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ABSTRACT

The Clean Air Act Amendments of 1990 idewnt#f number of hazardous aollutants
(HAPs) as candidatder regulation. Should rgulations be imosed on HAP emissions from
coal-firedpower plants, a sound understandiof the fundamentairinciples controllirg the
formation andpartitioning of toxic gecies durig coal combustion will be needed. Withogort
from the Federal Enegy Technolay Center (FETC), the Ettric Power Research Institute, and
VTT (Finland), Plysical Sciences Inc. (PSI) has teamed with researtioendJSGS, MIT, the
University of Arizona (UA), the Universit of Kentucky (UKy), the Universiy of Conrecticut,
and Princeton Universitto devel a broady applicable emissions model useful tayxdators
and utility planners. The new Toxics PartitiogiBnaineerirg Model (ToPEM) will be aplicable
to all combustion conditions includimew fuels and coal blends, low-NO combustigstems,
and newpower generatiorplants. Develpment of ToPEM will be based on PSI's exigtin
Enaineerirg Model for Ash Formation (MAF). During the pastquarter the finaprogram coal,
from the Wyodak seam in the Powder River Basin, wagured and distributed. Extensive coal
characterization andbaratoly work is underwg to develp and test new sub-models. Coal
characterization in theastquarter included direct identification of the modes ofwecence of
various trace in@anic pecies in coal and ash ugianigue anajtical techngues such as XAFS
anaysis and selective leaclyn Combustion testaof the bituminous coals continued and
additional data were obtained on trace elemepbnzation in the combustion zone. Studies of
post-combustion trace element tréorsnations, such as merguspeciation in the flueas, were
also beun in the lasuarter.
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1. EXECUTIVE SUMMARY
The technical ojectives of thigroject are:

a. To identif the effect of the modef-occurrence of toxic elements in coal on the
partitioning of these elements ampwapor, submicron fume, andyflash duriig the
combustion opulverized coal,

b. To identify the mechanismgovernirg the post-vaorization interaction of toxic
elements and ny@r minerals or unburnt char,

c. To determine the effect of combustion eamment (i.e., fuel rich or fuel lean) on the
partitioning of trace elements betweenpes, submicron fume, andyflash duriig the
combustion opulverized coal,

d. To model thepartitioning of toxic elements between various chemipalcdes in the
vapor phase and between thepas phase and coplex aluminosilicate melts,

e. To develp a frame work for incqoorating the results of therogram into the
Enaineerirg Model for Ash Formation (MAF).

A descrption of the workplan foracconplishing these olectives igoresented in Sectio®.1 of
this report.

The work discussed in thispart highlights the accomplishments of the fiftlguarter of
this program. These accautishments include the gaisition and distribution of the final Phase |
program coal. In the aing coal characterizationfferts XAFS and sedctive leachigwere
used to determine tHerms of occurrence of variousatre elements. Combustionpeximents
wereperformed at two different scales toptore veporization of trace elements in the
combustion zone. Combustionpeximents were also jgn on several scales to evaluate trace
element transformations in tipest-combustion zone.

Soecifically, the finalprogram coal, from the Wbodak seam of the Powder River Basin,
was aquired from ABB. This coal is currentbeing used in a DoE fundegtogram to evaluate
ESPperformance. The coal was then distributed ttealin members and storedder agon.

XAFS anaysis was utilized to measure tfegms of occurrence of zinc and selenium in
selectedrogram coals. For exapte, this techrgque was used to show that seleniumrisarily
associated witlpyrite in the Pittsbugh coal. In the Elkhorn/Hazard this elementrimarily
organically associated. Preliminadata were also obtaindtbm the sedctive leachig
procedureperformed earlier in therogram on the three bituminous coals. Thesgdndicate
that a ginificant portion of the arsenic in the Elkhorn/Hazard coal was eathed ¥ ary of the
solvents used in the USGS leaahimotocol. Conparison of the leach@qmand XAFS @ta sgoest
that the unleachegbrtion may be due to extremelfine pyrite inclusions. In the other
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bituminous coals theebchim data sgoest that the arsenic wasmarily associated with the
pyrite -- corroboratin the earlier XAFS findigs for these coals.

Combustion egeriments in thgastguarter focusseg@rimarily on vaporization of trace
elements in the combustion zone. Size and defnaittions of all three coals webairned in the
MIT droptube furrace and size geegated ash sapies were collected. Uty grind sanples of
the Pittsbugh, Elkhorn/Hazard, andihois No. 6 coals were burned under baseline (stoichio-
metric ratio of 1.2) conditions in the PSI entrained fleaator (ER). Datafrom the MIT
experiments were copared with earlier datpresented 9 Quanrt and found to followirsilar
vaporization trends. The PSI data showed that tlyeesdeof vaorization was tgher for the
combustion egerimentsperformed under fuel lean conditions.

Experiments were also ben to exlore post-combustion trace elemeapsrtitioning.
These egeriments includegreliminary combustion egeriments on the self-sustained combustor
at UA, mercuy speciation measurements at PSI, and the deusat of an eperimental
apparatus to measure merguwbsoption on coal chars. The pariments on the laborater
scale combustor weperformed ly ajoint team of PSI and UA invegétors and served to
‘shake-down’ the ystem andprepare the UA investiators for samling with the Berner Low
Pressure Ipactor (BLPI). Préminary mercuy speciation measurements in flgas from
combustion of the lllinois No. 6 coal under baseline conditions at PSlpediagmed usig the
Ontario-Hydro method. This method was recommendgéhbestoators in the ogoing program
to evaluate méiods for measuraqnmercuy speciation in fluegas beig performed ly DoE, the
Electric Power Research Institute (&, and the Universjtof North Dakota Eneayy and
Environmental Research Center (UNDEERC). lifeary data sggest that there is a much
lower fraction of oxidized mercumresent at teperatures below 750 K thamedicted
from eguilibrium. To study mercuy uptake ly residual carbon in combustiopssems, chars
wereproduced from the three bituminous coals inph@gram and characterized iXAFS to
determine thdéorms of sulfurpresent in the chars. Thepetimental @aparatus to stugmercuy
uptake on chars was dgsed and fabricated at Uduring the lastquarter.
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2. INTRODUCTION AND PROGRAM OVERVIEW

Before eéctric utlities canplan or inplement emissions minimization strgies for
hazardougollutants, thg must have an accurate and spe«dfic means opredicting emissions
in all effluent streams for the broad ogrof fuels and peratimy conditions commonl utilized.
Develgpment of a broadlapplicable emissions model useful to utilplanners first rquires a
sound understandyof the fundamentarinciples controllig the formation angartitioning of
toxic gecies durig coal combustion (ecifically in Phase |, As, Se, Cr, apdssibly Hg). PSI
and its team membersihachieve this ofective hrowgh the develpment of an "Egineerirg
Model" that accuratglpredicts the formation anghrtitioning of toxic gecies as a result of coal
combustion. The "Toxics PartitiomEngineerirg Model" (ToPEM) will be gplicable to all
conditions includig new fuels or blends, low-NO combustioystems, and newower s/stems
being advanced ¥ DOE in the Combustion 20G®ogram.

Based on @oal of develping and deliverig this TOPEM model, a $ear research
program wasproposed. Thigorogram is divided into a ear Phaseprogram and a 3rear
Phase lpbrogram. The ofective of the ogoing Phase brogram is to develp an exerimental
and concptual framework for the behavior of seted trace elements (arsenic, selenium,
chromium, and mercyj in combustiongstems. This Phase | j@ative wil be achieved b a
team of researchefiiom MIT, UA, UKy, Princeton Universy, the Universiy of Conrecticut,
and PSI. Model devepment and commercialization will be carried outRSI.

Our general @aproach to the devetment of the TOPEM model is to break trecess for
toxic formation into sulprocesses, each of whichivbe addressed pteam members who are
experts in the area. Ultimatglthis will result in new 8b-models which W be added to the
existing Engineerirg Model for Ash Formation (MAF) to create TOPEM. [ure 2-lillustrates
the relationsho between the elements of the Phase | work breakdown structure and the sub-
processes. Each of the areas identified in tpediwill be aldressed in the Phaserbgram as
described below.

Pragram Qverview
Forms of Occurrence of Trace ElementEioal

One of the most ipprtantquestions to be answered in thgram as a whole is whether
the form of aparticular element in the coal affectsfitsm of emission at the end of theocess.
The answer to thiguestion will determine the shee of the sub-models that must be depetbin
thisprogram. Thus, a detailed understarnpif the forms of individual tice elements in coal
provides a foundation for much of the rest of tinegram. Key issues that are b@jmaddressed in
Phase | are thepscific mineral associations of individual elements and the relatipbshiveen
trace metatorm and “standard” angdes.

Because of the iportance of elemental form (g, sulfate versusligate mineral) on

partitioning, it is critical that coals @esentimg a broad rage of elemental forms be examined in
thisprogram. In Task 2 we selected andjaiced a total of four coals for studn thisprogram.
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Figure 2-1. Prigct oganization.

The coals chosen (1)peesented a broad ra of elemental forms of occurrest (2) repre-
sented the mar coal ranks and commercial coal seams usepufeerized coal (PCpower
generation in the US; and (3) included "future fuels" such as blends and lmadfmals.
Once selected fresh coal sales were aguired and distributed to team members. These
sanples were sujected to ultimateproximate, and ASTM ash awals. Coal saples were
analyzed for tace element concentrationg INAA at the MIT Nuclear Ractor Laoratoy
(Task 5).

Advanced anatical techngues such as Mdssbau@estroscpy and CCSEM are bajn
used lp UKy (Task 3) to determine the & mineral peciespresent in therogram coals and
the combustiomenerated ash. This agsisprovides inportant insght on the mineralpresent in
the coal, how theinteractduring the combustiomrocess, and how this interaction yraffect
the partitioning of toxic elements.

Another inportant issue is the form-of-occurrence of thect elements in the coal. In

this task the mode of occurrence of As, Cr, and Se ig/bei®rmined ¥ combinimg XAFS and
the Mossbauer/CCSEM derived data discusede. Hjwill also be evalated. Other less
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critical trace elements (Mn, Ni, Zn, Pb, U, etc.)ymadso be evaluated, gcially if their
abundance is unusuahigh in ary of the program coals. In addition, the form-of-occurrence of
Cland S in coals and chars will be invasted.

