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Abhstract

CONTAMINANT LEACHING FROM
CEMENT~-BASED WASTE FORMS
UNDER ACIDIC CONDITIONS.
. by.Pierre C8té ...
(".} . . (‘
A waste form can be prepared by mixing a hydraulic cement and, if

needed ; & bulking agent with an aquecus yaste to cause it to solidlfy.
A mechanistic leaching model was developed based on describing the

chemistry of the waste'Fd?m—leachant system and;ihe flow regime of the

leachant and assuming that transport takes pl%;; via diffusive exchanges

through the waste Formfleaqhant interface. This mode] was successful

in predécting leaching from simple waste mg%rices-and in identifying

Iﬁportaht containment mechanisms effective in tﬁe more complex matrices.
The cement-based waste forms stud}ed had porosities ranging from

.40 to 60%. Portlan@ cemenf provided acid neutralization capacity to

)
maintain the high pH environment where the waste. form is stable; a

“typical waste form conteins enou;h cemeﬁt to neutralize between 2000 to
3000 times its voliume of é pH 3 leachant. -

A In a mild environment, teaching was controlled by the diffusfon
of the soluble fraction of é contaminan@ present in the connecfed porés

of the matrices. Immobiie species instantaneously'so!ubllized to

‘maintain chemical equl!ibriuﬁ between the solublg and Inscluble

1ii
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fractions. ]n.tests conducted over 8 period of almost 2 years, less than
7 of the initial amount of cadmium, chromium and iead contained in a
.ﬁp‘ecimen Ieéched out.

In an acidic environment, the leachind rates were limited by the
avallability of acid to dissolve {he matrix. The leaching process was
similar to a surfaée corrosion process. However, since waste matrices
are not compietely soluble in a mild acid, a8 leached layer develops,
eventually protecting tAe core of the waste form from direct contact
with aggressive groundwaters. Contam!nants solubl}lzed'at the leaching
front are subJected.to concentration gradients that force tﬁem to

f
diffuse bofé Inward and cutward. Only a fraction of the total

) concentéatlon therefore leaches out.

The mechanfstic knowledge developed through the’ experimental

>

programme and the mode!llhg effort was used to develop efight long term
leaching scenarios covering a wide\range of waste form and droundwater

conditions. In addition t6 allowing the prediction of leaching rates for

periods of up to 100 years, these scenarios were usefu! in developing

recommendations to prepare more efficient wasfe forms and design better

4

landfills. ‘ RN
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1. INTRODUCTION

Present hazardous'wast management alternatives can be grouped.
“based on the nature of the waste. Concentrated organic wastes can-be
detoxified through biologica! or chemical oxidation and even destroyed

by incineration. Inorganic wastes can éometimes be chemically rendered

less toxic but.gitimately need to be disposed of by concentration and

safe storage. Téxic organics are often present in low concentrations in
inorganic matrices and need to be safely disposed of with fnorganic

wastes.

Large volumes of hazardous wastes are produced as aqueous
solutions or suspensions of contaminants, These wastes can be isolated

from the environment through incliusion in a waste form. A cement-based
B 1
waste form consists of a skeletal structure of insoluble, non-toxic

substances, with the pores impregnated by Ehe waste.

Toxic metals and other contaminants are physically contained in

kY

a waste form and are often also immobiiized through various chemical

Kl

mégﬁanisms. These contaminaﬁts can be released to the environment 1f the

waste form comes into contact with natural waters. Of particular N

1nteresp,aAe the leaching situations where the waste form s contacted
with acfdic waters since several contaminants become more mobfle in a

t
N

low pH environment.

Proper manééement strategies for waste. forms or soclidified wastes

could be established provided the mechanisms of contaminant gontainment

1
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were known and the long term leaching behavior could be inferred. Little

1nforma£!qn of a mechanistic nature has been generated on the subject of
3 .

pollutantswﬁnnobllizatlon In cement-based waste forms. Existing leaching

tests are emplirical and their results do not lendsthemse lves to-

extrapolation over long periods of time.

Therefore, there (s a need to develop a mechanistic Onderstandlng
of contaminant contafnment in cement-based waste forms and to formutlate
mathematlpal models to help estimate their long terﬁ Ieachabillty.‘Tﬁls
fundamental understanding will be useful In designing better landfills

and in selecting more appropriate leaching tests for the evaluation of

waste forms.



2. OBJECTIVES

The objectiQes of this thesis are:

, .
1} to determine’ the mechanisms of ‘containment of inorganic
contaminants In cement-based waste forms,

11} to determine the mechanisms of leaching in neutral and

acldlc environments, and
l

111) to identify the rate-limiting leaching mechanlsms to allow
Inference of long term leachabllity,

-These were achleved by first conducting a thorough review of the
literature, The mechanisms of containment were studied by characterjzing
the microstructure of typlcél waste forms and by doing equilibrium
leaching tests. A hechanistlc leaching model was deve}oped to Interpret
the results of kinetic leaching tests and to determine the rate-limiting
leaching mechanisms: Loné term leaching scenarios are proposed based on
the information gathered and on varfous groundwater conditions.

The research program generated Fundameﬁtél Information to
N .

. allowg

1) preparation of more durable waste Forms. ’

i1) design of landfills with the approprlate levels of
environmental protection,

tit) 1dentIF1cation of relevant laboratory testing methods
to evaluate cement-based waste forms, and

fv) development of mathematical models for the long term
inference of leachablility.

3
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3. " BACKGROUND

This chapter starts with a review of waste stabillzation and

‘solidification technology, focusing on cement-based waste forms épplied :

to fnorganfc aqueous wastes. The mechanisms of contaminant containment
are then -examined, from a physical (Section 3.2) and .from a chemical
(Section 3.3) point of view. Finally, the engineering and leaching

properties of waste forms are reviewed insSection 3.4.

~
.

3.1 Waste Stabilizatlon/Solidificatior Technology

-

The stabilization/éolidlficatiod technology comprises unit

operations to transform a hazardous waste into a waste form suitable for

1and disposal. Stabllizafion refers to those aspects of the technology

which result in detoxifying the waste through destruction or fixation of

1

the contaminants that it contains. Solidificaticon is related to those

operations which improve the physical and hand}ing characteristics of

the waste.
A historical developmert of the technology was presented b;
Conner (1979}. Prior to 1970, residués were solldified to improve. their
physical characteristics. These iné!ude radioactive wastes that were
sclidified In drums.For transportatioﬁ, mine tailings that were treated

to be-used as backfill and fly ash-1lime mixtures used as a base for road

construction. In the early seventies, fly ash and 1ime started being

4 .
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used to solidify flue gas desulphurization sludges and a process based

on solubie sflicates and cement was applied to a variety of sludges from

manufacturing, metal producing and metal finishing operations. Durlng

the seventfes, the implementation of more stringent environmental laws

stimulated the development.df several new processes. In the same period,

the emphasis of the benefits of the ;echnology went from “production of
a solid mass™ to "redqcing'the leachabl ity of the waste".

Several state-of-the-art reviews oF\Ehe technology have been
published (Conner,1979; Pojasek,1979b; Envirbnmental Laboratory (WES),
1980; Poon et al, 1983). Stabll{zatfon/solid{fication processes are
often classified based on the principal additives used to obtain a solid
matrix. Various systems based‘pn inorgénic or organic additives are
listed In Tabie 3.1. The systems based on inorganic additives a[l use
some kind 6F hydraulic cement. Portland cement is most Freauently used
but.other tQpes.of cement have also beed’hséd: aluminous cement, natural
cément.'élag cement, pozzolanié¢ cement and gypsum cement. Those
processe; will hereafter be referred to as cement-based processes., Most
o# the organic-based processés Involve mixing a waste with a prepolymer
and addfng a catalyst to produce-a sb11d mass.

6rganlc—based.processes ére pormally ﬁydrophobic; they are
therefore best sulted for organic waste sfreams such as hydrocarbons or
pesticides. When used with aqueous westes. water |s either evaporated in
thermosetting processes (e.Q. bitumen) or encaﬁSulated within the

polymer matrix in catalyst-based processes. In the latter case,

contaminated weep water {s often produced since polymerization takes

.



place at low pH (e.q. urea-formaldehyde process). Organic-based waste
forms normally show low contaminant leachability since the matrjces are
Impervious. However, there ts ugyale no reéction between the waste
constituents and the polymer, S?%ce the system does not destFoy.
detoxify or Insclubilize the hazardo@s constituents, the long term
stability of the waste form depends entlre{y on tts physical intggrityi
Qrganfc—based processes are energy.lntenslVEs fequiring high cost
additives and sophisticated blending equipment. Their use has been

practicaltly limited to higﬁ hazard, low volume wastes such as

radioactive wastes. They will not be considered further {n thIS study.

Table 3.1 Stabllization/solileItatlon systems for hazardous
wastes (adapted From Conner (1979)).

Cement-based Svystems . Organic-based Systems
' cement: . ’ : . ’ urea formaldehyde
time-cement . | ' polybutadiene
pozzelan-lime. polyester
pozzolan-cement epoxy -
clay-cement ’ acrylamide gel
soluble silicate-cement . . bitumen
gypsum

Cement-baséd processes are well. suited to fhe treatment of
aqueous waste since cement needs water for hydrat1on. A cement-based
waste form is a porous matrix whose permeability {s a function of the
pore structure and the amount of water orjglna!ly present in the-waste.

The leachability of a contaminant thus depends on whether {t remains in

L~



" cement. The fatteﬁ will be discussed in the ne<i\sectlon.

solution in the pore system or s immobilized khrough chemical reaction
Cement-based processes create an alkaline environment suitable to the
contafnment of heavy metals. The additives, whiéh are often themselves
waste materials, are inexpensive .and can be-biended with the waste usiﬁg
simple equipment. Cement-based processes have been widely used ’

commercially (Pojasek, 1979a).

The applicability of cement-based solidification has been

documented and sevéral vendors have published |1sts of waste streams on

which their processes have been used (Pojasek, 1979a}:. The most common
waste streams comprise ]norganlc materials in aqueous solution or

suspension which contaln appreciable amounts of toxic heavy metals

.and/or’ inorganic salts. It is often necessary to pretreat the waste to ¢

render it suitable for cementation kneutralizatlon of acldic wastes).:to

-decrease the mobility of cpntaminants (oxidation or reduction,

precipitation) or to reduce {ts volume (dewatering). The éollds content
6F,phe waste cen 8lso be 3djusted throdéh addition of a water absorbant
(ashes, slags, clays) to minimize the amount of cementitious materia!l

required. Seconda;y additives are sometimes used.to reduce the leaching

of otherwise mobilp contam{nants (activated carbon, Zeclites, high

‘cation exchénge capacity clays) or to control the setting properties of

3.2 Physical Containment of the waste' : 4

The most evident benefit oF a stabil!zation/solidiffcatlon

process is the creation of a waste Form which has a reduced surface of.
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contact with the leaching medfum. The environmental stabllity of this
waste.Form Is a function of the physical and chemical propertlies of the

cementing materials used to create the solid matrix.

3.2.1 Hydraullc Cements _ -

Cement cah be defined as a finely powdered, calcareous material
that, when mixed Qlth water, forms a plastic paste that sets and
eventually hardens to a rock-1ike consistency (Double and Hellawell,
1977). Figure ;.l shows the ox!de compositicn of several cementing

materials. The cementihg property results from high temperature

activation of otherwise non-reactive materials.

-
.

Portland cement 1s the most commonly used hydraulic binder. It

is a mixtgre of calcium s11tcate and calcium aluminate mineéals produced

by the,calc!natlon of limestone and clay (Popovics, 1979).

. Alumiﬁa cement is Fabr{cated by pqlclnlng a mixture of limestone

and bauxite (bopovﬁcs, 1979); Aluﬁina cément-has sevgral properties

which make it suited Epr-waste_so1Ileicbtlbn. [t uses up about‘twice as
" much ugfer for hydration .as gfdlnary portland cemeﬁt and.!s more /‘,
_ resistant to sulphéte and weak acid attack. It has not been used

- . .
Intensively for construction purposes because it tend to weakens with

time.

Some of the ‘areas shown on Figure 3.1 define latent hydraylic

i *cements: natural pozzolans, fly ash éhg blast furnace slag. These

. ) ' \



Fiqure 3.1

S0,

Typical 1imits of oxide content for several cement ing
materfals. Each point in the triangutar diagram
represents a composition: the perpendicular distance
from a point to any side gives the proportion of the

component(s) occupying the opposite corner {Adapted
from Popovics, 1979). . -
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materials are not cgmentltfous in themselves but contain constituents
that combine with lime in the presence of water, at ordinary
temperatures, to form compounds of low solubility with cementing
properties {(Lea, 1970).

Granulated blast furnace slag Is a glassy nonmetallic product,
consisting of sll]cates and aluminosilicates of calcium, that fs

developed simultaneously with fren in a blast furnace and Is granulated

by quenching the mol!ten slag material in water or steam and air. The

' slag can be used as an aggregate or ground to increase its reactivity.

The latent hydraulic cements.khown as pozzolans can be of natural

or fndustrial origin (Popovics, 1979)., Naturally occurring pozzolans

"include volcanic tuffs, diatomaceous earth, opaline cherts and some

shales. The most important i{ndustrial ppzzolan is fly ash, which is the
finely divided residue resulting from the combustion of ground or’

powdered coal. It should be noted that pozzolans have a much lower Ca0

content than blast furnace slag. ‘
7 . .
’aé will briefly review the cementing chemistry and hydrated

~

matrix pfoperties of the cementing mgéer;als most.relevant to waste

solidification.
\ .
.3.2.2 Hydration of Portland Cement

In addition to several textbooks (Lea, 1970; Popovics, 1979),
» .
fnformation on the subject of cement chemistry can be obtained from the
proceedings of a séfles of Internationa! Conferences on the Chemistry of

Cement (Tokyo, 1968; Moscow, 1974; Paris, 1980).

A
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Portland cement confains apptoximately 651 by wefght of calcium
oxide but typically less than 1% ts present as free Ca0. Different types
of portlandg cement can be produced by altering the mineral composition
of the raw ﬁaterlals. The mineral composition of the five maln types of..
portland cement in use fn North America Is presented in Table 3.2. Typé
I or ordinary portland cement is the general—purpoge cement used when
the special properties of the other types are not required. Of special
interest for waste sclidification are Type 11 ad V which show better
resTstancggfg sulphate attack. A small amount of gypsum (3 fé 5%) fs

normally mixed with portland cement to control the rate of setting.

Table 3.2 Typical minera) composition of various portland
cements (adapted from Popovics, 1979).

—~

Compound Concentrat$on [%] Coﬁment

Cement CaS C25 CaA Ca3AF
Type 1| 49 25 |2 8 ordinary portland cement
Type 11 46 29 6 12 moderate sulfate resistance
Type 111 56 15 12 8 high early strenght.
Type 1V 30 46 5 13 low heat of hydration
Type V 43 36 4 12 high sulfate resistance
Legend

€3S : tricalcium silicate (3Ca0+510,) : '(

C2S : dicalcium sflicate (2Ca0+5103)

CsA : tricalcium aluminate (3Cal+A1203)

‘C3AF : tricalcium aluminoferrite (3Ca0+A1203+Fez0,)

Table 3;3’I15ts the principal hydration reactfons which take
place when portland cement is mixed with water. The compounds formed are

~

complex.and are a function of several factors fncluding water-to-cement



ratfo and temperature. The different compounds h&drate at various rates,

over several months. Ce

Table 3.3 Principal chemical reactions In the
’ hydration of portland cement.

3Ca0+A1203 +12H20 + Ca(OH)2 —-=> 3Ca0. *A1203Ca(OH); + 12H20 (1)
{tricalcium alvminate) (tetracalcium aluninate hydrate)

3Ca0<A1203 + 30H20 + 3CaS0,- *2H20 -—-=> 3Ca0- A|203'3C850u'32H20 (2)
(trlcalclun aluminate) . {catclum trisulfate aluminate)
: ' {ettringite)

3Ca0- AI203 + 10Hz0 + CaS0,+2H,0 ---> 3Ca0- *A1203+CasS0,+12H20 (3)

{tricalcium atuminate) (calcium monosulfate aluminate)
2(3Ca0+5102) + 6H20 ---> 3Ca0e +25102+3H20 + 3Ca(0OH), (4)
(tricalcium silicate) (calcium silicate hydrate gel)
' {toberaorite gel)
2(2Ca0+S103) + 4H20 --—» 3Ca0+25102+3H20 + Ca(OH)> (5)
(dicalcium sllicate) {calctum silfcate hydrate gel)

(tobermorite gel) ¥

Tricalcium alumlnate fs the first compound to undergo hydration.
I absence of calcium sulphate, the formation of tabular calcium
aluminate hydrates (Table 3.3, Reaction 1) is responsible For rapid
setting as it results in producing a rigid structure shortly after
mixlng (Lochér, 1980). With the additidbn of calcium sulphate (gypsum),
ettringite forms (Table 3.3, Reaction 2) ln the shape of very small
particles on the surFace of the cement grains. Thgse particles, too
small to produce setting, retard the hydration of the calcium silicates.

The amount of sulphate present Jn solution is important and must be



dosed against the amount of calcium aluminate, If It Is too small,
calcium aluminate hydrate and/or calcium monosulphate aluminate hydrate
'arenproduced (Table 3.3, Reacticn 1 8nd 3 ) in the shabe of large
tabular crystals which cause quick sett1ng.‘lf the sulphate supply is
too great, secondary gypsum precipitates, also causing éulck setting.
The hydration of tricalcium stlicate and dicalcfum silicate;
which account for approximately 75% of the dry cement weight, is

responsible for the strength development of the cement paste (Table 3.3,

’
Y

Reactions 4 and 5). Hydratndn results in the formation of calcium

silicate hydratg gel (tobermorite gel) and crystalline calcfum hydroxlde-

(bortléndlte).

‘ Dguble et al (1980) proposed a model for the hydration of the
calcium silicates which invélves_the sequence of events fllustrated in

Figure 3.2. When cement is contacted with ﬁater, there is an initial

1Ieach4ng of 1ime from the caiclum sillcate structure through hydrotysis.
The ‘calcium ions-released into solution then recombine with the

hydrosilicate residues left on the surface of the cement grafns to-

z . »

precipitéte a calciﬁm silicate hydrate (CSH) gél membrane. This membrane

4

allows inwaid diffusion of water and outward diffusion of Ca*? and OH™

Ionsubut prevehts the outward diffusion of larger fons of hydrolysed

silicétes. As a reshlt, the concentration of Cat? and OH™ fons increases

.

above the solublility. product of 1ime In the solutlon (the pH might reach
-13) and calcium hydroxide is precipitated. Concurrently, the .

_preferentia) diffusion process leads to the dgyelopment oF_an osmotic

-

pressure across the mémbrane coating the cement drafns. This pressure

“
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.cement paste Is the water—to-cement rat16 (H/C).'Durlng the process of

L4

-causes rupture of the membrane and extrusion of hydrosilicate material

which combine with calcium fons in solution to precipitate CSH gel as

excrescences on the surface of the gralins. Interlocking of those tubular

excrescences provide dlmensipnal stabllity to the hydrated mass. The
rate o? the-hydration reaction decreases with time as the thickness of

the gel layer thfough which reactants have to diffuse becomes larger.

Figure 3.2 Diagrammatic representation of the sequence of hydration of
: cement. (a) Cement grains in water, (b) initial gel coatings
around the cement grafns, (c) secondary growth of C-S-H gel - o
after osmotic rupture of gel coatings and (d) long term T
infil1ling and consolldation of microstructure (from Double
et al, 1980). ‘ ] ”

.
’

-

A major Factorfhhlch determines the morphology of the hydrated

.

hydration, the volume of a cement paste specimen remains approximately
constant. Tﬁe relative volume distribuilon between the different phases,
before and after hydration, is presented in Figure 3.3 for twb
water-to-cement ratios, 0.32 and 0.48 (on a welght baslis). At W/C=0.32,

the initial volume is eﬁbally split between water eﬁd cement. Hydration L

/ N\



proceeds until all the water has been used up. This leaves some cement

unhydrated and 7.5% (by volume) of air voids since the volume of water

decreases by chemicalrcombfnation.rA W/C=D.48 permits ful) hydration of

-

the cement leaving 18% of free water and ajr in the pores.

.
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The examples g!ven‘above' show that the volume of cement
approximately doublies upon hydration creating a netwofk of éel pores of
very small diageter (15-30 &) dﬁopovi;s. 1979). The volume origlinally
occupied by free water forms a void system of much larger pores, the
capiliary poTes. The contribution of these pores to_the total porosity
Increases rédely with the water-to-cement ratio. As a resu}t. fhe
permeabf1ity of the cement paste, which Is essentially zero for
W/C=0.32, increases expcnentially as W/C reaches 0.6 te 0.7.

The amount of |ime produced as a result of cement hydration is of

"'special Importance to waste solidification since it provides acid

neutral fzation capacity. Based on the stoichfometry of Reactions 4 and §
(Teble 3.3) and on a typical cement composition of 50% tricalcium

silicate and 25% dicalcium silicate, 1t can be estimated that full

hydration of | gram of cement produces 0.3 gram of Ca(OH)2. This

corresponds to an acid néutralizatioﬁ capacity of 8 meq/g of dry cement.
The pH in the pore solution, controlled by the(@sﬁub[lfty of iime, ' ‘

should bg in the range of 12 to 13.

F'd

3.2.3 Latent Hydrsulic Cementsy \
. . . \
The hydraulic reactivity of slag and pozzolans 1s mainly a \\

function of the amorphous compounds that they contain (Smolczyk, 1980}}\‘
Crystalliﬁé Eompounds will alsc hydrate but at a much slower‘rgte.
ﬂodérn‘glags have a glassy content of more than 90% {(Smolczyk, 1980). .
Studies of different fiy ashes indicate that thErgléss content ranges

from 70 to 90% (Minnick, 1967). Granulated blast furnace slag can be
. Y .
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activated with a variety of alkalies Including soda, |'me and gypsum

'

(Daimon, 1980). Fly ash Is normally act{vated ;1th 1ime. The products of
hydration are similar to those of portland cement (e.q. calcium silicate
hydrate gel, crystalline aluminate hydrate) without the liberation of
Ca(OH)z. I1f sulphate {3 present, et;ringlte will also be formed. The
reactions are much slower than that of portland cement; Regourd (1980)
observed that hydration of several slag mixtures only started after 28
days. There s no direct method of measuring pozzolanic reactivity other
than preparing specimens by mixing with lime or portland cement and
measur Ing thé strength development as a functfon of time (ASTM C618-72
and C59g:74). — '

When mixed with portiand cement, the activators for slag and fly
ash hydration are the gypsum cohtalned in cement and the lime produced
from hxdratlon of the calciumlsill?;tes. The resulting cement paste
normally has a higher strength than portiand cement alone since the
Ca(OH)z ecrystals in a portlahd cement paste form weak bonds fn the

hydrated_matrix (Popovics, 1979},

3.2.4 Hydration In an_Aqueous Waste Environment
' N

~

Aqueous wastes might contain |arge.concentratlons of {norganic
electrolytes and soluble organics which can Interfere with the ﬂydratlon
of cementing materiats. These Interferences can be ‘evaluated by studying

the effects of admixtures on the propertles of cement (Franklin, 1976;

Popovics, 1979; Gatcho, 1980). Admixtures are special chemicals addéd to

cement to impart certain desirable propertleé to the concrete. Of



relevance to our topic are the admixtures which are’used to accelerate
or retard the hydratlion of cement. ) '

Most inorganic electrolytes behave as hydrat}on,eccelerators of
tricalcium sillicate ( the main strength develﬁplng compound of portland L
cement) with the exception of fluorides, phosphates and‘those catloﬁs
that precipitate as hydroxides (Skalny and Young, 1980). The most widely
used and best studied accelerator is CaCly. Llttle {s known on the
mechanishs of hydration acceleratior (Ramachand(an. 1976). Kondo et al

v

(1977) coﬁparea tﬁe écﬁeleratipn effect of severa} potéssium salts and
_found that the ;Ffect increased with the fonic mob!iity (dfFFusIJ}ty) of
.the qnion. They postulated that the accelerating effect was related to
the inward diffusion of thp anfon through the calcium s111cate hydrate
gel coating the cement.particles, Forblnﬁ Cat? to diffuse out in order‘

» .
to maintaln electroneutrality. According to the aosmotic hydration model

presented In Section 3.2.2, this would speed up the formation of calcium

4 f/" - '

silicate hydrate gel. ’ v
- There are twé categories of compounds that will retard or even -
Inhib{t the hydration of calcium silicates. The Ffrst categgry comprfses
compounds which have the potsptial oF-forming precipitates on the cement
gralns. Gypsum is purposely ﬁixed with portiand cement to contéol the

A
rate of setting. As described In Section 3.2.2, it does so by causing
the precipitation of etfringfte on the calcium sllicate grains. Several ’
researchers have reported that heavy metal salts retard the setting of

cement by precipitqting hydroxides or othér insoluble salts cn the

cement particles (Longuet and Bellina, 1980: Skalny and Young, 1980;
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Alford et al, 1981; Thomas et al, 1981; Arligule et al, 1982). The
.second category Includes compounds (many of them are organic) which tend
to adsorb to the cement grains, hindering reactions between cement and

water (Skalny and Young, 1980).

.~ 3.2.5 Durabilfty of Hydrated Cement -

The long term containment of a waste incorporated in a cement
matrix depends primarily on the ability of the matrix to maintain ts
Integrity. Durability refers to the resistance of the matrix to chemical
Interactions fn an aqueocus envlrénment (Calleja, .1980).

Because cement ;aste and concrete normally have low
permeabilitfes, the chemical attacks are Inierfacial phenoﬁéna which
teke 5155e via‘diffuslve exchanges of soluble species, Deterioration
takes place through complex meehanisms which include fon exchenge.
dissolution of hydreted solids or Formationvof new {nsoluble compounds
(Calleja, 1980). The most destructive chemical compounds‘a%e sulphates -~
which react with the aluminates to form expansive sulFoaIumlnates and
aclds which dissolve the cement hydrates. The IatFer class of compounds
is of more fnterest for the present topic.

‘ Al compounds of cement hydrett?qiare-lnsoluble in.neutral water
with the exceptfon. of Ca(OH)z (Lea._1970). It has been shown that 1ime
will [each easily from e}dinary hydrated portland cement uhtll 10 to 15%
of the original wet welght of cement has'dissolved. This corresponds
roughly to the amount of lime produced From the hydration of trlca!clum

and dicalcium sillcate as estimated ln Section 3.2.2. The leaching oF
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lime occurs without significant reduction of the cement -strength (Lea,
1970)., Mixtures of portlaﬁd cement and pozzolan or blast furnace slag

show much lower lime leachabflity, as couid 'be expectéd considering that

lime reacts to form less soluble hydrates.

The matrix of hydrated cement can be completely dissolved by - .-
o .

strong acfds (Démoulian et al, 19803. Portland cement wlll resist ﬁH

values-as low %5 5 or 6 while alumina cement does not diésolggjﬁntl] the

o«
pH reaches 4. Fhe réslstance of alumina cement to acldic water is

attributed to alumina gel which cocats and protegts the calcium alumingte -

matrix (Lea, 1970).

'3.3 Chemical Fixation of Contaminants

-
-

The maih'objiftlve of a stabiliigtibn/soltdification operat ion
‘15 to Smmobilize contaminants contalned n a‘haste by.takihg them out .of
solution. Those contaminants (or the fraction of them) which remain In
solutfon in the p&res of the waste form are directly available for

leaching:
. -’ . Al " i
The chemical mechanisms which can. effecttvely fix

A . e

contaminants In waste forms were reviewed by Malone and Larson (1982):

production of insoluble compounds,
adsorption/chemisorption,

passivation of waste particles, B
production of substitution+in insoluble,
crystalline materials.

1

-

Not all of these mechanisms will play an equally important role tn the
containment of actual complex wastes. Passivation or armoring will occur

when 6 chemical reaction between specie? in solution Forms a: precipitate

M R e

)



21

on the surface of waste particles, léd\etlng them from the bulk of the
solution. Substitution In crystalline matrices such as clay particles
can effectively immobilize metals. This Is one dF the major systems that
remove etements from the environment in natural geochemical cycles.
These mechan1sm5.however will only occcur Tnc!dentally when wastes are
sol fdified using cement-based processes as described fn Section 3.1
Based on the state-of=the-art treatment technology for wastewater

(Patterson, 1975) and.on the chemical environment created in

cement-based matrices (high pH, high spechlc surface area}, a hmre

detal.led review Is presented below for hydroxide, carbonate and sulfide
precipitation, formation of metal silicates and adsorption of hydrous

metal oxides.

3.3.1 Precipitation as Metal Hydroxides

brecinltation via lime addition is the most common treatment
process for the removal of metala 1ncluding-dadm|um. chromium, copper,
lead. nickel and zinc from industrial wastewater (Patterson, 1975)

The hydroxide chemistsy oF 5etal3 is summarized fn Table 3.4, rt'
jslaéeumed‘that no polymeric species are formed -and that speciation can
be -treated at equ]}fbrium. In~addition toibeing-in equiliibrium with the .
precipltated phase (Table 3.4, Expression 15.'the metals hydrolyze to
form several species (Table 3.4..Express]on 3). The'concentration of
hydrolyzed species increases as the pH increaaes and -thus explatns the

amphoteric nature of the metals’ (they are soluble at low and high pH).

The total soluble metal concentration can be expressed as a



function of pH and the stabi!ity constants of the various species by

replacing the expressions for the stability constants (Table 3.4.
Equations 2 and 5) in the sﬁmmat1on of all soluble species (Table 3.4,
Equation 6). The.result Is shown on Figure 3.4 for cadmiuﬁ. chromium and
lead. 1t 1!lustrates several important%acts:
- the pH at which precipitation occurs (e.g. in a base titration)
varies with the meta! and its actua! concentration,

- the optimal precipitation pH s unique to each metal! and
- If excess alkalinity s present, the metal starts resolubllizing.

Table 3.4 Metal hydroxide equllibrium chemlstry

(adapted from Stumm and Morgan, 1981}.

- Hydroxide solid.

ME(OH) (s} + zHY = Me*Z + zH;0 ~

. (Ke*Z) .
0 E;;i;' (2)

- Hydroxide soluble species

Ky “K2 ' K, Kn
Me ---> MeOH ---> Me(OH)2...—==> Me(OH){ --=> Me(OH)p  (3)
B2

o : ST e (4}
- . [Me(OH) {_) )
. IH) [Me(OH) () .
CBy e ool {5)
{He]

- Total scluble metal concentration

. N
Wer = [He*Z] *,E,[""o”’f "] )
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Concentration llog(

Chromium

Using convention of Table 3.4 (constants

14

from Westall et al, 1976)

Log of stabilfty

KSO .KI *BZ
Cadmium 136 9,0 9.
‘Chromium (+3) 12.3 -4.2 -10.3
Lead 9.0 -B.2

Figure 3.4 Theoretical

~17.2

solubi 1ty of

conétant

.‘_.Ea ‘B-.
~30.4 -47,4
————— -25.6
L: I J—

metal hydroxides.

<ff.
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The stability constants used to prepare Flgure 3.4 are typical of
freshly precipitated metal hydroxide. These values however change upon
aging of the precipltétes {Stumm and Morgan, 1981), resutting in lower
solub!lities. The decrease in solubllity is explained by the .formatlion
of an active form of the pr%clpltate (very fine crystalltine matrix) when
obtained from strongly oversaturated solutions. This precfpitate Is
slowly converted into a more stable inactfve form (amorphous) upon
aging. Characterization studies of fresh and aged hydroxide sludges
using X-ray diffraction did not reveal the presence of crystalline

phases (Malone et al, 1978; Meredith, 1980}.

3,3.2 Precipitation as Metal Carbgnates

Metal carbonate precipitates are often more stable than thelr
hydroxide counterparts {Stumm and Morgan, 1981). Carbonate
precipitation, using a salt such as soda ash (NazC0a), has not béen
widely used for Indt‘Jstr‘.lal wastewater treatment, except in some cases @
for the purpose of metal recovery (Pétterson. 1975}. formation of metal

carbonates can, however, be significant in the disposal environment,
where the waste form can be exposed to relatively high partial pressures
of CO2 resulting from microbia{ respiration. The chemical changes taking
place at the waste form groundwater interface, called "carbonation" by
cement and concrete chemists (Calleje, 1980), involve neutralization and
: Kformgtlon of metal carbonates.

Expression of metal carbonate solubility requires consideration
of three independent variables, e.g. mgtal concentration, pH and partial

i)



pressure of C0;. The equflibrigm relationships of Table 3.5 illustrate
that the carbonate fon concentration, [CO3], dépends on both CO; partial
pressure (Table‘§.5. Equation 3) and OM (Table 3.5, Equations 4 and.S).
Based on the values of the equilfbrfum constants K; and K, (Table 3.5,

Equattfons 8 and 9), the CO; species dominates at pH larger than 0.3

(CO3 is 10% of Cy at pH=9.3)

Table 3.5 Metal carbonate equi!#rium chemistry
(adapted from Stumm and Morgan, 198]).

- Carbonate solid

MeCO3 (s) Met? + COy2

Ksp = [Me*?] [cos~%)
~ Carbonate soluble species

CO2(g) + Hz0 H2C03" (aq) 1)

H2COs" = HCOs™ + HY
HCOa~™ = €032 + H*
\ . B ,
T\ __[H2€03") + [HCO3™*) + [C0572)
. . ,
= [H2C03"]
KH = em—————
Pcoz
(H*11°(HCOs ™)
Ki = c—mmem—eo
[H2COs ]
[H*') [oos—2)
Ko = e—memmmm

(1) (H2003"] = [CO(aq}] + [HzCO3)

(1

(2)

(3

(4)
(5)

(6)

(N

(8)

{9



The carbonation process can be described by the following
chemical equation
Me(OH)z{s) + HyCO3; = HeC03(s)‘+ 2H,0
The condition under which a phase change from hydroxide to carbonate
will occur can be approximated by combining Equations 2 from Table 3.4

and Equatlion 2 from Table 3.5:

i‘(5
[C03 ] [H+]2 = ;__E_ -,
SO

This relationship fllustrates that the pH at which carbonation occurs
depends on the}solubkllty‘products of the carbonate and hydroxide and on
the actual CO3 concentration. This relationship, aloné with the

equi librium expressions of Tables 3.4 and 3.5. can be used %o .construct
solubflity diagrams for different metals, at various pH- levels and
carbonate conéentrations.

The solubility of several metal hydroxides and carbonates was
compared by Patterson et al (1977). It was found that formation of
hydfoxlde precipitates contrélled the sclubility of zinc and nickel
tﬁ?oughout the range of tested pH.while carbonate precipitates
controllied thé solubility of cadmium and lead in an Inter&ediate'pH

. . - 3
range. - . ) -

3.3.3 Precipitation as Metal Sulfides

Metal sulfides have solubilities which are several orders of
magnitude lower then hydroxides or carbonates throughout thé pH range.

Furthermore their solubility s not as sensitive to a change in pH

”
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(Stumm and Horgan, 1981). Metal sulfides will resolubfllize In an
oxidlzing envircnment. Thelr use for wastewater treatment has been
limited by a high operating cost and the problem of hydrogen sulfide gas
generation (Patterson, 1975).

The equiiibrium chemistry of sulfide (n a reducing environment
(Table 3.6) shows that metal sulfides will be formed at low pH. Hz5(aq}
has a low solubility, Therefore, if 8 metal solution is treated with a
highly soluble sulfide salt {e.g. NazS), HaS(g) will readily escape
solution. As a consequence, no excess sulfide can be added to buffer the
system. If hydrogen sulfide pressure is allowed to bulld up over the
solution (1.e., forcing sulfide fon into solution) metals will tend to
resolubilize as thic complexes (Me(SH){?™")) | These problems can be
;esolved by usihg a slightly scluble sulfide salt as thg treatment
_ additive. The SULFEX process makés use of iron sulfide which has a
highér solubility product than most metals (Scott, 1977). This limits
generation of H25:§5 and alsc allows additlon of excess sulfide ijons (in

the form of undissociated feS) to buffer the system at a low redox value

by providing 8 source of electrons. -
R

3.3.4 Format {0 of Metal Silicates

Metal sillcates>ar%_non—stoichlometric compounds where the metal
is coorainated to silanol groups (Si0H) in an amorphous polymEflzed
silica matrix (Iler, 1979). It has been postulatéd that formation of‘
metal sllicates is‘Fhe effective. immobilization mechaqism in several

waste stabllization/solidification processes (Conner, 1972; Societe



Internationale de publicite et d’Agences Commercjales. 1975:ﬁFalcone et
al, l984)la|though it ts difficult to‘posjtively fdent{fy metal .
silicates. The maln advantage of forming metal silicates Is that the
sflica matrix is relaiively insoluble {n a' pH range from 2.to 11 (Ilef.
1979) ..
.Table 3.6 Metal sulfide equilibrium chemistry
{under rgduclng conditions).

