 .12

Molybdenum .46 .0087 4 .7 ± .08 .30 .0028 .0068 .0010 .38 .46 .70 1 .9 ± .2 4 .04

Nickel 1 .3 .0016 1 .3 ± .2 .39 .0002 .0055 .0006 .24 .52 .56 1 .7 ± .2 1 .31

Selenium .31 .0003 .31 ± .03 .0042 .0002 .00002 .0001 .059 .070 .049 .18 ± .01 .58

.Silver .0079 < . .00006 .008 ± .001 .0018 . .00004 .00004

	

< .00002 .00002

	

< .0007

	

< .0006 .0078 ± .0007 .98

Sulfur 3380 18 3400 ± 340 . 1 : 6 13 . .20 6 .7 54 . 1560 1390 3020 ± 300 .89

Titanium 82 . - .027 82 -1-

	

10 59 < .018 .59

	

< .0087 19 3 .4 3 .3 85 ± 10 1 .04

Uränium .36 .0006 .36 ± .04 .054 .0006 .0017 .0004 .075 .034 .016 .18 ± .02 .50

Vanadium 3 .5 .0013 3 .5 ± .5 2 .4 < .0009 .017

	

< .0004 .54 .57 .41 3 .9 ± .4 1 .11

Zinc 1 .8 .0034 1 .8 ± .3 .30 .0023 .022 .0024 .75 .78 .41 2 .3 ± .3 1 .28

Tabte 6 : Trace element flows* and material balance results around station 1.
(After Meserole et al„ 1979)

.
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A thorough inrvestigation to characterize the various waste strearrrs by
identifying the mass flow rates of the rninor and trace elements in Bach
waste strearn, obtained mass beiances for twentg-eight elements at the 200
F'1\/(e) Tenessee Valleg Authoritg's Kingston Stearn Plant Unit 6 Uielke and
Bitturan, 1962) . The plant's inlet arid outlet flows of the pulverizer, bailer,
arrd electrostatic precipitator were e ..tensively sarnpled. The sampling was

divided into "twa efforts" : one focused an the gaseous and particulate
emissions from the hoher and the ather the different plant ashes . The mass

balance range for the entire system was determined to be -12 .5 to ¢ 6.3%.
Mang of the element mass imbalance exceeded + or - 12% (Table 7 ) . The
relative ahundences of these element in whole coal are given in the rank

column. lt was noted that these "rankings and pereentages depend onlg an the

measured concentrations, not an estimated flows" . Ten of the elements , Al,
Se, Ca, Cr, Fe, Mg, S, Si, Ti and V, had imbalances of less than + or - 15% and
theg represented ebout 93% of the total fly ash and battam ash mass flow

retes . Large amounts of F, Cl, Hg, Se, Sb and Ag were not determined in the
mass belance. The Ag in the sample was too smell to arralyze and the others

were thought to be found in the gas at verg low coneentrations . 1.t was

concluded that samplin,g procedures needed to be improved for these

elements.

Table 7 : Balance of individual elements (After Zielke and Bitturan, 1982)

Rank

	

Element

	

Balance (%)

	

Rank

	

Element

	

Balance (%)

4 Fe 103 .7 21 Pb 82.6

1 Si 99.6 16 Cu 79 .8

15 V 97.6 5 K 79 .2

2 Al 96 .5 22 As 77 .3

25 Be 96.3 18

	

: Zn 69 .6

7 Ti 95 .4 20 Co

	

.. 65 .8

3 S 94.2 28 Cd . 65 .1

8 Mg 92.5 13 B 62 .8

17 Cr 91 .7 23 Ag 36 .1

6 Ca 90.2 26 'Sb 31 .8

19 Ni 89 .7 24

	

.. Se 13.9

11 Ba 88 .1 27 Hg 8.8

14 Mn 87.5 12 F 2 .9_
10 Na 84.4 9 Cl 0 .6
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At the 270 M`W'(e) Millikerr Station cool-fired power plant in the state of
New York, cool, bottorn ash, and fl•g ash were analgzed für 20 elements,
including the major netural radionuclides (Klusek et al ., 1983) . Nass Balance
calculations were computed using everage trace element cancentretiorrs
from samples of cool, flg ash, and bottom ash, and the calculated flow rate
für each compartment . The imbelence was calculated es the ratio:

irnbalance ((total output in ash - input in coel)/input in coal) X 100

The date in Takle 5 indicated a + or - 25 % imbelance between input and
output fier 9 elements and that six of the elements had mare of the element
leaving the streem in the ash than entering via the coei . This disagreement
was attributed ta experimental error . The belences für Kg (-67 m), Sb (-64
%), and Se (-33%) indicated to the authors bei . the total in ash output was
less then caal input . This suggested thet same fraction of the unaccounted

flog mag be discherged into the environment through steck ernissions.

A recent Germen mass belance studg supports the "rille of uncertaintg of
samplinq, streerh collection, and analgsis" in the imprecise determination of
trace element mass belances in coal-fired plants (Gerhard et ah, 1965) . The
euthors indicated that affig a few trace element amounts in the caal were

epproximateig accounted für in the slaq, flq ash, flue-gas dust, and purified
flue gas from the cambustion of cool in three power piants.

4. Discussion of Literature: Overview of Problems in Mass
Balance Determinatios

Ideallg, one should be eble to calculate en exact belance of elements
entering and leaving e steam plant, since the weight of each trace element

that entern in the caal and the weight of each trace element thet leaves in
ash, slag, and gas should he able to be determined. The inabilitg ta
eccuratelg sample e tacilitg, combined with paar enalgtical technique and
the lass of some waste products, resuits in mejor inconsistencies and

problems with mass baiance n easurernents . These include the large element
imbelances and the hendling and Interpretation of date to indirectlg
determine deposition or emission velues of trau elements.

Previaus mass belance studier have represented aride margins of error

in mang of the element beiences. Serious positive and negative imbeiences
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Table 8 : Trace element flow and percentage imbalance.
(After Klusek et al ., 1983)

Element Flow e (g/min)

% Imbalance bElement

Coat Fly Ash Bottam ash

Ag 0 .25 0.22 < 0 .003 -12

Al, % 225 1 .72 0 .43 -4

As 4.77 4.18 0.16 -9

Be 0.48 0.57 0.22 65

Cd 0.11 0 .08 0 .01 - 18

Co 520 5.66 1 .65 41

Cr 19 .93 20 .48 5.39 30

Cu 12 .13 11 .86 2.39 17

Ga 3.21 4 .31 1 .21 72

lig 0 .15 0 .019 0 .0002 - 87

Mn 17 .33 23 .72 6 .06 72

Ni 16 .47 13 .88 3 .07 3

Pb 8 .67 8.22 0 .22 -3

Sb 1 .13 0 .31 0 .10 - 64

Se 0 .80 0.43 0 .11 - 33

Sri 0 .62 1 .12 0.24 120

v 36 .40 27.76 _ 6.74 -5

Zn 21 .67 19 .14 1 .82 -3

aFlow rates : coal = 866ß86 g/min;
fly ash = 134,760 g/min;
bottom - 33,690 g/min.

°Imbalance = (bottom ash + fly ash - coal)Icoal.

ore noted for meng of the elements es teil as wide ciosures for cornputed
velues . Noteble study ciosures ore given es : within 30 or less (Eiolton et
ei_, 1973) ;

	

or - 35 % for 65 elements end + or - 50 für 7 elements

(Meserole et e1 .; 1979); end ¢ or - 25 % for 9 elements (Klusek et ei ., 1983).
The imbelences ore excessive when considering eng stotisticel precision or
eccurecy end the reproducibility of date.

lt is importent to nute imhelence velues dopend an surr pling procedure

end accurec.y. This cen be seen by the formules used to determine :percent

imbelence . Gas flow end/or troce element concentretions in the outlet
streems .were amitted in forrrlules if sempling was inedequote or not donie an

thet frection (5olton et ol ., 1973 ; Klein et e1 . ;1975 ; Heinrichs, 1982) . This
mey be less therl 1 difference in imhelence error beceuse the outlet ash is e

very smöll frec.tion of total esh, but•the leck of proper meesurement of the
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rnore voictile elements h s beeis found to provide excessive percent

i mbal cnces.

Most mass belence mesur-emente indirectly determine the di ,charge to the
etmosphere of heaveg metels and other toxic elements (6illings et cl ., 1973;
Selten et ei ., 1973; Kclb, 1973 ; Klein et ai ., 1975 ; Kcckinen et al ., 1975;
Zoller et al ., 1975 ; Tcdmor, 1986). lt hcs beeis previouslg estcblished thet
the wide + or - imbeienees (Table 9 ) of elements As, Er, Eve, 51, Eir, Cd, Cl, Co,
Cr, F, Hg, Pb, St], Se, 5n end Zn, indicete thet these ere the problemetic
elements . These elements ere knowri to be volatile ct combustion
ternperctures end found to concentrete in the smeller submicron perticles er

remein in the gas phese . in the recent study by Klusek et ei . (1983), c

relctively smell emount of Hg wes found to be retained in e cool-fired 270
MW(e) power plant . A plent imbalance of --87 % for Hg wes determined . lt

wes speculated thet this imbalance indiceted Hg mey be released to the
environrnent . This is in egreement with other investigators who mcinteined
thet poor rness belance ciosures suggested Hg exits partielig es vepors in the
flue gas . Comperible imbeiences in Teble 9 for Hg verify c consistent
recovery problem of this volatile element . Whether these element
imbalences determine total or partial discherge to the atrrosphere of en
element or eccurcte emission velues hes get to be substenticted.

