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ABSTRACT

\

Fly ash is produced in vast>quantities by power plants
;s a -by~p?oduct of pulverized-coél burning. In North
America fly ' ash isﬂusually coné?%ered a waste material and
ls coﬁmonly dep§sited in dispbéal‘sites located on or ‘near'
the land's 'surf;ce. Our knowiedge of the solid pﬂase
seaction.proéucts ‘résultihg _ffom fly sh weathering is
deficient. This studf, vas initiated to determine the
chemical processes and mineralogical- transfarmations which
accompany the accelerated véathering of fly ash.

Two Alberta .fly ashes - of alkaline reactivity were
artificialiy' weathered in a series éf fivelleaching columgs
using f;d,types of acid veatherfné regimes (0.005 M H;SQ.
and a miitd}e of 0.01 M acetic ‘acid and 0.002 M salicylic
acié), Lg&chates vere tranéferred sequentially through .the
five column series and monitored tOrlpH aﬁd"concenfratibn of
Si, Al, Ca, Fe, Mg, K, Na, and  Mn. On bé;mination 'of
leaching the ash residues wvere characterized bf'chemicél and 
mineralogical methods. |

Analyses‘,indicaked unreacted ' fly ashes consist of
spherical micron-sized particles - édmposed of»k mullite
enclosed in a two 'phase glassy matrix. The ashes also
contained a highly reactive inﬁrganic phase composed of Ca0O
seen as éﬁb-micron sized fragﬁents‘(dnsf-liké flecks) on the

surface of ash particles. Dissolution characteristics vere

largely dictated by the reactions of the dust-like flecks

v



and tﬁe glassy matrix..

Ipitial weathering characteristics inFluded dissolution
of soluble Na and K salts and hydrolysis of CaO flecks.
Soluble forms of Na and K were either incorpora;ed into the
exterior glass matrix of .the particles or occurred as
discréte.fragments'indistinguishable froﬁ Ca0 flecks. A
greater percentage of total Na»than totallx was associated
with soluble salts. Hfdrolysis‘ oé' Ca0 and subseguent -
dissolution of Ca(OH), vas responsible for the extreme
alkalinit§ of the initial leachates.

After acidification of the ashes, weathering was
characterized by release gf high levels of Si \and Al from
the external gla;sy matrix. The interior glass métrix was
comprised primarily of Si with some Na, K, and Pb. Solid
state migration and removal of Na from the glassy interior
vas active under acidic leachiﬁg'conditions.

Three groups of minerals formed 'in response to
veathering: those containing Ca, those con;aining Pe, ahd
clays of short-range order. Calcium oxide was converted to
transient Ca(OH), in one of the ashes. Some :Ca’; vas
preciéitated through reactioq with dissolved CO, aS'CaCO, on
translocation into alkaline regions. - Translocated Fe
pteciéit ted as amorphdus coatings‘ on fly ash particles.
Alumin And Si. dissolved under acidic 'éonditions
'precipitated in alkaline ash as an aluminosilicate of
short-ran?e order simiiar to proto-imogolite and allophane.

In essence, fly ash weathers similar to volcanic ash.

vi
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I. INTRODUCTION

The amount of éoal used to produce thermal electric
power has increased subs;antially over the last few decades.
In the United >States Iwhere coal 1is the major source of
‘eneggy uséd for;electrical power generation, consumption has
approxihately doubled every decade since the mid 1930's to
levels of over 600 million tonnes anhualiy since 1978 (White"
1977a; Torrey 1978). Similiar increasgs have\occurted in
most areas of the onld. Consumption in Alberta hés tripléd
in the last decade from 4.0 million tonnes in 1972 to an
“estimaﬁed 12.0 million tonnes in 1982 (ERCB 1982a)..

_Coal wusage is projected to increase further over the
next Ewenty years. Coél i; expécted to supply one—half to’
two-thirds of the world's additional energy requirements
‘between 1980 and 2000 (Greene and Gallagher 1980). United
States utilities are expected to consuﬁé approximately f.8
billion toﬁnes annually by the turn of the century (Gordon
1978; Greene and Gallagher 1980). Projections for Alberta
indicate annual consumption will‘;each 21.0 million tonnes
by the year 2000 (ERCB 1982b). These predictions are
conservatiye’ and b#sed on| moderate energy = growth
assumptions.r h |

Coal combustion generates "a variety of by-products,
many of environmental concern. Gaseous by—productslinclude
SOx and NOx compounds and a large assortment of other

v

organic and  inorganic  vapours suspected of ' being



environmentally hazgraous. Solid residues of coal
combustion include coal ash, which is derived mainly from
the noncombuétiblé residues. in coal, ahd flue g;s
ydesulfurization sludgé; (Bern 1976). Coal ash is generated
in the largest quéntities and is ranked ninth in. abundance
among solid minerals produced in the United States (Meikle
1975)« ,

 Most coal-fired ' electrical utilities employ a

pulverized coal burning process which' generates two

fractions. of coal ash. The process involves the injection’

of fiﬁely ground coal into a  boiler-furnace combustion

. chamber. Fragments of noncombustable inofganic material are
P : -

included with the finely divided coal and during combustion

fuse to form coal ash. Some of the ash fuses into large

' aggregates whiéh fall to the furnace bottom while the
~ remainder, usually comprising the bulk, is carried out of °

the furnace entrained as finely divided parficles in the-

flue gases. The ash falling to the furnace bottom is termed
bottom ash, if retrieved as d solid'reaidue,'of boiier slag
‘,if removed in the molten state.' The finély divided.ash
fraction suspended in the flue gases:is referred to as \fly
ash and generally accounts for between 10% to 20% of coal by

weight., On average, fly ash comprises about 70% of all coal

ash re§idues produced by most large (>480MW) bpilerrfurnace '

units (Bern 1976; Torrey 1978).

Fly ashn‘presents a number of environmental problems

related to its inherent chemistry. Fly ash is compriéed of

~

.



micron-sized sbherica; particles largely composed of Si and
Al. Duriné ‘combustion- various inorganit components
dispersed within the coal are volatilized and subsequently
condense on fused silicate materiél to form the ash. Most
trace elements, particularlyr those of higher velatility,
become concentratedl in and on theifly ash. Concentrations
are commonly many times greater than the 1eyels in the
. parent coals." Some_zof- these elements are potentiaily
noxious if mobilized from . ash and released into the
environment. ”

. Power plants are reﬁuired by government regglation to
control fly ash emissions. Without collection devices flf
ash would be discharged as an aerosol ‘intq the atmosphere
with the\ rlue gases. A variety of particulate control
systems have been developéd to. rcollect - fly ash particles
enrrained in flue éas srreams. Most systems currently in
-use are eiﬁremelg effieient;'retaining in most. casesl close
to 100% ef the fly ash generated by power plants.

» Fly ash is Utilized in the production of concrete and
road asphalt - and as.an ameliorant for some soils and écid
mine spomls. .Other uses have also been suggestedesuch as a
source of industrial iron and aluminum and as a source of
mullite for the ceramic , industry. At present all uses_
account for only 10 to 20% of the total amount of fly ash
annually produced in North Amerlca (Rohrman W971) Most of‘
the fly ash produced by electr1cal utllltles is therefore

M

regarded as a waste material reguiring d1sposal.
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Present meth;ds_of fly\ash disposal include dry surface
dumping, burial, and slurry-lagoon disposal; These methods
have been used extensively in the past and appear to be the ’
primaty’ ﬁethod of diquéal for the ﬁuture. All methods of
disposal are simiiiar. The ash is deposited on or within
close proximity to the land's surface. Questions have been
raised'as to the possible hézards presented th;ough the,
mobilization of some fly ash qompqnents,fgbm.dispésal sites.
Contamination of grouné or surface waters may result from
the .release of elemehts such as boron, érsenic, or heavy
‘metals. Pr&blems m;y also arise because of dissolution of
large quantities of soluble salts or generati;n of extreme
alkalipity. ' Probiems such as nutrient imbalances .and
aVailaBility may als? occur when fly ash is used as a soil
amendment. | |

Current research on the environmenﬁal impact .of fly ash
centres on'thg diésolution of fly ash componenﬁs and the
chemical and physical éharacterization of unreaéted fly.ash ‘
particleﬁ. Th?se studies have focused on aqueous leachate
characteristics and the Aassoéiat%pn of ﬁajér constituent
elements with soluble and insolﬁble*ash fradtions. ;

| Sfudies have yet to ‘be -conducted on solid phﬁse
transformations, reactjons; and the.fogmation of secondary
minerals which accompany the weathering of:fly ash. Such
studies ‘woﬁld prqvide new information  regarding. the.

association of potentidlly noxious constituents with major

~_phases'of'fly ash and provide a clear 1insight as to the



potential release and mobility of these constituents during

weathering.

Knowledge of the solid phase reaction prbducts of
’weatheriﬁg is extremely limjted yet <¢rucial to our
understanding of the behaviour of fly ash in the terrestrial
environment. Accordingiy, the present study was approached
with the following objective in mind:
To determine the major chemicalk processes and
mineralogical transformations that accémpany the

artificial weathering of fiy ash. o

—
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II1. LITERATURE REVIEW

The bhysical and chemical characteristics of fly ash
are dictated mainly by the chemical content of the parent
coal and the mechanics of formation during combustion. The
weathering behaviour of fly .ash is ~consequently also
dependent = on these parameters. Accordingly, the objéctive
of this reviev is to outline the factors contributing to the
composition, fundamental characteristics, anq_ regated
chemical weathering behéviour of fly ash.
A. Inorganic Components of Coal
- Coal varies in its characteristics and chéﬁical éﬁntent
according to its geologic histcry. Coal fields formed from
-ancient peat swamps that were buried apd subjected to
intense heat and pressure over geologic time. The inhé?znt
properties of coal are continua;ly'developéd from the time
of burial.} The cohposition. and quantity of 1inorganic
‘impuritieé in coal are therefore also largely determined . by
the conditions of deposition and diagenesis.

All coals contain inorganic impurities intimately mixed
with»the combustible‘organic material. Tg;se imphrities are
re;ponsible for the prodd&tion of coal ash. Ash residués
proauced from thermal.coals generally rangé.from 3 to 30% of
coal by weight (Torrey 1978). _Inorganié impurities

encompass all noncoal materials including mineral phases and

elements considered to be inorganic (Gluskoter 1875), Coal

/



impurities . be classified into three categories: finely
disseminated inclusions observed as tiny'pockets within the
coal matrix, discrete mineral grains, and inorganic elements
bound in organic combination (Shibaoke and. Ramsden 1978;
Smith 1980). Rock and mineral inclusions constitute the
majority of the residues contributing to fly ash.
Organically bound elements play an important role in the ash

chemistry.

Mineral Phase Impurities

| ' Rock and mineral fragments become incorporated into
coal during beth Sedimentation and diagenesis; Some of the
,material is derived from inof§anic constituents contained in
the original coal-forming plants. Inclﬁded matter is mostly
dgrivedvfrom clay-sized dgtrital particles depositéd by
sedimentation with the decaying organic matter. Other
included minerals such as sulfides and carbonates are
authigeﬁic, forming in the <coal through precipitation of
dissolved groundwatér consfftuents (Shibaoke and Ramsden
1978) . Larger mineral grains and rock fragme%ﬁs' are
striﬁtly detritus, incorporated as individually sed{mented
grains or as thin aiscontinuous layers of strata within the.
coal seam. The practice of including thin layers of mineral
strata‘ as vwell as other overburden ﬁaterials with the coal
during'mining substantially increases the ash conteht of

-2

man¥ coals (Torrey 1978).

1



The vast majority of minerals fopnd in coal fall into
one of the following groups (Watt and Thorne 1965; Gluskoter
1978): | "

1. Aluminosilicates
2. Sulfides

3. Carbonat=s

4. Silica (Quartz)

5. Accessory minerals

Of these five groups aluminosilicate clays are the most
abﬁndant, constituting up to 50% of the mineral‘matter found
in coal. The most frequently reported cla§ 'minérgls are ;
kaolinites, smectites,ﬁ and {micas (Gluskoter 1975, 19787].
The - ingredients of clays theréfb:e make up a large portion
of coal ash. | |

PyriteV(FeSz) i§ the- dominant sulfide minéral found 1in
coal. Marcasite, -a .dimorph of pyrite, has -also~ been
reported as well as a‘ multitude ofl other metal sulfides
(Gluskoter 1978). Isomorphous substitution of many
chalcophylic elements for Fe in pyrite is also common.

Sulfides formA achigenically in coal under strongly
reducing conditions.. Sulfur is released from the organic
matrix to precipitate with iron (Fe?*) or other dissolved
‘ metals. The pfesence - of sulfides in coal 1is usually
responsible for ‘most SOx emissions and high concentrations
of toxic elements (e.g. As, Cd, and Pb) in the ash

3
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Carbonates found in coal exhibit wide ranges in

composition. Solid solutions of Ca,« Mg, Fe, and Mn are

possible. The end members calcite (CaCO,) and siderite

(FeCO,) ~are  freguently reported; however, ~dolomite

'-(Ca;Mg(Coa)z) and ankerite (Ca, (Mg,Fe?* ,Mn), (CO;),)

constitute »the majority of carbonates found ' in coals

(Gluskoter 1978). Carbonates are primarily responsible for

the Ca and Mg contents in fly ash (Fisher et al. 1978).
Quartz is wubiquitous in céals and appears to be the

only form of silica found in coals. Approximately 15% of

‘the mineral matter 1in <coal 1is wusually quartz, although

reported contents range from 1% to 20% (Gluskoter 1978).
Quartz 1is usually observed as discrete mineral grains in
coal. | |

Accessory minerals are those minerals -found in very
minute quantities. These include feldspars, amphiboles, and
;n. assortment of highly resistant minerals. 'Contribgtions
to the composition of the ash from “.these minerals are in

most cases negligible (Watt and Thorne 1965).

Elemental Impurities

1
Coal contains high c.ncentrations of many trace
elements compared to crustal 'abundancés (Kronberg et al.

1981). Organically bound inorganic elements are

~

incorporated into coal through two main processeé.

Tnorganic elements are initially taken up by the

coal-forming plants and . retained during coalification or’

Q .
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they are incorporated later, during diagenesis, through
compléxation and retention by the coal organics. Metals,
dissolved in éroundwater passing through the coal seam, are
particularly susceptible to organic complexation. Depletion
or enriéhment of specific elements may occur over time
depending on the gfoundwater composition, the chemiétry of
the element, and the oxidation-reduction conditions in the
coal seam (Smith 1980).

Some elements exhibit a high affinity for either the
ongahic or inorganic'fractions of the coal while others do
“not. The elements B; Be, Ge and Sb have been shown to be
hfghly associated with coai organic ffactions. .Ba,.Co,‘Cr,
Hf,'Pb, Rb, Sc, Sr,/and Tl ara., elements strongly associated
with mineral phases. Most othér elements (e.g.__As, Cd, Cu,
Ga, Hg, Mn, Mo, Ni, Ti', .Se, V, and Zn) show varying degrees
of intermediate affinity (Gluskoter 1975; Block and Dams
1976) .

The méin contribut%gn of the parent coal to the make up
of fly ash is 1its constituent inorganic' elements. The
assemblage of thesg constituents into fly ash particles is

controlled through combustion processes.

B. Particle Formation and Morphologies

The highly complex process of coal combustion controls
many  variables influencing the formation of 'fly ash
particles. On a localized basis both oxygen availabiliéy

and temperature are very diverse in a boiler-furnace. Wide
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ranges in mineral melting points, phase transitions, and
decomposition temperatures further complicate aéh formation
(shibacke and Ramsden 1978). The fate of a noncombustible
Eragmenp-traveling through a pulverized coal furnace is
thereforé dependent on a large number of poorly definable

variables.
) Many caal combustion processes are availéble to the

electrical industry. Pulverized'coal combustion is the most

popular procégs‘ mainly because it presently provides the

most efficient method of releasing the chemical energy bound

within coal. 1In preparation for pulverized combustion coal
is crushed or pulveriggd to an extremely small particle size

(35 to 75um) to obtain a large surface area per unit mass
(Smith 1980). The fine coal particles are then blown into
suspension with preheafed aif and injected into the furnaée.

Secondary and tertiary add1t10ns of air are usually made to’
aid 1in combust1on (d§1te 1977b; Torrey 1978) The coal is
ignited in suspension consuming the oxygen provided to
produce a diffuse flame. Continuous furnace injection
sustains contlnuous combustion (Smith 1980)

On 1njectlon into the furnace pulver1zed coal part1cles
act in diverse ways. Particles of a variety of sizes, ash
contentsland ;hemicalvcompositions are consumed at’giijérent
rate$ and for different durations. The ' resultant

temperature pattern in the furnace generally takes the form

of ~ two overlapping combustion zones. The ffh§t zone, -

WTTT—— . . . . ' . ~
located —adjacent to the 1injection port, is of réIEETva&x\\\\\\\
o ' L o . .

/ . .
‘ .8
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high temperature. This zone forms as a result of very rapid
combustion of highly volatile ofganics onr immediate entry
into the> furnace. The second zone is a more diffuse lower
temperature zone where iess volatile organics ere consumed

at a much slower rate. The temperatures encquntered in the
furnace wusually range from above 1600°C in the high
temperature zone to as low as 1000°C in the outer reaches of

the low temperature zone (Shibaoke and Ramsden 1978).

Fly Ash Formation L ' \

Most fly ash particles are derived from. included
mineral matter. As the coal pe;piqﬂes combust andare
consumed, - fusion of the included mfnérel matter takes place
juet behind the~combustion fronts. As the melting points of
the included minerals are exceeded, theﬁ eraneform into
small sphefical droplets of molten ash.: The spherical shape
develops as a“resu1t ef surface tension (Raask 1969). The
transformation is extremely rapid, usually occurring in less
. than a‘éecond. Quenching occurs while-the‘particles are in
4éuspension exiting from the low temperature combustion zone.
Most fly ash particles are therefore vitreous sbheres
composedvpr?marily'of amorpheus aluminosilicate glass.

The size of fly: esh parficles depends on both the
amount = of inorganic material available and the temperatufe
‘zone into which the material is released. Larger particles
fofm‘aé a result of coalescence of smaller droplets (Ramsden

1969). 1In the high temperature =zone small dfoplets of

1
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molten ash are freed quickly from the coal matrix. Release

of the molten ash into an environment where the temperature -

is much higher than the ash fusion tgmpérature allows time
‘for the small d}oplets to coalesce into larger droplets
before quenching occurs. In the low temperature"combustion
zone, dropleg"release takes place-at a much slower rate.

Droplets are released into a thermal environment closer to

" -

thé fusion temperature of Fhe ash and therefore they do not
have time to coalesce extensively before solidification. As
a 'result, particles.formed in the low temperature zone are
usuallyyémaller than those formed in the high temperature
zone of the furnace (Ramsden 1969; Shibaoke and Ramsden
1978) . | |

Somé smaller discretev mineral fragments also fbrm
spherical fly ash particles. Discreté;mineral particles not
in immediate contact with carbonaceous material tend to be
subjected to lower temperatures compared to included mineral

material. Many discrete mineral grains therefore undergo

only partial fusion. The degree of fusion depends on the

size and composition of the mineral grain and the .

temperatures in its immediate vicinity. Due to the short
rgsidehce time'in the fufnace only émall fragments with iow
»heat éapacities undergo total -fusion. Excep;ionally. large
pa;ticles are most susceptible to partial fusion; however,
these tend to fall out as bottom ash or slag and do -not
become part of the fly ash fraction (Shibaoke and Ramsded

1

1978).
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Particle Morphologies

More than 90% of the particles in most fly ashes have

sph rphologies (Fisher et al 1978). However, a

numbe’ of distinct fly ash particle morphologies, including

glassy spheres, = have been identified.  Classification

systems of particle morphologies are based not.only on shape
but also degree of transparency, colour, and associated
gineralogies. Most classification.schemes usually identif§
only foéur or five morphoiogicaf classes (e.q. Natusch et
al.- 1975). Fisher et al. (1978) described eleven
- morphological particle types and guantified them innrelation‘
to four size fractions. . Morphological classes included
op?que, nonopqgue, vesicular, rounded, and ho}low ~particle
t?pes.' All morphological types .tended *té‘ increase in.
occurrence with increasing particle sizevexCebt for the most
comﬁbn morpholoéical type (nonopaque'solid spheres) whi;h
showed Ehe' opposite ' trend. | Larger particles tended to
exhibit much more irregu;arity in. morphologies” ﬁostly
becausevof partial fusiqn and  coalesence of ' the larger
materials ‘they are derived from. ‘ |
One of the oddities in the mechanics of fly ‘ash
particle formation is bthe productioh of hollow‘spheres
commonly kno;n as cenospheres (Gr. hollow-sphere) (Raask
1968). - These -thin—walledﬁl:bubble-like, low b&lk density
(0.4 - 0.6g-cm-*) particles .average between onme to two
percent by volume of most fly ashes and are commonly

observed floating on the surface of ash slurry’vponds. The
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formation mechanism for these particléé is nét well
understood although production seems to be highly correlated
with furnace temperature and iron content of tbg ash. A
vdfamatic increase 1in 'cehosphere pfoduction,-up to 20% by
volume, generally occurs when the Fe,O, contént of E;he ash

exceeds 8%. Optimum cenosphere formation temperatures

reported range ‘from 1200°C to 1400°C (Raask 1968; Sarofim et

o

al. 1977)

Some cenosphere-type partfcles have been found to
encapsulate a number»l(S to’ 100) of smaller spherical
'pafticleé, usually-<lum in diameter. The term plerosphere
(Gr. full-sphere) has been used to describe this morphology
(Fisher et al. 1976). The mechanism‘of‘formation is similar
to tﬁat_ of cenospheres except, ins;ead‘of being entirely
hollow, the encapsulated spheres form within  the host
paéticle through budding off of moltgn material from the
inside walls (Natuéch et al. 19755.,'vRecent observations
indicate pleraspheres are relatively rare compared to the
. amount of cenospheres preéent in most-’ashes (Carpenter et
al. 1980).

On leaving the furnéce; fly ash contains a -vAriety -of
parficle sizes "and morphblogies. _Thé vast majority'of the
patticles are .Solid spheres formed from rapid melting,
coalescence and fusion of othe smail fragmenfs of mineral
maftgr included in the coal métrix. A small percentage .of
pa;fﬁcles ﬁ;y . form as cenospheres or pler§spheres.
Fragments of unburnt coal and particially fused minerall
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matter also form part of the ash. The size distribution’ of
particles is mainly predetermined by the distribution and
characteris;ics of the intrinsic impurities in the source
coal; ﬁowever, the mode of collection also has some
influence on the particle size distribution. F

<

\
C. Collection and Particle Size:Disgribution

All modérn coal-fired electrical generating units: are
equipped with particulate control equipment designed to
comply with g0vgrnment emission regulations. The ‘majof
types of ‘”devices S in use are cyclone collectors,
electrostatic precipitators, wet scrubbers and bag houses.
All 'have -varying abilities to collect fly ash. The choice
and designuof a collection devise or combination of - devices
is plant>~specific~*aﬁd <usually based on a balance.between
collectioh and cost efficiencies (Lévyfet alt 1980L. -

Electrostatic ‘precipitators (ESPs) are the, most common

and efficient ‘particulate control devise used in large

-

s ,
pulverized-coal-fired .installations (Levy et al.. 1980).