As a conplement to the time-intensive XAFS awsib mentioned above, a goe
protocol develped by USGS is beigused in Task 4 to anale selected raw coal, and size and
densiy segregated coal, saptes for tace elemenfiorms of occurrence. Thgotocol combines
low tenperature (< 200C) ashim, chemical anakis, x-ray diffraction, coal sgregation via
flotation, ammoniunacetate and selected acid leagh&lectron microbeam measurements, and
low and moderate teperature heatmtests to determine tHerms of elements in coal. éBause
of the ungue combination of existontestimy and analtical facilities available at USGS, the work
is beirg condwcted at USGS laoratories. In addition, a relatiyehew technijjue, synchrotron
radiation x-rg fluorescence microspy (SRXFM), available at the Nationay®hrotron Loht
Source, will be testefbr application in this areayUKYy (Task 3). Thigechngue uses x-ra
fluorescence excitedyta focussedyichrotron x-rg beam for imaing and conpositional
anaysis. The x-rgyield obtained from aiven element is orders of mpatudegreater than that
possible in an electron microge® or micrgrobe; hence, its sensitiyito trace element modes is
much betterparticularly for modes of occurrence invohgrmighly dispersed elements

Combustion Zone Transformations

The effect of coalyipe and combustion conditions on the emission of the toxic trace
elements is beminvestoated usig the MIT laminar-flow drp tube reactor (Task). The
fundamental mechanisms of toxjeesies formation angartitioning will be determinedrom
careful examination of the ash formed under a wapetombustion conditions. Measurements
of thepartitioning of the trace elements in tii@ur coals as a function of tgerature and
equivalence ratio are underwa These measurements witlovide the baselineada on the
fraction vaporized for the different elements to be studiedriater detail in Phase Il of the
program. Individual size-ggegated ash saptes (collected with a cascadepactor) are then
anal/zed ly INAA for total conposition, Auger and STEM for sudce comosition, TEM and
SEM for particle mophology, andpossibly water washig and/or chemical leachiyto determine
the solubiliy of selected trace elements in the ashBasy Samles are also be submitted to
UKy for chemical pecies anafsis by XAFS and othetechngues.

PSI will beperforming a detailed eperimental stug to determine théundamental
behavior of toxic gecies duriq combustion, includiglow NOx conditions (Task 8). The work
utilizes the PSI EFR that has been used inynpa@vious combustion studies on mineral matter
transformations durgppc combustion. Thisaactor is on a scale intermediate between the bench
top apparatus to be used/lmther team members (UA, MIT) and the Uhtaatoy-scale
combustor. Therefore the combusg@lds a betteunderstandig of the overall behavior of
toxic ecies while avoidio some of the confoundirinfluences related to self-sustained
combustion in the laer furmace. Uit y-arind sanples of theprogram coals are combusted
under three different stoichiometric ratios, and twogemtures. Size geegated ash saptes,
and carbon filter saptes will be colected. Ash saptes collectediuringthe combustion
experiments are angted ly INAA and othertechngues at MIT. B performing an elemental
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anaysis on the size classified ash saBs, we can identffthe maor mechanisms (.,
vaporization and condensation) thadvern the behavior obecific toxic ecies durig the
combustiormprocess -- ggcially under reduciig conditions.

Post-Combustion Transformations

Thegoal of this task is an increased understamdfrthe transformations of salted
metals as the flugases cool followig the hgh tenperature combustion zone. @etiments will
beperformed on two verdifferent scales at UA. In addition, PSlliwperform thermosginamic
equilibrium calculations and make measurements of submicron aerosol size guubitiom
from the lape self-sustained combustor (Tasks 8 and 9).

At the small scale, UA willenduct exeriments to eplore the fundamental kinetics and
mechanisms for etal vaorization and metal \@or-mineral interactions. Metal par-mineral
interactions W be studied in this task usithermayravimetric analsis (TGA). Theprimary
experimentalparameters to be studied are pemature gas conposition (particularly the
concentration of the metapecies in thejasphase), the coposition of the sorbent (charilisa,
alumino-dicate, etc), sorbenparticle size angborosity, and exyosure time (residence time).
Theprimary properties that will be angked are the concentration of toxic trace metals in the
particles as functions of time, the final chemical form of thedrmetal, the leachisiby of the
trace metal in the finadarticles, and ipossible, the distribution of metal in tiparticles.

On a laper scale, UA will @termine how both coal cqwsition, cetailed mineralgy and
combustion conditions (includifow NO, conditionspovern the fate of toxic metalsder
practical time/temerature, self sustaineget still aerognamically well defined,pulverized coal
combustion conditions. Other tasks focus, one at a time, on indivigegita®f toxic metal
partitioning. In this task, eperiments argerformed with time-temperatureprofiles similar to
those inpc combustors. Therefore, thegdothesis derived from the smaller scaleilfaes can be
tested under ‘real world’ conditions tetérmine the dominant mechanisimstrace element
partitioning. Results from thigortion of theproject, taether with the otheportions, will lead to
aquantitative model that i predict the fate of all toxicpgcies as functions of coaliality and
combustion confjurations.

Select coals W be burned in the UA self-sustained combustor umatemixed conditions
where all the coal is mixed with all the anior to combustion. The baseline tesit @mploy
the naturall occurring tenperatureprofile for each coal at a stoichiometric ratiolo. Samles
will be withdrawn at the exhauport. Conplete inpactor samles will be colected and
anal/zed foreach toxic metg(l1 as listed in the 8AA plus U and Thplus maor elements.
This will yield theparticle size sgregated toxic metal copwosition, which can be copared to
data obtaineform other tasks of thisrogram. This data Wthen be examined toedermine
particle size dpendence in order to inf@ossible mechanisnovernim the fate of each metal.

Organic Emissions
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Some oganic emissions associated with coal combustors can have deleterious effects on
the environment and/or human health. It is thereforg mgortant (1) to know the identities,
guantities, and toxicities of the ganic pecies released from coal combustigatems, and
(2) to understand the chemical goiysicalprocesses thajovern thesepecies' formation,
destruction, and release. ganic emissions dafaom the DOE Air Toxics and EPRI PISCES
programs have theotential of benefittig the evaluation of thproblem of oganic emissions
from coal combustion. In Task 7, Rzéton Universit is conductig a critical review of the
available field data, focugiyon (1) the apropriateness,iorowhness, and reliabijitof the
experimental techmues employed; (2) comarison withpreviousy published emissions data;
(3) the inplications of the resultg4) smilarly evaluatirg comparable data availabfeom other
countriesparticularly Eurgpe and Australia; reviewamemenring technical literature on coal
pyrolysis and combustioprocesses that affectganic emissions; (5) sgang abreast of new
results in the toxicit literature, relatigto omanic emissions from coal; and (6) comnaating
reqularly with the otheprincipal investgators of the air toxics team so that all e cagnizant
of the ties between theganic and inaganic air toxics issues.

It is expected that thelmve efforts of angbis and literature review will lead {@) com-
prehensive understandjof what is currenyl knowvn about oganic emissions from coal and
(2) identification of the irportantguestions that mastill need to be @dressed in future
research.

Model Validation

Also under Task 7, the Univengiof Conrecticut is onductirg a preliminaty review of
the relevant field data on inganic emissions. In Phase | we will use the figlthdo focus the
experimentalprogram and to validate the models wél develop in Phase II. The Phase | effort
focuses on datfiom the followiry sources:

— EPRI PISCES
— DOE Pra@ram
— VTT (Finland)
— KEMA (Netherlands)

Important issues to be addressed when revigttiase data include mass balance closure,
methods of angsis and saple collectbn, efiect of APCD, effect of bulk coal ash chemystr
particle size distribution, angbsciation of Hj.

Model Development

PSI will use its sittate guilibrium model accounts for theon-idealbehavior of multi
component silicate solutions in combination with its trace element database to calculate Cr and
As partitioning. These results will be cqrared with laboratgr datageneratedinder Tasks 5.1,

6.1, 6.2, and 8, and inmanic pecies field data reviewed part of Task 7. These calculations
may be repeatedfor Se and/or other elements ifgeximental data warrant infgnetation of
vaporization under conditions wherédicate chemisty is dominant.
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3. RESULTS AND DISCUSSION

3.1 Pragram Mangement (PSI)

During the lastguarter the finaprogram coal wagrocured and distributed to the team
members. The coal, from thepdtlak seam in the Powder River Basin, wescured throgh a
collaboration with another DOE-fund@dogram at ABB. As with th@rogram coals distributed
earlier, all samples are stored undergan toprevent oxidation.

3.2  Coal Characterization (WKUSGS, PSI)

In the lastguarter work continued on the claaterization of th@rogram coals, and the
forms of occurrence ofdce elements in these coals. Characterization of yadi bejan late
in thequarter. The standard coal aysds, Ultimate, RPximate, and Ash Chemisgtrwere
conmpletedfor this coal and arpresented in the followpsubsections. Characterizationore
advanced techgiles such as XAFS, CCSEM, and the US&®himy protocol is underwa
Much of the coal and trace elememformation for the Pittsbagh, Elkhorn/Hazard, andihois
No. 6 coals wapresented in the last QuarteReport.> Additional data on trace elemdotms
of occurrence in these coals was obtaingtdih the USGS (leachgnanaysis) and the UK
aroup (XAFS anaysis). These data apeesented below.

3.2.1 Ultimate, Proximateand Ash Chemistry for Program Coals

The results of Ultimate,®®ximate, and Ash Chemigtanay/sis for the fouprogram
coals is shown in Table 3-1. As can be seen from this table the ash content fgotad \dbal
is similar to the otheprogram coals. The moisture content is mudnéar for this coal than the
bituminous coals. Moisture in the raw, crushed, coal obtamé&BB was much hiher,
approximatey 30%. The drp in moisture content indicates that the coal was diigthg
pulverization at ABB. Anotheparameter that is much different than the bitnis coals is the
high calcium content of the Wodak coal. This lgh calcium content, and low iron content, is
typical of coals from the Powder River Basin. perments with this coal wilbrovide valuable
insight on the role of calcium on arsenic retention in thedh.

3.2.2 Trace Element Forms of OccurrenceGnal - New Data

As part of thisprogram a wide arnaof analtical techngues andorocedures are bein
utilized to cetermine the mode of ogrence of selcted trace elements in coaly &ilizing
conmplimental anaytical techngues we can determine both thieysical association of the trace
element (&., mineral or aganically associatedandthe chemicalgeciation (eg., oxidation
state) of the trace element in the coal.

During the lastguarter datdrom the squential leachin testsperformed earlier in the
program were obtainedythe USGS. These geential leachig tests utilized grocedure
similar to that describedytPalmer et al. which was modified from Finkelman €t al. plbate 5
g sanples were sguentially leached with 35 ml each of 1IN ammonium acetate;(CHOAHs;),

3-3



oT'T ¢T0 .S°0 €20 04d

€6°¢T 29v o¥'S SY'T s

0.0 08T 12T €G'T 0!