!t is cleer thet large imbeiences of voletile elements found in the

litereture reflects inedequete sempiing technique end possible direct releese
into the environment es e vapor end/or es verq fine perticles . Nurnerous
studier refer to the unsuccessful scmpling end meesurement of trece
elements in the vepor end smell perticies in the flue gas (Keekinen et cl .,
1975 ; Heinrichs, 1977, 1982 ; Meserole et cl ., 1979 ; Gerhard et al ., 1985). The
difficulty in scmpling of voletile elements wes demonstreted in the studg by
Klein et cl . (1975) . The impinger solutions für gas collection were not
enalyzed for Bither C1 or EFr; es c result large negative percent imbelences
for both elements were indiccted . The study`s large negative imbeiences for
arsenic in the impinger solutions was additional evidence of . scmpling
inadequacies.

In-plant flow rotes haue not frequentlg been focused an ec . c possible
concern in 7Fuss balance rneesurements . Flow raten of Bach stream or mass
flows ere mentioned es c requirement in mass balance celculetions. 8ut.

Zielke end Erittmen (1982 proposed that drastic improvement of mass
balance estimetes Gould be obtcined ..if the ability to measure fiow.rates
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Tobte 9: Compariabte imbalances for elements (%).

Kaakinen and
Jordan
(1974)

Klein et al.
(1975)

Klusek et al.
(1983)

Zielke and
Bittrnan
(1982)

Heinrichs
(1982)

As +46 43i 57 - 9 - 23 - 1.3

Be +65 -5

Bi --- 27

Br - 90 - 4

Cd + 24 - 18 - 34 - 23

Cl - 98 - 99 - 94

Cr
+ 28
+ 33 +30 -8

Co - 2
+41 -34 +4

F -97 -74

Hg -90 -97 -87 -91 -88

Pb
-1 9 -3 -17 -15

Sb +27 -64 -68

Se + 62 - 22 - 33 - 86 - 17

Sn + 88 + 120

Zn +55 -35 -3 -30 - 16

around the Boiler. improved, and recommended a longer sampling program "to
help quantifg the time dependencies of Power plant data," hecouse of the
variabilitg in ppwer plant operatinq conditions includinq the flow retes.

in the final anelysis, the real prohlerm is the inebility to initially

determine eccurate dato velues hecause of poor sampling technique . A more

representative sampling would allev°iete partiallg the errors in balence
determinations, especially if improvement was in the sempling of vapors and
the submicron size fly ash . The irnprovement in the determinetion of initiol
concentrations in the outlet streams could improve such predictiv=e



celculation approaches like thet of Tadmore (1986) arrd his use of mass
balance deta to celcuiate the percentages of redioeiernerrts in phoses other
than the esh, end the future predictions of trace element emission values in

particulates and vapors of coal-fired facilities.

5 . Imirovement of Mass Balance Mieasuremets

Experimental coel combustion sgstems have efforcied mass ba ences that

are generally more eccurate then in-plant measurements . This indicates that

aast improvement of mass balance meesurement is possible in coal-fired

power plants with irnproved technology_

The measurement of 24 trace end minor elements in the feed end exit

streams was conducted using en experimental 2 .25 sq. ft . etmospheric

fluidized-bed combustor (Hall et al . ) 1982) . Material balance closures for Ga,

Mg, Mn, Y end Zn were in 90 to 110 % range . The total element ranges for 18

elements had average balance closures of 93 % of respective irnputs, arid only

8 elements were below 90 %. This is en improvement over power plant

r easurements of the trace elements listed in Tables 1 end 9 . In Quann et ei.

(1982) the efficiency of coliection of the . submicron fraction in a leboretory

pulverized coal high temperature combustion system was tested by
performing a material balance an seiected elements . Generally, more than

90% of an element in the cool] feed was recovered in the particulete product,

which i ndi ceted no si gni f i cant l oss of parti cul at e or i norgani c vepor
material within the furnace, collection probe, or modified impactor head.

lt is apparent to effectively improve mass balance measurements in
cosl-fired pients laboretory experimental systems should be developed thet
are concerned with the precise sampling of the mors deceptive trace

elements thet concentrete in the submicron frection and Boses . The

laboretory development end improvement of sempling apperatus would afford

better in-plant collectipn systems es well es give information where certein

trace elements mag be expected to concentrate during certein combustion

conditions. A better understanding of the mechanisms of release to the

environment would also be obteined . As of yet, there has not been enough

reseerch of this .type done . The .current sampling techniciues. and problems

are discussed in the foliowing sectians .
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6. Trace Element Enrichrnent Studies Reviewed

In the last section o review of the trace element mass belonce

investigations in cool-fired plonts determined thot irnprovement of
measurement is needed to provide e concise dato Base in which to compore
facilities. However, the investigetions in the literoture an trace elements in
cool-fired plonts generolly haue heen more concerned with the determinotion
of enrichment trends of trace elements in osh fractions and/or size porticles
than overoll mass balonce meosurements . These types of studies con
eventuelly improue sempling ond enalyticol technipues of trace elements and
the dato used in mass belence determinations. Presently, there is still
consideroble need in improvement in both enrichment trends ond mass
belance ossessments . in order to halte a true understonding of trace element
research in cool-fired facilities the two types of trace element enrichment
studier must be defined and reviewed.

6.1 Trace Element Enrichment in Ash Frostions

Enrichment trend determinelio s are of two types . They are either trace
element distribution in the different osh streoms, such es the bottom ash,

electrostatic precipitator ash ond steck emissions, or distribution according
to porticle size, especiolly the measurement of increese in concentration
with decrease in porticle size of the firrer perticulotes . Trace element
concentrotions in the different ash fractions are descrihed as portitioning
behovior in a cool-fired plant . Partitioninq behevior in cool-fired facilities
has been investigated by Klein et el . (1975) and Meij et al . (1966) . The trace

element concentration petterns of these two studies are in relotively good
ogreement, considerinq differences in plant operotinq conditions ond the

dates of the studies. Trace element distribution differences in cool-fired
plonts carr resuit fron€ the ternpereture of firing, precipitator efficiencies,
and cool types. These two studies reflect the bosic approach of portitioning
investigetions and are discussed here.

in the study by Klein et al . (1975), increosed concentretions of certein
trace elements were found in the fly osh relative to the sieg (or bottom ash)
and in the ash discharged through the steck relstive to the ash collected by

the precipitator (Tatale 10 ) . Soth Klein et ei . (1975) and Meij et al . (l9S6)

indicated the enrichrnent of the fly osh in certain trace elements and the
lose of volatiles by traue element concentration ratlos or enrichment.
foc.tors. In Klein . et .al .

	

retios we.re given that r-eflecte.d the
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Tabe 10: Concentrations and concentration ratios . (After Klein et al ., 1975)

Element concentration, ppm Concentration ratlos

Inlet fly ash Outlet fly ash Slag/coal (Inlet fly
ash)/slag

(Cuttet fly
ash)/(inlet

fly ash)

Al 10,440 102 .300 90,900 76,000 9 .8 0 .9 0 .8

As 4 .45 18 110 440 3 .6 6 .1 4 .0

Sa 65 500 465 750 7 .7 0 .9 1 .6

gr 3.7 2 - 4 0 .5 2.0

Ca 4,340 46,000 25,200 32 .000 10 .6 0.5 1 .3

Cd 0 .47 1 .1 8.0 51 2 .3 7,3 6.4

Ce 8 .2 84 84 120 10 .2 1 .0 1 .4

Cl 914 S 100 S 200 S 0.1 - 1

Co 2 .9 20.8 39 65 7.2 1 .9 1 .7

Cr 18 152 300 900 8 .4 2.0 3.0

Cs 1 .1 7 .7 13 27 7 .0 1 .7 2.1

Cu 8 .3 20 140 2 .4 7 .0

Eu 0,1 1 .1 1 .3 1 .3 11 .0 1 .2 1 .0

Fe 10,850 112,000 121,000 150,000 10 .3 1 .1 1 .2

Ga 4 .5 5 81 1 .1 16 .2

Hf 0 .4 4 .6 4 .1 5.0 11 .5 0 .9 1 .2

Hg 0 .122 0 .028 0 .050 0.2 1 .8

K 1,540 15,800 20,000 24,000 10.3 1 .3 1 .2

La 3 .8 42 40 42 11 .0 1 .0 1 .0

Mg 1,210 12,400 10,600 10 .2 0 .9

Mn 33 .8 295 298 430 8 .7 1 .0 1 .4

Na 696 5,000 10,100 11 .300 7.2 2.0 1 .1

Ni 16 85 207 5 .3 2 .5

Pb 4.9 6.2 80 650 1 .3 12 .9 8 .1

Rb 15 .5 102 155 190 6 .6 1 .5 1 .2

Sb 0 .5 0 .64 12 55 1 .3 18 .8 4 .6

Sc 2.2 20 .8 26 36 9.5 1 .2 ' 1 .4

Se 2.2 .080 25 88 .0 .0 310 3 .5

Si 23,100 229,000 196,0.00 9 .9 0 .9

Sm 1 .0 8 .2 10 .5 9 8 .2 1 .3 0 .9

Sr 23 170 250 7.4 1 .5

Ta 0 .11 0.95 : 1 .4 1 .8 8.6 1 .5 1 .3

Th 2 .1 15 20 26 7 .1 1 .3 1 .3

Ti 506 4,100 5,980 10,000 8.1 1 .5 1 .7

U 2 .18 14 .9 30 .1 6.8 2 .0

V 28 .5 260 440 1,180 9.1 1 .7 2 .7

Zn 46 100 740 5,900 2.2 7 .4 8.0
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partitioninq behavior in the various ash strearns and grouped thern into three
clesses (Table 1 1 )The ratios are ö s follows:
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These concentration ratios evolved the three Hasses of partitioning
behavior:

C:lass 1 : slag/cool > 6 .6, (inlet flu ash)/slög = 1 .2, S =0.3,

outlet fl esh/inlet flu esh _ 1 .3, S = 0 .5

S = standard deviation

Elements are readilu incorporated into the slag and are partitioned about

epuallu between the inlet flu ash and slag . There is no apparent tendencu to

concentrate in the outlet flu ash.

dass 11 : slag/cool < 3 .6, (inlet flu ash)/ .laq = > 6,

outlet flu esh/inlet flu ash = > 3.5

Elements are poorlg incorporeted into slag arid ere concentrated in inlet flu

esh cornpared to .lag and in the outlet flg esh cornpared to the inlet flu ash.