Maximum éolleétion efficiencies for most modern ESPs are
‘about  99.8% . {(White 1977a). A "typical particle size
distribution fof_E§R_fly ash is.about_4% cléy-size (<2um{;
70% silt-size (2—§bum);.20§.very_fine sand-size (50-100um),

and 6% medium and fine sand-size (100-500um) (Torrey 1978),

o
B

The majority of the particles fall within the silt-size-

range. Most large _partis}es; (>200-300um) do 'not become-

entrained in’ the flue gases, but rather fall to the bottom .

Y
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of the ooiler-furnace with the bottom ash fraction. This
mechanism limits the inclusion of large ash particles in the
fly ash fraction. The gquantity ' of very small fly ash
'particles collected is mainly determined by the ability of
the individual'ESP to collect fine particles.

The 1nab111ty to efficiently oollect very small fly ash
partlcles ‘is the major drawback of ESPs. Usually >40% of
the fly ash’ part;cless proouced‘jthrough pulverized-coal
combustion are ;10un in diameter (White 1977b). ESP
efficiencies begin to decline with decreasing‘parriole size
fractions below 20um (Biermann and Ondov 1980)'end are
highly inefficient at collecfing partioles of <lum..
Increasing the effioiency .of submicron-sized particle
collection ié a major concern of the erectrical power
industry (White =~ 1977a). Combining | ESPs witn other

collection dev1ces (e. g.-wet scrubbers) usually 1mproves the . -

collection efficienc of f1ner particle szze5° however, no E

device has: yet beefi developed which is extremely' efficient
. at retaining subﬁ‘ \:perticles (Vandegrift et al. 1973).
. The labeling fl& ash with respect}to it's collection
status hae caused some confusion. Flf‘ash removed from flue
gas streams is usually spec1f1cally referred to as flf ash
in North America and is d1fferent1ated from "stack- em1tted“
or "emitted' fly aéh.by urilizing these qnal1fy1ng terms.
~In ‘some European countries collected fly ash may be referred
to as prec1p1tator ash' or "coal ash"™ while emitted -or

uncollected fractions are referred to as "fly ash".  In the
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present study fly ash or ash will be utilized in the North
American conte#t and meant to refer to the collected variety

unless specified otherwise.

-«

- D. The'Mineralﬁg; of’Fly Ash’

.Fly ash ‘particles are composed primarily of amorphous -
glass. Watt and Thorne (1965) estimated the ' glass conptent
6f 'ﬁritish fly ashes té rangevﬁeﬁween_71% and 80%. Similar
'estima£é§ have been made for Uhit;a'States_fly ashes (Hulett
etﬁ"al. 1979).  The glass content ;of particles tends to
.increase 'with decreasihg particle size (Torrey i978).
Crystailine 'mineral species occurring either dispersed
within the matrix of aﬁorphous glass particles or as
discrete particies éompriée_ the remainder of the ash. k
variety of crystalline species have been reported; -however,

~

only a few are observed consistently.

- -

Quartz

The c:ystélline mineral most commonly found’in fly ash
is a-quartz (ﬂ?SiOz); Quantities range from -0 to 6.5%
(Simons and Jeffery 1960). It is generélly thought that the
quartz in fly ash-is derived Aireqtly-fgoﬁ quartz inclusions
in the parent coals. The melting point of a-quartz (1387°C)
and its phase transition pdintvto B-quartz (573°C) are well
- within the. - opefational” temperagure range of most
boiler-furnaces. Smali quartz particles in the parenﬁ coals.

seem to undergo fusion since only large discrete mineral



grains (?50um{ are commonly observed in fly‘ash.stargen
quartz grains exhibit partial fusion of sharp edges.
Resi@encé time in the furnace, particularly in the high
temperéthre zone, is apparently not sufficient enough ‘to
produce total fusion of the larger particles (Raask 1969).
Phase transformations of ba—quartz may  occur in the
boiler-furnace but are not apparent since B-quartz or the
high temperature polymorphs, crystobolite ‘and tridymite,
have not beeﬁ observed in fly ash. Hulett éBd Weinberger
(1980) found quartz ' exhibiting a coral-like morphology
inside some spherical fly ash particles. The external glass
had been removed with,/Q%_ HF. Recrystallization - of the

quartz was not ruled out in this case because traces (2%) of

Al were detected in the material.

Mullite ’ '
| Mullfpe (3A1,0,-258i0,) 1is also a commonly reported
‘mineral species inl fly ash. Siﬁons and Teffery (1960)
determined, bylx—ray diffraction meﬁhods; the .amount of
mullite. ih ‘most British ashes to be in the range of 9% to
35% while ?aste;n Unifed Stépes aiheg of similar composition
contained Ia maximum of only 16%'mulli£e.“_Mullitevdoes\not
-occur naturally in coal. 1Its presence in 'fly ash 1is a
result of crystallization during rapid cooling of
alumihoéilicate-melts (§§Asen et al. 1981).

"Fisher and co-workers (1978) 6bseryed "quench crystéls"

located on the surface and/or in the interior of a number of

. /’/
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transparent spherical particles. Hulet. 4 co-wookers

(1979) later found mullite crystals located within the glass

matrix of moét solid spherical fly ash particle as a network
of interlaced acicular crystals. These'crystal»networks
were found to retain the overall shape of the original fly
ash spheres after the surrounding amorphous glassy material
was selectively dissolved with a 1%, HF solution; Mullite
crystals diéplaying a chunky crystal habit were also
observed in some etched particles (Hulett et al. 1979). The
amount of muliite found in the ashes ranged from 28% to 41%
by weight of the sphericél ash particles (Huiett et al.
1980; Hulett and Weinberggr 1980). Mullite therefore

constitutes a significant fraction of most fly ashes.

Magnetic Spinels

A third mineral species .commonly mentiomed 'among the
crystalline, suites found in fly ashes 1is an iron-rich
spinel. Spinels in fly ~ash generally take the form of
discrete ‘b;ack opaque spheres that are ferromagnetic in
nature and yield ZX-ray diffraction pattérhs commonly

identified as magnetite (Fe;0,). The occurrence of spinel

in fly ash seems highly correlated with the pyrite content

of the parent coal ‘(Lauf et al. 1982). Hulett et al.
(1%79) found apbroximateiy “10% hematite (a-Fe;0;) and
smaller amounts of another unidentified‘mine;al, most likély
maghemite (y-Fe;0;) as reported by Hansen et al; (1981), in

the magnetically separated fractiohs of an iron-rich fly
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ash. This magnétically separable,maﬁerial was further found
to be highly subétituted in Al with an approximate
composition of Fe;.;,Als.70, corrgsponding more ‘closely to
the composition of a ferrite  than magnetite. Lattice
constants for the particles were also found to closely
resemble ferrite (Hulett et al. 1979). Lauf and co-workeré‘
(1982) used the term "ferrosphere” fo describe magnetically
separable fly ash particies; however, ‘the term has not

gained wide acceptance.

Other Crystalline Speci&s

Mullite, a-quartz ana spinel are the m¢fystalline
minerals most commonly reported in Aalmost all fly ashes.
Identification is achieved mostly by X-ray diffraction of
bulk ash samples. Spinels are only 6bserved in bulk samples
containing extremely high Fe contents. Low Fe samples
reguire prior separation .ﬁf ferromagnetics before the
spinels can be detected by X-ray diffraction. ‘Hematite and
maghemite are reported consistently only in samples
containing large quantities of spinels.

Simons and Jeffery (1960) reported the preience of
minor amounts of gypsum (Caso;-ZHzO), anhydrite (CaSO,),
lime (Ca0), dicalcium ferfite (2Ca0-Fe,0,), anatasé (Tio,;),
and y-alumiﬁa (y-Al;0,) in fly ashes.: Mattigod (1582)
recently idéntified discrete zircon (ZrSiO,) and lime (CaO)
particles. in the heavy mineral fraction of a fly ash;
Occurrence of these and.other miscellaneous mineral species
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appear to be ‘nited to individual ashes or  they _may
constitute only extremely minor fractions of most ashes and

cannot be detected by X-ray diffraction methods.

Coai‘ErAgments

One of the components of fly ash often overlooked is
unburnt coal. Combustion of all the carbonaceous‘material
in coal is seldom achieved. Incomplgte combustion results

in the inclusion of carbon fragments as part of the ash. A

slight increase in fly ash carbon content tends to darken

~the overall colour of the ash although the total carbon

content does not usually exceed a few‘percent'(Tofrey 1978).

Most unburnt coal pérticles are found in the larger size

 'fra¢tions,(10 to 300um) and appear mostly as miniature coal

" particles or low density sponge-like or lz-e-like fragments

(White 1977b).
E. The Chemistry of Fly Ash

Bulk Chemistry

Fly ash contains quantities of every naturally
occurring element. The components constituting the bulk -
(>90%) of most fly ashes are the oxides of Si, Al; Fe, and -
Ca. The oxides of Mg, K, Na, Ti, and in some cases S,
constitute minor components. All other elements occur in
trace quantities (parts pgrv million) and together rarely

exceed one percent of the bulk ash (Natusch et al. 1975;



Torrey'1978).'

\  The concentration‘of major and minor . eleménté in fly
ash (0, Si, Al, Fe, Ca, Mg, Na, K, Ti, S) are usually close
t§ crustal abundances. 3lcck anq Dams 1975a). | Si0, and
Al,0, make up the largest_fractidn (>50%) of most ashes.
Si0, generally exceeds Al;O, in qqantity. The Al:Si ratio
of the bulk ash usually reflects the composition of the
prominent claf>mineral in the source coal. Fe;0; and Ca0
usually“ ocﬁur in lower c?ﬁcentrations than Si0O, and Al;0,,
but in some cases Fe,O; will exceed Al.0; contents. ‘Iron
and Ca are generally associated with the chemical reactivity
of fly ashes (Theis and Wirth 1977).° Ash derived from
subbituminous and lignite coals 'generélly confain larger
gquantities of Ca and re;ated' alkali and alkaline earth .
elements and are alkaline in reaction while ashes derived
from bituminous coéls are riéher in Fe and associated metals
-and semimetais and are acidic in reaction.

Unlike the major components, the content of ‘trace
elements in fly ash are substantially enriched with respect
to cru;tal abundances. The main reason for enrichment is
that coal itself is usuaily enriched in a large number of
trace eléﬁents (Kronberg é: al. 1981). Of the elements that
normally occur in trace levels in terrestrial material‘the
most abundant in fly ash are Ba and Sr. Concentrations of
these two elements 1in many cases exceed 0.1% of the bulk
ash. »Concéntratioﬁs of >100ug-g":are'often obtained for B,

Ce, Cr, Cu, Mn, Rb, and V. The elements As, él, Co, Ga, Mo,
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' Ni, Pb, Sc,' Se, Sm, Sn, Th, and IZn are usually present in

the 10-100ug-g-' range and Br, Cd, Cs, F, Hf, I, La, Sb, Ta,
U, W, and Yb fall within the 1-10ug-g-' range. Levels of
Au, Hg, In, and Lu do not commonly exceed lug-g-' (Furr et

2

al. 1977). .

" Elemental Distribution

7]

The major and minor elements in fly ash are

s
P

heterogene%ﬁsly diStfibuted among _the particles. Many
elementsv are»préferentiélly concentrated in some particles;
Afsr.example Fe in ferromagnetic particles (anes et al.
1978; Smith 1980).. Chemical heterogeneity is derived maihly.
from the differences in‘ compositions of the individual
minerals forming the ash particles (Ssmith - 1980).
Heterogeneity also exists within individual fly ash
paftic}es. . For eiample much of the~Ale, may.be locafed.'
within the mullite (3A1,0,-25i0;) crystals contained within
mqsf spherical >ash barticles. _Incongruent crystallization
of the mﬁllite within the molten gﬁh- droplets leaves ‘the
glassy matrix Al,;0, poor and Sioz.rich‘(Hulett et al. 1979).
It has also been determined that many elements,
Iparticularly volatile trace elements, are pféferéntially
enriched in smaﬁ} fly aéh 'pérticles. Davidson et al.
(1974) fqund pérticles in the réggg of 1.1 to 2.1um diameter
to be prefe{entially enriched by a~- number of orders of
g@gniﬁude over >54um diameter partiéles-in As, Cd, Cr, Ni,

Pb, Sb, Se, Tl, and Zn. High temperature volatilization and
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either condensation‘ or -sorption onto entrained particle
surfaces were outlined as »the reason for enrichment.
Smaller fly ash barticles have larger surface areas per unit
.mass than‘larger particles. The smaller particle fractions
therefore contain a greater quantity of volatilized

~ constituents, assuming even dist:ibutibn. on all particle

R

surfaces during condensation.

Several obsgrvations have suégortéd and/br developed on
the ;olatilization—condensation theory of Davidson et al;
(1974). Many authors have also observed concentration
dependencé on particle size (e.q. .Natuséh~and Wallace 1974;
RKaakinlen et al. 1975; Klein et al. 1975; Lee et al. 1975;
Schwitzgerbel et gl. 1975; Block and Dams 1976; Gladney
1976; Coles et al. 19?8). Special surface charactérization
techniques have determined that a number of elements (Be, |
Ca, Cr} K, Na, Pb,'S, vV, and 2n) are_enrich?d on fly ash
particle surfaces (Linton et ai; 1976; Linton et al. 1977).
Natusch et al. (1975) estimated the surface enrichment
layer on most particles“to be appfoximately_ 10008 thick.
Smith et al. (19796).specu1ated that some éxtremély smail’
(éO.lum) fly ash particies may even beléomposgd exclusively-
of VOlatiiized elements. Formation of these minute
particleélis believed due to 'homogeneous nucleation and
condensation of volatilized eleﬁents from the gas stream as.
‘ntsupersaturation levels are- reached with qespecf -to

temperature- during cooling (Markowski et al. 1980; Quann et

al. 1982).
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The elements most frequently reported as being surface

enriched and ‘to exhibit decreasing particle size

concentration dependence are As, Cd, Pb, Sb, Se, Th, and Zn.

W

These elements or their compouhds all have boiling points of .

<1600°C (Natusch et al. 1975). Sarofim et al. (1977) found
that up to 4i."of the total Si in fly ash may also be
volatilized, possibly through the formation of volatile
silicon monoxide (Si0) from Si-C reactions. 'All elements
exhibit some. degree of .volatilization during = coal
combustiﬁn; ‘the extent is determined by the physiochemical
p{gperties of the elements and/or they'compounds in which
the§ occur in the coal (Kaakinen et al. 1975).

The distribution bf elément§ in fly ash in relation to

volatilization can be classified into four categories:

1. Eléments that are éxtfemelz vola;ile and to a
. f;rge' degree do ’hot- condense onto fly ash
particlé surfaces at“fihé gas témperatures.

These include the elements Hg aqd Se‘of which approximateiy
10% and 50% respectively of the total .inﬁ thé parent coal
begomé ,assoéiated with the fly ash. The remainders are
"emitted as vapoﬁrsl(Billings.and Matson ‘19?2; Billinés et
al. 1973; Andren et al. 1975; Ralb 1975; Anderson and Smith

1977). | |
2. Elements that are - easily voléfilized)' but
condensé_ on particle suFfaces, and are Qighiy

enrichep in fine particie éractions.

These elements include As, Cd, Cu, Ga, Mo, Pb, Sb, and In
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- (Klein et al. 1975; Natusch et al. 1975; Kaakinin et al.

1975).
3, Elements that are only partially volatilized and
are located both within the ash matrix and on
particle surfaces.

These elements include Ca, Cr, K, Mg, Na, Ni, Sc, U, and Vv

\

"(Klein“'et al. 1975). e

4. Non-volatile refractory elements located mostly

P

within the matrix of\fly ash particles.

These elements include Al, Ce, Co, Fe, Hf, La, Mn, and Si

©

(Natusch et al, 1975: Abel and Ranéitélli 1975; ‘Hansen‘ and
Fisher 13980). ’ ’

A few investigators have suggested bthat
» vdlatilization/condensati;n is not the only means of surface
L en:ichment.‘.Stinespring and Stewart (1981) aindicated that
\elemenéal segregétion of. elements‘ujthin particle melts also

Y : . .
contribute to surface predominance. Hulett et al. (1979)

»

demonstrated how the presence of mullite crystals within
sphe;ical particles indicate some degree of element ﬁobility
within the_ melt. Elemental migration within the melt to
particle surfaces would be driven by the decrease im<surface
free energy associated with excess surface solutes as
éreéisted 'py Gibb's adsorption 'iéotherm (HulettAl and&
Weinbefger~1980). ﬂ

| Other minor types of céncentrat@on segregation involve
‘isomorphous substitution. Various degrees of {soﬁo;phbds

substitution of a number of metals into the structures of
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magnetic spinels have beén reported by vgrious investigators
. (Abel and Rancitelli}1975f Hulett et al. 1980; Hansen et al.
1981; Lauf et al. 1982). Hulett et al.. (19739) found
evidence for ° énrichment of +3 and +4 valence elements such
as ér,_Ga, Fe, Ti, V,‘and}zf in mﬁllite.by substitution for

Al and Si as well as enrichment of Co, Cr, Cu, Mn, Ni, and

1
4

Zn in the:spinel structure.

'Dissélution Characteristics _

‘Oniy a small fraction (4-7%) of fly ash 'is' dissolved
easily (Rbhrman'.1971). AgQueous extracts of fly'ash are
Q5ually extreﬁely alkaline (pH>12,0) and highly saline‘
(EC=8-12mmho/cm) (Townsend and -Hodgson' 19?3; Pagé'etlal. 
1979). The majority of the soluble constituents ténd‘tov bel

.released during initialjdissolutioh stages.

The initialo'dissolution stages . of fly ash | Are
characterized by ‘the release of high concentrations of
'éoluble salts. Shannbnvand Fine (19?4) found Ca and Na “to
éonstitute thekpass of the soluble'maﬁerial (580%) released
from fly ash derived from lignite.:~ Smaller "amounts of K,
Mg, Fe, Al, and Si are released fro; most fly ashes (Talbo£
et - al. 1978). Generally, Ca®* and OH- are “iﬁitial}y
responsible for most of. the salinity and the extreme
alkalinity. HYd;olysis of CaO produces the Ca?* and’IOH’;
Concentrations are maintained near saturation with respectv

to Ca(OH); (Talbot et al. 1978). ‘Moderate_amouq;s of Na and.

K are also usually dissolved but solution concentrations are
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not »maintained as dilutions increase (Elseewi et al. 1980).
Initial Na and K dissolution 1is mainly due to surface
sulfate saiEs which are not usually present in gufficient
quantities to maintain COncentgétions near saturation levels
(Green and Manahan 1978; Dudas 1981). '

Theis and Wirth (1977) found that Lthe initial pH of
hydrated fly ash was determined by the relative amounts of
lime (Ca0) and émofphous iron oxides found on the Jsurfaces
of fly ash particles. A 3:1 ratio Fe:Ca determiged the
bouhdr&'as to acid-base reacgion. Ashes high iﬁ iron
produced acidié hydrolysis reactions, while high Ca ashes_'
éroduced alkaline reactions. Most ashes tended to be,
alkaline in ﬁature.

The dissolution of®alkaline fly ash constituents
increases substantially with acidificatiqn. Three or four
buffer zones can be observed as.acidification proceeds. AZQ”
initial bﬁffer zone 1is uéually observed above pH 10.5 for
fly ashes with very high calcium contents (Green a;d Manahan
1978: Hodgson et al. 1982). It is generally agreed that thé
buffering in this zone is primarily due to the hydrolysis of
Ca0. Smaller'amounts of Ca, Na, and K sulfates are hsually
also found to be dissolve along with the CaO (Green and
Manahan 1978). Hodgson et al. (1982) observed a second .
buffer ioné between pH 9.2 and 8.5, and contributed it to MQ'
hydrolysis. Green and Manahan (3978f'observed a similar

zone but credited it to the dissolution of less soluble

alkali’ salts located within the silicate matrix. A third
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and sometimeS‘ a fourth buffer zone both occurring below pH
4.2 are.also‘frequently observed after ﬁhe dissolution and
removal of alkaline salts. These zones are mainly.
attributed to thé dissolution of wvarious Al compounds
located in the glass matrix and/or partiai.dissolutipn of an
iron phase (Green and Manahan 1978; Hodgson et al. 1982).

The release Vof most elements from 4fly ash during
dlssolutlon cannot be predicted on the. basis .of. bulk ash
gomposition. Pred1ct1on . is not qeliablé because of
variation in the distributibn of the elemeﬁts among - soluble
and sparinglyu soluble fractions. Shannon and Fine (1974)
found most (80-90%) of the solublenNé but on;y 31—36% of the
soluble Ca-iin lignite fly ash was released during initial

;.
¥

dissolution stages. High initial ';eleése of many trace -
délementsfhéve also been observed (breesen ef al. 1977;,éhung 1
et al. 1979; Harrés and Silberman 1983). Kopsick'and Angino
(1981)“iob5ér§ed three}disﬁincf‘p;tterns of release‘for fly
ashlépnstituents with leafhihg; namely:b (1) a pattern »ofi
large initial release followed: by the concentration
levelling off to a conStant feiease rate,\\(z) constant
;(steady. state) release and (3) ~delayed’ release; Most
elements followed the first release pattern 1nd1catt?g

assoc1at10n with at least two dlstlnct solublllty phases.

Residue Characteristics .
The dissolution and removal of the highly ‘soluble fly

ash constituents leaves a residue of different bulk
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composition and characterisﬁics compared ﬁo unreacted ash.
Heterogenequé distribution of elemental c0ns£itUents between
séluble and sﬁaringly soluble phases primarily account for
preferentiél enrichment_'and depletion of given elements in
'the residué. After iéaching fbr‘two yéars» with distilled
water and lowering‘thé/ieachate pH valués of.an alkaline fly
ash to épproximatglyns.o, Dudas (1981) found Ca, B, Sr, and
Vv  to be preferentially removed resulting in negative
enrichment of.elementS’suchuas Al, Ba, Fe; K, Na, Mn, Pb,
and 2Zn 'ih.the ash residue. Hansen and Fisher (1980) found
more than 70%.of Ti, Na, K, Mg, Th, and Fe in fly ash to be
associated with the acid insoluble»aluminoéiliéate matrix
while more than 70% of .the Ca, Sc. 3r, La, Ni, and rare )
"earths wére s5luble. The - cha;acte;istics of the less
soluble résidug' are -alsoi a function of ‘heterogeneéus
elemental distribution,' Talbot et .al. (1978) found fly
ash, which had Seen equilibrated as -a slurry( téj'd;splay
amphoteric prépertigs and a pH dependént charge over the pH
fange 1.0 to 12.0. The isocelectric pH value was 7.55.
Hydratioh' of Fe and Aibpxides and Al substitution.for Si in
thé"silicate matrix were suggested as determinan£ factofs in’
controlling surface. characteristics of the residue. ’

Leached or hydraied fly ash' exhibits some .pozzolaniq

‘and cementitious properties dependent on its ‘chemistry. Fly

ash is a pozzolan. It has little cementitious value itself
"but, in the presence of moisture, will chemically react with

. Ca(OH),; to form compounds possessing cementitious properties

VAT
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s - ~, \ , ¢ .
(Berry ané Malhot;a 1980). The pozzolanic properties of fly
ash tend to ipcrease proportional to SiO; or SiO, + Al,0Q,;
contents (Thorne and Watt 1965). ~Some fly ashes dispiay
some weak self-h_-dening properties. Alberta fly ashes
generally exhibit a small degree of self cementation and
hardening on exposure to moisture and subsequent drying
(Jqshi-1981). Cope (f962)lénd Towﬁsend and Gillham (1975)
-observed  horizontal éemenﬁed layers in large fly " ash
deposits which reStfiéted ,§ertica1,l but not horizontal
movement of water. Self-hardening 1is 1likely due toxthe
pozéolanic reactions of Ca(OH),, produced on hydrolysis of

&
"Ca0, with aluminosilicate components of the ash.

