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ABSTRALT

Cosl contains trace guantities of many elements that can be toxic if
present ih high enough concentrstions. Many of these slements sre relessed
gfter combusticn intg more availsble forms for humsn assimilation. Hence,
burning cosl increases the potential for toxic trace element hszard.
Asgessment of the Hierature on measurements of trace elements during
the combustion of cesl hes made it clear that thess meesurements are
imprecise and contradictory.

In this Hierature review, moass bolance messurements in coal-fired planis
gre evaluated and research in the enrichment of trece efements in coal
ashes is reviewed. The problems in measuring trace elemenis in coal-fired
facilities are presented with the intention that the knowiedge of the
difficulties outlined here will promote future study and ective resesrch in
these sregs,
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{. Introduction

Cosl contsing trace quentities of meny elements thet can be toxic if
present in high encugh concentrations. Many of these elements are relegsed
sfier combustion inla rmaore svsilable forms for humean sssimilation. Hence,
burning coal increases the potentis] for taric trece element hazerd. The
guestion is, does this relesse directiy or indirectly sffect human welfare?
This csn not be enswered on the besis of present dota. Assessment of the
litersture on messurements of trace elements during the combustion of coal
has made it clesr that they sre imprecise snd contradictory. Thereis little
if any data te compare emissions of industrial boilers, and preszent data is
tao inconsistent 1o permit even genersiized conclusions. Eventusily there
must be s unificetion and improvement on more basic levels in methods of

sampling , enslyticsl techniques, snd deta handling before greater
sazessment of emissions of coal-fired facilities can be examined.

i ihis litersture review, mass balance messurements in cogl-fired
plants are 843 lusted snd research in the enrichment af trace elernents in cagl
aches is reviewed. The problems in messuring trece elements in coaal-fired
facilities are presentad with the intenticn that the knowledge of the
gifficulties sutlined here will ammote future study snhd ar,twe re“earch m -
these aress. -

2. Trsce Element Mass Balance Comparissns Between Cosl-Fired
Plants

It is difficult to evaluate and compsre systematicslly mass bstences in
full-scale bailer hecouse of the varistions in cosl composition and opersting
conditions. Most troce elerment determinstions have been done on combustion
froctions in pulverized-cosl combustion (PCC) boilers 250 Mwiel or lamer
that ere used for power generation. Trace element studies during
fluidize-bed combustian are fewer compared te PCC (Littiejohn, 19a4).

Essentislly, there is not encugh svailable information in the lilersture
to present & comperison of trace element behavior tiurinq combustion in
similar bailer ig;xeg The types of coal-fired power plants thet have been

“studied vary in net copscities {230, 622, 750, 670 Mwiel), tupes of emissiaon
conirols, and the cosl fired. Therefore, sny comparison would have Lo be




grestly generslized. An additionsi probiem in trece element analyses of
coal-fired facilities is varistions within the same plant. Flow rates can
yary within the same facility. Fly ash removsl by s precipitater mey be
better st different operating times. Even trace elements in coals can vary
between mines and in the same coal bed, thus maeking composition of
combustion products different (Kaakinen et &1, 1973; Klein et &1, 1975;
Norton et al, 1986). But before any major comparison of cogl-fired facilities
is appropriste, there has to be the solving of fundamental problems in the
measurement of trace elements in cosi-fired plenis. Improvement in
methods of sampling, analyticel technigue and dats handling will render a
more sccurate determination of trace element mass balances ond subseguent
comparisan of cost-fired facilitias.

3. titerature Review of Previous Mass Balance Studies in
Coal-Fired Planis

To begin s discussion of previous mass balsnce investigations, it is
sppropriate to review o state of the art comprehensive study done by Kiein et
a}. {1G75) and then examine the more recent principal mass balsnce
investigations thet heve been performed o assess the flow of trace
elements through coal-fired power plants {Kaskinen snd Jorden 1974;
Heinrichs, 1677, 1962, Mesercie et 81,1979, Zieltke and Bittman, 1502;
Klusek et &1, 19683; Tadmor, 1966), with emphasis on the lecotion of
sampling and the type of dats reporied snd utilized in the mass belance
determinations. Finslly, this review will discuss the problems with moss
balsnce determinaiions and evidence for improvements in measurements.

The study by Kiein et al. {1975) was done io determine emission
charscieristics snd obisin mass bslences for thirty-seven trace elements
for the Tennezssee Velley Authority 870 Mwie) Thomes A. Allen Steorn Plant
in Memnphis, Tennessee. The mass belance messurements for the Allen Steam
Plant were done using samples of cosl, precipitstor intet and outlet iy ash,
and slag tenk solide. The dets reguired far mass balance colculotions were
concenirations of elements in esch stream and the total flow rate of each
stream (g/min). Imbslances are calculated using the following formule:

R imhsience = {3iag Tioww iy ash flaw + gas Haw - casl rlaw)/ cosi iy
' i iiinlied i 100




Sampling was also performed on the precipiteior sutiet fiue ges to
evaluste precipitator efficiency for various elements, thereby providing
some measure of astmospheric discharges. The suthors considered the flow
of trace elements inlo the plant with any suspended particuiste in inlet air
or slurry weter ss negligible in the msss balances. The balances for some
glements are respeciable (Table 1 ). For others the results showed much
gresier negstive snd positive imbslances for the two sets of runs performed
during Janusry, 1972 ang August, 1973, Serious negative imbslances occurred
for the elements Brand C1. [l was noled thet the impinger solutions for gas
collection were not analyzed for these elements. Positive imbalences
occurred for Crand ¥, suggesting that an excess in the fly ash was due io
corrosion of the boiler tubes. The imbslances of the volstile elements were
thought to be due to the fiue gos sempling methad that was designed
primsrily to collect particuletes efficienily. Arsenic was reported in the
1972 sampling Lo heve & large negative imbalance, wheress, those vsiues
obtained in 1873 gave an equally large positive imbalance. 1t wos tentatively
concluded that since very Httle arsenic weos found in the impinger solutions,
then srsenic was minimal in the vepor phase and imbealences were due {o
sampling or snalytical difficulties. However, the large negative imbslance
(-57%) could impiy the reverse: thet o substantisl portion of this element
was in the vapor phase of the flue gas and not adequately sampled.

The charascter of trace element partitioning within & singie pulverized
casl-fired power plant, the 1680 Mw({net) Unit No. 5 of the Public Service
Compeny of Colorado's Yaimont Power Station nesr Boulder, Colorado, wes
investigeted by Kaskinen end Jorden (1974). Sampling wes performed on sl
potientislly significant inlet and cutlet streams of trace elements ot about
‘the same time. These included cosl; bottom esh; ash from the mechanical

-collector hopper snd electrosiatic precipitstor hopper; fly ash from flue gas

‘st the scrubber inlet, scrubber outlet, snd electrostatic precipitetor outlet;

“scrubber slurry; and scrubber makeup woater. No gaseous trace elements in

the flue gas were successfully sampled. Total mass flow rates (the solid

and/or liquid flow at esch point, sversged for three runs) were calculated,

“and mass balances were done using only 11 elements for which s full set of

“mean cancentrations had been obtained (Tsble 2 ). Generslized results were -

- reported for element concentrations thet were essentisily constant in ali

; .:_out}et ashas, depleted in hottom ssh, or increased in fly ash cellected

‘downstresm. Lerge imbalances were found for Se and Hg supparting the :

- theory that major portions of inputs of these elements left as vapars or very
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A Table 1: Trace element flows through a coal-fired power plant. (Aftar Klein et al,, 1875)

Element flow, g/min Atmospheric
Element lmba;/iance discharge
Coal Siag Inlet ty ash Infet gas ’ g/min
Al 72 14,000 10,400 3,800 0 400
Al 73 15,240 8.620 6.720 0 30
As 72 53 05 1.8 — 57 0.2
As T3 8.5 1.5 8.1 < 0.1 + 48 0.2
Ba 73 98 42 55 + 1 03
8 73 8.4 0.2 0.3 - 80 ~ 8
ca 72 5,200 4,000 1,000 — 4 20
Ca 73 6,380 3,880 2,360 -2 1
cd 72 0.58 0.42 0.30 + 24 0.01
cda 73 0.89 0.09 0.58 < 0.05 — 1 0.02
Ce 73 12.1 7.1 5.2 + 10 0.04
cl 73 1340 8 15 — 98 ~ 1,300
Co 72 49 27 2.1 -2 0.04
Co 73 4.3 1.8 2.9 +9 0.02
P72 27.8 21.2 14.0 + 28
cr 73 26 13 22 + 33 0.3
cs 72 18 1.1 0.8 +5
Cs 73 18 0.6 1.0 0 0.01
Ce 73 122 1.7 10.3 -2
Eu 72 om0 0.15 0.10 — 17
Eu 73 0.15 0.09 0.09 + 20 0.0005
Fe 72 18,700 14,800 8,100 +B 200
Fe 73 15,350 9,440 8,540 + 16 80
Ga 73 6.6 0.4 80 -3 .
Hf 73 0.5¢ 0.3% 0.30 + 17 0.002
Hg 73 0.18 0.002 0.004 0.17 0 0.1
(gas only)
K 72 2,700 1,550 850 - 11 20
K 73 2,260 1,330 1,480 + 24 g
La = 72 8.5 55 1.8 + 12 0.04
Le 73 5.6 35 3.0 + 16 0.02
Mg 72 2,000 1,400 820 E 50
Mg 73 1,780 1,040 780 +2
. Mn 72 86 56 18 + 12 0.8
M 73 497 24,8 22.0 -5 _ 0.z’
Na 72 840 420 320 — 12 : L8
Na 73 1,020 420 750 +15 4
Ni 73 23 7 18 G :
Py 72 ‘9.2 0.8 7.8 -9 0.2
Po 73 7.2 05 5.9 <01 — 11 6.2
Ry 73 . 228 858 11.5 —-12 L1007
Sb 73 : 0.74 0.05 0.8¢ < 0.1 + 27 : .02
St 72 . 42 2.8 1.5 +2 0.2
S¢ T2 T3z 1.8 1.9 + 18 40,01
Se 73 3.2 0.0 _ 1.8 0.53 - 22 0.4
Si 73 33,860 18,300 14,480 ERREE S—1 ' :
Sm 73 1.47 T 068 - 0.78 - 0. 0.003
Sr 73 _ 34 14 .18 -8 '
Ta 73 0.18 Sp08 ERERE o5 o IR A A - - 0.0007
Th .73 ¢ R 13 1.5 L - 10 _ 0.01
ST 72 680 390 230 - ) -8 : LB
Ti 73 ' ~740 T340 0 - -440 o +5 L 4
u 72 3.0 . 2.0 o1 ' ' +3 002
u 73 320 128 o2 b - +8 .
v 72 S48 % D34 - 23 _ . 424 08
% 73 . 418 21.8 325 Ct T +30 “ 04
Zn 72 7 120 3 78 - 35 . L2
Zn 73 €8 8.4 55 <10 -7 2
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Table 2: Closure of mass baiances. (After Kaakinen and Jorden, 1974)

Relative Imbalance (%)
Analytical
Element Method Based on Based on
analyses of analyses of
ashed coal whole coal
Mo Color, + 10
Mo XF — 4
Fe AA -7
Fe XF - 13 — 18
Rb XF — 25 — 352
Sr XF - 17 — 17
Y XF -7 - 15
zr XF - 20 - 38
Nb XF - 18 - 13
210pp Rad. + 23
20pg Rad. + 21
Cu XF + 11 + 70°
Zn XF + 8 + 55°
As RF — 1= + 46°
Se XF — 220° + 62
Sn XF + 450 + 88¢
Pb XF + 132
Z6Ra Rad. — B0?

aValues involving analyses for which inaccuracies or imprecisions are
indicated to be a problem.