Class 111 : Elements rernain elmost completelur in the qes Phase.

In controst, Mei j et al . 0966) in .testigated the degree of enrichmen:t of

trace elements in the flg esh due to evaporation and condensation . Elg ash

was defined as the steck emitted portion of the pulverized-cool ash that was

not caught b4 elec:trostatic filtere . The relative enrichment fac.tor (RE) was

epplied to indicate the degree of enrichment of trace elements in the flu ash
due to the evaporation and condensetion rnechanism,
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Table 11 : Classes of trace element partitioning reported by Klein et al . (1975)
and Meij et al . (1986)

Klein et aL (1975) Meij et eI . (1986)

Class l

	

Al, Ba, Ca, Ce, Co, Eu, Fe, Hf, K,

La, Mg, Mn, Rb, Sc, Si, Sm, Sr,

Ta, Th, TL

Al, Ce, Cr . Cs, Eu, Fe, Hf, K, La, Rb, Sc,
Si, Th, Ti.

Class il

	

As, Cd, Cu, Ga, Pb, Sb, Se, Zn . II a :

	

As, Cs, P, Pb, Sb, Se, W, Zn.

II b :

	

Be, Co, Cu, Mg, Mn, Mo, Ni,

U, V, Sr.

II o :

	

Ba, Ca, Na, Sm.

Class UI

	

Hg, CI, Br . 8, Br, Cl, F, Hg.

Cr, Cs, Na, Ni, U, and V appeared to be

intermediate between Ciasses

	

and II .

Be, Ca, Mg, Mn, Na and Sr have been placed

in sass II contrary to the iiterature.

Be and Sr were depleted in bottom ashes.

Ca, Mg, Na, and Sm were not . Ca and Mn

were enriched in bottom ash .

Computed enrichment fectors are frequently used in the litersture to
represent trace element enrichment or lass in the ash or gas phase and to
describe partitioning in the verlaus ash streams (Keakinen et e1 ., 1975;
W'eissman et al ., 1963; Conzemius et ei ., 1984) . The RE factar was used in
this stud€ to group element ., into closses with different volatilizetions . The
following ciesses were differentioted as e result of the enrichment fectors.

Class 1 (0 .7 < RE < 1 .3) : Elements are mastly not volatile and have no
significant additional enrichment in the emitted fly ash.

Class EI (RE > 1 .3 and RE < 0 .7) : Elements are enriched in emitted fl ash (RE
»1 .3) and depleted in Kotton ash (RE < 0 .7).
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Three suhgroups of Cless 11 are distinguished :

IIc: PE>4

IIb:2<RE<4

lic: 1 .3< PE<2

C:1 ass 111 (RE « 1) : Elements thet escape mostly es geses.

Mei j et cl . (1965) does not agree that Cr, Cs, Na, Ni, l[ arid V showed
irreguler behevior between elass 1 cnd 11 but plcced Cr and Cs in cless 1 and

further subdi ztiided the ciessification scheine to include 3 subciasses of cless

11 (Tadle 1 1 ) . lt is irnportent to note thet for both studies the reietionship
between the enrichment factor or concentretion ratlos and the ash particie
size is observed as en increese in eins 11 elements with decreesed particie

size. Most dass 11 trece elements are highl€g enriched in the flg ash and fume

in the colder pertc of en instelletion.

in e studg done bg Conzemius et ci . (1984), the date also showed e :celient

egreement thet ciess 11 elements have a tendencg to pertition in a plant.

Therg used the seme ciessification defined bg Klein et öl . (1975). The class !1

elements, As, Cd,

	

Ge, Pb, Sb, Sn, Ti and Zn, were highest in the
electrostatic precipitetor esh relative to the 6ottorm esh and primerg

mechenicel coliector ash . The elements Ge, 5n and T1 were not determined bg

either Klein et cl . (1975) or Mei j et el . (1966) . A plot of the computed

enrichment fectors für the cless !1 elements is given in Figure 1 . Sirnilar

behevior is observed emong this group of elerents . Pb and Cd do heve the

grectest renge of partitioning for both the coci tgpes tested .end Sn is

significen€tlg less partitioned in the Iowa coal . The enrichment factors
(Tcble 12 ) indiceted pertitioning behevior that i s intermediete between

the cless and eins 11 elements for 10 elements : Eri, Cs, Cu, 1, Mo, Na ,, Se, Ta

cnd W. This is not entirelg consistent with the resuits of Klein et cl . (1975)

and Mei j et al . 01966), in which€ onlg Cs und Ne are considered as intern€ediate

(Teble 13 ). Most of the oth€er .elements thet were studied feil into cless 1

showing no pertitioning . The elements Mn, Ca, Fe end Si for the lowö cool and

Fe for the Coloredo Goal were indicated .es heving srnell rlepletions et .the .ESP

site.

lt is cicer fron; the ebove surveg thet the investigations of pertitioning

of .trece elements in .coel-fired facilities heve .determined that trece
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Figure 1 ; Plot of enrichenent factors for elements partitioned in the ashes. (Affer .Conze-
mius et al ., 1984) .

elements do tend to concentröte in the smaller ash fractions . The use of
enrichment fectors, celculeted from trece element concentrations in the
various ash froctions, reflects the partitioning of particular trace elements.
Enrichrnent factors end concentretion ratlos evolve classes of partitioning
behavior that describe not only partitioning in the ash but volatization
behavicu lt is indicated that clac 11 tröce elements increese with
decreesed particie size.

Investigatinq the increase in concentration with decrease in particle size

Arid deterrnininq any variatians as a function of particle size, is the strategg
of rnost trece element .enrichment studi es . 6efore the concentretion
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Table 12: Enrichment Factors' by SSMS in Three Ash Depositories for an Iowa Coa[ and a Colorado
Coal . (After Conzemius et al ., 1984)

Iowa coal Colorado coai

no . Sy BA PMC ESP no. Sy BA PMC ESP

1 Cd 0 .28 ± 0.10 0 .77±0.21 9 .99±2 .71 1 Pb 0 .17 ;0.06 0 .33 18 .13-5 .79
2 Pb 0 .27 ± 0.08 0 .96 ± 0.24 9 .27=2 .33 2 TI 0 .21 ± 0 .07 0 .42_0 .13 16 .75=4 .91
3 Sb 0.34 0.83 ± 0.21 9 .04 x 2.25 3 Cd 0 .08 x 0.03 0 .73 ± 0 .23 16 .36 ± 4 .68
4 TI 0.37 ± 0 .14 1 .06 ± 0 .26 7 .87-1 .95 4 Sn 0 .33 ± 0 .10 0 .55=0.15 14 .09}3 .67
5 Ga 0.52 ± 0 .14 0.85 .± 0 .20 6 .92x 1 .57 5 Sb 0 .24

	

0 .07 0 .77 ± 0.21 13 .70 ± 3 .51
g As 0 .34 x 0 .09 1 .39 ± 0 .32 6 .79 ± 1 .58 6 Ge 0.26 x 0 .07 0 .78 ± 0.21 13 .35 ± 3.35
7 Zn 0 .51±0 .17 0 .95 ± 0 .26 6 .64 ± 1 .58 7 As 0 .14±0 .04 1 .25±0 .42 11 .66±2 .95

8 Ge 0 .49±-0.12 1 .08 ± 0 .23 6 .34±1 .36 8 Zn 0.49±0 .19 0.63 ± 0 .19 11 .24=3 .29
g Sn 0 .88±0 .23 0 .78 ± 0 .17 3 .19±0.72 9 Ga 0 .56 ± 0 .14 0.78 ± 0 .17 9.10±1 .94

10 Mo 0 .77±0 .19 1 .19-0 .25 2 .84 ± 0 .59 10 Bi 0 .74 <0.61 ?7 .9

11 Cu 0 .88 ± 0 .20 0 .89 ± 0 .18 2 .78-0 .55 11 1 0 .27 ± 0 .07 1 .89-0 .44 4-87±0 .99

12 Bi .g 0 .85 a 1 .01 2 .67 12 Hf 0 .74 ± 0 .24 1 .00 x 0 .28 4 .70 x 3 .99

13 Cs 0 .79 ± 0.21 1 .19±0.33 2 .54 ± 0 .62 13 Na 0 .79 ± 0 .21 0 .94 ± 0 .20 4 .56 x 0 .95

14 0 .57±0.15 1 .88±0.41 2 .25±0 .47 14 Mo 0 .87 ± 0 .20 0 .83

	

0 .18 4 .15 ± 0 .81

15 Co 0.80 ± 0.18 1 .27 ± 0.25 2 .15±0 .42 15 F 0 .55*0.14 1 .48 ± 0 .37 3 .94±0 .87

16 V 0.84±0.19 1 .20±0 .25 1 .95±0 .40 16 Cl 0 .75 ± 0 .19 1 .15-0 .27 3 .50

17 Se 1 .05 ± 0 .27 0 .65±0 .15 1 .89±0 .41 17 Dy 0 .69 ± 0 .19 1 .31 ± 0.35 3 .25±0 .69

18 Ta 0 .96±0.21 0.89 ± 0 .20 1 .84 ± 0 .49 18 Ta 1 .04 ± 0 .33 0 .63 ± 0.17 3 .19 ± 0.95

19 Na 1 .04 ± 0 .25 0 .70 ± 0.15 1 .78 ± 0 .46 19 Cu 1 .05 ± 0 .24 0.61 ± 0 .13 3 .15

20 Nd 0.85 ± 0 .20 1 .24 ± 0 .25 1 .70 ± 0 .34 20 Cs 0.90 ± 0 .26 0 .93 ± 0.25 2 .91 ± 0 .73

21 U 0.84 ± 0 .21 1 .28 ± 0 .27 1 .67±0 .34 21 Er 0 .73 ± 0 .19 1 .27±0.31 2 .89±0 .61

22 Ni 0 .97-±0 .24 0 .91 ± 0 .20 1 .65 ± 0 .36 22 Se 1 .05 0.66±0 .15 2 .84±0 .57

23 W 0 .90 ± 0 .36 1 .12 x 0 .34 1 .64±0 .48 23 W 1 .05 ± 0 .32 0.65±0 .18 2 .80¢0 .67

24 Yb 0 .81 ± 0 .19 1 .39 ± 0.35 1 .62±0 .35 24 U 0 .67 1 .41 2 .76±0.55

25 Sm 0 .85 ± 0 .23 1 .28 ± 0.30 1 .60±0 .34 25 Sm 0 .71 ± 0 .20 1 .35±0 .34 2 .67±0.54

26 - ._Ce 0 .85 ± 0 .20 1 .28 ± 0.27 1 .55 26 Zr 0 .87 ± 0 .21 1 .04±0 .21 2 .59-0 .50