" Other prodhéfs, formed as a result of hgdration and/or
leaching of fly ash, éppear to be simiiar td éqme hydration
produéts found in :cement. Etfringite, YCasAl(SO.)3-32H 2)
'fo:ms in cement 1in the presence of solubie sulfate,
saturated with respect to gypsum (CaSO,) (Mindess and Young
1981). Needle-like crystals, identified as‘ettringite,:have\

. been observed. in hydrated fly ash (Joshi 1981), ‘Other
needle-like aﬁiqular. crystals, obsefved in fly ash taken
from a nonvopefational power plant, ha§e'been identified as
gypsum or anhydrite (Fisher et al. 1976; Fishér et al.

ﬁ1978). In the presence of low sulfate__contgpts, irreqular

¢

platy crystals or rosette clusters of calcium sulfoaluminate
hydrate (no known mineral name) (Ca.Al(SO,)- 12H,0) tend to
develop in place of ettringite in cement pasteé (Mindess and

Young 1981). Crystals of similar platy structure were r-ted

Y
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in the -~ leached fly ash of Dudas (1981); howgver sucﬁ
.cryStals also resemble ambrphous Si (Blatt et al. 1980) and

.gypsum disélaying a platy morphology. CaCO, might also form
V:és a'precipitate in'hyérated fly ash due to the reaction of
’ﬁissolved-Ca with atmospheric CO. which is readily adsorbed

by alkaline solutions (Talbot et al. 1979; Elseewi et al.

1§80; Dudas 1981).



ITI. METHODS AND MATERIALQ

A. Sample SeLection E

Two Alberta produced fly ashes derived from Alberta
coal were selected from a number of available samples.
Selection was based on preliminary scénning electron and
light microscoée observations. The twg selected fly ash
samples contained spherical shaped particles typical of
those described in .m;st fly ash studiés. The ;etond
CEiterion for s?lection was dissimilarity in the chemi;al
compositions of the two éshes. The two samples selected
were not drastically dissimilar in ch??ical composition b;t
they do represent the extremities of the range in chemiéal'
cg?positions cf fly ashes produced in Alberta. Both ashes
were alkaline in reggtioﬁ. 4 .

“One of the selected samples was taken from Alberta
Power's Battle River power plant located near Forestbﬁrg
Alberta. ?his £1 ash was degived from coai of theﬁ
Forestburg Deposit of the Battle River coal field. The coal
was formed in Upper Cretaceous sediments, is Subbituminous-C
'in rank, and contains approximatel§ 7.0% ash and 0.4% sulfur
(ERCB 1980)., This ask sample exhibited the highest iron
- content of all the ashes awailable vhile containing

relatively iov calcium levélsf/”This sample will be gbferred
t; as the Forestburg ash. © ‘

The other selected - sample originated from Transalta

Utilities' Highvale Mine power plant. This mine i's located

34,
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on the Southefn shore of Lake\Wabamﬁr, approximately SO0km
due west of Edmonton Alberta. The cocal used in this utility
is mined from the Sundancé deposit of the Wabamun coal
field. The <coal 1is ‘Subbituminus—B in rank, formed 1in
Tertiary ‘and Upper Cretaceous sedimen®™s and contains
apprdximately 13.6% ash and 0.2% sulfur (ERCB 1980). The
samplé contained the highest «calcium level of al; the
available sampie§ and a relatively low iron content. //This
_sample will be referred -to as &he Sundance ash.
App;oximately 4kg'of each fly ash was requireé for the
study. One large buik sample was taken from each respective
gﬁwer plant. Samples were taken di;ectly from the
electrostatic precipitator hoppers during normal-® plant

operation, homogenized, and stored in a dry_state until use.
B. Artificial Leaching

Leaching Column Construction )

A total of thirty identical columns were consﬁruﬁ'

Sedv

contain the fly ash during leaching. Columnswg{;ére
constructeé éﬁtirely of transparent plexiglass to facilitate
easy observétion of the contents. o

VThe leaching columns con§iSted of three parts: body,
base,iand drainage spout. The body consisted of a 2icm
length of 7.7¢m outsade diametef plexiglass tubing. The
tubes had a wall thickness of ,approximateiy 0.3cm, | The

inside' diameter of the tubes were found to vary from €.7cm
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to 7.0cm. , The base of the columns consisted of 10cm sgquare,

0.5cm ;hi:g,plexiglass‘blates. Holes of diameter -1.27cm
we;e drilled in the <centre <c¢f each plate for drainage
spouts. The spouts consisted of 3.5cm long, 1.26cm Butside
diameter, 1.25cm inside diameter pieces of plexiglass tubing
sanded to fit the drainage hole.

Cclumns were assembled using 2,2-dichlcrdethane to bdnd

- the plexiglass pieces together with water tight seals. With

the drainage hcles centred the bases were secured to ¢ e end

~of the tubular bodies. Spouts was Iinserted intc the

. . . £ ' . .
drainage holes extruding from tHe bottoms of the assemblies.

Column Packing , -

A series of five plexiglass leaching columns packed
with increasing amounts of fly ash served as the basic
experimental unit. The first column in the\series was
packed with 50.0g9 of fly ash. Each succeeding column in the
series received 25.0g more ash than the previous coluég'so
that cblumn§ one through five contained 50.0, 75.0,_ fO0.0,
125.0, and 150.0g of fly ash, respectively. Triplicate
series-wefe set uﬁ for eachlfly ash.sample for each ieaching
regihe.

All columns were pécked in the séme‘mannér; The bottom
of each column was first lined with two succéssive layers of
glass Qool to retaiﬁ the ash. The appropriate mass of fly
ash was placed on'top‘of the glass wooi usihg a funnel to

facilitate even»disgributioh. The top of each fly ash core

W
P~ 8

3
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was covered with a circular piece of 11.0cm diameter filter

paper. Filter papers were crimped to cover the top cof the

ash cores and extend up the inside wall of  the columns..

a

Filter papers were ~held  in place with 3.5cm wide, 6.4cm
outside diame:er, 5.7cm inside diameter transparent

plexiglass rings. The filter paper coverings served *to

minimize surface disturbances of the ash cores during

solution addition. The top of each column was covered with

a 9.0cm diameter plastic petridish  1id to minimize

contamination of the ash cores with atmospheric particulates
v . . :
or other contaminants. The :sh packed columns were then set

on top of 600mL Nalgene beakers used to contain the leaching

~

solutions.’

Leaching : 3

.

Two acid solutions were employed to leach the fly ash

samples. Each type . acid sclution was used to leach both

2

fly ash samples during two sééarate leaching experiments.
.Botﬁ experiments ‘extended for a period of épproximately
thre% months. The first experimenp.linvolved the use of
0.005 M H,SO, as ths leachiﬁg solution. The second involved
the use of an agueous-organic .solution. (AASA solutian)
containing 0.01 M acetic acid (CH;COOH) and 0.002 M
éa}icyiic acid (2-Hydroxybenzoic acid). The initial pH
values of. the H;SO, and AASA Solutions ke:é 2.} and 3.0,
respectively. Both solutions were méﬁe from réagent grade

chemicals and distilled water.

N
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The five prepared coiuth'in each serles were leachgd
in Sequential ordemywith consecutive iincrements of leaching
"solution. Leaching of a series began by adding a solution
inérement of 500mL té the first (50;09) column 1in phe.
series. Channeling of solutioné within Vthe cores was
minimized by éentlx rapping the columns while the ash was
wetting up. - After all of the solution had leached through-
the 50.0g c&re a 50.0mL aliquot was removed from the Nalgene
collection beaker for analysis. The remainder of the
increment (450mL) was added to the second (75.09) column 1in
the' series éﬁd a second 500mL increment of solution would
then be added to the first column. Eacﬁ incfementl of
solution was péssed sequentially through each of the five
columns of the series and a 50.0mL aliquot removed after it
had passed througﬁ eaéh column. |

Solutions percolated through ‘%?e columns at ; rate
governed by the hydraulic conductivity of the individual ash
cores. Initially the solutions passed througﬁ all columns
within 24hr but after approximately 15 increment addifions
48hr were required. Transfer of solutions from onec column
to the next was not begun until all solutions in all columns'
had entirely leached tarough. By increasing the quantity of
ash in sucessive 'columné while decreasing volumes of
solution passing ﬁhrough each, the'nﬁmber of . pore volumes
genérated‘ pér ‘ieachiné . increment per columnv.decreased
exponeﬁtiélly kTable 1). The degree of weathering .achieved'

"by the ash was therefore highest in the . first column,

- ¥
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Table 1. Quantity and core thickness of fly ash, volume of‘leaching
solution, and corresponding number of pore volumes
generated per 1ncrement addition for each leaching column.

o e e e e e e mm e mme e e memmeemmm e et st e me—————————————-
----- o m — gm e Ve e wm m Y R Gm e e e W %R e G AR 4e R R e e S R TR M W G MR MR TR em W W e e e e kv e e e -

Quant ity ' Ash Core Volume of Pore Volumes
Column »# of Ash Thickness Increment per Addition
] mm mi

1 50.0 iS5 500 14.8

2 75.0 23 450 , 8.8
"3 100.0 28 ’ 400 . 8.7
4 125.0 35 Iso 4.9

s /) 150.0 40 300 ,/’ 3.7

exponentially decreasing in a sfepwise fashion to a minimal
degree of weathering in the fifth column.

Leaching was te;minéted in eaéh‘experiment when the
widest diversity iEAAgachate pH measurements-'wés obtained _

S !
among the five columns of a series. .Leaching with 0.005 M

H,S0, re§u1red a total of 52 increment additions to obtain
the w1dest .diversity in leachate pH values for both ashes.
The Sundance ash required 47 solution increment additions,
when leached w1th the AASA solution, while the Forestburg

. E]

ash requ1ted only 38 addltzons. ' : oo

Leachaté\hnaiysis | I

Aliquots of the leachate solutions were immediately

,.

monitored for pH and concentration of eight cationic
constituents. The pH was determined to the nearest 0.05 pH
unit for every aliquot taken. Concentracions of Ca, Na, Mg,

4

K, Mn;, Fe, Al, and Si were directly determined in the
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.leachate' solutions l by ‘fIame atomic »absofption
spectrophotometry. Concentrations were determined for every
aliquot taken from each of thé firs&- eight to twelve
increments. for columns five:to oné, respectively, and for
every sécond or third aliquot téken from the remainder of

the increments.

C. Sectioning of the Core Residues

Immediately after the lqst leachate increment passed
.through the ash cores the entire column assemblies were
placed in a freezer. After 48hr th; célumns'were removed
and the ash cores quickly uthawed"around the edges: The
intact frozen cores, including . filter paper and glass wool, °
. were forced out of the;coluqns with compressed ai}. The
cores were then oven-dried for 48hr at 60°C and retained for
séctioning. ‘ |

The = oven-dried cores were sectioned horizontally on a
somewha£ afbitrary basis. The ash cores from the first
columns  were divided into : thfee layers .desighated
ﬁéurface",“middle"'and fbottom" core sections, The . surface
' core section consisted of a.very thin (:Smﬁ).layer of the
‘ash from the top of the core located immediatély below 'the
filtern paper cerring. The remainder of the first ash"core
was split evenly between the two remaining core secti&ns
(middle and bottom). o

v The_remaiﬁing column cores were \sec§ioned essentially

in the same manner as the first except for the inclusion of
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- a fourth layer designated "subsurface” (Table 2). The extra
core section was added because of the increased size of the
cores. A fifth layer, designated "base", was also added in
the case of column five, again due to fhe increased. core
size.

In addition to the above-mentioned layers, samples were
also taken of materials precipitated onto the surfaces of
the covering filter paper (designated "surface precipitate")
and of the surface edges next to the plastic where some

mixing of precipitates and ash samples occurred (designated

"surface-edges") (Table 2).
D. Analysis of the Core Sections

Total Chemical Analysis

All tfiplicate_ ‘core section’ samples, surface-edge
sahples, and surface precipitate sampies.were mi;ed into
composite samples. Chemical composition was determined for
all compoéite core section and surface-édge-SSEples.i The
quantitieg of surface precipitate samples. were not gfeat
enough to allow deétructive analysis. Triplicate aliqudts'*
of the unleached ash samplescand single al{quots from reagh
composite core sgctibn' and surface-edge samples (were
dissolved in -concentréted HF and HCl according to the
proceduré of Pawluk (1967). All dégests~were'analyséd.fof'
aAl, Ca, Mg, Na,fx, Fe;"Mn; Cr, Pb, ki, Co, Cu, Ba,bénd”Sr by

flame atomic absorption spectrophotometry.
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X-Ray Diffraction -

X-ray diffractograms were obtained for both wunleached
samples and their ferromagnetic fractions, all‘composite
core section samples, surface-edge samples and surface
precipitate gémplés. Diffractograms were obtained using a
Philips difﬁracéometer equipped with_a LiF curved crystal
monochrometer - using CuKa ;adiatioh generated at 40kV and
20mA. Samples‘were scanned as random powders at ambiént
temperature and humidity (-10% RH) at a scanning rate of
1°28 per minute. Samples were scanned from 4°286 to 30°26
using a .1° divergence slit and from 20°26 t;‘72°26 using a

4° divergenée slit.

Differential Thermal Analysis

"Differential thermal analysis (DTA) patterns were
obtained fo; 43 selected Composite sampieé;;‘Paéterns were
obtained on a Perkin-Elmer Model 1700 differential thermal
analyzer coupled with a Pergin-Eimer system 7/; thermal
analysis controller. Samples were eqﬁilibrated for at least
12hr at 54% RH then mixed in apprdximateiy a 1:1 ratio v/v ’
. with A1203 and heated ét a rate of 15°.per hinute from near
ambient temperature to 1050°C in an atﬁoéphere of N, gas.
- Differential thermal grade Al.,0, was used as tﬂe reference

material.
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Electron Microscopy

Scanning electron micrographs of wunleached, selected
leached, and unleached etchéd samples were gbtained on a
Cambridge Steroscan 250 scanning electron micrur-ope.  The
instrument was coupled with a Kevex 7000 energy; dispersive
X-ray analyzer to aid in the identification of components.
Unleached etched fly ash samples ~were prepared by the
proceduré outlined by Hulett et al. (1979).

Traqsmissipn electron micrographs were obtained for one
sample suspected of containing aluminosilicate material of
‘short4range order. Five mg of the sample were, suspended'in
approximatelf 10mL H,O0 and sonified at 375W for ' about 2
minﬁtes. A drop of the suspension was placed on a 200 mesh
’cbpper microgrid coated with Formvar and dried at 60°C for
30 minu;és to evaporate the excess water. Micrographs of
‘th; sahple were obtained at an accelerating voltage of B80kV.
Infrared Analysis

Fifteen composite samples were. selected for infrafgd
qnaljsié. Samples were equilibrated at 54% RH for at least
4éhr, mixed with oven-dried inftated grade KBr at a fatio of
approximately 1%, and pressed into 'transparent discs.
Infrareq patterns were produced as % transmitténcé &s
wavenumbers (cm~'). Samples were scanned over the range of

4000cm-' to 200cm™' at a rate of approximatefy

scan. After the initial fifteen pattefns we

disc of gxceptional interest was heated at 350°C" for 4hr;

btained one

minutes per - . .- -

@

~ .o

-

<

ot

<

R

T

- f

-
-
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/ .
represse?, and a second pattern obtained..

"Extractions A

Composite core section samples and gg_face-edge samples
were extracted with citrate-bicarbonate- ithionite (CBD)
solution. A second set of the same samples were extracted
with acid ammonium "oxalate (AAO) (McKeague 1978).j All

extracts were analysed for Fe, Mn, Al, and Si by flame

- atomic absorption spectrophotometry.

Total Inorganic Carbon

Total inorganic carbon content was determined for
duplicate samplés of composite mixtures of each core section
and surface-edge gample according to the procedure of Bundy

‘and Bremner (1972)
E.;Ferromagnetic.Particle Analysis .

Ferromagnetic Separation

Ferfomagnetic particles Qere ' separated.'from " the
unleached fly ash samples using a hwet sepafation method.
For both unweathered ashés four réplicate samples of 100.00g
each were weighed into 600mL beakers. Distillgd water was
addgd—lat a water to fly aéhtratio of.approximately_§:1. :A

N

large teflon coated magnetic stifring bar was introducednéna

&

the slurries stirred at high speed on a magnetic stirring

device for a Period of over two minutes.
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Beakers were then removed from the stirrer and- the
sd&pension ‘allowed ‘' to settle. The " stirring bar was
retrieveé and particles adhering to it were washed off into
‘a. clean beaker. After removal of all adheriné particles the
bar ‘'was then reintroauced into . the ash suspensioh and
su5sequently.retrie9ed an additional ﬁine times.'

After completion of the bar retrieval process the
collected particles were washed éb‘remove‘ény nonmagnetic
éart;cles incidentally retrieved with the Léhirning bar.’
This -was accomplished by 'holding a strong magnet to the
outside of the bu:tom ‘of the beaker containing the fetrievéd
barticles énd #a#hing the"samplé f;eé of all pérticles not
strongly held to-thg béaker,bottoqf After all weékly held
particles ;were Aremoved the 'strongly. held particles were
released and retained in\ another beaker. The waghing
pfocess was repeated  on \thg ‘remov?d fraction until énlyu
insignificant quantities pf‘ particles - were hqld~ in" the
washing~ beaker. The strongly{ferromégnetiq particles were

then oven-dried at :r 105°C and lweiéhed~‘to~ determine the

content of-ferromagnetic particles.

Chemical Analysis

Chemical composition of“thg ferromagnetic fraction was
determined‘by Samble dissolution. Aliquots.were taken from
each homogenized oven-dried sepa:ated fractioﬁ'and grdund to
a v¢ryufine ﬁbwdert\\From.each ground aliquot, 0.250g was

—¥

weighed in a crucible and fired in a muffle furnaceqat 800°C

P
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for> 8hr; After cooling samples., were .quantitatively
transferred into 100mL teflon beakers. Solutions were
evaporated to dryness ét 80°C after each of three.additions
.0of 15mL concentrated HCl. After the ghird evaporation, 10mL
qoncentrated HCl, 5mL concentrated HNO;, and 5 drops HF were
added and the beaker contents égéin gvaporqted to dryness.
A final addition of 10mL concentrated_HCi was made to ensure
removal of_any excess HF. The- dried residues were #&hen
dissolved in 6mL ééncentrated HC1 and 25mL H,O0 and heated at.
80°C for 4hr. The remaining solution was quantitatively
transferred into a 50mL voluméfric? flask énd maae up to
vélume with distilled H,0. All digests were ""analysed for
Fe, Al, Mg, Mn, Co, Cr, <Cu, ﬁi, Ca, K, and Na by flame

atomic absorption spectrophotometty.



IV. RESULTS AND DISCUSSION

8

«

*The fly ash cores of each (leaching series can be
considered analogcus tc twc k'ncs of weathering profiles or
weatherin- gradients. Each £five-core seguence can be

.regarded as a singXe unit <consisting cf five overlying,

although not necessarily adjacent, "horizons” similar to a
soil or geologic profile. Solutions percolating downwards
through a core seguence {columns one throughsafive) dissolved

and &eached constituents from the uppermost cores.
| ‘5“‘ . . : ,
Constltuents tr ahs-acatagfe%,n _.the solutions subseguently

:pu; ‘
1nteracted with the so&;q gpnases of ash materials in the

E x

‘latted columns of each sequer*e ' Hence, the upper cclumn

cores (columns one and two) might be considered eluvial
cores, while the lower cores (columns three, four, and five)
might be considered illuvial.

Each individual core might also be considerec as a

0t

single “"profile” in itself. Solutions percclating through

‘each cc-e within a sequence would Tnot only transport

.materials from one ash core tc¢ the next but alsc translocate

materials within each ind%widual core. Hence, the tops of
: . _ f

each ash <core would be considered eluvial and the bcttoms

aillgvial. Both intercore and intracore rfrans.ocation will

.be discussed in subseguent sections.