060 €90 8¢'T rASN0] O®N

T9¢C 880 160 090 ObIN

Ge've 00'v AR % 78T oed

08'T 160 80'T .7 Il

18'S 08'6T 8T'6T 8T'S Ok

70°'8T GELT 18¢¢ 12 VE FO'V

9/.'1¢ 8E v 26'¢h €8'G9 QIS
(Y6IW) uonISOaU0] Ysy

Q€L /v'8 9¢'0T T9°0T T0°L T2 7. 65/, ysy

B0'€T 000 Te’E 000 12" 000 €ee 000 INISsIoN

xx *x ¥€0°0 GEO'0 8600 6600 LT0 LT0 aulolyo

¥7.°0C 98'¢e 02’6 056 169 T0°.L 8¢'8 858 UabAXQ

¢c0 G20 09'¢ cL'e 79T 99'T 280 780 Injins

€80 G6°0 8T'T ¢C'T 8’1 0S'T ev'1 oav'1 U3boJUN

65V 8¢2°G €LV 68t 08V 18V 6G'v 0LV UsboJpAH

O¢'es 6T’ T9 0,729 c00. 299/ v.1LL 18V 999/ uogred
(9% I eTetm

Q€L /v'8 9¢'0T T9°0T T0°L T2 . 65/, ysy

D0'€T 000 TE’E 000 12" 000 €ee 000 INIsIoN

A 161V /C'EE V' ve ¢ 0g 99'0¢ 08'ce T9'vE 1ane a|le|oA

ey 29'6% DT €S 867G 66 T9 €229 9%'99 08'.S uog.ed paxi4
(% TW) STetIXOIg

p siseq EWEREN siseq ENERES siseq paniaday siseq
EVEREN AQg sy Ag sy Ag sy Ag
svY
YepoAm 9 "ON stoul ybingsnid prezeH/uiouyy|3

S[eo) welibld oy saiamd [eod "I-€ 9|qel




3-5



3N hydrochloric acid (HCL), concentrateddirofluoric acid (HF; 48%) and 2N (1:7) nitric acid
(HNQ:s) in 50 mipolypropylene tubes. Each tube was shaf@rl8 h on a Burrell wrisaction
shaker. Because of tfi@mation ofgas durim some of the leachimprocedures it wasatessar
to enclose each tube in twolyethylene bas, each closed witblastic coated wire stps that
allow gas to esaae butprevent the release ofiliid. Approximatel 0.5q of residual solid was
removed fromeach tubdor instrumental neutroactivation anafsis (INAA). The solutions
were saved for inductivelcowled agon plasma (ICP) angbis. The leachmresults for the
trace elements are discussed individubdilow. The raw leachidata, including selected mar
elements, can be seen in the USESress reort in Appendix A.

Thegroup at UKy is usirg XAFS gectroscpy and Mdssbauempsctroscoy to conple-
ment the USGS work, and to examine the mode of occurrencq éfAd@s and other elements
in program coals. As discussed in the first Quayt&dport,® the XAFS pectra of the HAPs
elements are obtained rjast from the raw coal (RAW), but also from threachions:(1) an
"organic-rich" fraction (ORG) - either the fraction that floats ih.@2 ecific gravity liquid or
the cleamproduct from a Denver (froth ftation) cell; (2) a "heay-minerals-rich" fraction
(HYM) - the fraction of the refuse oritim gs fractionfrom (1) that sinks in a 2.87pecific-
gravity liquid; and (3) a "clg-rich" fraction (CLAY) - the float fractiorirom the 2.875 gecific-
gravity liquid. These fractions are then taken to tyreckrotron forXAFS anaysis. It should be
noted that the@roximate weght ratios of the different fractionssaratedfrom these coals
accordimm to this scheme are estimated to be: ORG:CLAV = >90%:5 t010%:<1%,
dependirg on ash content. Dunrthe lastquarter, new XANES dta were obtained at $tfard
Synchrotron Radiation Laboratp{SSRL), Palo Alto, CA, on Se and Zn in thregram coals
and the float/sink fractions.

New datafor the individual elements are discussepbsatel below.

Arsenic:

Leachimy datafor arsenic in three of therogram coals can be seen in Table 3-Zc&use
arsenic in the Pittsban and lllinois No. 6 coals was leachatmarily by nitric acid, we infer
the association of arsenic wiplyrite. The association of arsenic wiitrite in these coals was

confirmed ly microprobe anajses (see ppendix A). In the Elkhorn/Hazard coal, arsenic
behaves in a manner similar to thatrohi that is, arsenic isdchedrimarily by hydrochloric

acid. It ispossible thapyrite grains with hgh concentrations of arsenigof@oximatel/ 2 wt %)

in the Elkhorn/Hazard were more regdixidized thangrains with low concentrations of arsenic

(100ppm arsenic). However, the arsenic data are imbet®, as indicatedydow totalpercen-
tages for arsenic in the fouedchates (@ut 40%) and additionabth are needed foge a
definite determination can be made. @amison of the XAFSdta and the leachyresults

swycest that the unleached arsenicyrba derived from fingyrite grains included in the carbon

matrix. The carbon matrix ngaserve to shield thpyrite grains from thedachim solutions. To

Table 3-2. Mean Percemgs of Arsenic Leached (fBr +25%)

? Use of tradenames and trademarks inghiication isfor descrmptive purposes on}
and does not constitute endorsemantie U.S. Geoladical Survsy.
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. Percent Leached/feach Solution Per_cgnt
Am. Ac. HCL | HF HNO, | Remainim
Pittsbunh 1 11 5 57 26
Elkhorn/Hazard 1 29 6 4 60
lllinois No. 6 1 19 5 40 35

"All data arepreliminary and subect to revision as new data become available.

test this conclusion, future work manvolve the examination of solid residue from the nitric acid
leach to determine if some of the arsenic was not leached.

Selenium:

As discussed in the last QuanieReport,” the selenium contents of the Elkhorn/Hazard
and lllinois #6 coals are relatiyehigh (2 to 3ppm), whereas the Se content of the Pittgbur
coal is less than apm. Based on thesedhi concentrations, and on some favorado&iminary
data obtained earlier on thekBbrn/Hazard coal, it was felt that atdiled XANES examination
of Se in the lllinois #6 and Elkhorn/Hazard coals would be worthwhile. No examination of Se in
the Pittsbugh coal or its fractions has been atpted.

Selenium K-ede XANES data were collected at SSRL over the ggearge from
100 eV below the Se K-gd at 12,658 eV to about 300 eV above thgeedrhe XANES pectra,
prepared from the radKAFS ectra, are shown asdares 3-1 and 3-2 for the Pittsiphrand
Elkhorn/Hazard coals andafttions, regectively. The Se XANESgectrum obtained for the
Pittsbuph 2.88 sink faction has the bestmial/noise ratio of anof the gectra in Fyures 3-1
and 3-2 and, furthermore, it stign resembles the XANE$ectrum from As in the same frac-
tion. Hence, most, if not all, of the Se in this 2.&&fion ispresent as Se anions substitgtior
sulfur in thepyrite structure, in similar fashion to As. The68NES gectra of the raw and
1.62 float factions of thellinois #6 coal, althogh much noisier than that of the 2.88 sink frac-
tion, apear to be similar to that of thyrite-rich fracton. However, there is thesence of a
smallpeak at about 8 eV in these twadtions that coplicates the comarison; thigpeak arises
from selelate (Se@ )mecies and is not observable on the 2.88 si&tin. Again, when we
conpare these observations on Se to the arsenidolatiae same coal, we find the comerd
ing arsenate (AsQ) )peciespresent in the raw coal and float fractions, but abBent the
2.88 sink faction. Hence, there is a stpoorrelation between the occurrence of As and Se in
the lllinois #6 coal and both of these elememigear to beoredominanty associated witlpyrite.

The 2.88 sink factionfor Elkhorn/Hazard isisiilar to that observetbr the llinois #6
coal, and we conclude that most of the Se in this fraction is also associategriigth
However, because theextrum is less defined than that of the lllinois #6 coal foacft is
possible that other Se forms ynalso be contributimto this pectrum. In contrast to the lllinois
#6 situation, the SXKANES of the column float fiction lacks apfeatures that can be attributed
to Se inpyrite. Furthermore there is a wepdak at about 18 eresent also in thepectrum of
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Figure 3-1. SXANES of raw llinois No. 9 coal and float/sink fractions.
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Figure 3-2. SeXANES of raw Ekhorn/Hazard coal and fd/sink fractions.
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the raw coal, that clegrinust arise from another form of Se than Spwite. We intepret this
spectrum as arisompfrom an oganoselenium form in the column floaa@tion.

The data on relative stéheights (Table 3-3) are alsnite revealim. In the case of As
and Se in the lllinois #6 coal, there is a close cpomedence between the gtdeights for these
two elements in the different fractions. Foklirn/Hazard, however, the As steeight data
for the different factions show more variation than the dataSe. This difference would also
swgoest that Se and As are not as clpsealsociated in the Eiorn/Hazard coal agppears to be
the case for thdlihois #6 coal. Hence, we intanet these observations to indicate that in the
Elkhorn/Hazard coal there is aysificant selenium form that is not dicated ty arsenic and
does not sgegate between fractions. gain an oganoselenium form is indated. Owinto the
small fraction ofpyrite in the Elkhorn/Hazard coal, it is likethat the oganoselenium form is the
maor form of Se in this coal since the Sepsheight for thepyrite fraction is onf 2.5times that
of the float fracton.

Table 3-3. Comarison of As and Se SidHeights and wt % #itic Sulfur for
Elkhorn/Hazard andlinois #6 Coals

Arsenic Selenium wt % S as

Coal Samle Fraction Stp-Height Step-Height Pyritic
Elkhorn/Hazard

ORG 0.6 0.9 0.12

RAW 1.0 1.0 0.15

CLAY 2.1 - 0.40

HYM 4.0 2.0 12.6
lllinois #6

ORG 0.75 0.8 0.71

RAW 1.0 1.0 1.45

CLAY 4.0 -- 9.60

HYM 6.0 5.0 34.0

Zinc:

Although zinc is not one of the HAP elements listed in the 1990 Clean Air Act Amend-
ments, a brief invegfation into the mode of occurrence of zinc in thegram coals has been
undertaken bcause of the b concentration of zinc pgroximatel 70 ppm, in the lllinois #6
coal, and also becausepeximents carried out at MIT, perted in the last QuartgrReport,?
indicated the vporization behavior of zinc to be somewhat variable amtba three coals.

Zinc XANES gectra were obtainefdr all three coals and for the 8usink fractions

from the llinois #6 coal. The zinc XANE®r the llinois #6 coal and fractions are shown in
Figure 3-3. Thesepsctra show ghificant variation particularly for the two extreme &ctions,

3-9



Zink XANES lllinois #6

W
2.88 sink

1.6 sink/2.8 float
1.6 float

Normalized Absorption

20 0 20 40 60
Energy (eV) 4610

Figure 3-3. ZnNXANES of raw llinois No. 9 coal and float/sink fractions.

the 2.88 sink and 1.62 float. Theestrum of the 2.88 sinkdrction can be reagiidentified as
arising from halerite, ZnS; this should be no puse because zinc-beagiminerals, egecially
sulfides, are well known to be a chateristic feature of coal seafnsm lllinois. However, it is
clear from the gectra in Fjure 3-3 that not all of the zinc in this salenof lllinois #6 coal is
present in this form. Iparticular, the Zn XANES@ectrum of the 1.62 floatdiction is ginifi-
cantly different, while the pectra of the intermediate fracti¢h.6 sink/2.88 float) and raw coal
appear to be composites of the two extremeectra. At this time, it is not clear what the
dominant form of zinpresent in the float fraction ofit be.

A comparison of the zinc XANESxctra of the three coals is shown igufe 3-4.
Whereas thepgctrum of the lllinois #6 coalgears to be dominated/Zn in the form of ZnS, it
is clear that ZnS is n@resent to ansignificant deree in the other two coals. gain, althogh
the precise form of zinc in these other two coals is mubaaent at this time, it ipossible that the
zinc may be in oxygen coordination based on the shift of the numiak.