27 Dy 0 .89 ± 0 .29 8 .17 ± 0.29 1 .52±0 .37 27 Hg 0 .99±0.29 0 .81±0 .32 2.56±0.68

28 Er 0 .85 ± 0 .22 1 .30±0 .28 1 .50±0 .36 28 Gd 075±0.20 1 .29 ± 0 .32 2 .50 ± 0 .51

29 Cl 0 .73 ± 0 .18 1 .66 ± 0 .42 1 .45 ± 0 .40 29 Sr 0 .71 ± 0.20 1 .37 ± 0 .32 2 .45 ± 0 .50

30 Pr 0 .93 ± 0.23 1 .10 ± 0 .25 1 .44 ± 0.31 30 B 0 .67x0-19 1 .45±0 .55 2.38±0 .58

31 F 0 .83-x0 .28 1,38±0 .40 1 .41 ± 0 .38 31 Ho 0 .83=0 .18 1 .15-0 .24 2 .36±0 .47
32 Y 0.96±0 .21 1 .02=0 .21 1 .41±0 .29 32 Nd 0 .89±0 .22 1 .04±0 .24 2 .28 ± 0 .45

33 Mg 1 .01 ± 0 .24 0.87 ± 0 .18 139±0 .28 33 Rb 0 .98=0 .26 0 .87±0 .22 2 .28±0.50

34 Gd 0 .84 1 .36 1 .36 34 Co 1 .02 ± 0 .23 0 .81±0 .17 2 .22±0 .43

35 Sr 1 .01 ± 0 .25 0 .88 ± 0 .19 1 .34±0 .30 35 Yb 0 .72 ± 0 .19 1 .40±0 .38 2 .13 ± 0 .51

36 Ba 1 .01 ± 0 .26 0 .89 ± 0.19 1 .29 36 Tb 0 .79±0 .18 1 .28±0.28 1 .99±0.40

37 La 0 .91 x 0 .23 1 .18 ± 0.26 1 .27 ± 0 .27 37 Eu 0 .79±0 .19 1 .27 1 .98±0.39

38 Sc 0 .93 ± 0 .24 1 .13±0.24 1 .26_0 .28 38 Tm 0 .86±0 .22 1 .16±0 .26 1 .94±0.48

39 S 1 .16 ± 0 .38 0 .50±0 .14 1 .25 ± 0.39 39 Ba 0 .69 ± 0.19 1 .48 x 0 .40 1 .93 ± 0.51

40 Ti 0 .86=0.19 1 .35 ± 0.26 1 .20 ± 0 .24 40 Cr 0 .91 ± 0 .23 1 .04 ± 0.22 1 .93 ± 0.43

41 Tm 0 .89 ± 0.31 1 .27±0.38 1 .15 ± 0 .30 41 Ni 1 .00x0 .23 0.89 1 .91 x0.39

42 R b 0.90 ± 0.22 1 .26 ± 0 .31 1 .07 ± 0.24 42 Ce 0 .81 ± 0 .19 1 .24±0.34 1 .88±0.38

43 Zr 0 .91 ± 0 .21 1 .24 ± 0 .25 1 .07 ± 0 .22 43 La 0 .85 ± 0 .22 1 .20 x 0 .27 1 .73 ± 0 .36

44 Al 1 .00 ± 0 .26 1 .00 ± 0 .22 1 .00±0 .21 44 V 0 .91 ±0 .23 1 .07±0 .25 1 .73±0 .35

45 Hf 0 .78 ± 0 .22 1 .61 ± 0 .46 . 1 .00 ± 0 .27 45 Br 1 .08 ± 0.36 0.75 ± 0 .20 1 .70 ± 0 .50

46 P 0 .95 ± 0 .22 1 .16±0 .25 0 .96±0 .20 .46 Pr 0 .89±0.21 1 .14 ± 0 .30 1 .58±0 .34

47 Lu 0 .93±0 .31 .1 .20±0 .31 0 .95 ± 0 .23 47 Lu 0 .55±0.19 1 .80±0 .43 1 .58 ± 0 .40

48 Cr 0 .92 ± 0 .22 1 .26 x 0 .27 0 .92 48 P 1 .0655 0.27 0 .82 1 .56 ± 0 .32

49 Li 0 .92 ± 0 .27 1 .26 ± 0.40 0 .88 49 Ti ..

	

1 .15±0.28 0 .63x0 .14 1 .56±0 .31

50 K 0 .84 ± 0 .19 1 .47 ± 0 .30 0 .87 ± 0 .17 50 Li 1 .04 ± 0.33 0 .86 ± 0 .30 1 .45 ± 0 .38

51 B 0 .96 ± 0 .28 1 .15 ± 0.29 0 .84 ± 0 .20 51 Mg . 1 .03 -1 0.24 . 0 .88 55 0.19 1 .42 ± 0 .28

52 Hg 1 .15±0 .39 0 .52±0.37 0 .82 x 0 .24 52 S 1 .37 ± 0 .43 0 .23 ± 0 .06 1 .41 ± 0 .42

53 Be 1 .09 ± 0 .46 0 .78 ± 0.38 0 .82 ± 0 .39 53 Sc 0.96±0 .24 1 .04±0 .24 1 .33±0 .28

54 Ho 0 .89 ± 0 .22 1 .37 ± 0.29 0 .81 55 0.18 54 K 1 .03±0 .26 0 .89'_-0.21 1 .33=0 .30

55 Eu 0 .95±0 .26 1 .20±0 .27 0 .79±0 .19 55 Y 0 .89±0 .22 1 .18±0 .24 . 1 .23±0 .25

56 Th 1 .02 ± 0 .26 1 .00 ± 0 .22 0 .75 ± 0 .17 56 Ca 1 .08 ± 0 .27 0 .83-0 .18 .1,14±0 .23

57 Tb 0 .89 ± 0 .22 ` 1 .38 ± 0 .29 0.68 ± 0.14 57 Al .1 .00±0 .26 .1 .00± 0 .22 1 .00±0 .20

58 Sr .1 .01 ± 0 .34 .1 .07 ± 0 .27 0 .61 ± 0 .16 58 Si 0 .95±0 .22 1 .08 ± 0 .22 0 .96±0 .18

59 Si 0 .89 ±- 0 .20 1 .45±0 .28 0 .47 59 Th 0 .96 1 .09±0 .23 . 0 .91x0 .19

60 . Fe 1 .14 ± 0 .27 0.76±0 .16

	

: 0.45±0 .09

	

. 60 . .Mn 1 .02±0 .25 .0 .99±0 .21 .0.74±0.15

61 Ca 1 .11 55 0 .26 0.87 ± 0 .18 0 .32 ± 0,07 61 Be "1 .34±0 .44 0,40±0 .14 Q.62±0 .26

62 Mn 1 .11 ± 0 .26 0.90 ± 0 .19 0 .14x0 .03 62 Fe 1 .15±0 .26 0 .80±0 .17 .. 0 .29

	

0 .Q6

' Elements are listed in order of enrichment factor at the ESP site for each coal.

SSMS - Spark Source Mass .Spectrornetry

	

PMC - .Primary Mechanical Collector
BA

	

Bottom Ash

	

ESP - Eiectrostatic Precipitator
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24-'fable 13 : Comparison of trace element classifications
reported by Klein et ei. (1975), Conzernius et ai.
(1984) and Meij et al . (1986).

Trace elements all intermediate between dass 1 and 11 for
Conzemius et al . (1984)

par°ticic si e reletionship cen be reviewed, it is importent to examine in
more detail the mechenism of Eine perticle enrichment and discuss the
implications of the submicron frection of ash.

6.2 Mcchanism sf Fine Particle Fnrichment

The enrichment of trace elements on the surfccc of reletivelg small
pörticles has brought forth a unique but highlg plausible mechcnism of
enrichment theorg . The concentrating of these elements is thought tobe due
to a veporizction -condensction mechanism thet the different elements
experience as c result of high temperetures in the boiler and ducts of a
cool.-fired plant . Volatizetion occurs during combustion and is therr foilowed
bg condensation or edsorption over the cvcileble flg esh mctrix materici

(cornposed of the•nonvolctile oxi des of Al, Mg, crrd Si) (Davison et & .,1974).

Enrichment is thought not onlg to be produced bg esh vepors depositing on the
surface of residual esh particle but also through the nucleation of the vepors
to form verg smoll newparticles .4Teylor and Flegen, 1982) . The smaller the
parti€.le the greeter.the surfece cree eveileble to adsorb both vol eine

Elements* Klein et al.
(1975)

Bi

Cs

Cu

1

Mo

Na

Se

Ta

W

not determined

intermediate

dass 11

not determined

not determined

intermediate

ciass il

not determined

not determined

not determined

dass 1

ciass 11 b

not determined

dass 11 b

dass li c

dass 11 a

not determined

not determined

Meij et al,
(1986)
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inarganic and organic: toxic cornpounds . These toxic fine particies cri pass

through plarit's perticulate emissions control device and reside in the
etrnosphere thus increesinq their chances of being inhdied by hurnans . The

enrichrnent of trece elements on srnaller perticles hes been described in
other irivestigatians (Natusch and Wallace, 1974 ; Netusch et al ., 1974;

Kaekinerr et al ., 1975 ; Klein et ei ., 1975; Lindberg et al . 1975; Rageini and

Ondov 1975; Ondov et oll ., 1976; Smith et al ., 1960.