=

Uﬁ
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A. Leachate Chemistry

The two acid leaching solutions, O;OOS M H,SO, ;nd
AASA,.were.chosen.becéuse o their cloée resemblan;es to
natural weathering solutions. Precipitation is naturally
acidic haviqg a theoretical pH of 5.6 based on equ&a:"'
absorption of atmospheric CO,; (Stumm and Morgan iz¢
Anthropogenic H,;SO, is.primarily responsible for additional
acidity observed 1in most+ rainwaters (gogbiil and Likens'

1974). Geologic. materials experiencing chemical weathering-

N

) » . “i‘ I . K > . . . .
will therefore underdd. progressive acidification and in the

most extreme circumstances the active agent is most likely

BaA

s

H;SO.. Accordingly, H:SO, was employed in this study.
The aqueous-organic mixture of acetic and salicy.

acids (AASA) was designed to simulate the weathering
T . .
conditions imposed by natural organic .acids. Both acetic

acid and salicylic acid have been used in other simulated
weathering studies (é.g. Huang and Keller 1970; Huang and

Kiang - 1972). Organic compounds possessing the

ortho-hydroxybenzoic acid structure of salicylic- acid have
been identified in soil organic matter. These compounds’ are
known to form stable complexes with Fe’>", &l’“, and other

inorganic ~8c1l components (Schnitzer and Skinner 1965;

Schnitzer 1969). Acetic acic and salicylic?°écidff§ﬁereEQre

simulate- the chemistry of soluble scﬁlja?ganzg_compounds

SNy s, ’
. . ) L2 X . .

that form highly soluble complexes .and/er ‘salts with

. AUt RN . ""L""A. ". .- ‘f‘sif

. . . . A i o
inorganic scil censtituents (De Coninck . 13980..- ' The

L . O

concentrations of both the organic and -inorganic _eaching . v

faid
. -

A3
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solutions were elevated above normal field levels simply to

’

épeed the weathering process.
s

/' .
Mean data from the analyses of column leachates were

plotted against leachate increment using the TEKTRONIX

PLOT-10 APL GRAPH-II graphing package (Textronix 1977)

available from the University of Alberta's Computing

Services. Leachate 1increment units were employed to

facilitate easy comparison of leachate chemistries among
columns. The generated graphs illustrate the major trends
in the leachate chemistries ofqthe-aShes with increasing
chemical weathering. Trend lines of pH values and
concentrations of elements for the column leachates Xere

constructed from a series of migns calculated from three

(two in the case of AASA leache Sundance ash) indivfdually

/

determined data pointé. Each t?end line represern.s from 50

to 156 individually determined data points (Appendix, Tables

.
Al

1-36) . | N B

-The pH values of all initial leachate; were .extremely

alkaline. Acidification of . the ash cores in each column

seriles progresseé in a stepwise fashion through up to three
- <

buffer stages as "indié;ted by the leachate pH values

(Figures 1 & 2). sThe first ash cores in each series were

‘rapidl- -cidified. The leachate pH values dropped int. the

acid . range (below pH 7.0) within the first ten solution

increment additions. T.. leachates from the second columns

o

remained in the alkaline range for a longer period but also

N
eventually dropped intc the acid range Acidification of



51

0| ! L L L
0 10 20 30 40 50 50

LERCHATE INCREMENT

14 s

WL A S R y
0 1 0% 20 3V 4o 50 .60

LEQCHQTE INCREMENT :
.,W’

Figure 1. Léﬂ?ﬁbte pH values of the Foreétburg,(A/
, ~andMSundance (B) fly ashes Jleached with =

0.005 M H,SO,. The. numbers one to five
indicate the resgectlve columns
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Leachate pH values of the Forestburg .(a)
and Sundance (B) " fly ashes leached with
AASA solution. The numbers one to five

.indicate’the respective columns.
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the second columns required from 2.5 to 7 times : the number
of increments  reguired to acidify the ash 1in the
corresponding fiﬁst columns. In general the 'AASA solution

was more efficient at acidifying the ash coresibucfdfa/;g;
produce as abrupt changes in the pH values as did the
mineral acid (cf., Figures 1.& 2). |

Leaching was terminated‘for each series when the pH
values of the thi:d.column leachates began to drop towards:
neutrality. At terminatién, leachaté pH values for the
first two columns (1 & 2) in each series were in the acid
range and values for thé last tHO'columhs (4 &-'5) " were in
'.the alkaline range. Values for most middle {(3) columns were
also in the alkaline range but nearef-_neutrality than |
columns four and five. _ | |

The two fly ashes differed siightly in their . buffering
capacities. ﬁuffering was observed in all gplpmns.' Two
buffer zones common to‘both ashes and a_thirdég;gng; unigue-
to éhe Sundance ash, were 6bserved (cf. Pigures 1A,2A &
V»1B,ZB). "One of the buffef zones ‘coﬁmoﬁ to both ashes
occurred in the alkaline'rangé betveeﬁ pH 8.5 and 9.0. The
pH values for the other common buffer region were idcétéd in
the,*ac{d range; The pH values for the acidid}buffer regioh
rwere dependent on thé:type of leaching solution and the
particular leaching column. In the case of the first
columné, buffering in the acid region occurred within.1.5~pH
units above that of the unreacted leaching solutions. ‘In

the case of the second Eolumns, buffering occurred within

-
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It .
one pH unit above that of the first columns.

The additional buffer zone, gén;rated only by the '
Sundance ash, occurred in extreme alkaline ranges. During
initial leaching of the Sundance ash, buffering was observed
in the alkaline region above 'pH 12.0 in ali columns but the
first. The pH vélues of the. leachates from the second
columns vere.ma}ntained above pH 12.0 for the first three
inérement additions. Each subsequent column in the segquence
required three to four further increment ddditions overathat
of the respective previous column before thealeachate pH
v§lues dgcreaseg from above 12.0. The fifth.column in gach
column sequence for the Sundance ash maintained pH values
above 12.0 for more than twelve incrément additions before
the values dropped to thg next buffer level (Figures‘1B &
2B) .

The patterns of release of Ca from‘ the ash cores
(Figures 3 ‘& 4) closely followeﬁjthe re§p§§tive pH patternsf
" High concentrationé of Ca were released from all columns At
the. onset ofrleaching. The patterns-mﬁ%g cloéely 'reéémbled
‘the "initial  flush: release"" pattern ratgér  than the
"constant release" pattern'of, Kopsickt‘;ﬁd. Angino (1981).
‘Concentrations of Ca in the'initial leachate increments were
the highest of all monitored elementé. Reduction i the
éonéentrﬁtion of Ca 'in the leachateé corresponded .to
declines in the pH patterns. Concentrations of Ca in the
initial leachates of the Forestburé>flf ash declined almost

immediate}y. The levels of Ca in the initial leachateées of

7 L
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the Sundance ash were maintained briefly, following patterns

57

similar to théA pH values for eaqh column, then declined
' congomitant with thé drop Vin pH valpes; . Levels of Ca
remained uniform while the pH'vaiues were buffered between
8.5 and 9.0. The errlapping Ca release patterns and pH
value patterns in alkaline regioni suggested that

dissolution of Ca-bearing phases in the ash control alkaline

buffering during initial weathering stages. While column

leachates of both ashes wérebbuffé;ed between pH 8.5 and
8.0, the\ release of Ca dgcreaéed slightly with time."' The
- concentrations of Ca in the leachates of the AASA 'leached
célumns wvere aéprdgimately 0.5 orders of magnitude above
those of the 0.005 M H.SO4 leached columnﬁ (cf. ‘Figures 2 &
3). The difference the levels of,Ca in solution between;the
two leaching regimes is likely related to the formati;n‘.of
highly soluble Ca-organic complexes which enhance
dissolution of Ca" in  the AASAi-vléaching series.
Precipitation of Ca—suifates in the mineral acid leaching

series could also contribute to the difference. Declines in

the levéls of released . Ca lagged after the rapid drop in

leachate pH values from alka

-

TS | o
the pH value patterns, ‘- changes in the leachate

concentrations of Ca were more abrupt with 0.005 M H,S0,

leacling than with AASA leachiné {cf; Figures 1,2 & 3,4).
The patterns of dissolution of Mg from the column co?es

were (similar for 'both ashes ,and botﬁ‘ leaching regimes

(Figure 5). Magnesium exhibited a delayed reléase"pigtern

'

lige to acid ranges. As with
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Figure 5; Concentration of Mg (ug/mL) in the
leachates of the Forestburg (A) - ang
Sundance (B) fly ashes leached with AASA
- solution. The numbers one to five indicate

the respective columns.



58

similar to that observed by Kopsick and Angino (1981).
Initial leachates from all columns contained very minor or
undetectable quantities of Mg. Significant release of . 'Mg

began only after the leachate pH values of a column dropppd

below 10.0 (cf. Figures > ~ © . A peak in the release of
Mg was observed only 1ii .he leachates of columns one and
two. The peak concentrations of Mg 1in the leachates,

coincided with the major drop in pH ;alges from alkaline go
acid ranges. The magnitude of the peak.concénfr ion of Mg
for 511‘ acidified columns was appréiimately t.e same foé
each ash. The F;restburg ash released higher overall levetls
 of Mg (appréximate}y doublé) compafed'to the Sundance ash
(cf. Figures 5A & 535. \AASA leaching tended to produce
patterhs with sharper releasé'péaks for Mg than did leaching
with the mineral acid. Leachate concentrations of Mg tended
L*to_ stabilize at relatively low levels for the duration of
1eaching<§fter(pa55ing the concentration'ﬁaximums. The  low
levels of Mg-re{easeq from the second'columns of each éérieé
were consistently 50% .higher than the levels for the
resééctive first columns.

gﬁ The patterns for release of N&' and K from the - ash
columns were similar fof‘ boéh éghés and Both leaching
'régimes. All natterns diSplayed two distinct release(étag;§
(Figures 6 & 7). Concentrations of Na and K were highest in
the initial leachaté increments. Within the first few

increment additions to all columns, concentrations quickly

fell to relatively‘lod nearly constant . levels which were
\] .
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column cores of eacn se:;és.
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The OVQYa;& concentrat ons ‘cf Na In tne..eachates werg

approxlmate y one- ha;f,qq Qv

"‘ﬁ

overall K.  The type cf _eacn:ung
solution -did .not appear *o a‘te*~*- ‘: , ncent:a:ic: s

a LA

enhanced the 1n1t;al release‘of K. compa edccj‘H Su. leeching
0:‘3 . | A

(cf. . Figures ‘6B & 7B) Fromgleacnate 1nc:ement numbe" 16

LR

onward the concentratlons of ooth Na and K were %pnanacd by.

H;SO, leachlng, compared to AASA leach1ng (Table 3).

553,

S

. . . o : - iyt (2] '

'J -k SR . ' :}’ 4 L '

Table 3. Mean, concentrations (ug/mL) of Na and X in leachété tncrements
16 “to 30 for the first columns of the Forestburg and Sundance

fly ash leachiﬁg serdes:,

. Na K
Forestbbrg Sundance - Fonestburg i .Sundance
Leachate  ---------- TTIT memmemmmmmmme, lmssmeeeee F—-;r mm—m e e— e )
Inc.# H SO . AASa H SO | AASA H SO ' AASR H,.50° AASA

1
O.

. ~3 -.‘
<~

1.4 -
- 0.5 .
A5 0.4
S 0.4 ' y
1.& - "
= 0.6 S
1.2 c0.4
- 0.5 ¢
- R . i *
% ’ - =5 o, a2 .



Twetaeal o ng

the 0.005 M’

leachatesh;the

concentratlons

N

leacnlng under

,from the‘first

r

25% to 30% lowe

8B,9B). Consi
released. under
ég(approximately

.ﬁcompared with 0.

.o

levels nor“*the patterns oﬁurrelease

dlffered 51gn1

leachates were
‘The elevat
col

first ‘two

re_ease -f Na anc Irom tne €n Tores oy
versus AAS .eacninc mas . Chservez 1T E.l
noci AL anc 8l cocoorfrec malnlvo o rne Y .res
i ,
_umrns.cf eacn ser:ies aiter _eacnéie DE va.Jes
a.s&.:1ne T at.Z ve..es cIi. Fizores % wa
ate . Toncentrations i T: Decan TI LnCreags-
ive Increment acc:-i:ons pefcre tne ma&tcr  oE
‘cr each < oumn. Increases ..n ftne
] * . ~;‘: hd
cf k. ccrresponded a&.mCST eXacI.ly  w.Th s the
Y L F
. [ - "‘,;; . . e
va.Jes. The n:ghest leve.s cf Zdissc.Vved A;
and 35ug mL® ', respectively! ocgurred with
H:S50, leach.ngrnreg;mej In the f:irst cclumn
o ) . .
copcentraticms of*51, and to some extent the
| B N C %
of Al, declined slightly with progre551ve
: w i i

: S oo
acidic condf%ions.

P\ 2

'ﬁ@kelS' og 51 released

-
and second column ash cores wvere con51stently

P

r- than the levels of@Al (cf Flgu 3A,9A‘

stently lower leyels of Si°and Al were
acldic@‘condiriOns ‘&ith AHSA leaching
30ﬁ@=nL'!"l§§d 40ug mL respect1veT§
005 M ﬁ;%on le;chlng Neither the leechatel

*

for elther AL~or 51

f1cantly between leaching ?%eglmes

alkallne.
ed;and_parallel release of Al and Si from the
ﬁdf‘wgach series funder acid leeching

umns
. A - s -0 . N . ; e

wh;le




N

0 10 20 ® 30 . 40 50 . B0
8  LEACHATE INCREMENT - = -

.
(VI £

- -

Figure 8."~ Concentration (hd?mL)_of Si,(A) and Al (B)

I 'in the leachates of the Forestburg fly . ash

R leached with 0.005 M H;SO.. The numbers

S ~ one to five indicate .the respective
.columns. W o N -

A r

=5

;
r
Ry



65
71
H
0
10 20 - 30 . 40 50 60
- . LERCHATE INCREMENT
i
60
B
40 -
Al
20 |
0 ==l .l NPT RN ... &
, | @0 W30 U0 60

leached
one to

columns.

N AT ) -
LERCHATE INCREMENT

1

-

with. 0.005 .M H.;SO,..
five ,indiCate . the

. Figure 9./ Concentration (ug/mL) of Si (A) and Al (B)~

in the leachates of the . Sundance fly ash

The numbers
respective
?

[
2



QD
- , 66

il

conditions 1indicates that dissolution of  Si 1s llkelyv

dependent on dissolution of Al. Exten51ve rap1d dlssolutlon
) o G

of. Si ‘from rock-forming minerals is least favoured under

o

~ R ‘ RO
acidic conditions (Browniow ,1%?9).3 Silicon is therefore -
from fly ash particles under 'aciﬁn

likely co-released
‘ conditions as a monomer and/or 'a” polyner during a:?d-g ,
ldnydrolys1s of Al in the aluminosilicate matrix. Sinld;r“?
acid- accentuated dlSSOlUthﬂ of Si- can occur during the
weatherlng of natural aluminosilicate minerals (Huang and
Keller 1970; Fu-~g and Kiang 1522). ‘ Other! elements' (i.e;
Na, K,' Ca, ..,, and Fe) are also dissolved £r9m the ash
matrlx, as’ 1&@1cated by the \léw level release Jof these
elements parallellng acid release of Al and Si from the ash
cores. . ggclu51on of these elements in the matrix likely
“/contribu%id to the lnstability of the aluminosilicate
structure in the ash, further enhanc1ng dissolution of Si.

™

The slowness of the prec1p1tat10n k1net1cs of Si would allow

metastablltywr nd supersaturation in acidic solutlon
(Krauskopf 1956) .
: T ' R - .
The release patterns for Si and Al differed between the

gy R I

%; f@qpes‘, under ) alkaline leaching conditions. The
b concentratlons of §

1 1n all leachat es of the 'Sundance ash

baseries _increased rapi?ly,to level%;9f just undeEVZOUg.mL-x

,as soon as the leachate pH valies dropped‘ from above 12.0 K
(Figure 9a). As leachates vere bUffered betueen pH 8.5 andéf

X

5.0, levels of Si decllned sllghtly w1th tlme (cf. Figures™

1B & 9A) only minor levels of Si.were” releas&d from the

e . .
Y Y o - L Rs
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likely due to differences - in dissolution and}ﬁr

' _. 67
w4

'Forestbufg ash columns (5 & 4) while leachate pH values were

alkaline (Figure 8A). Indeed, the sum quantities of Si in

the Forestburg ash leachates decreased with each column in
the series. Silfton was not detected in the fifth column
leachates of the Forestburg ash. |

In contragt to the beha?iou: of Si, small bursts of Al
were released from the Forestburg ash during initial
alkaline leaching (concentrations iﬁ;:gasing with each
column in the series). Aluminum was not detected in the
comparable leachate% of the Sundance fly ash (cf. Figufes 8B
& 9B). The /Fdresthrg ash also continued to release low
levels (<5ug-mL-"') of.Al under sustained alkaline conditions

from the third, fourth, and fifth columns (concentrations

detreasing slightly with time) afte; subsidence of the

: . o . ' AP
under alkaline conditicms were minor compared to quaﬁ%ﬁtles
A2 S S R e

dissolved wunder acidic condftioh§ from the first and second’

columns.
Differences between the two ashes in the»‘réﬂease

patterps for Si under alkaline -leaching conditions were

S

"Z" . . 3
precipitation reactions. The concentrations of Si 'in the

Forestburg ash leachates decreased after pqssing.thrghgh‘the
nonacidified'Leéching‘columnSrof the sg;ieé; This indicated

. . - . .;_./’_rv';, K » .
deposition of Si in, the alkaline -ash of the latter columns.

‘initial bursts of Al. The sum guantities of Al released

Co-precipitation of Si with Al, on encountering,‘aikaline'

”

coenditions, 1is indicated by the massive decreases in the

. » ‘ n,




lhdirectly to‘tﬁ§#dlssolut1gﬂ of Ca. -

68

concentrations of both elements on passing through the third

columns of each series (Figures 8 & 9). Co-precipitation
would account for much of the removal of Si and Al from the

third column leachates of ;Ahe Forestburg ash. 'Precipitatioh

pobd
1 Rl

of remnant Si transferred in the leachates to'the fourth and

fifth columns ﬁ%ght ooccur through - reaction with various

electrolytes  (concentrations =~ increased in the latter -
" o

columns) similar to precipitation of Si dissolved in

river-water on meeting with sea-water at river-mouths (Biem

et al. 1958).

Similar precipitation mechanisims for Si also likely

occurred in the Sundance ash; however, the effects were

apparently masked by a si release mechanism(s) not manifest

in the Forestbyrg ash. Silicon was,_released rapidly from
the Sundance ash under alkallne condltlons but not until pH

values detlined to below 12 0 Dlssolutlon of Si alone 'is

not likely since it is 1ncrea51pgly favoured as pH values

increase above 9. 0 ’(Kranskopf 'v1956° o Brownlow ,1979)

.

Dissolved levels of Ca paralleled alkallne pH values for the

weatherlng of the Sundance ash | ThlS behav1our suggested‘

'™

‘that the dissolution :of si. undeﬁﬁalkallne conditlons from.ﬁﬂ

the Sundance ash may bg&'related elther 'ad1rectly K3

4=9

~ The patterns of release for Fe and Mn were similar for o
both ashes and both leach&gg regimes (F1gure 10) Iron¥as .

detected in the leachq&es of the flrst second, Shd 1n sdme.»

-y
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n

leachate pH values had decreased = to below 7.0.

Stapilization of the pH value levels "in.fphe acid range

cpincided with the higheét levels Cf‘%éeih‘solution. AASA
le chiﬁg elevated soiuble Fe in the acidified first column
ledchates to levels over double those of 0.005 M H,SO,
ledching. Manganese levels in the ieachates were  barely
above AAS ‘detection limits; however,A;hey were monitored
begause of tge usual geochemical association of Mn with Fe.

Manganese displayed a delayed flush pattern similar to Mg,*

although the delay peaks were not as intense (cf. Figures

10B & 5). Contrary to Fe, M@@%oncentrations wegé depressed

by AASA leéhhing‘compared to H;SO,..
&. Residue Chemistry

Bulk Chemistry

™  The chemical ‘analyses of the unléached (unweathered)

2
R

Fo%esf%urg and LSﬁndance fly - ash samples are ‘§h$wn in
TableAl4& Ma F8% and minor componégés"are. exé#essed in
percent as the oxide. Both ashes are'Si-rich with abundant
quantities of Al and Ca. "Only slight differences occur
between the'compositions>of the two ashes; howevgr, these

compositional differences may account for-differences in the

magnifude of release of some elements and the ash buffering

capacities. The Sundance-ash contained 36% more Ca than the

i) -

Forestburg ash which cof?esponded with the gfeater‘Buffering

capacity of- the ,Sundance?ash; Conversely, the Forestburg

N
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Table 4. Chemical! compostition of the unweathered fly ash samples

Component Forestburg Fily Ash Sundance Fly Ash
. ~
S10 56 % N St %
Py
Al O 19 % 22 %
23
1
, Cao 11 % T A5 %
Fe O 5.9 % 4.5 %
23
Na 0 3.7 % 3.7 %
2 €
MgO0 2.4 % t. 3%
K O 1.8 % 1.3 %
2
-.
L.O.I 0.2 % . 0.9 %
Y
Ba ) 2400 ug/g 1400 ug/g
sSr . 230 ug/g 190 ug/g

Mn ' 340 ug/g v . . 500 ug/g
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"in trace quantities in terrestrlal materlals

72

i

ash contained approximately 30%, 38%, and 84% ﬁore Fe, K,
and Mg, respectively} than the Sundance ash corfesponding
wi;h higher overall concentrations of Fe, K, and Mg released
in the Forestburg eshqleachates.

Based on major _Uelement composition ahd initial'
hydration reactions both ' fly ashes are classified as
Alkal ine Modicl aecording to the prop&sed classification

system outllned by Roy and Griffin (1982) for coal produced.

‘fly ash. Alkallne Modlc fly ashes may be the most common

type of fly ash produced from eastern U.S. bitiminous coals
%goy.- ‘and Griffin 1982). The Foregtbugg ash' can ©be:
subclassified"as an Alkaline'BaPiUm-Moaic fly ash, as it
contains an exceptionally high 'leyel (>0.2%) of Ba?a The

. L
;.it‘did not contain

red a

‘i g

Sundance# ash cannot be subclassi

levels greater than 0. 2% for constl- A normally occurriﬁ@

-~

The changes in the chemlcal_comp051tlon-,of the leached

(weathered) fly ’ashes, compared to the : respect'

unweathered aShes,, are shown in Tables 5 to 8 (fd& aé@ual’

compositions see Appendix, Tables 37-40). Various depletfbn
- % ;;} .. ) .

and ' enrichment patterns were evident “for 'some components

within some individual cores in each of ‘the” four leaching

- series. _The differences - in the enrichment/depletion

patterns - among the various constituents refleqts = both
diversity of . phases within ‘the unweathered -asl~s and

. ; . . » ’
differences in the ch@lical behavicur of components.
| s - o -2 o

3
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" .
Reduction in the concentration of a constituent 'in a
-ore section, with respect to the content in tpe unweathered

ash, .indicates preferenfial net removal of the constituent

?
G

from the core section. Most large decreases in the content
of some elements, such as Ca, Mg,_qhdvFg;Ln_the_;irst column
 cores,u giQe a: ;Zod indication of the‘mggniFude of elemer.
removal. Minor differences of a -few percent among cor:
sections, such as the Si values of the lower core sections
of the third, fourth, and fifth columns ‘ofb all series,
probably: reflect only the intrinsic vériability of the
ashes. '

Increases inb‘the content of an element in a core
section with respect to the unweéthéred ash‘indicate either
negatiQe enrichment or ﬁet deposition. -Negative enrichment
occurred primarily in the first column cores where no
components were added and only dissolution and leaching of
select components took place. Increases (pésitive ‘numbers)
or no change (zeros) in the guantity of a component not
extensively dissolved»frém the first column cores, compared
to the unweathered ash samples, indicates negative
enrichment. An exception is the case of Na in bthe AASA
leached samples (Tables 6 & 8) where considerable duantities
of the element were removed from the first column (Figures 6
& 7) but negative enrichment primarily due to Ca femo?al was
greater %han-or eqﬁéi to}the magnitude of Na removal.

Net deposition of constituents took place in all column

cores after the first where the gquantity of  a component
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depésiFed was dreateé than the quantity removed from a given
core section, Net deposition of an element 1in a core
section was generally indicatéd by an incréase:in the amount
of " an element in the sample with respect to the unweathered
-ashes. ' Enrichment oJf a core'seétion in QyMéiveﬁ"cohbonenf
may also héve'occur:ed through deposition of a certain phase
while being preceeded by removdl of a larger quantity of the-
same component through dissolution of another ash phase.
EnrichmeﬁL of- this typé is indicated by the elevation in
compositional lévels»of a core section, compared to adjacent
core sections. For example, Ca was deposited"in"the
surface-~edge _samples of the latter 1ea§hing columns but in
some c;ses the enrichment values of all core. sections were
negative with respect to the unweathered ashes (Tables 5-8).
Enrichment of Ca in the surfacé—edge;samples was indicated
only thrbugh the increases in the content of Ca inlthe core
_éection with respect to adjacent core sections. These. core
ééctions are therefore actually enriched 1in Ca while

displaying a decrease in total composition with respect to

the unweathered ash. _ T

Calci- . and ﬁagnes{uﬁ =

c-r - and Mg -were depleted from both ashes in
guan: *ies -hat exceeded all other major  and minor
cénstituents (Tables '5-8). Calcium appeared to be more’
extensively leached than Mg,'with respect to the unweathered

ashes; however, the apparent lower relative dissolution of
A :
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Mg (minor component), compared. to Ca (major component),
could arise from hegative enrichment of Mg' due to the
massive overall removal of Ca.