- Sulfide solid

MeS(s) met? + 572 (1)

Kep = [Mel [S) @

- Sulfige soluble species

. .. HS(@) = HzS(aq) | (3) .
HpS(aq) = H* + HS™ , ()’
HS- = HY + 572 (5)

.A£The silica In solutfons of soluble silicates is present as a
comple; distribution of polymeric silicate antons. These anions are In a
metgstablé equilib;tum state which slowly tends to produce more .
polymerized specles. The polymerizatton of‘sillélc acld (ST(OH)4):

involves the condensation of silanol groups (Iler, 1979):

The condensation of siltcate anfons 15 enhanced by the addition of

_IG{0H 4 HOSi-= = --510S5f-- + H2D

mineral acld and/or acidic salts (relative to silicate anions). The

gelling reaction §s sensitive to pH, with a minimum at pH 2 and maximum
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in the neutral range. In highly alka!ine énvlronments. s}llca is
soluble, *

When a soluble silicate Is mixed with sclutions of salts of
metals ather than the alkall metal gréhp. fnsoluble amorphous metal
silicates can be preciplitated. The process Is very sensitive to
varfables such as pH and energy of mlxins. The resulting precipltate may
vary from relatively homogeneous colloidal aggregates of very small
units of polysilicic aclds and metal hydroxide, to heterogeneous masses
in which either silica or metal hydro;ide Is present as- dlscrete
colloldal units, held tcgether by the other component (1ler, 1979)

One commercial s11icate-based solidlflcation process involves, -
mixing the waste with soluble s{1{cates (e.g. Na20+5102) and a setting
agént (Conner, 1972). Use of soluble silicgtes, however, produces a;
alkaline environment where thé rapid precipitation of metal hydroxide
wil]l be tn competition with the slow formation of the silica matrix. In
anocther process, a siliéate bearing material (e.g. blast.furnace slag)

T
is fFirst dlssolved tn acid to promote the formation of low molecular
welight sflicic acld The waste is then added to this solution and
polymerlzatfon ts promoted by raising the pH (Soclete lnternationale de
Publicite et 4’ Agences Commerciales, 1975)

In a recent attempt to pbsitfvely fdentify metal sflicates, Pet!t
and Rouxhet (1980} used Infrared spectroscopy!énd X-ray diffraction to
demonstrate that nickel and zinc Fbrmed ctgﬁfta] bondsrw]th a silica gel

matrix carefully prepared in the laboratory. They also obsérved that the

pH at which these metals were Incorporated in the sflica matrfx was



..

C el

30

slfghtly lower than the pH of hydroxtde precipltation.

3.3.5 Adsorption

Atoms and_molecule; are held together by cohesive forces that
range in magn}tude from strong valence bonds to weak van der Waals
forces of attractfon. Atoms and molecules located at surfaces Sfoer
from an Imbélancg of these forces which produces the phenomenon of
adsorption {Wagner and Jula, 1981). .

‘ Adsorbants relevant to waste stabiIlzation/solidificatloﬁ
technology fnclude the metal hydrous' oxides which form cement ,and
pozzolanic matrices, as well as mat%ﬁla!s such as activated carbon or
clay which can be added for the specf%ic purpose of Immobllizlpg
contahinants.vThere {s abundant Ilferature‘dh tpe use of activapéd
carbon for removlng_organlc and inarganic contéminants from wéstewéter
(ChereminlsqFF énd Ellerbusch, 1980; Perrick, 1981% Suffet and McGuire,
1981}, and on the sorptive properties of clays and waste matgr]éls
(Theis et al, 1976; Chan et al, 1980; Benson, 1980; Travis ef E%niér.

_1981). ‘
- The forces of attracfion'responsible for adsorption on an

activated carbon surface are predominantly of a physical nature (é.g.

v -

-van der Waals forces). Pﬁyslcal adsorption is character{zed by a_)ow
heat of reaction, relative ease of desorption and a significant
temperature dependence upon.equlllbrium {Wagner ahd Jula, 1981).
Activated carbon has mainly been used For organ[cs adsorption but its

capacity for adsorbing fnorganics such as Cd, Cr, Hg, Cu and CN has also
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been demonstrated (Huang, 1978).

The metal 'ons in the surface layer of metal oxides have a
reduced coordination number. 1n water, they coordinate Hz0 molecules
which dissoctate to produce a hydroxilated surface (Schindler, 1981}.
Ox'des of -iron, aluminum, silicen and manganese are strongly Hydrolized
In agueous so'utlon and thus have a net positive surface charge at low
pH and a net negative charge at high pH. Metal oxl!des there%ore-tend to
adsorb cations at a pH higher than their pH of zero point charge. It has
been observed that adsorptlon Invari;bly occurs before the 1n|t|atﬁon of
bulk precipitation from solution and that saturation of the surface
sites takes place over a narrow pH rénge (Kinniburgh anc Jackson; 1981).
This phenomencn Is reversible and occurs at a very rapid rate.

Equilibrium.models have thus been developed where the surface fis

consfdered as a !igand interacting with soluble species {(Anderson and

‘Rubin, Eds,ll981). Adsorption models can fhus be included into the

general sché%é‘of aqueous equilibrium calcutations (Morel et al, 1981).
Cation\adsorption by phy!lasilicate clays differs from £hat of
the_slmplé oxides beca?se the sqrface charge on clays (usually negative)
is largely controlled by the:amount of §somorphous substitution within
the clay struct;re, rather then by the adsorption of H* or OH™ from
soiutlon. The planar surfaces of most phyllosilicates (S1-0-5i) are
relatively inact}vg>Engaréd to 1fon or aluminum oxide surfaces and the

adsorptivity tends to be dominated by the energetics of fitting

exchangeable cations into interlayer space. This phenomenonkjs not as

-reversible as simple surface adsorption (Kinniburgh and Jackson, 1981).



3.4 Current Data on Waste Form Characteristics

Waste forms have been evaluated to determine their acceptability
for transportation and landfilling operations and to assess thelr
leaching characteristics. Eub!ished Informéxlon on hazardous Laste form
characteristics s available from vendors of processes (Pojasek, 1979a),
Independent 1ab0rat0fies evaluating commercial processes (Maloch et al‘
1976; Bartos and Palermo, 1977; Meric, 1979; Bruce et al, 1981;
Rousseaux and Cralg, 1981) and research laboratories working with _
synthetic wastes p;ocessed in the laboratory (Mahoney et al, 198]1; Cote
and Hamflton, 1983; Bishop et a!.1984; Poon et al, 1985). A wealth of
Information Is also available for radiocactive waste forms (Hcé@rphy.

'

1979; Oak Ridge National Laboratory, 1980; Mendel et al, 1981)2

)

3.4.1 Physical and Engineéring Properties’
A waste form, depending on the solidification additivés used.and
their dosage, can a be granular soil-ifke material or a monolithic
concrete-llke mass (Environmental Laboratory, 1980). Teéting methods
adapted from the ;oll and, concrete fields have therefore heen used to

characterize their physical properties {Bartos and Palermé. 1977).

A solidiflcaélon opefaﬁlon Increases the weight "and volume of
the waste. Volume lnereasé factors (final/initial volume) of three
different aqueous wastes solidified using five processes ranged from

1.29 for a dewatered sludge sol¥dified with soluble silicates and

cement, to 2.35 for a ligquid waste solidified with fly ash and 1ime

-



(Cote and Hamilton, 1983).

The bulk density of a varlety of cement-based waste forms was
reported to vary between |.25 and 1.75 g/cm (Environmental Laboratory,
1980; C6té and Hamilton, 1983). The water content of the same samples
varied between 0 14 andg 0.50 {weight by welght; wet weight basis), Low
bulk denslties were associated with high water contents. The specific
gravity of the matrix skeleton can be used along with the water content
and the buik denstty to calculate the waste form porasity (Peck étaal,
1974). Porosity values reported by Bartos and Palermo (1977) and van der

* Sloot and Kitkstra (1984) for a wide variety of cement-based waste forms
ranged from 0.25 to 0.75 (voids/total volume) . Comparlsons between
porosity and water content for any of the waste forms (ndicate that the
voids are only partially filled with water,

Unconfined compressive strength datag of waste forms reported
by the U.S. Army Corps oF Engineers (Enviromental Laboratories, 1980) .
vary from 100 to 1000 kPa while various aqueous sludges. soildified using
cement-based Processes at the Wastewater Technology Centre (Cote and
Hamflton, 1983) had strengths ranging between 68 and 5200 kPa. Sug! et
al (1980) reported that It was possible to fncrease the physical
strength of 3 waste form by a factor of up to 10 relative to ordinary’
portland cement by uslng the right combination of cement, slag and.
gypsum. The Improved perFormance was ‘attributed to the formation of
ettringite. ]

Permeabi ity coefficients reported by Bartos and Palermo (1977)

‘and-van der Sloot and Wijkstra (1984) ranged from 10‘5 to”lO‘ m/sec and

»

S
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are comparable to those of clay.

The reslistance of waste forms to weathering, elther
Freezfng/thawlng*or wetting/drying cycles Is low. The sampie te;ted by .
Bartos and Palermo-(1977) and by Bruce et al (1981) typlcally
disintegrated after less than 10 cycies when ASTM standard methods for
so!l cement mixtures were used. The waste forms whlch showed the best
performance were based on pozzolan-1ime additives and had the Iowest -

water content. . . . ?Lf .

Several researchers have reported that the wafer—tn—cement ratln
Is the‘slngle most lmportant factor to inFIuence'the morphoiogy of the
matrix and its physical and englneerlng propertles (Envlronmental
Laboratory. 1980; Poon et al., 1984; BIshop et al, 1984). For' obvious -
economtcal reasons, the minimum amount “of binder is added to aqueous
waste to obtafin solidification. A higher matrix water conéént results In

lower strength, higher permeability, lqwer resistance to weathering and,

as will be shown {n next sectfon, higher leachability. In Facﬁffthe

matrix of actugl cement-based waste forms might ‘be quite dtfferent from

the Idealized situation plctured on ngure 3.2. When cement Is meed

with a8 waste and a filler in lean proportions, hydratfon produces g thin
Fllm of cement gel on the surface of the particles and does not Fill the

voids between them (Bruce et al, 1981).

. .

Most of the leachfhg data avallable has been generated fn the

laboratory using leaching tests, A few fieid invesf]gations of
H 0



solldifled waste landfills have been reported (Environmental Laboratory,

1981 and 1983)

The conduct of a laboratory leaching test consists {n contacting

a waste sample with a leachant, separating the liguid from the solid and

analyzing the liguid. This can be done in a number of wéys which have
been classified as dynamic or static leaching tests (Mende! et al,

1981). A‘dynamlc leaching test is one in which the specimen is exposed

to a leachant that is either continuously or periodically renewed, e.g.,-

b

a flow-through system. In a static test, the leachant is not renewed and

fts composition changes unt!} gventually. if the test is run for long
enough, equilibrium Is attained.

Most of the tests in use for regulatory purposes are batch
leaching tests e.g. the U.S5. EPA Extraction Prdcedure (U.S..EPA. 1980),
fn which chemica) equl!librium Is often attained (CSté and Constable,
1982}, For solidifled wastes, which are normally crushed fo accp;erate
attainment of‘equiltbrfum. thé resukts of these tests can be used to |
evaluate whether tﬁe contaminants we;e eFFectléély insolubi)ized. Hhénb
1§he leachant s distilled water or a slightly gcidic medium, fhe pﬁ at
%Hé‘end of the test 1s controlled by the waste. For cement-based waste

»

forms, the pH.is usually high and contaminant concentrations are

-solubility limited. ' _ S T
In order to gain an understanding of the rate .at which

contaminants leach,.a klnetlc,tesf must'bé used. When conducting this

e of test, the integrity of the waste form {s ﬁgépected ({.e., no

v

-crushing) since Fb}matlon of a solid-mass is an important rate Hmiting

b 4

b 3

A,
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factor. Because 5F the |0Q permeabllity of cement-based waste forms,
- .
tests aiming at measurlng.lnterface exchanges are more appropriate than
those, such as column tests, which attempt té simulate co&vectlve
transport, '
A

Individual mechanisﬁs that can control leaching rates uhﬁer
various conditions or at different times during a | ?Fhlng process
include bulk-djffugion; chemical reactions and surface transfer
phenomgnag Mechan{sms Pre normally studied by developing mathematical
models that gescribe release patterns cobserved In laboratory leaching
tests. Conslderatloq of simple models, for which an analyticatl solution
is évallable. provides an understanding of the role played by individual
mechanisms in compfex 1each|ng'phenomena. | .

Before reviewing selected leaching models, simplifying

assumptions that allow derivation of simple analytical so{ftions will be

presented,

3.4.2.1 Conceptual Leaching Model

A cement-based waste form cons!sts of several soli{d phases, é
1iquid phase (pore solution) and air voids. Prior to befng contacted
with an aqueous leaching soltution, the different chemical species in the
solid phases and In the pore solution are in a state of chemical
equilibrium (Machiels and Peﬁcétore; 198?). tJpon contact, tﬁé difference
In chemiéal potential oF‘species In the aqueous phase and in the solid
leads to fluxes of mass between the surface and the solution. These

surface exchanges create concentration gradients inducing bulk diffusfon



within the waste form matr(x. Species from thelsolid and from the
teachant alse Interact to form new species both in the aquedus solution
and in the sofid. These principles éppl& to species fnitially present in
the leachant and in the solid:

Several transport mechanisms and chemicai reactions which would
be part oF.a comprehensive mechanistic leaching mode! are presenteq on
Figure 3.5. This conceptual model represents, in unidimensiona}
geometry, the interactions and fransport of ;everal spectes as é
function of distance gnd time. The superscripts represent concentrat ions
in the bulk of the waste matrix (b, in the Ieachanf (L) and in the
aqueous solution (w). The term leachant is used to describe the leaching
liquid prior to any interaction with thé‘wastelwhile aqueous solutioﬁ
refers to the liquid in contact with the waste form.

The chemical species of IAtErest in leaching are Initially
present in the waste matrix in an immobile form (Cim) or in a mobile
form, i.e., in‘solution in the pore solutionr(Cmo). The Innnbi]e form is

subject to mobilization {f the Jocal equilibrium is disrupted as a

result of the mobile form being transported by diffusion or convection.

Leaching is normally expressed_as a leach rate or as a cumulative
fraction leached (Mendel,1981). The leach rate fL} is defined as the
mass of a species crossing the waste form-aqueous solution interface per

unit area per unit time:

area.s* time

-
in

4

L 15 positive for species leaving the solid, It fs normally expressed

based on the geometrical surface area of the waste form.
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Figure 3.5 Conceptual leaching model (adapted from Cote, 1983).
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Leaching data obtained from laboratory experiments are often

- expressed as a cumulative fraction leached (F). The relationship between

the leach rate and the cumulative fraction

leached is as

fol lows,

(3.1)

where A is the geometrica! surface area of the waste form specimen and

my, is the initial amount present in the specimen.

The chemical composition of the agueous solutlon‘ next to the

waste form, establishes the driving forces for the surface phenomena. It

is determined by the rate of renewal of the leachant. Leachant velocity,

v, §s defined herein as the volume of leachant contacted with the waste

L]
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per unlt waste surface area per unit time,

vo lume distance
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area + time t ime

»
The leachant velocity can be related to the movement of aquifers or

Iinfiltrating water under_FTeld disposal conditions. It can be used to )
examine the effeét of the hydraul ic renge‘oF the leachant on the leach
rate (figure 3.6}, Thekslope of the curve in Figure 3.6 has .
concentration units, The curve has two asymptotical-llmlts where the
slope can be interpreted as the concehtration of the leached species
near the ‘interface. Limit 1, the maximum leacﬁ rate.xis reached when the
|eachant veloéity tends toward Iannity. Under such Floy conditions,
there §s no accumulation of leached species in the leachate {(the siopé
of the curve tends toward:zero} and the leaching driving forces are
maximum. Limit 2 represents the saturation concentration of a species
under specific leaching conditions. This limit can be approached for

tests conducted with sufficiently low leachant velocity.

3.4,2.2 Model Based Bulk Diffusion

If a species {s present in the matrix fn its mobile form only,
Cno+ @ mass batance shows that the net rate of transport is expressed by
Fick’s second law of di?fusion:
sC 8%c
== = Dg -3 (3.2)
&t . 6z

where C is used for Cnolty2) and De is an effective diffusion

coefficlent. The diffusion coefficient is referred to as effective

[
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because diffusion takes place In the llguid f111ing the interstices of

the porous matrix., The. liquid path length can therefore be much longer

than that assuméd In the formulation of Fick’s law (i.e. a strafght
line).
) ®
/
/
= /
b 3
L _//__ HAIHM LEACH PATE. _
E A
3 &7
o g 6;’/
5 & '
w @
3 gi/
5
i p/
\. LEACHANT VELOCITY [_#_]

Figure 3.6 Dependency of the leach rate on the leachant velocity.
L .

A soluttfon of Equation 3.2 for the case where the leachant
veloctty is high enough to maintain zero surface concentration (i.e.,
c(W)(t)=0, Figure-3.5), was presented by Crank {1956):

De 1/2
Lty = Cy (——-) (3.3)
ut ’

where L(t} 1s the leach rate and Cy Is the initial uniform concentration
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(on a volume basis) throughout the matrix.
The release can also be expressed as g cumulative fraction
leached by substituting Equation 3.3 fnto Equation 3.1 and

.

Integrating:
F(t}y = 2 -~ (-————- ) (3.4)

where A/V fs the ratio of the specimen geometrical surface area to

volume.

3.4.2.3 HModels Based on Bulk Diffusion and Chemical React{on.

For the case where 'a species is present in both an Innnbile
and a mobile form tnitfally in a state of chemical eguflibrium, feaching
of the moblle form will establish a difference {n chemical potentla} to.
drive the Followlng reaction:? )
‘ species (Im) ----- > specles (mo)
If the reaction [s fast,” compared to the dfF%uslon rate, fhe two forms
of the species codld be considered to be jn a state of constant chemfcal
equlljbf{um. If on the.bther hand, the reaction is slow, the kinetics of

production of the mobfle form have to be taken into account. The two

cases will be discussed séparately.

a} lnstantaneous Chemical Reactfon

N

A simble analytical sclution to the mass balance equation can be
obtained if the chemical dLuilibrlum is represented by a 1inear

2 . '

adsorption fsotherm: .



Ky = --—- (3.5)

A mass balance across a differential section leads to:
8Co $* Crmo 6Cim
-~~= = De ----- + - {3.6}
st (¥4 8t

which can be reduced to a form similar to Equation 3.2 by replacing Cim
by K4Cpo (from Equation 3.5):
2
&Cno De 8°Cro

= - - (3.7
st (1 +Kg) 62°

The effect of the chemical equllibrium is thus to slow down the
diffusion process. The solutions to Equation 3.7 are given by Equations

3.3 and 3.4 where D, is replaced By:

De’ = -————- - (3.8)

These equations show' that the leach rate and cumulative fractions
leached are reduced by a factor of (1 + Kd)l/2 when a fraction equal to
1/(1 + Kg) of the initial concentration Cy 1s in a mobfle form (Moore et

al, 1975).

/i-
g - ~

b) Kinetically Controlled Chemical Reaction ™~

If the mobile speclies of {nitial concenfration Cpo(0,2) fs

" being produced at a rate k [Cpo(0,2) - Cpo{t,z)], a mass balance

“\
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across s differential section leads to:

mssomm s Dg (==o2) 4k (Ce - O) (3.9)
&t §z ¥

where, in order to simplify the nétatlon. C represents Cp,(t,2) and Ca,
an equllibrfum concentration, represents Chof0:2). A soluticn of this
differential equatioﬁ was presented by Godbee and Joy (1974) for tﬁe
semi-infinite medium of uniform inftJal concentration Cq

-

and zero surféce concentration. The Iéaching rate ts expressed as:
Lty = Cp (0g'k)M% [erf (k)2 4 o ] (3.10)

, where Cy Is the total Inftial concentration (Cyp + Cpo)s erf is the
error finction (whose values are tabulated In most mathematical
handbooks) and the effective diffusion coeFchient Dg’ 13 now defined as

.Follows:

De’ = e : (3.11)
. . (1 + Kg)

where Kq fs the inifial value of the‘dlstributlbn coeFFiclent gliven by

Equatfon 3.5. Substituting Equation 3.10 lnfo'Equatlon 3.1 and

integrating, an expression for the cumulafive'fraction leached i5 -

obtained: .

. . a (3.12)
A . 1 . t

FIt) = === (D"k) /2 [(t + ——=-) erf (kt)V/W4 (-——-)}/2 gkt
Vv 2k wk '

Asymptotic analysis ean be used to impl'ify Equations 3.10 and
3.12 for short and long time (Godbee and Joy 1974: Nathwani and

s
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Phillips, 1980). For small values of kt (for a short time or for K —=>
0}, Equation 3.10 reduces to the simple diffusion model represented by
Equation 3:3. fFor large values of kt, erf (kt) approaches unity and the
leach rate as defined by Equatton 3.10 reaches a steady state:

L(t) = Cp (Dg'k)'/? (3.13)
This analysls shows that §if a chemical species fs initially present In
an immobile form which is slowly transtrmed to a mobile form, a steady

state leach rate will! eventually be reached.

L

3.4,2.4 Models Based on _Interface Mass Resistance.

a) Using a Chemical Kinetics Approath
Pescatore et a) (1982) presented a complex leaching model\for
glass wgste forms where surface phenomena were describéd based on the
kinﬁ}lg}iof exchanges of a specles between the surface of the solid ()
and the aqueous solution (w}:
) Ky
species "J" (s) (2227 - species "j" (w)

Kg i
; 3
where ky and ky are phenomenological rate constant coefficients .

‘describing the kinetics of all elementary processes Involved in
releasing o} attaching speclies "j" from or onto the surFaceﬁ
;espectively;ukz and kg may be complex functions of the physical and
chemical properties of the surface and the aqueﬁus solutior. Their model °
indicated that, at short times, the surface processes doqinate leaching

* rather than bulk diffusion, regardless of the leachant flow conditions.

tHith simplifying assumptions which apply at short times, .1t is possible

!
“
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to derive the following expression for the leaching rate:
A Lit) ~ e (ke*BRgIt  £or small values of t - (3.14)
where the constént B ts equal to the ratlo of the sblid surface area to
the agqueous solution volume. The fnitially rapid dec;ease of the leach
rate predicted by Equation 3.14 Is due to the rapid release of surface
species into the aqueous solution. Integratlngithe leach rate expression
leads to an equation of the following form for the cumulative fractlon
leaehed:
Ft) = ky[1 - e~ (ketBkglt) | (3.15)

When the kinetlcs oF surface phenomena are fast as compared to other .
factors whlch can rapidly become rate ]imitlng. Equation 3.15 ‘can be
simplifled by dropping the exponential term. The remaining constant term
is referred to as "{nitlal fraction leached" and the surface phenomena

ar?)called inftial wash-oFF

b) Using a Mass Transfer Coefficlent

The sur?éce phenomena can be ex‘Tessed'In terms of an ovérall
‘mass~transfer coeFFicient K (Treybal, 1968} :

L(t) = K [csat(") - C(”)(t)] (3:16)
.where Csat(w) is the saturation concentration in the agueous solution
Since Csat(w) fs the aqueous concentratlon when the system is at
equilibrium, 1t represents the chemltal potentfal of the surface

%

spectes. The leach rate will reach a maximum value when C(”)(t) tends

4
towards zero:

Lo = K Cgat(W! (3.17)
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Replacing the value of K obtalined from Equation 3.17 into Eaquation 3.6,

we obtaifns

S N O ] (3.18)

If the leachiqg species s structuraliy a ma jor component of
the wastﬁAform: its release into the aqueous so}utlon leads to a
strictural breakdown of the matrix, a.process which 13 referred to as
corrosfon. The kinetics of the process can be represented by a nefwork

dissolution velocity u [L/T}], defined as the volume of solid material

being dissolved per unit time, per unit surface area of solld exposed:
ult) = ———eno (3.19)

{
Substituting Equation 3.18 into 3.19 and defining the maximum network

velocity as u, = Lo/Cys we obtafn:
W) = Uy (1, = e ) (3.20)

To derive an expreasion for the cumulative fraction leached for netqgrk
F’s

dissolution controlled leaching using Equations 3.1 and 3.19, the time
dependéncy of C(”)(t) would have to be substftuted into Equatlon 3.20.
For the simple case where Csat (") > clW)(y), ult) =y, and we obtains

A T

Fie) 2 -yt (3.21)

v .

which expresses that the cumulatfve fraction leached of any specfes Is

lndependent of the concentration of that species In the waste form,

il
N
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~

3.4.2.5 Models Invulving Interacting Species
\

50 far, the discussion has been |imited to single chemical
species. When several species undergo transport and chemica) reactions,
there are no analytical solutions avéilable. The following is a brief
review of modelling efforts of these phenomena. i

The phenomena taking place when acidg diFFusioA:in a porBus
reactive solld is controlled by dissolutIon/precipitatiqn reactfons have
,been_studied,by Cussler (1985) for several chemical systems. Quéritative
results show that 1) the diffusing acid dissolves the metals which Tn
turn diffuse in and out of the porous s?ifd. and ii) depending on th; v
number of competing reactioas. the concentratioh of each reactant and
the stoichiometry of the reaction., the solubilized metéls will
reprecipitate farther in the so;id.

In receﬁt years, several_modelgihave been developed to
describe the transport and chemical reactions of chemicgl species in
soits (Miller and Benson, 1983; Kirkner et al, 1984). As outlined by
Jennings et al (1982}, there are two distinct techniques.For modelling
multicomponént systems. The first technique consists of inserting all of
.the interactlon.chemistry dI;ectIy into the transport equations and
reducing the problem to cne set of equations. The alternative technique
involves solving by. iteration betwéen the transport and cﬁemical sets of
equations. ' .
Tﬁé first techqiqué has been extensively used %or simple

adsorption problems where the Langmuir or Freundlich Isotherm were

substituted into the transport eguation {Crank, 1956; Lindstrom and



-

- disadvantage of the method Is that It I's not flexible since the:
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Boersma, 1970; Van Genuchten et al, 1974). Berner (1980) demonstrated
the application of this-technique to the dissolution of a binary ;alt
from the_gores of 8 sol!ld. The development was.pursu?q'by Jennings et al
{1982) andﬁgll1er and Benson (1953) who general fzed fhe technique to
include several transport mechanisms.and chemical reactlons. A

equatfons have to be modified to handle a.new chemical system.

The second technique aliows treatment of the,chemTcal‘system

‘complete}y‘separately from transport consfderations. In a.Finite

d}FFénence solution, at each time step, the transpoft equatlons are
solved Ignoring the chemical interactions. The concentrations are then
corrected by solving the chemical Interaction relationshlps uslng
equilibrium or kinetic expressions. This technlque can take advantage éf

the availability of powerfui computer programs to solve chemical

-eqd11ibrium problems (Nordstrom et al, 1979).

»
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. mathematical description of the mode]

4. FORMULATION OF A MODEL

Iqjthis Chapter, a mathematical mode! for the Ieachlhg SE\
. o .
contaminants from waste forms wilt bg formulated based on the
information avallable #n the iiterature as'fevlewed in Chapter 3. The
system will be qualitatively described, makjng the stmplifying

assumptions which will allow formallization into a model. A numerical

solution method will then be presented. Je~

4.1 Formalization of the Lemching Phenomenon

-

" This model TEJﬂntended té be used for the simulation of the

)

results of laboratory leaching éxperiments for the purpose of

detenmjnlng the mechanisms of contaminant containment and leaching. This
f .

© purpose s reffected In the simplifying &ssumptions and numerica’

-

solution methods‘described below. The WEQQ‘ is not intended to be used

[ Y
as a long term predictive tool for compiex field leaching processes.

A mechanistic leaching.mode! must consider .severa)

’

interacting chemical species. This model will focus on contaminant

) moblljzation resulting from protonation reactions. Thﬁ«mode} must 4

~

therefore consider, directly or indirectly, all the specigs which play
an {mportant rote In the balance of the hydrogen lon (H+)_1n addiEion to

the ‘tontaminants of Interest.

@. : .
" The formdlation of slmplfﬂ&lgg;éssgmptions and the

" e B

wn into® four parts: 1)
"

. I,
TR I
fid



the morphology of the matrix, 2) the transport mechanisms, 3) the
fnitial and boundary conditions, and 4) the method of handljng the
chemical reactions. .

4.1.1 Morphology of the Matrix <

The wgste Form‘is represenbed as a system consistlng of
several golld phasié and a liguid phase. The solld phases {nclude qﬁ
insoluble skeleton capagle of adsorption and a‘nUmber of chemical
> precipitates that can dissolve. The skeleton of cement-based wastg
forms, typically made of hydratéd cement, fly ash or clay particles, is
. . -
essentially Insoluble }h naﬁurql waters. This skeleton provides a high ‘
surface area of metéf oxides which have the potentlial of
%jnnnbillzlng contaminants through<rever51ble adsorptibn. The chemical
precipitates which a?e_part of the matrix Include the waste.and the
s;iuble parts of thewsolidification additives (e.g. calcium hydroxide
from port}and cemerit}. ] . .
- The water contained fn the matrix is distributed bet;een
pore water, waéeﬁ absorbed in the matrix particles and water of
. hydration. The Frgction-oé fnterest to modelling is the water contained
in 1nterconnec£ed porés.
For modelling purposes, the total concentration

\_~  of a species contained in the waste forp Is divided into several
fractions (Figure 4.1). The total concentration s identified efther
with the adueous phase of the waste (soluble) or with the solid phase

" {insoluble). The Insoluble fraction fs fn turn classified as available

or unavailable for leaching.




"Available for leaching” is defined as soluble in a leaching
med{um when an equtilibrium leaching test i{s conducted at infinite
llquid-to-solid ratio. The leaching medfum can have any desirable
properties. Specification of an Infinite ligquld-to-so!id ratio ensures
that 1} the interactions of the solid with the leaching medium does not
change the leaching environment and 2) there are no sotubl ity

limitations.

TOTAL ANALYTICAL CONCEN%HATION

SOLUBLE : INSOLUBLE

UNAVAILABLE VA
FOR LEACHING FOR E%f%%fhs

Figure 4.1 Distribution of a chemical element in
the. waste form matrix.

The fractfion unavaflable for leachln§ Includes those
contaminants whichxare inpobillzed through irreversible reactions with
the matrix. Examples of such reactions In the context of leaching under
mild aclidic condlt]ons are substitution in crystal latt]ces. formation
of insoluble metal' silicates and migration of lons between layers of
play particles. Included in the unavailablfffraction are also those ' <\

contaminants which, frrespectively of their chemical speciation, do not

have access to the interconnected pore system,



"

4.1.2 Tfansggrt Mechan | sms : N

Transport of contamfnants within the waste férm can take place
through convection or dIFFuslon Given the low permeabl?lty of
so0lldiffed wastes, the laboratory tests will be éonducted by {mmersing a
specimen in a leaching med!um. Because of theknature of the tesf%.
convective transport can be neglected. In the absence of convectlve
transport, the only eFFective diffusion process s caused by the random
motion of Individual lons or molecules This process. cailed molecular.
leFusloqh can occur within the solid, on the surface of the solid or In
the poré solution. Only pore ‘solutton molecular diffusion will be
considered here (Berner, 1980) . ’

In order to simpl{fy the mathematical treatment, it 13 assumed
that the waste form 13 isotropic and that a unidimensional geome{ry can
be used The first assumption can easlly be Justified stnce, during the
solidification process, wastes are blended with additives and
homogenlzed before being disposed of and allowed to set. The 855umption
oF unidimensional g:gpetry Implies that the layer at the surface of the
waste .form which is aFFect;d by Ieaching s small compared to the
,overall sfze of the waste Form. This has proved to be true for the
leaching of radlonuclides From glas$ waste forms (American Nuclear
Soclety, 1980; Machiels gnd Pescatore, 1982).

Taklng‘thg 8queous solution/waste form 1nterfape as the origin, a
mass balance for a soluble species "j" on s slice of the solid
perpendlcular.to.the axlis z .leads to the following equationi

4



p
______ = Do(J) ---s--—- + IR{J) (4.1)
st 627 o

where, CD(J) = concentration of soluble species "j" in the pore
solutfon in terms of mass per unit volume of pore
"3
solution [M/L7],

n

De(J) = effective diffusion coefficient [L2/T],

the net effect of all reactions that affect
concentration C,{(J) In terms of mass per unit
volume of pore solution per unit time [H/LB'T].

IR(J)

t = time (7], *

4

z = distance from the Interface [L].

The concenfratlon Cp(j) is, of course, a Function of time (t) and
dlstpnce (z). These'have been dropped to simplify the notation.. The
diffusion term of Equation 4.1 has the familiar form of Fick’s law
applie& to an aqueous solution. However, in its derivatfon for porous
solids, presented in Table 1-1 (Appendix 1), assumptions were made about
the porosity and tortuosity of the matrix and about the diffusion
‘coeFFicient,

:ln éonsidéring that porosity fs {ndependeﬁt of position (see
dertvation in Table I-1), it was indirectly as§umed that leaching does - ‘

not'ehange éhe volume and structure of the pore sclution system. The
fact that the matrix porosity, 4. does not appear f; Equation 4.1 means
that, for a given value of the diffusion coefficient, the profile
developed in ; porous SOIfB is identical to the one that would.develop

in an aqueous solution. Porosity, however, appears in the flux éQUatipn

", (Equation 6, Table I-1} indicating that the leaching rate is
T ' o



proportional to the actual cross-sectlionat area of diffusion.

The efFe;tlve diffusion coefficient Dg{J) presented in Equation
4.1 Is 8 molecular coeffliclent corrected for the tortuosity of the
matrix and neglecting lonic-assisted diffusion. The diffusion
coefficlient of fons in aquecus solution can be calculated directly using
the Nernst Equation, from thefr limiting equivalent conductivity (Li and
Gregory, l9i4). The coefficlent of several! lons, calculated assuming
infinite dilution, are listed In Table 1-2. In more concentrated
sotutfons, tﬁe condition that electroneutrality mu§t,be respected at al)l
points affecés the diffusion fluxes. Lasaga (1979} stud?éd this effect
for diffuston {n sediments and concluded that it was negligible for most

fons.

4.1.3 Initial and Boungdary Conditions

Equation 4.1 1s a non-linear partial differential equation of
order two. Its solution reqdires specification of Initial and boundary
conditioqs. -

Tﬁé initial condition must specify the cencentration at al)
pointsjalong the axis: ‘

t=0,230-——- > Cold) = Cold)
Cold) is the initfal pore soluble concentration fn equilibrium with the
s01id phases. '

To have sQ?FIcIent boundari conditions for solving partial -’

"leferential equations, thé value of the dependent variable must be

specified at some value of ‘one {ndependent va?iable and at every value

4



s,

of the other |ndependent varlable. furthermore, the number of boundary
conditions for one dependent variable in terms of the independent
variables eguals the order of the highest derivative with respect to the

given independent variabte. For Equation 4.1, these requirements mean

~ that the concentration Cp(J) must be specified at two locations along

the axis z for all values of time t.
The first boundary condition can be formulated by assuming.that

the sond Is semi~-infinite: .
t> o0, z = “ R > Cpld) = Coth
The second boundary condition describes the situation at the
llquid/solld interface. It is assumed that the aqueous solution In
contact with the waste F;rm fs an extension of the pore solutfon system
and that there Is no mass transfer limitation at the interfacf. This
allows us to formulate the second boundary condition. as: .
t>0,z2=0  ———— > Gty = Gt
where C,(J).{s the concentration {n the aqueous solution close to the
interface.
The waste‘Form sbeclmen is represented as béfng completely and
continuously immersed fn_a finite volume of aqueous solution (F}gure
4.2) . The speclﬁen geometrical surface area to aqueous solution volume

ratie, 8, 1s known and constant. The leachant Is renewed at a constant

frequency f. Since transport processes {n aqueous sclution ére much

' faster then in the solfd, it Is assumed that there is no concentration

gradient in the reactor. A mass balance on a species "J" In the reactor

leads'to:



--;E—~ =B L{J) + F (Cytdy - Cuti) + IR D) (4.2}
o
where: Cy () = concentration of specles "j" in the fresh
. leachant [H/La].
Cyti) = concentratlonaof species "J” "in the aqueous
solution [M/L7],
L(J) = leaching .rate of species "j" (n terms of mass

per unit geometr(cal area of waste form per
untt time [M/L2.T],

the net effect of all reactions that affect

"~ concentration C, () tn te;ms of mass per unit
volume per unft time [M/L *T],

B = specimen surface area to aqueous solutlion

' volume ratio [1/L],

f = leachant renewal frequency [1/T].