Color. — Colorimetric )

AA - Atomic Absorption Specirophotometry
XF - X-ray Fiuorescence

Rad. - Radiochemical analysis

fine particles.in the flue gas.

Tadmaor {1366) has recently performed an involved material balance _
compuiation on radiaelemenis 210Pb, Th and U, using data from Klein et al.
{1975}, Keskinen et al. {1975), snd Horton et 81. (1977). The raterial balances
Cwere cornpuled using sctivity or concentrations previously messured in the
input coal end in the differeni fractions of ash produced in the coal-fired _:_
plants. These activities combined with the percentages of different - =~
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plant. Semples were obtained frorm the brown cosl, inlet and outlet
precipitstor ash snd bottom ssh from three boilers. Ceslculstion of cosl feed
rote snd the fow retes of slsg and precipitstor ash were done from the plant
metering sysiem snd correcled to dry weighl. Percent irmbalances were
calculated using the formuls:

F imbsiance = Fracinilaior injal Ash + Boltom Azh - Srany Casl ¥ 100
Brown fasl

Percent imbatences {Table 4 ) were in genersl negative for most elements
and for Cr, Fe, Sc, V and Zr positive. [ wes concluded that the excess of
these elements in the iy ssh wes possibly due to corrosion of the pipes,
Negative imbslances far As, B3, Cd, €1, F, Hg, P, Py, §, S8, T and Zn were
thought Lo have originated from less efficient retsinment by electroststic
nrecipiistion. The elements were found te be “remarkedly enriched” in the
outlel fly ash. The elements C1, F, Hg and S were thought 1o have been
primarily discharged to the atmosphere a5 gases. A rough estimate s given
for velues of the shnusl nation-wide trace element emissions due to brown
coal combustion for power production (Table 5 ). The emission values are
anly for the elements in the flue ges thel were less well remaved by
electrostatic precipitstors. It was noted that there is 6 lack of informstion
in what form the metsals are emitted end thal chiorine snd fluoring possibly
participate in the transport of these metsls. Chlorides are known to have ¢
high vepor pressure end to leke part in the transport of heavy metals
{AMheim snd Romer, 1984). In addition, chlorides are found to be the most
volatile naturally occurring compounds for most metais {Krauskopf, 197%).
As of yet, the extent of the role of chlorine and fluorine in the transport of
metsls in the {1y ash and flue gss has nol been determined. o

A study to charscterize the routes of twenty-seven lrace glements
through four coal-fired power plants equipped with verious ash control
devices was performead by Mesercle et al. (1979). Elementsl msierial
halsnces were used to verify the megsured trece glement flowe in esch of
the outlet sireams. A1l inlet and outlel process streams were sampled. The
exit stresms included bottom ssh, collected 1y ssh, snd vepars in the
gxhausied flue gases. The flow rete and shalytics] trace element
conceniration data were used to calculate the smount of irace element that
wos entering or exiting the plant in verious streams. Closure of these




Table 4: Trace element flows through a brown coal fired power plant,
{After Heinrichs, 1982)

Element flow, kg/day

Precipitator Imbalance P.O.A.
Brown coal inlet ash Botiom ash % PiA
Al 148 x 107 138 x 10 8.75x 10° - 1{£ N 1.8
As 436 x 10" 371 x 10 825x 10" -13 (£ 3 5.2
Ba 171 x 108 1.62x 10° 3.83x 10 - 3{x 2) 1.8
Re 1.84 x 10¢ 1.72 x 101 274x 10! - 5{(x 2) 1.7
Bi 561ix 107 4.05 % 10! 874 x 103 —27 (% 8) 58
Ca 4.99x 10° 442 % 10° 521 x 104 — 1({x 1) 1.7
Cd 1.12 8.44 x 10! 1.48 x 102 —-23(% 8) 4.4
Ce 171 %10 152 x 12 1.85x 10 — 1(£ 1) 1.8
Cl 2.08 x 10¢ 1.06x 18 1.09 x 107 -84 (x 4} 9.1
Co 6.86 x 107 8.75 x 10 2,70 + 2(x 1} 1.4
Cr 1.99 x 102 199 x {F 7.88 + 4{+ 2) 1.8
Cu 8.54 x 100 6.41 x 107 1.05 O(x 1) 2.7
By 1,18 x 10 115 x 10 341 x 107 O(x 1) 1.3
F 2,93 x10° 7.43 % 10° 255 x 100 —74{x11) 6.6
Fe 1.68 x 105 1.76 x 10° i.58 x 10¢ +14 (= 6) 2.0
Gd 436 x 10° 4.05 x 10 900 x 101 - 5(x 1) 1.8
Hg 3.43 405x% 10 1.183x 1073 -88(+ 9 9.4
K 1.98 x 1¢¢ 1.82x 104 .18 x 108 - 1 1 1.5
La 1.08 % 107 1.05 x 1¢? 7.88 + 4+ 2} 1.0
Mg 8.23 x 10¢ 5.54 x 10¢ 875 x 10° ) C(x % 21
M 188 x 107 1.45 x {07 1.88x 102 - 2(x 1) 1.8
Mo 4,05 x 10 371 x 1y 413 2{= 1) 1.8
Na 2.21x 10° 208 x 108 1.48 x 10? - 2{z 1 1.8
Nb 7.48 x 10 7.08 x 10 3.75 O{x % 1.7
Nd 186 x 102 1.72 x 107 2.03 x 10 - 2(+ 1) 2.0
Ni 7.48 x 10 7.09 x 10 4,50 + 1(x 1) 1.0
P 112 x10° 8.79 x 10?7 3.53 —12{x %) 2.1
Pb £.86 x 10' 5.74 x 10 838 x 10 -~ 15 (2 3 59
Rb 274 x 102 283 x 17 8.25 = 1.2
s 1.84 x 108 7.76 x 10¢ 1.54 x 108 ~57{x B) 8.4
Sc 1.59 x 100 158 x 100 7.13 x 101 + 4{= 1) 089
Se 7.48 5.08 1.38x 10-* -17{+ 2} 7.9
Sm 1.22 x 10° 1.18 x 100 330x 107 - 1{x 1} 1.8
Sr 208 x 167 199 x 10° 583 x 10 - fi{x 1) 14
Tl 8.41x 10" 7.43x1361 334x10-2 - Bi{+ 1} 3.1
vV 277 x 102 KRR 3.00 +168{* 4) 1.3
Y 8.97 x 10 S 18 x 1 1.18 - 1{£ 1) 1.5
Yb S04 8.78 7.50x 102 - 2(x 1) 18
Zn 1.40 x 107 1.15x 108 274 —16{x 3} 4.1
s 2.87 x 102 3.21x 108 8.00 +15{x 3) 1.1

P.O.A. — Precipitator Qutlet Ash -
— Precipitator iniet Ash

PLA.
P.O.A
PLA

- Concentration ratios of the différant fiy ashes
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Table 8: Annual emissions due o brown-coal combu-
stion of 1.14 x 10%% for power production in the
Federal Republic of Germany.
{After Heinrichs, 1882)

Element emission, t/yr

As 85 Cl 29 x 104
Bi 0.23 F 33x10°
Cd 0.39 P 2.0 x 102
Hg 45 ) 1.6 x 10°
Pb 15.

Se 1.9

Ti 0.10

Zn 34,

t/yr = Metric tons per year

baslences was accomplished when the sum of the trace elemants in the
incoming sireams equaled within statistics! error limits the amount inall of
the exit streams. Out of a tolsl of eighty-one element meterial halances
computed, sirvty-five closed within + or - 35 & and snother seven within + or
- 50% . The matlerial balences in Teble 6 were represented as 8 ratic only:

total sum in outlet streams / total sum in inlet streams

The proportion of input material accounted for in the resulting mass belence
for mercury renged 13 te 212%. Al one plant molybdenum resulting mass
balance was 404 per cent. The suthors feel the differences csnnot simply be
explained by the difficulty of recovering volatiie elements from the gas
phase. Comparing emission from two plants, with electroststic
precipitators on the hol side and on the cold side of the sir hesier, indicsted
that some of the volatile elements were not as completely condensed an the
hot side as the cald. Also, that some trace elements were more
concentrated in smaller particles than in larger ones. This snrichment of
certain elements in the smsller size range, and the relalive inefficiency of
collection in this size range, explained the disproportionate atmospheric
ceinissions of some elements. And aside Tram those elements such es sulfur
- and mercury, which are known to be present mostly in the vepor phase, the
ather flue gas enriched elements may exist in either the VEQarous or
-~ condensed state and be. e:mited Wa the f ue gas in ﬂqher grnportmn* than
- the huik ﬂg as}* o SR T
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A thorough investigstion to characterize the verious waste stresms Dy
identifying the mass flow retes of the minor and trace elementis in each
waste siream, chtained mess balances for Lwenty-2ight elements st the 200
Myie) Tenessee Valley Authority's Kingsten Stesm Plant Unit & (Zielke snd
Sittmen, 1962). The plsnt's inlel and cutlet flows of the pulverizer, botler,
snd electrostatic precipitator were extensively samplied. The sampling was
divided into "lwo efforte™ one focused on the gasecus snd particuiate
emissions from the boiter snd the other the different pisnt ashes. The mass
balance range for the entire system was determined (o be -12.5 {0 +6.3%
Many of the element mass imbalance exceeded + or - 12% {Teble 7 ). The
relstive shundances of these element in whole coal ere given in the rank
column. 1 wee noled that these "rankings snd percentages depend only on the
measured concentrations, net on estimated flows”. Ten of the elements | Al,
Be, Cs, Cr, Fe, Mg, S, &1, Ti and V, had imbsalances of less then + or - 15 and
they represented about 93% of the totsl fly ssh and botiom ash mass flow
rates. Lerge smounts of F, Cl, Hg, Se, Sb snd Ag were not determined in the
mass belence. The Ag in the sample was too small Lo snalyze and the others
were thought to be found in the gas st very low concentrations. I was
cencluded thst ssmpling precedures needed to be improved for these
giements.