De?letions of Ca and Mg were greatest in the ash of the
first and getond columns (Tablés 5-8). Depletions decreased
aéymptotically>hithin the core sections of each leaching
.series. The surface layers of thevfirst do;umns sustained
the greatest losses. The lower core sectigps of the fourth
and fifth co.umns were not ;ubstantially different from the
respective unweathered ashes. |

Similar' asymptotic depletion patterns for Ca and Mg
were also evident within some of the individual - ash cores.
The surface core séctidns (exclqﬂing the surface—gdée
samples) of most column cores usually contained less Ca and
Mg than the lower core sections; The magnitude of
differences amcag the core sections of eaﬁh column core wvere
generally less pronounced 1in the latter columns of each
series. Leaching with 0.005 M H;SO, removed more Ca and Mg
‘froh the ash than did 1leaching with AASA solution (cf.
Tables 5,7 & 6,8).

The 1initial mobilization of Ca from the ash is most
likely due to the hydrolysis of CaQ and dissoclution of the
hydroxide products (Ca(cH),;) as sSggested " by many
xinvestigators (Theis and Wirth 1977; Talbot et al. 1978:
Elseewi et al. 1980; Dudas 1981; Hodgson et al. 1982)!

Comparatively minor amounts might also be dissolved from

anhydrite (CaSO,) in the ash (Dudas 1981). The formation of

Aﬁ" ’
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Ca(OH). was most evident in .the trends for leachate pH
values and release patterns of Ca' of the Sundance ash
(Figures . 1-4). While the column leachates of tne Sundance
ash were buffered in the extreme alkaline ranges. above pH

12.0, solution levels of Ca remained within the range of

AN

500ug-mL™' to 950ug-mL™' with 0.005 M H,SO, leaching, and
from 1500ug:mL-' to 2500ug-mt" with AASA leaching. The
high levels of Ca in solution coinciding with“ extremely
alkaline pH values 1indicates ‘the presence of a large
guantity of a discrete soluble Ca phase in the ash
controlling the solution parameters. The stable phase under
these conditions (extremely high solution levels of .Ca and
extremely alkaline tpH values) is ‘Ca(OH)z iportlandite)
(Lindsay 1979). This mineral 1likely formed through the
hydrolysis of a lafge amount of available Ca0O and remained
temporarily undissolved in the case of the sSundance ash.
Continious 1leaching .did not allow its formation in the
Forestburg ash and guickly removed it from the Sundance ash.'
Exposure to les; acidic solutions than thoge,employed in
this study, such as water (Dudas 1981), may' not elevate
levels of Ca high enough to facilitate Ca(OH), formation as
occurred in the.Sund£nce ash. ‘ " |
Availa?ility of most of the Ca in the ashes to the
leaching solutions is evident in the removal of considerable
quantities of - Ca from the ash of the first columns (Tables

5-8). Much of the Ca in the ashes was therefore associated

vifh the particle surfaces. The extremely high solubility

\
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of Ca(OH),; would account for the short duration of highly
.alkaline buffering in the Sundance ashr The disappearance
of the portlandite (Ca(OH),) from the ash cores is indicated
by the sharp decrease in the pH values the leachates of
beach column from above 12.0 to belo: 9.0 and the
corresponding deCr;ase inf;hé leachate éonce' itions of Ca.
Conversely, e&en though Ca was 4@lso dissolved in larc-
guantities from“ELe Forestburéxésh,"a similar buffer zone
"above pH 12.0 did not occur (Figures 1-4).‘ The'unweathereq
Forestburg ash contained less Ca than the Sundance Oash
(Table .4); however, tﬁe'difference in content of Ca between
the ashes was not 1likely great enough to account for
differences in the ash buffering capacities, Instead,
differences in the buffering capacity likely' reflect
differences in the physical forms of Ca in the.ashes (i.e.
pércentége of Ca whicszz
differences in total quéhtities. The possible forms of Ca
in the ashes will be discussed at length in the mineralogy
section." | ‘} |

The removal of much of the Mg from the ashes was
comparable to the removal of. Ca and consistent with the
chemistry of a Mg0Q phas:. The hydrolysis of MgO results in

the formation of Mg(OH);, which is generally less solubie

than Ca(OH),; and only sparingly soluble in excess alkali

(pH>10.0) (Cotton and Wilkinson, 1972); The formation of
"Mg(OH); in the ashes would account for the very low or
| undetedtablé"concenpratiops of Mg in the first few leachate

T 4

ccurs as CaO) rather than simply

\// ‘
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increments in which leachate pH values remained above 10.0.
Magnesium dissolved from aﬁy'highly solﬁbie Mg-salts (e.g.
MgsO,) present in the ash, under alkaline conditions, would
also contribute to a solid Mg(OH); phase. The "delayed
" flush" pattern obgerved for the release‘of Mg correspqnded
toragidification of the respective ash cores (cf. Figures 2
Lo4). The peak COncentrations‘wene likely caused by rqpid'
dissolution’ , of Mg(OH); previously formed uhder the initially
extreme alkaline conditions. Mag;Ekium oxide in the

unweathered ash likely bccurs in solid solution with a0, |
but unlike Ca, Mg does not dissolve until PH values drop

from extreme alkaline ranges to moderate alkaline or acidic

ranges. Further discussion of the physical forms of Mg is

"also reserved for subsequent sections.

\A white (10YR 8/1)d precipitate was found on the»filéer'
papers on.the surfaces of the fourth, fifth,?,and in some
~cases, the third columns of each leachihg sgries.' The
surface-edge samples of most fourth and fifth éolumns vere
either enriched or .did _not differ in Ca'content‘frou the
coﬁposititioﬁ“of the respective unweathered ashes (Tqblés
5-8). The céncentratibns of all other major‘elénents_in the
surface-edge shmpies, including Mg, Qere considerably
'diluted with respect to the unvéatpered ash\;ontents (Tables
5-8). This ihdicated 'that the wvhite precipitate was
composed essentially of Ca.  Core section samples adjacent
to the suéfgce-edge samples'(bottom core "sections of the

previous column cores and the surface core sections of the

3
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same column cores) were usually lower in content of Ca.
Therefore, although content of Ca in the sur face-edge
samples (columns 3, 4 & 5) was less than the content of Ca
in the unweathered ashes, éa was 'still enriched in the
sample with fespect to adjacent core sections. Calcium

accumulations in'qhe surface~-edge samples corresponded well

- M

with inorganit carbon contents (Table 9), indicating
’preCipitation of a carbbnafe phase. Transport and
precipita;ion of - other ' Ca phases also occurred under the
specific conditions  imposed durinq thése leac;ihg
experiments. DiscuSsiqn of these phases is reserved for
subsequent sections.

Precipitation of CaCO, on the core surfaces of éhe

latter columns of each series likely occurred through the

following reactions:

1Y

CaO (ash) + H,0 = Ca(OH), — Ca:* + 2 OH- (1)
€0, (atm.) + OH- —» HCO; S (2)*
Ca*° + HCO; —» CaCO,(s) + H- : (3)
ca(OH), + HCO; —» CaCO,(s) + H,0 + OH- (4)

Some of.the Ca*" and/or Ca(OH), derived from the hydrolysis
- of C#O,‘nativé to the ash (equation. 1), would r;act vith
atmdspheric Cb, dissolved in solution (accentuated by excess
OH-, equation 2) to form a CaCO, precipitate under the
prevailing #lkaline conditions (equations 3 & 4). Formation
of CaCO, would be at the expensf 6f Ca(OH).Q(solid phase or
.................. \

' Carbonate ion (CO}-) would also be present in solution and
participate in similar reactions; howvever, the bicarbonate
ion (HCO;') is the dominant species in solution under the
prevalent pH conditions (Stumm and Morgan 1981),.
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' solution species) which is metastable in the presence of.

'dissolved‘CO,-(Lindsay 1979). ,
‘Ptedipita%’! CaCo,; was redissolved. alon? a front

corresponding to the acidification front within the ash

cores of each series, Carbonates were present in the core
sections of those’ columns which had not' undergone
acidification and absent in those where, the leachate pH

values " had dropped into the ‘acid range (cf.. Table 9 with

?igures 1 & 2). Some redissolved CaCO; would again'

precipitate further down each leaching series.

Redissolution of precipitated CaCO, and reprecipitation in
latter columns would account for the buffering observed for
all nonacidified columns in each series in the 8.5 tp 9.0 pH

range. This would also account for the sustained levels of

Ca released prior to acidification, and the corresponding .

decrease in the leachate concentrations of Ca from high
levels following acidificatién of the ash cores.
Precipitation of Mg“in the ash was not identical to Ca
pteciﬁitation. The sum quantity of Mg ‘in‘ thé leachates
éecreased with successive columns in each -eaching series

’
(Pigure 5), indicating that Mg precipitated in the latter

columns of each series. Accumulation of g did nc. occur in

the surface-edge samples, as did Ca, but rather over a broad

‘range of co:r. sections, mostly in tk- midile and/or bottom
layers of the fourth, fift. and in some series, the third

columns (Tables 5 tc 8). Most salis of Mg (e.g. chlorides

and sulfates).éte highly soluble (Lindsay 1979) and are not

3



,Mg":Cq?" ra;iqﬁ“ of the leaching solutions. Removal of Ca .

8o

likely to brecipifate under the leaching conditions imposed

uduring this experiment. Most <carbonates of Mg are also

highly solublle and do not, usuallyl précipitaté as separate

" phases. Magnesium does however commong form solid

solutions with CaCO, (Lindsay 1979). Cérbénaﬁes, were
p;esenfl in all core sections of the nonacidified columns
(Table 9). Precipitation of MgCO; in solid solution with
CéCQa is'fhefefore the most probable mode of Mg accumulation
in the lower ash columns.

A number of facéoré ‘may have contributed to the
dispersal of Mg precipitaﬁes amoné the lower coré sections
of the: nonacidified coluﬁns. ‘The Mg’;:Ca" solution ratio
plays an important role in 'ﬁhe ‘incorporatidn‘ df Mg  into
CaCO,  structures (St. Arnaud and Herbillon  1973).
Precipitationrof CaCoO, from a solution contajining both.'ﬁg
and Ca, such as occurred on the core suffaqss of the third,
f;urth, and f&fzﬁ.columns, would effectively inctease"the'

§

from solugioﬁfit‘%he begining of core infiltration would
/ 77" ‘ :

Jvﬂ;omcge precipitation of Mg-bearing CaCO; in the

) ~,.~> Ay . -

sections, similar to the formation of Mg-bearing

2

zaiﬂ'goils (st, Arnadd 1979). Other factors such as

'formdtﬁéﬁ of stable sulfates, .acetates, or salicylate

P

comﬁleies with Mg infleqching‘solutioﬁs might hinder MgCO,
precipitation. The solution species MgS0O{ would likely form

in the - H;SO, leaching 5olutions' and would account for a

"significant portion of"thg total dissolved ‘Mg - (Lindsay
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5

1979). Precip.cation of Mg in solid - lution with CaCO;"

might therefore ValSo be limited by transformation kinetics
of ﬁg solution species. This would also resuit” in the
greatcr dispersal of <précipitatedt Mg among the ash core
sections, comhafed.to Ca. | |

Sodium and-Potassium

Of the minor _univalent constituents examined, K.

displayed trends of negative enrichmerit in the leached

residues while Na displayed both hegative enrichment (AASA

leached samples) and ‘depletion (0.005 M H,SO, leached

S

samplés) (Tables 5-8). Change§ iﬁ the compositions of K and

Na, . with respect- to the unweathered ashes,  were most

pronounced in the first column cores. Changes in the
: S o s T e o ‘

compositions of K and” Na in subSéquentfcolumn5co:eé_were
minimal _except ~in some cases 'fbr"‘thé suffaCev aﬁd
'surface-edgé‘.isamgles of the secon&r:éOIUmns.'> Negative
en;ichment'of K‘in'éﬁe-ﬁétst_coluﬁn cores was primarily due
to removal of Ca and Mg. Sédimm also aisplayed negative
enrichment in the first column cores of tﬁe AASA iieaéhed

ashes and depletion or no change in content, with respect to

the qnweatheréd ash in the H;SO,. leached first’columns. The

| mineral acid solution removed considerably more Na from the

ashes than the organic acid solution. -

-The"two stages of Na and K release observed in the

¢

'leachate'patterhs‘(Figures.s & 7) rgi}ect dissolution from

two distinct phases in the unweathered, ash. Similar trends
: g . : - ; Q_,... '

3

-
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have been reported elsewhere {(Dudas 1981). The initial
stage of Na and K release is characteri%ed“'by, a ‘rapid
decline in initially high leachate concenffations. The drop
in concentr;tionsJ is consistent with dissolution of a
limited quantity of readily soluble salts, ‘most likely
suifate salts, associated wit particle surfaces as
suggested by Green_,aﬁd 'Maﬁahan (7978) and DudaS‘(1981§.
Negative enrichment of K Jin the residue core secctions,
primarily in ﬁhe first column cores, (Tables 5-8) indicatgs
that most of the.K in the ash is not associated with the
soluble salt fraction. The much higher concentrations of Na

than K in the initial leachates (Figures 6 & 7), compgred to

‘the da:K ratios of the unWeathered ashes (Table 4), suggests

that &« much greater percentage of the total Na than _.he

.otal K is associated with the soluble salt fraction of the

o

ash.

The low levels of Na and K in the leachates detectc.

‘after the init:al flushes indicates that Na and K were

. : . ~
‘dissolved during latter weathering. stages from forms far

-

less soluble than the forms that accounf’ for Ehe initial
£lush. Th; majority of the Na and K dissolved from the ash
after reaction of the highly  soluble forms was derived
almost entirely from fhe ash of the.fi:st leaching columns.
Levels of Na and K in the leachétes increased only slightly
after passing through each of the subseduen;‘columns é?fzgch;

series (Figures 6 & 7). Concomitant high levels of S§i and

Al were also maintained in the leachates of the acidified
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columns (cf. Figures 6,7 & 8,9) sﬁggesting that Na and K
‘released at iow levels from the ash was likely derived from
the aluminogsilicate matrix of the ash.

| The meehaniem of univalent element removal from fly. ash
may be more complex than the dissolution of particle
surfaces. Differential depletion of Na from the ashes  with
respect to K, was most notable in the 0.005 M H}SO. leached
Sundance series (Table’ 7). The overall levels . of Na
released “from the .aShes were also much.highef than the
:levels of K released during tne later leaching stégee
(Table 3). Differential remov;I of the univalent elements
from the near—sunface locale of the aluminosilicate glass
phase of the ashes may be possible. Univalent cations (Li,
Na, K, Rb, Cs, etc.), unlike o;her glass consitituents, are
capable‘\of solid stete migration within glasé”;hien is in -
contact with agueous acid solutions (Boksay et al. 1968).
The removal rates of Ne, K, and other alkali cetions from
glass depend on solution acidity, temperature,'atomic radius
.of the dominant diffusing ion (increasing wi;h decreasiné
ionic radius) and the activities ofﬁthe respective ions in
solution (Jambon and ‘Carron 1976; White.1983). Migration
and escape of_univalent elementssoecurs at a decreasing rate
independent of a dissolving glass surface (White 1983). The
s}jght decrease'in tne concentratign of both Na and K in tng
first 'cgldmn bleachate solueions during the later stages ef
nleaching‘(fable 3), suggests that migration of the univalent

elements within the aluminosilicate glass of fly“'ash

[
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particleé does occur. The increased aqidity of the mineral
.acid,. compared to the organic acid mix;ure, would be
responsible 'fbr the enhancement of the migration mechanism
in the 0.005 M H,;SO, leached samples. Hence, the greater
removal of Na from the ash compared to K, may be due to both
greater association of Na than K with a more soluble phase
of theﬂ ash and greater solid state removal of Na from the

less soluble glass phase of the ash.

Silicon and Aluminum
Silicon - displayed the greatest degree of negative
enrichment of the major ash constituents (Tables 5-8). pIn.
“all four leaching se}ies Si was negatively enriched in .éhe
ash of thé first coiumns,-and‘in some cases, the Surface
. core sections ‘of the second columns. Negative enrichment of
Si in the first colﬁmn was greatest in the surface core
sections, then decreased with.core depth. The remaining ash
‘¢ore sections from éll other columns were not significantly
_changed in content of Si from the unweathered ashes. except
‘ for the surface-edge samples of some Qf the latter célumns
of'eath-leaching séries. Thé moderate depletion of Si in
' these samples ' would be due to dilution through carbonate
additions. |
The pefcentagé of the total Al represented by the
. . |
~ amount of Al removed from the A first column ash was much

‘greater that the percentage of the total Si removed from the

column. The total quantities of Si in the ashes was much
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greater than the quantities of Al (Table-4). Alum:. ‘m was
depleted 1in the ash of the first columns leached with 0.005
M H,SO., but negatively enriched in the first column .ash of
the AASA leached series (Tables 5-8). Increases in the
content of Si in the first columns of each leaching‘ series
corresponded well with negativg enrichment primarily due to
Ca removal. - Negative enfichment of Al in tﬁe first <columns
of the \AACX leached series was also dué to the removal of
Ca. The same effect was nullified due to an equal or
greater magnitudeﬂ of Al removal from the ash of :ﬁe H;S0,.
leached first columns.‘ The greater acidity of the mineral
.acid and 1ts longer reaction period‘in this experiment wés
épparently more effective in removal of Al_than,th; organic
leaching’ solution. The acidified H;SO, leached ash cores
released higher\levels of Al than did the AASA leached
columns. Undér, acidic conditions, the levels of ‘Al in the
first column leachates élso excéeded the levels of Si\
(Figures 8 & 9). The sum Quantities of Al released ffdm the
first column ash cores were\gteatef than the sum quantities
of Si. Silicon was therefore primarily residual in the ash
while Al was priharily depleted from the elu;&al ash
columns. » b

The .lower core sections of the second columns and/or
the upper core sections of some of the third column coreé
were generally enriched in Al compared to the unweathered
ash (Tables 5-8). The moderate increases in thé contént of

Al in these core sections-were likely due to precipitation
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of Al from solution as indicated by the sharp decreases in
concentrations of Al 1in the leachates passing through the
second and third columns of each series (Figures 8B & 9B).
Dissolved Sf wvas removed from the leachates similar to Al
(Figures BA & 9A) Precipitation of Si must have thérefore
also occurred jﬁ tﬂe second and third 'column cores.
Increases in the content of .Si in the <core sections,
parellel.téﬁincreases in the content of Al, were not eyident
(Tables 5-8). Tﬁe percentage of Si added to the cores
through precipitation from'solution, compéred to the total
content of Si in the aéh, was very smgil ‘and therefore
likely | not decectatk_e. Errors introduced through
determination of .: by d:f{ference would also contfibut; to
errors in detection of the small peréentage iggrease in the
content of.Si in each core section. Although' increases in
the 'contenf of Si in the ash cores wefe not discernable,
precipitation of Al and 'Si within the same column and
increases contents of Al 1in the respective column core
sections‘suggested that translocated Al\and()si could hage

precipitated in the ash cores as an aluminosilicate.

Iron

The highly visible movement of Fe within the ash cores
was related to declining pH  values. Soon after
acidification of the ash in the first columns (after the

first few incremental additions) a brownish yellow (10YR

6/8)m to yellowish red (5YR 4/8)m band of approximately

Y
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0.5¢m thickness developed within the ashes near the top of
the cores. Similar bands also developed within the ash of
th; second and gﬁird éolumns soon after their acidification.
With additional.acidic.leaching, the bands slowly moved down
the asﬁ cores in chromatographic faﬁhion.‘ Over the entire
leaching period the.bands did not reach the bottoms of any
of the cores. Isolated pockets  of similar colour vere also
observed surrounding a few large bubbles which had formed
against the column walls within some of the acidified ash
cores. Formation of the colours adjacent to the bubbles
indicate that oiidatioh-reduction conditions alsa have an
important role in the translocations of Fe during fly. ash
weathering. §

The enrichment of Fe 1in the core sectioné closely
matéhed the positions of the coloured bands in each of the.
columns., The surface .and middle'qore sections of the first
columns were extensively depleted of Fe (Tables 5-8). 1Iron
' was most hiéhly enriched invthe bottom of fhe first column
cores whichfcorrespohded to the location of the band at the
termination of léachinéf Iron enricpment-also occurred in
- the surface and §urfaée-edge samples of the 'second columns
of each series. 1Iron aiQSplved from the surface and middle -
éore» sectiohs of the\firgg columns by the mineral acid was
immediately precipitated eiéhef‘in the bottom of the first
columns or on the surfaces of\thé ash of the second~coluﬁns

\

before acidification of the lafkgr. mns which were not

acidified showed no evidence of translocation (cf.
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Figures 1B & 10A). However, these columns were slightly
,depleted .in Fe (Tables 5-8). Iron depletion in these latter

columns was likely due to dilution through the addition of

other phases. ‘

N

Iron dissolved from the ash by' the organic acid
solutions tended to diffuse into the ash of the second
column cores more readily compared to the mineral acid
leachates. In general the coloured bands produced from AASA
léachihg were mére diffuse and not as intense in chroma as
those produced through mineral acid leachingf Infiltration
of the AASA dissolved Fe into the ash of second column cores
is indicated by- the Fe enrichment of most ofﬁhfhe ash core
sections (Tables 6 & 8). Enrichment of Fe was limited to
only the sﬁrface layers of the second columns of the 0.005 M
H,SO., leached series (Tables 5 & 7).

The more diffuse Fe enrichment pattern in the second
column  cores of the AASA leacheé series suggested that the
férmation of the stable Ee-salicylate.complexes inhibited Fe
precipitation. Complex Fe-salicylate saits tend‘ to be
reddish in colour (Windholtz 1976).  The organic léachingr
solutions, ‘after paSsing‘;through the acidified first and
second columns, ranged in colour from burgundy to dark
purple which changed to clear on addition of alkal%.
Similar .coldurs involving organic-Fe?* complexes were
observed by Bloémfield (1953) in pine needle extracts used
to leach soil" matgriali in a study of podzolizatién.'