IR, (D

g

‘ LEACHANT

- \J

AGUEOUS SOLUTION

Figure 4.2 Representation of the aqueous solution
hydraul i¢ regime. :
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The specimen surface area-to-agueous solution volume ratio

defines a physical characteristic of the leaching system:

B = —---- ' ' (4.3)

where A s the geometrical surface area of the waste form in contact
with the volume V of the aqueous solution. The leathant renewa!
frequency can be further defined for intermittent flow or continuous

flow conditions. For Intermittent flow,

I . (4.4)

where 8 {s the duration of the leaching period. For continuous flow

conditfons,

f= - o (4.5)

where Q is the flow rate [L3/T] and V is the volume of the aqueous
solution [La].
The leachant velocity, defined in Section 3.4, can be expressed

as a function of the parameters defined earlier,

VY = ——— ' (4-6)

4.1.4 Chemical Reactlons

The reactfon terms of Equations 4.1 and 4.2 Include all -the

processes that have the potential of modifying the concentfatlon of a
. ) »

%

\('-/
L



soluble species "J". With reference to F1gdre 4.1, these reactions

Involve specles which beloné to the fraction "avallable for leaching".

They finclude reactions of speciation within the aqueous sol;tion.
preclpltatlon/d|550|ut|én.and adsorption/desorption on/from the matr!x
"surface. ¥ - -

The quest!én arlses whether these reactlons sﬁould be treated

using & kingttc or equilibrium approéch.'Equllibrium s not & necessary
assumption. Kinetic expressfons could be replaced for the reaction terms

of Equations 4.1 and 4.2. However, {f chemfzal reactfons are so rapid

that eq f}brium Is essentialty maintalned In the face of advection and .
diFFuﬁlon. then a thgrmodynamlc,approach Is possible and stmpter. lonlic \\\
reacfionsvinvolv1ng proton transfer are usually very fast with '
half-lfves less than mill?se;onds (Stumm and Morgan, 126:. page\IZI). In
model[ing transport and adsqrption of a variety of éﬁem]ca’s in solls.. .
an equilfbrium approach has always been successful whenever the
convective transport teFﬁ was smal) or.zero (Jennings et al,1984; Travis
and Etnler, 1981). An equlllbrlum approach has been sugcessful in
modelling dfagenesis processes (Berner, 1980) and leaching of
radfonucliges from glass waste forms (Machiels and Pescatore, 1982). of
course, ;trictl§ speaking, no net reaction can occur at equilibrium, but
the assumptfon fs that there is so ﬁittle kinetic Impedlment.to the
reactions that they occur rapidly with very small departures from
equilfbrium, |

In the model outlined eartier, molecular diffusion is the sole.;

. transport mcchaqism and the chemical reactions of interest are



protonat fon reacflons. It ts therefore assumed that the chemical
reactfon term can be handled using a chemlical equilibr!ium approach, The
mathemat ical description of chemical reactions has. been Included In the
next section since It depends upon the method chosen to solve the

transport/reactlon'system.

4.2- Numerical Solutlon

S!'nce the reaction term of Equation 4.1 Is a function of the

tndependent variables C () (i.e. K the composition of the pore

solution). the equation Is non-linear and must be. solved numerlcally In

describing an lnteractlng multicomponent transport system. one equation
(such as Equation 4, 1) ‘has to be wrltten for each soluble specles.
Furthermore, the chemical interactibhs, assumed to be at equilfbrium in
this case,-are expressed as steblllty constants.'solublllty’products or
edsorptlo: Isotherms. The result Is a set of differential eqbatlons
coupted. to a- set of algebralc equations. A solutlon technlque consisting
of solvlng theichemical interactions separately from the fransport
equations wil) be used (see discussfon in Sectloo'3.u;2.5 ). A
description wil) *

r3f be'glven of two methods'selected to handle the

equlllbrlum chemlstry. 1} use of chemlcal equilibrium model and 2) use

of experlmentally determined tltratlon and solublllty curves, The

different elements of the solution pertalnlng to the transport
equatlons. the mass balances In the aqueous solutfon and the chemlcal
equlllbrlum are then presented ln an lntegrated manner. Two computer

programs, LEEQ (LEaching and EQuitibrium model) and LEEX (LEechlng and

~

N
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EXperImentalkaa). developed to Implement the two methods of handling

the equillbrium chemistry, are described in Appendix .

{.
4.2.1 Equilibrfum Chemistry
: ’ )

In this section, two methods of handling the chemical equillbhfum
calculations are presented. If the chemical system can be well
characterized in terms of fts gomposit{on and Jnteractiopé among
components, then a chemical equilibrium mode! can Be used. If. on the
other hand, the system Is too complex, another approach is proposed in -

. which the equflibrium composition of the pére solution fs determln;d @

experimentally as a function of pH.

4.2.1.1 Chemical Equilibrium Model: MINEQL

\\\ The problem of finding the equilibrium composition of an aqueous
solution consists QF minimizing the Glbbé free energy of the sysgem
subJEct to the constraint; of mass balance. One aperoach. called the
equilibriym constant approach, begins with an inftial guess for a8 set of
components from which the minimum Gibbs free energy composition (s
readily calculated from equilibrium constants._then the mass balance '
equations are solved by iteration (Hesfall.gt;al.: 1976). This approach
is perfectly suited for Interfacing with thé:transport problem in a
numeflcay solution since the inftial guess can be taken as the

-

composition at the prevlbus,@ime step, thus minimizing the number of -
’ Ie

fterattions required to find the equflibrium composif!bn. It ]siuorth_ #)/,,g
noting that the onl coqponents that are-lnclhded.]n‘the mass halance e
ll DR .



are those that are lnvo;ved In chemical reactlons. [t Is therefore
possible to leave non-reacting components (such as Na' and C17) out éf
the calculations even If that results in a system which s not
apparently neutral. .

From the avallable'computer érograms which can be used to solve
aqueous equillbrium problems (Nordstrom et al., 1979}, MINEQL (Westall
et al., 1979) was selected because It includes all the basic features to
facliitate 1ts Interfacing with, the transport equatjons: 1) It has one

of the most complete libraries of thermodynamic data, 2) it can handie

preclpltat[gp/dissolution of solids, 3} 1t can be adapted to model

61

%
adsorption on hydrous metal oxide surfaces (Morel et al., 1981), 4) It
allows correction of thé thermodynamic data for the {onic strength. of
the solution, and 5) it {s written as a FORTRAN subroutine which *

I

facilitates {ts ‘insertion in the general model. . I

. MINEQL uses & special terminology to describe a-chemical
system.l]ae comppnents are a set of chem}cé; entities such that-every
_spec{es can be re;résentéd as tﬁe product of a reaction Involving only
these components, and no component can be represented as the product of
a reacthn Invb!vlng only the other components. A species is the bro?uct
\of'a Ehemical reaction Involving the components as reactapts, The
species can be soluble (the components themselves and the\complexes) or
precipitated. MINEQL contains a Iibrary of COmplexes and precipltates

New components or species can easfly be added te this library along with

the thermcdynamic datd which describe their interactions.



4.2.1.2 * Experimental Equilibrfum Data: Titration
and Sclubil ltx Curves

Complex waste forms contain é large number of chemical
cohponents.whose lnteractlons can not alwayslbe described by
stolchlometrlc chemlcal reactlons {e.g9. hydration of portland cement),
"Even If that was posslble, the. numerical burden of .repeatedly
calcutating the equlllbrlum composition as transport'proceeds_could be
toc heavy. An alternative approach consists of measuring experimentally
the equullbrlum soluble concentratlon using pH as\a masteﬁ varlable.

~ . .
This approach Is best suited to systems where mobfllzation 15 primarily

-

"due to protonation reacttons. . o s ‘ B
A The pore solution of the waste form {is congidered a completely
mixed reactor In contact wlth the porous matrix. jLe PH and soluble
contamlnan?‘concentratlon of the pore solution as a function of
cumulative amount oF acid added can be exoressed using tltratlon and ©
solublllty curves, i
Thls approach does not dlstlA/:lsh among-the various soluble
specles of a component (e.g. Cd*+, CdOH*. CdC1*, etc). All the specles
are Included ln the analytlcal determlnatlon of the soluble‘\ “
concentratlon of the contaminant Thls concentratlon s the same as the -
one which ts consldered ln the deFlnlfTon of condltlonal stablllty

constants {Stumm and Horgan; 1981)

4,2.2 General Flow Diasgrem s .

. “The leFerent elements oF the numerlcal solutlon are lntegrated -

as [1llustrated in Flgure 4.3, The following descriptlon encompasses the
. A
N

~ r

H ~ \ ]
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LEEO) and uslng tltrat19

The reader fs referred,t

A
two versions of the sofution Implemented u51ng HiNEQL (computer program

DR TN ~

and solubflity curves (computer program LEEX]).
Appendlx | fg_r a de;crlptlon of the. two

computer programs. In thfs sectlon. after presenting the data Input and
simulatfon initializatibn, the numerical calculatlons are described, for

a time step from "I to "t+at”.

DATA INPUT aND (sectson 4.2.2N)
INITIALIZATION
‘ i
\ ' BOLUTION OF THE \ .
- e TRANSROAT EQUATIONS  (Bection 4.2.2.2)
X IN THE PORDUS MATAIX .
M ‘
CALCULATION OF  (Saction 4.2.2.3) .

LEACH RATEB

|

BOLUTION OF THe , :
" _MASS BaLance IN . (section 4.2.2.4)
. THE AQGUEOUS BOLUTION

G

RE-ESTABLISH
CHEMICAL FQUILIBAIUM ("c"-“’“ ‘-’-'-5)

-
-

b v

| INCREMENT TIME

L

Y

WAITE REPORTS

IF_ REQUIRED
. | . A
|
N "‘! ‘ e
~ . ’ )

Figure 4.3 General numerfcal solutfom flow diagram.
. } ; ] N
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4.2.2.1 Data Input and Inftialization.

Input. data must first be
specimen and the aqueous solut!on flow regime.
iriclude tﬁ% specimen mass (M,),
content (4} and geometrical surface area (A),
volume (V) anq)leachént flow rate (Q) must also be specified.

The pPorous matrix Is dlviazd fnto

"dz". The numerical

concentratlion at nodes "1" located at the middle of eacdh siice (as such,
the first slice {s half the thickness of the other sljces). An analé%&_

can be made between tfe slices of the porous matrix and a series of

solutfon proceeds through céIEylatlon of

-provided to describe the waste form
The required quantities
bulk densfty (yy,), connected pore water

The aqueous solution

A" <Ilcés\of equal thickness

completely mixed chemical reactors (Figure 4.4).

1

homogeneous mixture composed of the pore water and the solid phases of
the matrix. The volume of that mixture in each reactor corresponds to

the volume of & slice,

place In the porous matrix while chemical reactions occur in the

*

reactors,

The chemical system is described through consideration of "nI"’A

soluble specfes.

composition, the "mj»
compohents and "nj-n)" complexes (see Section 4.2.1.1).

"nj" species, the following conéentratlons must be specified:

When MINEQL is used to calculate the eqh[ljbrium

Coth)
Cul))

Cotdod),.

-

e en

It can be pictured that diffusive transport takes

',

. -~
specles are divided into two groups: "ni*

concentration in the leac
inft{al concentration in

solution [M/L?)

A Y

1 4

Each reactor:contains a

@gnt'[n/L’],

e aqueous

For each of the

dnitfal soluble pore concentration at node "§"
expressed on a pore volume basis [H/La]

Q
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- Figure 4.4 Representation of the porous matrix
for numerical solution,

In addition Cy(i.J)., the total concentraf{oq available for leaching (see
. Figure 4.1) expressed on fhe basis of the total matr ix volume, must be
4 -
provided. Cy(i,J) includes ?pth the mobile and immobile fractions of a

éomponent. Fof a_ component which is entirely mobile, the following
1

-
equation holdS?\J
Yb w .
Crlin)) = ——= Cpli. ]} (4.7)
YH 1
‘ where Yp ¢ bulk density of the porous matrix (M3,
Y, ¢ density of water [M/L*]
w ; water content of the matrix [weight by weight;

. wet weight basis])

For a component which is only partly mobile,

Yp ¥ : .
Creing) > —=="ColinJ) (4.8)
&r Yo . -3 .- -
\\ )
s
. N -
4 = .

N
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The tnitfal value of Co(i,]) is determined based on the
equllibrium chemistry of the pore solution (see Sectioﬁ 4,2.2.5).
When experimental titration and solubillty curves are used to
calculate the equilibrium compcsition, the "nji" spec'es are composed of
i comegﬁents and HY (1.e., nJ=nl+1). The soluble concentration of a
component 1s now expressed as Ct and includes the component Itself and
! al! the scluble species that It forms. The concentrations Cto(d), Ct, 0 h
~and Ctp(i.j) must be specifled. Cy(1,]) is deflned.as before for each of
the "n!1" components. For H' however, a new quantity is Introcduced. The
variable H.(1), Inftialized with the value zero, i{s used to keep track
of the cumulative amount of H* added to each slice.
The initial values of Ctp(I.j) are determined based on fﬁj///’
titration and solubllity curves when no acld has been added.
For simplicity the concentration € (as oppésed‘to Cf) will used‘
. in the remainder of this section whenever {t Is not explicitly'necessary

to distinguish them.

4.2.2.2 Solution of the Transport Equations {n the Porous Solid

The boundary conditfon at the interface réquiies that the
concsptration at node one of the porous solid be assigned the value of

the aqueous sclution concentration.” Thus for each of the "nJ" soluble
species : .
! . Collad) = Cuih (4.9)

Y

-~ The other boundary condltion_speclfies;that the matrix be considered




a

67

semi-Infinite. This {3 achlieved by consldering a depth of simulation

{1.e."number of slices) such that the concentration 'n the last few

’ =

slices remalns equal to the fnitial concentration for the duration of
the simulation. In the computer programs, the number of slices fis
Incremented as the simulation time increases to respect this criterfon.
The concentratfons of all components at the fifth to last node are o
compared to the Inftlal concentrations. Whenever a dlfference larger
than 0.1% is observed, the number of nodes fis Incrgaéed.

Since the solution method selected Involvés alternating between
transport and chem!cal\reactions. Equation 4.1 must be redeflined to

Include only the transport term:

, ,
)
&t ° 822 '

o

This equation is numerically solved for each of the "nj" sé!uble specles
using the central-difference Crank-Nicholson method (Gerald, 1980). The

gUnmnsionléss ratio

De(J) &t
P = —eemgeee (4.11)
az®
where Az = slice ‘thickness [L],
Dg = diffusion coefficient [LZ/T],
at =

time step (T],

) ‘i used In the Finitg difference equations Is different for each species

(1) since the diffusion coefficients are different and the' same values
of. At and Az are used In the gcomputer programs. The magnftude of. r{})

determines the accuracy of the solutfion as discussed, in Chapter 5.

-
~
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4.2.2.3 C(Calculation of Leach Rates

The leach rate of a species "J" is defined as the mass leached
per unft time per unit geometrical area of contact with the aqueous

solution: 7 M

I T (4.12)
A

In a numerical solution where the time step Is at, the leach rate can be

approximated as

L)y = e ’ (4.13)
A

The incrementql mass leached am(j), which is positive for specles that

R

leach out, can be calculated by numerical integration over all -slices

between the profiles at time t and t+aAt:

ni
am(j) =t [Cp(i.J)t - Cp(J'J)t+At] Vi {4.14)
1=] - ’

where Vy is the amount of lnterconneqted pore water'in a slice.

- t“
4.2.2.4 Solution of the Mass Balance in the Aqueous Solution

Similarly to the transport equation in the porous matrix, the -

mass balance in the aqueous solution, Equation 4.2, must be rewritten y "

{
without the reactfon term to accommodate the iterative solution
technique:
' &C, (43

------ = BLUY + FICy (1) - C (D)) (4.15)
8t
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This equation !s solved numerically using a Rungp-Kutta fourth-order

method (Gera)d, <{980). *

- ~

4.2.2.5 Re-establish Chemical Equliibrium

Prior to re-establishing chemical equ!llbrium at each node, the
fotal concentratlions Cy(i,j} must be updated since components héve been
transported in and out of the matrix. This is done differently 1f MINEQL
or experimentél ;!tratlon and solubllity curves are used.

wheA using MINEQL ‘(program LEEQ), the total concentration of each
of the "n!" components must be updated at each node "i" of the matrix:

Y W nj h

CTCiNpapt = CTlI Dy = === JE (U DICRU SV eahe - Coli e
‘ Y ‘

-

(4.16)

The nekbcongentratlon 1s thus taken as the concentration at time "t"
corrected by the amount leached of all species which inciude component
min. S(J,1) 1s the stochiometric coefficient of. component 1" in species
"§". The raf{o YpW/ Y, ensures conversion of the concenfration from the
pore water to the total matrix basis (see Equation 4.7},

After the total concentrations have been édjusted. thé MINEQL

s ‘
zﬁ?ogrqm. used as a subroufine:~+e’€g::;;’to calculate the new soluble

equllibrtpm concentrations at time (t+at) at‘each node of the porous

solid, C;xi.J)MQnd in the aqueous solution, Cw(j). The: initial "guess
composition” transmitted to MINEQL is the set of concentrations C,{f.])

or kaj) at time "t".
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When using tftration and solubitity curves, the total
concentration of each of the "nl" components are updated as follows:
. . Yo W
CT("])'t"'At = CT“")t - Tme- [CtD("”t"‘At - Ctp(f.”t] (4.17)
Yu '
Here, concentration Ctp({.l) already Includes gl soluble forms of

component "17, |n addftion, the cumulative amount of acld which has

penetrated to a certain node "f" Is calculated as

Ho(Dgrat = Holi)g + =2 (CoCiH ) par - CollH )] (4.18)
Mg (1) .

where V(1) and Ms(1) are the volume of pore water and weight of a sljce
respectively. The value of Ho{i) is used with the tltration curve Fo
determine the H' concentration tn the pores at each node. The H*
concentratlon is then used with solubtlfty curves to re-establisf the

-

equilibrium concentratlon Ct (I.J) for the "nI» component;. /,’j



5. VALIDATION OF THE NUMERICAL SOLUTION

In this chapter, the numerical solution of the leaching model
Iimplemented in the computer programs LEEQ and LEEX will be evaluated to
determine Its charactérlstlcs of stability and convergence, to establish
its 1imits of applicabliity and to ensure that the codes are error-free.
Three simple cases for which an analytical solution is avallable will
first be studied: mass balance {n the aqueous solution (Section 5.2},
the profile develbped in the porous metrix for constént surface
concentration (Sectfon 5.3) and desorption from the porous matr(x
following a 1inear Isotherm for constant surface concentrat}on (Section
5.4). The third case is especfally important since 1t involves a
chemical reaction and can thus be used to validate the technique of
iteration betwebn;transport and chemical reactions. Findlly, in Secglép
5.5, the diésolutjon of a metal hydroxide will be studleg to compare the
use of titration and solubfllty c;rves (in LEEX) agafnst the use of
equilibrium chemistry {In LEEQ). An analytical solution is not avallable -
for this case and Eherefore: validation will be effected by comparison .
to experiments (Chapter 7). |

The input data for all simulatfons are listed In Table 11-1. A
complete set of results fs not presented for each simulation. Rather,
the useful informatfon was extracted and Incorporated into the text. The

computer output of two simulations , 27 (LEEQ) and 28 (LEEX), are

fncluded in Tables 11-3 and 11-4 as typical examples, The waste form

/ )
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characteristics used In the validation correspond to the simplest matrix
prepared for experimentation (Batch A, Chapter 6).

5.1 Crlterla for Stability and Convergence
E

A numerical method.can ba evaluated bascd.on fts stability and
convergence (Girald, ]980)./'5t/a’billty signifiesy' that the errors made at
one stage of”fﬁcvcalculatlons do not cause increasingly large errors as
the computatigns are continued. Convergence means that the results of
the method approach the analytical va}ues as the finite independent
variable step app?oaches zZero. '

The leaching model described. in Chapter 4 is b@sec%on two coupled
differential equatjons for.which a numerical solutfon 1s lmplemented
using the same time step. The mass balance 1n the aquebus solucion
(Equation 4. I5) is solved using a Runge-Kutta fourth order methed In
which the error is proportional to the fourth _power oF the time step.
The porous matrix d1Ffu§ion equatfon (Equatlon 4.f0) ifs solved gsing the
Crann-Nlcholsonﬁgé;hodﬁfor which convecgence and stability Is evcluated
based on the first power of. the time sceprand the second power of theh
distance step. The time step required for the later'eqnatlon will

’ , - '
therefore control the overall precision of the‘humerical gclution.

The dimensionless ratlo r deFined bytEquation 4, ll is used to

. ‘ahsess the accuracy of the numerical solutlon. As pointed put by Gerald

{1980), the Crank-Nicholson method Is stablg for a wide range of r
o . )

~

values but it converges as r fis made smaller. This criterfon does not

account. for the concentration chbnges resulting from re-establishing



chemical equillbriuwn at each time step. The stabillity of the ovefarl

solutfon wll} be studied In the next sect!{ons by comparing numerical to
A

analytical soiutlons for a wide range of s!fce thicknesses and time

steps. When an analytical solutfon 1s not avallable, convergence and

stabliity will be asSessed by measuring the relative change in the model

response as. smaller slice thicknesses and time steps are used.

5.2 Mass Balance In the Aqueous Solution

Thg mass balance in the aqueous solution {Equation 4.15) becomes
linear and has\an analytical solutlion (Thomas, 1969) If the varipbles f,
L, f and C, arg considered Independent of the concentration C,. The

analytical solution 071 b@expressed as:

oo Ch
Ca-—- + (Cu - -=-) e ft (5.1)
f f
Auhere: h = (BL +-fCy) - - S i

Co = Initfal concentration .
" Simuiation | was performed to validate the numerical solution.
It considers a sample of surface area equal to 69.4 cm? immersed in a2

litre completely mixed reactor. The {nitial cohcentration C, of a chem-

fcal component in the reactor is 10<? mol/L. The leachant fiow is 2.85

\

L/d and has the same fonponent concentration (C, =103 mol/L). It is

assumed that the constant leach r:ate L {s equal to —‘10“‘5 mol/cmz-d. Note

.

_tbgt a r&egatlve leach ratée megns that the chem!{cal conponér]t is bétng
absorbed into the matrix. The calculated aqueys«solutlon concentration
after 1 day using Equations 4.3, 4.5 and 5.1 1s 5.8566 x 10-5 mol /L. The

numerfcal sc;lut-ion-of-' Simulation 1 gives an identical result.

.
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5.3 Profile in the Porous Solld for Constant. Surface Concentratlon
7 \

The mass balance equation for diffusion in a porous matrix has an

analytical solution for scluble chemical components prov1ded s1mpjg
boundary conditions are stipulated. Solution of Equation 4.10 for a
‘semi-infinfte medium with uniform Initia) concentragion and constant 1/

surface concentration was presented by Crank (1956){

Cp—Cl z . )
——————— = erf (~—--------) (5.2)
o - Ci 2 (0’2 —
where: Cp = concentration at a distance z from the interface,
€, = surface concentration, T ’
Co = initial uniform concentration throughout the

porous matrix, and
erf = error function whose value is available from
mathematical tables.

In theﬁﬁgdel. constant surface éohcentratign_(e.g. concentration in the
\\aqueous solution) can be forced by modif}lng the computer prdgram 6r by
specifying a very high légéﬁénF flow rate so that the leaﬁhing process
does not s?gniF!cantly;aF;ect the ‘mass balancé\ ‘the aqueous sotution.

The latﬁet technigue wgs used to generate the priofiles-presented in
Figure 5.1 for a component being absorﬁed:In the matrix or leaching out '

 ?€ the matrix. The profiles generated iﬁth the 'model (Simuiatfons 2 and

-3} are superimposed on the'brofiles obtained from the analytical

solution.

1




Normalixed Cencentration IC./CO)

1 a) Componen! absbrbing

0.8
0.7 o
0.8
‘0.5
0.4
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b) Component leaching
8

Not®: The profiles form the numerical
and the analytical solutions
are superimposed.

A
Depth [em)

Figure 5.1 Profile‘developed in the porous matrix at | day for
cosntant surface concentration (soluble- species).

\ ' transport and chemica) reactioﬁ we consider that the distribution of a

N . chemfcal component between the pore sclutfon (mobile) and tgg solidl

L4

S.q Desorptfég Fbllow{ng a Linear Isotherm -

For the purpose of evaluat{:

matrix (immobile) fs subject to a lineaf/isotherm:

A

where

éwn
X0 3

m u n

fmmobi te 'concentration,
mobf le concentration,
constant.

I

g the technique of iteration between

(5.3) -

. b_



A mass balance across a differential section of the matrix leads to

w

—————— I (5.4) :

where -3C;,/dt represents the reaction term of Equationgd.l. Replacing

Cim from Equatign 5.3 into Equatioh 5.4, we obtain:

—————— T b ' (5.5)

N

The effect of tHe adsorption reaction can thus be taken into account'by

redefining the diffusion coefficient: )
“ o
D' = e . (5.6)
| + K ‘ . .

Equétion 5.5 Is similar to Equatlonld.ID and an analytical solution is 4»

thus avallable with the bourdary congitions described In Section 5.3.

This solution. represented by Equation 5.2, can be integrated for the
zero surface concentration case (Cy=0) to yield (Crank, 1956):
-] ’ ' .‘ G-
My = 2 A Cp (mmmmm y1/2 5.7,
J] N R .
where My fis the total mass leached at time t. This form of the solution

.
is more COHVenient For th

valuatloﬁ of the numerical method

sclijtion is First obtained using D°, the

r adsorption (Equation 5.6). The.



. t=24 hours as a relative precision criterion. Defining denth of

numer ical solution is then used with the diffusion coefflicient D for

transport-and EFquation 5.3 to adjust the moblle concentratfon Cmo ot

" each node of the matrix and at each time step. The two methods are

compared by defiming the departure from the analytical sclution as.

‘ Mr,n ~ M1.a ' K
e = 100 (-—--—-- Bemmee ) oot (5.8), -
HT.a :
where - @ = error of the numerical solution hith-respect:to

analytical solution, [%],
”T.a = total mass leached at time t using the analytlcal g
. solution [M]
Mo = total mass leached at time t using the numerlcal
solution [M]

The slmulatien runs described in Table 5.1 were pertormed witﬁ é .
diFFu;ion coefficient D = 107® cmz)s and for two values‘o? K, 9 and 959.
In addition. §everel combinatlons of siice thickness and tlme step were
used to y}eld r values ranging.From .5 to 1920. Each simuletion was run
for 24 hours and the errér with respect to tte analytical solution,
calculated using ‘Equation 5.8, is presented in the two last columns or

Table 5.1 for t=12 and t=24 hours.
- . - Q .
Evaluation.of stability and convergence must take into account

-

_the number of slices into wﬁlch the porous matrix was subdlvided.

"'Although the éctualJ\hmber of slices is Increased in the computer

program as the simulation proceeds. to respect the semi—lnfinlte
. .

hypothesis (see Section 4r; 2.2), we can compare the number of' sifces at

~
.A\

penetration as the depth where the- concentration has thanged by 21. the

-number of slices for each combination oF K-value and sllce thlcknese is

I3 - »

a
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glven in Table 5.1 (number in bracket In" column 3) This corresponds to

depths of penetration of respectively 10000 um and 1000 um For K=9 and

" k=999,

Table 5,1 Comparison of the model to an analytlcal solution
Fdr desérption following a |f{near Isotherm

Simulatlon Ads " . Slice  Time : :
Run Coeff. Thickness Step Ratio Error [1] -
L . (um} - . [miA] (Eq. 4.11) 12 hrs 4 hrs -
15 - -9 400(25) .120.00 45.00 -unstaple Lo
T i4. 59 ‘400(25) 80.00 30.00, -2.73 - -3,62 :
13 3 '400(25; - 60.00 22.5 -0.07 -1.31 ~
2 9 . 400(25 -40.00 ~ 15,0 1.75 0.33
11 9 .400§25; 20.00 7.50 2.0] 0.87 -
10 ‘9 400(25 10.00 3.75 1.27 0.57
9 9 400(25) 5.00 1.88 0.72 0.32
8 9 100(100) 20.60 12000 =12.94 -71.34
4 9 100¢100) 10.00 60.00 -4.09 w2.46 =
7 9 100(100) 5.00 30.00 -1.18 -0.86
S 9 100(100) 1.00 6.00 -0.17 -0.30
é 3 100(100) . 010 “o.em ~0.17  -0.30
17 - 599 100(10) " 20.00 120.00  98.90 50.05
18 999 |00§10; 5.00 “30.00 65.31 . 32.18
. 19 .999 100(10 6.00 6.00 19.64 . 8.97
~ 20 999 .100(10} 1.00 - 1.00 3.4] 1.45
Z1 999 - 100(10) 0.50 -~ 0.50 . 1.89 0.71
22 999 25(40) - 20.00 1920.00 -40.27 -48.87
.23 999 25(40} 5.00 . 480¢.00 -20.98 -23.44
.24 999 25540) 1,00 .96.00 ~3.65 . -4.,37
25 999 25(40) 0.10 9.60 - 0.39 -0.11
r 26 ' 999 25(40) 0.01 0.96 0.25 -0.11

ote: The number$ in bracket in Column 3 indicate - ' ) \
. the - number of sllces aFFected/ﬁv\leaching. :

A

. T ’.
Examination oF Table 5.1 reveals that the numerical solution iy
gggélg even For large values of the ratio r. For all s]mu1atlon runs,’
except 15, the’ error at t= 24 hours is usually the same or less than the _ .
error at t=12 hours showing that the error does not 1ncrease as the ’ - Y

slmulatlon proceeds ln Simulatlon I5 the model was taken to a limit as

~



"amount leached:

.

. AV '
the 24 hour simulation period was divided Into only 12 time steps of 120

minytes each.'The solution was then unstable, generating a negat ['ve

¥
The numerical solutions. converge as the slice thlckness and the-

time step are reduced and steblllze when reaching a value of r=l._For

all _conditions studied, uslng a vatue of r=]| resulted In a numerlcel

¥

requnse which*1s within $17 of the analytical response. For a given

value of the'sllce thlckness. reducing the tlme step so that r becomes -~ ‘

much smal ler than l. does not reddce Further the error. The accuracx of

the numerical solutlon ls controlled by the slice, thlckness as the depth.

.

of the solid affected by Ieachlng is’ divided lnto a larger number oF

slices (Table 5/1}. The use of smaller sllces s, however. +imited by

KPR \I

the fact that the tlme step has to be ‘reduced” concurrently tg keep r low-'

_(Equatlon 4 11). Stnce the tlme step is proportlonal to the second power

of the slee thlckness. the computatlonal bUrden oF uslng thlnner sllcee

lncreases rapidly (e g. halvlng the' sl {ce” thlckness results ln a tlme :' '

step whlch ls Four times smaller and thus roughly quadruples the'

[

computatlon tlme) oo .fl ’ .'.w‘

A

lncreaslng K the fraction whlch is adsorbed on the sollds.

* LI W

reduces the depth affected by - leachlng ThereFore. for the same sllce
. X .

thlckness (e. g \1QQ\::) and time- step (e.g. 4, mln) the preclslon drops

rapldly as K iricrease e//uns 5 énd 20) lt ls however posslble

to obtain. the _same precislon with K-999 as wlth K=9 provlded the depth

-affected by leechlng is dlvlded into a Iarger number ‘of sllces (compare-

runs 5 ‘and. 25). .
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5.5 Hetal Hydroxide Dlssoluflon

. It was shown that the numerical method of iterating between

-

transport and chemical feaption%'yields accurate results when cpmpared

to an analytical solution For' a |inear adsorption f{sotherm (Section

5.4). In that case, the chemjcal reactfon affected in a-similar manner

_the concentration at all nodes uithin the porous matrix. However. when

‘several mobile specles are lnteracting. local discontinuities can occur

" that wlll aFFect the behavlornof the numerrcal solutior Thls phenomgnon

will be studled by‘consldering a waste Form contalning a preclpltated -

metal contacted wlth an acidic aqueous solution. : C .

The waste form under consideration fs composed of 761 inert’
oolids and 24% 1nterconnected pone-solution (on a weight basisg. ]t is
contacted with a pH=3 aqueous solution using an.area—tojoolution vo |l ume
ratio B of 0.1375 crﬁ".'fhe..;hﬁolation 1s, fully described In. Table H-lL

- ’ &

Run 27.
The waste form pore solution tontaihq-ﬂ.ﬂl mol/L of Cd(NOs)2_and

0.02 moJ/L oF'KOH. These react’ to form a cadmium hydroxide preclpltéfr._

_ Cd{OH)2(s), in equilibrium with the followihg soluble species: Cd*Z,

| CA(OH)*, CA(OH)7, Cd(OH)3, H* and OH™. Table 5.2 describes the

composition of the'pore solution based an Informetion'extractéd from

Figure 3.4

L]

When the waste form fs contacted.with the agueous solutfon, at

-

time zero.‘drjving forces exist for H* to diffuse into the porous solid

and for the véfious cadmium species to diffuse out. However tng

-
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I

. progresslon of H' Is retarded by its reaction with Cd(Ole(s) which
solublllzes cadmium A laver depleted of preclpitated cadmium, called

the leached layer, thus lncreases n thlckness as the reaction front

-

progresses {nward, The’ proFlles of the various specles at time t=24

. hours. as slmulated wlth the programs LEEQ and LEEX. wlll be examlned

i

Table 5.2 Initial composition of the waste form
. pore solution (Simulation 27).

Chemjtal compohents added: 0.01 mol/L Cd(NO}),
: " 0.02 mol/L KOM

@ .
Equlllbrlum composltlon culculated using HINEQL "
{Westall et al.,.1976): - . :
" gH = 9,42 .
: [Cd+ = 5.70 x 10~° mal /L pore solution
[Cd(OH)*‘J = 1.50 x 1073 = m "
. [Cd(OH)f] =3.20x 100 » = =
[CA(OH);~"] = 4.20 x 107°. & » .
[Cd(OH)z(£)] =9.98x 1077 » "

NO;~ and K* do not form complexes or preclpltates
and therefore remaln in -solutlon ln the pores.

O

5.5.1 Profiles Calculated Using Equlllbrlum-Chemletry (LEEQ)

The profites in the pordus sol id at tlhe t=24. hours indicate that ..

the leaching Front has progressed From the interface to 4800 um (Flgure

| 5.2). In the leached layer. all Cd(OH)z(s) has been solublllzed Since
the aqueous solutlon is static and 8 ls relatlvely small, the leaching
phenomena affect the concentratlons in the aqueous soiut¥on and at the
saqs.tlme. the interface concentratloh. qu Instahce. at t=24 hours, H*

: dl?fusesllnto the porous solid under a_driving force corrd®pondfng to
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the difference in concentration between 107252 mol/t (in the aqueous =~

_solutlon}<at the. lnter?ace and a concentratlon which Is essentially zero

(~10'° mol /L) at the reactlon front (Figure 5. Za) The total soluble

* concentration of cadmlum Cdt ( [Cd ] = [Cd*z] + [Cd(OH) 1+ [CdfOH)z] +
T T

[Cd(gH)ajl peaks at the leaching Front (Figure 5.2b). Thls establlshes

gradients for cadmium to leach outward and Inward .The outward gradlent

.

results From the Fact that cadmium has been gepleted From the leached
l
Iayer and Is stilt present in a relatively small concentration in the

aquqéga solution. The lnward gradfent As related to solublllty ;f"'

.conslderatlons. As can be seen from the profile of the individual

144

speclea lncluded in Cdy, only ca*? contrlbutesvto Ieachlng out wplle
both Cd+2 and Cd(OH)+ contribute- to leFuslng in. The cadmlum whlch
leFuses fn remains soluble in the pores slnce there is ne excess .
alkalinity In the lnltlal composltlon to cggse it to preclpltate A
higher than background solpble cadmium concentratlon is the explanatlon

for The pH depletion (From the lnltlal value of 9 42) whlch can be

observed in the reglon from 5000 to 25000 uM‘(Flgure 5. Za) Figure Széc o

*

presents the proFlle of total ‘cadmiym (e g. the 5oluble and precfo}tated
forms)y expressed on the baels-of the porous matrlx total volume. In the
leached layer, where aill the cadmlum is in solutlon. the relationshlp
between "total. concentratlon" and pore solutlon "total soluble
concentration“ given by Equation 4 7 is appllcable.