Table 7: Balance of individual elements (After Zielke angd Bittman, 1882)

Rank Element Balance {%) Rank Element Balance (%)
4 Fe _ 103.7 21 © Pb 82.6
1 Si 99.6 18 Cu 79.8
15 Y . 97.8 5 _ K _ 78.2
2 Al o 965 22 o As 773
25 " Be S 983 T 18 : Zn T BS8
7 T 954 - 20 ... Co .. 858
3 8 L4228 T o § 65.1
.8 .. Mg . .. 925 13 . B L 628
17 Cr 917 23 “UAg R
8 Yoga o e02 : R~ 'Sb Lo 318
19 Ni S 897 . . o 24 .. S ... 138
11 Ba : 881 . 27 CHa 88
14 Mn '87.5 .12 'F - 2.9

10 Na 84.4 9 Cl 086




At the 270 Mw(e) Milliken Station coal-Tired power plant in the state of
Hew York, coal, bottam gsh, snd Tk ash were analyzeg for 20 elements,
including the major nsiural radionuclides {Klusek et 1., 1963). Mass balence
calculaiions were compuied using sverage trace element concentrations
from samples of cosl, {1y ash, and bottom ash, and the calculated flow rote
for each compartment. The imbslence was calculated as the ratio:

% imbalance = {{total output in ash - input in cosl)/input in cosl) X 100

The data in Table 8 indicated & + or - 25 & imbalance between input and
output for @ elements and thet six of the elements had more of the element
feaving the stream in the ash than entering vie the coal. This disagreement
was stiributed to experimental error. The balances for Hg (-87 &), Sh{-64
%3}, angd Se {-33%) indiceled to the authors that the total in ash outpul was
less than cosl input. This suggested thal some fraction of the unsccounted
flow mey be discherged into the environment through stack emissions,

A recent German mass balance study supports the "role of uncertainty of
sampling, stresm collection, and anslysis” in the imprecise determination of
irace element msas balsnces in cosl-fired plents (Gerhsrd et ol, 1983). The
suthors indicated that only @ few trace element amounts in the cosl were
spprorimetely accounied for in the slag, fly ash, flue-gss dust, snd purified
flue gas from the combustion of cosl in three power plants.

4. I}_isczsssinﬁ of Litersture: {verview of Problems in Mass
Balance Determinations

Idesily, one should be able to calculete an exact balance of elements
entering and leaving & siesm plant, since the weight of each trace element
thet enters in the cosl end the weight of gach trace element that leaves in
ash, slag, snd gas should be able to be determined. The insbility to
sccurately sample & fecility, combined with poor analytical technigue snd
the loss of some waste products, results in mejor inconsiztencies and
probiems with mass balance messurements. These include the large element
imbalances snd the handling snd interpretation of dats to indirectly
determine deposition or emission velues of trace elements.

Previous mass bslence studies heve represented wide margins of error
“in many of the element balsnces. Serious positive end negative imbalances




Table 8: Trace slement flow and percentage imbalance.
{After Kiusek et al., 1883)

Element Flow? (g/min)
Element % Imbalance®
Coal Fiy Ash Bottom ash

Ag 0.25 0.22 < 0.003 - 12
Al, % 2.25 1.72 0.43 -4
As 477 418 G.18 -9
Be 0.43 0.57 g.22 65
Cd Q.11 0.08 0.01 - 18
Co 520 5868 1.65 41
cr 19.83 2048 5.39 30
Cu 12.13 11.88 2.39 17
Ga 3.21 4.31 1.21 72
Hg 0.15 0.018 0.0002 - 87
Mn 17.33 2372 8.08 72
Ni 18.47 13.88 3.07 3
Pb .. 887 g8.22 0.22 -3
Sb 1.13 0.31 0.10 -84
Se 0.80 0.43 011 - 33
Sn 0.82 1,12 0.24 120
Y 36.4C 27.78 _B74 -5
Zn 21.67 19.14 1.82 -3

sFlow rates: coal = 888,686 g/min;
fiy ash = 134,760 g/min;
bottom = 33,680 g/min.
°lmbalance = (bottom ash + fly ash — coal)/coal.

.

are note_d for many of the elements as well 8s wide closures for computed
values. MNotsble study closures are given as: within 30 % or less {(Folton et
81, 1873); +ror - 35 % for 65 elements snd + or ~ 50 & for 7 elements
{Meserale et 81.,1979); and + or - 25 § for @ elemants (Klusek et al,, 1983).
The imbelances sre excessive when considering eny statistical precision or:
accuracy snd the reproducibility of data. o

112 important to nele imbelence values depand on sempling procedurs
and sccuracy. This can be seen by the formules used to determine percent
imbslence. Gas flow and/or trece element concentrations in the cutlet
sireams were omitied in formules if sampling was insdequate ar not done on -
‘that fraction {(Boiton et 1., 1973; Klein et al., 1975, Heinrichs, 1962). This
may be less than 18 difference in imbalsnce error because the outiet ashis g
very small frection of tolsl ash, but the leck of proper measurement of the
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‘more volalile elements has been found Lo provide excessive percent
imbalances.

Mozt mess balance mesyrements indirectly determine the discharge to the
simosphere of heavey metals and other toxic elements (Billings el al, 1873,
Bolion el ol 1973; Kelb, 1973; Kisin et al, 1975; Keaokinen et sl 1975;
Zolter et &l 1975; Tadmar, 1986). 1t has been previously estsblished that
the wide + ar - imbalsnces {Table @ ) of elements As, B, Be, Bi, &r, Cd, Cl, Co,
Cr, F, Hg, Pb, Sb, Se, Sn and Zn, indicate that these are the problematic
elements. These elements are known 1o be volatile at combustion
ternperatures and found 1o cancentrate in the smaller submicron particies or
remsin in the gas phase. In the recent study by Klusek et 1. {1983}, 5
relatively smalt emount of Hg was found to be retained in & cosl-fired 270
Myw(e} povear plant. A plent imbalance of 67 & for Hg weas determined. It
w3 speculated that this imbalance indicated Hg may be refessed to the
enviranment. This is in sgreement with other investigators who maintained
that poor mass balance closures suggested Hg exits partislly as vapars in the
flue gas. Comparible imbalances in Table 9 for Hg verify s consistent
recovery probiem of thisg volatile elemant. Whether these element
imbslances determine tots] or pertisl discharge ta the stmosphere of an
~glement ar sccurate emission velues has yet to be subsientisted.

It 1z clear thai Jarge imbslances of valstile elements found in the
litersture reflects ingdequale sempling technique and possible direct relesse
into the environment as o vapor and/or as very fine particles. Numerous
studies refer 1o the unsuccessful sampling snd messurement of trace
elements in the vepor end amall particies in the flue ges (Kaakinen et ol
1975; Heinrichs, 1977, 1982; Meserole et a1, 1979; Gerhard et &, 1985). The
difficulty in sempling of voletile elements weos demonstrated in the study by
Klein el al. (1973}, The impinger solutions for gas collection were not
analyzed for either C1 or Br; 83 & result lerge negative percent imbelsnces
for both elaments were indiceted. The study's large negative imbelonces for
grsenic in the impinger solutions weas additionsal evidence of sempling
inadequacies,

In-plant flow retes have not frequently been focuzed on 8s g pessible
concern in mass balance measuremenis. Flow retes of esch stream or mass
flows are mentioned ag o requirement in mass balance calculations. But
Zielke snd Bittman (1982) proposed thet drastic improvement of mass

balance estimates could be obtained if the sbility to messure flow retes




Table 8: Compariable imbalances for elements (%).

Kaakinen and Klein et al. Klusek et al. Zielke and Heinrichs
Jorden (1975) (1983) Bittman (1982)
{1974) {1982)
As +46 e -9 23 —13
Be + 65 -5
Bi - 27
Br — &0 —4
cd +24 — 18 _34 —23
C - 98 - 98 —- 94
Cr N gg +30 -8
Co -2 + 41 —34 + 4
+8 .
F -97 - 74
Hg ~ 90 —g7 -87 — 91 — 88
Pb _“1? -3 —17 ~15
Sb + 27 — 84 — 68
Se + 62 - 22 - 33 - 88 - 17
Sn + 88 + 120
Zn +55 — 35 -3 - 30 - 16

ground the boiler improved, and recommended g Jonger Sam;ﬂing program "o
help quantify the time éep_endencies of power plant dats,” becsuse of the
varisbility in.pa}fﬁ_er'pl_am o_;u_atja_t_ing cond_itiqns_inciuding the flow retes. R

In the final ana]um

the resl problem is the ingbil ity {0 mmaﬂg

determine sccurele data values becsuse of poor Sﬁmphnq technigue. A more
-representative sampling would allevigte partially the errars in balance
determinations, especislly if improvement wes in the sampling of vapars and
‘the submicron size fly esh. The improvement in the determination of initist

concentrations in the outlet streams could improve such predictive
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cslculstion approaches like that of Tadmore {1986) and his use of mass
bolance dota to calculste the percenteges of radicelements in phases other
than the ash, and the future predictions of trace element emission values in
particulates snd vapors of coal-fired facilities

5. improvement of Mass Balance Measurementis

Experimental cosl combustion systems have afforded mass belences that
are generally more sccurate then in-plant measurements. This indicates thel
yest improvement of mass balance messurement is possible in coal-fired
pawer plants with improved technology.

The mesasurement of 24 trace and minor elements in the feed and exit
streams wes conducted using an experimental 2.23 sg. L atmospheric
fluidized-bed cambustor (Hall et &1, 1962). Materisl bajsnce closures for Ca,
Mg, Mn, ¥ and Zn were in 90 to 110 % renge. The {olsl element ranges for 15
elements had sversge bslsnce closures of 93 & of respective irputs, and only
& elemenis were below 90 %. Thic is sn improvement over power plent
messurements of the trace elements listed in Tahles { and 9. in Quann et &l
{1662) the efficiency of collection of the submicran fraction in s Iaboratory
nulverized coal high tempersture combustion system was tested by
performing s meteris! halsnce on selected elements. Generally, more then
0% of sn element in the coal feed weas recovered in the perticulate product,
which indicated no significant tess of particuleie or inorganic vapor
materisl within the furnace, collection probe, or modified impactor head.

It is apparent to effectively improve mass balance messurements in
cosl-fired plants lshorstory experimentsl systems should be developed that
sre cancerned with the precise ssmpling of the more deceptive trace
elements that concentrste in the submicron fraction end geses. The
lsborotory development and improvement of sampling spparatus would efford
belter in-plant collection sysiems as well as give infermation where certein
irace elements may be expected to cancentrate during certain cambustion '
conditions. A betier understanding of the mechanisms of release to the
environment would slso be obtsined. As of yet, there has not been ensugh
research of this {ype done. The current samp mg techmquec and pramems
ore dlswssed in the, foll Dwmg sectmns -
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6. Trace Element Enrichment Siudies Reviewed

In the last section a review of the trace element mess bslance
investigations in cosl-fired plants determined thet improvement af
measurement is needed to provide & concise dste bese in which to compsre
facilities. However, the investigations in the literature on trace elements in
cosl-fired plants genersliy have been more concerned with the determination
of enrichment irends of trace elementis in ssh fractions snd/or size particles
then overall mass balance messuremenis. These types of studies con
gventuslly improve sampling snd analytical techniques of trace elements and
the dats used in mass balance determinations. Presently, there is still
considerabie need in improvement in both enrichment trends and mass
bolence assessments. Inorder Lo have 8 true understending of trace element
research in cosl-fired facilities the two types of trace element enrichment
studies must be defined and reviewed.