3.3  Combustion Zone Transformations (PSI, MIT WK

Work on the transformations ofaze elements in the combustion zongrixeedimy
alorgtwo mgor fronts. In the first area invegditors at PSI and UKare workirg to determine
how the oxidation state giyrite and arsenic influence trace elemermoraation in the
combustion zone. In the second area ingagirs at MIT are workimwith the size and dengit
segregated coals and a dstube reactor to evaluate paization behavior of trace elements. This
work is expanded pon at PSI where invesgfators at PSI are usinhe utility grind coal and the
PSI EFR to determine the netpasization of trace elements in the combustion zone.
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Figure 3-4. ZnXANES of raw Ekhorn/Hazard coal and fd/sink fractions.

3.3.1 The Effect ofCoal Oxidation on Trac&lement \Aporization in the Combustion Zone

Arsenic has been perted to beguite variable in how ipartitions betweenylash and
bottom ash fractions in the combustimocess and it has beproposed that it is the mode of
occurrence of the arsenic in the coal that is the cause of theiltariahs a result, at the Pject
Review meetig held in Pittsbugh in Seotember 1996, it wasgeeed ly researchers at PSI and at
UKy to explore thisquestion further. To do this, and toptore howpyrite oxidation m& affect
vaporization of other gecies commonlassociated witpyrite (eg., selenium), an geriment
was degined to alter the oxidation state of thwite in the coal and then measure the
vaporization of trace elements in the oxidized coal. Oxidation of the coatnsritly underway
at UKy by simulatirg natural weathermto oxidize thepyrite.

Three sarmles of pproximatel 1200g of the lllinois #6 coal were laid out in r&. Two
of the trays wereplaced in a laoratoy oven at 50 C, while the third tyavas located in guiet
corner of the laboratgrat ambient conditions (20 C). A beaker after was alsplaced in the
oven to ensure a moist atrpbere. The beaker waeriodicaly refilled until the coal was
saturated. At thatoint the source of water was removed and the coal allowed toAdirer
60 days, a samle of the coal was taken from the oven andesttied to Mdssbauepeactroscpy
to determine the extent of oxidation of then. The Mdssbauepsctrum is shown in Bure 3-5
and indicates, in coparison to datdor the fresh coal morted in the lastjuarter's reort, that
about 50% of the iron has been oxidized. The maiduct is the ferrous sualfe szomalokite
(FeSQ .H O) with a minor amount ffrosite formed as well. At 90 ¢ig one trg will be
removed and the coal will be pped to PSI for combustion tesin A small samle will be
retained at UK for Mossbauer andAFS determinations of thean and arsenic oxidatiomages.
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3.3.2 Trace Element &porization in the Combustion Zone

During the lastguarter baseline combustiong@timents on the PSI EFR were qaeted
for the three bituminous coals. The coals were combusted at a stoichiometric ratio of 1.2, with
air as the combustiagas. The furace satoint was 1500°Cyielding a maximunpas terpera-
ture of 1450°C. Size geegated ash sapies were collected with a water-cooled rigoquench
probe and a cascadepacttor. As can be seen fronglies 3-6 and 3-7 the aphtrticle size
distribution from thellinois No. 6 is slphtly finer than the other two coals. The data in
Figures 3-8 and 3-9 show that the aeheratedrom the Elkhorn/Hazard coal at fuel rich
conditions was varsimilar in size to thagieneratedinder fuel lean conditions. Anslar trend
was noted for the Pittshalr coal (Foures 3-10 and 3-11).

Based on INAA of the size geegated ash saptes, it wagpossible to estimate the
fractional vaporization of aly given element, defined as the fraction of that elerfmumd in the
submicron ash. HBire 3-12 shows the eftt of combustionanditions on the &rice element
vaporization in the Elkhorn/Hazard coal. Thesdalsgoest that the combustion conditions, fuel
rich or fuel lean, maplay a maor role in trace element parization. The reason for the
decreased \grization of all elements at lower stoichiometric ratios is unclear, butimsaude
lower particle tenperatures and increased oxidation times for inhgveritie particles. If, as was
swgcested in the last QuartefReport,” the vaborization ofpyrite-associatedpgcies, such as
arsenic, is linked to the oxidation of therite, the lower oxidation of theyrite would lead to the
observed decrease. This trend is also seen in théodakee Pittsbugh coal. Fgure 3-13 shows
the effect of combustiononiditions on tace element \@orization in the Pittsbwh coal. Data
from a Pittsbugh coal in an earlieprogram (denoted as 1.2 ) are also shown. It is intecgktin
note that the fractional parization under fuel lean conditions for both Pittsiucoals is
qualitatively similar.
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Figure 3-6. Cumulative agbarticle size distributions for three bituminous coals (PSI EFR, 1.6 s
residence time, 1500 °C, Stoichiometric ratio of 1.2)..
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Figure 3-7. Cumulative submicron agarticle size distributions for three bituminous coals
(PSI EFR, 1.6 s residence time, 1500 °C, Stoichiometric ratio of 1.2).
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Figure 3-8. Cumulative agbarticle size distributions for Elkhorn/Hazard at different
stoichiometric ratios (PSI EFR, 1.6 s residence time, 1500 °C).
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Figure 3-9. Cumulative submicron agarticle size distributions for Elkhorn/Hazard at different
stoichiometric ratios (PSI EFR, 1.6 s residence time, 1500 °C).
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Figure 3-10. Cumulative agbarticle size distributions for the Pittslghircoal at different
stoichiometric ratios (PSI EFR, 1.6 s residence time, 1500 °C).
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Figure 3-11. Cumulative submicron gsdticle size distributions for the Pittslghrcoal at
different stoichiometric ratios (PSI EFR, 1.6 s residence time, 1500 °C).
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Figure 3-13. Factional v@orization for several elements in the Elkhorn/Hazard coal at
different stoichiometric ratios (PSI EFR, 1.6 s residence time, 1500°C).

3-16



Although these datgualitatively support the pyrite oxidation lypothesis, more data areougred
to betterunderstand the eftt of reducig conditions on tce element \@orization. Colection
of these data at both PSI| and MITuisderws.

Additional data on ash yarization were obtained for dens#nd size sgregated
sanples of the Pittsbyh, lllinois #6, and Elkhorn/Hazard (referred to as KY on therés) in
the MIT drgo tube furrace. The combustioronditions were sekted toyield volatilization
amounts comarable to those encountered in utilitalers. For a drp tube @erated afl700 K,
the heat losses to the walls areidarthan for the near adiabatic conditions in the center of a
large scale boiler. In order to copensatdor the efect of the radiative heat transfer to the walls
on theparticle combustion teperature, a value of 20% wasegtiedfor the oxoen
concentration. These conditions had bpeviousy used ly Quann et atl. in a 20-coal stud
The results from thprevious stugl, while providing interestim trends on the extent of the
vaporization and condensation of different elements, were for coals for wiialiedl mineral
characterization was not available. The results optbsent stugdwill have the advantg of
the detailed coal characterization t@gort the combustion studies. In grmoress reort the
datafrom this stug are conpared with the Quann et &l. stuith order to @étermine the effects
of size and densitsagregation on vaorization behavior. The results for seled elements are
presented below. For each element, the data on thardrof the element celtted in the
submicron aerosol @otted on theordinate, and the aount of the element in the coglstted
on the abscissa. A least meapage line fitted lhrough the datajives a measure of the fraction
of the element in the coal that ispaaized and recondensed.

Arsenic:

The results are all fittedylthe same line with modest scatter(fe 3-14). The
fractional vaoorization is 0.4. Theoints that deart spnificantly from the correlation are the
low rank coals (MS, MR, WY) in the Quann et al. stuth these coals there ipportunity for
the vaporized arsenic to react with calcium oxide in the residya$h, thus reducirthe
amount that condenses in the submicron aerosol. Ypathesis will be tested when the low
rank coal in theresent studis burned.

Zinc:

The data in the Quann et'al. spuffiqure 3-15) were corrated with two lines
(fractional vaporizations of 0.06 and 0.26 ), one for the low rank and the other fordiheamk
coals. The data in tharesent stugd show the interestiqpanomay that the result for the
Elkhorn/Hazard coal (KY) are more consistent with the low rank coals in the Quarin et al. data
than the bituminous coal. There is also an intergstae dendence of the ymrization of the
zinc in the dense fraction of thiérois coal.
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Iron:

The datdor iron (Figure 3-16) show a much smallermpagization than arsenic and zinc,
with a fractional vaorization of 0.027. Theoints lying above the line are the low rank coals
from the Quann et al. stuénd the Elkhorn/Hazard (KY) coal from theesent stug. Again,
the Elkhorn/Hazard coal shows a resengfiimat of a low rank instead of aghirank coal.

Chromium:
The data show considerable scattegfé 3-17). Ingihts on the cause for thisatter

may be obtained from the mar differences seen with chaing densiy for the 45/63um
fractionsfor the llinois No. 6 (IL), Pittsbugh (PT), and Elkhorn/Hazard (KY) coals.
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Figure 3-15. Eféct of Zn concentration in coal on the total Zn collected in submiash

Sodium:

For thepresent coal, the Pittskalr and the Elkhorn/Hazard coals show lowegvoreza-
tion than the lllinois No. 6 (Bure 3-18). There is also consideraldatter in the results of
Quann et al. which nyebe causedythe same inter-coal differences. Quussible eplanation
for these differences mae difference in the extent of reaction between sodium ilica is the
different coals. If this were the case, then theoviaation of the sodium for the lower rank coals
should be hlgher than those for thedhier rank coals. This seems to be the case. Kngailed
the size of the silica mineral inclusions is needed to be able to assess these effects. CCSEM data
will be obtainedor thatpurpose.
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Mercury:

The results on mercyiare of interest in that tlygeshow hgh values of mercyrcapture
by the ashparticulary for the Pittsbgh coal (Table 3-4). The merguis capturedprimarily
with the lapge, residual ash. It [grobable that the merours catured with carbon, either char
or soot, in the ash. The amount of carbon is relgtsmlll based on measurement ofalies of
the residual ash which did not reveal the carbon within the uncegriaitite mass balance.

The results from this stydwill be used tauide the mineral characterization studies. For
arsenic, the interest is in the size of calcium-rich inclusions in the coal. For sodium, it is the size
of the silica inclusions. For mersuiseparateruns wil need to be mad#or purposes of
obtainirg carbon content. As more elements areyaeal, additional leads aremected to
emepe.
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Figure 3-17. Eféct of Cr concentration in coal on the total Cr collected in submiash

Table 3-4. H Distribution in Ash ProducedytiCoal Combustion atilnace

=1700 K,.20 =20%

Percentge in Laer Ash Percentg in
Particale (> 1 micron) Submicron Ash Particle
(%) (%)
KY H 4563 36 2.5
KY L 4563 29 8.5
KY H 90106 86 0.2
KY L 90106 84 6
PTH 4563 61 2.4
PTL 4563 95.6 4.4
PTH 90106 19 0.3
PTL 90106 94 6
ILH 4563 16 1.7
ILL 4563 18 14.6
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Trace element trafmations in the gon between the fuace exit and the ESiay a
critical role in determinig the partitioning of that element betweeryéish catured in the ESP
and vapors emittedrom the sack. In thisorogram we are invegiating thesepost-combustion
transformations on two different scales. Meyceapture by residual carbon, shown to be an
important mechanism for meropretention in the ash, is beievaluated in a small bencipto
facility. Interactions, such a®ndensation andeactive scavaing, between vporized pecies
such as arsenic and selenium are dpgivestpated usia the lager self-sustained combustor at
UA. Mercury speciation in fluegas is beig evaluated in the PSI EFR.