The convergence of the numerical solution was evaluated by

running several -sfmulations with different tlme steps as presented in

Table 5 3 The preclslon of a slmulatlon éan be evaluated by calculating
/
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the error relatlve to the smallest time step used Equatlon 5 8 was used

to calculate the error reported In the last column of Table 5.3 "

'replacing Mr,n and My 4 respectively by Hr,r+ the mass leached for a

ratlo rand My |, the mass leached For a rat!o H ;helresults show that

the relative error remalns smaller than 11 when fhe time step is Iess

than 3.44 minutes (r= 32) and that uslng ar value smaller than 4 does . . "
not resd}t in Inereased preclsfon :

L . - N P

Table 5.3 Evaluation of the relative precision of
the numer fcal solutfon. .

S}mulation Time Ratio r Cadmium Change Relative

Run .. Step_ (Eq. 4.11) - Leached - to r=1.

{min] : (M] . [%]
27 0.11 | 4,774E-04 0.00 A
3] 0.22 2. 42774E-04 0.00 \
32 0.43 . 4 4.774€-04 0.00
33 . 0.86 8 4.770E-04 -0y08

‘34 1,72 . 16, 4.764E-04 -0.21
37 3.44 32~ * 4.746E-04 -0.59 \

- 38 6.88- 64 4,.700E-04 -1.55 Y
39 - 13.75 . 128 4.566E-04 -4.36" .
40 - 27.50 . 25¢ - 4,220€-~ 04 -11.60 . \i

NOTE: A1l simulations were done with 8 v \
"slfce thickness: of 200 um > . . .

SRR

5 5.2 Profiles CaICUIated Using Titration and Salubillty

Curves (LEEX) . S _ .

In order to use the program LEEX, the equilfbrfum chemlstry oF
the pore solutlon (see Table 5.2} must be expressed us!ng titration and
solubilﬁty cuives. An-acid titration curve can be obtained with HINEQL
— by repetitively solving the equilibrfum’problgm. while Incrementally *
. adding H*. The results, expressed on a matrfé wet weight basis, are

presented in Figure 5.3. It can be seen that the pH Is maintained around

3



85

8 0 until all preclpltated-cadmium has been neutraszed The solubility '

curve For cadmium can be generated by summlng up the concentrations of
al] soluble species (Table 3.4, Equation 6) aFter expresslng them as a

functlon of 'pH and the equlllbrlum constants

l

of the sotubility curve shown in Figure 3.4.

Tz

10

pH
k|

-e‘s Aald Added meq /g wat wastel

T

M - - —r
0.002 0.004

Figure 5. 3 Titration curve of, the waste form used in °

‘Simulation 28 prepared with HINEQL -

The proF!les In the porous solid generated with LEEX are

presented on Flgure 5 4 along with those generated with LEEQ (extracted
from FIgure 5.2).
I1lustrate well some of the limitatfons of the t!traflqn' and solubility

“curve approach. -

s

The dIFFerences between the two sets of proFiles;'

A

It has the fami1iar shape

Flrst'conslaer the pH profiles (Figure 5.45): The interface pHn
- - :

predlcted by Ehe two programs are'identical aﬁd the pH profiles in.the:

o.aoe +

leached layer are superimposed. This results' fram the fact® that H* has a.



@) pH In the pore solution

b e B -

. 1

LEEQ
L= = LEEX
\
» v . r v . ——— v + . -
L:] - - “(Th-u‘-n‘ﬂ‘lq) a0 =4 am
Depth [um)
L}
- b).Soluble Cadmium
©.0080 - - i
iﬂ‘ﬂbil': LEEQ -
i. . = e |LFEX
- LY
i 0.0010 -
] v
s 5 o.000s -
<
0.0000
’ e . . ’ 1.(Th.u-q1n.dn) 20 R4 s
. Depth [um]
- ,‘ '
c) Total Cadmium 1
' o.008 i ‘ L -
. . peak at (.039
9.007 - A .. .
. ' »
(:t:::T:::T:t==-==¥
. .-
— {EEQ 4
L - e LEEX
‘ ' "SCIH;UQ!‘!['\.‘Q;' lro- '. R4 i .l.-
Depth [um] -
. ) “ s / ’
Figure_5.4 Comparison of the profiles at | day generated using

~

titration and solubllity curves (Simulation 28) to those
generated using equilibrium chemistry {Simulation 27).
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diffusion coefficient which Is approximately one order of magditude
higher than the other species (Table 1-2); the concentration of HY (n
the aqueous solution thus contrels the penetration of the reaction front
and can be considered an "independent variabie" for this Ieaching
system. ‘ .

The way by which solubilized cadmium diffuses In the matrix is,
however, handled differently by the two programs The pore-aoiution
contains no excess acid neutralization capacity (ANC) and LEEQ predicts
that cd*? Freely moves Inward. ln LEEX, however. aince iittle Ht has

diFFused past the reaction front, tbe cumulative amount of acid added to

those iayers is smal{ (variabie Ho (1), Equation 4,18) and the: titration

and soiubiiity curves indfcate thatethe soluble concentration should

remain equal to the initial concentPetion As a result, the cadmium

moiecules which attempt to diffuse inward are precipftated just past the
reaction front (see peak of total cadmium in Figure 5.4c).

The inprecision observed with the program LEEX Is due to the fact
that the ANC for the case studied Is entirely provided by the metal of

interest For ieaching In practice. waste forms contaln a Iarge amount

"of excess ANC provided for example. by iime or: portland cement which

make the contribution oF the Ieaching metal to the overall ANC.

"-\/
essentiaiiy negligible, The solubie species wouid be..in that case,

e

. prevented F:pm diFFusing inward and the program LEEX should more

accurateiy describe the phenomenon This will be discussed Further in

Chapter 7 in conJunction with the modeiiing of experimental resuits

[y




6. EXPERIMENTAL METHODS

Eight batches of solidified waste, referred to as Batches A to H,

. -

-were prepared for experimentation. The composition of each batch Is
presented {n Table 6.1.
. 4~
The experimental program, consisting of seven exper Iments
performed on the different batches, I3 also shown in Table 6.1. A more

detalled chronological description of the testing program‘ls presented

in Table V-1,

6.1 Preparation of Waste Form Specimens

6.1.1 Materials

s N 3 7
A1l the wastes used in the pre?9z;tion of the waste form

speclmens were synthetic. These were prepared by adding reagent grade
chemicals to distilled water in the concentratlons 1isted 1n Table 6.1.

* The solldificatlon additives were commercially available products
with the exception of the fly ash which was obtained from the Lakeview -
PoQér Generation Station, Mississauga, Ontario. The additives fncluded
hydrated 1ime (Ca(OH)3), Tyﬁe I portland cement, MIN-U-SIL, bentonite, -
soluble silicates and fly ash.

MIN-U-SIL fs a hlgh purityu 1nerf. crystallfae silica powder .

obtalned from L.V. Lomas Chemical Company Ltd., Mississauga, Ontarlo.

According td'the supp!ierfs specification, *MIN-U-SIL is composed of

88
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Table 6.1 Summary of the experimental testing programme.
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non-porous particles of a low speciflic surface area (0.54 mz/g) It 1s

composed of 99.7% silica, has a spechlc gravity equal to 2.65 and can

absorb 0,325 gram oF water per gram of dry welght, , 5

B

* The bentonlte was a ‘sodium montmorlldonlte clay obtalned From the

Amerlcan Colloid Company, Skokie, llllnols It ls~a Flne powder Bf hlgh

: L]

. speclflc surFace area. "1t has-a speclflc gravity of. 2.7 end can ebsorb

roughly Flve tlmes Tts welght of water

~.__,\

Type N soluble a!1icates were obtalned From Natlonal Slllcates.a

Toronto. Ontarlo. They come as a water solutlon oF sodlum slllcate

(37. 61 solids) wlth a ratlo oF 5102 to Nazo of - 3 22

The acld neutrallzétlon capaclty of hydrated portland cément was

evaluated by tltration thh 8. strbng acld _Cement was mlxed wlth the '

lnert slllca powder (2 g of cement per 100-9 oF MIN- U*SIL) and water

,(H/C=I7) ‘The mlxture was cured For 28 days, crushed to pass a 100 mesh

90

R

sleve and tltrated wlth HNO3 Following the method descrlbed in Section

6.2.3 using a liquldrto—solld ratlo of 10° to 1 g ) o

Il

The particle size dlstrlbutlons oF the three insoluble powdered

addltlve, HlN U-siL, bentonite and Fly ash. were; determlned wlth a '

M ‘-. .' . . .

Coulter Counter. ;‘ ‘ oo _

The solldlflcatlon additlves were analyzed For the metals oF -
lnterest For the leachlng studles after digestlon in equa regla (3 parts
of HC] for | Part oF HNO3). In addltiph. the fly ash was analyzed For

several metals to‘determine{lts'bulk cohpoéltlon. The results are

presented in Table 6.2. ‘ 'fﬁ S o .
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Table 6.2 Chemical analysis of the solidification additives,

1)

~

o GEoncentration {vg/g; wet weight basis]

Chemical : .

" Component Bentonite Fly ash Lime MIN-U-SIL  Portland, Sodiom

. ' cement  Siiicates

Arsenic ° 10 29 5.3 8.1 5.1 0.2
Cadmium , <2 toge (2 "2 ¥ 0.2
Chromium 29 . 25 289 31, 85 0.37
Lead : - - q ;<a_ .o <2 <2 0.5
Lithium - > 40 - - 105 5.9 . 9.2 28 0.2

Note Al additives were ‘commercially avaflabie except the
. fly ash (see text) Gross analysig of Lakeview fly ash:

©ot T v 46,17 5102; 20.4% - Alea. 15.6% Fe203; 3.6% Ca0; 1.557 .
T K20 and " 0.78% Nazo . :
vt . )
' 6.1;2.,Hlxinqiand Molding: * . .. -

AII batches Nere prepared uslng a Hobart mixer by adding the

.

ingredients in the Following order and ndxing between each addition
distjlled water. wast chemicals. cement or. Iime and the burking
addltiye.'HlN-U~SlL E:L ash, bentonite or soluble 5ilicates All - ;
dosages Indicated In Table 6.1 are expressed by - wet weight of additives
as described in Section 6.1,1.

. In the case oF Batches E to H. an additionai step was™involved as
“the s |udge obtained From liming-to pH =9, 5 was concentrated by
discarding the supernatant ‘A volume oF 0.4 L of 5ludge was obtained per
litre of inftial solution. The metals (As, Cd, Cr. Pb) were essentially
_completely segregated with the sludge

The concentration data presented In Table 6..1 was calculated
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based on the weight change of the waste resulting from mixing the

solidification ‘additsives. The centribution of contaminants from the

.

additives themselves was taken into account wheh appropriate..-

L)

" Differently shaped spec imens were.prepared as described in Table

6.3..The specimens were cured In double plastic bags, normally for éB‘

»

days,, prior to initiation of testing. Table [V-l glves the duration-of

the curing perfod for any given test,

Table 6.3 Molds used-tc prepare specimens for leaching tests. -
Type . .' Dimens fon Volume Exposed Area  Used for
‘ [cm’) [em?} Batches
Extraction thimble,  10. cm long  -130.0 ~ 295.0 - A
(cellulose) - | 4.3 cm 1.d. ‘ :
0.2 em thick e N
' T ~ -
Straight wall jar 4.50 ¢m 1.d, 51.7 . 15.9 - C
(small) . - . 3.25 cm high Co )
Straight wall Jar 9.40 cm 1.d. 340.0 69.4 -« B, C, D
(large) ' 4,90 cm high v *
‘2 fnch cube  © 5.08 emside  13f.1  154.8 . E to H

6.2 Eharacterization of the Speciﬁéns

All»speclrn'ens1 moldéd in geometriéal shapes, weré wé]ghgd to
calculate thelt bulk densiéy. The water contént was detgrmlnéd by
dryipg triplicates of eachpbatch at 60°C to épnstapt welght. Drying at
60°C fs a provision of the ASTM Standard HthSd Fo; Laboratary : -
: Determjnatlon o# Hafer (Holéturé) Céntent of Soils, Rock and
Soil-Aggregate Mixtures {D2216-80) for samples wh!éh might .undergo_

v

.
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“loss qf water of crystalllzation The speclfic gravity of the solids .

from Batches C to H were measured uslng the ASTH Test for SpeciFTc

Gravlty of Solls (DB54-58). I

The total metal concentration was determfned'by crushing a

. ’ .o L .
specimen of wastelform to pass a 100 mesh sieve and digesting It in aqua.

regia. Samples of Batches E to H were also submitted to o Sequential

‘Ch§h¢cgl~E§E£§pxﬁon test-Foliowing a method described by Fraéer and Lum

'(1983) The metal analy&es in all leachates were done by atomic&\_
g

. adsorptlon using a graphlte Furnace

6.2.1 Hercury.lntrusion ﬁorosimetty

Measurements of porosﬂty'and pere slie distribution were
performed on batches E toF using a 0- 60 000 psi Hicromerittcs Autopore
9200 porosimiter. A)l samples were dried and outgassed For 45 minutes.

The cumulative volume -of mercyry was mgnitored as a Function oF

.

pressure 1n.tntrusion and extrusion modes.

6.2.é Eqlilibrium Leaching

- i Equilibrium leaehing tests were performed on Bapdhea E to H as
well as on the 1fquid sludée'ﬁhich was used~For their prépafation.

0 Samples were. crushed and sleved to pass 100 mesh size (149 ym). Ten

grams were mixed uith 300 mLs of distilled water and contacted For 28

days. The jeachtng containers were hand agitated every day. At the end
\ ~of the test.-the pH and condutti&lty were measured the samples were

ﬁfiltered through a. 0 45° um Filter paper. acidIFled and analyzed For the

parameters listed 1n Table V]I 1.

.

/.
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LY

6.2.3 Titratlon and Solubflity (low llquid-to-solid ratio)

. -

n Titratton of a cement paste and of waste form batches A to D« -

] was-pérformed In a series of 20—40.mL centrifuge tubes. 500 grams of

the sample were first crushed and sieved to pass 100 mesh. 5ubsample5 oF
20 g were preclsely welghed and added to each tube. A precise amount of
2.02 N HNO3 and distilled wateér was added incrementally to the tubes In

order to cover a wide pH range (preliminary tests were fequired to

' determine the méximum amount: of acid required): 'The actual.amount. of .

e

acid added is listed in the Tables of Appendix V]IJ ‘The total of the
vo!umes of acid and distilled watet added was about 20 mL so that the
Ilquld to- solid ratio was approx!mately 1.

Nitric acid (2.02 N) was prepared by dilution Frbm concentrated

acld. Its preclse normal 1ty was measured by titrating a standard

solution of sodium carbonate. The end point of the titration was

determined by Gran analysis (Table VIII-10). ‘The acld was added_to each

tube using a high preélsibn microburette (Giimont Instruménf'lnq.
54200A). | |

The 20 centrifuge tfﬁgs were tumbled For 24 ‘hours ‘and then
centrifuged at 10, 000 rpm For 10. minutes ~The pH of the supernatants

were measured'fqllow{ng the "steps fllustrated on Figure 6.1. This

' procedure was'nécessary to‘obtain étable pH readings. : E A 4

Ihe supernatant from a tube was withdrawn uslng a 30 mL Iuyer 1ok

type syringe. The long needle was then r%p]ac@d“by an on 1ine 0.45 um

,

Filtgr_aasembly and the solution was introduced fnto a 50 mL syringe



s

used to measure the pH. As shown-in Figure 6.!b, the solution was
{solated from atmospheric CO; and was also ag;tated during the
measuremegt. This set up provided stable readings throughout the pH
rénge. Thé‘pH was measured with a Orion Ross electrodé and a digltal
Fisher Aceumet Model 750 meter. ‘
iAFter pH ‘measurement. the solution was dralned’in;o a sampling
bottle, aciéifled Pnd saved F&r metal analysis by atomic adsorption.

The pH measurement syringe was triple rinsed with distilled water before

starting the next sample.
"

40 m| ;
CENTRIFUGE
TUBE

) /- TO pH METER

| __pH ELECTRODE

_E_:-—-som SYRINGE

éOESAIMPLE AFTER -MAGNET
CE

{TRIFUGATION ON LINE
045 pum FLTER ‘RUBBER TUBING
.. ( MAGNETIC STRRER w -
\__ » ) ’ - A . . o Te .
a) Sepérate the solution after centrifugation.s ) Fllﬁratlbn of the sample and
A ) measurenent of ph. )
- . . . ) \ 3 . .

L)
a - ]

:Figure 6.1 Set-up For‘fhe titration and soluplllty experimentsx;
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6.2.4 Titration and Solubility (high Iﬁqu!d—to—sol[d ratio}

This experiment was conducted on Batches C and D in a manner
>
simllar to the low Ilquld~to—eolid ratfo test deseribed tn Section
6.?.3. However, a much larger quantity of water was used in order to
avoid so[ublllty limits. Senples oF'approximately't g were _precisely
eelghed end mixed with 900 mt of-distilled Qater fn a series of t L
bottles. Different amounts of HNO3 were added to each bottle to cover a
wide range of pH. The bottles were tumbled for 24 hours; the pH was
measured and liquid samples were flttered and analyzed for metals.

-
)

6.2.5 Static Leabhlnq_

Statlc leaching tests were perForned on Batchee B and C. The*

exper!ments are descrlbed in generel terms ‘here as spectffc information

ﬁfis given in Appendix X.

A_4Llitre beaker placed inla 25°C temperature bath was used as

Ieeching reactor. The leachant was prepared from d[stllled watEr by the

addition of potasslum nttrate as the ionlc medium and of mtric ecid to \

lower the pH A known volume of the leechant was poured into the ;

Lreactor. The test was Initiated by Iowerinthhe waste Form spec imen oF /
known exposed surface area Into the- reactor. An Orion Ross’ PH electrode
' connected toa Flsher Accumet meter interFaced with a HP 1000
mini-computer was used toﬁmonitor the pH. The aqueous solution In the
reactor was siowly stirred to ensure good mixlng. The ‘reactor was
covered with a plestic sheet to prevent evaporatioh
Aliquots of 20 mL of the aqueous solution were taken at frequent

-

times during the experlment. acidified and saved For analysis.

e,

T

[ P!
5
\4"“
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o

» 6.2.6 Dynamic Leaching (Céntinuous\FIow)

Dynamic Ieaéhlng_tests, in_a cont inuous F}oﬁ/hode; were performpd
cn Batches A, B, C and D. The expeiimgﬁ?s are described on general ~ //ﬁ
terms H;re as speci?fc details are g}venfin Appendixr*l,

The experimentgl_get—up. illuégrafed In Figure 6.2, was composed
of+a feed system, a {éé;ﬁing,reactor-égd_an gutqmatic sampler, The
exper iments were conducted in a way siml{ar fo the stetiﬁ 1eacﬁ1ng tests
described in Section 6.2.5 with the diffe:énce that kinetic information
was obtained in the dynamic test by samp!ing the effluert from the

4 *

. reactor.

STIRRER

Y, -
[?“‘] LEACHING
" SPECMEN
FEED PERISTALTIC REACTOR'N A C AUTOMATIC

PUMP TEMP. BATH SAMPLER ~ .

4

f;Flgure 6.2 Expéglmental.set—up to obtain kinetic leaching data.

-t

LY
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6.2.7 Dynamic teaching {Intermittent Flow) - |

Dynamic leaching testﬁiwere carrled.dut for 665 days on Batches

E to H, The tests were carrjed out in closed 2 litre Dlaetlc bot* les

. Q
using distilled water as a leachant. " A test was conducted by immersing

a waste form specimen (5.04 cm cube) in the leachant using a spec imen
surface area-to-leachant volume ratio of 0.10 emt.

The leaéhant was
renewed af frequent intervals, and the cdncéntratlons of the species -of

lnterest leached durlng each Interval were determined. ‘The test bottles

-
.

_ were not agitated because lt was assumed that the dlsperslon rate of the
contamlnants ln the leachate was much larger than their leaching rate.‘ R
thus ellminatlng concentratlon gradlents ln the leachate.

_ The schedule for leachant renewal was established based on the
fact that bulk dlffuslon is tne controlllng leachlng meehenlsmf When
thls.ls.tne cese. the Jeach rates decrease with time and 1t is neceésaryz
to gradually increase the contect time between renewals to ensure that
\%he leacned specles can be analytlcallghmeasured fn the leachate. A
»leechlqg reneﬁgl scnedule that ensures equal amounts leached,per-'

leaching period (For bulk dlffusion controlled leaching) is expressed as
(CBt€ and Isabel, 1984) '

where: n = leaching period > _ -

n
t1 = end of the first ‘leaching period [T)

t, = end of the nth leaching period [T)

Different values of t, can be used for contaminants .of various

mobilities to'ensdre that concentration bufldup In the ?%achete does not

1imit leaching. ng)frequencles were used, t; = | hour for arsepic -

B
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. the actual vetocity in Flgure 6.3.

(Experiments términated by "i", Appendix XI1) and t, = 4 hours for

cadmium, chromium and lead (Experiments terminated by " ) The

99

leachate renewal schedule calculated from Equation 6 | was adjusted for .

compatibillty Nith working hours. After approximately 5 months,
constant renewal frequenciés of 1 week (for arseni¢) and two weeks (for

cadmium, chromium and lead) were'adopted. The actuai léachant_dhanges

times are recorded in the tables of Appendix XI1. Equation 4.6, which

defines the Ieachant veloclty v ln terms oF the speclmen surface
1 "

area-to-aqueous solutlon ratio and the Ieachant renewal frequency, can
be combfned with Equation’6.] to express theoretlcally the leachant

veioclty used In the dynamic leaching test:

. ; 1 N N " : :
V = ——— X mmm—mmae— (6.2)
' B t1(2n l) St

The target Ieachént-velocit% calculated witﬁ Equation 6.2 is compared to

.
.

At the end of dach leaching period, the pH and conduqth]ty of

the leachates were measured and allquots were taken for analysis,
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. RESULTS'AND DISCUSSTON

i

Cement-based waste forms -are complex from both a morphological
and & chemical point of vfeh The approach taken in the exper!menta]
programme was to study several waste Forms of increasing complexlty,
starting with a non—reactive matrix contalnlng a soluble chemlcal *
“species. Several chemica! species were monitored llthluh as a tracer,

© cadmium, chromlum and lead repre§entlng typlcal- metal contaminants and
arsenic.as a compiex anfonic qpacies. .
-This chapter "is divided intc Four sectiohs The morphologlcal
propertles of the waste forms s first examlned In Sectlion 7.1. In
Section 7.2, the contaminant solubility and avé!lability for leaching at,
equilibrlum are determined using pH as a master varlable The kinetics
eoF leaching are studied and modelled in Seetfon 7.3.. Severe
expetlmental_conditjohs (l.e. low pH ahd/or.hlgh leachant ve}ocity) were a
used in orhet‘td speed up leaching aﬁd reduce the duration of the
experlmehts. anally. in Sectlon 7.4, the regults of Iohg tsrm‘dynamic
leaching tests thdhcted under conditions rore representative of field -
'envjrohmehts are éha!yzed and Interpreted.

| The leaching mode] presented in Chapter 4 fs based on an
ldealtzeq'fqprésentatiqn of the wéste form matrix and on simple
mechanisms . of interaction between the'leachant and the waste matrix.
This model is used as a tool to study leaching mechanisms lh this

context the goodness of fit is not 1mportant slnce 1t is not intended

-..
101
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to use the model for predictive purposes.
\

i

7.1 chrostfucture of the Waste Forms

In this section, the porosity, pore size dIstrIbution and
degree oF saturation of waste Form matrices witl be examined. These
factors are important in view of the fact that leaching takes place via

diffusive exchanges through a water. path within the waste matrix.

’

7.1.1. Particle Size Distribution of Inscluble Powdery Additives

The ayerage'partf?le dlameters of the fly ash.'fhe.powdered

silica (HIN*U—SiL) ‘and the bentonite were 11.7, 11.7 and 7 5 um

. disfributions (Figure 1]11-1), while the bentonjte was composed of

smaller particles. _ .
Fly asﬁ and bentdnite perticles are-porodslmaterials which will

ébsdrb'water'and chemically Inte}act with the waste components. The.

powdered silica is non—porous and should be relatively fnert. Thus lt

was selected as a bulking agent to. be used in. simple waste Forms to

Identify. by neference. interactions oF the contaminants with the other ‘T‘

matrices. o ) ) Lo

-

7.1.2 Moisture-density Characteristics

. Heaeukement of the waste Forh bulk‘dengity. water content and -

solids speeréic gravity allows calculation of the matrix porosity and.

degree of saturation (relationships presented in Table ill—Z). The

102

respectlvely. The fly ash and the MIN-U- SIL had ‘similar particle slze ‘



mofsture-density properties of sl the b§pchps used in the experimental
- programme are presented fn Table 7.1., h
.v;v

Table 7.f Moisture-density relationships 6F the
specimens prepared In the laboratory.

Solld!fication System  Bulk Water - Solids Degree of

Bgtch ] ‘ : Density Content Specific Poro&lty Saturation
(9/ce3]  [w/w) Gravity [§) {1
Tl Powdered Slllca 1.90 0.240 2.65- ¢ 45.5 100.0

B oPodered Sttica-cement 176 0.240 . 2.65  49.5 5.3

C "CFlyAshcemet L& 0310 7.80 80.2 834
0 Fly Ashcenent 169 0.240 281 543 T
C B FIY Ash-cement L2 043 290 492 s
CFo - Flymsheliee L6l 0T - 2.5 RS T2.0
. Clay-cement 150 0303 164 539 424

- (.33 . .
H Soluble 5 11cate- celent 125 0,518 4.9 61.6 3.3
o . (1.57)

. NOTE: The, specific gravlty values In bracket were back- calculated -
. . from the porosity ssasured by mercury intrusfon

The bulk density of - the batchgs prepared ranged from 1.25 to
Yl 90 g/cm while the water content varied from 0. 143 to 0 518." The
_ lower bulk densié}es dre associated Nith high water contents.

The specific gravl;y of the.so![ds was measured usfng a sofl i

standard method (ASTM DB54.58) except for Batches A and B where the

* pub] ished value for sflica (2.65) was used. The-sofl method, .which

fnvolves measuflng the ‘volume of water dispféﬁed'by a known amount of

103
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sample works well provided that the sample is not water soluble. IF-It
Is, the-measured specific gravity is ertlficTeIly higner because

dissolved sollds occupy a much smaller volume. The specific gravities of

C P
the batches based on fly ash (C to F), ranged between 2.25 and 2.90, and

' are comparable to published values, while the values for the clay—eement

batch (3.64) end the soluble siticates-cement batchﬂ(4 89) are higher.
It was noted In the equillbrlum teaching tests that those waste forms
based on bentonite and soluble silficates are much more soluble than s
those based on Fly ash. ThereFore. for ‘the purpose of reporting
porosity and degree of saturation, speciFIc gravlties derived From
mercury “intrusion data enalysis (Section.7.l.3).were used for Batches‘C '

»

and H.

.
. S
- .

The poﬁosity of the waste Formvspeclﬁens varied from 40.5% to

61.6% ang the voids, except For Batch A, were oniy partially satureted'

with water. . x "

.

7.1.3, Mercury Intruslon Porosity

~

“ The results of the mercury intrus{on analyses are presented In
Table V |1 as the amount of mercury intrudeg (cm /g) as a Functlon of the"
pressure of lntrusfon The pore size dlstributlon can be approximated by

-

estimating the pore slze intruded at a certain mercury pressure. The -
J .

Hashburn Equation (Orr. 1969) can be used for this purpose 1f 1t 15

assumed that the pores are straight cylindrical capfillaries. The pore |

radius is given by:

FooE s - ' (1.1
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contact angle (1309)

where g =
¢ = Hg surface tension (4585 dynes/cm)
P .= pressure of fntrusion

The pore diameters calculated with this eduation. presented in the
second column of Table V-1, range from-0,003 um to 32;'um.

" The amount of mercury intruded at maximum pressure, as presented
in Table V 1, can not be directly: associated with the specimen totai
porosity for two reasons: First the iar;e pores are destroyed by

'drylng the’ sampie prior to processing and secondly. the Initial sampie
volume (calculated as the difference between the chamber volume and the
volume of mercury required to fill the chamber at the initial pPressure}
Is underestimated since some pores are fntruded at the iow inttial
pressure., Therefore. thfs method underestimates total porosity.

A better estimation of the true specimen porosity can be obtained
by adding to the volume of mercury intruded. 8 correctiorm volume, which-
accounts for the volume of voids destroyed by drying the sample and the
volume of voids initiaiiy intruded at the minimum pressure The
celcuiations are, presented in Table: V -2, The corrected cumuiaéive
porosity of 5 sampies fs shown In Ffgure 7.1, Replicates. run on Batch :'
E, show good reproducibiiity. The bentonite and Fly ash systems have

. pores In three distinct ranges: >100 um, =~ um and <0.1 um._hThese are,
Interpreted as.Foilows. The voiume in the pores iarger than 100 um
'comprises voids between ciumps of particles {(macropores), whiie the -
volume Ln pores of approximately I um is interparticle space, within

the clumps. Finalty, for pore sizes smaller than 0.1 um, mercury
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-

Intruded the Fly—th and clay partfcles-as well as the cement gel pores.
The soluble si{icate-based porosity 1s almost entlrely'cgmposed of
" macropores. N ' . | : . \\,
| Plots of the cumulatlve.poroslty as a function of pofe diaméter
in [ntrusion aqq extrusion mode, sho;;\mgfkéd hysteresTs }Flgureé V-1 to
V_4)? This is ;ndicatiyg of pores with narrow throéfs openlné into |
lérge-cavities (Orr, 1969). As a resylt, the volume o?lthesé lafgé
cavities are added to the cumulative porosity at a pore diame?Er.wh(cﬁ
cprresponds to the narrow th;oats. Therefore, althodgh the total -
. porosity ﬁlght be consideréd,exact. the’ pore volume distribution If.an:“
the volume of ‘large pores is_uhderestimaféd; and the volume of small

pores |s overestimated. . ot

-

70

Soluble s!]icates-ce!ent

80 ~

B0 -

Cumulafive Porostty

20 -

£

Fly ash-lime

o S— — — : —
-5 . =1 : 1 3
Pors Diameter Loglum] -

Figure 7.1 Corrected cumulative porosity from percury intrusion.
P . . Al 7
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7.2 Ehemical Containment oF Contaminants

‘The purpose of the experinental worh reported In this section wae
. to measure the solublllty_ot‘chemlcal species in the waste form matrix,
at equilibrium and as a function of PH. The distribution of chemlcal.
speciee amoné the diFFerent fractions described-in Flgere 4 1 is
discussed in Section 7.2.1. Tltration and solubility curvés. whlch will
\\\be\;\ed in the mcdel LEEX to simulate leaching under dynamic conditlons.'
are presented fn Section 7.2.2. ] A
All the waste Form samples were crushed to a powder {~150 um)‘
‘in order to speed\up attainﬁfnt of chemical equilibrium As seen in the
preceding section. this crushing exposes a larger surfbce of contact
with the leachant without destroying the microstructure of the matrix

(i.e., most of the pore openings are much smaller than’ ISO um, ‘with the

. exceptLon .of the soluble silicate system}.
‘ . o
" 1.2.1 Distribution of Chemical Species in_the Matrix =~~~ = -~

£

. The total coneentrations oféghemical species In the'naste form
 matrices calculated from the amount oﬁiginaliy present in the waste are
presehted'ln Table 6:l. These concentrations ;ere.verifiedaby
performlng a totalfdlgestlon and a chemfcal sequential extraction on -
Batches E to H The results, presented In Tables ViI-] to VI-3, indicate
complete recovery of Cd. cr and Pb with respect to the calculated »
concentnatlons. 1t Is worth noting that negligible amounts of the metals
" were recovered in Fractlon E of the Chemical Sequential Extraction
tests. indicating that the metals were not p eeent as silicates in the

matrix (Fraser and Lum, 1983).

~
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Fraction in Solution in the Pores

The concentrétlons measured {n the equilibrium leaching test

(Experlment'Z). where no acld was added, closely reflect the composition

of the waste form pore solution. Oflution of the pore solution by the
Ieachant.is not a Factor’slnce the metals of {nterest, As, Cd, Cr and
Pb, were present in sufficiently F!sge concentrations in the matrix to

saturate the teaching test solutions The leachate pH from the

solldified wastes ranged From I1.1 to 11.9 (Table 7.2). The pH of the

fiy ash based systems was slightly lower than the other systems,
probably due to pozzolanic reactions lmmobllizlno the free 1ime.
The calculated fractions of As, Cd, Cr and Pb 1n-solut|on fn the

pores of,each of the four matrices are presented in Table 7.2. The

. soluble fractions are small, ranging from 10"2'?2 for arsenic in the

g-6.55

éoluble silicate motrix to | for cadmium In the fly ash-cement

'matrix (note that all contaminants were originally present in the waste

in the same molar concentration).

Fraction Avallable for Leaching

>

.The availability for Ieaching was defined in Section 4.1 as that

. Fraction soluble 1n -a leaching medium when an equilibrium leaching test

is conducted at infinite ‘1 iquid-to-solid ratio SpeciFication of an

lnfinite ;atfo lmplies that, I) a high concentration in the Haguid phase

" does not drive an adsorption reaction on the solld surface and. 1) no

\

solubiifty product is exceeded:
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Table 7.2 Results of the equitibrium leaching exper{ments.

\‘:Y‘

-Batch € - Batch F Batch G Batch H

‘Fly ash - Fly ash Elay Soluble
cement Clime cement Silicates

' cement
pH ) : 11.15 - ... 11.50 . t1.75 11.85
Conductivity [uS/cm) 1380 1755 3065 " 4550
Calculated fractfon in solutfon in the pore

Arsenic T e [ 107" %% 10-2.52
Cagmium L 106.55 106."2 tg=5-59 10=€.74
Chromium ° jo~" .48 107%.370  yg5.20  yg-5.06
"Lead - 10-5-5*; S 1 ORI e 2 to=*.20

Note: Based on the results of Experiment 2 preseﬁtéd in Appendix VIl

-

Titrat!qp and Bolublliiy experiments Were conducted at low (1/1
in Experiment 3) and high (1260/1 in Expertmen5r4) !iqyid-tawsolid
ratfos to measure the availabliity of metals for le&éhing under acidic
conditfons The experiments were run on Batches A to D, which were alsc
used, in the valldation of the models LEEQHand LEEX (see Section'7. 3)
The soluble fractions y cdlculated From the concentration data of '
Appendix VIII and 1X, are presented in ngure-?.z for Batches A, B'ana
C. The results. for Batch D are simiiar to those of Batch C and wlll not

K

be discussed In detall

, The soluble fract!ons are presented for the acidic pH range only

P

since. at higher pH the solubilvty is limited by hydroxide
prec!pitatlpn. At pH values smaller than 7, however, the hydrox{de

s0lubility products were not exceeded indicating that the 56rtion of a

«f

]
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metal found insoluble was kept out of solution as a result of
Interact}ons with the matrix .(unless other precipitates were Formeq at
low pH which might be the case for cadmium, as d}scussed below).

The matrix of Batches™ and B, composed of fnert MIN-U-SIL, did
. not iamobiliie cadmium at low pH‘(Flgure 7.2a). For pH values smaller
thahl6.5. all of the cadmium was 3s0lubilfzed,

In Batch C, however. the data collected between pH values rang{ng

-

‘from 2 to 6 Indicate that no more than approximately 601 of the totat

cadmium concentratlon was solub!lized at the 1/1- ar at the 120071 N

r A
liquid-to-solid ratio (Flgure 7.2b) . Furthermore, for pH vartues smaller

" L] . -

than 3, the amount of soiubfe cadmium decreased (drastically for Batch’

D). It 1s postulated that acid dfssolved the fly ash and that insoluble

calcium silicates were produced. fncorporating cadmium. This mechanism o
‘15 confirmed by the drop in calcium concentration observed as pH is
" * ‘ .

reduced (Table IX—}).
Chromium was~essentiakiy unaQaIlable for leaching'at pH larger

-

than 4 (Figure 7.2c}. lt became available for leaching at Iower pH

va]ues. ‘Lead avaflability. 15 simflar to that of” chromium ln both tases

T -

there was a large dIFFerence between the 171 and the 1200/1 liquid—to—
solid ratios, lndlcating that the mechanisms of lmmobillzation might be

adsorptton v which is a functfon of the concentratlons in the liquid

. )
'

phase.
Based gn the concentration data,” it was calculated that the
matrices of Batches C and D could adsorb between | to 3 pg/g of wet

matri{x of each of the three metals studied at pH values ranging between . L




)
3 and 7 (figure IX-1).. These represéﬁ% a sigolficant fraction of the
metals present. In the ma%}lx.
The Impllcétions of these Flndings‘are fmportant. Even §f ohe pH
In the pores drops to a value as Ioﬁ as 4, fhe ahount of metol
solubtlized will. be small (for Cd) or even negligible (for Cr and Pb) as
tong as the pore metal conceptoation does not decrease to small values.
This will 1odeoq‘evenfually happen as the soluble metals leach-out. v
_However, the Fraction'ayailoblé for leaching tends to ma{ntain 8

relatively high concentration in the pores. Furthermore, if the

transport mechanism 1s diFFusion controlled the concentratlon will

decrease very slowly, as will be 5ben tn the next sections Overall it

appears that, for the fly ash-cement system. Interactlon with the matrix \“"

played an important role in the containment of metals.