&.1 Trace Eiement Enrichment in Ash }Fractions

Enrichment trend determinations are of two types. They sre either trace
element distribution in the different ssh streams, such a8 the bottom ash,
electrosistic precipitator ash and sisck emissions, or distribution sccording
to particle size, especislly the measurement of incresse in concentration
with decrease in particle size of the finer particulates. Trace element
concentretions in the differant ssh fractions are described as partitioning
behsvior in g cosl-fired plant. Pertitioning behsvior in cosl-fired facilities
has been investigsied by Klein et &l (1975) and Meij et 8l {1386). The trace
etement concentration patierns of these two studias are in relstively good
agreement, considering differences in plant opersting conditions and the
dates of the studies. Troce element distribution differences in coal-fired
plants can result from the tempersture of firing, precipitetor efficiencies,
and cool types. These two studies reflect the besic approach of pertitiening
investigstions end sre discussed here. '

i the study by Kiein et 8. (1975}, increased concentrations of certain
trace elements weére found in the iy ash relstive {o the sleg (or bottom ash)
and in the ash discharged through the stack relstive to the ssh collected by
the precipitstor (Table 10 ). Both Klein et g1 (1975) snd Meij et al. {1868)
indicated the enrichment of the fly ash in certiain trace elements snd the
loss of volatiles by trace element concentration ratios or enrichment
- foctors. InKlein et sl. {1975, ratics were given that reflected the




Table 10: Concentrations and concentration ratios. (After Klein et al., 1875)

Element concentiration, ppm

Concentration ratios

{Outlet fly
Coal Slag inletfly ash | Outietfiyash | Siagicoat | MUY 1 ooi/gintet
ash)/slag i h
y ash)
Al 10,440 102,300 80,900 76,000 98 08 0.8
As 4.45 18 110 440 38 6.1 4.0
Ba 85 500 485 750 7.7 0.8 16
Br 37 2 ~ 4 0.5 2.0
Ca 4,340 48,000 25,200 32,000 10.6 o5 13
cd 0.47 1.4 80 51 23 7.3 B.4
Ce 8.2 84 24 120 102 1.0 14
cl g4 < 100 < 200 < 0 ~1
Co 29 208 39 55 7.2 1.9 17
Cr 18 152 300 900 8.4 25 30
Cs 1.4 7.7 13 27 7.0 17 2.1
Cu 8.3 20 140 24 70
Eu 0.1 11 1.3 1.8 11.0 1.2 1.9
Fe 10,850 112,000 121,000 150,000 103 1.1 12
Ga 45 5 81 1.1 18.2
Mt 0.4 45 4.1 50 115 0.9 1.2
Ha 0.422 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 42 110 1.0 1.0
Mg 1,210 12,400 10,800 102 08
Mn 33.8 295 - 298 430 87 10 1.4
Na 856 5,000 10,100 11,300 7.2 20 1.1
Ni 16 a5 207 S 53 25
£b 49 82 80 850 1.3 128 8.1
Rb 155 102 185 180 8.5 15 1.2
8b 0.5 0.64 12 55 1.3 188 48
Sc 22 208 26 38 95 1.2 1.4
Se 2.2 080 25 88 08 310 35
St 23,100 229,000 196,000 9.¢ 08 '
Sm 1.0 8.2 105 9 8.2 +.3 0.9
st 23 170 250 : 7.4 15 ;

" Ta C.11 0.85 14 18 86 15 13
Th 2.1 15 20 26 7.4 13 13
Ti 505 4100 5,980 10,000 8.1 15 1.7
U 2.18 14.8 30.1 8.8 20
v 28.5 260 440 1,180 8.1 1.7 2.7
Zn 46 100 740 5,500 22 7.4 8.0




Sagsrasl,  fniel My sshyBlag. Gullet Fly ssa/ infel fly ean

These concentration retios evalved the three classes of partitioning
behavior:

Class 11 slsg/coal » 6.6, (injet flyash)/stag= 1.2, 5=03,

L

autlet fly ash/intel My s 13, 505
S = siandsard deviation
Flements are readily incorporsted into the stag shd are partitioned sbout

ggqually beiween the injet fiy sch and sleg. There is no spparent tendency to
concentrote in the outlet 11y ash.

Class 1 a}ag;’caaé 3.8, iintet flg sshy/slsg = > 6,
cutlet fly sshiinlet fly ash = > 35
Elements are poorly incorporsted into glag end ere concentrated in infet fly

e
ash compared to glag end in the outlet fly ash compered to the inlet Tly ash.
Ciass 111 Elemente remsin simest completely in the gss phase.

in controst, Meij et ¢l {1986) investigated the degres of enrichment of
trace elements in the fly ash due to evaporstion snd condensalion. Fly ssh
was gefined as the stack emitied portion of the pulverized-cosl ash that was
not cought by electrostetic filters. The relative enrichment factor (RE) was
spplied to indicate the degree of enrichment of trace elfements in the Tly ssh
due 1o the evaporation and condensatlion mechanism.

AL - gfgpment concenirslion fngsh . K008l S5
ElemEn! CoERIElIon i roel ey
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Table 11: Classes of trace element partitioning reported by Klein et al. (1975)
and Meij et al. (1986)

Kiein et al. (1975) Meij et al. (1986)
Classi Al Ba, Ca, Ce, Co, Eu, Fe, Hf, K| Al, Ce, Cr, Cs, Eu, Fe, Hf, K, La, Rb, 5S¢,
La, Mg, Mn, Rb, Sc, Si, $m, Sr, Si, Th, Ti.
Ta, Th, Ti. :
Class il As, Cd, Cu, Ga, Pb, Sb, Se, Zn. la: As, Cs, P, Pb, 5b, Se, W, Zn.
itb: Be, Co, Cu, Mg, Mn, Mo, Ni,
U, v, Sr.

ilc: Ba, Ca, Na, Sm.

Class lil Hg, Cl, Br. 8, 8r, CI, F, Ha.
Cr, Cs, Na, Ni, U, and V appeared 10 be Be, Ca, Mg, Mn, Na and Sr have been placed
intermedizte between Classes | and |l in class It contrary to the literature,

Be and Sr were depleted in bottom ashes.
Ca, Mg, Na, and Sm were not. Ca and Mn
were enriched in botiom ash.

Computed enrichment factors are frequently used in the ltersture to
represent trace element enrichment or loss in the ssh or gas phase and to -
gescribe partitioning in the various ssh stresms (Keskinen et al, 1975;
Weissman et s, 1983; Conzemius et 81, 1984). The RE factor wses used in
this study to group elements into classes with different valatilizetions. The
following classes were differentisted as 8 result of the enrichment factors.

Cless 1 (0.7 <RE ¢ 1.3} Elemenis sre mostly not volatile and have no
significent sdditional enrichment in the emitied fly ash.

Class HERE > 1.3 and RE < 0.7): Elements are enriched in emitted fly ash (RE
>1.3) and depleted in bottom ash (RE < 0.7},




Three subgroups of Class 1] are distinguished:

Ha: RE> 4

Hb: 2<RE<4

e 1.3 ¢ RE<Z

Cless 11 (RE << 1} Elements thet escape mostly gs goses.

Meij et ol (1966) does not egree that Cr, Cs, Na, Ni, U snd ¥ showed
irregular behavior between class | ond 1 but pleced Cr and Cs in closs | and
further subdivided the classification scheme to include 3 subclasses of Class
[ {Tahle 11 ) il iz important to note thet for both studies the relationship
between the enrichment factor or concentration raties and the ash particle
size iz gheerved as sn increase in class |1 elements with decreased particie
size. Most clsss il trace elements are highly enriched in the {1y ssh and fume
in the colder parts of an installation.

In & study done by Canzemius et a1, (1984), the dats also showed excellent
agreament thet class |1 elements heve 8 tendency to pertition in s plant.
They used the seme classification defined by Klein el 5. (1873). The class |
glements, As, Cd, Ge, Ge, Pb, Sb, Sn, T1 and Zn, were highast in the
eleciroststic precipiistor ssh relstive to the Bottom ssh and primery
mechanicsl callector gsh. The el emanis Ge, Snsnd T1 were not determined by
gither Klein et a1, (1975) or Meij et &1 {1966). A piot of the computed
enrichment factors for the cless M e!ements ig given in Figure 1. Similar
behavior is sbserved among this group of elements. Pb and Cd do have the
grestest range of partitiening for both the cosl types tested.and Snis o
significantly less partitioned in the lows cosl. The enrichment fsclors '
(Table 12 ) indiceted partitioning hehovior that wes mtermedmte between
the cless | and cless 11 elements far 10 elements: Ei, Cs, Cu, 1, Mo, Na, Se, Ta
and W. This is nat entirely congistent with the results of Klein et sl {1579)
and M ul] et l. (19686, in which anly Cs and Ne are considered as mtermemate _
(Tsble 13 ). Most of the other elements that were studied fell into class |
chowmq no partitiching. The elements Mn, Ts, Fe and Si for the lows caal and
Fefor the Cmm &DG coa] Wwere mmcated 83 hamng “mal éep]etmns ut the ESP
:qlte . S T

[t is clesr from the shove survey thel the investigations of partitioning.
of trece elements in coal-fired facilities heve determined that irsce .
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Figure 1: - Plot of enrichment factors for elements partitioned in the ashes. (After Conze- -
mius et al., 1984) . )

elements do tend to concenirgte in the smaller ash frections. The use of
enrichment factors, calculsted from trece element concentrations in the
verious ash fractions, reflects the partitioning of particular trace elements.
Enrichment factars and concentration retios evolve clesses of partitiening
hehevior thet describe not only partitioning in the ash but volstizetion |
behaviar. It is indiceted that class 1l trace elements incresse with -
decressed particle size. IR 5 IR

" Investigating the incresse in concentration with decresse in perticle size
and delermining any varistions as & function of particle size, is the sirstegy
of most trace element enrichment studies. Gefore the concentration -
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Table 12: Enrichment Factors* by SSMS in Three Ash Depositories for an lowa Coal and a2 Ceolorado
Coal. (After Conzemius et al., 1984}