3.4.1 Mercury Capture by Residual Carbon
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During the lastquarter the PSI EFR was usedaroducepartially combusted chars from
three of theorogram coals. The Elkhorn/Hazard, the Pittsiniand the lllinois No. 6 coals were
all combusted at a stoichiometric ratio of 0.6, and a maxigasrenperature of 1450°C. The
resultimg chars were then sent to the UA for the meyaapture exeriments. Because the
presence of sulfur inctivated cebon has been shown to @t mercuy uptake, a small sapfe
of the chars were sent to the Wir XAFS anaysis, and to a commercial laboratdor forms
of sulfur anaysis. The datfrom the commercial laboratpwill be discussed in the next
quarterly report.

Figure 3-19 shows the sulflfANES ectra of char sapfesprepared from theproject
coals. Thesepectra are in therocess of bemanayzed accordigto least-guares fittirg
procedure devefmed for sulfur in coals and chars andyoabreliminary semiquantitative
anaysis will bepresented here. goroximate estimates of the %S in differéotms in the three
chars arajven in Table 3-5.

Illinois #6

Elkhorn/Hazard

Normalized Absorption

Pittsburgh

R
o
o

20 40 60
Energy (eV) 04626

Figure 3-19. SulfulXANES gectra of charfrom threeprogram coals.

Table 3-5. %S in Different Forms in Char Sa@s from SulfurXANES Sectroscpy

Elkhorn/Hazard Rtsburgh lllinois #6
Sulfur Form P ineV %S P ineV ‘ %S Pin ev‘ %S
Pyrrhotite -- <5 -2.2 20 -2.2 35
Elemental Sulfur 0.1 30 0.0 25 0.1 35
Omanic Sulfide 15 42 15 50 15 29
Sulfate 10.1 25 9.9 5 9.8 2
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Other -- <3 -- -- - -

Theprominent shoulder at about -2.2 eV in the Pittghwand lllinois #6 saples is due
to pyrrhotite, whereas the second shoulder at about 0.0 eV in Elkhorn/Hazard anddpittsbur
coals and theeak at 0.0 eV inllinois #6 coal is due to elemental sulfur. The sidpeak at
around 10 eV for the Elkhorn/Hazard coal is mucbdathan those for thdlihois and
Pittsbuph coals. Theectra indicate thatyrite in the coal has decawsed to a mixture of
pyrrhotite (Fex S) and elemental sulfur. Interegtinthe %S in the form abyrrhotite and
elemental sulfur arepgroximately the same for thdlihois #6 and Pittsbwh coals, whereas the
elemental sulfur is muchdiier than theyrrhotitic sulfur for the Elkhorn/Hazard coal.
However, it should be noted that the %S asaseilis almost the same as the %S as elemental
sulfur for this coal, sgoestirn, perhas, that the lack of observation pfrrhotite is lecause the
pyrite or thepyrrhotite has oxidized to salfe, eitheduring or prior to the char formation from
the Elkhorn/Hazard coal. Whether this differenceefl the lowerron content of this coal or
the fact that the Ehorn/Hazard coal is moredhly oxidized than the other two coals has to
be resolved. Also, it should beaalled that sulfur can also epedrom the coal durmchar
formation and, therefore, a moretdiled analsis must await a determination of totalfsuin
these char saples.

While the chars were bajmrepared and characterizedpwk continued on the @eri-
mental @paratus angrocedure for the mercurcapture exeriments. A schematic djgam of
the exerimental @paratus igiven in Foure 3-20. Theaspreparation section consists gds
sources (1) and aater saturatof2). This ction is degined to deliver a simulated flggas with
a conposition of 80% nitrgen, 15% carbon dioxide, 3%&ater vaor, and 2% oxoen. Thegas
flow rates are measured and monitorgdhHree mass flow controllers to control the rign,

L 4

e

4 i — Y0t

D-4827

(
Figure 3-20. Schematic oéactorfor mercuy capture exeriments; (1passes, (2) ater
saturator, (3)@acor, (4) constant teperature controller
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carbon dioxide, and air. These flow controllers are cetliat with standard calibrati@ases.
The reactor section consists of a rea¢8yrand a katirg source whose teperature is controlled
by a constant teperature controller (4). Theactor is a U-sh@ed tube. Mercwris placed into
the left side of the U-siped reactor and the mergwapor generated ibrought by the simulated
flue gas into the ght side of the reactor where tharlsent isplaced. The rguired reactor
termperatures are obtained placing them into well controlled heabarces. The teperature of
the mercuy source and the tgmarature of the sorbent can be controlled pahelenty. The last
section consists of two activatedisan columnglaced in series to ensure calete removal of
mercuy before ventig to the atmaghere for the safgtand environmental concerns.

During the exeriments the desired tgerature are achieved kettirg and agusting the
constant temerature controllers. Both te@ratures are held constant darihe period of
experiment. Once the tgumaratures are constant, the simulated figs (SFG) is introducedyb
the gaspreparation sectin. The mercwyrsource is theplaced into ammlass basket, which is
thenput into the source reamt. The mercwris vaporized inside the source reactor and the
vaporized mercuy is then carried awaby the SFG into to the sorberstacbr. The sorbent to be
tested partially combusted char) gaced in the arbent eactor on an distribution bed. The
somption begins when the mercyrcontainirg SFG flow throwgh the reaair. The SFG then flows
through the carbon tias to remove the remaimgmmercuy vapor before thegas is exhausted to
the atmophere.

The concentration of merouin thegasphase is extremglimportant, and will be cali-
brated ly two methods. One is the dat weghting method. The wehts of the mercyrsource
before and afteeach egperiment are measured h anaytical balance pto four doital
accura®. Thegas concentration is then calculatedusing the weght difference and thgas
flow rate. The seand method is usmatomic adsastion. This is donea blank run with ory
source in the source reactor while giag the other conditions the same withpexmental
conditions. The vaorized mercuy is then condensed orputared totaly by a downstream
device. The gatured mercuwy is then analzed ly atomic adsastion to determine the merour
concentration. The concentration of meycurthe reactant is determineg bold vaoor atomic
adsoption Pectroscopy. The data are used to determine thetsom ability and cg@acity of
sorbent.

Theplanned eperimental conditions are as follows:

Mercury source temperature: 70°C

Sorbent eaction termperature: 70 and 160°C
Flow rate: 100 £c/min
Gas comosition: SFG

3.4.2 Forms of Mercury Captured by Residual Carbon

Given the inportance of residual carbon on merguoetention in f{ ash, it is inportant to
get a betteunderstandig of the forms of mercyrpresent in the char. Thrg an arragement
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between the DOE Pyect Manaer of closey allied DOE researchrojects (T.Brown) and the
Principal Investoators on thesprograms, char and ash sples were receiveftom Radian
International and from the Ermgrand Environmental Research Center at the UniyeokiNorth
Dakota (UNDEERC) that had beenpeged to a simulated flugas containig elemental
mercuy. The oljective was to identyfthe forms of mercyrand other sinificant elements in
these chars usinXAFS ectroscoy.

Sanples of char and ash from both Radian and UNDEERC were run atithg edge
at 12,284 eV at SSRL dudiNovember 1996. Som@eliminaly data arepresented here for
mercuy in four activated cebon samples from UNDEERC as these sgles had g far the
highest levels of mercwyrin them. Furthermore, as we could not detect a usefel iecary
other samle, we conclude that the mergwontents were less tharppm in all other saples.

The four samles consist of two coposite activated adonsprepared from lgnite
(LAC-1, LAC-2), a sulfur-inpregnated activated c¢bon (SAC-1), and an iodine-pregnated
activated cebon (IAC-1). All four samles had been gwsed to the simulated flugas dped
with elemental mercyr Correpondng blank samles (LAC-3, SAC-2, and IAC-2) that had not
been eposed to theyas were also sulied.

The mercuy XANES gectrafor the four carbon saptes are shown in Biire 3-21. As
with the all mercuy XANES goectra, the fine structure is rather subtle and we have resorted to
using the first differential of themectrum toquantify differences amomthe gectra. As can be
seen from the fure, the fine structure becomes mpreminent in the order IAC-1 < LAC-1,
LAC-2 < SAC-1 and imcconpanied ly an increasig seoaration of the twaeaks in the first
differential pectra. Based onavk on other mercyrstandards, it wouldppear that the
separation of thepeaks is hahest for ionic mercyrcompounds and least for covalent and
metallic mercuy conmpounds. The observed trend for theak searation in the activated

Figure 3-21. K XANES 9ectra and related dafer four chars spplied by UNDEERC

1.8
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carbons would be consistent witliH3 bondim in the SAC char and ddl bondirg in the IAC
char. Further evidence for this trend can be seen from aysenafl the EXAFS rgions of the
XAFS gectrapresented in lgure 3-22. The radial structure functions (RSFs) showngur &i3-
22 indicate a ghificantly different structure for i in the iodine-inpregnated cebon. In
particular, the X bond for IAC-1 is much loger than those indicatddr Hgin SAC-1 and for
LAC-1,2. The bond distance forcH in Hal.is about 2.78 A, whereas thep#$ bond distance in
cinnabar (HiS) is about 2.36 A, thedHCl bond distance in ¢Cl. is about 2.25 A, and thegFD
bond distance in D is about 2.03 A. Further workgtanned to comare the RSFs obtained
for theactivated cebons with those obtained from mergstandard compound of known
structure.

450
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100 T

Distance (A) D-4629z
Figure 3-22. Radial structure functions fog id three activated chons.

In addition to data on merourXAFS data wil also be obtained at the ful, calcium,
iodine, andhossibly other element absption edyes. This will bedone in the nexXXAFS session
startirg Januay 27th.

3.4.3 Mercury Speciation Measurements

The oxidation state of merouplays a critical role in its abiltto be controlled Y air
pollution control devices. For exate, oxidized mercwris more readyl removed in a wet
scrubber than elemental merguiThis important fact led to areat deal of wrk on the
measurement ofpeciation of mercuwrin flue gas. Euilibrium calculations sgoest that mercyr
is entireV in the elemental form at thechi tenperatures associated with the combustion zone.
As thegas cools quilibrium predicts that the mercyioxidizes. However, as discussed in
Quartery Report No. 4 some field data goests that the mercyoxidation is ‘frozen’ at some
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tenperature around 850K. To test whether oxidation is indeed frozen at soperdame, a
series of egeriments are underwdo measure the merguspeciation in real flugas at a rage
of tenperatures.

For these eperiments the lllinois No. 6 coal was combusted under fuel lean conditions
(stoichiometric ratio of 1.2). Flugas was removed at the bottom of the reactormntedately
quenched with nitrgen. As the water-cooled nitgenquenchprobe was notised for these
experiments, the teperature of theas at theyuench location was that at th&@nace exit. This
termperature, <754K, is measured@st of the eperimentalprotocol. Thepreliminary mercuy
speciation measurements utilized the Ontangdtd method. This method was identifiegd
FETC-EPRI-UNDEERGeam as one of the more reliable huts for measuranmercuy
speciation in fluegas.