S ’ Tk
= 7.2.2 Titration and Solubjlity

sé‘lubmtny L

The results of Experiﬁent B’Fan be used to evaloate.the

[N

-solooility of toxic metals as\F function of pH.'!Q the @aste
environment.-Since this experiment.was conéucted ot a low
l1quia-to—so]id ratio, the results can be Inte;:reted_as the,
concenfration in the pores of the matrix as a function oF pH
Batches A and B‘are baseo—on powdered silica; A does not
contain cement Nhile B does. Similarly. Batches C and D are both fly
.

- ash based. but: contain a different dosage of cement Althodghydifferent .

amounts of .acid were necesaary to bring the pH in the titratlon test ’ ’
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tubes down to thaﬂaame values, the solubfiifty seems to be independent of
the .presence af-aemenf.' fndeed. the concentrations ﬁlotted as a
function of pH in Figure 7.3 and 7.4 show noc difference between Batches
- A~anJ B, or between Batches C and D.

The ineasured solubility of cadmium, chromium and lead is
comnared to ;hgir hydroxide solubility in Figures 7.3 and 1.4. The
hyd}omide solubilities wera calculated using Equation 6 of Tabie 3.4 and

the stability conétanta tisted on Figure 3.4.

For Batches A and B, the measured solubility of cadmfum (Figure”
7.3) cbrresponds’to-its hydroxide soiubiiity The solubflity producf.”
( Kso-li 28) and stability constants ( K1-8 27; "82=21.0; "By= -33.3),
determined by non—linear least squares estimation fail well within the -
range of publtshed values” (Skilen and-Harteli. 1964). The‘details of
thg statistical analysis are inen'in Table VI1F-5. \
For Batches C and D, the measured solubilities of the three

metals are comparable to their hydroxide solubility in the Intermediate
. and high pH ranges while they are lower by several orders oF magnitude
' for pH less than 7 (Figure 7.4). The effect for chromium is unique llts
,,solubiiity is reduced to a minimhm which compares to the minimum
hydrogide soiubiiity throughout a pH range:ﬁrom 4 to 12 iFigure T.4b).
“The £1y ash matrix obviously interactéd with the metals, most 1ikely by
adsorption. fo limit thelir solubilfty. |

The‘measumed soiubiiitfés:as a function of pH for éatches ¢

and D were fitted wifh empirical models using non—iinear-least square

estimation. The models, preséhted In iable VIII-5, are plotted in'Fiéure

oy
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Solublility of Cadmium

. Powdared alllca—aement (Batches A & B)
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7.4. These emplricai modeis.wii,fbe used In Section 7.3 to stmulate the

“kinetics of leaching with the model LEEX.

n

Acid Neutraiization Capacity

The. acid neutraiization capacity (ANC) can be analyzed frfom the

‘tltration and solubility experiment (3) For Batches A, B C and D Acid

neutral(zation capacity Is” deFined as the aqupt{ a strong acid

required, in a titration to reach an equivalence point (Stumm and
Morgan, 1981) ]n our case, the titration end point is that beyond
which the added acid stays as Free hydrogen-ion in solutfon. The end ’7

point can be determined using Gran analysis. (Stumm and Morgan, 1981)

The changes required to use this anaiysis when titrating soiid samples

are outlined in Table VII1-6. The total ANC.of a~waste Form s
contributed by the waste itseif and by the matrix constitdbnts

One of the most important ANC contrlbuting additives in waste
Forms is port!end cement Based on the lime content of the powder. 651

by weight as CaO, the ANC wouid be 23.0 miilieqyivalent§ (meqi per gram -

- of dry portland cement Theltheoreticei.amount of Ca(OH): produced From

. -~

hydration Is 8 meq/g dry cement. as calcuiated in Section 3.2.2. Tableai’?
III 3 shows the results of an acid titration perFormed on a fully -
hydrated cement paste.. The use oF Gran anaiysis does not permit the
identification of . an ‘end point even though the pH was brought down to a

value as Iow as 2 53. There is, howeyer, a sharp break on the curve at

" approximately 20 meQIg oF dry cement where the PH drops from 8 to iess

' than 4 pH measurements, done after 24 and 48 hours of mixing, indicated



‘that equilibrium had'aeen reached aFter 24 hours. It Is important to

+to 2.4 meq/g oé wet waste., The titration end poipt cou!dﬁonly_be

_or the fly ash). Do s

- -
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note that, when attacked by a strong acid, portland cement provides ANC
in & pH. range (f.e:. > B.5) where toxic metais have'minlmum solubility
and completeély dissolves before the metale-become soldble.rThese results
agree with data reported by qun-et al (1985) who conducted aequeatlal
batch tests dsing a strong acid.. They determ}qed that a breakthaugh of
toxie metals occuered after approximatively 66% of the hydrated cement
paste had been neutrallzed (measured as the Fractlon of'calcium

so1abilized) This is equivalent to lS meq/g of dry cement paste.

The measured tltration curves of Batches A to D are presented ln

Figure Vl}l-l to VIII-4, They-will be analyzed‘with reference to.TabPe

- - '.; } ﬂ-

7.3. Each titration experiment was conducted in replicate and showed

good reproducibility. The'measuted AﬂCs coyer a wide rangetAFrom 0.0.1

determined-using Gran adafysjs for Batch, A. For Batches B, Cand D, a

~,

t‘,,b

PH = 4 was arﬁ*t(:rlly selected as the end polnt slnce addition of acld
beyond that pH continued disso!ving the matrix ‘The contribution oF the

-waste and poYtland cement to the overall ANC (Table 7 .3) was calculated
-

*

From their respective dosages (Table ﬁyl) These calculations left a

' resﬁdual»which was associated with.the.matrlx (ile,ﬁthérpoWderedAsilfca

RN

Batch A did not contajn'cemedt‘éhd'tﬁe measured AN; is

" approximately equally split between the waste and the_matrix:

Examination of the titration data.(Tabte VIII~1) reveals that all

cadhium_had dlssolved’hy the_f\pe the pH reached 7. ,fhe_matrix ANC is

oS
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this consumed in a ‘tower pH range. Even if Batch B contafned only a
i . ol r
small dosage of cement (0.36% of the total matrix by weight), it

Increased the yasfe form ANC by a factor of nine.

. Table 7.3 Acfd neutralization capacity.(ANC) of waste forms.

Batch' Systém Total Measured = Contributed by Residual Matrix
‘ Waste Cement .[mea/g] [meq/q]
[meas/g; w.w.b] [meg/g; w.w.b) w.w.b d.w.b.
“A  Powdered Silica 0.011 0.006 = ~——- 0.005  0,0066
B' 'Powdered Sflica 0.09 10,005 0.083¢%) 0.002  0.0026
Cement - v
C° Fly Ash-Cement  0.42 © === 01602 0.3y 0.47
D Fly Ash-Cement. 2.4 == 20000 030 0.45

~

L] ! ' R

(1) Cement was directly added to the. waste solution.

(2) Based on cemenf ANC of 22 measg dry c;ment.‘_

The' calculated resfdual ANC of Powdefed silica (0.0066 meq/g
“from tlération of Batch A and 0.0026- mea/g %rom tltrétion of Batch é)ﬁ
can'be c§mpared'£g pubI{Qhed values. Shindler (1981} reported that the
'concentration oF'hydroxyl groups;on amorphous silica‘surfaceé'ﬁas
apprOximatély SJD.OH/iOO Ai. Based on a épecific §urFa;e area fom
MIN-U-SIL of 0.54 m°/g (Section 6.1.1), this is equivalent to 0.0045
: meq/g.of s}lfce powder .
Very {itt]e cement was added to Batch C and & large portion of

-lﬁ waé-consumed to neutralize the waste. A Iarg§1F action of. the ANC

[+
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(=75%) was thus assocleted:with the matrix {e.g. fly ash). For Batch D,
the cement dosage (9.5% by weight of total waste.form) is more typical .
of a commercial waste form (Cote and Ham! Iton, 1983). The ANC, in that
case, {s essentially essocibéed with the eement. Based on the alkall
content oF'the Lakeview Fly ash (Table 6.2}, a theoretical ANC cen be
calculated to be app?oximafely 2 meq/grad of dry fly esd.‘ This is muég.
higher than ehe value derived from titration oF.Betehee t ahd.D (0.46
meg/g) lndicatlng that the a%ka\is are not avallable ;o ned}ralize acid.
.Ness et a! (!978) reported that the avallabllity oF alkalls from western

coal fly ashes varled from 65%-to as low as 10% as a function of pH,

7.3 Hechanisms‘of Leaching

l Kinetic cenditione.were deidtblnedlin leaehidg experidents S and

é to.study the mecheﬁfsﬁs of leaching. The samples used in tdese
e#pefiments had deF{ned,shapes eF known geometricalysufface aree.ef
eontaet u|th'the leBEhant' Furthermore, the exper imental conditions
were adjusted to allow optimal yse of the mode!s LEEQ and LEEX.
descrlbed in Chapter 4, while producing prec!se enalytical results ln a,

"shorF period of time. The most 1mportant model 1imitations ere related -
‘td'ehe-ndmerical sdletion of the lefueion equation. A.relatfvely thick
layer mest be affected by leaching to 6btein'numerlcel preéislon"

" {Section §.4). At the samé time, the semi-infinite geometry eseumptiod
must be respected The Flésf 1imitation applles'to reacting specles .
(e.g.'dissolution of a metel) while the second epplles to soluble

‘species. . For that reason, for any given experiment, the results might
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be usable for mode! validation with only efther the scluble or the
insoluble species contained in the matrlx -A number of factors,
including sample ‘geometrical shape, concentration of species in the
matrix} leachant-volume-to-specimen-surFace-area. leachont velocity ond
pH were used to adjust the experimental conditions.

Two types of contamlnants will be studied in this sectlon For
soluble contaminants (Section 7.3.1) which-reside in the ogres of the ‘
ﬁatrik. the Important ieaching hechanfsms include dlffuéiv]ty. matrix
éonnécted porosity'énd the effect oF ieachant Flow. For\lnoolubre 3
contam‘nants (Section 7 3. 2). in addltion to the above mentfoned
Factors. mobi.lizatfon through reactlon (w1th Ht In our case) must be
consfdered. A low teachant,pH of 3;qu ‘used to reduce the duration_of
the’ experlments “T_;- o PO

*The concentrations predicted by the models are lnstantaneous

concentrations while those measured in the dynamic leaching tests are

averages over the 5ampllng'period {4 or 6 hours, for most expgriments).

The measured concentrations will thus be compared to simulated

'concentratlons corresponding to the middle of a samp]ing {ntervai. In’

order For this comparison to be valid it is assumed that leach rates are
1inear over a period of time corresponding to. the sampling period.

The resurts of the experlments. along with the detalls of the
experlmental conditions. are‘presented in Appendices X (Static Leaching

Tests) and X1 (Dynamic LeachlngATests - Continuous Flow}. The input

data for ail slmolations are presented in Taplé\ll—Z.

v

A

=4
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7.3.1 Soiuble contaminants

Powdered Silica (Batch B)

.The powdered silica matrix (Batch‘A or By 1s a simple matrtx'For
which the connected porosity can easily be determlned ) Beceuse‘.
MIN-U-SIL is a non-porous solid and since there was very little {f any
cement added the water content dete;mlned by" drylng can be taken as the
connected porosity. .

The results of repllcated Experiment B5 and oF Exper iment 86 are

presented in Flgure 7 5 along with three slmulation runs for the

Yeaching of lithium. The results are presented as normalized

concentrations (concentrat!on in the reactor/initial concentration in
the pores), In'the static experiments (B5i and Bsfi). the concentration
of lithium in the reactor incceased until the end of the experiment.- If

the experiment was run for a very long time, the concéntration in the

reactor would. level off and become equai to the concentration In the

v

pore solution (}.e. equilibrium would be reached). In the dynamic

experlment (B61), the concentration fn the reactor went through'a.
maximum as the lwash of f" effect of renewing the leachant became more.

) Al ‘ . "
Important- than the diffusion controlleq leach ‘rate after about 20 hours.

It 1s interesting to note that even though the concentrations in the

‘dynamfc experiment are lower than in the static experiment, the leaching

rates (and to the same extent the cumulatlve'amounts leached) are higher

[ g

-sfnce 8 lower Interface concentration maintained a higherfdrtving force

for leaching.
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‘Figure 7.5 Simulatioz oFflithium leaching from, the
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powdered

1ica-cement matrix (Batch B).
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Simulatibn_dl_wés run with the theoretical diffusfion coefficient

for 11thlum taken from Table 1-2, D =

10.3 x 10-¢ cmzfsec.

simulation fs thus totally Iﬁdependent'of the experiment.

This

The

simulation sllghtly overestimates the measured concentrations.

»

The

difference mlght be attrlbuted to several factors: tortuoslty of the

matrix (defined ln Table I= l) *TOnic—assIsted "diffusion, etc. Since it

s not posslpje to evaluste those factors in@ependently. their eFFect

~

\.

5\

~
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was lumped in a diffusfon coéfficient correctlon,Facto}:

. D
De = - (7.2)
T .
where Do = effective diffusion coefficient [cm®/sec]
D = molecular diffusion coefficient (taken from Table [-2)
T. = diffusion coefficient correction factor

The value of T waé determined througﬁlnon—linéar regression
analysis, by iﬁterFacing_the leaching model LEEQ with a non-11inear
regression program. A value of T.= 1.25 was obtalned and is reﬁrésented
by Simulation 42 in Figure 7.5. Simulation 43 was also run with T =
. 1.25 to simulate the dynamic ﬁeaching experiment. This value of T is
typical -of tortuosity values of sgdiments and various sofls reported by
Bernér.(1980). Thus, for a soluble contaminant In a simple matrix, the

release can be modelled uslng_é moleculqr d!FFusion'coeFficient

. <
corrected for matrix tortuosity.

%ﬁy ‘Ash_Cement, Low Cement Dosage (ﬁatch C)

" Batch € was prepared with fly ash and a minimum of cement, Just
‘enough to get the mass to set an; prevent‘parffcles from befng &eteched
*from the surface qurlné haqdling: The results of Iiéhium lea;hlng in

dynamic tests C6i-and C611 are presented In Figure 7.6 along with five,

slmulatioﬁ funs; The two'experiments. which were originally designed as

repl fcates, are presehted separaielx because they were run with

A

different flbw rates (pumping problems). Stinulatifons 44 and 47 were done .

with a diffusion coeF?Ic!ent correction Factof of T = 1.0 and a value of

)

3
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) : Figure 7.6 Simulation of itthium leaching from the

fly ash-cement matrix (Be'_cch C).
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connected porosity equal.tomthe water content $=0.31 (as for Bateh B)..
The simulated concentration values exceed the measured concentFations by-
about 30%. Usieg the toftq?slty determined for Batch B (7=1.25), in
Simulation 45 (Figure 7.63); resulted in the simulated conCentratIons
still exceeding the measured concentratlons>by more than 20%.

Increasing T apd/or reducing ? would both resulf Ip the model
predicting a lower coecentration. There 1s no reason, based on physical

consliderations, to fncrease T over 1.25 since matrices of batches B and

’ . Y

-C have similar partlcle size distribution (Section T.1. 12 and thus b

_should also have simiiar tortuosities. However, the connected porosl Y

of Batch C could be lower than .its water content determined by drying \
. ' - :

(0.31) since the fly ash particies are porous and thus have the

botenfial for:absorbing water. Examinetion of Figure 7.1, the

cumulative porosity, .indicates that there Is a large volume of pores

- intruded 1n pore sizes ranging from approxlmately‘% 003 $o 0.05 um. This

volume (~0.175 cm /g) comprises cement gel and fly ash particles

porosities and could, by absorbﬂng fnterparticle pore waterJ decrease

connected poq?sjty. Simulations 46 and 48 which best fif}the date.were
performed with a value of ¢=0.26. The difference between the water
content (0:31) and the connected porosities (0.26) is equivalent to 0.10
gram of;-water absaorbed per gram of fly ash particles. This value of

$=0.26 13 close to the value useg/ior Batch B, ¢ 0. 24. which 15 made oF
s
non=porous particles. oo .
The fnitial;concentration in the waste Form matrix can be

provided to the model in 2 different ways (Verieble UGG. Teble 1-3): l)
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per unlt.of wet matrix weight, or 2)'per unit volume of;ugter in the
connected pores. In the simulations presented so Far.lnethod 2 was
used. ThereForc. reducing the connected porosity effectively reduced
the amount of 1ithium In the matrix to a fraction of the total equal to, ;
the ratlio oF‘connecteo porosity ovcr‘thc water content. b.26/0;3l =
0.84, for Batch C. - A

l It is 1nterestlng to hote that the jnftial,lithiom pore
concenttation’waslo.l mol /L. in Batch B and 0.0I.moI/L in'Batch'C The
fact that the model pred{cted the Ieaching behaw ior equally well without
taking into account fonic asslsted leFusIon (i.e. respéct o
. electroneutrality at all poIAt of the matrix) indicates that this mlght

.be negligible ln the face of other Factors such as matrix connected

poroslty or tortuosity.

L
Fly Ash Cement, High Cement Dosage (Batch D}
Simulatlon efforts for Iithium -leaching from‘Batch D are
summarized in Figure 7.7.‘ Simulation 57 was done using values of Txl.0 ¥ ) 4

and ¢=0.24 for reference purposes. The value 0.24’used for connected

.porosity is the water content as determfned by drying. Slmulation 58 was

. "t

. done using the tortuosity and connected porosity inFormatlon obtalned
For'the simulation work done on Batch C. Value of T = 1.25 and ¢ =0.19 |
werc tnus selected. The connected poros!ty value of 0. 19 is based on
the assumption that the same amount of Nater absorbed.ln Batch C was

- absorbed by the fly ash. ‘Thc reactor concentratlons predicted In

‘Sfmulation 58 are still much higher thah the measured values. It Is
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J

pqséulated'that the values Jeiected for ¢ and T dc not adequately
i déscribe-the morphology'of the matrix. ’
- éatch b was prepared uslnc a“relatively high dosage of. cement.
The amount of watar used for hydration {which should roughly correspond
" to the difference in water- content oF Batch C and Batch D. 1.e.‘
. 0.31-0.24 =

0.07 g/g of wet matrixs. empties pores of thelr solution,

" creates dead ends .or even isolates some pores from the connected

porosity.

densely packed matrix.

Furthermore. cemerit hydration produces a tighter, more .

The combined effect of these Féctors is to both

decrease connected porosity and lncrease tortuosity.

Since 1t was not

' possible tq lndependently determine the two factors the ;lmulattoh

=

efforts were terminated. . ‘ .

Lithium IeacHIng, Exp DS]!

!‘]y Ash—cement (Batoh D}

§51; T=1.0, 0=U.24,

ok ad ek sk el wk ek ad

*

358; 1=1.25, ¢=0.19

_Reoctor Conc./Inftial Pore Conc. M

s v e ®

ll_-llllllltll[llllll

Ouhuwrbavyee<«lhuraaymen
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Figure 7.7 Simulation oF lithium leaching from the.
fly ash-cement matrix’(Batch D). -



7.3.2 Insolublé Contamlnants

Powdered S11ica (Batch A)

N

A wet powdered siiica matrii contalining cadmium hydroxide
(0.01 H) In its pores fs the simpiest waste form that.wae prepared.

Adding the minimum amount of cement to -stabflize the mass, as was done

. -~

in Batch B, Increased the acid neutmaiization capacity of the system by
‘almost one order of magnltude (compare ANC of Batches A and B In ;;ble
©7.3) end rendered the chemicai system complex _ Therefore Batch A was
prepared in order’ to validgte the computer program LEEQ which is based
on a complete description of the chemical reactions. and to compare fts
results to the program LEEX baseéd on titration and solubility curves, A
_3oxhlet thimble was used to mold a sample of Batch A Into a regular
shape'and to prevent it from falling apart wnen fmmerséd in the aqueous
solution, - . |

The simulations conducted with programs LEEQ ‘and LEEX are
completely Independent of the experiment. “The connected porosity ¢= 0 24
and tortuosity T 1.25 were selected based on the results described in
Section 7.3?1.‘ ln LEEQ, the chemical system_was described theoretically -
using HlNEQL (Table 5.2). The titration anB solubility curves of Batch A
(Section 7 2. 2) were used with LEEX.

The results of the slmulatlon runs done with LEEQ are presented
tn Figures 7.8 and 7.9. In Simulation 49, the retardlng eFFect “of the
soxhlet thimble wall (20 mm) was not taken into account and the release

of cadmium was grossly overestlmated This was cqgrrected In Simulation
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Figure 7.5 Simulation of cadmium leaching from the

powdered-silica matrix (Batch A).
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Figure 7.9 Simulation of the reactor’s pH in the ieaching
of the powdered silica matrix (Batch Ai -

50-by considering in the model a diffusive layer of 20 mm, having the .

, same poroslty and: tortuosity as the matrix, but depleted of chemicals .

initialiy This modification corrected the concentration. as .
iliustrated in. Figure 7 -Ba, but stilt overestimated the release compared
to the experimental data The residual diFFerence can be attributed to
s the acid neutral {zatton capacity (ANC) of the poudered silic trix asi
determined in Section 7.2. 2. The inward ditfusion o? the hydrogen ion
is retarded by Its reaction with the hydroxyl groups present on the
surface of amorphous s!lica. Thie results in less cadmium being '
soiubiiized This, eFFect was simulated in the model LEEQ by associating-

.an acid. neutralizaﬁion capacity of 0. 006 meq/g to the wet matrix The

0



. measJ\Ed titration curve. v

. a resdlt of renewing the pH 3 ieachant._ The decrease of cadmium ﬂ;if'

results (Simulation 51) ; presented on figure 7.8a (and on Figure 7.8b

using a smailer scalel, Compare well with the asured cadmium

H
concentration.

—

Figure 7.8b also shows the reéults of Simulation 52, done with

LEEX, after modifying the program to account, for the presence of the

.

thimble. The effect of the matrix ANC was already included in the -,

The pH histories in the reactor predlcted by both programs are
ldEnticai (Figure 7.9). Furthermore, the modeis predict the same pH
history in the reactor whether or not the presence of the soxhlet
thimble Is simuiated. Thls is due to the fact that the hydrogen ion has
a dJFFuslon coefficient about one order of magnitude larger than other

fons (Table 1-2) and can thus be considered the “independent variable"

in leaching procesees taking place under acidic¢ conditions. ' .

g

Powdered Silica-cement (Batch B).

! ' . ' ).
The results of the leaching gxperlments and simulatipns oﬁ
. . ) (R .
cadmium ieaching conducted on Batch B are presented in=FIgure_7liU. +The
experiments were conducted both in the static and dynamic modes. The
simulationé. done with the modei LEEX, are based on titratfon end .
soiubility curves presented eariier.
.-___r-‘-_-
[t Is important to note that. in the statfc Experiment B5, the

pH increased rapidly while, in the dynamic experiment 1+ stayed low as

.

.

concentration observed In Experiment BS (FTgure 7.10a) Bt thé“end oF the

- ! N ’
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Figure 7.10 Simutation of cadmium leaching from a powdered .

si1ica-cement matrix (Batch B}.
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experiment {t = 60 hours) Is related to thé increase 16 pH-as the

cadm1um profile I'n the matrix is reversed and cadmium Is starting to
nlffuse_back into the matrix. ‘Thls phenomenon will be‘analyzed usng-
the resdlté of Batch C be}ow (?he decrease ‘in Endmium concen;rétlon
Qbéérqu In Experiment B6 was simply Bue to the washing off effect of
the leachant Fenewal).

The oschlations in the simulated cadmium concéntrations are
reTated to the slice thickness used in the numerical solution. They
occur because the slices are emptied of thelr cadmium content one at a
time. In the model LEEX, each slice ls,cons{dered a completely mixed
reactor being titrated by diFfusTng'H+ (Figure 4.4). The ANC (provided
by cement or other cgmpounds) has to be neutral ized before the pH of the

slice'ls reduced. to a va)ue corresponding to a sharp increase in bédmium

-solublllty. At that poTnt the cadmlum content of the slice ls rapidly

solubilized and starts leaching out. This effect becomes more lmportant'
as the ANC of the matrix increases. Thé oscillations ‘can, of course, be
reduced by considering thinner slices (with the penalty on computational

time as discussed in Section 5.4).-

Fly Ash-Cement (Batch C) - Static Leaching ' .

' _ fhe results of the statfc leaching experiment on Batch C are '
présented on ?fgure.7.ll. The'lnft!al pH in the reactor was 3.0.’ After -
1 month, it had increased to over 8.0 (Figure 7.118). The matrix of
Batch C contained three contaminants, cadmium, chromium and tead, which

had different boncentratipn histories in the reactor. Chromium
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figure 7.11 Simulation of static leaching from a
fly ash-cement matrix- (Batch C).
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concentratldn rapidly lncreésed to Its final value (Figure j.llc)
Cadmlum and lead (Figures 7.11b and 7.11d) concentratlons went through a
maxlmum at ~100 houré and slowly decreased afterwards to very low values
"(close to the analytlcal detection level [n the case of lead).” This °
phenomenon’ was observed but unexplained by Mahoney et al (l9Bl).-Slnce '
, there was no leachant renewal. those cnncentratldn hlstorles have foﬁg
explained in terms of diffusive tran;port and chemlcal reactlons.
The results of Simulation 56 are also presented on Flgure 7. 1.
The model was used assumlng that the total concentratlon of a

contaminant ln the matrlx was avallable for leachlng. uslng the

solublllty relatlonshlps presented eariler. The model accurately

T e

predlcts the lncrease fn pH to a Flnal value of 8 after 1 month, iltl
overestlmates the amount of the three metals leached'nurlng that perlod
However, For cédmium and lead It correctly shows a decrease of
concehtratlon in the‘reactor after 100 hours. The dlscrepancles between
the model and the experlments will be analyzed with reFerence to the
results of the equilibrium tests on Batches C and D presented i Section
1.2, | |

The results of the;tltration experiments bresented In Flgure37 2
suggest that the’ avallablllty of contaminants for leachlng varies with
‘the loading (1.e., amount of contaminant per unlt weight JF matrix), the
concentratlon fn solution and with pH. !t was demonstrated in Section
7.2. l that, even at pH values where solublllty fs not llmltlng, there

was a.signfficant portion oF the metals assoclated with the solid phase.

lt ls postulated that this lmmoblle portion lnteracted with the matrix
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{fly ash and hydrated cement) followlng complex mechanlsms of diffusion

wlthln the pores of the particles (l.e., outside oF connected porosity)

and sorption on to surface sites. The reVerslbil!ty of these mechanisms
was not addressed. Therefore, the model overestimetes the amounts

leached becayse it does not account for the fact that the contamipants

. are only partly. available for leaching. -A ”fraetion avallable for

leaching” could be used in the model to correct the predictedjreleases.

However the fraction available for leaching is speclflc to the matrix

and Is not 8 constant: It varies with pH and concentration, whlch are
themselves variable as a function of depth in the matrix. lnclusion of
these mechan{sms {n the model would be waste specific and.would have to
be based on Intenslve experlmental work Furthermore.'it would not
rgpresent an fmprovement oF the meqhanistic descriptlén of leaching. It
should be rememoered, in addition, that the model LEEX lunps all the
soluble forms into ohe mobile speclies. 1In complex sitd tions, .
especiarly at high pH, several species of the same comﬁinent can havé '
different Ieachlhg';ehavior (see the exampie with cadmium hydroxide
species in Secfion 5.5). The SImulation effort was therefore terhlnaged

in the face ‘of the complexity of the obse:ved phenomena.

Solubility considerations are helpful in'interpretlng the

*experimental results of Experiment C5. Comparison of the reactor’s

-concentration with E&e solubilitQ-data (Figure 7.4}, indicates that. at

any time during the experiment (i.e. at different pH Qalues)."the

solubiiity timit was not approached.  Therefore, precipitation did not

take ptace in the reactor. The flatness of the chromium concentration
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curve is associated with fts 16w soluplllty throughout a pH range:From 4
to 10'(Flgure 7.4b). Therefore, chromlun leaching in the static
exper iment was lnsensltlve to H+ diFFpslng into the matrix; lt rapigly
leached until the doncentration’ln the reactor approached that in the .
pores;'reduclhg_the drlvlng‘Force for leaching. -
The slonlficent decrease in cadm}ﬁm and lead concentratlons

) .
observed at time t > 100 hours, Is due to the reabsorptlon of the.

- -

leached metals fnto the matrix, Consider the soluble metal profiles
presented in Elgure 7.12. The lnitlal proFlle (]) shows a low
concentratlon in the pores of the matrlx (corresponding to solublllty at

the inftial high pore pH) | and. of course, no meta) present ln the e

e

aqueoos solutlon. The proFlle ?t tlme (2) develops as a result of H* _
diffusfon into the Er.atrl'x '{as .explalned fn Section 5.5.1). The profile
at time (3) {llustrates how the leachlng front advances into the matrlx.
-as more H* solublllze the metal. It should be noted that the metal e
concentratlon In the aqueous solution (l €., reactor). increases From
time (1) to tlme (3). Concurrently. H? i's depleted from the reactor
and, by time (3), the pH has reached & hlgh value.’ HY thus stops.
dlfFuslng to the leachlng front and. no .more metal ds solublPT‘ed -As ;

L

result, the m\tal concentratlon peak Flattens out and eventgg)ly an

Inverse profile (4) develops. From then on. the metal starts diffuslng

baek:lnto the matrix and 1ts concentration in the adueous. solution

decreases (Profile 5). ’

an

,.
§
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- The results of the dynamic leachfng tests (continuous Flow of an

actdic leachant) performed on Batches C and D were not simulated with

the model For the reascnrs explained above-
analyzed by comparing the amount of a :
amount contajned in.the calculated wast

(called léaching eFFICieﬁcya

F)

These results ‘witl be

_contaminant Ieached to the tota)

rm weight neutralized by acid

Table 7.4 sunnarlzes the steps Involved in the caiculation of the

Ieachlng eFFiclency

b

The acid consumed was calculated frqm aVnumerical~

j,
¥



intedrat1on of the HY ﬁéss palance in the reactors over the duration o?
the experiment. The wejght of waste form neutralized is obtalned by

" dividing the acld consumed by the ANC (from Table 7.3). Thq/depth of

141

penetrat ion was calculated'based on the geometry of the specimen used in

each experiment;

-

.

Table 7.4 Ahalysis of dynamic leaching tests,

Leaching Duration Final Acid

Exp. [hours]
TR
Towt o w
B 4
6l In
611 29
D6 30
T T:

" Notes:

" ol

3.12
3.20
3.29

1,61

Consumed leutralized‘ Penatration

[meq]

" 1.88
2.1
2.1

1.69

61 . 13

e

L I K]

29.8

- 3.8

Weight

[9}

157

3.4

.0
20:6
9.4
14.9

16.4

¥

Depth Kt

(vm)

2800
1900
2500
1800
2600

600

600
€

1

Leaching Efficiency (1]

e

1%
51

il

Leachant pH was 3.0 in all experiments.
Leaching effitiency fs defined as the amount of a

. Cr

3.0
.1

t.d

Po

32.6

1.9

6.5

contaminant leached over that amount present in the
welight of waste form neutralized.

Interpretation of the leachiﬁg eFficIency‘for dynamic leaching
Al .

situations can be done with reference to the fo]low!ng case. Consider a

g s!mple‘matrix (such as tﬁe powdered silica-cement matrix) containiné a
- ’ N , M .
precipitated metal. Assume that the metal §s completely available for

leaching under adlidic conditions. From a stolchlometric point of view,

\.‘/‘,

5
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the amount of the metal solubilized fn an acid leaching test Is equal to
the total amount contained in the weight of waste form neutraiized *
This situation corresponds to a Ieaching efficiency of 100%. We wiil
now examine the calculated leaching efficfencies which are reported in’
Table 7.4, .
1t was shown in Seetion 7.2.)1 that Matrices A and B did not
chemically fmmobf|1ize cadmfum. However, 'the calcuiated cadmium leaching
eFFiciencies were 61% for Experiment At.and an average oF 467 for L
_Experiments B6f and BGii The reduced leaching eFFiciencies. as
compared to those based.on stoichiometry. are due to the Fact that only
a fraction of.the metal solubilized leached 0ut. as the complement
diffused inward Consider the’ matrix proFile of a soluble metal
presented in Figure 5.2b. This profile was calculated using a waste
Form and Ieaching conditlone very close to those of Experiment A6, There
Is a slightly higher gFadient For outward diffusion than for inward
l diFFusion (1.e. siope oF the concentration curve As a result, a
. larger amount oF cadmium solubiiized leached out:2611) as compared to-
‘the amount -that diffused in (100 - 61 391). Batch B contained
portiand cement which provide ANC in the Form-of excess OH' This
,Vexcess OH™ caused the inward 'dIffusing metal to-precipitate just past
.the leachingifront As a result, the gradient ror Inward diffusion
became steeper than the gradient for outward diffusion and a larger
Fraction of the soiubiiized cadmium diffused tn. " "This explains the

fower leaching eFFicienpies caicuiated for Experiments B61 and B6i$.
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The same mechanism {s partly responsible for the low leaching
efflciencies calculated for the four metals monitored In Experiments C6i

and C61i. In addition, the leaching efficliencies are further reduced

"due to the fact that the metals are only'partially avallable for

leachi g’T§g:;?5n 7.2.1), (i.e., a fraction of the metal concentration
stays a;sociated with the solid phase. even in the low pH leached
layer). In Experiments 061 and D6ii, an additional mechénism-contrlbuted
tqhthe observed very Tow leaching eFFIciencies of cadmium (C0.37%),
chromium (1 6%) and lead (3.6%). Batch D had a.high ANC and the
experlments'were conducted using a larger.vajue of B. the ratio of the
specimen geometr}cal surface area-to-aqueous solution vofume. As a
result. the rate of aclid eddltion. through Ieachant renewal. was eot
sufficient. to maintain a Iow pH in the reactor (Tables XL -6 and Xl 7)
Therefore, a leached layer dld not develop In the matrix and’ leachlng
took place via diffusion oF a low soluble Fractlon (at high pH), as

opposed to dlssolution from the surFace.

Figure 7.13 was prepared to. summarize the Findings from the

analysis of the dynamic leaching tests. It Shows that the leachlng

efﬁicieney of céUmiuh'decreaseq Frpm'siz_For Batch A to less than 1%. for ..

Batch D. - Batch D, a typical "real ije‘ waste form, leached only a very

-~

. smal) fraction of the'metals contained {n the welght of 1ts‘matrix

neutralized by a strong acid and is thus an eFFectlve waste form For

o S

metals under acidic leaching condltions.
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Figure 7.13 “Leaching efficlency of cadmium under acldic
. conditions for.various waste form matrices.
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u

7.4 Long Term Leaching Results

-

The dafa:Bresénteq in this #ectfon wére.oﬁtained from leaéhfnﬁ'
tests conducted qvér a period of almost two'yeérs. The test p;otocql"
descrlbéd in Section 6.2.7 Involved.renewjng the distilled uéfer'
leachaﬁf Fnequeﬁfl} in'brder to maintain high driving forces for.

. leaching (Figure 6.3).
' The long term leachiﬁg'test§_qve a generalization of. the -
exper{méntal;pnogramme'tq‘four different so]id[?icétidﬁ‘systems which

represent the state-of-the-art technology (see Section 3.1). The testing

l44
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conditions.were selected to represent a mild Teaching environment.