Colorado coal

lowa coal
no. Sy BA PMC ESF no. Sy BA PMC ESP
1 cd 028 £0.10 077 =0.21 999+ 271 1 Pb 0.17 £ 0.08 03301 1813 £5.78
2 Pb 0.27 £ 0.08 098 =024 887 £233 2 Tt 0.21 £0.07 042 £ 013 16.75 = 4.91
3 Sb 0.34 =208 0.83 £ 0.21 S04 £225 3 Cd 0.08 £0.03 073023 16.35 = 4.68
4 T 037 £0.14 1.08 £ 0.26 787 2195 4 sn 0.33 £0.10 0.55 + 0.18 14,09 = 3.67
5 Ga 0.52 £0.14 0.85 £ 0.20 892 £ 157 5 Sb 0.24 = 0.07 077 £ 0.21 13.70 = 3.51
5 As 0.34 £ 0.09 138 2032 879 £ 1.58 & Ge 0.26 = 0.07 G78 £ 021 13.35 = 3.35
7 Zn 051 £ 0.7 095+ 0.26 684 £ 158 7 As 0.14 = 0.04 1252042 11.68 £ 2.95
5 Ge 0.49 £ 0,12 1.08 £0.23 834 £ 1.36 8 In 0.49 £ 0.18 063019 11.24 £ 3.28
] Sn 0.88 + 0.23 0.78 £ 0.17 318072 2 Ga 0.56 £ G.14 078 £ 0.17 910+ 1.94
10 Mo 077 £ 0.19 119 = 0.25 2.84 £ 058 10 Bi =074 =081 z79
11 Cu 0.88 +£0.20 0.89 £ 0.18 278055 11 | 0.27 £ 0.07 1.8¢ = 0.44 487 £ 059
12 Bi =085 = 1.01 Z 267 12 Hi 074024 1.00x0.28 470 % 3.99
13 Cs 079 £ 0.21 1.18 + 0.33 254 £ 082 13 Na 0.79 £ 0.21 0.94 £ 0.20 4.86 = .85
14 t 0.57 £ .15 1.88 = 0.41 225047 14 Mo 0.87 £ 0.20 083 £0.18 415+ 0.81
15 Co 080018 1.27 £ 0.25 215 £ 0.42 15 F 0.55 +0.14 1.48 £ 0.37 3.84 + 0.87
18 \ 0.84 £C.18 1.20 £ 0.25 1.85 = 0.40 16 c 075018 115 2 0.27 3.50 £ 0.96
17 Se 1.05 £0.27 085 £0.15 1.89 £ 0.41 17 Dy .89 = 0.18 1.31 £0.35 325+ 08%
18 Ta 0.856 £ 0.21 083 % 0.20 1.84 £ 0.48 18 Ta 1.04 £ 0.33 0.83 £ 0.17 319 £ 0.85
19 Na 1.04 £0.25 070015 1.78 £ 0.46 18 Cu 105 £0.24 061 =0.13 3.15 £ Q.81
20 Nd 0.85 £ 0.20 1.24 £ 0.25 1.70 £ 0.34 20 . Cs 0.80 £ 0.26 383025 281073
21 U 0.84 £ 0.21 1.28 = 0.27 167 £0.34 21 Er 073+ Q.18 127 £0.31 2.89 + 061
22 Ni 0.97 £ 0.24 091 £0.20 165036 22 Se 1.05+ 025 0.66 = 0.15 284 £ 057
23 W 0.90 +£0.36 1.12 £ 0.34 184 £ 048 23 w 105 +0.32 0.86 = 0.18 2.80 % 0.67
24 Yb 0.81+£0.18 1.3+ 0.35 162035 24 u 0.87 £ 0.18 1.41 +0.29 276+ 0.55
25 Sm 0.85+0.23 1.28 £ 0.30 1.60 =034 25 sm 071 0.20 1.35 £ 0.34 267 £ 054
5 -.Ce 0852020 128 £0.27 155034 26 Zr G.87 £ 0.21 1.04 = 0.21 259 £0.50
27 Dy 089+ 029 1.7 £ 0.2¢8 1.52+ 0,37 27 Hg 089 £ 029 0.81x 032 255 0.68
28 Er 085022 130+ 0.28 1.50 =038 28 Gd 0752020 1,26 £ 0.32 2.50 £ 0.51
28 Cl 073+ 0.18 1.66 £ 0.42 1.45 = 0.40 2% Sr 0.71 £ 0.20 1.37 £ 0.32 245 050
30 Pr 0.93+£0.23 110 % 0.25 1.44 & 0.31 30 B 0.67 = .19 1.45£0.55 238+058
3 F 083 +0.28 1.38 £ 0.40 141+ 038 31 He 083+ 0.18 1156 £0.24 2.36 £ 0.47
a2 Y 0.96 + 0.21 1.02 = 0.27 141029 32 Nd 0.89 £ Q.22 1.04 £ 0.24 2.28 £ 045
23 Mg 1,01 0.24 0.87 £ 0.18 138 £ 0.28 T 33 Rb 0.98 = 0.26 0.87 £ 0.22 2.28 = Q.50
34 Gd 0.84 +£0.23 1.36 £ 0.30 1.36 = 0.30 34 Co 1.02+0.23 081017 222+ 043
35 Sr 1.01 £ 028 0.88 = 0.18 1.34 £ 0.30 35 Yb 072+ 019 140 £0.38 213+ 051
38 Ba 101026 0.8+ 0.19 129+ 029 35 Tb 079018  1.28+0.28 1.98 £ 0.40
37 L 0.91£0.23 1.18 £ 0.26 127 £ 027 37 Eu 079+ 0.18 1.27 = 0.30 1.98 = 0.38
38 Sc 0.93 £0.24 113 £ 0.24 1.26 = 0.28 38 Tm 0.86 +0.22 1.16 £ 0.28 1.84 = 0.48
38 S 1.16 £ 0.38 0.50 + 0.4 1.25 £ 8.38 39 Ba 069+ C.18 1.48 £ 0.40 1.83 £ 0.51
40 Ti 0.86 £0.18 1.35 £ 0.28 120+ 024 40 Cr 081023 1.04 £0.22 1.893 £ 0.43
41 Tm 0.89 £ 0.31 1.27 £ 0.38 115+ 0.30 41 Ni 1.00£0.23 0.88 £ 0,19 191 +£0.3%
42 Rb 080022 1.26 £ 0.3 107 £024 42 Ce 081019 1.24 + 0.34 1.88 £ 0.38
43 Zr 091 £ 021 1.24 £0.25 1.07 = 0.22 43 La 085+ 022 1.20 £ 0.27 173 £0.36
44 Al 1.00 £ 028 1.00 £ 0.22 1.00 + 0.21 44 A 0.91 4+ 0.23 1.07 £0.25 1.73+£0.35
45 Hf 0.78 £ 0.22 161 £ 046 100027 45 Br 1.08 = 038 075020 1.70 + Q.50
48 P 095+ 022 1.16 = 0.25 086 +0.20 .48 Pr 0.88 +0.21 1.14 £ 0.30 1,58 £ 0.34
47 Lu 0.93 +0.31 1.20 = 0.31 095+ 0.23 47 Lu 055+ 0.19 1.80 £ 0.43 1.58 = 0.40
48 Cr 092 £ 022 1.28 £ 0.27 092+ 0.18 48 P 1.06 £ 0.27 082018 1.56 £ 0.32
4% Li 0.92 4 0.27 1.26 = 0.40 0.88 £ 0.27 49 Ti ..1.15+ 028 083x0.14 1.56 = 0.31
50 K 084 +01% 1472030 0.87 £ 017 50 Li 1.04 £ 0323 0856+ 030 145038
51 B 0882028 M5+ (.29 0.84 + 0.20 51 Mg 103+ 024 | 088x0.18 1,42 +0.28
52 Hg © 1,15 2 0.38 062 = 0.37 0.82 = 0.24 52 s 1.37 £ 0432 023008 1.41£042
53 Be 108 + 048 0.78 +0.38 0.82 £ 038 53 . Sc¢c 086 £0.24 1.04 =024 ~133 =028
54 Ho 089 +0.22 1371028 081xQ18 54 K 1.03 £ 0.28 0.8¢ + 0.2¢ 1.33x 030
85 Eu 095 £0.26 120 £ 0.27 0.79x0.19 55 Y 088+ 022 1.18 £ 0.24 21232025
56 Th ~102x£028 1.00£0.22 .75 £ 0.17 56 - Ca 1.08 +£027 083x0.18 114 2023
57 . Tb 088022 "138+0.28 068 = 0.14 57 Al 100+028 1002022 - 1.00=020
58 . -Br ~1.01 2034 .07 £0.27 0810146 .58 | &i 0968+ 022 1.08 £0.22 086 +0.18
59 Si 0.88 = 0.20 145+ 0.28 0.47 £ 0.08 58 Th 086+ 024 1.08 £023 .0.891 £ 3018
60 -Fe 1.14+£027 076+ 016 . 045£009 - 80 . .Mn 102025 089=x021 | 074xC15
61 - Ca 111026 - 087 £6.18 032007 &1 Be 134 =044 040 0.14 082026
62 Mn 111+ 0.26 020 £0.18 0.14 £0.03 B2 Fe 1.15 %026 Q.80 £ 017, 029 £ 008

* Elements are listed in order of enrichment factor at the ESP site for sach coal.

S8MS - Spark Source Mass Spectro

BA - .- .Bottom Ash

metry -

PMC

- Primary Mechanical Coliector |
ESP - Electrostatic Precipitator '
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Table 13: Comparison of trace element classifications
reported by Kiein et sl. {(1975), Conzemius et al.
{1984) and Meij et al. (1988).

Elements* Klein et al. pMeij et al,
(1875) {1986)

Bi not determined not determined
Cs intermediaie class |

Cu class I class llb

I not determined not determined
Mo , not determined class lib

Na intermediate class lic

Se class lf classila

Ta not determined not determined
W not determined not determined

*Trace elemenis all interrmediate between class | and i for
Conzemius st al. (1984)

particlie size relationship can be reviewed, it is important o examine in
mare detail the mechanism of fine particle enrichment and discuss the
implications of the submicron fraction of ash.

6.2 _Mechamsm of Fine Particle Enrichment

The enrichment ¢f trace elements an the surface of relatively smsli
porticles has brought forth o unigue but highly plsusible mechanism of _
enrichment theory. The concentroting of these elements is thought to be due
to & vaporization - condensation mechanism that the different elements
experience 8 a resuit of high temperatures in the botler and ducts of o
cosl-fired plant. Volatization occurs during combustion end is then folloved
by condensation or sdsorption over the available 11y ssh metrix materisl
{compaszed of thenonvalalile oxides of Al, Mg, and Si) (Devison et &l 1974)
enrichment is thought not only to be preduced by ash vapors depositing on the
surface of resicual ash particle bul alzo through the nuclesiion of the vapors
to form very small new particles (Taylor and Flagen, 1962). The smailer the
”p_ariif;ia the greater the surface sres svailable to sdsorb both volatile - - -
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inorgsnic and orgsnic toxic compounds. These {oxric fine pariicies can pass
through g plent's particulsie emissions control device snd regide in the
atmosphere thus incressing their chances of being inhaied by humens. The
enrichment of trace elemants an smalier psriicles has been described in
other investigetions (Natusch and Wallsce, 1974; MNstusch el sl L1974,
Kaskinen et al., 1979; Klein et a1, 1975; Lindberg et 8l. 1875; Ragmm and
Ondoy 1975; Ondoy et 81, 1976, Smith et a1, 1960,

6.3 The Submicren Fraction

It haz been determined by verious resesrchers that the distribution of
suspended particles in cosl-fired bwning iz bimodal with distinct modes ins
submicron snd supermicron size ranges (Regeini end Onday, 1977; Ondov et

al, 197%; Johnson et. a1, 1962; Tsylor and Flagen, 1882; Markowski and
Fﬂbg, 1465). Resesrch has concentrated on the | arger mode as g resuit of the
lack of sampling expertise. Quantitative messurements of the compestion of
the 1srger mode from coal~fired utility bailers are thought to consist
primarily of ash residue which remsins after the carbon matrix is fully -
burned (Flsgan snd Friedlander, 1978). The submicron fraction is smaller
than the larger mode snd defined a5 perticles with lese than Tum
serodynamic dismeters (Taylor and Flagen, 1982). Aercdynamic dismeter of
narticle is defined 8s "the physics] dismeter of & unit density sphere which
settles through the sir with o velocity equsl to the particle in question”
{Gem, 1964). The composition of the submicron fraction, somelimes referred
to as ssh serosol, is highly verisble due to the different cosl-combustion
operating conditions with tempersture veriation being highly determinant
{Taylor and Flegan, 1962). Different facilities produce varistions in
termpersture of the burning cher particles and vaporizstion rates. These in
turn influence the composition of the gas surrounding the char or gsh
narticles snd compasition of the resulting combustion product. {Teylor end -
Flagan, 1962; Markowski el al, 1980; Weissmsn et 8, 19683} It haz also
heen nbserved that the compaosition of the ash particles smailer than 0.1 um
dismeter may differ substantislly from other jsrger submicron perticles and
the varistion can be seen from one combustion aperating condition to another
(Teylor and Flagen, 1960), It is spparent thst s number of foctors influence
the resulting composition and quantities of the very small ash pamc es .
QE'ﬂE!tﬁtEIj ajurmq t 19 camhuqtmn of Exul e *pd ceul R .