. Formation of Fe”-salicylate complexes would inhibit Fe
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p
precipitation. . Similar inhibition of Fe precipitation has

been observed for soil organic compounds (Séhuértmann 1966) .
- The ferromagnetic fractions of the aneathered fly
ashes were primarily compésed of Fe and represented only a
small fraction of the bulk ashes (Table 10). Of tﬁe ﬁajor
elements, dnly Fe was enriched in the ferromagnstic
fraction, compared “to the " bulk _ash. The ferrbmagnetic
fraction comprised 8.8% and 13X of the Fe in’ the Sundance
and Foresiburg bulk ashes, respectively. The elements
capable of substitution for Fe in spinel structures include
Al, Ca, Mg, Mn, Ni, Cr, Cu, and Co, (Deer et al. 1966;
Brimblecombe gﬁd Spedding 1975; Sidue et al. 1978). These
elements did hot exceéé 10% of the fgrromagneticvfractions.
Silicon waé the second most abundant cpnsti;uent (after ‘Fe)
in the‘ ferromagnetic fraction. but 'it. likely occurs as
‘discrete inclusions of quartz ahd/or' amorphous material
'pﬁysicallyA fuséd with the ferromaénqtit?particles. Some of
" the Al and Ca in the ferromagnetic lf}acﬁions' may be
associated with Si. 7 ) - ” -
The majority of the Fe removed from;thé“ bulk ash was
derived from a‘source.other than the‘ferromagnetiC'f:action.
Dissolution of magn;tife or ferrite is very slow even .under
.exgreme -acid conditions. The percentage 6f the total Fe
cbntained in the ferromagnetic fraqtion is considerably less
than the percentage of Fe removed from the surface ana

middle core Sectibns (Fe depleted) of the first éolumn

"cores. The ferromagnetic fraction could therefore not

i
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-acéount for all Pe dissolved from the first column cores.

a

Since the percentage of all other elements in the
ferromagnetic fraction represent negligible fraétions of the
bulk ash compositions (except Mn), the quantigy of these
elements releasedl thrdugh dissolution of the ferromagnetic -
fraction compared to the buly ash’ wSuld also likely be

negligible.

Trace Elements .
Most of the trace elements displayed enrichment and
depletion patterns within each series of weathered ash

similar to those for the major and minor elements (Tables
. 3 )

5-8). Significant positive and negative correlations.

occurred among three main groups of elements (Table 11
ahd/or Appendix, Tables 41 & 42). The elements Sr and vBa
(in thei case of AASA leachfng) we}e highly correlated only
with Ca and Mg.. Correlations also suggest th;t the trace
elements Mn, Ni, Cr, Co, and Cu act similar to Fe, Al, Ca,
and/of Mg. The goncentrafions of,Pb. in the core section
samples ,exhibited‘ a high positive correlation with Si, K,

and in the case of 0.005 M H,;SO, leaching, Ba. The content

‘of some trace elements in the veathered residue digests were

in some instances very close to AAS detection 1limits.

. Differences in trace element compositions among the

weathered core sections and the unveathered ashes may

therefore in some cases be questionable.
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Barium and Sr afg chemically similar to Ca and Mg and
act éccordingly during fly,ash weathering.. Bacium-dispiajed
two enrichment/depletion pétterns. 1A negative enrichment’
pattern, similar to that of Si and K, in the 0.005 M H;SO.
leached series and a depletion pattern, similar to that of
Ca, in the AASA leached samples. Strontium exhibited
depletion in all le?ched ash residues and overall was the
most extensively depleted of éll the monitored . elements.
‘Both Ba- andr Sr were  slightly enriched, with respect to
,adjacgpt core seqﬁioné, in the carbonate enrichéd

14

surface—edge‘samp1es.

Negative enri;hmént of Ba in the first column cores of
the stb. leached series.lwas 'very 1likely due to the
immediate»precipitatigp of dissolved Ba as sparingly soluble
BaSO, (barité). ‘The high concentration of SOi- maintained
in‘56;ution"th£ough sto.' additions would depress BaSO,

dissolution  for ~ the duration of  leaching.  The

concentrations of SO%- were apparently not high enough to

-

induce SrSO. (celestite) precipitation. Depletion of Ba in’
the AASA leached samples displays the dissolu;ion trend of
Ba in the presenée of . the organic iigands.‘ The
exceptionally high enrichment values for Ba 1in, all core
sectiohs‘ of the Sundance ash . leaching éeries are not
realistic, suggesting some analytical problems, wifh Ba
deter;ination. | |

* The substantial removal of Sr sugdests that the largest

percentage of ‘this element is associated with the highiyl

¥
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soluble phases of the unweathered ash. The high correlation
of Sr Qith:Ca indicates assoCiatidn with Ca0, most likely as
Sr0 in solid solution with Ca®. Dreesen et al. -(1978) also
observed similarities in behaviour of solible Sr and Ca.
Strontium association with' Ca is ‘likely, sidce the
solubility Lof alkaline '_earth oxides increases with
increasing cationié radii whereas other compouﬁds (e,g.’
sulfates) exhibit the opposite trend (Cotton and Wilkinson
1972). Barium also probably occurs in solid solution with
Ca0, but not to the the”extent‘of"Sr.- After leqchihg fly“
ash for two . years with distilled water, Dudas (1981) also
found Ba negatively enriched and Sr depleted in leached ash
residues.,  Lower overa;1.~removal; of Ba from -thé ash,
(considériﬁg the Forestburg data. énly) compared to Sr,
suggest that a significant portion of ‘the total Ba in the
unweathered ashes is associated with a less solublé“phase
than an oxide.

The dééree of enrichment of the trace elements:Co} Cr,
Cu, Mn, and ﬁi in the ferromagnétic fré@tions.’of the
unveathered ashes was very diverse (Table 10)5 Compared to
the bulk ashes, the ferromagnetic fréctions .cont&ined
slightly elevated concentrations of Co, Cu, and Ni,
consistent with the results of Hansen et al. (1951).
Contrary to the results of Hansen et ,31- (i981), Cr
contents of thg»ferromagnetic fractions}we%e loﬁér than the

bulk ash'contents while Mn displayed extreme enrichment.

Except in the case of Mn, the 1low ferromagnetic yieid
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suggests that this bf}action does not contain major
percentages of any eléments in the bulk ash. Dissolution of
the ferromagnétic fraction would substantially influence
only the translocation of Mn among the trace eiements in the

ash.

The concentrations of the trace elements Co, Cr, Cu,
. :

Mn, and Ni-in the weathered core sections displayed various

corrélations with the major“elements Fe and Al, and the
minor constituent Mg. Differenées were notable between_ the
two lgaching regimes. Only Cr in the 0.005 M HzSO. leached.
saﬁples and Cu' in- the AASA leached samples wefe
significantly‘co;relatéd with Fe; Conversely, Cu exhibited
positive cdrrelations with Al, .and Cr with Mg in the 0.005 M
H,SO, and AASA leaching. regimes,_ respectively. Manéapeée

was highly correlated with Mg in all four leachiné‘sq:ies

while Ni was positively correlated with Mg (and ﬁn):ohly “in

the H,SO, leached samples. No~consistent*c0tfelations were
found for-Co;;or in the case'of_the :AASA leached samples,
for Ni. | - '
The‘pafAllel depléﬁion/entichmént-patterﬁs for Cr with
Fe fin',the' H2S0, leached éampl;s, indicéte§ ‘that ‘these
elements - are translocated: in--a- similar . gashioh‘;aufing
leéching l"‘wi_t_h _the ﬁineral Vacid solution. : Chromium

enrichment in the same core sections as Fe indicates
. ) ! R ! '

'co-precipitatipn, .Dgpletion- of Cr in almost all core

sections (Tables 5-8) suggesté that a significant.percentage

of the total Cr is’ easily leached from the ash under

~
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alkaline conditions. In an anionic form (such as an
oxyanion or as a negatively charged complex) Cr would remain
soluble under alkaline .conditions and could be transfered
through the column cores. In. a cationic form, Cr would
' likely precipitate (Eggett and Tﬂorpe 1978).

" Lead (Pb) was the only trace element to exhibit a
consistently high positive correlation in the yeathered core
residues with the elements Si and K. & Some precipitation of
Pb as PbSO,, 'similar to the formation of BaSO,, may have
occurred in the H. SO. leached samples. Since enrichment of
Pb in the first. column .cores also occur:ed in the AASA
leached series, 1nh1b1tion of Pb mobilization strictly by
sulfate. precipitation. is unlikely.eregative enrichment of
Pb in the first column cores 1is therefore likely due to the
assoc1at10n‘ of the majority of the total Pb in the ash with
‘sparingly soluble alum1n05111cate phaées.

The similarity of other trace element
depletion/enrichment patterns with major and: minor
components, as 1nd1cated by the significant correlatioﬁS'
among the 'components of the weathered ash (Table 1),
.generally“ ‘indicated removal and precipitation of the
elements within the same core sections. Copper enrichment
.in  the same ash samples as Al and Fe may indicate
association of Cu with precipitated Fe Aand/or Al phases.
' Correlation of Ni- w1€h\Mg suggests that Ni may prec1p1tate

-

as a carbonate, similar-to Mg, in solid solution with CaCO,.

-

The chemistries of many of ‘the remaining correlated elements

D — -

-

~



103

~re not highly compatable and explanations for the remaining

positive correlations are not readily apparent. .
C. Residue Mineralogy

Uﬁweathered Ash

The X-ray diffractograms of the bulk unweathered ash
samples revealed'thelpreSence of some crystalline material
and a large quantity of X-ray amorphoﬁs«materia; (ﬁjgure
11). Only two crygtéllin: minerals were, founé in the °
ugweathered . bulk samples: mullite (3A1;0,:2Si0.) and
a-&uartz (a-Si0;). The broac¢ humps located between 15°286
and 35°28 in both patterns indicate the pregence of large
quantities of amorphous glass in bcth fly ashes.

The quantities of mullite &nd a-quartz in the two
unweathered asﬁes were différent. The int;nsities bf*gthe
various peaks in the ZX-ray diffraction patterns give an
indication of the relative quantities of crystalline
minerals in each ash. The 101 peak (3.343&) of a-quartz was’
consistently more intense in the patterns for the
unweathered Forestburg»Jésh' than in the patterns for the
Sundance ash indicating a larger quantity(;f a-quartz in the
f%;mer ash. Conversely; the most intense diffra;tion peaks
for mullite (3.390&8 and 3.4281%) were_much.lower in intensity
and. many of the smaller diffraction peaks ébsent in the

Forestburg ash patterns compared to the Sundance ash

_patterns.
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The unweathered ask samples also contained magneEic
spinels. The diffraction patterns for the two unweathered
bulk samples did ' not exhibit "“peaks for magnetite.
Considering the very lc- conter:t of ferromagnetic material
in. the bulk samples (Tahle 10) detection of magnetite by
X-ray diffraction methods is unlikely. . The X-ray
dif{rac;ion patterns for the magnetically separated
fractions wére typical of magnetite (Figure 11). In
addition to magnetite, the ferrom;gnetic fraction of the
Sundance ash also contained some amorphous material, as
iﬁdicated by the broad humps 1in  the battern. The

ferromagnetic fraction of the Forestburg ash contained some

a-quartz. The most 1intense peak for hematite (2.69&) was

——

also eviden{ in the Forestburg ferromagnetic pattern;
however, ‘"he absence‘ of othef diffraction peaks fof the
mineral preEluded poéitive identification.

'Almost all the particles comprising botﬂ unweathered
fly ashes were spheriéa%/i?late 1A) which is typical of the
dominant particle morphologies of most fly ashes. Particles
of other ‘>morphologies, including cenospheres and
plerospheres, were also idéntified in both ashes (Plate 13).
The Forestburg ash céntained' more cenospheres. and
.plerosphefes and had a higheg .gontenﬁ of Fe than the
Sundance ash which is consistent with the findings of Raask
(1968). Energy dispersive spectra revealed Fe as the third
qost abﬁndant element (after'Si and Al) in ﬁoét' spherical

s

Eoregtburg ash particles, while Ca was the third most

\
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Plate 1. Scanning’ electron micrographs and
energy dispersive spectra of the
unweathered fly ash samples.

A: The "typical" spherical morphologies of the
particles of the unweathered fly ash
samples.

B: A plerosphere in the unweathered Forestburg
ash. '

C: Energy dispersivé spectrum of a "typical"

spherical particle of the Forestburg ash.

D: Energy.dispersive spectrum of a ”tyﬁical“
spherical particle of the Sundance ash.

E,F: Surface morphology of the spherical
particles of the unweathered Forestburg fly
ash. .

G,H: Surface morphology of the spherical
particles of the unweathered Sundance fly
ash. o
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abundant element in most Sundance-particles (Plate 1C & 1D).
The surgaces of all spherical partic}es in both unweathered
asﬁ -samples appéared ~smooth, although the Forestburg ash
particles tended to be much "Cleanér" in appearance than the
Sundance particles (cf. Plate 1E & 1G). Most Sundance ash
particles wére covered with extremely"small (submicron)
dust-like fragégnts (Plate 1G & 1H). The Forestburg ash
also contained these fragments (Plate 1E & 1F) but in , lower
quantities compared to the Sundance ash.

The infrared spectra of the unweathered fly ash samples
contained majorv absorption bands of various intensities
located within the wavenumber 'regions of 3200-3700cm-',
2850-2900cm",.1600—1800cm‘}, 900—1200cﬁ", 650-850cm-', and
300-500cm- "' (Pigu;e 12). The three small sharp peaks
located in the 2850-2900cm-' region indicate the presence of
‘a small quantity of coal in the ash (van der Marel and
Beutelspacher 1967).. The bands within the 3200-3700cm;‘_and
1600-1800cm-* regions correspond to vibtations for
structural OH groups and strongly absorbed water,
respect;vely'(Lyon 1964). The largest absorption band in
the unveathered fly ash spebtta was a very broad featureléss
band located between §00cm" andc 1200cm-~' with a maxima at
approximately 1025cm-'. Such bands are common to
aluminogilicafes.and are usually well developed in spectra
for glassy materials (Leonard ;t al. 1964, Farmer 1974).
These bands are usuélly loosely \§§§igned to (Si-0)- and
(Al-0)- stretching modes (Farmer 1974). The small broad

&I
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band in the. 650-850cm~' region. corresponds to Si-0-al
vibrations and the larger maxima at about 450cm™' is
generally assigned to Si-O bending frequencies (Stubican and
Roy 1961a,b). Absorption bands at | 630cm'f, 670cm- ',
740cm-', and 950cm~', characteristic of CaO (Jacobson and
Nixon 1968), were not evident in the spectra for any of the
samples. ‘These bands ‘may have been masked by the large-
broad bands for aluminosilicate materials located 1in the

same regions.

‘Leached Residues .

The results of the léachate analyses and other data
 presented to this point indicate that the.dissoiution of the
fly ash sampleé occurred in essentially two tran;ient
stages. ' These stagés are domiﬁated? by specific solution
characteristics. . The first stage was characterized by
extreme solution alkalinity and the releése 6f Ca, Na, and K
from the ash in high concentrations. The first leaching
stage gave way fairly quickiy to the latter  1leaching sfége
involving the release of lower levels of Ca, Na, and K»along.
with Si, al, ana Fe under aéidic conditions. Th?
dissolution of thesé and other conStituent elémeﬁts will now
be'related‘ to the ﬁineralogical charactéristics of the
weathered ash_:esidues and the dissolution"of spherical ash
pérticles.

‘The ext¥emely small..(Submicron), dust-like fragments

located on, or slightly imbedded in, the 'sgrfaces ofA‘the

oo
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uhwe;thera rticles (Plate 1F & 1H) have been noted
elsewhetﬂ:?sher et al. 19;}8; Dudas 1981). The precise
composition of these surface dust fragments 1is not known.
The comﬁosition of individual dust-like fleqks could not be
detgrmined by energy dispersive analysis in this study.
Most fragments are soméwhat similar 1in appearance to
individual physical components of aggregate particles
described elsewhere as CaO (Mattigod 1982). The dissolution
behaviourlo§ the two ashes eméloyed in this study also
strohgly implies that the.coTposition of these fragmenfs is -
- indeed CaO. |

» The Sundance ash contained a dreater qdantity of
dust-like flecks and fragments, compared to the Foréstburg
asﬂ, and also displayed an additional buffering zone in the
pH region apovel12.0 nof produced during the weathering of
" the ‘Forestburg ash: (Figures 1 ; 2). The'iarger'quan:ity of
small fragments present in the Sundance ash would have
effectively incfeased the amount of surface area per unit
mass of ash exposed tb - the ~ leaching . solutions.
Supersaturation of the Sundance ash leachates with Ca, with
'respect'to Ca(éH);, wvas due to fhe very rapid dissolution of -
‘a large .quantity_ of Ca; Sﬁ@ersaturation ﬁiﬁh rgspéqt to
Ca(OH); created the additional alkaline buffer region above
pﬁ 12.0 at the onset of leaching of .the Sundance ash .
(Figures 1B & 2B). The difference in confénts'of Ca between
the two unweathered ashes was not substantial (Table 4).

The greater quantity of Ca dissolved from the Sundance ash,



112

'

compared to the Foresﬁburg ash, could "have been derived
direetly from the additional surface érea.provided by the
small fragmeﬁts. The small flecks were not obvious oﬁ the
‘surfaces of ﬁarticies-in the leached Sundance ash residues
(éf. Plates 1H &'.ZDf. The small dust-like fragments
observed in the unweathered ash samples could thgréfpre have
been the source of CaO in the ashes.

Such fragments of Ca0 compositibn could have been
'produced'iﬂ the ashes thrbugh the decarbonation of limestone
and/or ,‘dolomite‘ iﬁpufﬁtigs in the parent coal. : Most
boiler-furnace temperatures do not exceed the melting point
of Ca0O (2900°C) (Robie 1979). Fragments of CaO formed from
the decarbonation of carbcnates>in the parent coal would not
likély admix - with coalescing molten material but would
rather be expelled, due to surface ténsion, to the surface
of the molten ash droplets. Thus the fragments would be
concentrated on particle surfaces ;nd.. maintain their

integrity. ° ‘

The highiy soluble fractioh of the unweathered ash
samples also contained a variety of elements other' than Ca;
Alkaline earth elements . (Mg, Sr, Ba; ‘etc.) are common
impurities in nétural carbonate roéksuand would very likely .
bccur in solid solutionkwith sucﬁ'Cao fragments forqed in
fly ash. During weétherigg, dissélution of Ca0 wéuld aiso
involve thg release of Mg, Sr, and Ba )componénts contained
in the oxide. These elements were depleted in the ash

similar to Ca (Tables 5-8) indicating that they dissolved
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2. Scanning electron : micrographs and
"energy dispersive spectra of some 1% HF
etched fly ash particles and some
weathered fly ash particles.

Spherical fly ash particles etched with
1% HF. -

Energy dispersive spectra aof mullite
crystals found in the 1% HF etched fly ash
particles.

—_——

Fly ash particles found in the surface core
section of the  first column of the AASA
leached and the 0.005 M H,SO, leached
Sundance ash series. Note the surface
morphologies. .

Energy dispersive spectra of a ferromagnetic
particle separated from the unweathered
Forestburg fly ash.

A  ferrcomagnetic particle from the

unweathered Forestburg fly ash.

A ferromagnetic pafticle separated from the
surface core section of the first column of
the 0.005 M H,SO, leached Forestburg ash.






1185

from a cammon souécg,in the ashes,

Thé 'high concentrations of Na and K released from the
ashe& at Athe' onsetr of 1leaching indicates tha; thesé
constituents are also associated with the CaO phase. Sodium
and K could eitﬁéf substituted into the oxidé or occur as
distinct phases suéh as sulfates (Green and Manahan 1978;
Dudas 1981). The precise forms of the‘highly soluble ga and
K constituents is not evidenf from the data. As discussed
previously, much more of the total Na than the total K in
the unweathered ashes is associated ‘itg a highly soluble
portion of the ash., The very low levE&s of Al released
under alkaiine conditions from the latter columns of the
Forestburg ash‘(Figu:e 8B) suggests that small amounts Al
may also K be an Velémental component of the hiéhly soluble
fraction of the For?s%burg ash only.

Analysis "of the weatﬁered.ash residues by XRD and IR
methods and examination of the particles 'by scanning
eiectron microscopy indicate .that‘the‘Al and Si @iéSolved
from the ash of the first columns of each leaching. series
) undef écidic condiﬁions was geriQed érom the glassy~;atrix
of the fiy ash partiqleé. The x—fay diffractogréms and ‘IR
spectra of the ash residue samples from the first colamn
cores indicate that mullite crystals, 1located 1in the
interior of spherical fiy ash’ particles, become enriched in
the ash with weatherihg. The weathered particles examined

by scanning electron microscopy displayed direct evidence

that the exterior portion of glassy particles are indeed
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removed during weathering.
Lo - . r
The preferential dissolution of the glassy material

from the fly .ash particles was evident in the presence of
L '

~

‘outliﬁggl of numerous acicular crystalé on the surfaces of
spherical particles.from the surface core sections of the
first co}ﬁmns of each leaching series (Pléte 2, D& E).  The
surfgceé,of the spherical particles in the unweathered ashes
were essentially smooth_(Plate 1). Most spherical particles
inAboth fly ashes etched with 1% HF. coqtainedi“an internai
ﬁétwonk Of_-écicﬁlar\'mdllite crystals kAl:Si ratio = 3:1)
enclosed within a matrix composed of amorphous giaSs"<(Plate
o2, A—é) very similar tjyihe structures reported bf Hulett et
al. (f979: 1980) and Hulett and Weinburger (1980). Mullite
displaying other crysfak, habits (Hulett et al. 1979) wet;
not@observeé in the 1% HF etched samples. Exposure of the
mullite crystals on the surfaces .of the weathered ash
particles=indicétes that the envelopinc glassy material was
removed during weathering. | o
The‘X-ray difffactioh patterné for the core section
”.samples “from  the first leaching édlumns displayed
_differences‘in intensities of the diffraction peaks for
a-quartz and mullite. THelinEénsities of the diffragtion
peaks for mullite and-quartz in the patterns for the thfee
core sections for the firstvléaching columns increased from
the bottom to the surface’ (Figure 13). The intensitiesffof

the,ﬁiffraction peaks for a-quartz increased markediy in the

patterns for the first column ash residues compared to the

[

)
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\
-unweathered ashes (cf. Figure§t11 & 13). The intensities
of the mullite peaks also incfeased,_but not 1in proportion
to the e-quartz peaks. The ratio§ of the intensities of the
210 mullite peak (3.3908) to the 100‘a-quartz peak (3.343R)
for the surface, middle and bottom Core. sections from the
first columns of the O;OOS'g H;S0, leachea SUAdance ash wefe.'
0.67, 0.62, and 0.53, respectively (Figure 13),l The same
peak ratio for ghe unweathered Sundance ash was 0.47 (Figure
11). The diffractograﬁs for the cofe sections from the
first' columns of all other leaching series were similar but
displayed less pronounced differences in the peak ratios.

| The differences ,in ‘the diffraction peak intensities
indicate that dissolution of the glassy material from the
ash particlés_decreased with depth in- the ash core‘accordingv
to the‘ chemical dissolution gradient within the core.
Alpha-quartz Sg‘écurs in fly ash essentially as discrete
nonfused mineral fragments énd possibly as recrystallized
inclusions inside some solid spherical particleS'(Hulett_and'
weinburger 1980). The .solubility of a-guartz is very low,
appfoximately- 10ug-mL-' at 1low pH values (Brownlow 1878),
and therefore it should hot dissolve rapidiy under the
‘acidic leaching conditions of the first cblumn;. The
increases in the intensities of all diffraction peaks with
weathering indicate either negative enrichment of the .

crystalline material in the ashes or removal of amorphous

coatings covering them. .

“
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The disproportionate increase in the intensity of the

mullite peé*s, compared to the peaks for a—qaartz; indicate

that the exposure of mullite on particle surfaces increases

from the bottom to the top of the ash core. K These increases

reflec

ted an 1increase in the amount of glass removed from.

the ash from bottom to surface of the first column core.

The 1

ntensity of the weathering gradient decreased within

the first column as the solution percolating through became

-

saturated with respect to the solubility of the glass.