The results oF the long term tests cannot be simulated wlth.the

mechanistic models LEEQ or LEEX because. as outllned in the fast

section. the morphology and chemlcal system oF those waste forms are too

complex. Furthermore.‘the use of a_mild leachant resutted in small .
. v N

. amounts of contaminants leached from a thin layer of the sollidified

sample'surfacei the numer.ical limltatlons outlined In Chapter 5. thus

also rute out using the mechanistic models for these conditfons. The

resulta will therefore be analysed qhalitatively and Interpreted using

LS

the time-dependent expressions for the cumutative amount leached P A

presented In Section 3.4,

’

- ' The raw.data generated in the’ long term tests are presented in
_ . . - -

Tables Xl1-1 to Xil—B*Fbr Batches £ to H. Two leachant renewal.

>

Frequencies ("i" and "il") Nere used for each batch Each taoie contains
the “following. information- leaching interval. cumulative tlme at the end

of the fnterval, Jeachant weight, pH. conductiyity and concentration of

the contamlnanta. o

- -

7;4.1 Data History ' ] W

»

The total cumulative mass leached for each ‘of the four systems is

presented as a Functlon -of -time in Figure 7. l4 The total dissolved -

[ 4

solids were not monitored in the- leachates. the masses leached were

-

calculated based on the measured ionic conductivity following the method

outllned in Table V[[ -2. Figure 7.14° lndicates that the fly ash-based

systems were the jess’ leachable systems with a total mass Fraction lost

’

&
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{after 665 days) bf,‘agproxlrnatel)}l. The rlay and soluble

slllcate -based systems Jlost respectively 71. and 13%. The release .
decreased over time In a way “which Is characterlst;'ic of - .
dlffusion-controtled leéaching (i.e. plotting the fraction leached versus
' t'/2 would ylé‘rd a straight line {Cote and Isabel, (984)). .
) ‘ . s
- ) ) . . »,-?:;r_ B N - .
& Dynamic leaching tests
a s . lnt_ormmon! flow (Test 7)
. 13 T L ' L
o )
z - i . L . - ‘?
' 11 Soh.Bie stlicates-cement
$ 10 ' .
3 o -
»
] a -
_'nt . E
LR - 7~
2 .
= L .
! : )
[ —
g ¢ <
o —
I IR
. 2 7] - ) . b -
. 1 - ) Fly ash-cement . ‘ L :
\_/ . 0 - '. T T T % T T
. . 0 . 200 o 400 . 800 .
v, o - : \r
Time idays] . . .
; 2
o Figure 7.14 Fractfons of "the total masses leached in the .
; long term dynamic leaching tests. . 3 - o .
. - - - . N } "L
Despite the masses lost by Yeaching, al) samples had gained
L 7 we!ght after one year of testlng. The mass balances presented in Table
. . o
X11-9 are basqd on’ the sample masses -at the beginnlng of the tes/t ‘and
. g ] 3 :
’\-\_' v .
S o ~ b ‘




after one year of teaching and on tas calculated masses lost by

Leeching. The amounts of water ebsorbed by the samples roughly

correspond to those required to saturate them (see porosity data Table

7 J) These results po1nt out that the morphology changed with time as
* the pores filled with water, eFFectIvely |ncreaslng the potential for

difFusion.leachlng L ' . -

Ehe pH history for the high Ieaching Frequency “i" is presented
graphically in Figure 7.15. The Ieachate pH’s were 811 nltialﬂy in a
range from 0.5 to 12.0 and decreased by approximatelx one-unit over the

_duration of the tests. The pH of leachates from the fly ash-based
systems were 1n1tlally Iower than those of the clay and soluble

s!\icéfﬁ?‘systgmixand also tended to decrease faster with time. This s

. attributed to the pozzolanic reactions which jmmobilized the Ca(OHj2
§

" produced from cement hydratlon (see Section 3.2)-
-

‘The concentration data history for the Ieachlng of arsenic.~
cadmium. chromium ‘and lead (presented in Figures X11-1 to X1I1-4)
out\ines the importance oF the cholice of a proper leachant renewal
Frequency._it had to be low enough to ensure that the concentratlons
leached were above the analytical detection levels and high enough to

avold approaching equilibrium ‘conditions between leachant changes. The
D :

Afreduencies seleeted{ based on diffusion controlled leaehing {f£quation
6.1), generated constant-cqncentrations of Cd:’Cr and Pb over the
duration of the tests; the concentration of arsenic gradually Inereased
with*time, whith Indicates that its release was not eontrolled by

diffusion. Comparing.the results to the concentrattons measured in the

N . B
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equilibrium leaching tests (Table VII-1), we can see that the Ieachént

renewal frequency was sufficiently high to generate cpncentrétions in

the testing bottles Iow'eﬁough to justify models based on zero-surface

concentratlon (wlth the exception of arsenlc In the fly ash and

clay based systems).

lt Is probable, however. that arsenic so?ub!llty

Increased over time as basfic calclium arsenlte was transFormed into’

. calcium arsenite through reaction wlth atmbspherlc CC2 (discussed

" below).

wodld also bé valid For_arsenic,

This being the case, the zero surface concentration conditfon -

BN

Compcrlson of pH da’ra history

Dynamic ieaqhing test (Test 7)

: °
. . a
: 1y W rer Py Ve e o
. . ‘8. .‘ °A8°
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~ 105 1 %'ﬁ' o . ry ) )y
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The cumulative masses and cumulat fve fractloﬁs éf contam!nants
Jeached aftgn 665Idays are presen?ed in Table 7.5. Generally, for all
56I|diF|cation éystems, the felaase‘lncrease& th the following orqfr:
cadmium < chromium < lead ¢ arsenic. The cumulati&égfraction cof the
heavy_metaTs'leééBed was émanier tﬁén_lzifé; all 'systems. Arsenic
leached moré‘readjjy; especlally %rom thé soluble g!rfcafes—basea

:syﬁtem. attaining.l51 after 665 days.

-

Jable 7.5 Masses of contaminants leached after 665 days.

in the dynamic leaching tests (Test 7). ' ”"';"“‘“;*"
Batch 1D - Solldificétjon System _ Arsenic. Cadmium.Chromium Lead

. . - . - Cumulative amount leached [umol]

E_ 'Fly ash-cement - 248.7 - 1.5 . 12.3 7.0

LN
“F, " . Fly ash-lime 3110 1.5° 1.2 -, 51.8
L6 “Clay-cement . 282.0 - 3.6 . 9.1 55.7
W Soluble stifcatés-cement - 1067.8 1.2 . 13.2  29.1 +
. " .. Cumulattve fraction leached [%}

E . . Fly ash-cement 3.97 0.02  0.19 0.1
“F . | Flyash-iime . - 482 ~ 0.03 078 065
6 Clay-cement . -  3.42 . 0.04. 0.1l 0.8

H - Soluble silfcates—cement  15.16  0.14 . 0.19 . 0.42

A Y
"
: . |
A
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7.4.2 Semi-empirical Modelling

In Section 3.4, several expressions were presented to descrlbe
the verlatlon of leaching as a Functlon time. We retain the Followlng
time- dependent terms for the cumulative fraction_or amount leached which
describe 'several important rate limiting teaching mechanlsms (note that -

an expression for the leaching rate can be obtained by.taking the

derivative of the cumuiat$ve Fraction Ieached expression. Equation 3.1):

- -

R (Y figszt) : Equation 3 15; descrlblng the kinetlcs of exchanges

. between the surface and the aqueous solution.
Rate Ilmiting for small values of time

r

} ' kgtl/2 : Equation 3.4; describing transport by dIFFosion
: fn a porous metrlx. Valld for intermediate values
of time.

ket Equatlon 3.13; describing a slow, mobilizlng chemical
reaction. Rate-limltlng for large values of time.
Equation 3. 21; describing leaching as a result of
corrosion or matrix dissolution. ‘This mechanism
can be rate—controlllng at any value of time.

. .

_The three terms can be .combined to deserfbe the cumuletive amount
Ieeéhed (CAL) ln.a general expression:

CAL(t) = Ky (] ;_e“‘f2£)- kst /2 bt 7.3
This equation can'lose Lts;heqhanistlc neaning If It fs used to obtaln
the.bést fit of experimenta] data. gor example. in the'casefwhere the
infttal surface exchanges are Feet relative to the tlne'span of the data
being analysed, the first term of Equation 7. 3 can be reﬂuced to the.

constant ky. The resulting equation s an empirical formula whlch has

been extensively used to descrlbe the time veriation of leaching of

nuclear waste forms (Godbee and Joy. 1974; Stone. 1981; Richardson, » -j(

1981). However, in this work, tquation 7.3 was used fn & semi-empirical

1 Y
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manner bg reta$nlng only the terms which_slgnjficant1y contributed to
leaching in any given reglion of the time domain. These terms can thus be
{nterpreted mechanistically prov!ded that the assumptions which led to
their development ‘were respected in the generation of the experlmental
data. We will examine the validity of these assumptions beFore
'preeenting the results of regression analysis.

The main assumption used to derive the relationshlps of Sectlon
3 4 is that leaching takes place In & time-invariant chemical
envlronment. fhe_models describe a singje wPécies, and do not consider
the trensport and reactlons of other sgecies which could’ drastlcally
change the chemica% environment In the ccntext of this work the most
_fmportent environmental change would be a drop In pH which wouleichange
the‘edlubillty of metqls. However, the pH history (Figure 7.15)‘ N

indlcates that, over the duration of the experiment, the pH remained in
a range where the metal precipitates é}é stable.

The derivation of the models ues/also besed on simple boundary
conditfons: 1) the solid is semi—?nflnlte and 2) a zero surface *
concentratfon Is malntalned. Work dome in suppert of ‘the de%flopment'of.
a standard.reaching test by the Amerlcan‘Neclear Society tl984)

. indicated. that a semi infinite. geometry s applicable to finfte geometry.
speclmens provided that the cumulative Fractlon leached 1s less than

‘201 This is the case for all 5pec1men5 ang contaminants (Table 7.5).
noted in Section’7L4.;f-the concentrations measured in the leachates
{1.e. the surface concentration) were small'comﬁared to the equilibrium
cohcentret!on, thus approximating the second boundary cohditjon of zero

_~urface cohCentration.

»
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b

The results of regression anafysls on thé long term Ieéchlng data
lare presented in Table 7.6, The models are éompared'to thg_data In, -
Figures 7.16 to 7.19 for each of the four contaminants aAd thevfour

solldfcatlonlsystems. Note that fhe scale of arsenic fis différent froh
' that of the other metals by a factor of 1000. ‘

.The éuFFaEe phénomeno& ;erp. fmportant for shdrt'values of time,
Is preéent in every model. A valUé of kg = = meéns that 4he surface *
.phenomenalwere 5o‘rapld compared t6 the g]me span over which the dataA
‘were Follected_that they can be considered to have taken plaée af_f{ﬁe
zero and be represeptea by the termﬁkl bnly: a neéét}ve value of Kk,
represents a delay in Iéaching. .

The leacHlng of the three metals, Cd, Cr and Pb was a function
of the sqqaﬁé root -of time, which is 1ndicative of diffusion cgntrolled:
leath]ngﬁtwlth.thé Except}on of Cr in fly ash-based systems). However,
calculated diffusion coefficients (Table 7.6, numbers In bracke%s) are
" weveral orders of‘magnltude Tower thén fhe molecuiar’diffusign
coefficients of the respective metals (~10"" cmzlgéq). As disphssed in
Section - 4.1.,2, éhd qalcuﬁated diffusion coefficiegts reFlect.physical
propertigs of the matrl#: partial sqturatl;n of the pere gyStém and-

: tortuoslty; Both thé&é factors were also changing with time as the

specimens were saturating (Section 7.4.1). More importantly, a lower
calculated coefficlient also reflects a chemical property pf the, system: .
the fact that only a fraction of a contaminaﬁt i3 present in a mobile

form. For the case where this fraction is controfled'by 8 linear

«
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Table 7.6 CoefFIclents for the leaching model

represented by Equatlon 7.3.

:

Arsenic

Fly ash-cement (E71)
Fly ash-1{ime (F71)
Clay~cement (G71)
Sol, ‘sil.-cement (H7{)

dm | um
Fly ash-cement (E7L1E)
Fly ash-time . (F7i1)
Clay-cement (G711)

So0l. sil.-cement (H711)

hromi

Fly ash~cement " (E711)

Fly ash-1ime {(F7i1) 2
Clay-cement « {GT14)-
Sol. sil.-cement (H7i1)
‘Lead
Fly hsh—cement (ET11)
Fly ash~lime. (FT41)
. Clay-cement (G

Sol. sil.—cement (H7i{)

Controlling Mechanism

153

. -0.041

Notes: - Values of k; calculasted for CAL expressed In
wnel and t en days.,

- The numbers in bracket are effective diffusion
coeFFiclent [cm /d] calculated with Eq. 3.4

Surface Diffusion Chemfc_:a"l
Phenomena Reaction
ky(1-e~kat) kst!/? T Kat
K, - Kz ks * Ky
. -0.892 . e ;o 0.411
-6.189 - —— 0.500
5.107 B 0.433
~0.127, = 0. 201(10"‘“ %) 0.807
Y,

0.035 - 0.054(10"'%. “) —
0.380 - 0.044(107'5.3%)
0,177 - 0.144(107%%.% _____
-0.843 - 047701071 7)
0.037 - 0.168(107'"-%) 0.177
.0.703 - e 0.015
- . 0.384(107'%.%)

0.759 - 0.461(10712-€) el

1.922 0.092 O. 149(10"“-“) —

45.55  0.178° 0.235(107!%-%)  evm_
'29.39  0.012 1.091(107'2.%)  mmeme
1.666 - 1. 122(10"’-’) —
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Figure 7,16 Modelling the leaching of arsenic from
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Figure 7,19, Hodel11ng the leaching of Jeag from
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adsorption 1sotherm, Equation 3.5 e,xpresseslthat the effective d'[f‘Fuslgn
coefficlent |s reduced ;Jy a factor of (l/1+K4) where Kgq represents fhe
ratio of thi;?immobflé (Cjp) to the moblle (Cp,) forms of the specles.' of
course, Cd, Cr Qr:.}d'Pb wer‘é 'pr'ec.lpitated as hydroxides and thelir ‘
mobilization wz;s not controlled by adsorption bué Equation 3.5 st §
seems applfcable if interpreted as follows: Clim is fhe precipitated
metal concentratfon in the matri# and Cp, is the soluble po_ré
concentration in equilibrium wfth the precipitated form. Cmo §5 thus’
constant _Ir)'_a fixed pH envlronmént (e.q. e;c;ntrolled by so;lt;b'illty}.
qufﬁermére. since thé'total'lnltiéi metal concentraflon was large and:
the Iegclh'i ng rates were 'low.‘ Cim or_uiy decre;;eld\ very sl Igr}tiy over the )
duration of the tests and'can be approximated aQ a constant. This shows
the-!ﬁpo;tqnce,of acﬁiéving the minimﬁh so}ubi\i{y'of a contaminant in
the chem{cal environment established by the solidificatidn system s!nce'
-a ’hlgh vél,ue of K4 controls the rate of- ieaching by-diffusion .in amild
leachant. . .

The,leaéhing of arsenic is function of a linear term for thél-
four sol!diﬁicathlan systems (Table 7_.6). This béhaviour is also evidefit
from Figu™® 7.16. For the soluble silicate system, diffusion (t'/?) ‘
seems to be controlling leaching in the Fifst 6 months as evidenced by
- the curv;ture of the data gnd the model in this area. The models of
Section 3.4 offer th mechanisms to explain a:linear time term leaching
pattern. The first, surface dlssoldtion‘or corfoslon. Ean be ruled out
on the basis that it should equally affect all contamlnangs. The second,

a slow chemical reaction of mobiiization, could involve electron

" .
.



transfer (Stumm'andlhdrgan. 1981). However, as pointed out by Robins
(1985).‘pir and oxygen at smbient tempe}ature do not oxidize As*? to' -
>A5+5. Arsenic was precipitoted as basic calcium arsenite
.[ColAsoz)z-CaéOH)gll Nishimura et al (1985} reported thét this
precipitate is converted to the more soluble calcium arsenite
[Ca(AsO;)z] and to arsenite ion by reaction with carbon*droxide in the

Foliowing way:

-conversion of excess !ime into calcium carbonate .
- | TP
" €a{0H)z "+ HC03 ---—- > CaCO; + 2 H30

—conversion of basic calcium arsénife into calcium orsonite
*  Ca(As02)2+Ca(OHYs + HaC03 -----> Ca(AsOz)z + CaCO; + 2 Hz0

-mobi 1 1zat fon of the ansonite fon ‘

Ca(AsOz)z + HaCO3 - =---> 2HAsOz + CaCOj

Even thoogh these reactionéﬂare:prpbabiy rapid, the rate of conversion
is 1imited by_tho avallability of the canbonates which are {ntroduced
. .Nith the fresh leachant It is thus postulated that the rote.of arsenic’
leaching was controlled by - the rate of leachant renewal. This can be
conFirmed by comparing the amount of arsenic leached to the amount of
carbonates added with the leaohant. For the fly ash and cloy based

systems. approximately 300 umol of arsenic (Table 7.5) were leached over.
“a period of 665 days with 162 i:Pers of CO, satprated distilled water

Based on &" partial CO2 pressure of 10'3 s

, the H2C03 concentration in
the didtilled water |s approximstely 107°- ‘? M which is equivalent to
360 umol oF H%CO; over the, duration of.the experiments. The estimated

e / . . .
-_‘pmount of caybonates which reacted with-the specimen is thus of the same

oy
’
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-~

order of magnitude g3 the amount of arsenTc mobi) fzed. Biven the ] a

stochfometry‘of the .reactions presented above, this {s in agreement with

the postulate that leachant renewal rate |fmited .the release of arsenfc.
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" with sjmplifleo leaching conditfons to develop.e!ght (8) long term

8._INFERENCE OF LONG TERM LEACHABILITY

<

hY
Haste Forms. prepared for the purpose of containing contamlnants.

are normally disposed of by shallow burfal and may therefore be

'contacted with natural waters, Leaching rates are a Functlon of the

n
waste form, the tontamlnant properties and\the characterlstlcs and
» | \

hydrau! fc reg!me of the feachant In SectionB.1, the knowledge gained ~

in reviewing the Ilterature and doing the experimental work was comained
Teaching scenarios. The assumptions ang ﬁheeﬁs’that af)pw:prediction'of

leaching rates for aiperiod of up to 100 years will be pnesenteo.For

~

“each sbenariq. In Section 8.2,_assimple dilution model alloulng'

- ) . N S Y .
. lnterpretation of Ieaching frates in terms of concentration is presented.

_In the Iight of the predlctéa long term Ieachabillty. Factors that |

"affect the preparation of better waste. Forms and fhe deslgn befter

- ~ .
landfill will_be discussed. R
. ¢ ) h - ‘. .\.

8.1- Long Term Inference of Leaching Rates .

-

ta

. . - ' ‘\ .
A waste Form 1s 8 primary containment sxai\ . Proper landFiIling

operations then provide secondary barriers btheen the natural waters

and the wastes such as lmpervious Iiners and covers. Leaching wlll start

when the secondary barriers Fall and natural waters come fnto contact

- -

with the waste form. ThereFore.-For modelldng'purposes."tlme Zero v
corresporids to the faflure of 'the secondary barriers. .
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B.i.1 Aesimptlons abqgt landfllling~Condit ons.

[y
“ . L3

, . .
The generdl tandflll layout {s-presented In Figure 8.1, A

slab of waﬁte fgrm is dféposed of in thé'ground and §3 surrcounded by up
J ’ ) ) . ‘ _
to three materjfls of varlious thicknesses and properties, It Is assumed

that the wastfg. form (s cont inuous |y ,surrounded by- elther a moving
grodhdwater body or inFlItrating rainwater. Dépending on the relative

permeabllity oF the waste Form with respect to the surroundlng

naterlals. we dlstlnguish three groundwater hydr;D¥!c regimes X

Ce .Grou_hd %r;f:uc_e

- . C ? . Hltarlul 3 -~ ///
" . S ‘t"l”z(waste fOTm : lHltnl\lZ L

o . ‘ Hltl?ll' ! : B \\\

.
LI

Figure 8.1 Layodt of a waste form in & landgill.
- v

, \\' Case l' Static Groundwater. Thet waste form ulll be in contact
with a flnlte volume of static groundwater for the case whbre the ~
permeabithy oF Haterlals l and 2 s much smaller thar the permeablllty

’oF the waste Form and/or Haterlal 3 This would occur, for example. 1F .

the wastg form was_sitt\ng in a bed of Impervious clay with no cover or

¢ N -
- & failed cover. . o - B
.. -~ [N '*'-_
7 s D . ) .
' N -« ~
. -~
-»
4"""-‘\
- %
. N y
" R 4
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Case ?: Water Flowing around the Waste. Water would. flow around

the waste for the case where the permeabi!lity of the ;bste form Is muéﬁ
lower than the pérmeablllty sf any of the gurrounding materials (e.q.

the waste form:is dlsposed of in sandy. Soil) In this case, water would
fS\Iow the path of least resistance and flow around the zsste Based on !
.rainfall of 0.5 m/year and a concentration Factor of 100 (t.e. pach

squaig meter of waste form Is contacted wlth the raln falling on 100 m?)

we calculate an equlvalf?t groundwateﬁ/VEWOFIty QF'SO_mB/mZ-yEar. The .

\

-

groundwater velocity will be used in iETF of the 'scenarios described fn

" Sectlon B.1.3. S | y

. Case 3: Water Flowlng through the Waste. Two sffuatiijé can be

fdentified wﬁEF;‘Edgydraulic gradient would develop to Forc‘ water to

Flow through the waste. flrst, the permeability of Haterial 1 ts much -

sma|ler than the permeabi1ity of the waste form or Materials 2 and 3;

TN

for example, the waste form is sitting bn?an Incliheg bed oF impervious
rock or clay. Seconde.'the permeabliiity of Material 2 is'much smal ler
than the permeablllty of the waste form or Materials | or 3; for

examﬁ?e, a clay liner or geomembrare faflure occurs at the bottoﬂﬁbf the

.

landfill. We will develop convective tranqurt mode]s baseg‘gn a

hydrauﬁlc gradieht ranging from | to 5 { the hydraulic g?adient fs the
' «

ratlo of the helght of the ¢6\umn of water ovef’%ﬁ% thickness of waste

. ‘. .
form). X

In addition to‘deVelopipg groundwater hydraulic regime.
models. assumptions have to be made apout the combosltidn of the

. groundwater We will dlstingulsh two cases. First. a non- reactive

1.

> . ' ‘
. . - : v '
SN . |
™ ) . \ . : .
4 a & . \ .
4 o T N * 4
o - S o ‘ -
Lo d ~ g
wr ‘ . ’ )q,.‘, . .
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leachan.t. defined as one which does not mol?lllze vcontami.nants through
reaction with the waste form, will be wused..Thls non-reactive leachant
acts dnly as a transport medium. Secondly, a Eéachve leachant, one

containing any chemlcél which can mobifize contaminants or destroy the

-

matrii._will be considered. This cHemicai could be, for exampie, the

hydrogen ion, a metal complexing agent ot_Ege carbonate 1on‘(e;g.

arsenic mobillzation, Section 7.4). Because of Its sfgnificance for

metal mobilization, we will use in our calculations a 1072 mol/y acidic

" _leachant (f.e. pH = 3- for a.strong acid).

?v

8.1.2 Assumptions about the Waste Form. . . L e

The waste form {s regarded as a cemerit-based porous matrix
containing a high' concentration of a contaminant.'The matrix has a-bulk
density of 1.6 g/cm3 and 1s'cohposed of 76% solids and 24%

Interconnectgg_pore solution {on a welght basis). The typicai porosity

4. .

of such a matrix would be 50%, with the pores saturated with water. We

_wlil assume that the matrix may haQe two permeabilities: 10~° m/sec for
T 1

i ) - .
an, integral waste form (see Section 3.4.1) and . 10~% m/sec IQ the case of

a fallure {e.g. the matrix ts reduced to a pogﬁer_by weathering}.

L)

For the leachjng scenarios where the waste form is contacted with
an acidic Iéaghant. we will assumebthat the matrix was prepared by

adding Eement Fo an aqueous waste at a dosage varying betweén 0.2 to 0.6
parts of cemenf bér part of waste (welght by weight baélg) and that

1

solfdification resulted In a'vqlume'{ncreasefbfrzﬁl'to:lout (Cote and

Hami ton, 1983). Based on a hydrated cement acid neutralization capacity
ﬂ«p . . ) . !

oo [

~

a
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{ANC) of 15 meq/g (see Section 7.2.2), 1t can be calculated that the ANC
of tne waste form ranges between 2x10+f and'.‘i_xio"‘ meq/rn’.

Lt fs assumed that the waste form contalns 0.1 mele of a
conteminant‘ per litre of pore solution. Based on the phys{cal
characteristics of the matrix described above It- can be calculated,

’uslng Equation 4.7, that this {s equivaient to 0.0384 mole per |jtre of
totai _rnatrix. To give a familiar point of reFerence. If the centeminent
" question had a molecular weight of 100 (typical oF a heavy metal).
this wouid translate into a concentration of 2400 ‘ppm, on a wet waight
basis, The contaminant Is distributed in the matrix fol iowing the
o 3 o fractions described in Figur‘e 4.1. We will distinguish two cases. In the
N . : : ‘, first case, the contaminent is cmp'letely solublle: l.e. it is fnitially
present in solution 'gn.th‘e__p_ores ‘of the matrix._'ln the second case, the
. contaminant is. largely ir'isoiubie. 1t Is assumed that the lerg-est part,
prebipitg'ted‘di-: immobflized with the matrix, is in-chemical equilibrium
with a pore concentretion or iO"!f moi/L (typical of a metal hydroxide -
solubility fn an alkaiine environment. see Table 7.2). It will further %
p "be assumed that the insoiubie Fraction is avallabie i"or leeching in a -

propori:ion ranging from 501 to 1001.

. . . -

:w 8.!.'3 ' Long Term Leaching Sgenerios

From the description of the waste form and iandf'iliing
environment above, four mester verieb!es are retained to deveIOp fong
L term leaching scenarios' hydraul ic regime of the groundwater, chemicei .

characteri stics of the groundwater. permeabi l ity of the waste f‘orm and

chemical speciation -of the contaminant These variables have been laid

i
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N

»

out in a matrix form (n the legend of Fioure 8.2 groundwater variables
horizontally and waste form variables vertically Different settings of -

)
these variables were combined to develop eight leaching scenarios,

identified by the Ietters A to H. For each.scenario, expressions were
developed to predict the leaching rate as a function of time.for a’ ;

period of up to one hundred years. The detalted calculations are
presented in Apoendix X111 and summarized in Figure B8.2. The leaching

.

rates for each scenario are presented as a range where important

variables (cther than the four master variables) have .been set at two
~

v
.

typical values‘ Full 11nes are used for calculated rates while broken
lines are used to Indicate trends. The direction of the arrow 8cross a

leaching rate area Iindicates how the rate varies with the contaminant
vertical arrow means that a change

concentration in the matrix {1.e:
in concentration should resuit in a change in leaching .rate while an

-~

horizontal arrowvmeans that a,cnange in concentration does not affect
-~ the leaching rate but rather wresults in a change of the duration of the
leaching period). Each of the eight leaching scenarjos will now be .
discussed, i ’
- & - .. . .
" Scenario A: Statlc groundwater. In theé case of a static
groundwater, the setting of the other master variables. chemical

composition of the groundwater. permeability of the matrix and" mobility
indeed. i€ 'the waste form is

nt.

| of the contaminant are not impor
surrounded by a finite, unrenewed volume of groundwater., the leachlng

-,

rates will rapidly decrease with time as a result of - accumulation of the

“ contaminant in the gnoundwater Leaching will take place via surface
\ r . .

)
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exchangee and the Initial rates can be taken from Scenarios B, £ and D.
The rates should rapidly decrease-toinegllglble values as the system
approaches equlllorlum. Thece ls.ltherefore. no long term leaching ln
this scenario. '
Scenario 8: Grourdwater Flowlno around_the wéete; soluble

N

contamlnant.‘The rate of Ieachlng in this scenario is lunlted by
diffusion of the soluble contaminant in the pore system of the matrix
and thus decreases with time.aThe rate Is lndeoendent oF the composition
oF the groundwater singe the contaminant ls already mobfile. Furthermore.
the rate is considered independent of the werste permeablllty because 't
Is assumeé~that water does not flow through the metrlx The range of
leaching rates showed In Figure 8.2 wes‘bbtalned by using two effective

diffusien coeffictents (10™% and 10~ cn?/sec) In Equation. 3.3, These

N -

myvalues cover the range of'contamlnént molecular diffusion coefficients

(Table l 2) and also account for the tortuoslty of the matrlx. The

. calculatéu leachlng rates represent maximum values since’ derlvatlon of

*-
Equation-3.3 was based. on malntalnlng zero 5urFace‘€3H$entratlon The

leaching rates: ere dlrectly proDOrtlonal to the Intttal contaminant
concentration (f.e, Equatlon ; the range‘hould therefore be shlfted
vertically For other concentratlons Calculated leaching rates (Flgure F
Bzﬁ) extend to 10 years at whlch point the concentratlon at the centre
of the 2 metre- thlck slab would start decreaslng as a result of the
:‘leachlng Procgss (For the hlgher De value). For times larger than 10
years. the’ rate should thereFore be smaller than these predlcted for a

'semt—lnflnlte siab. o )

-~
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Scenario C: Groundwater Flowing around the waste; insoluble

contaminant .under acidic teaching conditions. The leaching rdte fs

tnitially controiled by the amount of acid available to neutralize the
waate form matrix. It {s assumed that’ 1) cement ANC s consumed before
the contaminant is solubi44 ed (see Sectlon 7.2.2), 2) the leachlng
eFficiency varies between iz\and 50% (Table 7.4) and 3) the matrix doeav
not entirely dissolve. Assumption 2) was Formulated based on the

compounded efFects that only a fraction of the total concentration of a

contaminant can be solubilized under acidic conditions (Section 7. 2 1 .

. and that only fpart of the solubilized concentratlon Ieaches {Section

7.3.2). Because.of - Assumption 3), QifFusion of species between the
Iéacning front and the waste Form—groundwater interface eventually

becomes rate lim!ting The leaching rate (Figure 8.2) ts thus constant,

] ’

a function of the rate oF acid contacted with the matrix. until

~

. Scenario D: Groundwater flowing around the waste: lnsoluble
/

col tamlnant under neutral Ieachinq conditions This situatlon

C; responds to the long term leaching experiments (Experiment 7) ‘for

whiich nearly two vears of data we;e analyzed in Section 1. 4 It was

\ nstrated that leaching rates w@re controlled by. tﬁe rate oF .

.f ,leFusion ln the waste matrix and tnatigtpmical equilibrium between the

'soluble and insoluble forms of the contaminants was maintained at all

times The leaching rate area deFined on Figure 8. 2 is based on Equation

- 3. 3. using effective diffuslon coeFFicients of 10‘12 ‘and IQ_'13 dﬁzlsec,

as reported in Table 1.6, These values can also be obtalned



theoretically by considerlhg a molecular diffusion coefficient equél to
10-% cmzlsec'and Ky values of 10*® to 10*7; as defined in Equation 3.5,

Kg Is the ratio of the insoluble to the soluble concentration in the

.matrix., Calculations indicate that the centre of the 2 m thick slab is

not affected by leaching, even after 100 vears. The leaching rates are
Independent of  total concentration (they are a function of the soluble

coﬁcentrafion).

" Scenario E: Groundwater Floying through the waste; soiuble

contaminant, low matrix permeability. Leaching takes place via

convective transport. The groundwater flows through the waste form
following Darcy’s Law. ‘A hydraulic gradient vafying from 1.0 to 5.0

defines the range showed.ln-Flgure 8.2. The contaminant is completely

washed from the matrix as the front of groundwater progresses through kY

the'matrix. Lééching;stops when the matrix has been emptied of its

content., éfter approkimafel{ 5 yeafs.

3

Scenarioc F: Grodndwater flowing through the wast%i‘solubie

.contaminant, high matrix permeabllity. This scenario is similar to

scenarfo E with the exception that, as a result of a faflure of the

matrix, the matrix permeébllityils 100 tlmeévhigher. The leach!hg rate

L . . - . o
and duration are dirgctly proportional to permeability as reflected In

" the area defined on Figure 8;2.

Scenario G: Groundwater Flowjng through the waste; insoluble

. contaminant, loQ matrix permeability. The soluble portion of the

contaminant {s tran:pofted by coﬁvegtidn. Chemfcal equilibrium between

v

the .insoluble and soluble_parts ensures a constant pore concentration

i

f
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and leagh rate. The Ieaching rate range shown in Figure 8.2 13 based on
a soluble concentration of 10”5 mol /L and a hydraulic gradient varying '
between | and 5. Aclqlc:groundwater is neutrallized by the matrix ANC.

Contaminants might be solubl!lized bht‘reprecipltqté downgfream. A

breakthrough would occur when the full 2 m slab has beén neutral ized. In
. Y]
this scenario however, because of low permeabillity, this doeés -not ochr
within a period of 100 years even with the low pﬁ groundwater. It fis
doubtful wﬁéther,thls‘scenario would ever cqntrollleaching since surfaée
dissolutton unde; low pH coﬁdltlons‘(Scenario C) results {n much higher
leaching rates. f'.: ' 3 . ‘ o '

Scenario H: Groundwater flowing through the wasﬁe; insoluble

'cbntgmlnant. high nmtrix’bermeqbility. Th*s écenario is simitar to
Scenario G with the exception that, as a result of a faflure of the .
matrix, the matrix permeéblllty_is'luo times higher. In this case, the

amqpnt‘of aéld contacted with the waste is sufficient to neufralize the'

‘eﬁtire‘waste form ANC ina re1§sively\short period of time aﬁd produce a

. leachjng breakthrough (Figure B.2). ) /
‘8.2 From Leaching Rates to Concentrations

.
3

! ~ The environmental lmﬁact_of‘contamépaﬁts_15 normally evaluaﬁed.
bgsed on‘concentratldn. Flgyres 8.3 éﬁd'B.A were preparéd-to hel?
interpret leach[ng ré;és by examining groundwater'concentrationg
-fesult1ng‘Fr6m a simple di]uéioﬁ qo&el (Figure 5&3). The podel'assumes i s

‘that a stream of Ieachaté Is completely mixed with a stream of .

groundwater; the gﬁpundwatér stream (s then diluted as 1t flows away.

\* I . ’ ?

N~ T
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from the waste form. The resulting concentrations before and after
dilutl&n (100 Foldi are pré&ented In Figure B.4. Each range was
constructed based on a groundwater flow rate varying between 5 and 50
m /m —year It was Furthermore assumed that the leachlng rate is
‘Independent of the groundwater hydrauiic regime A higher grqﬂrdwater
fMlow rate thus simply represents ‘a higher dllution factor. ’ .‘ _ W
Groundwater qual ity crlteria For toxic contamlnantb)are
‘typlcalty Iower than Y mg/L (Dntarlo Hlnlstry of the fnvironment, 1978)
It can be read from Figure 8.4 that such a concentration at the waste
- Form-groundwattr lnterface (undiluted range) can result ‘from a leaching

rate varying Qgtueen 0. l end 1.0 mmol/m -d. This concentration wil) be

)‘ reduced by dilution as “the groundwater Flows away From the waste form.
. . N

e

. 3 8.3 Practical Implications*
Preparation of waste forms to dispose of concentrated hazardous
. . [ . f

wastes proceeds from the philosophy that containment represents a better .
management practice than dllution into-the environment * Figure 8.2

indicates ‘that, after the secondary barriers fail, leaching will chur

u

A \ N . -
in all of the studied scenarios at a rate which can vary over some eight

e orders of magnitude.

. . CY .

d L ; 8.3.1 Preparation of 8 ter: Waste Forms
B e

e -
<

From examinatfon of Figure 8.2 it appears that the most Important
factor to reduce leaching is to ensure that the contaminants are present . o r;/ﬁ

R &
in the matrlx in an lnsoluble‘Form. The scenai;os where the contaminants

\:.