Eftze study (Smith et al, 1979) in particuler shauld be mentioned Decause
the findings sre co:;ir"dutut’g ta the predictions of most resesrchers that




the lzss then | um dismeter particles concenirste trece elements. The
results are nol typical in thet the concentrations of the volstile elements in
the fly ssh are nearly independent of particle size below spprozimately tum
dismeter (Figure 2 ). The bursting of larger periicles during rapid gas
relesse followed by cosgulation of rmuch smaller fragments was the proposed
mechsnism for formation of submicron particles. The condensation of
volatilized material may ocour during and sfter cosguletion. The suthors did
point cut that while their results suggested that the concentrstion becomes
independent of particle size for particles smatler than & few microns, they
dig not expect similsr concentration profiles from all cosi-fired plants.
Loweer temperstures or differences in mineral matter composition may make
the busting mechsnism unimpaortsnt in other cosl-fired plants. It must also
be mentioned thet submicron perticles were ssmpled from the electroststic
precipitator snd not coellecied in-stack where most submicron particle.
sampling is performed. There is really little evidence to suggest that
busting is the major mechanism of fine particle farmstion in coal
comnbustion. The extreme variability of the composition of smell ash
particles produced from e single cosl type under varied combusiton
conditions and the fermstion of some perticies which ere devoid of the major
ssh constituents suggest that the vaporizetion-condensation mechsnism
dominstes {Taylor end Flagan, 1982)

6.4 Trace Element Enrichment ss & Function of Particle Size

The evelustion of the litersture an trace element composition in fly ssh
8z & function of particle size has demenstrated thet there are incresses in
certain trace elements in smeller fractionsled particles. Trace elemenis are
separated into groups that are bssed on their tendency to enrich in smaller
size particles. Bui consistent trends in trace glement enrichment in smaller
particles sre not slwoys found with similar studies reviewed.

The following studies provided evidence for the concentrating of many trece
elements in increasing smaller particles. | '

Coles et al. (1379) messured concentrations snd distributions sccording to
four particle sizes of 42 minor and trece elements collected in-stack sts
weatern cost-{ired power plent. Mass medion diameters of the nariicies
were 2.4, 3.7, 6.0 and18.5 um, larger thenh the previously defined submicron
fraction. The particles were sized using e specially designed fractionator
(McFeriand et 81,1977}, Findings determined that the 1y ash concentrated
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Figure 2: Average Concentration vs particle size profiles for three elements apparently
- volatilized during combustion. (After Smith et al., 1879)

As, Cd, Gs, Mo, Pb, Sb, Ge, W snd Zn with decressing particle size {Table 14 ).
The elements were grouped into three clesses (Table 15 ) based on
enrichment retetive to.cosl 85 & function of fiy-ash perticie size from which
the enrichment factor {€F) in each size fraction was calculated. Unlike the
classes in the previous seclion which represent partitioning of the elements
~in totel ash fractions, this classification is tased on partitioning of
elements in size psrticies that ore called groups. Sempling far this iype of
study is ususliy cellected totally from a precipitstor or in-steck emissions.
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Table 14: Comparison of elemental concentration in size-classified fly-ash fractions. (after Coles et al., 1979)

A. INAA and AAS®

Concentration, ug/g (unless % indicated)
Element Fraction 1 Fraction 2 Fraction 3 Fraction 4
18.5 um® 6.0 um® 3.7 pm® 2.4 umP
Al (%} 13.8 = 0.1 14.4 = 0.1 133 + 06 139 £ 03
Ba (%) 0.168 = 0.001 0.245 + 0.002 0.31 = 0.0¢ 0.41 x 002
Ca (%)} 21 =01 223008 -~ 230 + 0.14 236 £ 0.09
Co 89 £ 02 177 £04 203 +07 218 £ 04
Cr 28 38 583 £ 3 84 =3 88 + 3
Fe (%) 251 = 0.08 309 =002 3.04 + 0.08 32+ 041
K (%) 0.74 + 0.0t 0.80 = Q.07 0.82 £ 0.08 0.81 = 0.03
Win 208 x5 231 £ 5 288 = 6 it i
Na {%} 1.22 £ 003 1.75 = 0.05 181 % 0.08 1.85 £ 0403
Ni 25+ 3 37 £1 43+ 4 40 +
i (%) (.82 + 0.05 (.74 £ 0.05 073 + 01 0.77 = 005
n 68 =1 189 + 4 01 £9 580 £ 8
B. AAS only
Be 8.3 (0.2) 8.5 (0.2) 8.5 {03 10.3 {0.5}
Cu 56 (1) 88 (1) 107 {4 137 (1)
cd 0.4 (0.2) 1.6 (0.3) 28 (0.4} 46 02
Mg {%) 0.47 (0.01} 0.56 (0.01) 0,60 {0.02) 0.83 (0.01)
P 73 (3) 189 (2) 226 {4) 278 {3)
S 288 (0.7 28.0 {(0.1) 27.5 0.3 26.8 {0.1}
C. [INAA®Only
Concentration, pg/g (unless % indicated;}
Element Fraction 1 Fraction 2 Fraction 3 Fraction 4
18.5 um® 8.0 um?® 3.7 umt 2.4 um?

As 187 £13 56 = 14 87 £ @ 132 & 22
Ce 134 22+ 5 123+ 8 205
Cs 3201 3702 37z 02 3702
Dy 69 =03 85 =08 8.1 +03 85+ 08
Eu 1.0 x G 1202 1202 13+ 04
Ga 43 + 12 116 % 52 140 £ 23 178 += 30
He 87 £ 04 103 =03 105 £ 0.3 103 =05
La 82 +£3 88 £ 4 87 + 11 62 £ 3
Mo gx2 28+ 14 0 x5 50 £ 9
Nd 45 = 4 47 &£ 4 49 = 7 52 %6
Rb 5ix3 56 % 4 57 + 3 57 = 8
Sb 26+ 0.1 83+ 04 180 =07 206 = 07
Sc 128 + 05 153 £ 08 158 = 06 160 + 0.2
Se 1ex2 582 Bx2 188 £ 20
Sm 82+ 03 9.1+ 04 82 + (4 87 + 04
Sr 410 + B0 540 & 140 B80 £ 140 700 + 210
Ta '2.08 £ 0.09 23+£02 25 + 0.03 27 04
b 080 £ 005 1.06 = 0.08 1.10 = 007 1,13 £ 0.08
Th 258 + 0.6 283+ 08 23 + 1 30 + 2
U - 8818 18,12 3 22 x4 29+ 4
v . 86 + 44 178 £ 17 244 + 18 327 + 40
W T34 %02 T o8xa2 182 24 + 2
Y 34 x£04 41 +£04 4 +£02 4.2 £ 03
S (%) 0.101 .304 0.425 0.711

*Weighted average for all determinations, both technigues.

®Mass median diameters {mmd} determined by centrifugal sedimentation.
¢Errors in parentheses are the range for duplicate determinations.
YINAA vaiues are the weighted averages of three determinations. Uncertainties are the largest of twice the weighted standard

deviation, the range, or our estimate of the accuracy.

IE_NAA— Instrurnental Neutron Activation Analysis - AAS - Atomic Abscrption Speciroscopy




Table 15: Classification of trace elements based on par’ncie
size reported by Coles et al. (1979)

Group | Al, Ca, Cs, Fe, Hf, K, Mg, Mn, Na, Rb, 8¢, Ta,
Th, Ti and the rare earths: Ce, Dy, Eu, La, Nd,
Sm, Tb and Yh.

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

Group Il Ba, Be, Co, Cr, Cu, Ni, Sr, Uand V.

The groups are defined as follows:

Group | elements show Yittle or no enrichment on the smaller f1 g gsh -
particles. 5

Group 11 elements increese with decressing particle size.

Group {1t elements shaw behavior intermediate to that of elementis in .
Group | and 11 ' -

Their results sgres closely with those of Klein et a1, {1973). Group i snd.
tlass |1 elements are in agreement and show the same behsvior. Group |
elements are enriched on the smaller particulstes and class i are -
cancentrated on the smaller 71y ash relative 1o the larger bottom ash. These.
dats consistencies can be seen in olher investigations thst are concerned.
with the concentration-size particle relationship.

Nine well-defined size fractions with mean diameter ranges of 0.5-50.um
were measured in fly ash collected from the precipitsior of & western .
coal-fired plant (Campbell et 81, 1978). The particles were separgted into-

- the nine size fractions using & Bahca Microparticle Classifier, a combingtion
“gir centrifuge-elutristor. The 43 trace element contentrations as o funciion




of mean particle size divided the elements into three distinct groupings.
These groupings expressed three fypes of concentrsting behavior. Group one
etements primarily consisted of the volstile elements or elements partisliy
yoletilized during cosl combustion and their concentrations decressed with
incresse pariicle size. The second group had & minor or direct dependence an
perticle size and the last group had smell changes in their conceniration
with @ mazimum concentration el about Sum. Only s limited number of the
elements were presented as belonging {o & particular group. But the dets in
Tables 16 and 17 is partialiy consistent with the increase in concentration
witlh decrease in psriicle size of the abave trsce elements in class Il énd
group 11 snd other concentration-size particle studies.

Simiisr studies reviewed do nol slways consistentiy show the same
result when elements are classified sccording to their concentretions in
different size fractions. Measurement of &1 elemenis in size fractions thet
was sgain prepared from fly ssh recovered by precipitstors st western
cost-fired plants {Smith et 81, 19580) classified Sb, As, Ba, Br, Cr, Co, Cu, Ga,
Fb, IMn, Hg, Nd, Ni ,Se, S, Sh, V and Zn as being significantiy enriched in the
smatler fraction. But the glements Be, Cu, Ni, Sb, V and Zn ore diversily
reparied in the titersture as having either positive or negstive correlstion
with size (Littlejohn, 1964). Verious classifications, when done sccording Lo
their concentrations in different size fractions, have significant differences
in the enrichment of irsce elements in size particles. These are stiributed
to differences in composition of cosl, perticie size ve efficiency
chorscteristics of the individus! elecirostistic precipitstors, flow rates, and
tempersture effecis on distribution cherecieristics of the elements
(Meserote et 81, 197%; Ondov et a1, 1979). Evaluating in more detail specific
trace element differences in size fractions as reparted in the litersture is
beyond the scope of this paper. It must be noted thet differences in tracs
element concentrotions with similar particie size do exist between
invesiigations { Davisen el 8], 1974; Gladney et sl, 1975; Rageini and Ondov,
1977, Smith el 81, 1979; Quenn et-al, 1962; Weissman et al., 1983; Norton
gt al, 1986 ). : g

in conclusion, trace element incresses with smaller particles are the
focus of trace element investigetions. The incresses in group |1 snd cless i
tupe elements defined by Coles et al. (1379) and Klein et al. (1975) suggest
‘that very toxic elements of As, Cd, Ga, Mo, Pb, Sb, Se and Zn are being '
ernitied on less than § um particulsies. This freciion is too smell 1o be
. wollecied. efficiently by the coscede impscior sampling device, end is ususlly
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deposited inefficiently on back-up fiiters {Undov et &1, 1979; McElroy el sl
1982). inefficient sempling of the submicron fraction ie a mgjor problem for
hoth concentration - distribution studies and mass balance messurements.
To evaluate the direction future research must take to solve these
rmessurement problems, it is essential thet there is an essessment of
present sampiing technology snd resesarch.