6 .3 The Submicron Frection

lt hes been deterrnined by vdrious reseerchers that the distribution of
suspended particles in cool-fired burning is birnodal with distinct müdes in e
submicron and supermicron size ranges (Ragcini and Ondov, 1977 ; Ondo'y' et

al ., 1979; Johnson et . Ell ., 1962 ; Toylor and Flagan, 1982 ; Merkowski and

Filbg, 1985) . Research has concentrated an the lörger mode es result of the

lack of sampling expertise . Ouentitative measurements of the cornpostion of
the ierger mode from coal-fired utilitg Boilers 5re thought to consist
prirnerily of esh residue which rer ains efter the urban matrix, is fuilq

burned (Flögen end Friedlander, 1976) . The submicron frection is srnaller

Ihn the larger mode and defined as pdrticles with less then lum
derodynemic diemeters (Teglor and Flagan, 1982) . .Aerodgncmic diarneter of ö

particie is defined es "the phgsicei diemeter of unit densitg sphere which

settles through the dir with e velocitg equel to the perticle in question"

(Sem, 19841 . The cornposition of the submicron frection, sometimes referred

to es esh eerosol, is highlg variable due to the different cool-combustion
opereting conditions with tempereture verietion being highlzl determinent

(Tdylor and Fugen, 1982 . Different facilities produce varietions in
ternpereture of the hurning eher perticles and veporizetion rotes . These in

turn influence the cornposition of the gas surrounding the char or esh
perticies and composition of the resulting combustion praduct . (Tag)or and

Flagan, 1962 ; Merkowski et cl ., 1900 ; Weissuren et al ., 1963) . lt hes also

been observed thet the cornposition of the esh perticles smaller then 0 .1 um

diemeter mag differ substenticlly from other lerger.submicron perticles and

the %/erieti.on cen be seen from one cornbustion opereting condition .to another

(Tor 1or end iegerr 19c

	

it is epperent thet e number of fe.ctors influence

the resulting Composition end quentities of the verg srna11 esh perticles

generated during the combustian of pul v erized cogl.

One study (Smith et cl ., 1979) in perticuier should be rnentioned beccuse
the findings ere contredictorg to the predictions of most reseerchers thet
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the less Uran 1 um diameter partiales concentrete trag e elements . The

results are not tgpicsi in thet the concentrations of the volatile elements in

the flg esh ore nearlg independent of partiale size belo g approximatelg Zum

diarneter (Fiqure 2 ) . The hursting of lerger partiales during rapid gas
release followed bg coaguletion of rnuch smener fregments was the proposed

mechanism for formetion of submicron partiales . The condensation of

voletilized material mag occur during end efter coeguletion . The Guthors did

point out that while their resuits suggested thet the concentretion becomes
independent of partiale size für partiales smaller thon few microrrs, theg
did not expect sirniler concentretion profiles from all coel-fired plants.
Lower temperetures or differences in rninerel netter composition mag meke
the hustinq rnechanism unimportent in other coel-fired plents . lt must also

be rnentioned thet submicron partiales were sempled from the electrostetic
precipitetor end not collected in-steck where most submicron partiale.

sarnpling is performed . There is reelig little evidence to suggest thet

busting is the major mechanism of fine particie formetion in coel

combustion . The extrerne voriabilitg of the composition of smeil ach
partiales produced from a single mal tgpe urrder varied comhusiton
conditions end fhe formetion of some perticies which are devoid of the mejor
ash constituents suggest that the vaporizetion-condensation mechenism

dominetes (Teglor end Flögen, 1982).

5.4 Trece Element Enrichment es e Funation of Partiale Size

The evaluetion of the litersture an trace element composition in fig ach

es e funetion of partiale size ha : demonstrated thet there ere increases in

certein trage elements in smaller frectioneted partiales . Trece elements are

seperated into groupe that are besed an their tendencg to enrich in smaller

size partiales . Elut consistent trends in trece element enrichment in smaller

partiales ere not elwags found with similer studies reviewed.
The following studies provided evidence for the concentrating of mang trete

elements in increesing smaller perticles.

Coles et al . (1979) measured corrcentrations and distributions eccording to
tour perticie sizes of 42 minor end trapse elements collected in-stark et e . '.

g estern coai-fired Power plant . Mass medien diemeters of the particies

were 2 .4, 3.7, 6 .0 end 15 .5 um, larger thefi the previou .sig defined submicron

fraction . The partiales were size.d using e specielig designed frectionetor

(McFariand et ei ., 1 .977.) . Findlings determined that the fig a h conce.ntrated
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volatilized during .combustion . (After srnith et al ., 1979)

Äs, rd, Ga, Mo, Pb, Sb, Se, W and Zn wich decreasing perticle size (Table 14 ).

The elements were grouped into three classes (Töble 15 ) based on

enrichment relative to cool as e function of fly-esh particie size from which
the enrichment factor (EF) in each size fraction was calculated . Unlike the

classes in the previous section which represent partitioning of the elements
in total ash fractions, this clossification is based on partitioning of
elements in size particles that are called ,.groups. •Eampling für this tgpe of.
studtl is .usuölig co.llected totallg from precipitator or .in-stack . emissior,s .



Table 14 : Comparison of eiementa€ concentration in size-class€fied fly-ash fractions. (after Coles et aL ., 1979)

A. IN AA anal AAS'

Concentration, µg/g (un!ess % indicated)

Element Fraction 1 Fraction 2
6 .0 µm b

Fraction 3
3.7 izrn

Fraction 4
2 .4 µm'18 .5 µm°

Al

	

(%} 13 .8 ± 0 .1 14 .4 ± 0 .1 13 .3 ± 0.6 13 .9 ± 0 .3
Ba

	

(%) 0.168 ± 0 .001 0 .245 ± 0 .002 0 .31 ± 0.01 0.41 ± 0.02
Ca

	

(%) 2 .1 ± 0 .1 2 .23 ± 0 .08 2 .30 ± 0 .14 2.36 ± 0.09
Co 8.9 ± 0 .2 17.7 ± 0 .4 20 .3 ±'0 .7 21 .8 ± 0.4
Cr 28 ± 3 53 ± 3 64±3 68±3
Fe

	

(%) 2 .51 ± 0.09 3 .09 ± 0 .02 3 .04 ± 0 .08 3 .2 ± 0.1
K

	

(%) 0 .74 ± 0.01 0 .80 ± 0 .07 0.82 ± 0 .08 0 .81 ± 0.03
Mn 208 ± 5 231 ± 5 269 ± 6 309 ± 5
Na

	

(%) 1 .22 ± 0 .03 1 .75 ± 0 .05 1 .81 ± 0 .06 1 .85 ± 0 .03
Ni 25 ± 3 37 ± 1 43 ± 4 40±2
Ti

	

(%) 0 .62 ± 0 .05 0.74 ± 0 .05 0 .73 ± 0 .1 0 .77 ± 0 .05
Zn 68 ± 1 189 ± 4 301 ± 9 590 ± 98

S . AAS an€y°

Be 6 .3 (0.2) 8 .5 (0 .2) 9 .5

	

(0 .3) 10.3

	

(0 .5)
Cu 56 (1) 89 (1) 107 (4) 137

	

(1)
Cd 0 .4 (0 .2) 1 .6 (0.3) 2 .8

	

(0 .4) 4 .6 {0 .2)
Mg (%) 0.47 (0 .01) 0 .56 (0.01) 0.60 (0 .02) 0 .63

	

(0 .01)
Pb 73 (3) 169 (2) 226 (4) 278 (3)
Si

	

(°/a) 29.6 (0 .7) 28 .0 (0.1) 27 .5 (0 .3) 26 .8

	

(0 .1)

C . €NAAd Only

Concentration, µg/g (un!ess

	

indicated)

Element Fraction 1 Fraction 2 Fraction 3 Fraction 4
18 .5 µm° 6 .0 µm' 3 .7 µmb 2.4 µm b

As 13 .7±1 .3 56±14 87±9 132±22
Ce 113 ± 4 122 ± 5 123 ± 6 120 ± 5
Cs 3.2 ± 0.1 3 .7 ± 0 .2 3.7 ± 0.2 3 .7 ± 0 .2
Dy 6 .9 ± 0 .3 8 .5 ± 0 .9 8 .1 ± 0 .3 8 .5 ± 0 .8
Eu 1 .0 ± 0.1 1 .2 ± 0 .2 1 .2 ± 0 .2 1 .3 ± 0 .4
Ga 43±12 116±52 140±23 178±90
Hf 9 .7±0 .4 10 .3±0.3 10 .5±0 .3 10.3±-0.5
La 62 ± 3 68 ± 4 67 ± 11 69 -} 3
Mo 9±2 28±1 .4 40±5 50±9
Nd 45±4 47±4 49±7 52±6
Rb 51±3 56±4 57±3 57±8
Sb 2.6±0 .1 8.3±0.4 13.0±0 .7 20.6-±0.7
Sc 12 .6±0 .5 15 .3±0.6 15.8±0 .6 16.0±0.2
Se 19±2 59±2 78±2 198±20
Sm 8 .2 ± 0 .3 9 .1 -?- 0 .4 9 .2 ± 0 .4 9 .7 ± 0 .4
Sr 410 ± 60 540 ± 140 590 ± 140 700 ± 210
Ta 2 .05±0.09 2 .3 -z 0 .2 2.5±0.03 2.7±0 .1
Tb 0 .90±-0 .05 1 .06±0.06 1 .10±0.07 1 .13±0.06
Th 25.8±0 .6 28.3=0.6 29±1 30±2
U 8.8±1 .9 . .16.±3 22±4 29±4
V . 86 ± 44 178 ± 17 244 ± 18 327 ± 40
W 3.4±0.2 9±2 16±2 24±2
Yb 3.4±0.4 4.1±0.4 4±0.2 4.2±0 .3
S

	

(%) 0 .101 0 .304 0 .425 0.711

a Weighted average for all determinations, both techniques.
'Mass median diameters (mmd) determined by centrifugal sedimentation.
°Errors in parentheses are the range for dup!icate determinations.
'INAA values are the weighted averages of three determinations . Uncertainties are the Sargest of twice the weighted standard
deviation, the range, or our estimate of the accuracy.