.are in splution Ip the pore system (B,E.F) result In the highest

jeaph\ng rates. Propertfes reiated to the waste form matrix,_surh as
permeabillt; and FactorsnaFFec;Ing diFFuslvlty (connected porosity. \\\
tortuoslty} also affect leaching rates. but to a lesser e;tent Finally,
in the case where the waste for 15 subjected to an aggressive leachant,
the neutralizing cépaclty ( our case acid) of the matrix is Important.
Qf_the wa;te chemistry. Specification of & solidlfication‘system (even‘a
patented one&) orfers no-guaranty of pollutant pontalnmgnt.///.
Insolubitization |p a wasﬁc form matrlx can be done 1p two’ ways, 1) by
pretreatment of the waste‘to speElate contamlnants as insoluble salfs or '
il) by promoting ‘reactions of immoblllzatlon ulth the solid additlves,

N

(1.e. “the waste form matrix). For the solidification systems studfed in

this work, hydroxide solubility controlled pore solubiltty ih the

~ atkaline endironment established by cement while the interactions with.
! , .
the matrix contral)eg at lower pH. '

1t 1s desirable ‘Qi obtain a waste fbrm matrix of low permeability

as convective leaching can be more important than_[nterfape exchaqgesr

The .same operational variables which can be manipylated to reduce matrfx'_

i'permeability. waste dewatering, use of dry powdery addltlves. h[gh

- i

dosage of cement. should also Improve the properties which afFect

dlffusivity oF specles in the pore sys€em connected poroslty. water

.

'contqnt, tortuosity, ‘1t;is worth noting: that efforts should be directed

" toward reducing the total porosity'rather than the water content since

it appears that'sblfdiflgd Qaste matrices surrcunded by water rapidly'

Preparing a waste form therefore requires a fundamental knowledge’ '

hi =,

L]
.
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become saturated, even If they are not subjected to a hydraullc gradient

{Section 7.4.1).

L4

The matrix will keep {ts initial -beneficial properties onfy If 1t

-

Is protected from destfuction-by‘weatharing {(l.e., uettlng/dfylng or

' . . S ¥
freezing/thawing cycles). 1t Is important, for that purpose, that the

-

cement;gdded to the waste be allowed to solldify” properly Cement should
only be added to neutra! or ‘alkaline wastes (Ilme is ‘a cheaper

neutralizlng agent than pontland cement) Quick settlnga whlch.often

-
»

happens in hlgh sulphate environment. should be avo{ded since |t does
.
not|result In good bondlng (sulphate5 can first be preclpltated as-

Cas0, with Ilme)..Finally,\a proper curing environment (temperéture.

.

- humidity) should be provided. ' . t

The waste form matrix should have bUFFerlné capacity to maintaln

“the chemical environment in which the contaminants are fnsojubilized. ~~

. For exampte, 1) for metal'éulfjdes, a low redox environmént can be.
hafntained uslnglan insoluble sul}ide salt (éuch as Fe$S), Jéss_stablé
© than-the toxic mEtal sulfides (éectﬁon?B;B.Sx and.2) for metdl
hydroxides-or carbonates, excess alkalinity 'should be;provlded. 1t

fs also Imporéant to provide the buffering @ppéclty in an |nsolﬁble

form. ﬁrom this .poipt of view, pozzolanic systems are supefior to othere

pbrt\anﬂidementtgyst
ot /‘ J /
" compond$-which (Wil
provide\act éﬂf‘a 1zation apacity in a low pH envlronment

¥ . . PR

since their excess |ime is immobilized in

t \each in a neutral pH environment but still

173
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B.3.2 The Desfan of Better Lahdfl}is .
Based on the leaching|scenarios presented in Figure 8:2. it
éppearg that landfilling sftuations where the groquwaté? flows around
the waste are superfor to those where it Fiows through the waste.
- Indeed, for & soluble conteminant, Scenarios.E and F, for convective R

. L3
leaching at ifow and high permeability, result in much higher rates than

Scenaric B, describing diffusive transport. Similarly for an'insoluble
contaminant, Scenarfos C and D. based on surface exchanges, predict
“lower leacﬁing rates than the convective transport Scenaric H‘(higﬁ_

matrix permeablllty).:(Scenarto G, convective transport for a low

permeability matfix. ini;ially preﬁﬁcts a loweh leach rate than
Scenarios C or D but, as pointed out ;n ggétjon 8.1.3, it Is unlikely
that this scenario would evef pontrol the leaching rate.)
ln.all the ieaching scenarios jnvolving lﬁterFace exghanges
(A,B,C,D), the leaching rates decreé‘se;with time as a result of
thF;sidn be1ng rate.llmiting. On the other hand, iq the ;cenarios
inQo]ying convective trahéport{(E,F,G.H). the rates areosteady OT, és_
shown {n_figure 8.2 for Séenario'H, might even increase if a
preakthrqugh occurs. A breakthrogg:vyily oécur whenever a‘spécies (often
.nén-hazardduéj. responsible Fog the insolubilization.of a contaminant,
Is washgﬁ from the Fatr}x pore-sﬁstem. This phenomenop was I]lugtrated

{n Scenario H for pH, but it can occur with any chemical

ih301ubjllzatjon.system.
. "4:.;' ‘ . i .
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lt‘Is interesting to note that 'diffusion controlled Scenarlos
B and D represent "worst case conditions™ since they were based on the

assumption «of 2ero surface concentration. Any accumulation of leached
o

l species near the groundwater-waste Form.interFéée resulting from a sloy o
moving‘gfoundwatér wpuld reduce the ervIng force for leaching. The -
1imiting case fs 11}05trated Ey.Scenario A In'which the absence of
gfoundwafer renewal cau5e§ a rapid decrease of fhe leaching rates as thé
qystem'tends toward equliibrium.‘

Factors which can be controlled.to favor interface exchanges:._~
. o3 . :
rather than convective-&ranspo&} In designing a landfjll- include 1)

o

avoiding potential 'bulld-up of hydraulic gpadients. and 2) protecting

the waste ma;s‘Fnom'weatherlngu Factors which can be controlled to

- minimize leathing resulting from surface exchange.include 1) minimizing .

the waste surface area-to-volume rétlo. 2) reducing:the.rate‘bf

~.groundwater floy around the waste, and 3) preventing contact wfth;'

aggressive waters.

1 4

DS U
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T '“n-Céﬁz:uslve statémdnés have been grouped into 4 ;ections. The

. first three ard derived d!rectly from the experfmental work and are -thus
somewhat speciFic to the systems studied. Observations on the morpbclogy

of the matrix of cement~based wgste forms are presented in’ Sectl?n 9.l

~ and findingd about mechanidms‘of containment and leaching are presented
in Sedtions.9.2 and 9.3, respectively. Finally, the 1ddg tern;
leachablfity df cement-based Waste forms Is dlscussedikn Sectfon 9.?.

-

5.1 Microstricture .
' ‘ '\1_ W

‘\ . _Sinpeia waé;e form is preparéd by addjng a bulking agent (when
requlred) and the mlnimum amocunt of cement td an aquéous waste. the

t matrix does not normally resemb1e the intlmately lnterlocked network of

13

hydrated products observed fn cement paste.

8
-

- The matrlces of the cement—based ugste Forms tested were largely
insoluble 1n Hbutral Hater. Iosing betweenA§ and 13% of thefr Initial

mass after 665 days oF leaching in water. The observed mass losses can

N N '
. .. be accounted for by the leachtng oﬁ-major fons (e.g. sodfum From the
bentonite clay and the solublq,silicates. and Ilme from hggrated

cement) Fly ash-based systems exhlbited Iower mass Iosses as.a result

.

of the lime in these systems being iﬂnnbilized through pozzolanic

reactions with the Fly ash particles. For all the systems studled,rthe{

total masses of contaminants leached (I.e. As, Cd, Cr and Pb)

oo . 176
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represented a negllgio;e fraction of the total nass loss.
The porosity of the matrlces_studied varled between 40 and 60%.
_The pore volame was distrlbuted amona three rapgeg comprising volos
between clumps of particles, lnterhpartitfe space andaintra—particle

space. Large pores were interconnected through small openlngs.
13
The water content of the matrices -studied varied from 0. 14 to

0.52 (welght basls) The connected poroslty of 8 matrix made From

non-porous sllica particles ‘was found equal to its water content.

v

However, the connected porositles of flyxash matr!ces were lower jthan ' .

thelr water content since pore soiution was absorbed by the fly ash

partlcles. ,' . B . R
2
.- The samples used in the long term Ieachlng tests (5.04 cm cubes)

gained weight as they betame saturated wfth water . over a one year period

(even though they were not exposed to a hydraulic gradient).”

oA
v.

‘ 9.? Hechan!sms_of Containment. ¢

I
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Contalnment of contamlnants in cementrbased waste forms is Q_

eFFected by both physlcab and chemical mechanlsms. An obvlous physlcal
wmechanism is the formation of a Iarge maés of low penmeabflity and @:
reduced‘surFace area of contact with Ieach[ng waters. The Importance of
this will be outlined in Sectfon 9.4 belou. Conclus{ons on the chemical
mechanlsms of containment Follow.'

Lithium was not lmmobtllzed ln the waste form matrix. As it

" stayed ln solution in the pores, it was’ completely recovered in

equillbrlum leachlng tests, throughout the pH range.



B

'concbntretion and pH in the quuid-phase. Complete resolublitization of

.th

'produced From hydration of portlahd cement (B meq/g of dry bortland
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Cement establishes an alkaline environment where toxic metals can
be precipitated. The concentrations of soluble cadmlum. chromium and

lead were 1imited by their hydroxide solubility at high pH. For pH

-~

values between 7 end 3, interactions with a Fly ash matrix reduced metal

solubility by several orders of magnitude compared to hydroxide

_solubility The interactions with the matrix were dependent on both the

o

chromjum and lead could only be achieved at.very low pH (2 to 3} and
small liquid phase concentrat {ons (f.e. in a high iiquid—to—solid_ratio

leaching test). Only approximately 60% of cadmium was solybltized at -tow

+
-

By

Arsenic was precipitated as basic ‘calcium arsenite. Ifs rate of

mobllizetion was a Function of -the rate of leachant renewel since it

. depended on the availability of carbonates to drive a carbonation

reaction. Once mobilized the arsenite fon did not seem to Interact with

the matrix as .jt leached readily.

Portland cement provides acld‘neutrelization capecity to maintain

the high pH environment where the waste form is stable. The Free 1ime,

.

cement). can establlsh a bigh PH Hhen neutral water is contacted with ro

) the waste form. Hhen acldic ueters are contacted with the waste form,

hydrated cement will dissolve. provlding‘a neutralizing capacity of

\

'._'approxINately 20 meq/g of dry cement Based on the typicaJ .amount of

cemeht eddqi\it was calculated that a typical waste Form-can neutrelize

betueen 12000 to 3000 times Its volume of pH 3 gr*oundwater- it s &,
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imbortant to stress that the. products of cement hydration dissolve In

acidic water before most toxic métals are solubflized.

9.3 Mechanisms of Leaching -~

For the general case of a contamlnant lmmobilized In the metrix.
leaching takes place via solubillzatlon and transport through the pore
system.

For cement—based'wpste Fdrmsrin contact with e-neutra{ leachant,

leaching rates were limited by molecular leFusIon after correetion for

.

‘matrix tortuoslty. The rate of solubil4zatlon of toxic contaminants (ﬁe.

Ccd, Cr and Pb) _Was very fast as lt was successfully described using

equfilibrium chemistry. The cumulatlve Fracblon of metals (Cd. Cr ang Pb)

leached aFter 665 days was Iess than J%’ for the four systems studfed

1.
Arsenfc leached. more readlly. the cumulative fractlon leached attalning

L

151 For the soluble s[llcate-cement ‘system.

For leaching under acidic condftlons, the rate was lnltially
limited by the supply of H* (ite avallability as opposed to. lts rate oF

diffuslon). Hodelling Indlcated that H* diffused inside the waste Form.

thus neutrallzfng the matrix. and mobillz{ng contaminants. There was no

stolchiometrlc relationship between the amount of H* absorbed in the

-

matrix and the amount, qF contaminant leached. for three reasons.‘?!rst.'

+

contaminants mobflized at the -leaching front diffused both outward and
fnward. The relatlve amount'leFusIng In each dlrectlon depended on the-
LI

respective concentratlon gradients. The gradfent for outuard leFusldﬁ -

was a8 function of the thickness of the leached layer and the -

- .
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concentration at the lnterFace, whereas the .gradient for Inward

diffusion vefled,ulth the matrix acid neutralization capacity. Second,

. -

H* reacted with the matrix. Third, only a Fract1on of a c0ntaminant was

s

avallabJe for leaching, dependlng on both the pH and the pore scluble

CanentratIon.

~—

--The ’Each!ng efficiency under acidic leaching conditions was e

180

defined as the amount of a contaminant leached over the amount contained

in the weight of matrix neutralized. For-the inert silica matrix, only

the first merhanism of the three Ilisted above .was effectjve and the
ooy i} - ) )

- Ieaching efficiency of cadm{um was approximately 50%. For a fly ash .

-

matrix céntelnlng a normal amount of cement, the three mechanfsms
v

#educed the Ieaching eFFiciency of chromfum and lead to Iess than: 101

and that . oF ‘cadmium to less than 1%. : ;‘p

Since the matrix of a. Cement—based waste fofh does not entlrely

\

dissolve when leached’ under Iou pH- conditions. a leached layer develops

through which, H* and the contaminants must leFJ;e Thus. lefuslon oF

- the contaminants through thls layer should eventually become rate

limiting (rather than the dvai]ability of. H'). It is unlikely that H*

diffusion would ever be raté—l!mitlﬁg since HY diffuses about [0 times

faster than any other chem[caitspgc!és. s

9.4 Long Term teachabllity ,

The following statements afe baéed on the assumptions and
modelling of Chapter 8. Leaching rates are thé best way of expresiing

long term -leachablility. Howe#e!.'since'toxlclty_i;‘normally a function

LR

-t

ot

”

f.
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: o
of concentratlon. concentrations calculated baSed on tha slmple : '
groundwater mixlng model described in Section 8.2 will also be presenten

£
(concentrations in PPm are based on a molecular weight of [00).

POR Contamlnants which are not {mmobi{]!zed in the waate Form matrlx )

artd “thus remain fn the pore solution, will leach readily, at a rate

.o ,
Iarger than 10 mmol/m *d. This is equvalent to concentrations at the

interface larger than 0. l mmoI/L (IOLppm) LandFlIllng scenarios which

avoid convective transport forcing InterFace exchanges. should be
] - ..

. favored as the Ieachfng rates will decrease with tlme.
. For contaminants immobillzed fn the matrix. efther through

prec!pitatfon as-insoluble 5altﬁ or 1nteraction with the matrix. the

rate of leaching is dependent on the characteristics oF the groundwater.

He dlstlnguish two extreme cases: a oH 3 groundwater ‘and a neutral.

.

: non-aggreSSlve groundwaterJ A . . S
- b -

. \ . - !
An acidic groundwater will rbsu]t in an inftially constant

Ieaching rate of approxfmately 1 nnpl/m -d. equlvalenx to.0.01 nﬁpl/L
(l 0 ppm), which Is a function of tﬂe relative amount of acid contacted

and the acid neutralization capacity of the waste form. As in the
previous case, Flow of groundwater trrough the waste Form should be
’ !
avoided as it may result in a leachlhg breakthrough. In thls case,
|

however, " lnterFace‘exchanges shoutd eventually'lead to diffusion
becoang rate limiting and result.tn-decreased leach rates.
.'Flnatfy. for fmmobile contaminants and a”ﬁl*d groundwater.
,7 lnitigl‘leaching ratee of 0.1 mmol/m *d should rapldly decrease below

’

0.01 mmol/m2ed if convection transport is avolded (equivalent to 0. 0001



.7

l

|

|

}

}

%
mmol/L or 0,0] PPM). The rates for this scenarib are Independent of the

‘contaminant concentrations In the matrix. .

represent worst case leachlhglbondlt#on sl*ce they were calculated
assuming steadyﬁstatelgroundwater flows and zZero sutfaqe‘cbncenfrat\on

{for diFFuslon—contrb[led rates). Furthermore.'any attenuation or _

dilution resulting from groungdwater transport‘bas net tsken fntg )
" account, o - .
X . .
\... - . -
R -

! -
- 1]
y -

‘ " L]
& e

~
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10. RECOMMENDATIONS - _ n o
) . . ) N . .‘ - ‘,—“ ) .
Based'on the'work done in thfs'thesis. recommendétions will be
- ~ N
Formulated to, 1) contlnue tbe development of predictlve models of the
\

leaching phenomena, 2) evaluate waste form ‘environmental stability . in

the laboratory, ano 3) minimize leach rates under Field_leeching

"conditions.

10.1 Modelling

- LY
.

The Followlng recommendations‘arefﬂ@rived froqm the development of
the models LEEQ and LEEX based on a mechanistic descriptfon of the
chemlcal reactions and transport phenomena that control Ieaching.:

-,
Modelling based on a numerical salution oF interrelated transport

“and chemical reaction equation systems should be |imited to the

1nterpretatlon,oF laboratory experiments for the.purpose of studying
; . ' - * 1] . b -
'nechanisms of leaching and-containment. The computational burden of such

a solution is'tOO'exteneive to apply to Iong term pred]ction.
The numer{cal method consistlng of alternately solving between

transport and chemical reactions should be preferred over. that

6

consisﬁing of combining the two sets oF equations. The former method
proved to be precise and flebele in describing various chemical systems

using‘equllihrium chemical equatlons or experimental data.

Lo There are three.main areas where Future modelling eFForts should

,/’
be dlrected' morphology of the matrfx. chemlcal reactions and transport

I

mechanisms,
183
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Horghologx._EfForts should be expended to better characterlze the

connected*porosity and Tts changes with time by 1)} determining the

"distributjon of water among the various phases of the matrlx. 2)

atudying the conditions and-rates at which the matrix immersed;into
water will saturate and, 3) characterizing the structure and chemical -
composition of the leached layer under various pH conditions.

Chemical reactions. The Interactions between contaminants

and the matrix should be investigated with particular Focus .on the
Following aspects: reversibility and speed oF reaction {(an equilibrium
approach may not be always applicable). _

ITransport. For diFfusive transport. an attempt -should be made-to_
.measure the connected poros |ty and tortuo!lty independently. For
convective transport..the applicability oF Darcy’s law to describing
Flow through the matrlx should be evaluated in the iight of the

morphological changes that take place as - a result of leaching;~

.10.2 . Laboratory Evaluation

Modelling indicated that the chemical propeiggt s of a contaminant
are more {mportant -than-the physical propertfes or' 'e‘matrix'for
predicting long term leachability. Laboratory evaluation of* chemical

[N

properties can -be done by conducting Ieaching tests which can be

~

_classified on the basis of whether they provide kinetic or Equilibrium )

information."

Leaching.tests where;changes are-measured_aa a function of time



\ (T.e. kinetic tests) are best suited for mechan!stic studies. Thelr

\ results Ean be used for modelling‘and extrapolation to evaluate long
\ T term IeachaQIlity. They are, however, expensive and time consuming since

initial wash off phenomena often cloud the longer term rate controlling
' »

mechantsms. . -

Equilibrium leaching tests can be used to measure the
concentrat fons of contam!nants wﬁjch can be solubilized tn differént

chemical environments. The cbncehtratlpns measured do not normally

v

relate to fleld concentfatloqéjwhere tfénsport factors prevent
. '// * . R ) -
attainment of equlllbrium.,Equilibrlum Ieachlng tests, however, are well
/

/

suited for the comparisoo’of waste Forms or for ngllty control in a
solidlfication plant. Héste Form samples should be crushed to accelerate
'/

-atta!nment of equillbrlum. Equillbrium Jeﬂchlng tests which can be used

to evaluate cement-based waste forms Include:
)

Hild Leacﬁé;t Equilibrium Leachlng Test: Th{;f;est aims at

asurfng the cluble Fraction oF a contaminant In the waste

3

environment./It 1s a measure of the effgctlveness of Immpbl[izatfbn. To
achieve th H] goal, the test should be conducted uéing a low

1iquid-tp-solid ratio to avoid dilution and a mild 1eaéhént to alltow the

waste {0 control the chemical environment. -; ‘

. Aggressive Leachant Equilibrium Leaching Test. This test aims at

fronmeqt establlshed by an aggressive Igachant; A-hlgh--

0
. yiquid—tojsolld'rat{o should be us to minimize the cﬁhtaminanf_

——




. . ‘ ’r\_\_

interact fons with the matrix) and to allow the leachant to establish the

. " chemical environment. ' - /

Acid Neutralization Capacity. This test aims at measuring the

1 .
. \ . capacity of the matrix to neutradize acid, thus preventing contaminants

from being solubllized. If the test is conducted in a series of batch _
reactors, with an Increa?lné amount of acid added'to each reactor,, the
_‘Wiquid'Fraction ‘of each reactor can be analyzedxﬁor contaminants of

. interest to measure the effectiveness of fmmobflization throughout the =~

e pH‘rEnge.

10.3 MInimization of Field Leaching Rates .

- oo Recommendat ions for the minimization of leaching rates must take -

‘into account the chemical properties of the contaninants in the waste

form matrix as well as the Floé.and chemical characteristics of the
groundwater.
The most Important factor {s to ensure that, when the waste Form

-

ls prepared, the contaminants are chemlcally Tmmob111zed In the mattix.

Immobiization can be carried out in two ways: l) by pretreatment of the

- s

waste to speclate contaminants as Inso!uble 5alts. or 2) by promoting

. reactions with the solid add{trves {i.e. the waste.form matrix). ' ’ : N (

.y o

L]

The waste form'ﬁatrix should have buffer Ing. capacity to-mainteln
the chemical environment in which the contaminants are innubilized (e g.
low redox or high pH). It is also lmportent to provide this buffering-
capacjty in ;n fnsoluble (i.e. non-leachable) form. ' < ~/L//

3 i . Y

'
—_— e e an.

Acidic wastes ehould'be neutral {zed before cement is added in
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.order to provide an optlmalfenvironment for the solfdIfication reaction

to occur. Under these condltlons. the tyolcal cement dosages requlired to
solidify aqueous wastea élao provide amole acld neutraiization capaclity.

Efforts should be'dlnected toward minimizing the total porosity
of ‘the matrix rather than the water content, as ‘the matrices of
ceﬁent—hased waste Forma rapidly become saturated whenilmpersed lh
water, even if they are not subjected to a hydraullc gradlent

LandFllllng conditions should be provided to prerent hydraulic *

-

' gradlent bulldup and flow of groundwater through the waste.. This can be

_achieVed by avolding placement of the waste form in a materlal oF

‘~

similar permeabllify. lF the waste Form is placed ina materlal of much

.

lower permeabllity. groundwater Flow through the surroundlng material .

shbuld be mlnimized and Ieaching will decrease as the system approaches'
. w
chemical equilibrium Jf the Haste form is placed in a materlal of much

higher permeability, groundwater wlll tend to Flow around the waste
1

rather than through it. These conditions wlll result in leaching taking

place through interface exchanges. with the Following desirable

B
properties. I) the leachlng rates wlll be controlled by molecular

diffuslon. and thus decrease with time (rate -~ l/t1/2), and 2) a leached
layer will rapidly develop at the surFace of the waste form which will

AR

isolate 1t from direct coentact with.the groundwater.
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MATHEMATICAL MODEL

~

Table 1~1 Derivation of the diffusion equation for a porous.solid.

Table -2 ‘ Tracer and self-diffusion coefficients of fons at Infinite

. dilution and a 259C.

_Table 1-3 Source cede of .the program LEEQ

Table -4 Definition of fnput data requirement for the program LEEQ
Table 1-5 Source code ©f the program LEEX, .
Tane 1-6 . Definftion of lnput data requirement for-the program LEEX.

»»

Note: Tables 1-3 ta ? 6 are provided as ASCIl files on a 5'/* ingh.
* dlskette that can be read in the DOS envlronment
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Tablo 1-1 Derivation of the Diffusion Equation for a Porous Solid

. .
¥ . . ]
. . . .
bl .

DiFFuslon of uncharged specles ln aqueous solution can be

4 [ ]
descrlbed with Fdck’s laws of diFFusion (Crank. 1956):
]
s, - (.
First Law: ~ ° J = D =ee- . -
. " .82
. ° L .. - “ 'r
Second Law: 1 sC - 8J -, (2)
.\____ = aem—— .
. st sz " .
S
where, C = cohcentratlon [hass / unit volume of solution],
3 D = diffuslion coefficient [area of solution / time],
J = flux. [mass / area of sotution time].
t = time [T],
z = distance [L].

In a porous solid, transport takes place only In the oores Filled with

sotution. Since the "area of porous solution" is not known, the flux is"

normally expressed on an area of porous solid" basls DeFiang Jg 85

5
the flux in terms oF mass per unit area of solid per unit time and

e

‘assuming that the pore solution is evenly dlstributed. we estaﬁlish
that:
Jg = J x ¢ 3y

where ¢, the connected porosity. is defined as the volume of connected

-

p.re solutfon per unit volume of total waste form. Ancther modiftcation"

-has to be made to Fick’s Law In orqer to apply it to a porous solid.

~

Equation | implies that there is a-direct diffusion path along the axis
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Z. However, in a porous -solid, diffusion takes place In a tortuous path
of fluld between and around the solid partic[es.'One way of accounting -
_“for this phenomena is to correct the diffusion coefficient for > : b
tortuosity (Berner, 1980): . ' . : o T
- . . .‘- B .
‘ D .  (ay
DS = —— [ . .

-

whereé -~ D; = molecular coefficient of diffusion corrected for
the tortuosity of the matr { x [LZIT},_ )

. T = tortuosity, deFlned as thg ratio of the length EF
the actual slnuou§ path over a depth interval 3. -

Replacing Equation 3 Into'the,masé-balance (Equation 2) and assuming

that the porosity ¢ fs independent of pgsitiOn'(i.e. $¢/8x = 0}, we .
obtain S : ' A S
. sC -1 &g ' {5)

st K) 8z )

Combining Equations™1, 3 and 4, we can adapt Fick’s Law to porous’

solids:

-

Js =r- 4D, & (6)

6z ’ .. R
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-

-
.

Replacing the expression for the flux Jg from Equation 6 Into Equation
5: : '

6 = -1 8(-6 D 4C/62)

(7
5t ¢

5z

Expanding, and stating that &Ds/éz = 0 (the diffusion coefficlent is

lngependent of position along"fhe axis) and that'tpjdz =0 )eads to:

\

L . e o .
. ' . & = -Dg &°C . e (8)"
< 6t 822 Tz
N\ ‘.
: . ) .
1 -
/
{
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Table 1-2 Tracer and self-diffusion coefficients of

Cation

H+

Lt

Nat

K+

Rbt

cst -
NH,*
Agt

T]+ .
Cu(om)y+

Be
gp2t
Ba*t
Ra’t .
H'n2+‘
Fe2t
ot .
- N12+.
Cu?t
. zn2+
ca**
' Pb2+"

uog*
Se it
yi+
La’
~yp3t
crit

Fel*
At

anou)+ _

fons at Infinite dflution and at 25 oc
{Adapted from LI and Gregory, 1974} .

D° . Anfon D;°

(106 n?/sec) ' (107% tm?/séc)
93.1 OH™ Y 52.7
10.3 F- 14.6
3.3 c1~ 20.3

» 19.6 Br- 20.1
20.% 1= 20.0
20.7 10s~ - 10.6
19.8 HS™ | : 17.3
16.6 S,~ (209C)°  -6.95
20.1 - HS0y,~ .13.3
B8.30 50, 10.7
8.54 Se0, 2™ 9.46
5.85 - NOZ~ 19.1

. 7.05, NO3™ 19.0
7.93 HCO3~ 118

©7.94 €03~ 9.55
8.48 HzPOB'— B.46
8.89 - g 7.34

.'6.88 HP, 2~ 6.12
.19 H2A30, . 9.05
6.99 H2SbQ, 8.25

79 Cro,2- L.2
33 - H00§2‘ 9.9}
15, - WOL <~ 9,23
17
45 -

26

74

NBUITUNG U A D ~~1 O

.
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Appernd i > I 1

SIMULATION RUNS

=
L]
Table 1[-1 Input data for simulations used In validation of the
ﬁumerlcal solution,
Table_[1-2 Input data for simulations used for comparison with leachin

experiments,
Table 11-3  Sample Input data fiie: S27.
Table 11-4  Samplt output data file: 527,
Table 11-5 Sample fnput data file: 5278,
Table [[-6 ~Sample output data file: 528,

Note: Table 11-3 to I1-6 are provided as ASCIT files on a 51/ inch
diskette that can be read in the DOS environment.

-
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4 -
Table I'l-1 Input data for simulatfons used in
validation of the numerical solutlon. -
B Progran Seulafioe Specises Darsctesistics Loachant Chaical Syitem
. m———— e - fatbility b Simlation
L T T T T R AR 1R i I B T Koup o [ $auree  twpene .
Wiw 01 (g ) (@) § 17 frd gl () 0 falny
PUET L0 S L0 41 R @ 0B LKLY LS MWL L) LMY WA eeeersactioe Yalidats the mmerical wmlution
. < of Eaition 4,15 (Section 4.5,1).
\ ;
: < TIHEE LE SW L T LN 6 RD VLML D (W e EONHD LM L MEH T ME-0S sea-rsactive- Vilodate the mametics selution
JIEEX L SHLE T LMD @ 025 D LHLE DI LN MO LD M-85 sea-react e o Syuitren .10 (Saction 4,530,
. AUIF LY IR R 0T LHE 0 02 1L T IR W L9e0) 1.000M 0, N0 L HEES
i SIE L0 N 60 WY 3 8L LY 2 M LR LM LN LS
CUER L6 19 06 6T LHE O 0D LI 7 (M i 19N LN LM NS
TREEE L0 100 300 67 LHE 6 LD LN 2 1N B LT LM DM ]SS
BLEE" L0 1ML 68 03 @Al LM 2 M 2990000 LG LI 1005 Limenr  Waludate the ifpeation facimine
VI L0 @ 08 67 L3O LD LLULE T N b L0007 CHEH LNER LS st for Msdiing thouical Houclimns
- : WL L9 6 30 6 L3080 LRI 2 I W 25 LM LR L i (Settiom 5.4).
LR 10 ae 75 67 LA 8 00 FLULE 7 1M b 20 .M L0 LB LR
= ‘ . L L0 b 150 07 0340 68 I3 D LMLE CF 10 W LR 0, 060H 4NN 1S
b , IIEET LD WIS 6T MO 0 PRI T IM B L] G 0NN ] - .
HOLEE L0 40 30 T LH0 89 00 DL 1IN W 290 1M 000 |, -85
HLEER 10 e ?.a M1 ORI 6 LB TLILE D IN L] LM )N | S
] - -
- R [
, - E WD L0 @ 64 WL LM B 6 LK 1 e L LI 0MEHN MM 1 seermactine LS. with carrected contficient
. IUEL L0 1000 7 050 @ L2 TLULE 1IN e LAY 0N 0 1S ..
LT L0 10 30 6 030 60 023 T LL T IN LD G DN M8
IVIEE LY 1M 60 67 038 8 A CLWLE 2 1M B L9500 0MEN LI L85 Tisear  Tolidate the tteration tocha it
. HLUET LY M L0 a7 L6 02 TLIFLD 2 1M LA LI LG L1 sdsecption far haadling chamica] rogctivng
s - TWUET (4 1M 05 60 03080 00 1L 2 10 B LT 0,000 WM LB Inethers  (Section 5.4, -
R 10 75 100 67 40 60 00 LLULE 20N BLONHD DN LHON LS L .
BUN LA 2500 @7 LHE 80T LI 2 I8 T B LT LM LN LW
o TRLHE LN % W7 LM 0 R T LULE 7 I b LN LMW N L
BUE L0 B % M7 LI @ 0D TLULYE 7 1M 1 19908 0,000 E NG | 0N -
- - - - HUIP LE 3 14 W 0 8L LYV T IM - 10960 0,000 . HEW 1S n
) e E WORM LSLULY 1 GhOLSEHI LM W LT Disalnting of coliva brdtonide.
; B : L B L W S Copare programs LEET ond LFLQ.
' CO0M) 0.00ECH 0.0EW A LITE86 BIEN  Staichieeetrac assed of (4 gd
. CHN2 10N 00 Wk LITEH W added, So¢ Sectim 5.5.
i ‘ . - , LN LN I 500645 Paired o Simiatren 17 -
. . MU L0 M0 L0 1T LI 9 020 LS LY T & CD) 1560400 0 MW UL SN
. : - : B0 L) WL 0TE
SEUEEE L W 2.0 287 0IM M EH* 151050 2 *
. fL ©onu WA WL RN LS 2 T : -
RN - ' VL L0 0 NI LN LS Y s hams 11 15 40 hove the 1ame Brirraine the comverpence of the
e MAHE E8 /20 G060 T 000 25 004 1S L 2 o chatcal Tysten o5 rm 17 . nuer ol welvtind. Soe Toble 5.1
P & STUEE L0 18 500 W1 0N 5 M sl 1 b !
. : - HUN LG 790600 M7 010295 00 330002 o
" CCIUEY LA MU W 0N B AN RS P o
Him R RN R

LE NS M LM

Notes: - Variables are defined In Tables I-4 and I-6.
_ . - A " besides the program name refers to spechc
- ) changes made to the program for that . )
’ . slmulatlon. as listed below. -



Simulation

51

S4 to SIS

" S17 to 526

S

-

Table 11~1 Continued

Modifications to the Programs

Description of the Change
4 .

hY

L

Commented out "100 CALL CRANK™ from the HAIN

_ atded below "100 RL(1) = -]. OE-4"

Commented out "CALL LEACH" from the MAIN
Commented out "CALL SHEQLB" from the HAIN

Subroutlne SHEO
replace "210 CTOT(1,J) = CPOR(I, J) *CONV

oy .

“CYOT(1,J)=CTOT(1, J)+ClNV'CPOR(l Jj CPORO([ )"
"210 CPOR(I,J)= CcToT{1, J)/CONV/(1+KD)"
where KD=9

Subroutlne SMEQ

-replace "210 CTOT(I,J) = CPOR(I,J)*CONV

by

"CTOT(1, J) cToT(I, J)+ClNV'CPOR(l +J)=CPORO (L, )"

"210 CPOR(1,J)= CTOT(I J)/CONV/(I+RD)"
where KD=999
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Tabie [1-2 Input data for 'slrnulations used for
compar ison with leaching experiments.

B Progras  Siamlation Specinm Caractaristics {oachant Chenical Spatem

t — Seistility Data = Simlabion
oM oM oW oo ok LR B PR ug a- -y Source . Mapese
e (w) " 1) 1y 4 ten g 1) w/som) 3 (0] ° fals) ,
T 30 5 10 o 00K e R R T RN A VA Compare Yo Erperinest B51 § 05,
AU S0 1 WL e s BVLELE B0 L0 LHOH LHEW LSS WA Compare to Experinent 4% 4 351,
OUEL L6 5010 391 030 o 0l 18 L LELE L 10 0,000 000000 1oY-48 We  Cospare 1 Eeperisent B4
HLUL® 10 M 10 % 0 8 03 Le LHLELY LD 0 00 009000 0,060 1. 03-08 WA Compace 1o Experinent Ly
AL I BN I TR A Pt LULELS L3 0 25 bW e 1L a0 Wk Coapace 1o Experinent GG
WL 10 LE S 6 ek s LULELS LY L 20 006000 0. HE00 105005 <ML Cempire be Laperioest G5t
SLEEE 00 3 10 S50 0 @ b3 LOLELELY LS L 20 0 0000 13 WA Cowpare to bxperimeet (o1
WU 10 90 10 80 03 @ 0 1L LHLORY L3 G0 15 1M LW 103 WA Compare b Experisent 041,
VLG 20 w0 0 0w L L LI L) U pmiom (At RA} 2 M L
. ' [ 7/} ‘.n(-u LWASEHEE - 1 e ta Frporinent &6
. . .o B0 N L S0 .
HUR 20 o L0 30 1w w1 WHLELE LY W M .00 0.6em LI . .
o . B0 LM M08 0, - WA Compare fo Experrmant 6 .
. . RN ST :
COMUEE L0 WL N e oen L LY 33 o 15 n.eem 0.6 1171-% .
. . B L L) N Conpare 1o Feperisedt 44
W MM LR S

: " - Betrin 00 en/yram et mste
UL 10 410 10 00 95 000 025 L7 e 53 in IS LWEM NN LN Erp, 4000 Compare o Erperisent 46
. : L LT SRR TR
SUEE 04 10 00 S0 0300005 a0 20 0 tat) 115 "EOEM DN LITER Exp. Moo Capare fa Eporiment 151 4 B8,
_ . WA L0040 0, 300 ,
HLULC 30 L ST M e e s e BICAN IS LM MM TR frp i1 Ceapere to [oporinent K1 4 Ky,
e : BOUE LT, .-
UL e 16 st g BORECLILULOLY LYl 31 MM 0,000 9 4555 Exp. 410, Campare 1o Exprrinent C5) 1 £440
Lo, ; ‘ L 513 0000090 10000 1170 ’ '
‘ ‘ : Critl U 000600 0006400 5,196
- Ri1] AT comatom 00600 9,050
. - BM L) 1L ME0] 15045

WU 2.0 % 50 8 am K0S L L GOAUL 0T LWL LK . ) Compart ta Expetinent ‘€51 & L3y
' G TTY 0006000 000400 1,070 S
\ ) GOD A5 000N 1000 504005 ) <
. ’ PR ) 1 e - <o

) - BN LN - . HE-15 .
STAUEY 1LY S 1 i W00 AN e LMLILY LS L o I e L6 - W Caparety [xpet1omt By
HIUI 13 Wt LBLIS 0 LB 1L s H 100 00060 0.0 10405 L] Compace te Eaperinent B * .