The gparatus for the Ontarioydiro method is shown schematigah Figure 3-23. The
gas samling apparatus for this method consisted aflass ¢clone followed ly a 100 mm
diametempolycarborateparticulate filter, then a series of niB80 ml modified GreenbgrSmith
impingers throgh which thequenched fluegas flowed. The yclone served to remove thedar
particles in thegas stream to minimize ctact with the vaorized mercuy. Each inpinger
contained 100 ml of solution as follows: the first threpimpers contained 1M KCI, ipingers
four and five contained a 10% H, O /5% HMNO solution and six tiir@pht contained
4% KMnG, in 10% H SQ . The final ipnger contained 6 to 16 mesh indicatsilica gel.
The samlingtime was 2 h and was calculated to collect wedhae the minimum mercur
detectionimit using the exected mercw concentration in thgas flows used.

Connect to Connect to
Filter Holder Vacuum Hose

<Fill to
Here

it

g g g e T e T g

Rt T T A T

| Tl Tl Tl Tl Tl Tl Tl Tl Tl Tl Tyl Tyl Tl
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HOOE OB B OB OB B
|(100ml)  (100ml)  (100ml)| (100ml) (100ml) [(100ml) (100ml) (100 ml)|  Siica
| | | | Gel
| 1M KCI | 10%H,O00/5%HNO, |  4%KMnO410% HpSO4 |
- - N - __ _

D-4630

Figure 3-23. Schematic of the Ontarig«dido epparatus
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The first st in sanple recovey at the end of the run involved aaditing and weghing
particulatefrom the g/clone, filter and connectirglassware. Thearticulate waglaced in
Container #1. Then thglassware was rinsed withl nitric acid and this rinse added to the
contents of the KCl imingers in Container #2. Container #3 held the contents and rinses of the
peroxide/nitric acid imingers. The contents of tmetassiunpermamanate inpingers were
placed inContainer #4 then each of theseingers was rinsed with 0.1 nitric acid, 8 N HCIl and
0.1 nitric acid gain and the rinse added to Container #4. @dréiculate inContainer #1 was
thenprepared ly acid microwave @jestion usig HF, HCl and HNQ acids then agaéd for Hy
by CVAAS. Sanple preparation for Container #2 consisted ofeltirg a small samle with
H.SQs, KMNnQy, and K $ @ , heatirfor 2 h at 95C, then reduciawith hydroxylamine sulfate.
For Container #3, therocedure was to gést with concentrated HCI, then add KMnO until the
solution remained brownisburple. It was then reduced witlytiroxylamine sulfate. The
contents of Container #4 wepeepared ly addirg hydroxylamine sulfate until colorless, then all
three solutions were anyakd ly CVAAS.

These dat&rom anaysis of the various solutions and the ash indicated g@mbaimatey
16% of the mercyrwas retained in the ash at thesegeratures. The w®r phase mercwyrwas
approximatey 72 elemental mercyrand 28% oxidized mercyr Mass closure for this
experiment was pproximately 100. Equilibrium predictions for this coal sigest that these
two values should be reversed. Thepgerature where thegailibrium mercurly speciation
correponds to the measuregeciation is aproximatey 850K. These results tend to corrobo-
rate thefrozen aquilibrium’ hypothesis discussed in the lagiartery. More measurements are
required to confirm these results.

3.4.4 Large Scale Combustion Experiments

During December goint team of PSI and UA invegéitorsperformed a series of
experiments degned to measure trace elemeattitioning in the self-sustained laborayoscale
combustor. The gerimentalplan was to collect and sizegsegate fly ash samles usim a
water-cooledquenchprobe and the Berner Low Pressureéator (BLPI). Samles were to be
collected at the wwof the furrace,immedately after char burnout is caotete, and at the
furnace exit where thgas temperature had cooled t@proximatey 600to 800°C. B sanpling
at these two locations itilnbe possible to eglore how the trace elemepartitioning charges
from the flame zone (at thegaef the furrace) to the exit.

Several quipment malfunctiongrevented comletion of the eperimentalplan. Durirg
the first exeriment the cooligwaterjacket of the installed burner devedal a serious leak into
the furrace --quenchimthe flame. A pare burner of a different degsiwas then installed. This
spare burner had been used on sevanat coal combustioprograms on this facilit. By util-
izing this burner it wapossible to test the entirgstem for an extendqukriod of time. These
tests did novield viable ash saptes, but did show that alystems of the UA self-sustained
downflow combustor are now reatbr final experimentaton, and that the combustorfi@muse
and samling and anaiftical systems can beperatedfor extendedgeriods without mgr prob-
lems, other than sigbuild-up. The BLPI was left at UA to be used in thecoming sanpling
runs. These santingruns are underwaand will be discussed in the naxtarterly report.
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4. CONCLUSIONS

The data obtaineduring the lastquarter and described above haghkdlto further our
understandig of trace elemenfiorms of occurrence in coal and how these forms of occurrence
may affect trace element warization. XAFS anaysis of the lllinois No. 6 and Elkhorn/Hazard
coal indicate that thiorms of seleniunpresent differ dramaticallbetween these coals. In the
lllinois No. 6 the selenium Bredominanty associated witlpyrite. In fact, there is good
correlation between the distribution of arsenic, shown to be assdavithpyrite in this coal,
between the various densfractions and the selenium distributi For the Elkhorn/Hazard coal
the primary form of selenium is as ganoselenium.

Arsenic leachig data were also used to draveliminary conclusions about the forms of
occurrence and mineral association of this element in the three bituminous coals. In both the
lllinois No. 6 and Pittsbwh coals the arsenic wagmarily removed with the nitric acid. This
result sgoests that arsenic is associated wihte, a findirg which is in @areement with the
XAFS datapresented in earlier perts. For the Elkhorn/Hazard coal a substamation of the
arsenic was not leachesg ary of the solvents. Onpossible exlanation for this findig is that
the arsenic is associated with fpnelvided pyrite inclusions which mabe shielded from the
leachirg solution ty the carbon. Work is underwao test this eglanation.

Combustion testmduring the lastgquarter has demonstrated that trace element
vaporization is strogly dependent on both the concentration af\en element in coal and the
combustion environment. Yarization datadrom the MIT drgtube was compared with data
from Quann et al. Maorization was found to increase lingawith trace element concentration
for a wide rage of coals. The fractional perization (the slpe of the line) varied from element
to element, and in some cases, from cgaéd to coalype. Veorization datafrom the PSI EFR
indicated that the fractional parization of ‘volatile’ elements such as arsenic, selenium, and
antimory, depends strogly onthe oxgen concentratiopresent durig char burnout.
Combustion under fuel lean conditions lead to mughérivaorization than combustion under
fuel rich conditions. The reason for this increasqubsization under fuel lean conditions yna
include hgherparticle tenperatures, and slower oxidation rates of minerals supréas.

Merculy capture and peciation was also addressed ipraliminary fashion in the last
quarter. Mercuy speciation exeriments on the PSI EFRaested that the fractional oxidation
at tenperatures less than 750 K was much lower than woufutdiicted ly equilibrium. In fact,
the measured value was consistent wifhildrium being ‘frozen’ at a terperature of
approximatey 850K. This finding supports the earlier ypothesis that oxidation of mergis
frozen at some teperature around 850 K. Additional work continues to both agdidhis
hypothesis and to measure meyaapture by coal chars.
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Abstract

The overall ofective of thisproject is toprovide anaftical support for the P#sical Sciences,
Inc. (PSI) effort beig performed under DOE Coratct No. DE-AC22-95101 and entitled "Toxic
Substances From Coal Combustion - A @ozhensive Assessment”. The Pittgiur
Elkhorn/Hazard, andlinois No. 6program coals have been examined to determine the mode of
occurrence of setted trace elements ugscannim electron microsaay, microprobe anajsis,
and exerimental leachiaprocedures. Pfieninary microprobe dita indicates that the arsenic
content ofpyrite grains in the lllinois No. 6 (0.0-0.023bm As) and Pittsbigh (0.0-0.08@pm
As) coals is similar. ¥#ite grains observed in the Elkhorn/Hazard cgexteraly have arsenic
concentrations (0.0-0.272 wt. % As) that arghsly higher than those of the Pittslotiror

lllinois No. 6 coals. Oneyrite grain observed in the Elkhorn/Hazard coal contained much
higher levels of arsenic g@roximatel 2 wt. % As). Preliminay microprobe analses and data
from leachim experiments indicate the association of arsenic wttite in the Pittsbugh and
lllinois No. 6 coals. Leachidatafor arsenic in the Elkhorn/Hazard coal, in contrast, is
inconclusive and additional data are needddrieea definite dtermination can be made.
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Introduction

The overall ofective of the "Toxic Substancé®m Coal Combustion - Forms of Occurrence
Analyses"project is toprovide anaftical support for the Psical Sciences, Inc. (PSI) effort bgin
performed under DOE Coratct No. DE-AC22-95101 and entitled "Toxic Substances From Coal
Combustion - A Comrehensive Assessment”. Rrotgoals include (1) deveting fundamental
mechanistic data, and (2¢t&rminirg models for the formatiomartitioning, and emissions of toxic
species from coal combustion. Inpgort of this effort, the Unitedt&tes Geolagical Survey (USGS)

will analyze a number of coal saas utilizingthe technigques described below, tprovide
information recessarto achieve a bettemderstandig of toxics behavior.

Phase |

As a conplement to the anas$es beig performed ly PSI under DOE Cordict No. DE-AC22-
95PC95101, dtafrom a ungue protocol develped by the USGS will be used to agaé selected
coal size and dengifractionsfor trace elemenfiorms of occurrence. In Phase I, the four Phase |
coals will be anaized. Theprotocol incoporates the elements described below.

All of the sanples will be teated lg a selective leachinprocedure, gowerful technoue for
approximating modes of occurrence ugidiffering combinations of solvents at various maratures
and concentrations. pi8s of the coal will bedached with these solvents (ammonium acetate,
hydrochloric acid, lgdrofluoric acid, nitric acidaccordim to the methods devealed at the USGS.
Results from theseehchim tests willprovide essential information on chemical bomdii the
elements. Elements that are leachednarofluoric acid arepeneraly associated withilgates,
those that are leacheghitric acid aregeneraly associated with sulfides, and those that are leached
by hydrochloric acid ar@eneraly associated with chomtes.

Experiments also will beandwcted to determine voliity of the elements b heatimy the coal
sanples to terperatures raging from less than 200 C to more than 1,000 CpliAsf each coal
sanple will be ashed usma low tenperature ashmdevice. Thigrocedure includes oxidation of
the coal at teperatures of less than 200 C, resgjfina residue of unaltered minerals. This low
termperature ash residue will then be chemicathalyzed to determine the voilitty of the elements
at low tenperatures. This information, in ciumction with other tests, wipprovide insght into
chemical bondig of the elementgresent. The low teperature ash will then be uséa semi-
guantitative mineralgical determination ¥ X-ray diffraction.