'Solutions were saturated with Si and Al on leaving the first

columns as indicated by the levels of the elements in the

leachates (Figures 8 & 9). The amount of glass removed from

the particles therefore decreased with depth in response to

the weathering gradijent.

The major differences between the infrared spectra of

the weathered and unweathered samples occurred mainly at

¢

wavenumbers of less than 1400cm-' that invofve(;ibration

frequencies for Alﬂand Si. Changes in the absorption bands

corresponding to vibrations for Al and Si bonds indicate

dissolution and removal of the glassf matrix of the ash

partic

les. The 1025cm™' maxima of the large'band in. the

unweathered ash spectra shifted to slightly higher

wavenumbers

and sbroadened in the spectra for ‘the surface

core sections from the first column of ‘the H;SO. leaching

series

(Figure 12).

The spectra for the corresponding AASA -

leached sample displayed the same tendencies but the bands

were

less developed

(Figure 12). The broadening of the

< .

\
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large%t band was primarily due to two shoulders in the
1100-1200cm- ' and 900-100C.u "' ranges, most obvious in the
H;SO. leached sample. The shoulder in the higher wavenumber
fegion and the band maxima of the large band both correspond
to Si-0 stretch vibrations while the lower wavenumber
shoulder is usually aésigned to H-0-(Al) liberation . (bending
gf O-H co-ordinated Qith Al) vibrations (Stubican and'Roy-
196ta,b; Farm%£J1974); Increases in.the 1intensity of the
460cm” ' - band maxima and separatién of the broad band in the
1200-1000cm-' region into. sharper more distinct bands
generally corresponds with negétive enrichment of.éi in the
weathered samples And possibly the purification of Si
ph;ses. Increases in the intensities'of the Si-0-Al stretch
absorption bands between 650cm-' and 850cm-' suggest .a
greater predominance of Si-O-Al bonds in the weathered ash
samples. These bonds would be present in muliite more so
than in glass. The small broad 650-850cm-' band separated
into»sharper}individuél bands with weathering. The maxima
at éOOcm“, specificélly corresponding to a Si-O-Al stretch
| vibratién (Al in 4-fold coordination) (Stubican and Roy
1961), further indicated that the weathered samples.
contained a greater gquantity of- crystalline | material
compared to the unweathered samples. Thé appearance of the
distinct absorption baﬁdg for mullife - for the weathered
samples instead of the broad non-specific absorption bands
of glassy matgrial in the unweathéred ‘ash spectra further

indicated that the amorphous glass enveloping the mullite
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crystals was removed seiectiv?ly.

Differences in the levels of acid ammonium oxalate
extractable Al and Si between most of the first column core
sections and the respéctive unweathered ashes sﬁggested that
the amorphous glass of the ash is co&posed of two major
phases;'a highly reactive glass phase associated with the
exterior of ash particles and a'less soluble glass phase
associated with the interior regions. .Oxalate extractable
leipls ‘of Al and Si were much lower in most of the first
column core .sections' compared to the values for other
§amples from the same leaching series and”the respective
un;eathered ashes (Tables 12 & 13). Most of the Si “and -~ Al
dissolved frsm‘the first column was derived from the glassy
matrix of the surfaces of the spherical particles. _The’
lower AAO extractable levélslof Al and Si only in the first
column cores indicated that the residual glaésy material
Temai;ing after weatheringA is much less soluble than the
reactive glassy m&te:ial that initially coated the

particles. Comparable 1levels of AAO extractable Si and Al

in the weathered samples (other than from the first column),
and in respective unweathered ashes, indicated that reaction
“of the exterior glass was restricted to the samples , of the
first columns (greatest weathering intensity). 'The H;SO0.
weathering regime wés more effective in dissolving fhe
reactive glassy phase than was é;e organic acid regimé;"

Other alterations with respect to the unweathered ash,

U
not obvious 1in the SEM photographs or the infrared spectra
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of the first column surface core sections, were detected in
the DTA patterns (Figure 14). The broad absorption bands in
the infrared spectra of the first column surface core
seéﬁions-of the minerél aéid leached and‘Atﬁe organic acidl'
leéched samples ‘located within ;he 3200-3700cm°“.-and.
160b;1800cm" regions, cbrrespond with vibrations for
structural OH gréup; and strongly absorbed water,
respectively (Lyon 1964). These abSo;ption bands did not

differ substantially in size, shape, or spectral location

from the unweathered ash spectra (Figure 12). The DTA.

pattern for the first column surface core section of the

'0.005 M H;SO. leached series displayed a broad endotherm‘ at

125°C  while a similar endotherm was not observed in the

pétternsbfor the companion AASA leached samples and the
Yy _ S
unweathered ashes - (Figure 14). DTA patterns for the

(o .

remaining core sections of:,the'hﬂgso. ~leached and 'AASA

~leached first columns were similar to their respective

surface core sectioné. This indicatﬁd that the mineral acid
leached ash containe§ more adsorbed water and/or OH grouﬁs,
than the ash of the'companion AASA leached series and the
unweathered ash. Greater hydration of the first column ash
gamples dﬁé.to_leaching with H,;S0, is a150'1ndi;ated,in the
loés. on ignition (LOI) values (Table 14). The LOI values
for ghé first column core sections of the H3S04 leacheg

series vere éonsiderably greater than those for the

comparable AASA leached Samples. These data indicate that a

larger amount of adsorbed water was associated with the
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H,SO, leached residue samples.

The presence of adsbrbed water in'the weathered_samples-
- .Jnay be expiained by moré than one mechanism. The pfésqnce
of adsorbed water only in the H;SO, leached samples may
possibly ’be related, to the greater degree of solid state
migration of univalent elements. The appearance of the
H-0-(Al) shoulder -betweem 930 and 980cm-' on the'large
absorption band in the~iR spectra for. the H.SO, leached'
sample (Figure 12) suggested the presence of OH groups
within thé aluminosilicate matrix éf ~the ash in
co-ordination with Al. Formation of struc;ufal_OH groups
may bossibiy be due.to protén substitution for cétions. As
discussed in Aprevious sections, the first column cores of
fhe H.SO, leached series were more depletedvin Na compa;ed
to the first- column coré AASA leacﬁed samples (Tables 5-8).
The larger amount of absorbed\watet miéht also bé due to
hydration of the asﬁ part{cle surfaces through reactions
with the mineral acid.. Thevdifferencés définitely\ indicate
some basic dissimilarity in the dissolution mechanisms of
ﬁhevtwo tfpeé of,ecidic leaching solutions.

The ferromagnetic particles in the ash were also
selectiveli dissolved. qPring leaéhing. Ferromagnetic
particles are usually‘spherical. They are very similar té‘
non—magnefic alumihosilicate spheres, except that ‘ih - many
c;ses they can be ‘visually distinguishea  by the rough

appearance of parts of their surfacés . (Plate 2G). During

weathering, 3 portions of the ferromagnetic particles
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associated with . smooth surface patches tended to be

selectively dissolved 1leaving a skeleton-like structure

(Plate 2H). The _internal -skeletons of ferromagnetic

particleé vere comppsed of many small cubic componénts
reflecting the cubic c¢rystal structure of spineis;' The
smootherﬁappeariqg surface patcﬁes were more soluble than
the interior skeletons. The dissolved portions of the
parfiéles were likelj.composed of the eleménts‘ ihcluded"in
the bulk composition of thé ferromagnetic‘fractions (Table
10) but are not commonly substituted into spinel structures

(e.g. Ca, Na, K). Hulett et a.. 1979, 1980) found HC1

extracts of ferromagnetic fractions\to contain  high- lévels,

-

of Na and K. Since Mn likely substitutes for Fe in the .

spinel structure, both elements would not likely be
extensively dissolved from ferromagnetic particles.

\

Precipitation Products ' ' .

x

A variety of discrete mineral species and other mineral -

materials.were found in ﬁhe illuvial ash columné.' Three
groups of precipitates were distinguished: those associated
wiﬁh Ca;,'thése ~associated with Fe, ‘ and "thoée; of
aluminosilicafe nature. Calcium precipitates were formed
under a variéty of,'conditions and were widely dispersed
within the ash cores. Translocation of Fe was limited to

the acidified cores. Precipitation products of Fe

accumulated- priﬁarily. within the same column cores from

which the Fe was derived. Aluminosilicate precipitates.. .
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~ . ¢

occurred in limited quantities within a range of core
sections.’ _

The white‘“(IO YR 8/1)d precipitate deposited in
greatest quantities on the Surfaces of the ash of the fourth
and fifth columns fcr'all four leaching series was composed
‘primarily oﬁ CaCO; in the form of calcite (Figures 15 &'16)r
The x;ray diffraction .patterns of the fourth ard fifth
cclumn surface precipitates for both the AASA leached and
0.005 M H; SO. leached series were typical of calcite. DTA ..
patterns for the same samples all displayed large endotherms
at 925°C (Figure 14) also diagncstic of calcite (Webb and
"Fruger 1970). wCalcite was also detected by XﬁD in the
surface precipitates and surﬁace-edge ' samplesf“_ ¢
nonacidified third columns, the surface-edge samples;of all
fourth and fifth columns and in the surface core sections of
the fifth cciumns of some leaching series. Small
rhombonedral crystals of-calcite_were identified in many of-
the Ithird, fdurth, and fifth surface prec1p1tate samples
(Plate 3A & 3B). Other core sections contained carbonate
(Table 9) but calc1te or other carbonate minera&§ were not
detected by XRD,, :DTA, or IR methods ‘in theseé samples.
Calcite 1is the most stable phase of Ca at pH values greater
than 7.5-8.0 and atmospheric coz partial pressure (Lindsay

* i

1979).  ‘The mineral prec1p1tated under alkaline conditions

“a

in the leaching columns regardlessgof the type of - leach. .g

solution.
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Plate

3. Scanning electron micrographs of some
- calcium-rich precipitates from selected
weathered ash samples. AN

Rhombohedral crystals of calcite (CaCO,;) .in
the surface- precipitate from the fourth
column of the 0.005 M H;SO, leached Sundance
ash series. . :

Energy dispersive spectra of A.

Bladed . gypsum (CaSO,-2H;0) crystals in the
surface precipitate from the second column
of the 0.005 M H;SO., leached Forestburg ash
series. S

Orthorhombic Ca-rich crystals ({aragonite?)
ir a fibrous interwoven mass of submicron
sized acicular crystals covering the surface
of a spherical fly ash particle; from the
bottom core section, column four, AASA
leached Forestburg .ash series. [

Discrete orthorhombic Ca-rich crystais

(aragonite?) admixed with some fly ash
particles; from the surface core section,
column four, 0.005 M H;SO., leached Sundance
ash series.

Energy dispersive spectra of the crystals
in E.. Upper spectra = crystals, lower
spectra = spherical particles.

| Orthorhombic Ca-rich crystals-(aragonite?)

covering the entire surface of a large fly
ash particle. Note the tangental
orientation of the crystals to the particles
surface. Found in the bottom core section,
column four, AASA leached Forestburg ash
series. L
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With changing pH conditions other Ca-bearing minerals
were formed in the leaching columns. Gypsum (CaSOQ, ‘2H.0)
was detected by ZXRD in the surface precipitates of the
acidified columns of eﬁch 0.005 M H,;SO, leachiné series
(Figure 15). The infrared spectra of the surface
precipitates of the second iolumn of the H;S0, 1leached
Forestburg ash (Figure 17) displayed absorption bands
typical of naturally occuring gypsum (van der Marel ana
Beautalspaéher 1976). Bladeq gypsum = crystals were

identified by SEM in the same sample (Plate 3C). The DTA

pattern for the comparable Sundance ash sample (Figure 14)

‘exhibited two dehydration endotherms at 160°C and 175°C
lindicative of gypsum, but lacked the small exothermic peak
'in the 320-280°C range which is usually also present in DTA
patterns of pure sampl!-~s of ggbsum (Berg 1970). Absence of
the small exotherm is likely due to dilution,of the - sample
with the al,0, neﬁessaryvfor sample.preparatioh for DTA.
Instead of gypsum, én unidentified crystalline material
was detected by XRD in the companion AASA leached samples
(Figure 16). ~X-ray diffraction ‘characteristics of the
surféce precipitates .from the second and third columns
.leached with AASA(Eould;not be matched with any available
XRD standards. DTA patterns of'the'samples_displayed minor
reaction in the 200—7Q0°C range (Figure A14) which could
arise from organic materials in the sample (ﬁitcheil and
Birnie 1971). Thé infrared spectra,of ‘the sample (Figure

18) displayed a number of sharp narrow absorptian bands

o]
e

>
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hormally associatea with organic compounds (Alpert et al.
1970).. The two infrared absorption maxima at 1610cm™ " and
1580cm™* (Figure‘18) specifically identify the compounds(s)
as containing conjugated o-hydroxyl phenol groups (Randall
1949) sﬁggesting--that salicylate complexes formed part of
thé'precipitate. The small absorption band at 760cm™'
further implicated the ortho—substituted benzene ring
structure of salicylate (Randall 1949).

The sz?itylate compounds® present %? the acidified
surface pre 'pitates are undoﬁbtly deriveé from salicylic
acid ‘from the AASA leaching solution. . Salicylate is capable
of forming numerous complexes with many of the elemental
constituents of fly ash. Salicylate complexes in geﬁeral
are less”soiuble-than salicylic acid (Chaberk and Martell
1959). The'organic compounds in the surface precipitates of
the acidified AASA leached columns are therefore 1likely a
mixture of salicylate compounds formed from the reaction of
‘salicylic acid with numerous | majdr ‘and  minor ash
constituents (e.g. Ca, Mg, Fe, Al).

Calcite was replaced by gypsum ih the surface
precipitates of the acidified columﬁs of the stb. leached
series. The transformation from calcite to gypsum is
~evident in_tﬁe XRD patterns of the surface précipitates from‘
the secohd, third, and'fourthﬂcolumns of the 0.005 M H;SO,
leached ﬁorestburg . ash éeries (Figure 15) Gybsum was the
only crystalliﬁe Ca phase in the surface precipitate of the

acidified second column. Calcite was the ddminant minefal
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ih the nohacidified fourth (and fifth) column surface
precipitate. Both calcite and gypsum were evident in the
"surface precipitate of the third column in which pH values'
of the.leaéhatés'were just.beginniné to drop from alkaline
‘to acid ranges. GYpsum is the most stable Ca'phase when
SOi{- activities are greater thén‘0.001 M and pH values are
‘less than 7.5 (Lindsay 1979). Calcite formed in the surface
precipitate under alkaline conditions -would redissolve 'in
acidic solution. Gypsum likely precipitated through the
reaction 6f Ca, redissolved from calcite, witﬁ SOi- derived
from std.. " The gypsum would be persistent in the surface
precibitate because of high concentrations of SOi- in
soiutiqq.

Small amounts of gypsum were also detected ih the
calcite-rich surface precipitate samples of the -nonacidified
columns. Absorption bands at 1135cml‘, 675cm-', and 615cm-
(Figure 17) were evident in the IR spectra of the fifﬁh
column surface precipitate of the 0.005 M ﬁ,SO. leached
Sundance aéh series. These bands are indica;img of gypsum
(van der Marel aﬁd Beutelspacher 1976). The presence of
these bands in this sample indicate that gypsum formed with
calcite under highly alkaline conditions. Formation' of
gypsum in the nonacidified columns likely occurfed_during-
»initial leaching stages when Ca concentrations were very
high and in excess of gypsum solubility. Gypsum would be
persistent in the latter columns- also because of - hiéh_

’

concentrations of SO}- in solution.
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Precipitation ~of the salicylate compouﬁds in the
companion AASA vleaaﬁed surface precipitates (Figure 6)
likely 6ccurred in\a manner similar to gypsum formétioq/in
theﬂH,SO..leached samples. This implies that -lhe .main
inorganic component of the salicylate precipitate(s) was Ca.
No salicylate was detected by IR analysis in the surface
precipitates of the nonacidified columns of the AASA leached
series, indicating that the Ca-salicylate is more soluble
than gypsum. The higher levels of Ca released from the AASA
leached columns compared to the H.SO, leached columns after
aéidification reflects the much greater solubility of
Ca-salicyléte'complexes compared to the solubility of Ca
dissolved from the ash by H2SO. (Figyres 3 & 4).

Carbonates depoSited,within the nonacidified ash of. the

latter columns of each leaching series (Table 9) did not ' -

.occur in sufficient quantities to be detected by XRD, IR, or
DTA analysis. Examinatiop of samples containing cérbonates
by scanning electron microscopy (SEM) revéaled the 'presence
of a variety of Ca-rich crystais (Plates 3 & 4). Most
Ca-rich crystals were less than a few microns in lehgth.
Most formed fibrous interwvoven mesh-like coatings on the
surfaces of fly ash particles (Plates 3D & 4C);- The size of
the <crystals f&omprising the coatihgs vas generdlly uniform
for any given partiéle but varied for partiéles in different-
locations in the core sections (cf. Plates 3D & 4C). Larger
crystals which formed coatings were oriented tangentially to

the spherical particle surfaces (Plate 3G & 3H), similar to
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4. Scanning electron micrographs | of
precipitation products from selected
weathered ash core sections.

Long acicular crystals .formed on the surface

"of a large fly ash particle from the surface
core section of the fifth column of the AASA

1eached Sundance ash series.

Large acicular crystals admixed with
spherical fly ash particles from the same
core section as A.

A mesh-like network of interwoven fibrour
Ca-rich material forming a continous coating
over a number of spherical ash particles
from the fourth column bottom core section
of the 0.005 M H,SO, leached Forestburg ash.

Platy crystals formed among spherical fly
ash particles from the surface core section
of the fourth column of the 0.005 M H;SO,
leached Sundance ash series. .

Cementitious material forming a bridge
between two .spherical fly ash particles from
the bottom core section of the fourth column
of the AASA leached Forestburg ash series.

Coatings, possibly composed of amorphods Fe, -
‘covering spherical fly ash particles from a

- selected Fe-rich pocket in the first column

bottom core section of the 0.005 M H;SO,
leached Forestburg ash series.

'
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the orientation of aragonite (CaCO,;) crystals whﬁch form as
coatings on oblitic'particleé in mariné e -oments (Blatt
et al. 1980). Some dissolved material also formed platy
shaped crystals and bridges which cemented some particles-
toget::r (Plate 4, D-F). Many , larger discrete crystals
resembled orthorombic or hexagonal rods (Plates 3E, 4A & 43?
which were _eiéher associated with particle surfaces (Plate
3D) or admixed with the spherical ashnéérticles (Plate 3E).
The morphologies of many qf the crystals are not typical of
calcite; they are believed to be aragonite. -

The formation of Fe precipitates ;n the weathered ash
was evident in the development of rust coloured bands. The
form of the Fe precié&tates‘in the.bands was not determined
by XRD, DTA, or FR analyses. Instead, acid ammonium oxalate
(AAO) and sodium _citrate—bicarbonatePAithionité‘ (CBD)
extractants were employed to es;asliSh the ﬁineral form(s)
of the Ee precipitates.

Oxalate and CBD extractants are frequently wused to
distinguish relative améunts of.amorphous and crystalline
forms of Pe and Al in soiis. (McKeague et ;1. 1971).
Citrate-bicarbonaté-dithionite “e;traction dissolves " both |
amorphoﬁs and - crystq.q'ne phaées. , OXalaté eitraction_
primarily dissolves iﬁerhous forms.  THe difEerence#in~
‘quantities dissolved with. the two extractants gives an
estimate of.cr?stalliné forms (KcKeague and Day 1966).

The Quantities of Fe extracted from ‘the unweathered

ashes and most of the weathered - -h core sections using CBD
v 4 ;
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-Wwere consistently less than the QUantities extragtea using
AAO. The high alkalinity of wmost “of the\ samples likely
raised - the pH values of the CBD extraction solutions to
levels considerably higher than ;he optimum rahgg (pH=7.3)
for Fe dissolution (Mehra and Jackson 15%0). The Quantities
of Si, Al, and Mn dissoived from most of the ash -samples
using CBD were also much less’.than the values for AAO
extraction (Appendix, Tables 43-46); Since it was not
possible to meaningfully interpret the CBD data, discussion
will be restricted to the AAO déta. :
Data for acid ammonium oxaléte extractable Fe (Tables
12 & 13) indicate that at least some of the Fe translocated
during weatﬁering was deposited in an X-ray amorphous‘form.
The,proportibns of tmtal Fe as AAO extractable Fe were
highest in core‘sections that conf#ined rust coloured bénqs
(Tables 12.& i3). ‘The same samples also contained the
highest content of total Fe (fables 5-8). These in?reases
in AAO gxtractableblevels indicat; that Fe depomited'in the -
Fe enriched cor: sections prec&bitated in an amorphous form.
Particleé from small localized pockets enriched in F. (based
on ;olou;) from the first column bottom core section of the
'szSO, leached ashes were coated wi;p material that may be
amorphous Fe ;(Plate 4G & 4H):’ Particle coatings with this
‘particular appearance were:nof obsérved in other samplés.
The aqjd_ammonium oxalate extractéble Fe values (Tables
12 & 13) also reflectéd differencéé befween the two leaching

" regimes. Acid ammonium oxalate extractable levels of Fe in
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the first column surface core séctions were much lower than
iﬁ the unweathered ashes while values for the AASA leached
samples were egual to or gréater.than the unweathered ash
values. This difference is related_to Ehe greater_depletion
of total. Fe 1in the H,;SO, legched samples cOmﬁarea to the
AASA leachea samples (Tables‘5—8). The mineFalﬁiiig/removed
the AAO extractable forms of Fe from the ash while the AASA
1eaching“increased.the AAO extractable percentage of the
total Fe in the ashes. g |

Acid ammonium oxalate extractégle levels of Fe in all
nonacidified ash.coreswweye genefaily slightly greater than
the values . fbr tﬁe requptive unweathered -ash' samples
(Tables 12 & 13). Transiqcation‘of_Fe into the nonacidified
co}umné did not occur as the leachates entering these
‘columns contained no detectable levels of Fe (Figure 10).
The-Slight,increase in.thg quantities of AAO extractable Fe
in éhe_ core sections\ of‘ these columns compared'to the
.unweathefed‘éshés were likely due to the differences in. the
effigac§ of the extractant. Unreacted CaO in the fresH ash
would tend to neutralize the"acidity of the AAO thereby
~diminishing Fe extractiqh. '

The pattérns of AAQ éxtr;ctablé_levels of Mn in ‘-each
leachihg " series were similar to Fe exqépt ;hﬁt no
differences occurred between the.twd 1eaching~;regiﬁes  for
the first column surface core sections (Tables 12 & 13).
The percentage of Mn extractable with AAO  in all core

sections of all leaching regimes were greater than in the

»
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i unweathered ashes. Extractable pe centages of Mn were
"similar for the two leaching recimes. Dissimilarities 1in

*he extraction patterns for Mn.a-- Fe suggested they do not

4

originally - -ur in the same fraction of the  ash.
+

Similarities in the - patterns of extractable Mn and Fe for

the other core sections suggests that Mn - shares a solid
phase form wlth Pe in the prec1p1tat10n products.

Analyses of weathered ash samples by XRD, DTA, and IR

methods ¢@dlcat? that fl and St prec1p1tated in the ashes as

mlné?%r' hav;ng short-range order.