INAA - Instrumental Neutron Activation Analysis • AAS-Atornic Absorption Spectroscopy
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Table 15 : Classification of trace elements based an particle
size reported by Coles et al . (1979)

Group 1

Group Il

Al, Ca, Cs, Fe, Hf, K, Mg, Mn, Na, Rb, Sc, Ta,

Th, Ti and the rare earths : Ce, Dy, Eu, La, Nd,

Sm, Tb and Yb.

As, Cd, Ga, Mo, Pb, Sb, Se, W and Zn.

Group III

	

Ba, Be, Co, Cr, Cu, Ni, Sr, l and V.

The groups Öre defined es follows:

Group E elements show little or no enrichment an the smeller fly-ash
perticles.

Group 11 elements increese with decreesing perticle size.

Group 111 elements show behevior intermediate to

	

of elements in

Group ! Önd 11.

Their results agree cl osely with those of Klein et al . (1975) . Group 11 am

cless 11 elements are in agreement and show the sarne behavior . Group ll
elements eire enriched an the smaller perticuletes and cla .s 11 eire
concentreted an the timaller fly esh relative to the Torger bottom esh . These.

date consistencies cm tue Seen in other investigetions that eire c.oncerned
with the concentratian-size particle relationship.

Nine well-defined size freotions with meen diemeter ranges of 0 .5-50 um
were meesured in flg ash collected fror the precipitetor of a Western
coal-fired plant (Cemphell et

	

1978). The particles were separated into
the reine size frections using a .5ahco Microperticle C1ossifier ; e . .comdinetion
eir centr'if ge-elutristor. The 43 trace elernent concentretians s a function
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of meen particle size divided the elements irnto three distinct groupings.
These groupings expressed three types of concentrating behevior . Group one
elements primarily consisted of the volatile elernents or elements partially
v=olatilized during cool combustion and their concentretions decreesed with

increase perticle size. The second group had a minor or direct dependence cn
perticle size and the last group had smell chenges in their concentration
with maximum concentration et about 5 um . Cnly e limited number of the

elements were presented as beionging to e particular group . Eut the date in

Tebles 16 end 17 is partiallg consistent with the inereese in concentration
with decreese in particle size of the above trete elements in eins 11 end
group II and other concentratian-size particle studies.

Similar studies re. iewed do not elways consistentlg show the sarne
result when elements ere clessified eccording to their concentrations in

different size frections. Measurement of 61 elements in size fractions that
was egein prepered from fly ash recovered leg precipitetors at g estern
coal-fired pients (Smith et ei ., 1980) classified Sb, As, Era, 8r, Cr, Co, Cu, Ge,
Pb, Mn, Hg, Nd, Ni ,Se, S, Sn, V and Zn es beinq significantiq enriched in the
smeller fraction . Erut the elements EJa, Cu, Ni, Sb, V end Zn are diversily
reported in the litersture es hevinq either positive or negative correletion

with size (Littlejohn, 1964) . Verious classific:ations, when dune eccording to
their concentretions in different size frections, haue significent differences

in the enrichment of trete elements in size perticies . These ere ettributed

to differences in composition of coal, pertiele size vs efficiency
cherecteristics of the individuel electrostetic precipitetors, flow retes, end
tempereture effects an distribution cherecteristics of the elements

(Meserole et al ., 1979 ; Ondov et ei ., 1979) . Eveluating in mare detail specific
trece element differences in size fractions es reported in the litersture is
begond the scope of this peper. it must be noted that differences in trrce

element concentretions with similer perticle .size do exist between
investigotions ( Davison et ah, 1974; Cladney et ei ., 1976; Rogaini and Ondov,
1977; Smith et

	

1979 ; Ciuenn et al ., 1982; Weisse an et ei ., 1983; Norton
etal .,1986)

In conclusion, thrce elernent increases with smeller particies are the
focus of trace element investigations . The increeses in group II end class lI
type elements defined by Coles et al . (1979) and Klein .et. al . 0975) sugges t ..

that very toxic elements of As, Cd, Ca, Mo ; Pb, Sb, Se end Zn are being

ernitted an less than 1 um perticulates. This freetion is too smell to be
coll.ected .efficiently bg the .cascade impactor sempling device, and is , u uell y
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deposited inefficierltly on back-up filters (Ctndo =v et ei ., 1979; McElroy et e1 .,

19E2). irrefficient samplinq of the suhmicron fraction is a mejor problem for-

both concentrotion - distrihution studies end mass belence rneesurernents.

To e =v'aluate the directiorr future reseerch must tobe to solve these
rneosurerr ent problems, it is essential that there is arg ossessrnerrt of

present sarnplinq technologg end research.

7 . Sompli g

Particuletes arrd vepors of the fume are sarnpled in coel- fired focilities

by ü veriety of sernplinq techniques . The problems in obteining reliohle

measurements of size end concentrotion of the perticuletes ore considereble

een reviewing post performance of the samplinq equiprnent . Especicllg

problerrrotic is obteining relieble rneasurernerrts of the size and
comcentration of the submicron psrticles thet ore enteined in the gas and

aerosols of the fume . This section will define preserrt sempling technology

for the different size perticulates, eerosols, end gases, with emphasis on the

specific problems encountered in sernpiing techniques.

7 .1 Sampling epparatus

Most flq esh is in the 1 - 20 um renge end e smoll amount which is
approxirnately 1% bg mass, is in the submicrorneter renge (Arrdur et al .,

19e5) . The lerger particulstes are sampled an line by cascade impactors or

steged cyciorres with back-up filters for collection of subrnicron

par~ticulates . Andersein high volurne cascade impactor, Covelcce multiple jet

cascade irrrpactor, Mark 10 impactor and Meterorology Research, lnc_ cascade
impactor are o few of the cornmercially eveileble impactors. Cescede

impactors lra e d series of plates colled impactor steges (Figure 3 ) that

collect successively srnoiler particies=. The perticuletes enterdirectlg into
cascade impactors for an-line aerodynamic size clessification . Two

reported eerodyrrarnic diarneter ranges of impactors are 0 .2 - 50 um (Orrdov

et al ., 1978) nd 0 .3 --15 um (Sem, 1984 . Clessification gives informotion on

size distribution of particles in the the fly ash es well as limited particle

concentrotion resolution . impactor plete collection surfaces ere .'mode of

polyethylene or polge.erborrate meterials or are o steinte ,s steel disk

(Gu .. rn rr et ei . 1973 ; Mei 1 et al ., 1984; Markowski, 1964 ; Merkowski and

Filhy 1955;

	

Cheng et dl :, 1965).

lt is known that in sarnplinq the perforrnance of the .cascode impactor is
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Figure 3 : Schematic cutaway view of high volume cascaaie impactor .(After Gussman et
ai ., 1973)

limited by problems associoted with w&ll loss, porticle bounce from o 1erger

stege to a smaller size stege and reentainment cif collected porticles

(Dzubeg et el ., 1976; Gladney et al ., 1975 ; Campbell, et al ., 1978) . Wall lass

is from interstage losses of porticles onto the chenneis which carry the fiow

fror one stege to eriother. This results in the reduction of the rneosured

Concentration of smaller porticles (Sem, 1964) . Interstege losses cm be

severe enough thet the emission factors of elements thet are derived from
these filter semples vary greetly between successively collected semples,
thus eccurate comperisons of values cm not elwags be mode (Ondov et ei .,

1979) . Wall lose effects ere believed to be the most serious error, since they
cm rerlge frone 30-50 % of total emount collected (Velkovic,1983) . Eiounce

of lerge porticles frone e lorger stege where theg belang to e smaller size

stege, cm include loss to the final back-up filter for the submicron fraction.

This greetlg distorts size distributions bg meking it eppeer es if these are e

greeter nur ber- of smaller porticles . This hes e tendency to limit the upper.

pertirle size collection to 10 - 20 um . Reentainment, sometimes referred to

es blowoff of porticles, is the blowaff of previously deposited porticles on.

impection stages thot results in redepositing of porticles on smaller size
stages or complete goss cif porticl es (Sem, 1984).

Reenteinment ond perticle bounce of ceecede irnpactors are rninimized ttg

the use of greased substretes an the impection pletes (Apiezon L ond H

greases) or peelable Kapton fiirns that are etteched to the stainless steel

callectim disk:s ond coeted with Apiezon L greese . (Cuenn et öl ., 1962; Meij
et al ., 1984; 7' .

	

Cheng et al ., 1985 ; Merkowski end Filbg, 1985) . Giese fiter

filternoterial, clömped .onto _the steel dicke, cm be used .when .gr-eese
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becomes unstable at high flue ga : ternperetures (McElroy et ei ., 1982) . ciuenn

et al . 09E2) constructed "e conical heed with porous cerbon inner wall
through which gas was transpired at a nominal rate" to minimize deposition

an the entrance wall of the impactor . lmpacters are now being ran at lawer

sarnple fiow rates stand Heer in situ Pressure) to reduce the effects of

particle blowoff and reentrainment (Markow .ski and F.ilby, 1985). A very

recent study has deterrnined that lower jet velocities skorten sampling
times and a duplicate sixth stage inserted between the usual sixth and final

seventh stage of the impactor reduces blowoff . Under the conditions of the

study, it was reported that the jet velocity had the most influence an
blowoff and that other variables were not as importent . Grease thickness an

the impactor collection disk was found to haue less of an influence because

the low-blowoff stages were maintained dry, while the high-blowoff stages

were greased soaked . Total gas volume sampled and stege bedinge were also

deterrnined not to be important . The study highly suggested thet examining

impactor size distribution date für e correletion with jet velocity is a useful

rnethod to check für blowoff (Markovriski, 1984).