The aboveproceduregrovide indiect evidence, orgrroximations of the modes of occurrence of
the trace elements in coal. Theill be conmplemented g direct procedures such as manual
scannig electron microsaay (SEM) enegy dispersive analsis (EDX) ofpolishedpellets of coal.
The advantge of the manual method over the auadeu, cormputer controlled SEM is that the
operator can intelliently select the ppropriate phases for angsis by EDX and the perator can
apply instantaneous intpretation of the textural relations of tiphases beigp analzed. The
mineral@ical, geoladical, andgeochemical epertise of the USGBersonnel W provide ungue and
essential inghts.



For a more sensitive amglantitative analsis, an electron micppobe anajzer will be used. Other,
non-routine methods, such as atiahl transmission electron microgpoand infrared gectroscoy,
will be used as@cessar.

The Agency shall not proceed with any of the workinder the Phase 1l program until formal
notification is provided.

Phase Il

In Phase II, the Phase Il coaldl\we anayzed. Detailed angsis of coal glits (size and densit
fractions)from both Phase | and Phase Il coailalso be ondwcted, as rquired. The standard
protocol to be used in Phase Il is ngadentical to that used in Phase I; theyosibnificant
difference is in the saptes to be angked. In Phase |l, some sples ma be sulpected to
segarationprocedures and sulmpgent analsis. For example, densi or magnetic s@arations mg
be used, or hamitking of secific mineralgrains. Theprotocol to be followed in Phase Il
incomorates the techgues described below.

Using a methodolgy similar to that of Phase I, all of the salas will be teated  a selective
leachirg procedure, usmthe solvents ammonium acetatgdiochloric acid, gdrofluoric acid,
nitric acid. Results from thesedchim tests willprovide essential information on chemical bordin
of the elements. Beriments to determine volkity of the elements will also beondwcted ty
heatirgthe coal saples to temeratures raging from less than 200 C to more than 1,600 C,cusin
the samerocedures as described in Phase |.

Theseprocedureprovide indiect evidence, orgproximations of the modes of occurrence of the
trace elements in coal. As in Phase lythdl be conplemented i direct determinations on
polishedpellets of coal usip manual SEM angsis with the EDX angker . The mineratgcal,
geolaogical, andgeochemical epertise of the USGHersonnel Wi provide unque and essential
insights. For a more sensitive agdantitative analsis, an electron micppobe anatzer will be
used. Other, non-routine methods, such as/acal transmission electron microgpoand infrared
ectroscoy, will be used asecessar. Also in Phase Il, some s@as ma be sulpected to various
sgoarationprocedures and sulmggent anafsis. For example, densiy or magnetic s@arations mg

be used or hangicking of secific mineralgrains.

Methods

(1) Two of theprogram coals (the Pittsbgn and Elkhorn/Hazard coals) weexeived g the USGS
and shpped to Geochemical Testiof Somerset, Penylgania in eay May, 1996for (1) grinding
of sanples to -20 meshpiits (sanples later to be used jpetragraphic, SEM, and micrprobe
anaysis), (2)arinding of sanples to -60 meshptits (sanples to be angked ly ICP-MS, ICP-AES,
hydride generation, and cold war atomic absaition), and (3) angkis of sulfur forms. Theselgs



were returnedypGeochemical Testmand shpped to the USGS, Denver, CO for chemical gsial
The llinois No. 6 coal was received the USGS and shiped to Geochemical Testjin eary June,
1996, forgrinding of sanples (as described above) and for ggialof sulfur forms. This saile was
returned g Geochemical Testmand shpped for chemical angsis to the USGS, Denver, CO on
July 5, 1996. Sulfur form chtafor each of the three saufes is in Apendix I.

(2) Chemical angbkes (ICP-AES, ICP-MS) of the three raw coals have beepleted.

(3) Reresentative @its of all program coal saples wereground and cast intpellets andpolished
for SEM and micrprobe anajsis accordig to theprocedures outlinedypASTM, (1993) as modified
by Pontolillo and Stantori©94). The castmprocedure impregnatesunderpressure, pproximatel
7-8 grams of crushed sae with Armstrorm C4 gooxy. The resultant mold is cured ovenni at
60° C. A labelis incauorated with the sapte.

Thepellet block isground andoolished usiig ASTM D2797-85 standards. Thpaxy-coalpellet is
oound with a 1%m diamondplaten and600 SiCarit paper until flat and smooth. Rgh polishing
is done with um alumina and fingbolishing is conpleted with0.064m colloidal silica. Ultrasonic
cleanirg between and after the variouspsténsures a fingbroduct relativey free of extraneous
abrasive material.

Threepellets wereorepared fromeach samle. Eachpellet was sectioned with a thin, slowesd
diamond saw and carbonatedfor SEM and micrprobe anajsis.

(4) Each of the thregrogram coals was examined with the SEM with an attachedygdspersive
X-ray analzer (EDXA) to(1) determine mgor and minor minerafyy of the samles and (2)
determine variations in mpinology of pyrite grains. Mineral identifications usinEDXA are
tentative because of its semantitative caabilities; however, identifiation of minerals can be
made based on nmhrdogy and cleavege characteristics of minergdains. Becauspyrite is known

to be aprimary source of arsenic in coal (Finkelman, 1994), diffgpgrite momhdogies were
identified in the SEM angsis, for the se&lction ofgrains to be angkedquantitatively with the
microprobe. Two ¥pes of SEM's were used: an ETEC Autoscan and a JEOL 840 . Normal
operatim voltage was 20 KeV, both secongazlectron and backeattered modes were used.

(5) A fully-automated, 5pectrometer instrument (JEQIXA 8800L Syemrobe ) was used to
quantitativel determine element concentrations in sulfidgshe wavelenth-digersive techmjue.

In our preliminary microprobe work with thegrogram coals, we measured the follogglements:

Fe, S, As, Ni, Cu, Zn, and Cd. Natural agdtBetic standards were used. Beam current used was
2 x 10 -08 ams; voltape was 20 KeV. Therobe dianeter was set as a focused beam; the actual
workingdiameter waslaout 3-5 micromaters. In this stud we considered the minimum detection
limit for the micrgorobe to be at about 1@mm for each of the elements apadéd, usig countirg

times of 60 seconds fpeak and 30 seconds for bapdund for most of the elements. For arsenic,
countirg times of 90 seconds feeak and 45 seconds for bgokund were used. @ce elements
analzed on the micnarobe can be@tected at this level; howevegunting statistics have a lee



uncertaing. In theprobe analsis, we attemted to detect copositional differences amaydifferent
pyrite momphoogies. Micrqrobe dita collected are shown impendix Il.

(6) The sguential selective leachyprocedure used in this styds similar to one described/b
Palmer et al. (1993) which was modified from Finkelman et al. (1990plidate 5y sanples were
sajuentially leached with 35 ml each of 1IN ammoniacetate (CH OONHSs), 3N lydrochloric acid
(HCI), concentrated ydrofluoric acid (HF; 48%) and 2N (1:7) nitric acid (HMNO ) in 50 ml
polypropylene tubes. Each tube was shafa@ri8 hrs on a Burréll wrisiction shaker. Because
of the formation ofgas durimg some of the leachigprocedures it wasatessarto enclose each
tube in twopolyethylene bas, each closed witblastic coated wire stps that allowoas to esgae
butprevent the release ofiliid. Approximatey 0.5q of residual solid was removed fragach tube
for instrumental newbn activation analsis (INAA). The solutions were saved for inductyvel
cowled agon plasma (ICP) angsis.

Results and Discussion
SEM and Microprobe Analysis

SEM anajsis indicated theresence of the nar minerals illite, kaolinitequartz, andoyrite in each

of theprogram coals (Apendix 11). In addition to these four minerals, iron oxides were found in the
Pittsbuph coal and calcite was found in tHinbis No. 6 coal. Minor and &ce amunts of several
other minerals were also observed. Diffgmmomphologies forpyrite were observed in tharogram
coals with the SEM; these nmbrologies included subhedrgtains, euhedrairains, and framboids.

Microprobe anaises indicated that the arsenic contentpgfite grains in the lllinois No. 6
(0.0-0.027pm) and Pittsbugh (0.0-0.08(pm) coals is similar, and thayrites for these two coals
are not distiquishable based on arsenic concentrations. The arsenic concentrationspiEant a
to vay accordirm to momphology of pyrite grains; however, framboids were not welbresented in
the micrgrobe anajsis due to their small size (15 micretars in diameter or less) and diffiuiih
obtainimagoodpolish. Ingeneralpyrite grains observed in the Elkhorn/Hazard coal have arsenic
concentrations (0.0-0.272 wt. % As) that arghsly higher than those of the Pittslghror lllinois
No. 6 coals. However, orggain of pyrite observed in the Elkhorn/Hazard coal (gset 2.1, 2.2,
and 2.3, 9/26/96; ppendix I11) had a much bher level of arsenic fgroximatel 2wt. % As). In
future work, elemental nppingusin gthe electron micrgrobe wil be condwcted to better
characterize the distribution and mode of weence of the lah arsenicpyrite grains in the
Elkhorn/Hazard coal.

Nickel isgeneraly low (0.0 to 0.067 wtpercent) inpyrite of all of theprogram coals. Twayrite
grains from the Elkhorn/Hazard coal containedhbr levels of nickel (@oroximatey 0.1 wt.
percent).

®Use of trade names and trademarks inghidication isfor descrptive purposes ony
and does not constitute endorsemanthie U. S. Geolgical Survey.
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Future micrprobe work on th@rogram coals will includdéoroad beam microanadis of oganics to
attenpt to detect selenium, which is thghi to be oganicaly bound(Finkelman, 1994). Other work
will i nvolve usim SEM image anaysis to hgb determine the distribution of As, Se,©r. All data
will be used in mass balance calculations atérelement residence.

Leaching Experiments

Leachimg experiments were copfeted for the threeprogram coals and the resuliirsanples
(leachate solutions and solid residues) were dtibaior chemical angkis. ICP-AES and ICP-MS
data (for leachate solutions) adiNA data(for solid residues) have been obtained. The chemical
data for leachtes have beamwocessed to derive the meparcentaes of each element leached b
the four kachim agents (ammonium acetateydnochloric acid, lgdrofluoric acid, and nitric acid)
conpared to the odnal concentration of each element in the raw coal (TAplerhe calcdted
percentaes were then used as an indirecthodtfor determinirg the mode of occurrence giexific
trace elements in the coals. We estimateresr ef +25percent for theseata. The calculated
percentges in Table 1 arpreliminary and sulect to revision as new data become available.

Aluminum andpotassium are strafy leached I hydrofluoric acid ineach of the threprogram
coals; these datagggest an association of aluminum grafassium with silicateg(obaby kaolinite
and illite). Iron is almost entirglleached i nitric acid in the Pittsbuh and lllinois No. 6 coals,
indicatirgthe association of iron withyrite in these saptes. Sulfur form angkes corrobate the
presence gbyritic sulfur (0.91-1.5%ercent; Aopendix 1) in these coals. In contrast, ironeiadhed
primarily by hydrochloric acid in the Elkhorn/Hazard coal. Thetaberhas indicate that oxidation
of pyrite occurred with the formation oddchablerbn oxides or suéftes. Additional data are
necessarbefore an evalution can be made. Altboahe leachig percentaes indicate that a wer
small amount of silicon wagached in each of the thresgram coals, these calculations are
misleadiy because silicon is losiuring the dying process used torepare the leachate safas for
ICP-MS and ICP-AES angdis.