7. Sampling

Particulstes and vapors of the fume are sampled in cosl- fired fecilities
by & variety of ssmpling technigues. The problems in obisining retisble
measurements of size and concenirstion of the perticulstes are considerable
when reviewing past performance of the sampling gquipment. Ezpecislly
problematic iz obtaining relisble messurements of the size and
concentration of the submicron particles thet are entained in the gas and
aerosols of the fume. This section will define present sampling technology
for the different size perticulates, serasols, snd gases, with emphasis on the
specific problems encountered in sampling techniques.

7.1 Sampling appersius

Mozt fiy ssh i in the | - 20 um range snd g smell amount which is
spprozimately 18 by mass, is in the submicrometer range {Amdur et al.,
1G66). The larger perticulstes are sampied on line by cescade 1mpacterh ar
steged cyctenes with beck-up filters for collection of subricron
particulates. Anderson high volume cascade impaciar, Lovelsce multiple et
cascade impactor, Merk 10 impactor and Meterorology Resesrch, inc. cagscade
irmpactor are o few of the commercially gvsiiable impsclors. Cascade B
impaciors have s series of plates celled impactor stages (Figure 3 ) thet
collect successively smaller particles. The perticulsies enter directlyinto
coscasde impsciors for an-line seradynamic size clessification. Twao '
reported aemrjgncrmc dismeter ranges of impectors sre 0.2 - 30.um {Ondov
et o1, 1978 and 0.3 --15 um {Sem, 1984), Clessification gives information on
size distribution of psrticles in the the fly ash s well as limited particle
concentration resclution. Impscior plate collection surfacas ara made of
polyethylene or palutarb&nate materisls or are 8 stainless steel disk -
(Gussman el.el, 1973; Meij el g1, 1984; Markowski, 19&4 Mark a_w-sk_i and.
Filby, 1965; Y-8, Ehunq et sl 1985}, S

1 is-known that in Sarrm]ing the performsnce of the cascade impsctor is
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Figure 3: Schematic cutaway view of high volume cascade Empaétor.(After Gussman et
al., 1973)

limited by problems sssocisted with wall loss, particle bounce from o isrger
sisge to o smoller size sisge and reentainment of collected perticles
{Dzubsy et al, 1976; Gladney et 81,1975, Compbell, et ol 1978}, Wall ioss
iz from interstage losses of perticles onto the channels which corry the flow
fram one stsge to snother. This results in the reduction of the measured
concentrstion of smaller particies (Sem, 1984). Intersisge lngses can be
zevers enough thet the emission fectors of elements thet are derived from
these filter samples very greatly between successively collected samples,
thus scocurste compsrisons of values can not alweys be made (Ondov et al,
197%). Wall loss effects sre believed to be the most serious error, since they
can renge from 30-50 8 of tota) emount collected (Yatkovie, 1683}, Bounce
of large particles from s lorger stege where they belong Lo & smeller size
stage, can include loss te the final back-up filter for the submicron fraction.
This grestly distorts size distributions by meking il sppear a8 i1 there are 9
grester number of smaller particles. This has a tendency to Iimit the upper
particle size collgction to 10 - 20 um. Reentsinment, sometimes referred to
as blowoff-of particles, is the blowaff of previcusly deposited particles on
impoction stages that results in redepositing of perticles on smaller size
steges or complete loss of perticles (Sem, 1964). ' B |

Fesntainment end particle hounce of cascode impsciors are minimized by
the use of gressed substrates on the impsction plates (ApiezonLendH |
gresses) or peelable Kapton filns that are sttached to the stainless sieel
collection disks and custed with Apiezen L grease. (Quann et al., 1982, Meij
et a1, 19684; ¥-5. Cheng el al, 1965; Markowski and Filby, 1985%). Glass fiber
filter materisl, clamped onto the steel disks, can be used when gress
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hecomes unsiable ot high flue gas temperstures (McElroy et a1, 1962). Quann
et gl (1982) constructied "s conical hesd with & porous carban inner wasll
hrough which gas was trenspired st & noming! rete” to minimize deposition
an the entrence wall of the impscior. Impactors are now being ron ol lower
sample flow raies {and nesr in situ pressure) to reduce the effects of
narticle blowoff snd reentrainment (Markowski and Filby, 1985). A very
recent study has determined that lower jet velocities shorten sampling
times snd s duplicate sikth stage inserted between the usual sixth snd Tingl
seventh stege of the impsctor reduces blowoff. Under the conditions of the
study, it wes reported thet the jet velacity had the most influence on
owaff and that other varisbies were not as imporisnt. Gresse thickness an
the impactor cellection disk was found to have less of an infiuence because
the low-blowoff stages were maintained dry, while the high-blowoff stages
were greased sosked. Total gas volume sampled snd stage loedings were gls0
determinad not to be important. The study highly suggested that examining
impactor size distribution date for & correlstion with jet velocity is & useful
method to check for blowoff {(Markewski, 1964).

A cascade or staged cyclone collects particles from the siresm by
whirting it sround e cylindrical chamber. By whirling it faster in & cyclone
with & smaller dismeter, pariicles with smeller serodynamic dismeter can
be collected. The dismeter at which 50% of the particles are removed from
the stresm is calied the sercdynamic cutoff dismeter. As with the impasctor,
successively smeller culoff dismeters sre connected in & series, and the
combined sssembly is known as o cascade cyclone. Coscade cyclones collect
leroer deposits then impactors, up to seversl grams per stage, without
blowoff or bounce difficulties. They sre therefore preferred for high
concentration serosols, while impactors are preferred for low concentrstion
serosals (Sem,1986). Impactors are reported {o be more efficient ot
separsiing ssh into fractions than the staged cyclones (Y.-S. Cheng et &l
1965) end it has been reported in the study by Mesercle et al. (18739) thet
when two ssmpling devices were used only the results of the impactor were
discussed becsuse of its grester efficiency in fractionsting the particles. In
cornparisaon with the cascade impactor, the cescade or slaged cycione is fess
frequently used in the reviewed sampling studies. It was found to be
combined in paretlel with the cascade impactor when in- plant sampling was
performed (Meserole et o1, 1979; ¥.-S Cheng et &l 1983). o

. Final back-up membrang filters are used for the submicron fraction
collection and to minimize fosses of the cascade impactor. Backup filter
materials can consist of borosilicete glass-fiber, plastice, orquartz
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{Meserole et al., 1979 Onday et 81, 197%; Merkowski, 1964}, The 47 mm
diameter, 0.4 um pore Muclepore back-up filter is freguently mentioned in
the litersture az the filter used. If 8 small fraction of the larger
narticulstes ore bounced of f and collected on the back-up filters during
sampling, then large errors in messured smounts of the submicron fraction
will result. This problem is severe in the flue gos for particles of Tess than
i um diameter because concentrations sbove this size sre substantislly
grester (Markowski, 1964).

Cescade impactars arstaged cyclones snd back-up filters sre part of the
assembage of equipment celled & sampling train that is combined to sample
the various fractionsz of the coal-fired power plant stream. Since sampling
js performed under a wide veriety of conditions, no single ssmpling train can
he used in all circumstsnces and therefore sre varied in specificsiions. A
very comprehensive train is the US. Environmentsl Protection Agency's
zourse sssessment sampling system (Figure 4). 1t consisis of & nozzie
joined through & probe to s three series cyclone, & filter, and a final series
of impingers or gas scrubbers. Since some trace elements in o cogl-Tired
plant sre found mostly inthe volatilephase, there must be an adequet
collection of the gases to recover trace element vapors, The ceilection of
the vapar phase is ususlly by the impinger train down stresm of the
impsctar. The impingers gre of pyrex gless snd contain solutiens for the
collection of specific gases.

There sre sampling problems gsssocigied with the collection of gases in
impinger trains. Solution resgents used in ssmpling of gases csn gain from
their container trace element concentrations or lose them by adsorption on
to it snd both cen cause serious errars. Since interference can not be
entirely eliminsted it hes to be minimized by using pyrex or polyethene
materials thet ore lesched before use, snd all vessels in which
reagents ere used or stored need to be preconditioned. In eddition, strongly
recommended are the minimizing of storage times and the inclusion of blenks
with all sampies snalyzed (Littiejohn, 1364}

Yery recently there has been reperted by Fogg (1986) & volatization
artifact in sampling thst moy be an additional problem in sampling of vapors.
It is prapozed that the goseous upiake by the untrested coliection media
iteelf, could-affect trace element measuremnent in the gases of & cold-fired
plant. This could be potientially impaortant for the elements CY, Br, Hyg, Sand
"B that are in the gos phase. 1t wes stated thet there i no date that
presently relates the uptake of gsseous componetzto g specific impaction
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Figure 4: EPA source assessment sampling system. (After Littlejohn, 1984)

surface but there are preliminary results on the upleke of gaseous B(OH)3

snd HCY by uncasted whatmen 41 filler paper {cellulose fiber) in g
Battelle-type cascade impactor in laboratory conditions. The amount of
sbsorption weas indiceied to be in part directly proportionsl to contact time
of the gos stream with the impaclion surface. The researcher pointed oul =
that even small amounts of gas uptake could strongly influence messured
zize distribution of certain elements. i1 weos concluded that there musti be
careful atiention "psid to the “electmn of. the ﬁgzpmpnate mter medlum for
use in coscade 1mpactmn ' : S '

In-sampling, if the mass of particles csptured snd the tota) volume of the
gas siresm possing through the sampling device are messured ﬁccuratem -
then the particulate concentration in the gas stream con be obigined. Forag
58 mple ta be rep; es entatwe c:f n.»_e é:,tmbutmn and mncan‘rratwn uf the
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narticles in & gas siream, isokinetic sempling is required. fsokinetic
sampling is when the velocity of the gas drawn inta the nozzle ig maintsined
equal to the velocity of the ges spproaching the nozzle (Muir snd Akinole,
1966), Isokingtic collecied samples should represent correct concentration,
maas, snd distribution of the solids but the low particulate losdings meke it
gifficuit to collect sufficient materisl for these deterrrmmtima- {(Maszeraie et
g1, 1979; Littlejehn, 1984; Meij et al, 1564; Y- Ehenq et g1, 1985). In
addition nonuniform loading of the perticies an sampling 1 ters resulis in
bissed dets becouse the locatian of the ash sample taken off the filter for
chemical analysis may not be s true representstion of compesttion and size
distributions (Morton, 19868). These difficulties have forced some studies to
use ESP ash as representing the fume. The problem with this type of
representstion i that the bulk compasition of emitted fiy eshis quite
different from ESP ash (Meij el sl 1984; Markowski and Filby, 1985).

In the past, maintaining correct isokinetic sampling conditions ¥was dane
hy selecting the sppropriate nozzle orifice diemeter for the sampling
probe sustem, based on the gas velocity, stack tempersture, snd stack
pressure (Mortan et al, 1G86; Muir snd Akinola, 1988). The control valve is
ususlly sdjusted menuslly until isokinetic conditions are obtained. inthe
high temeprature conditions of o cosl-fired plant, the gas temperature
and/or flowrate do not remain constant but can vary considerably duning
aperstion. In menually setting isokinetic conditions, the valve adjustment
can “lag considershly behind the sclual changes in conditiong, causing
significant errors in sampling {Muir and Akinols, 1986} Therefore,
tsakinetic conditions are ususily approximeatesd.