A cescede or staged cyclone collects particles from the stream by

whirling it around cylindrical chamber. Ey whirling it fester in e cyclone

with a srneller diemeter, particles with smailer aerodynemic diameter can

be collected. The diameter et which 50% of the particles are removed from

the streern is celled the aerodynemic cutoff diemeter . As with the impactor,

successively smalier cutoff diarr,eters are connected in a series, and the

combined assembly is known os a cascade cyclone . Ceecade cyclones collect

lerger deposits bar] impactors, up to several grems per Stege, without

blowoff or bounce difficulties . They are therefore preferred for high

concentration aerosols, while impectors ere preferred für low concentration
aerosols (Sem,1 g85) . lrnpactors are reported to be more efficient at

separating esh into fractions than the staged cyclones ( .-G . Gheng et al .,

1985) and it hes beeis reported in the study by Meserole et al . 0979) that

when two sampling devices were used only the results of the impactor were
discussed beceuse of its greater efficiency in freotionating the particles . In

cornparison with the cascede impactor, the coscode or staged cyclone is lese

frepuentiy used in the reviewed sampling studies . lt was found to be

combined in parallel with the c.a:cade impactor when in- plant sampling was

performed trieserole et al ., 1979;

	

c:heng et al ., 1985).

Final back-up membrane filtern are used for the subrnicron frection
collection and to minimize losses of the cescede impactor. Backup filter

materiels cen consist of borosilicate glass-filier, plestics, or quartz
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(Meseroie et al ., 1979; Ündcrv et 51 ., 1979 ; Mcrkowski, 1984) . The 47 mm

diameter, 0 .4 um pure lluclepore bock-up filter is frepuentlp mentioned in

the litersture es the filter used . If c srnall frection of the lerger
perticuietes are bounced off and collected on the bock-up filters during
sampling, then lerge errors in meesured emounts of the submicron fraction

will result . This problem is se e.re in the flus ges for perticles of less therr

1 um diemeter beceuse concentretions above this size ere substcntielly

greeter G lerkowski, 1984).

Ccscade impectors or steged cyclones and heck-up filters ere pert of the
essembege of epuiprnent celled e sampling trein thet is combined to semple

the various fractions of the cool-fired power plant streem. Since sampling

is performed under c wide veriety of conditions, no single sampling train cen
be used in all circumstences and therefore Öre veried in specificetions . A

very comprehensive trein is the U.S. Environrnentei Protestion Agency`s

Bourse essessrnent sampling System (Figure 4 ) . lt consists of e nozzle

joined through e probe to e three series cyclone, e filter, end a final series
of impingers or ges scrubbers . Since sorne trece elements in c coal-fired

plant are found rnostly in the volctile, phese, there raust be en ede€luet

collection of the gases to recover trece element vapors : The collection of

the vepor phase is usuellg bg the impinger trein down streem of the

impector. The impingers are of pgrex glas: end c:ontairi solutions for the

collection of specific gases.

There are sampling problerns associeted with the collection of geses in

impinger treins . Solution reegents used in sampling of gases can Bein from
their conteiner trece element concentretions or lose thern by adsorption on

to it and both cen sause serious errors . Since interference can not be
entirelg elirnineted it has to be minimized by using pyrex or polyethene

meteriels thet are lecched before use, and all vessels in which

reegents ere used or stored need to be preconditioned . [n eddition, strongly

recorrirnended are the minimizing of storege times and the inciusiop of blanks

with all sampies aneiyzed (Littlejohn, 1984).

Me.ry recentlg There hab: beeis reported by Fogg (1986) e volatizati an

ertifcct in sampling thet mey be en additional problem in sampling of vapors.

lt is proposed thet the geseous uptake by the untrected collection medic
itseif , could affect trace element meesurement in the geses of e cold-fired

plant. This could be potierFtielly importerit for the element .. Gl, br, 1 g, S and

Ei thet are in the ges phase . it was steted that there is no date thet

presently r eletes the uptake of geseous componets to e specific impection
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Figure 4 : EPA source assessment sarnpling systern . (After Littlejohn, 1984)

surface taut there are preiirninary results an the uptake of göseous E(DH)3
and HCl bg uncooted Whatmen 41 Filter paper (cellulose fiter) in a
Dattelle-type csscode irnpactor in lohoratory conditions . The arnount of
übsorption was indiceted to be in Port directly proportional to contoct time
of the qos streom with the impaction surfoce . The researcher pointed out
that even srnoll amounts of gas uptake could strongly infiuence measured
size distribution of certain elements . ft was coricluded tl ot there raust be
coreful attention "poid to the selectiori of the appropriate Filtermedium for
use in cascade impaction.

in sampling, if the mass of particles c ptu .red and the total :volurne of the

gas stream passing through the sarzr plinq device are rneesured acc:urately
then the particulate concentration in the gas strearn c:an be odtoined . For
sp.mple to be repr'esentotive of size distribution and concentration of the



partic:les in ö gas strearn, isokinetic sempling is required . isokinetic

sampling is Fhen the velocitg of the gas drawn into the nozzle is mainteined

epuai to the velocitg of the gas approaching the nozzle (Muir arid Akinola,

1986) . Isokinetic collected simples should represent correct concentration,
mcsr, ond distribution of the solids but the low particulate loadirigs rocke it

diffic:uit to collect sufficient mcterial for these determinetions (Meserole et

al ., 1979 ; Littlejohn, 1984; Meij et ah, 1984; Y .-S. Cheng et al ., 1985) . in

addition nonuniforrn ioading of the perticles an scrnpiing filtern results in
biesed data becaus=e the locotion of the ash simple Laken off the filter for
chemical onalysis mag not be a true representation of cornposition and size

distributions (Norton, 1986) . These difficulties have forced sonne studier to

use ESP ash es represerrting the firme . The problern with this tgpe of

representetion is thet the bulk cornposition of emitted flg esh is quite

different from ESP esh (Meij et al ., 1984; Merkowski and Filb=g, 1985).

Ire the past, mcinteining correct isokinetic sampling conditions was dune
bg selecting the cppropriete nozzle orifice diameter für the sampling

probe spstem, ba ed an the gas velocity, steck tempereture, end stick

Pressure (Norton et al ., 1986; Muir and Akinola, 1986) . The control valve is

usuelig edjusted manuallg until isokinetic conditions ere obtbined . In the

high temepreture conditions cif c cool-fired plant, the gas temperature

and/or fio,hrrete do not remein consterrt baut cen °Sarg considerebig during

operetion . lr, mcnuellg setting isokinetic conditions, the valve edjustrnent

c:an "leg considerebiy behind the cctuei oranges in conditions, ccusing

significent errors in sempling (Muir and Akinola, 1986) ." Therefore,

isokinetic conditions ere usuellg epproximeted.

new method of outorneting e ges streern scrnpiing trein is being

developed bg Muir end Akinole (1986) "in order to reduce significcntlg the

errors irr sempling ." The scrnpiing of dust-laden geses irr e duct or chirnney

is performed bg cutometing the ges streem sempling trein with c

rnicrocomputer. The gas sempling cpperetus is cutorneted bg interfecing the

epprop+riete perts of the sempling trein with c rnicrocomputer. "A assernblg

Lenguege program, which cen be used with any scmpling trein errengement,

his been developed to compute the correct sampling conditions . The

microprocessor therr transrnits the eppropriete signel to a control velve for

reguletion of the scrnpiing rate ." Hense: isokinetic conditions ere

meinteined . The Instrument is still in the development siege .A porteble

instrument end prevention of the pl .ugging of the eitot tobe ere their future

resecrch obJectr es.

The obteining of relieble nneesurements of size distribution of the
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submioron€ porticles in cool-flred plents utilizes different sirr€plinq
instruments other th€en the conventionel surr€plinq trein . A T51 rnodel 3030

eiecticol aerosol enalyzer (EAA) is frequen€tly used in combinetion€ with
irmpactors to cover the size distribution m€eesurenient of the subrnicror€
oer osol , giving e mor e deteiled distribution in the submrcr or1 size renge (Mo.

Elroy et al ., 1962; Y .-S . Cheng et al ., 1985, Merkowski cnd Filbq, 1965) . The

EAA is frequer€tlq used to meosure size distributions of perticles below 0 .5

um in diemeter . The non-eerod€gnarnic technique does not measure eero-

• dynamic: eile directlq like the impcctor, but particle sizes rohere

eerodynernic diameter is not irnportent (Sem, 1986) . EAA clessifies aerosols

between .001--1 .0 um, eis reported by Merkowski et eil . 01980), cnd in

cormbination with irr€poctors c.an cover e reported broeder renge of 0 .005 -10

um (Y . -5. Cheng et al ., 1985). The cornbination of the impec:tor end EAA date

was used to demonstrete the collection of considereble blow-off cnd

particle boun€c:e of the impcctor . This weis reflected by the large disagree-

ment in size distribution date overlap in Fiqure 5 (Merkowski, 1964) . The

EAA ar€d impcctor used in combination doss offord wide renge of size .,

distribution, brat for the number cnd mos : distribution of the combined date

tigere raust be a conversion bg celculation to equelity of the volume cnd mass

of the perticles

	

Cheng et al ., 1965).

Another rr€eth€od recently developed for size seperetion of fly osh, is the
continuous steric Field-flow froctionotion . This is an optical particle size

monitor thet is being developed by the U .S. Environrnentel Protection

Agency für m€easurement of particle size for in-steck source testing . The

results indicoted thet when cornpered to e cascade irr€pactor, the

meesurermer€ts defined similer particle size distributions between 0 .2 cnd 20

um cnd particle : smoller then 0 .2 um eire not observed by the optical sizer.