Because arsenic in the Pittsbiuiand lllinois No. 6 coals was leachaimarily by nitric acid, we
infer the association of arsenic wilrite. The association of arsenic wiifrite in these coals is
confirmed ly microprobe analses. In the Elkhorn/Hazard coal, arsenic behaves in a mamiar s
to that of iron; arsenic is leachedmarily by hydrochloric acid. It iossible thapyrite grains with
high concentrations of arsenicpf@oximatey 2 wt. percent) in the Elkhorn/Hazard were more
readiy oxidized thargrains with low concentrations of arsenic (Ifin arsenic). However, the
arsenic data are incqtete, as indicatedybow totalpercentaes for arsenic in the fougdchates
(about 40percent) and additional data are neededreea definite dtermination can be made.
Future work mg involve the examination of solid residue from the nitric ae&th to determine if
some of the arsenic was not leached.



Conclusion

Phase | of theroject isprogressim satisfactory. The USGS has analed the thre@erogram coals
(Pittsbuoh, Elkhorn/Hazed, and llinois No. 6) ky using (1) trace element angis (ICP-AES, ICP-
MS, Cold Vapor Atomic Absoption, Hydride Generation), (2ebchim experiments, (3preliminaty
SEM anaysis, and (4preliminary microprobe anajsis.
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Table 1. Mean percentages of each el ement leached by various leaching agents (ammonium acetate,
hydrochloric acid, hydrofluoric acid, and nitric acid) compared to the original concentration of the
element in the raw coal (Pittsburgh, Elkhorn/Hazard, and lllinois No. 6). We estimate an error of
+25 percent for these data. All data are preliminary and subject to revision as new data become
available. Am. Ac..ammonium acetate. Raw coal analyses are in ppm (whole coal basis).

Al Ca Fe K Mg Mn Na Si Ti
Pittsburgh
Raw Coal 8113 2347 9190 787 382 13 542 14332 407
(ppm)
Am. Ac. 0 75 0 1 40 40 54 0.7 0
HCI 2 18 4 2 7 18 18 0.4 0
HF 92 4 6 131 41 12 47 0 36
HNO, 1 3 106 0 0 42 8 0.1 0
Elkhorn/Hazard
Raw Coal 12702 1257 3245 929 323 14 320 18323 719
(ppm)
Am. Ac. 0 49 1 3 21 31 54 1 0
HCI 2 19 44 6 16 62 14 0 0
HF 54 6 15 101 45 11 71 0 18
HNO, 0 1 3 0 0 0 25 2 0
Illinois No. 6
Raw Coal 9812 2797 12967 1539 540 37 436 22629 562
(ppm)
Am. Ac. 0 84 0 3 13 41 42 0 0
HCI 1 5 7 3 6 10 13 0 0
HF 58 2 4 74 20 4 37 0 31
HNO, 1 3 98 1 8 19 17 0 0



Table 1. (Continued) Mean percentages of each el ement leached by various leaching agents
(ammonium acetate, hydrochloric acid, hydrofluoric acid, and nitric acid) compared to the original
concentration of the el ement in the raw coal (Pittsburgh, Elkhorn/Hazard, and lllinois No. 6). We estimate
an error of £25 percent for these data. All data are preliminary and subject to revision as new data
become available. Am. Ac.=ammonium acetate. Raw coal analyses are in ppm (whole coal basis).

As Cd Co Cr Cu Ni Pb Sb
Pittsburgh
Raw Coal 4.7 0.06 2.4 8.8 5.3 6.6 3.1 0.29
(ppm)
Am. Ac.1 11 0 0 9 10 23 5
HCI 11 29 15 35 27 200 39 11
HF 5 20 0 43 7 25 12 19
HNO, 57 44 35 55 75 165 60 28
Elkhorn/Hazard
Raw Coal 5.1 0.06 7.0 14.4 19.2 12 8.8 1.2
(ppm)
Am. Ac. 1 25 0 0 3 10 10 1
HCI 29 56 9 15 25 25 41 3
HF 6 36 0 24 0 12 6 15
HNO, 4 8 0 5 4 16 11 6
Illinois No. 6
Raw Coal 3.1 0.41 3.6 18.5 8.2 12.4 13.4 0.4
(ppm)
Am. Ac. 1 1 7 0 3 9 15 2
HCI 19 25 37 9 11 26 32 5
HF 5 4 0 20 8 12 7 9
HNO, 40 39 29 16 77 104 30 27



Appendix |. Sulfur Form Data (all data in percent on a dry basis).

Sulfate Sulfur Pyritic Sulfur Organic Sulfur Total S
Pittsburgh 0.01 0.91 1.20 2.12
Elkhorn/Hazard 0.03 0.12 0.72 0.87
lllinois No. 6 0.04 1.57 2.21 3.82
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Appendix Il. Mineralogy of the three program coals based on SEM analysis.

Pittsburgh

Major:

Minor/trace:

Elkhorn/Hazard

Major:

Minor/trace:

Illinois No. 6

Major:

Minor/trace:

llite, kaolinite, quartz, pyrite, iron oxide
Barite, TiO,, calcium sulfate (probably gypsum)

llite, kaolinite, quartz, pyrite
Iron oxide, chalcopyrite, TiO,, barite, apatite, monazite (REE phosphate),
zircon.

llite, kaolinite, quartz, pyrite, calcite
none observed
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Appendix Ill. Quantitative microprobe analyses of pyrite grains in the Pittsburgh, Elkhorn/Hazard, and
Illinois No. 6 coals. Subh.=subhedral, euh.=euhedral, irr.= irregular, fram.=framboid, n.d.=no data,
no.=analysis number.

Pittsburgh Coal

No. Date Pellet Morph. Size Total As Cu Ni Zn
(1996) of pyrite (eem) (Wt.%) (wt.%) (Wt.%) (wt.%) (Wt.%)

2.3 11-26  altB subh. 60x80 96.056 0.08 0 0 0.012

3.1 11-26  altB euh. 60x60 98.11 0.005 0 0 0.004

3.2 11-26  altB euh. 60x60 98.6 0.002 0 0.003 0.013

3.3 11-26  altB euh. 60x60 98.36 0.0 0.01 0.016 0

4.1 11-26  altB subh. 40x60 96.85 0.0 0 0 0

4.2 11-26  altB subh. 40x60 97.84 0.004 0 0 0

5.1 11-26  altB subh/irr. 25x60 97.24 0.011 0.013 0 0

5.2 11-26  altB subh/irr. 25x60 97.69 0 0 0 0

6.1 11-26  altB subh/irr. 60x100 99.37 0 0 0.009 0

6.2 11-26  altB subh/irr. 60x100 97.37 0.004 0 0 0

6.3 11-26  altB subh/irr. 60x100 98.97 0.009 0 0 0

7.1 11-26  altB euh. 120 98.46 0.003 0.028 0.001 0

7.2 11-26  altB euh. 120 100.43 0.012 0.001 0.055 0

8.1 11-26  altB cleat? 20x60 96.75 0.0 0 0.016 0

8.2 11-26  altB cleat? 20x60 97.86 0.0 0 0.002 0

9.1 11-26  altB cleat? 15x70 98.17 0.016 0.016 0.013 0.003

9.2 11-26  altB cleat? 15x70 99.55 0.023 0 0 0.011

10.1 11-26  altB cleat? 100 99.28 0.005 0.003 0 0

10.2 11-26  altB euh. 100 98.7 0.0 0.023 0.016 0

10.3 11-26  altB euh. 100 97.82 0.001 0.032 0.006 0.014

13.1 11-26  altB euh. 20 98.39 0.026 0.189 0.001 0.017
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Elkhorn/Hazard

No. Date Pellet Morph. Size Total As Cu Ni

(1996) of pyrite (eem) (Wt.%) (Wt.%) (Wt.%) (wt.%) (wt.%)
11 11-26  altB irr. 40x60 95.41 0.128 0.013 0 0
2.1 11-26  altB irr. 10x20 95.84 0.019 0.017 0.007 0
3.1 11-26  altB framb. 10 95.92 0.124 0.024 0.038 0.002
4.1 11-26  altB irr. 30 97.4 0.017 0.034 0.041 0
4.2 11-26  altB irr. 30 98.33 0.021 0.038 0.15 0
5.1 11-26  altB framb. 20 97.03 0.013 0.012 0.021 0
5.2 11-26  altB framb. 20 95.72 0.04 0.013 0.025 0
6.2 11-26  altB framb. 30 96.03 0.053 0.006 0.102 0
7.1 11-26  altB subh. 15 96.06 0.011 0.063 0 0
8.1 11-26  altB cleat? 5x30 98.13 0.272 0 0 0
9.1 11-26  altB subh. 70x80 98.06 0.009 0.028 0 0
9.2 11-26  altB subh. 70x80 96.75 0.00 0 0 0
10.1 11-26 altB subh. 80x100 98.88 0.013 0.011 0 0
10.2 11-26 altB subh. 80x100 100.2 0.0 0.001 0 0
10.3 11-26 altB subh. 80x100 99.12 0.011 0 0 0
111 11-26  altB subh. 30x40 96.52 0.0 0 0.016 0
121 11-26  altB sub/euh. 20x35 96.79 0.024 0.022 0.003 0.011
12.2 11-26 altB sub/euh. 20x35 96.57 0.012 0 0.001 0
2.1 9-26 B sub/euh. 30x50 98.85 1.799 0.002 0.002 n.d.
2.2 9-26 B sub/euh. 30x50 98.71 1.971 0.006 0 n.d.
2.3 9-26 B sub/euh. 30x50 98.66 2.1 0 0 n.d.
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Illinois No. 6

No. Date Pellet Morph. Size Total As Cu Ni

(1996) of pyrite (eem) (Wt.%) (Wt.%) (Wt.%) (wt.%) (wt.%)
11 11-26  altB subh. 50x60 97.48 0.002 0.026 0.048 0
1.2 11-26  altB subh. 50x60 98.03 0.027 0.002 0.042 0.022
1.3 11-26  altB subh. 50x60 98.24 0.012 0.016 0.04 0
2.1 11-26  altB framb. 25 98.01 0.008 0.008 0 0
3.1 11-26  altB framb. 20 96.11 0 0.028 0.013 0
4.1 11-26  altB cleat? 20x70 100.13 0 0 0 0
4.2 11-26  altB cleat? 20x70 100.31 0 0 0 0
7.1 11-26  altB framb. 20 99.59 0.011 0.002 0 0
111  11-26  altB subh. 20 100.34 0 0 0.008 0
121 11-26 altB framb. 30 98.23 0.014 0.011 0.003 0
12.2  11-26 altB framb. 30 98.59 0 0 0.012 0
13.1 11-26 altB euh. 10 95.7 0 0.077 0.067 0.003
141 11-26 altB framb. 20 97.22 0.002 0.012 0.063 0
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