/vn

"The occurrence of such mate:;als has'not previously been

\
an alum1n051llcate c.av

L. PAR
,.

LdocUmenteﬁ”in weathered fly ash Most of the clay materlal
occurred in surface prec1p1tate samples of the third columns
:in'each series. The XRD pattern for the surface precipitate
sample from one of the leaching series displayed broadApeaks
indicative of allophane. DTA patterns for the sample
displayeh endotherms indicative of both allephanic and
imogolite material. . The IR spectra for surface precipitate
samples from the AASA and stb. ieacbed series displayed
absorption bands indicative of allophane and 1imogolite,

respectively. Gel- llke %mterzal similar in appearance to

» o

allophane and some thread llke strands characterisjiC' of

imogolite were observed in transmission electrom micrographs

of the precipitated material.
_ The XRD pattern for the surface precipitate from the
thlrd r”\lumn of the 0. 005 M H, SO. leached Forestburg ash

I3

~ series Flaure 18) clsplavec Edeence for the presence of;
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two minerals. Along with sharp diffractionr Eeaks
corresponding to the crystall e structure for gypsum, Ehree
very, brqed reflections with d—spaciﬁgs .of approximat- v
3.3%, 2.2&, and 1.4R% were also evident in the paWge:
(Figure .15). These broad peaks correspond well with mos.
d*spacings.documented for allophane (Wada and 'Yoshingaga
1969) and some of the more 1intense spacings for 1mogollte
(Wada and Yoshlngaga 19%?%,Brown 1980). The most 1intense

reflection.  (11-208) ué%hlly observed in XRD patterns for

a3

allophane and: imogolite and . other -minor reflections

associated mostly with imogolite were not discernable in #He

pattern. The broadness of the reflections are typical of

allophane.

T

The DTA pattern for the same sample displayed one very

large endotherm at 150°C, a small endotherm at 415°C, and a

small exotherm at 955°C (Figure 14). These deflections also

appeef in DTA patterns documented‘for.imogolite (Wada 1977).

DTA patterns for allophane are very similar to those for

imogolite except that patterns for allophane do ﬁot,display

’

small.endotherms in the 390-42C°C range which occur due to

loss of stfhctural OH groups in imogolite'(Wada‘1977) The

/

. dlsproportlonately large size of the flrst endothegm 150° C)

4 V"' e

in the sample pattern (Figure 14), compareéyta thé smaller,

endothermic and exothermic deflections, 1s 11};}y due to the e

locs of structural water from gypsum in the sample

The 1nfrared ,sgec*ra for the surface prec1oltater'

- samples from -he Eﬁlra columns of ‘both the AASA and H SO,ﬁ\;

P

:
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leached Forestburg ash series also exhibited absorption
‘band; characteristic of imogolite (Figure 18). The IR
spectra for the third column surface precipitate from the
H;SOs leached Forestburg ash series displayed strong
absorption bands with maxima at wavenumbefs of approximately
‘3480cm;‘, 1625¢m-"', 1125¢cm-', 975cm~', 605cm-', 430cm-', and
345cm-' (Figure 18). The IR spectra for the coméénion AASA
leached samples displayed weaker bands of simflar
wévenumber, indicative of ~al;ophaﬁe rather than‘imogolite
/(Farmer et al. 1977, 1979). Other less developed bands 1in
the mineral acid leached ’samplé spectra appeared as
shoulders around the 605cm™' maxima at 665cm-', 560cm~', and
500cm:‘; An IR spectrum for 1imogolite also generally
displays major bands 1in 'thr>e‘ regions: ,j2800-3800cm",
1400-1600cm~', and 65041200cm4‘ (Wadé 1977). Gypsum was
evident ,in the sample with the appeérance of the large
absorption maxima at 1125&&" and the;:weékly expressed
shoulder at 665&m'”£7 The abg%rption ‘bandéf for gypsum at
 1685cm;', 1620cm~ ', and 605cm“‘would overlap with bands for
imogolite (van der Marel and Beutélspacher‘ 1956). | As
.descri?eo earlier, tﬁé sharp narrow bands in the " %A
ieached -ample spectra correéponded "to frequencies for
%rganic compounds.
s Changes in the IR spectra between heated and nonheated
samples have. been wused to -deﬁermine' the presence of
imogolité in séils. Farmer and .ca—wofkers (1877, 1978)

indicated disappearance the 346-348cm™ ' absorption band with
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heating to 350°C is diagnostic‘df imogolite. Heating the
sample of the third column surface precipitate to 350°C
caused the 345cm™ ”bandA:obgered in the untreated sample
spectrum tc disappear laiéhg qf?ﬁ' all other  bands

A3 .
corresponding to imogolite (Figure 18). The bands remaining

in the spectra after the heat treatment, located at
wavenumberé of 600cm“, 615cm”~ "', = 675cm™ ', 1110ecm” ',
1155¢cm- "', 164Q0cm™', and 3415cm™ ', cbrresppnded to anhydrite
(CasSO.) (van der Marel and Beutelspacher 1976). The fwo
very broad bands at approx1mately 1035cm" and 445cm:‘ can

be a551gned ﬂd (Si- O)— and \Al—O)f stretching modés kFarmer
1974) . .

The occurrence and formation of allop§ane and .mogolite
in soils formed in. material of volcanic origin is well
documented (e.g. Fieldes 1966; Wada et al. 1972; Aomine and
Mizota 1973; Wada and Aomine 1973; Wada and Harward 1973;
Dudas and Harward 1975&. .Allophanes are members of.a serieé
of naturally occurring hydroug aluminosilicates of somewhaé
variable composition (van O%Phen' 3971).' Allophane is
generally a551gnec the ‘&ompOSition Al,0,-2510; nH;0 (Wada
1977). Allophanes"géy occur aione or with ’mogolzte, but
imogplite always Sﬁburs with allophane. Allophane is
generally thqught 'ﬁo be a precurser‘ to imégolite (Wada
L1977 . Imogolite '(Al 20, - Si Q 555ﬁ2ﬂ has‘ a slightly
different combos¢t ilon. anc more ﬁlgn¢ Lgrdergd structure thar

;lophane._ Imogcxz.e is visual y ggi?ac erzzed by - smooth,

usually curved strands or threads approximately 100-3004 inv

e :
: 2
. “~
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diameter nsT may’ extend up to a few microns in length.
Allophane vccurs as 35-50A diameter spherical wunits which
are commonly found grouped :ogether as irregular aggrega:es

or gels (Wada 'S77).

.The formation of materials characterized by -llcphane

[N

o JokeR 334
(SRR Ve

and imogclite duringithe weathering cf{ fly ash coul

similar tc thelr fcormaticn :n volcanic ash sciis. Allophane

and imogolite form through a process cof component

dissclution. aqd reprecipitation as opposed to direct

o

ps

alteration (Eswaran 1972). The process requires the
presence c¢f an easily.weatherable form of aIumiﬁosilicate
lacking‘ordered structure (Fieldes 13966). Precipitation . of
allophanic material _can occur from solutions containing

dissolved Si0;:Al;0, in ratios ranging from one to - three

(Wada‘1977). Imogolite tends to form when $§i0,;:Al,0, ratios
are close to one (Aomine and Mizota 1973). ~ The SiOz:Alzoj
ratios 6f_vtﬁe leachate solutions after passing. through the
acidified first and second ash columns of the H,SO., leached
" Forestburg ash series were approximatelf 0.8 (Figures 8 &
9).> Siilicon was therefore in excegs of the above mentioned

ratios but 1ncorporat1on of excess Si or Al into allophanlc

structures is possible (Farmer et al. 1979). 1In. soils,

-’

zgllophane and imogolite form as dispersed complexes in acid
solution (pH<5.0)'ihich‘ppecipitate as solutien pH values
rise into the 5,5—8.0 rahge (Wada and Kubo 1975; Farmer et

al. 1979; Anderson.et al 1982). Slmllar coiditions would

be encountered whén 1ea¢h1ng solutlons contalnlng Si and Al
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9

dissolved from the acidified £first and second columns

v

percolateds hrough the alkaline ash <columns within each

ser:.es. s eases :n the ac:d ammonium oxalate extractable

sevels of Al in the bottom cf the second columns and much cf
the third columns of each leaching series (Tables !2 & 13)
also suggested _that some aluminosilicate material

o

precipitatec within this brcaé rangé of core sections.
Structures observea.by transmission electron microscopy
in the third column surface precipitate samples of the 0.005
M H,SO, leached Forestburg ash series confirmed that
alumino&flicate materials of short-range order were indeed
formed during the weéthering of the ash. Transmission

electron micrographs of the surface precipitateAmaterial in

the 0.005 M H,SO, leached Forestburg ash series are shown in

-

_Plate 5. - Much of the material was filmy and geéh?&ﬁbus in

éppearénée (Plate S5A-D) similar to amorphous materials that
coat the surfaces of weathered soil minerals (Jones and
Uehara 1973) or aggregate"globules formed in weathered

pumice beds (Kitigasa 1971; -Sudo et al. 1981). Material

' displaying the. long thread-like morphology characteristic of_‘f

.imogolite‘(ﬁada“et.al. 1970) was: not apparent; however, some

gel-like clumps did contain parallel Sttuctures‘which,may be
the 1initial development of imogdlité threads (Plate 5E &
SF) . _ . |

The amorphbus aluminosilicate matefial formed during
the minerélb acid weathering of the ﬁ&shes may best be

described as “proto-imogolite.  Proto-imogolite resembles



Plate

SRt
S,

\

5. Transmission electron micrographs of
material in the surface precipitate
sample from the third column of the
0.005 M H; SO. leached Forestburg ash
series.

@
| |
Gelatinous material similar in appearance to
amorphous silicate and aluminosilicate gels
commonly associated with weathered volcanic
ash and pumice deposits.

Gel-like material formed as discrete globs
and as . coat1ngs on some solid opaque -
fragments. : :

‘Gelatinous material containing. some very

small -uniformly = separated filiform
structures orientated parallel; each

. other. These units are poss1bly the

beginning of the development of 1mogolxte

. strands. : By

The bar in each photo equals 0.1um.
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imogolite in- composition, anaiytical behaviour, and likely
istructhre on a molecular scale, bﬁt it dogs not exhibit the
tubular, morphology'of imogolite (Farmer et él. 1978, 1980).
X-ray amorphous materjial more characterist?c of allbphane
was~~fouhdﬁ in the organic acid leached ashes. The presence
of the organic compounds are known to inhibit the formatiqéﬁj
of imqgoli@e. in soils (Wada 1977). 'The ,preseﬁce of
proto-imogolite and. allophane in the weathered fly ash
samples indiéates thét,after the alkali producing compongnts
of fly ash ére depleted, weagherihg apparenfly proceeds in

manner very similar to the weathering of volcanic ash or

materials of volcanic origin.

il

L

<a



V. SUMMARY AND CONCLUSIONS
'

"The present investigation was fnitiateﬁ to ascertain
the chemical processes and mineralogical transformations
accompanying the aftificial weathering of fly ash. 1In this
study the chemical weaﬁhering of fly ash yas accomplished
through accelerated leaching, simulating weathering as it
might occur over a very long‘pefiod of ;ime in a large fly
ash disposal site locafed at 6r near tﬁ: -land's surface.
The decomposition and dissolution of fly ash was evaluated

A} . . .
in terms of association of the major chemical elements with
phases and physiéal components ofbfly ash. The results were
also eQaluated iﬁ térms of the-ﬁormation' and 'rédissolution
of secondary phases in réspohsp to a simulated weathering
gradient. | .i” | ' AN |
| The results: of this investigationl can be used;to
construcﬁ a conceptual modél of the chgﬁiéél nature of
sphérical fly ash ‘particles; This modé€l elaborates on
prévious éohcepts outlihed'elsgﬁggfe. Most "typical" fly
ash particles are micron-sized éﬁﬁéfeé composed primarily of

Siand Al with lesser and varying amounts of Ca and Fe. .The

two ashes employed in this study were alkaline in reaction’

with Ca as the third most abundant constituent. The results
of Bhis'study indicated the surfaces of unweathered fly ash
particles are coated with varying quantities of very sﬁall
(submicron) fragments composed priﬁérily of CaO. A
considerable poftion of the interior of fly aSh_-sphereé

L
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contain 'networks of small acicular crystals of mullite
(3A1,0,-25i0,) which'/incongruently crystallized during
coéling of the precursor moiten droplets (Hulett et al.
1979). The residual 1interstitial melt forms a Si-rich,
Al-poor glass enriched 1in a variety.of elements that were
'.-exéluded from the mullite crystals. |
The results obtained here suggest that the glass matrix
is . comprfged of téo phases characterized by diffgrent
solubilities. The nature of the two glass phases  is
dictated by their elemental éompositiohs, Glass in the
external regions of the particles fended to éontain higher
concentrations of many “elements (e.g. . Ca, Mg, Fe, Al)
cbmpared to the Si%rich <interior regions. The exterior
gléés was also considerébly more reactiv% than glass of the
interior. Enrichment 6f soae element; i;ithe~éxterior glass
région is likely a result of element migration 'within the
glass melt during solidification. Mechanism§ for such
higratioq have been suggested previously (Hulett et al.
1979). The diversity ‘and quantity of elementﬁ associated
with the_exterior glass (compared to a purer Si glass of the
%Enterior) enhanced its solubility compared to the intgrior.
The concentration'gradients‘fromisurface to interior may be
.. element specific. The central regions of most spherical

particles are apparently composed escentially of Si admixed

with the major portions of some minor and trace constituents

such as K, Na, and Pb. . =Y
R . } -t

B
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The aforementioned conceptual model is in agreement
with the weathering characteristics observed in tﬁis-study.
The initial weathefing stages oI the fly ashes were in part
characterized by the dissolution of Na 'and K salts. Both K
and particularly Na were dissolved in._ high céncentrations;
frém fﬁe ashes at the onset of. leaching. - This study
'revealed‘that the proportiqn of fhe totél Na asso. .at=d with
the highly soluble salt fraction, mos;vlikely~sulfate salts
as suggested Ey Green and Manahan (1978) and ~ Dudas (1981),w
is ﬁuch greater. thaﬁ the percentage of total K associat;d
with the ’'highly soluble fraction (i.e. Na was more
leachable than K). . The .results. did not aid. in
;identification "of discrete ‘Né or K phases that might
. éé@prise fg?rt'(gf‘ the fiy ash particles. These soluble
:'phases were likely incorpp:ated into the exterior -'glassy. .
‘matrix of thé ‘particies orh-they méywhhaVe occurred as
discrete fraéments, ihdistinguishable from CaO, located. on’
the . surfaces. Most of the Na and K in the ashes tended to
be associated with. the internal-glassi.matrixQ Solid state
migration of Na from <¥The internal_maﬁrix to the surfacgd
under acidic conditions may be é significant mechanism 'i;?
the removal and depletion of Né in fly ash.

Initial weathering stageslwére also characterized by
the hydrolysis of Ca0O and the subsequent”developmént'of
extremely alkaline leaching sélutions.‘ The hydrolysis of.
Cad and the'dissothion of fhe hydrolysis préduct, Ca(OH),;

accounted for the extreme alkalinity of the initial leachate

*
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solutions; The alkaline‘ reactivity of fly . ash has
previously been related to high contents of Ca (Theis and
Wirth 1977). The two éshes_émployed in this study aid not
differ greatlyv. in contents of Ca bug the bufférihg
c;pgcities were notably differéAt. The percentage of total
Ca in fly ash 1in the foré of CaOnoccurfing as disgrete

fragments on particle sugfaées&éppearmd to be more critical
: &Y %

than total content of Ca in dictgting ash reactivity de'
-degree of sustained alkalinity. “ |
After soluble  ﬁa and K salt; and Ca0 are removed from
the‘aﬁh,'weatheriﬁg'cau§es Selectibg diésolu &Pn of particle
surfaces. Selective dissolution of the‘giassy matriﬁ was
evident in the exposuré of mullité crystals contained within
fly ash particles. Chemicalvanalysiéléf‘the_weéthered ash
residues suggested that much offthe éé and Mg not associated
with the oxide phése are'cbntained in the surface glass.
- Other major elements, 1including Al not associated’ with
'mullite and Fe not associated with ferfomagneti; particles,
were also associated with the " exterior giaés phase. 'Tﬁe
occurrence of an external glass phase of higher solubility
‘than glass of the intefior po;tion wAS‘suggested‘by data for
extractable Al, Fé,‘and.Si. ‘ ‘ |
| Significant differgnces were ob?gfved bétwegn the two
ashes in the elemental release %atterns for Si under

X

alkaline conditions. Under modeﬁate alkaline conditions“thefﬁ

levels of &¢. in the leachates of the éundance ashAwere much

rezter than levels in the Forestburg ash leachates. These
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differences indﬁcete the distribution of each element (like
Si) ’amoné soluble salt éhases, crystalline phases, and
more-soluble and less-seluble glass | phases bartielly
diétates itsxaissoiutipﬁ and release chasacteristics.

Ferromagnetic‘particles occur in very lows abundances in
most fly ashes of alkaline character and are therefore of
minor importance with respect to "the weathering"éf such 
ashes.  The weatﬁering behaviour of fe;romagﬁeﬁic particles,
may, however be significant in the weefﬁefing~ of Fe-rich
vashes such as those produced‘by some eastern U.S. utilities.
The inEerie;vof_the ferrOmegnetié particles of the eshes
used in this study contained agglomerates of small cubes,
each reflectlng the crystal hablt of Fe splneis. These cube
'agglomerates were very re51stant to the 1mposed weathering
‘regimes. The outer sﬁyfaces of the ferromagﬁetlc partlcles
were coﬁposed Jqof materlal that readily dissolved w1th acid
leachlng. The data of thls_ " investigation suggested
dissolution of ferremagnetic ‘partidies wili nof} likely
involve extensive release of first row transition elements

. . :

(notably Mn in this case) which normallv»are conéen%réted in
tﬁe fe:romagnetic fraction as substituted‘,elemenfs is the
spieel suructure.v |

A sequence: of secondary phases -formed during® the
artificial \weather1ng of the ash in this study;' An initial
~secondary phase to form was Gé(QH)z (portlandite). It

formed only in the Sundance ash through the hydrolysis of .

large quantities of CaO and was persistent for only a very

]



'&imited time. ' The presence =% CatOH;: :n°the ash -was nct
observed directly but inferr e By
pH values and ccncemiraticn o
with known chermcdynam:c -stazi.:

percentage cf the :tptal Ca :n the
3 . Y Sy . - .

as CaC im:
Ca(OH): was p
of :he_ashes,
CaCoO,. It’

from Cal OH)Z

the ash, with CO~ which dissclved: reaaf;§f”,
. - ,,(‘_. e N w»x_'.. o

leaching solutions.” The. presenc% 10f CaCQ},w%-”

accounted for most of the alkallne Bufferlng_thatvoccuﬁtec

within the pH range of 8 5 8.0." Much of 'the CaCO- ,ormed

“"

calcite on thedcore surfacesQ The CaCO, whych bréc1p1tated

'9

w1th1n the ash: cores formed crystals resembl1ng aragonlte in
crystal habit. Other Ca preC1p1tates 1ncluded'gypsum in=the
H,S0, leached columns and a Ca- sallcylate in the organ1cally

leached series. - Formatlon of gypsum and Ca~ sallcylate was

,, - (o

essentlally a functmon of the h1gh concentrat1ons ot Ca,

SO0%-, and sallcylate in the 1n1t1al 1each1ng solutlons

3

e s /

carbonates were red1ssolved and removed From the ash’ cores.
é}’ ) 5 ’.., N\ e ,

The ac1d1c pH levels generated therkash' cores were

-

oy : ,
d1ctated pr1mar1ly by the 1nLt¥al pH~of ',g unreacted acidic

“#xternal glass of

N
3}

’ L .
o - Fas - 28 .
L : N )

Ac1d1f1catloqa of the "ashes . soccurred after all-

e



lonS wlith
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[$Y)

line  ash

ren prec:ip tateg in the

organically ‘eacnec serzes were wbre clspersecrﬁncng the ash

NS r/‘a)\
columns. than those _fdrmed Ain  the i%o Qanlcanlgy leached
series., , . PRI T : o
‘In conclu51on, the weatherlng of“fly ash u§f‘ .aline

reaction takes place: in a predlctable sequence. Initially,

:\-‘S“’
" highly soluble salts are dlssolved and leached from the ash%b
. - % ©
The hydrolysis of CaO genefate klnltlal hlgh alkallnlty and

7

¥

hlgh levels of soluble 4. Some of the leached Ca becoﬁes‘”‘:)

-1ncorporated 1nto CaCO, on reactlon w1th dlssolved €Oy uﬁﬁer
"lé' . - .
COndltlons. Calc1um carbqnate_ is “the majof A

alkeline’\

‘ oy v ) ) . ' o 2 ‘\’ ‘
buffering agent in‘the ash under alkaline conditions. After - 'i:E}
dissolution of CaCOs),. - the acidity of » the weatheﬁing

-environment is dlctated prlmarlly by the .- nature cf thgi 5"

=

leachlng solutlon.; Under,acfdic conditions A1, Si-"and” Fe .

[N GHN

2
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Table 18 Concentration of Feo (ug/mi) in the leachates of the Sundance f), asn
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L

Rap. Rep. 2 Rep. 3
Inc.» Column RumDer Column Number Column Number
. |

.
]

1 0.1 0.1 0.2 - - o.1 0.1 o.1? - - ©.1 o.1 . -
2 0.1 0.1 0.0 o1 0.0 0.1 0.1 .0 ©®.t o.0 o.1 ©.0 ©0.1 0.0 -
2 0.t 00 0.1 0.0 0.0 ot 6.0 0.1 0.0 ©0.0 .0 011 0.0 0.0
4 .0 0.0 0.0 0.0 0.0 .o 0.0 0.0 ©6.0 0.0 0.0 0.0 0.9 0.0
s 006 6.0 0.0 0.0 0.1 ‘o1 .0 6.0 0.0 0.1 0.0 ©6.0 0.0 o©0.1t
[ ©.0 0.0 0.0 o1 0.0 6.0 0.0 ©0.0 o0.1 0.0 o0 ©6.0 0.1 ©.0
7 0.0 0.0 0.1 0.4 0.0 .6 0.0 0.0 0.0 0.0 0.0 o0 1t o0 o.0
s .06 0.t o0.¢6 ©0.0 - .0 ®.0 0.0 0.0 - o.1 0.0 o0.0 -
L] 0.0 0.0 0.0 - - ot .0 0.0 . - 0.0 ©.0 - -
0.0 0.0 - - 0.0 o.8 o.o0 - - .0 0.0 - - c.0
0.0 - - 0.0 - 1.3 - =~ - 0.0 - - - 0.0 -
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Tapre 19 Leachate pN values ¢/ the Perestburg fly ash leacnhed with HASA gplutien.
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.

TaDle 23. Leachate pN values o/ the Sundance fly asn lesched with AASA selutien.
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Tanle 30 Concentration of Rs (ug/miL! tn the l1sachates of the Suneance ¢ty ash leasched \
with AASA selutien .
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Tamtle 3.

Concentration of & tug/ml: 1n the leachates e tne Sumdsnce fly ash
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1secnates ef the Sundance fly ash
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