Perticles lorger thein 20 um eire eiso not expected to be detected, but it was

stated thet the optical instrument moy haßt e some sensitivity to the larger

size particles (Conner ond Knapp, 1965).

The T51 differential mobility particle sizer is olso used for size arid
concentretion resolution where eerodynemic diemeter is not irriportont . The

subrnicron .pertic:les eire clessified into size renges between 0 .01-0 .8 um

diemeter (Sem, 1985) . This Instrument was not referred to in the in-plant

seiniplir€q studier, but os pest of en experimental cosl cormbustion sernplirrq

system (Arndur et al ., 1986).

A neweipproach for the determin€ation of the size orrd concentrotion of

particles entroined in a geie h€os beeis proposed in e paper by Tate et öl . (1985) .
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Figure 5 : Typical size distribution measured by EAA and cascade impactors . Error bars
an the cascade impactor data show the Standard deviation of Tour runs with
constant boiler road. Error bars an EAA data show typical variation over a
1-hr sampiing period . (After Markowski, 1984)

The development of an on-lirre sarnplinq instrument was discussed fur the
direct rneasurement of the aerodyr€am€ic diemeter of particles in situ without
sarnplinq to avoid the unreliability of previously mentioned techniques . in
principle, it is proposed tf€at " a eitot-static probe can be inserted into the

gas flow, with a fibre-optic Laser-Doppler system th€at rneasures perticle
velacities . The particle size distribution ccn be built up by rneasuring the
velccitg nd celculatinq the size of . lach particle dstected during e Brief
time interval, whlie the number of particles detected can indicbte the
particle concentration . Since there would be no need to sample the gas flow
arid because the opticel arid electronic components can be isoleted ..frcim the
gas flow, thic technique should be partic :ularly :nibble for gasen at high
ternperetures,"

The problems in obteining reliable measurernents of the size and
conceentretion of perticles fror the sornpling of coel-fired . combus.tion
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products ha 'e not been solved sufficiently . Although new improvements are
being müde in sampling tec.hnologq, there is still a need for mors 13boratoru

deit eloprnent and improvernent of sampling apparetus that will afford better

irr-plant collectinq, especiallg of-rrinute particles and gases . Present
laboratorg experimental coal combustion studier that show improvernent in
rnass balance rneasurernent ere done in ideal conditions that include closed

s sterrms. These laboretorq conditions con not be compared entirelq to

	

.

in-plant sampling . They do give a strong indicotion that in-plant sampling

cm be greatlq improved . In the final onolgsis, to perform ad-zurate and

precise sampling of cool-fired combustion particulates and vapors, one
sampling epproech or apparatus is not the answer. A combination of
irnproved occurote an-line equipment thet does verru specific size end phase

collection should be used to increase the occurocq of trau element
determination in cool-fired focilities. lt rnust be stressed that research is
not only needed in sampling technologq but o mors universal sampling system
of cool-fired facilities should be introduced . Thais cm onlu increase
efficiencu in sempling end ollow for rnore accurate comparisons between
similor cool-fired plants.

B . Analyticsl Technique

Preference for porticulor onalytical technique is often expressed in the
literature and there preferences are usually the result of ovailability of
equipment end the individual's e :perience. Flore recentlg the trend in
onolgtical technique has beeri toward mitleiermental instrumental
procedures to quontitetivelq cover es mang elements es ere epplicoble . In

general, coventional chernicel enelgtical techniques ere not done due to the
lack of sensitivit€y needed to meesure trabe quentities . Therefore. the.
primary methods used für troce element onalgeis of cool combustion
products were found to be instrumental nucleer activotion enolgsis . X-rou
fiuorescenc.e, spark Bourse mass spectrorr-etry, atornio. ernissioon
spectroscopy, atomic absorption, opticel ernission spectroscopy, and
inductive coupled ergon plasrna emissian spectroscopy . The use of arig
oneluticol technique needs occ.urecu lirnits and consi ,tencu . But sven though
an aneiq :sis is ac:curetelu performed, it mey or may not be correct because of
the fundamental problems in somplinq. A t the sonne time . there Öre still
sorne basic guideliries ond problerns thet need to be eddressed because
analytical technique inaccuracy doescause systernetic errors in rniass

belence determinations.
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The use of eppropriate standards and serr ple preparation for enolysis of
cool and coal oshes should not be underestimoted . Ina progrorn initiated bg
the L .S. Envirorimental Protection Agency (EPA), results which were
published bg Von Lehn-Ion et al ., (1974), portions of the sarg e co& and flg ash
sarnples were Cent to reine leboretores to determine up to 28 elements bg six
analgticol methods . The results fror the vorious rnethods and labaretories
for most elements showed enormous variatians for outside the uncertointy
limit quoted for the technique used . For this reason it was clear thet

stondords were bodig needed so laboratories could check their pracedures.
The results of ariother interloboratory ccmporison study bg the EPA an cool
and flq ash stendard reference material obtoined satisfactorg agreement an

the rneasurernent of 30 elements usinq instrumental nuclear activation
methods . This studg showed that with great cere in rneosurerr ent technique
it is possible to obtain satisfactory ogreement between labaretories ond
that tig ere iss a need für standerds in the colibration of Instruments (Ondov et.
al ., 1975) . The current stendards most used for troce element analyses of flq
ash ond cool are the National Bureau of Standards Reference Material
(NES M) 1633 and N5S I1 1632 ( Cluann et al ., 1982 ; Weissman et al ., 1983;
C:onzemius el al ., 1984; Norton et ol ., 1966).

Sample preporation offers opportunity for semple canteminetiar ► through
wet or drg ashinq of cool or the dissolution of fly ach through acid treatment
or fusion. it is specific to the method of anaiysis used . In etomic absorption

spectroscapy (AAS) semple dissolution is required and na single technique is
equal l y seti s=f ectorq for dissolution of all sampl es . A cool sarnpl e requires
dissolution techniques capable of decornposing large quantities of orgenic
material . Slaq and fly ach require techniques cepable of dissolv°irig acid-
resistant minerels and giasses . 's,V ery often some kind of oshing of the
semple is performed and volatilizetian lotises of certain elements occur
during ashing procedures and pretreatment. This cen be e limiting factor an
what type of semple an analytical procedure like AAS may be opplied.
Analysis by atornic absorptian or optical emission usuallq requires en ashed
semple. Someti mies the need for extensive pretreatment of cool sampl es
produces osh element dato that cannot be related back to the whole cool . in ..
contrest, instrumental neutron activation anelysis and X-rag ernission.

spectroscopy can be epplied to eng matrix and require no semple
pretreetment . (Val .kov'ic, 1983; Littiejohn, 1964).

Even though it is fett that detection limits with instrumental anaiyis ..
can .be good with use of eppropriete standards and sarnpie preper-ation,
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precision still depends lergelg on indiv°iduel enalgticel still . Despite new
instrumentel high sensitivitg in determinction of srnall quentities of
elernent ,, et the present Urne neither the reproducibilitg of meesurements of
trace elements bg one technique nor the egreernent between different
techrriqucs reeches the standards expected in conventiorrel an31gsis . The

situction exists because of e carnbiriation of fectors, which includes in-plant
sempling, contaminaticin of the sernple during preperction and incdequete

standerdizetion of equipment . ideali , eng method of analgzing trace
elements in cool carnbusticin products should determine lerge nurnber of
elements of interest simulteneouslg, be reproducihle and hcve reletivelg
little sernple prepcration . None of the avcilöble techniques determine cll the
elements and none can be considered ebsolutelg cccurete . The cpproech that
is presentlg regcrded as the Most effective combines t wo enelgtical
techniques and uses the comperison to indiccte cgreernent (Clevenger et ei .,

1964; Littlejohn, 1984). Uitimeteig, there is definite need to resolve the

ambiquities of trece element anclgticel meesurement in cool and flg esh
thraugh stcndcrdizction, cnclgticcl skili, end bettet sempling.

9. Conelrssion

ln this litersture re s,ie :~,r ; the e =vauetion of the seven principle c:ocl-fired

plant mass belence in°vestigctions verified tl,et certoin preveiling problems
cre existent in trcce elernent mass belence determinctions . The lörge

positive cnd riegcti=ve irnbeiences für mang elements (As, h, Err, Cl, Co, Cr, F,
l-lg, Se, Sb arid Zn) indicete the inebilitg to determine eccurcte concentrctians
in the different pheses . These elements are known to be volctile ct
cambustion temperctures cnd cre thought to condense out on surfaces of
either lcrger residual csh perticles or submicrorr pcrticuletes, while others
remein in the qcs phase . Most trcce element studier haue looked et
enrichment in esh froctions or size perticulates relative to mass bellonca
determinations. The use of enrichrnent fectors celc:uleted from

concentretion , in these frcctions do refiect pertitioning behevior in c_h and
vepor hut not specific concentretion levels . Present ernission values thct

are derived frorn mass balances are doubtful and still need substcntiation
frorn mors precise meesurernents . The fundan°rental problem in mass belance
and enrichment .determinetions is eccurete in-plant sempling of the ash and
geses. Present sampling of the submnicron pcrticuletes, eerosol, cnd gcses is
difficult and eveileble techniques are inedequete . irnprovernent in sernpling
technolc'gg is regarded es prioritg in the irnpro ernent of mass .beience
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rneasurerrrents . Analgtical technique is a n inor consideration . in the
Jong-terrn, improved mass balance deterrninations will bring about greeter
accurac in estimating ernission values . In addition, it will afford the
establishment of deta Base fron. ,g lich comperiso;n can be müde between
trace elernent concentrations in sirnilar and different coal plant
technologies . And most signficantl zq, this will secure an understanding of
how to handle ar'ru environrnental toxicitg or hazard thet mag be present .
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