A new mathed of automating o gas stresm sampling trein is being
developed by Muir snd Akinole (1986} "in erder to reduce significently tha
errars in ssmpling” The sempling of dust-lsden goses in o duct or chimney
iz perfarmed by sutomating the gas stream sampling train with g
microcemputer. The gas ssmpling spperatus is sutomated by interfacing the
sppropriste parts of the sampling train with a microcomputer. "A azsambly
Lenguage progrsm, which can be used with any samp ling train arrengamsant,
has been developed to compute the carrect sampling conditions. The
microprocessar then transmits the sppropriste signal to e control velve for
regulation of the sampling rete.” Hence, tsokinetic conditions are
mointained. The instrument ig still in the development stage. A portable
instrument ond prevention of the plugging of the pitel tube are their future
research objectives. B | S

The obisining of relisble messurements of size distribution of the
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submicron particles in cosl-Tired plants utilizes different sampling
instruments other then the conventions] sempling train. A 751 model 3030
electicsl serasol analyzer (EAA) is frequently used in combination with
impactors to cover the size distribution messurement of the submicron
serosols, giving o more detailed distribution in the submicron size range Mo
Eirey et 1., 1982; ¥.-S. Cheng et i, 1985; Markowski end Filby, 1985). The
EAA is frequently used Lo messure size disiributions of particies below 0.5
um in diameter. The non-asrodynamic technique dogs not messure gero-

- dynamic size directly like the impscior, but particle sizes where
serodynamic diameter is nat impartant {Sern, 1986). EAA clessifies serosols
between .00 1-1.0 um, as reported by Markowski et ab. (19860}, and in
combination with impactors can cover s reported brosder range of 0.005 -10
urn (¥, -S. Cheng et al,, 1985). The combination af the impsctor and EAA dals
was used to demonsirate the collection of considerable Blow-off and
nariicle bounce of the impsctor. This was reflected by the large disegree-
ment in size distribution dats overlep in Figure 5 (Merkawski, 1984). The
FA4 and impactor ysed in combinstion does afford s wide range of size
diztribution, but for the number and mess distribution of the combined dets
there must be & conversion by celcuisiion to equelity of the volume and mass
of the particles (¥.-S. Cheng et al., 1985).

Another methad recently developed for size separstion of fly esh, is the
continuaus steric field-flow fractionstion. This is on opticsl particie size
monitor thet is being deweloped by the LS. Enviranmental Protection
Agency for messurement of particle size for in-atsck source testing. The
results indiceted thet when campsred to & cascade impactor, the
measurements defined similar perticle size diciributicne between 0.2 ang 20
un and particies smalier than 0.2 um sre nol chserved by the optical sizer.
Particles larger than 20 um are aist not expected to be detected, but it was
sisted thet the optical instrument may have some sensitivity to the larger
size particles (Conper end Knapp, 1983). 3 S

The TS differentisl mobility perticle sizer is also used for size and .
concentration resolution where serodynsmic dismeter is net impertsnt. The
subrmicron particles sre clessified into size ronges belween C.O1-0.86 um
dizmeter (Sem, 12868). This instrument was not referred io in the in-pisnt
sampling studies but as part of 'sn experimental cosl combustion samgting
systern (Amdur et al., 1986).

A new spproach for the determination of the size snd concentration of
- particles entrsined in o gas hes been proposed in ¢ paper by Tote et al. (1aga).
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1-hr sampling period. (After Markowski, 1984)

The development of 8 an-line sampling instrument was discussed for the
direct messurement of the gercdynsmic dismeter of particles in situ without
gampiing to avoid the unrebistility of previously mentioned technigues. in
principle, it is proposed thet " & pitot-ststic probe can be inserted into the
~gas flow, with a fibre-optic Taser-Doppler system thsi messures particle
velociiies. The porticle size distribution cen be built up by measuring the
velocity and calewlating the size of . each particle detected during o brief
time intervsi, while the humber of particies detecied can indicate the
pariicle concentration. Since there would be no need to sample the gas Tlow
snd becsuse the optical and elecironic components can be isolsted Trom the .
gas flow, this technigue should be particulerly suitshie for gases at high .
temperstures.” | -

The problams in obteining relisble messurements of the size and
concentrotion of particles from the sempling of cogl-fired combustion




products have not been solved sufficiently. Although new improvements sre
being made in sampling techrology, there iz still 8 nzed for more Teborstory
development and improvement of sarmpling apparalus thal will afford befter
in-plont cellecting, espacislly of minute particles and gsses. Present
laboratory experimental cosl combustion studies thetl show improverment in
mass bolance messurement are done in ideal canditions thet include closed
systems. These tshorelory conditions con not be compared entirely Lo _
in-plant sempling. They do give g strong indication that in-plant sempling
can be grestly improved. In the fingl snalysis, Lo perform accurate and
precize sampling of coal-fired combustion pariiculstes and vapaors, one
sampling spproach or apparsius is not the enswer. A combination of
improved sccurate on-line equipment thet doeg very specific size and phase
collection should be used to incresse the sccuracy of trece element
determination in cogl-fired facilities. L musi be sireszed thet resesrch is

not anly nesded in sampling 1echnology but & more universsl sampling sysiem
of cogl-fired facilities should be introduced. This cah only incresse
efficiency in sampling and sllaw for more accurste comparisons belween
similar cosl-Tired plants.

8. analytical Technique

Preference for @ particular snelytical technique is often expressed in the
fitersture snd these preferences sre ususliy the result of sveilebility of
equipment and the individusl's experience. More recently the trend in
snalytical technigue has been toward multielemental instrumentel
procedures 1o quantitstively cover as many elements as are spplicsble. In
generst, coventionsl chemical snatyticsl techniques are nol done due to the
lack of sensilivily needed ta messure {rece quantities. Therefare, the
primary methods used for irace element snalysis of coal combustion
products were found Lo be instrumentasl nuclesr activelion snalysis, X-ray - -
fluorescence, spark soaurse mass spectran';etrg, atamic emission '
spectroscopy, atomic sbsorption, aplicel emission spectroscopy, snd
inductive coupled srgon plazms émissicu_n spectrescopy. The use of any
anolytical technique needs accurscy Himits and consistency. But even though
an enalysie s accursiely performed, it may or may not be correct becsuse of
the fundamentsl problems in sampling. At the same time, there are stil)

- zome basic quidelines end problems thet rwed io be sddressed because
‘anslyticel technique inscouracy dueu caus go_tematm BITOMS INmess.
: tualance determmatwn' : R IR
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The uze of appropriste standsrds end sample preperation for anslysis of
c0dl and cosl ashes sheuld not be underestimeted. In s progrom initistad by
the LS. Environmental Protection Agency (EPA), resulis which were
published by Yon Lehman et a1, (1974), pertions of the same cosl and 1y ash
ssmnples were zeni Lo nine lgborgtores {o determine up to 28 elements by six
snatytics] methods. The resulls from the various methods and lsborstories
Tor most elements showed enarmous variations far cutside the uncertainty
lHimit quoted for the technigue used. For this reasan i1 was clear thst ,
standards were badly needed so laborstories could check their procedures,
The results of snother interlaborstory comparison study by the EPA on coal
and 71U ssh stendard reference materisl oblained satisfscliory agreement on
the messurement of 20 etements using instrumentsl nuctesr sctivation
methods. This study showed that with grest care in messurement technigue
it is possibie to obtain sstisfactory sgreament between lsharstories and
that there iz g need for stendards in the celibration of instruments (Ondoy et.
1., 1975). The current aiandards most used for trace element angiyses of fly
gsh and cos? sre the Mationsl Buresu of Slendards Reference Material
{MBSRM) 1633 snd NESEM 1632 ( Qusnn et g1, 1962; Weissman el &, 1983;
Conzemius el &1, 1964; Norton et al., 1986).

Ssmple preparelion offers opportunity for sample contaminstion through
wel or dry ashing of cosl or the dissolution of {1y ash through scid trestment
or fusioh. it is specific to the method of analysic used. in stomic shsorption
spectroscopy (AAS) sample dissolution is required end ne single technique is
equsily satisfoctory for dissolution of o1 semples. A cosl sample requires
dissclution {echniques capeble of decomposing large quantities of organic
raterigl. Slag ahd 1y ssh require techniques capable of dissclving acid-
resistant minersis and glasses. Yery often same king of ashing of the
sample is performed ond volatilization losses of cartain elements ocour
during ashing procedures snd pretreatment. This can e s limiting factor on
what type of sample on onalyticel procedure like AAS may be spplied.
Aanglysis by atemic sbsorption ar opticel emission ususlly requires en ashed
sample. Sometimes the need for extensive pretresiment of cost samples
produces gsh elemant deta thot canngt be related bsck to the whole cosl in
contrast, instrumental neutron sctivation anslysis and ¥-rey emission
spectroscopy cen be applied te sny mairiz and require no semple o
pretresiment. (Valkovic, 1983; Littiejohn, 1984).

Even though it s felt thet detection Timits with instruments] anslysis.
can be good with uze of sppropriste standords and sampte preparstion, .




precision still depends largely on individual analytical skill. Despite new
instrumental high sensitivity in detarmination of small quantities of
glements, at the present time neither the reproducibility of messurements of
trace elements by ohe technique nor the sgreement between different
techrmigues resches the stendards expected in conventions! anslysis. The
siiuslion exisis becouse of s combinstion of fectors, which includes in-plani
sampling, contamingtion of the sample during preparsiion snd inadequste
standsrdizetion of equipment. 1deglly, any method of anslyzing trace
glemenis in cosl combustion products should determine g large number of
elernants of interest simultaneously, be reproducible and have relstively
Yittle sample preporation. Nang of the svailable technigues determine 811 the
elements and none can be considered shsolulely scourste. The approsch that
ie presently regsrded as the most effective combines two analyticsl
technigues and uses the comperison Lo indicate sgreement (Clevenger et al,,
1984, Litilejohn, 1964). Uttimstely, there is & definite need to resolve the
ambiguities of trace element analytica! messurement in cosl and fly ash
through standsrdization, anslytics! skill, and better sempling.

& fLonclusion

in thiz literature review, the evaluation of the seven principle cogl-Tired
plarnt mass balance investigstions verified thst certain prevsiling problems
are existent in trace element mess belance determinstions. The lerge
positive and negative imbalences for many elements {as, B, Br, T, Co, Cr, F,
Hg, Se, Shrend Zny indicete the inability to determing accurstie concentrations
in the different pheses. These elements are known {0 be volatile st
combustion temperatures snd are thought to condense oul on surfsces of
either Tsrger residusl ash particles or submicron particuiates, while others
remsin in the gas phase. Most trace elemant studies have looked st
enrichment in ash fractions or size porticulates relstive 1o moss belance
daterminations. The use of enrichment faclors calculsted from
concentrations in these froctions do reflect partitioning behavior in ssh and
yvapor but nel specific concentration levels. Present emission values thet
sre derived from mass belances ore doubiful and 11l nead substentiation
from more precise messuremenis. The fundsmental problem in mass balance
snd enrichrent determinstions is sccurate in-plant sampling of the ash and
gases. Prezenl sampling of the submicran periiculstes, serosal, and gases is
gifficult eng availeble technigues are insdequate. improvement in sampling
techneiogy is regardsd a5 priority in the improvemnent of mess bolance
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measurements. Analyticsl technique is a minor considerstion. in the
long-term, improved mass balance determinations will bring shoutl grester
accuracy in estimating emission volugs. In addition, it wili sfford the
establizhment of g dets hasze from which a comparisen can be made belween
race elemeant concentrations in similsr and different cos! plant
technologies. And most signficantly, this will secure an understsnding of
how to handle any shvironmental {oxicity or hazard that mey be present.
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