' : - Varlables are defined in Tables -4 and 1-6.
Notes ~ A * besides the program name refers to specific
L " changes made to the program for that .
simslation, as ‘11sted below.
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Simulation

S42

S44 to 548

551 to 552
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Table l[—Z_Continued

"Modifications to the Programs

Description of the Ehange

LEEQ was [nterfaced with UWHAUS with the
diffusion coefficient correction factor
T being used as thg optimization

. parameter
L

The flow rates used in the simulations
were variasble to reflect the actual

flow rates measured during the experiments.
Added subroutine FLOW to read flow rate

as a function of time.

- B -

Inftislize the first 5 slices (400um each)
to 0.0 to account for the thickness of the
soxhlet thimble.

JIn INIT, aFter solving initia! equilibrium',
"D0-998 J=1,NJ" -

"pDO 998 1=1,5"

© mg9g CTOMM ,J)=CPOR(I, J)/CONV

In EQSH. MINEQL fs not called For these slices.



: , 206 =
' “,/f‘\\.“/) . |

Appendd I 11X

SOLIDIFICATION ADDITIVES'

Table Ilf—l Particle size dlstributlon of solldiFicatlon additives.
Table [11-2 -Holsture—denslty relationshlps of porous materlals
Table 111-3 Tltratlon of a cement paste.

Flgure 111-1 Particle size dlstrlbution of solidification ad&!tives

Figure 1171-2 Titratfon of a portland cement paste after 28 days oF
' curing.

/
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Particle size distribution of

solidification additives.

Iri-

Table

Relative Number of Particles -

Particle Size

of Stated Size [percent)

(microns}y

SIL Fly Ash Bentonite
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Particle size distribution of

Flgure 111-]

soltidiffcation additives.
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Table -2 Molsture-density relationships. of
: h Porous materfals,.

5

A number of relatiomnships can be derived for the properties of
Porous solfids based on the measurement of their bulk density, water
content and solid specific gravity (Peck et al., 1974):

Water content': W

SW .= ——eee . (N

{2)

Dry bulk densfdy- . Ya = vy (I~ w)
Void Ratio - ; G vy
) € = e -1 (3)
Yo {1-w)
Porosity Yy (1-w)
’ L (4)
! Gs vy
Degree of Saturation W Gg -
~ Sp = mmmemalos (5)
- (1-w) e
Where:

e i void ratio (volume voids / volume of sol ids)
Gg & specific gravity of the solids
n ! porosity (volume of voids / total volume)
sw @ water content‘(w/w.'dry weight basis)
% : water content (w/w5 wet weight basis)
]

s : Yp : bulk density [g/em

Ya @ dry bulk density (g/en®]
Yw & water density [g/cm ]
S. : degree of saturation

/’\\ﬂ ~
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Table I[1-3 Titration of Pértland-Cement Paste

-

Cumulative pH
acid added -
[meq/g] after 24 hrs after 4B hrs
dry cement - . -
0.00 10.36 10.41
1.69 9.99 10.05
3.38 9.73 9.80
5.07 9.55 9.63,
.- 6.77 . 9.34 9.44 : Y
B.46 9.24 9,357
+ 10.15 9.20 9.26
11.84 9.09 9.17
13.53 - 8.98 9.08
15.22 ° 8.86 * 8,97
16.91 8.71 8.83 -
18.60 8.57 ‘8.668 '
20.30 8.25 ’ 8.36
21.99  6.81 7.22 -
23.68 3.81 3.92 -~ -
25.37 3.38 3.41 ..
27.06 3.13 3,14 . -
28.75 2.1 2.79 . L ' ©
30.44 2.55 2.54 ‘
!.I.l -
104 =
» - : . _
o 5 5 " . g s . 3
8 T -
1:- :g_" ; -
I _ .
o ’ .
1 " " -
», i
3 - . [ ] —
. - , .'. - .
- T L T T T 4 T T T Li T T L L} T T
[+ 4 [ ] im 18 80 - f |, ] 3|
o a6 2203 of asig por gram -.t ry o‘-.m'ont . -
; - o c
Flgurg--lll-z Titration of a portland cement —
. paste after 28 days of curing. - o )
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" EXPERIMENTAL PROGRAMME

-

Table [V-1 Chronology of the exper(mental programme,

-

-
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Table IV-1 Chronology of the Experimental Programfe
EXPERIMENT Started Completed . Duration Lab.. Ref. #
. ‘ ) fhours] .
Batch A: powdered silica . " .
A Preparation of the batch 18.06.84 . Bl4
A3 Titratfon and Solubility 26.06.84 27.06.84 24 ML202
A3ii 03.07.84 04.07.84 ° 24 ML213.
A6  Dynamic Leaching Test 20.06.84 22.06.84 48 PC337
Batch B: powdered sil{ca-cement
. B Preparation of the batch 13.06.84 BI13
\. B3l _Titratfon and solubility 16.07.84 17.07.84 24 M.222
~-B31 ' 24.07.84 25.07.84 24 ML226
*  BS1 Static Leaching Test 13.07.84 16.07.84 72 PC340
B51 4 20.07.84 23.07.84 68 PC342
B61 Dynamic-leaching test .18.07.84 20.07.84 48 PC341]
.Béli (done with Blt) 10.04.84 12.04.84 48 DC33!
. Batch C: Fl¥ ash-cement .
. C Preparation of the batch 14.11.84 B16
C3f Titration and sojubilfty 03.12.84 04.12.84 24 PC358
c3ty , . - 03.01.85 04.01.85 24 PC362
C4 Solubility (high L/S). 09.10.85 10.01.85 PC364
C51 Static Leaching Test 13.12.84 10.01.85 672 PC360
C51t R 13.12.84 10.01.85 672 . RCI61
Cé1 Dynamic leaching test" 04,12.84 11.12.84 172 PC357
celr 08.01.85 20.01.85 296 PC36
Batch D: fly ash-cement
D Preparation of the batch 04.07.84 : B15
. 031 Titration and~solubllity 01.08.84 02.08.84 24 ML236
- D3t 1§ ‘ 15.08.8 16.08.84 24 ML256
L D4 . Solubflity (high L/S 12.11.84 . 13.11.84 24 PC354
: D61 Dynamfc Leaching ‘Tes 03:08.84 16.08.84 310 PC344 |
Deii | ) : 17.08.84 '30.08.84 312 PC345
Batch E: Fl¥ ash-cement T ‘
E ,Preparation of ‘the batch 08.11.82 B159
- El Porosity Analysis 08.02.83
E2 “Equilibrium leaching test 10.08.83 .07.09.83 - 672 :
€71 " Dynamic leaching test - . 06.12.82 22.10.84 2 years - Spec38
E7i1 - x 06.12.82° 22.10.84 2 years - Spec39
Batch F: fly ash-lime : .
F Preparation of the batch 08.11.82 B198
Fl Porosity analysis ) 08.02.83 .
F2 -Equilibrium leaching test 10.08.83 - 07.09.83 672
F71 Dynamic leaching test 06.12.82 22.10.84 2 years Spec36
F7ii ’ ‘ 06.12.82 22.40.84 2 vears. * Spec37
Batch G: clay-cement : -
G Preparation of the batch 09.11.82 - B161
‘ Gl Porosity analysis . 08.02.83 #
G2 Equilibrium leaching test 10.08.83 07.09.83, 672
- G7f Dynamic leaching test 07.12.82 22.10.84 2 years Spec4?2
G741 - i o 07.12.82 22.10.84 2 years Spec43
Batch H: soluble silicates-cement
H Preparation of the batch 09.11.82 B160
Hl Porosity analysis A\ 08.02.83 .~
HZ2 Equilibrium leachihg test 10.08.83 07.09.83 672 N
H71 Dynamic leaching test 07.12.82 22.10.84 2 years Spec40
H7#1 07.12.82 22.10.84 2 years - Specdl
s ]



Table V-1
Table V-2
Table V~3
»

’

Figure v-1i

"Fligure V-2
Flgure v-3

Figure V-4,

P

A\:Dkzaearjcj P> WV
RESULT OF MERCURY lNThU§ION

Porosity analysls of waste forms by mercury IntruslonN
Correction of the mercury Intrusion data.
Correctioh ‘of mercury intrusion data to.obtain the

total Porosity. . _ L -

Hysteresis effect for the Fly ash-cement system.
Hysteresls effect for the Fly ash-1ime system- ) o .
Hysterests effect for the clay cement system.

:

e

e

] Hysteresis eFFecE For the soluble si!icates-cement system.
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Table V-| ‘Porosity Analysis of Waste Forms.by Héfcury Intrusion.
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Table V-1

[nt%usion“vo]ume measured [cﬁ3/g] .

_Continued
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as follows:

: The total porésity. in the last column of Table V-3 was “thus obtained by .'

. The total porosity flgures estlmateo From mercury intruston compared

AN 215
Table V-2 Correction of the Mercury Intrusfop Data.

For reasons discussed in Sectlion 7.1.3, the total amount of
mercury intruded is less than the total matrlx poroslty A correction
volume can be obtalned by assumlng that the bulk density (cbtained by

welighing a sample molded fn a 2 inch cube).and the water content

(obtained by drying to a constant wefght) llsted tn Table 7.1 are the

true valqu. Consider columns 3 and 4 of Table V-3. The dry, bulk'

denslty of column 3 was obtalned from the bulk denslty and water content

oF Table 7.1, uslng Equation 2 of Table 111=-2. The dry bulk denslty oF

column 4, obtalned from the mercury intruslon data (table V-l) Is.

slgnificantly lower. ‘The gorrection volume of column 5 was calculated

.

Ve o= r - (n
C— Yg{HD) Yd (H1)
. o~ - - o
where Ve = correctlon\\blume [lﬁ /g] - -
. YdﬂMO) = dry bulk density from moisture—denslty data [g/cm ;
Yd(nl) = dry bulk denslty from mercury lntruslon data {g/cm”]

- f ~

addlng this correction volume to the volume of mercury-lntruded:

. i - it Ste =

c P =100 (V] + Vo) x yg(MD). - @)

where P = porosity [1) .
Vy = volume of mercury intruded {em? /4]

[P R



216

-
Iy

well to those obtaineq for_moisture-den51ty ;elationship% Foé the fly
ash based systems (within 7%) while they aré significantly different for
the bentonite and solﬁble si!lcate—based system. As exﬁialnéd above, ‘
the pordsitieﬁ derived from mercury ﬁntrus[on are cbnsiderea more
precise. The specific gravfty of solids Ip batches G.and H was
therefore back calculated using Equatioﬁ_d of Table 111-2 and are

Dresented in Table 7.1.

*

Table ¥-3 Correction of Heréury Intrusion Data
A . ' to Obtaln the Total Porosity.

¥

Dry Bulk Depsity [a/cmd)

v Correction Mercury Total

~ Solidification - from mercury from loisture- Yolume Intruded Porosity
Batch 1D Systea intruslon data density data [cad/g] [cm3fg] (1]
: : {Table ¥-1) (Tabie 7.1} .

Erep 1 Fly Ash-cement .61 LA 0.057 0309 540

Erep? Fly Ash-cement  1.67 o 0080 6.219 S8, -

TF O Flyssh-lie L3 14 0023 0.287  ALA
6 Clay-censnt RE R BRI TR
Ho Sol. Silcement 0.9 0. U ¥ TR

. (. i
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.

ngyLTS OF TOTAL METAL ANALYSIS

fable Vi-}-» Total cadmium concentration.
Jable VI-2  Total chromium concentration,

-

Table VI-3  Total lead concentration. . ‘ -



Table ¥I-1 Total cadnlqn concentPation.

Fly ash-cement

Fly ash-1{me

Clay-cement

S01. sil,-cement

rep | rep?2 rep | rep2 rep | ) rep? rep l‘_

Water Contept(W/W;w.w.b) 0.143

5 . .
Caiculated (Table 6.1} > 3580

Total Extraction

Sequential Extraction

total
fraction A
" fraction 8
fraction C

fraction b

fraction E

Calculated (Table 6.1)

Total Extraction

Sequential Extraction

.. total
fraction A

fraction 8

fraction C
fraction D
fraction £

3437

3226
a“
i
357
-1
0

an

4011

1764
518
2816
416

0.093
3580
ml

3643
9

1517 -

1960

61,

5

3947

0.179

0.156

0.303

0.319

Concentration [ug/g; wet weight basis)

3740

3448

2904
il
1226
1182
M
0

4555

3T40

3899

194
162

1249

1722
6l
0

© A3

A58 . 4200 4620
L‘

4016
104
1612
\ZISI
H

5

3!

1537
" 562
1493
1440
42
0

3704
192
1480
2040
1
-0

5290

4537

4535
166
k]

g20
218

16

1590

6510

6506
238
464

S481
308

15

529

4433

4081
]
1558
2230
142
1]

1768

6510

5992
20

2288
21
08
15

L}

Concentration [ug/g; dry velght basis]

0.518

5640

4822

5523
93
-8l
EIRE)
22
10

11701
10004

(1458
192

166-

10607
m
20

Tep 2

0,440

5640

220

4672 .

+ 4528
.
121

4158
118

10871

8610

8086
118

216 .

1425

inr

10



Water Content [H/H;u.y.b]

Calculated {Table 6.1}
Total Extraction

Sequential Extraction
total .
fraction A
+ fraction B
fraction C
fraction D
fraction £

Calculated (Table s.gﬁ '

Total Extraction

Sequential Extraction
total
fraction A
fraction B
_fraction ¢
fraction D
fraction E

Tabie ¥I-2 Total chroaium concentration.

¢

Fly ash-cement

rep |

0.143

1460

1226

1423

322
926

103

1704

1430

< 1660

376
1080

120

rep 2

0.093

1460

1197

1601
0
139
1156
92
13

1610

1320

1765 °

0

264
1215
101
125

Fly ash-1ine Clay-cement  Sol. sil.-cement
rep ! rep?2 repl” rep2 repl rep?
0,179 0.156 0.303 0.319  6.518 0.440

Concentration [ug/; wet velght bails]
1520 1520 2110 2110 2250 2250
1264 1207 1533 (423 .1I81 g4
i289 1523 1878 1 2282 1859
0 I T 0 0
0 0 0 0 0 0
1121 1247 1581 1519 2058 1693
83 98 u5 T 160 18
I 177 52 44 65 48
Concentration [ug/g; dry welght basis)

ISL I8N 2T W% 4668 Aol
1540 1430 2200 2090 3696 33bﬂ
1510 1804 2695 2604 . AT 3320

0 - 0 0 0 <0 0

0 0 0 0 ] 0

1313 1478 2268 2218 4269 3024

101 116 352 21 33l 2

9% 210 15 65 - 135 85
e

221
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/ Table V1-3 Total lead concentration ¢

Fly ash-cement - Fly ash-lime -Clay-cement  Sol. sil.-cement

rep! rep2 repl rep2 repl repl? repl  rep?

Water Content [W/W;w.w.b} 0,143 0.093 0.179 0.156 . 0.30) 0.31% 0.518 0.440
Concentration {ug/g; wet weight basis]

Calculated (Table 6.1)  ° 5460 5460 5890 5890 8350 8350 8630 8890

Total Extraction ° 4319 4162 4827 431 6001 5863 =693 Tk
Sequential Extraction .

_ total 4146 5345 5129 5224 6482 113 8492 1489

fraction A . "6 I I | 0 i 0

. fraction 8 2160 IH1 63! 243 67 218 4 3l

fraction C ) 2059 91 31972 4254 5915 5629 1669 6019 -

fraction D . 418 - 626 442 636 T 402 T40 591

fractlon £ - 103 104 b)) 91 n 18 it 48

;

Concentration [ug/g: dry weight basis)

+(alculated (Table 6.1} 63T 6020 TITe 6979 11980 12261 18444 15815

. -Total Extraction 5040 5250 - 5880 5250 8610 8610 14364 12810
Sequenttal Extraction “ ' '
© total 5538 5893 - 6247 . 6189 -9300 9497 17618 13314,
-fraction & . 1T 0 7 0 9 0 59 | 0
- fraction B ¢ 2520 1232 768 288 9 408 8 56
fraction C 2403 3856 4838 5040 8481 B2E6 15911 1217
fraction D 488 690 538 783 607 708 1535 1056 ..
fraction E 120 115 9% - 108 110 15 - 105 BS
a
<>



Table Vil-1
Table VI1-2

Table VII-3
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Appendisx VI I

RESULTS OF EQUILIBRIUN LEACHING

Resubga of the equilibrium leaching test. ‘
Calc&lation of ionic conductance from wet cheﬁistry .
analysis, . ' )
Conductivity aﬁd dissolved solids in the equilibrium

’ B

leaching test. . 7

R P



pH "¥w

Conduct lvity {uS/cm}

Concentration [M]

. Aunipua
Arsenic
Calcium
Cadaium
Chromium

Lead
Sillcon
Sodiun

Chieride .

Nitrate
Sulfate

Concentratiun [mg/L]

.

Aluminum
Arsenic
Calcium
Cadmium
Chromium
Lead
Stlicon
Sodivm

Chioride.
Nitrate
.Sulfate'

. Fractlon solubiMzed (1)

Arsenige
Cadaive

Chromium. -

Leld.-

L

Table ¥i1-1 Resuits of the Equilibrium Leaching Test

Fly ash~cement Fly ash-1ime Clay-cesent . Sol, sll.-cement

rep | rep2  repl rep2 repl rep 2 rept rep 2

' . s . _ .
1.4 10.9 1.6 15.4 1.8 11.7 1.9 11.8

1700 1060 2850 5100 4000

2200 1310 3280

1.19E-04_ 4.45E-05 2.04E-04 [.26E-04 1.04E-04 1,48E-04 5.19E-05 9.27E-05
2.80E-06 1.12E-05 1.33€-06 3.67E-06 1 55£-06 1.55E-06 4.23E-04 7.47€-05
4.34E-03 2.02€403 3.64E-03 2.42E-03 3.64E-03 2.99E-03 2.74E-04 9.23E-04
8.90E-08: 3.56E-0B 4.45€-08 9.79E-08 8.90E-09 8.90E-08 2,67€-08 B.90E-09
1.31E-06 5.67E-06 2.56E-06 9.62E-0T 1.5QE-07 9.23E-07 B.46E-07 5.96E-07
9.41E-07 6.76E-00 §.93E-06 3.81E-07 3.54E-06 2.17E-06 4.92E-07 5.55€-07
2.21E-04 3.92E-04 1.21E-04 9.97E-05 8.90E-05 9.97€-05 4.31E-03 8.1%2-04
B.70E-04 9.57E-04 9.13E-04 9.13E-04 5.79E-03 5.57E-43 2.82€-02 1.95E-02
B 4
1.04E-03 1,33€-03 1,22E-03 1.20E-03 2.16E-03 t,78E-03 4.48E-03 2.81E-03 -
4,B4E-05 3,23E-05 3.06E-05 1.39E-04 .8.06E-05 1.39E-04 1.24E-04 1.16E-04
31.83E-04 4TI0E-04 4.52E-04 4.43E-04 7.97E-04 6.57E-04 1.66E-03 1.04E-03

<

3,200 1200 5.500 2.800 1.490

3.400 4.000 2.500
0.200 0.840  0.100 0.275 0.6 0.016 31700  5.600-
[74.000 81,000 146,000 97.000 146.000 120.000 11,000 37,000
0.010  0.004 0.005 0,001 - 0,001 0010 0,003 0000
0.380 0,295 0.133  0.050 0.039  0.048 0.044  0.031
0,195  0.004 0400  9.079  0.733 . 0.450 0.102  0.115
6.200 1000  3.400 2.800 2,500 2,800 121.000 - 23,000
20,000 22.000 21,000 21.000 133,000 128.000 648.000 449,000
36.800 - 47.000 43.400 42.500 76.500 63.100 159.000  99.800
3,000 2.000 1,900 B.600 5.000 8.600 7.700 . 7.200
36.800  47.000 43.400 42.500  76.500 63.100-'159.000 957800
030 20 003 037 AL 01 29.44 - 5.20
0.00 .00 .00 - 000 .00 0.0k .00 .00
. 0.61-  0.26  0.10, 006 0.07  0.06 004
0.10 0.1  0.20 0.0 0.2 016  0.43

0.04 .
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Table VII-2 Calculation of ionic cdnductance from

wet chemical analysts.

-The theoretical ionfc conductance .of a solution can be
estimated from the equivalent ienic conductance of individual

the hypothesis of infinite dilution (Sawyer and McCarthy,

’ where

The average theoretical conductivit
for each of the four solidification
amd 3 of.Table VII-3. * The measured
of Table V1I-3 are higher than thos

n Ni
K = I
. ' oo
Gy =
N =
K =

.

1978).

(1

that ndt all ions. present were inciuded in the calculations.
of measured to calcwlated conductivity was thus used to multip

calculated dissolved so

5. -

Table VI[-3 Conductivity and dissolved solids-in th
. equilibriu? test lea?hates;

System

‘ Fly ash-cement
Fly ash-1ime -
Clay-cement

Sol sil~-cement.

Theo

(based on wet chemistry) )
Conductivity

[uS/em]_

1844
”;“1222
11994,

3127

s

ritical

- Dissolved
“ Solids
[mg/L] .

-247

242

417

932

-

Measured
Conductivity . Dissolved

(wS/cm]

1380

1755

.3065

4550

225

“fons under

equivalent fonic conductance [mho-cmzleqﬁ
normality of-ion "i" [eq/L] 7
conductivity'of the solution [mho/cm]

y and corresponding dissolved solids
systems are presented in columns 2
_leachate conductivities, in column 4 .
e based on wet chemistry, indicating

Thé .ratio

e " .-

ly the
ligs and obtain the extrapolayed values of column

Extrapoiated ~

Solids
[mg/L]

403
347
641

1355,

K
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ApPprerncadisx VIII

RESULTS OF TbﬁRATION AND SOLUBILITY (LOW L/S) T
2N . .

Table VIII-1, Titration and solubility data for Batch A.

Table VI11=2' Titration and solubi!ity data for Batch B.

Table VII1-3  Titration and solubility data for Batch G.

Table VII1I1-4 - Titration ah® solubf) ity data for Batch D.

Table VII1-5 Emp[Flcal relationships for the solubflity of metals

7 from Batches C and D. ’

TJable VJIl—6 ‘Gran analysi; 1n_the titration of a sollid’s sample.
Figure VIII-1 Titratfon curve of Batch A. ..

'Flgure Vill-2 Titration curve of Batch B, -

Figure VIII[-3 Titration curve of Batch C, )

: Flgure VIEi-4 Titration cutve of Batch D. . o
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blilty data for Batch A
Cadmium

(low llguid-to-solid ratio)

Species concentration [M]

T—ONOOQ-O NP~ — Mo~ 0nm
DOUVN—OHODONT =R LINN |

@ OO0 00O T T MM e

Titration and So'lu

Ekperlment Adl
"Experiment A41{

S == NN R DO O N O — = O

[=l=l=lalelelol=lal=l==]

000000000000000000
...............

000000000000000000

Cumulative
acid added
[meq/g}

W.W,

Table VITi-1

TN TY T TMmmMmmammmmmmonmo,m
[=l=l=]={alalel-lalel=lalol= el ol l=Tal=]
L I I e I R I e R R R I T N
Wlol e Lerad Lo Wt Gl i G L ad ) Wl Lt Lol
=AU T OQMNAM M LM~ OM~ — LM
5564918@6666556557
s 8 s a 8 + * - * s e

7Y et LD () Ot et st st et it it o e e

06591737525857 =D M~
39432108832429875543

D I M I B8 < e e N

01234567890123456789

OO0 OCOOOO O vt v r—t =t ot 4=t um w— i

00000000000000000000
--------------- .

00000000000000000000
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data for Batch B

¥Io)
“
Speclés concentration (M)

Cadmium

{low 1fquid-to-solid ra

Experiment B4i

-\

ewigle

acld added

Table VI11-2 Titration and Solubllit
Cumulat ve

-ﬁi
.

@~ OO T XM

DO OCODOOOO0COO0O

LI U T N NN T I DA U U U N U N NN A T |
Wil i) il i uiud
O@Wr~ ~MOT MM OOLIMIT) ~m
9.76 6273[18399725656
I e N N T R I AN
@ — 2

wnom 7013366799620125
793 WOCDOONOVITA~TOCON

----------------

989 OGO D WD POV T MM

06[73839406‘72839406
OCO—=—=NNMOFUNS OO ~OONoO
0000000000000000001]
....................

00000000000000000000

E]

|
w
bbbbbbbb629?_7528”

Exper iment B4t -

dddddddd | I T |
........ L) Lt il

D= TN—=NOT

180867756805%800995
75421098754171792297

9999 9988888877655322

-

CW—I~NDMO T O — DN MO T
OO —— NN TUNINOD-~D OO
00000000..00000000000]

[=l=l=lalelelelelel—]el=]ol-lel_fal—]=-]—}

= belqw detection level . -

Note: b.laq.
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Lead Lithium

data far Batch C

o)

4
Species concentration [m}

Cadmium Chromium

(low liquid-to-solid ra
pH

Titration and Solubilit

Exper iment C4i

(enre]

Table VIII-3
Cumulative
acid added

33333333333%333333333333333
I A A A A A A S e A i
EEEEEEEEEEEEEEEEEEEEEEEEEEE
OOWVD—DDO@MODMIMINI=I~T~ O~ OO O — D = D s
MMM TNO N OO DO N O O N —mMm —m

...........................
llllllllllllllll Ol OO OO
O~ Q0 a0 0 @M WO @ G0 00 M M @O WA NN N NN T I
A A A A A A A A ST

1 I 1

il wwuiul b i)t ot gldtoo bl
L= MOoOMNOM—mMTOOMMMDMNGOOONNN—MOS

---------------------------

666666666666666666666665554
NN A A AT A
1
EEEEEEEEEEEEEEEEEEEEEEEEEEE
NOINDWNOWV—NOMNMNT T LTI T ITOINN~NOM~IN T
M~ = @0 M UIO M AL~ U LD DN D O O N LD
...........................
— et O N O TN T O ot O ot ot vt ot ey ot ot et ey et e WINMO N

a4 S QOOOVDUINOD D g Mmmmmommm

—_—O——O0000000C00CCODO000000
R . .

— L NN O T et OV [ o [ P ) et et vt s vt e

TR =00 T N T NN @O OO O O M A X —
O~ DY M —OOAONE N—~DOY «MAOLOLWN

OO 99888777 e 43333

o

COTO@MNNIOOOTOYDOONTIODOQ@MNOD
COOOO~ ——~NNNNNNAMMMME T TN
..........................

0000000000%000000000000000

txperlment C4ii

= O MM WO D=

TN T WD
t SNT OOV
==

S adwTmmmm

-

cCcotboomMoOmo

.0012345667

0000000000

o

= bgdow detectioq,level

.d.

b.1

Note:
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Lithium

data for Batch D
Lead

(=}

£
Specles concentrattion [M]

ubtlit
-to-solid ra
Cadmium Chromf{um
Experiment D4i

Titration and So)
oH

(low liquid

[meq/qg]

acid added
w.w.b

Table vIII-4
Cuhulat1vé‘

-------------------
T T N vt vk ol et et g et et ) T et vk ) ot et

-------------------

DD ADADLDAD WO WO DDDOO OO T T M
AR AR
[ [ 1 [N

0 L L L L o L o L G e L L )
TONM—=—=~ OO NOYO =0~
O =N ~OTOWV—~~ OB DM DO D

-------------------

ODNODO=~~ OO T mmm
0000%0000000000R000
L e I B e I R I B R N I Y
ey LN Y TN LT PO P [ [P N T [ TY I P TN T T
COOODE~NOMUNIOTE MOY
PNAROFMO—=OD—DONRD TP

--------------- .

R =N oMo oM NN
O~ TNDNO VMO —OD DM M

-------------------

.

[=l={=l=lal=lelolelela] =Yool = alw =)
DNTODONMINO DO TOHNY
O O O Y o ot ot 1t =t it 71 ot ot NN oNMmIm

Experiment D411

IO OO O O IO O N O N N Y
AN

T et b et el oy Ot gt gt et e S ot vl e o ot o —

05
04
E-04
04
03
03
03
03

|
Lt =
W0« M= OWNONOM~ OO
T O0OVDOM~NMMMED—DN M
.

e e R he w e e e e
———— N T UID — T O e (DD e o e e
DO T O (DG T T T )

0
COooCOOXOCCOoOOOoO |
LI O I I 7V I R R R R R I

------

20 QO OO NN T X X M N N o (N o)

P~ =YY= ORNNT RN T

=NV IOTOOMPYMETNNMMOY
MONNOMOONONRTONMS T M—O@
............... « v s s s

—

»

a
COO000000000GO0O0o0000
ONTODONTND~DNS T DD
L2 T I B I A ‘s = = % 8 8 . oo ', LY ] LI )
OOCDOC et it e OO N MR

%

below detection levels

Note: b'1.d.



Table VIIiI-5 EmpirIcal relationships for the soiubility oF
metalg from Batches C and DO (moi/L). -
(plotted on Figure 7.4) -

o

Cadmium [Cdt] 10(3.808 ~~ pH - 9,52/pH)

'  410(-8.06)
+10(-2C.0 + pH)
Chromium [Cr}] = {2.081 - 2%pH)
+10(=5.425)
¢ .
Ltead - [Pb] = 0(0.1795 - pH)
o Fg(-75107)
+10(=18. 4% + pH}
" :
-
LY
r -
A
oy
S



Table VII1-6 Gran analysis in the tltration of a solfd’s sample.

S

The purpose of this analysis s to determine the end point in
the titration of a soliid’s sample. When the acid -added remalns as free
HY, the followling relationship holds (Stumm and Morgan, 1981):

R A L N AR Cs ),
where V. i Initial volume of sample (L}
* v 1 volume of strong acid added {L)

Ve @ volume of strong acig corresponding to the
end point of titration {L]
Ca » molarity of strong acid
. . .

The left hand term of Eauation | Is referred to as F, and plotted as a .
function of v. When Fi = 0, the titration end point Va Can be’
determined. In order to use the method to determine the end point of
the titrations performed in batch mode (Section 6.2.3), the following
changes are required. . = '

- 4 P

- define V|, the total volume of ltaquld present per gram of wet
waste present in each titration bottle (f.e.. water from the
solfd’s pores and water added to .perform the test). Vi 1Is
constant since the amount of distilled water and added was
adJjusted to provide a constant Hauid-to-solid ratio.

- define a, the amount of acid added per gram of wet solid,
expressed In meq/q. . :

Equation ! can be rewritten as:

, 1000 v * 107PH = (g - g, - (2)

'The factor of 1000 transform [eq] into fmeq].

VL = water from + water from
sample solution added
For 1 gram of wet so!td sample, . .
w . R . .
i . D
Yu 10G¢0



¢ water content [w/w. w.w.b]
. Yw © water density [a/N]
% R : ilquid-to- -solid ratlo [w/w,

where W

W.w.b)
RepIacing Equation 3 lnto Equation 2 and simplifying leads to

(Ww+ Ry 1070PH = (5 ag) (4)
where a + acid added {meq/q) .

8, : titratjon end pofnt

e,

4]

-

233
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Figure Vili—1 Titration Curves
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Figure VIII—3 Titration Curves
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Append s 11X

RESULTS OF TITRATION AND SOLUBILITY (HIGH L/S)
Table {X-1 Titratlon and solubl1ity data for Batch C\‘
Table 1X-2 ~ Titration and solubll ity data for Batch, 0/
Figure IX-1 Titratfon at high L/S (cadmium) .

Figure IX-2 Titration at high L/S (chromium).
- v
Flgure IX-3 Titratlon at high L/S (lead). "

-
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Amount Insciuble [uM/gram wet ma.f—md

Amount Insoluble uM/gram wet mairihd
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Figure 1X—1 Ti’rrc’rion—high L/S
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{
Table X-1
Table X-2
Table X-3
_Table X-4

.-

- .
Apmmenda i < X

"RESULTS OF STATIC LEACHING.

Leaching experiment 85( results,
Leaching experiment B51{ results.

Leaching experiment C5i results,

Leach{ng experlment'bSlﬁ results.
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. Table X-1 Leaching‘Expériment B5 1 Results.

" Experiment: B5i
duratfon: 72 hours

Specihen Characteristics . '_ Leaching Characteristics

: . , f |

. Batch: Powdered S1)ica-cement (B) : Reactor’s volume: 2.0 liters
Shape: straight wall jar . - Flow Conditions: static ]
Volume: 0.340 V11ter . o Leachant Composition: 0,001.'M HNO3 e
Weight: 597.0 grams . " lonic Medium: 0.02 M KNO3 )
Surface: 69.4 cm2 o . !
Water Conten§ (w.w.b): 0.24 N . - ‘ .
NOTE: The reactor’s volume decreased by 20 mls each time ¢ % 1

a sample was taken for metal analysis.

~Time . Concentration .[M]
" [hours] pH . : N
) - Cadmium Lithium

—_ .

3.18 - 9.00E+00 0.00E+00

- 6.0
0.2 3.20 . 3.20E~06 9.51E-05
- s ‘3.6 - 3.26 4.45E-06 4.78E-04
21.3 3.584 - 1,26E-06 1.25E-03
44.7 3.89 | 8.17e-06 1.87E-03
67.4 4.35 ' 7.26E-06 2.16E-03 . C {
. o
{
4 } B ﬁ.
I E]
i " 1
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Table X-2 Leaching Exper!ment B51 | Results. )

Experiment: BS1{
s duration: 72 hour's

) ‘ . . "‘ : .- i | (:\

Spec!men Characteristics = Leaching Characteristics

Batch: Powdered S{)ica-cement (B) Reactor’s volume: 2.0 liters,

Shape: straight wall gjar Flow Conditions: static

Volume: 0.340 liter = . ) Leachant .Combosi€ion: 0.001 M HNO3 .
Weight: 597.0 grams . " lonic Medium: 0.02 M KNO3

Surface: 69.4 cm? . . o

Water Content (w.w.b): 0.24 o . :- ) -

. . T a )
NOTE The_Feactor’s volume decreased by 20 mls each time
a sample was taken for metal analysis.

-

Time  *- ,\\/ﬁ C e * Concentration [M] ° oL
[hours]) - . pH Lo
, : : T Cadmium Lithlum
! o.0 30 C 0.00E+00. 0. 00E+00 .
< 0.1 3.]? ' 2.67E-07 8.93E-05
3.5 3.16 .. 3.205*06_4;47E‘04
21:1 3.46 7.56E-06" 1.30E-03
68.5 . 4,32 . 7.12E-06 2.45E-03 . . .
- , ._‘ —-J ‘ ' 'Y
v
;
kd _} : ’
. ) k-
2N '
< ' B
) .
I ' B .+
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Table X-3 Leaching Experiment C5! Results

Experiment: CSi

3

Duration: 672 hours ; ot
Specimen Charéctgrlstics ~ tLeaching Characteristics
Batch: Fly Ash;cement (C} Reactor’s volume: 1.1 liters
Shape: strafght wall Jar . ' - Flow Conditions: static
Volume: 0.0517 liter : Leachant Composftion: 0,001 M HNO3.
Weight: 83.0 grams \ . lonic ‘Medfum: 0.02 M KNO3.  °*
‘Surface: 15.9 cm2 < . - -

,Hater,Contept (w.w.b): 0.31

'///n NOTE : Tﬁe reactor’s volume decreased by ZU‘mIs each time
' ., @ sample was tsken for metal analysis. .

a .

‘ Téme- - : L . Concentration (M)
* ° [hours] " pH -

‘ . »__‘ﬁ-hhAgas?ic Cadm!ium Chromium Lead Lithium

C T 0.00E400

0.00E+00 0.00E+00 0.00E+00 0.00E+00
¥ 8.0JE-07.1.17E-06 3.85bg07 5.84E-07 4.76E-05
" 1,12E-06 1.66E-06 4.42E-07 5.B4E-07 9.65E-05
1.12E-06 1.37E-06 5.00E-07 5.84E-07 1.25£-04
1.12E-06 1.27E-06 3.65E-07 t.45E-07 1.B7E-04
. 7.61E-07 8.81E-07 3.08§;07 5.31E-08 2.03E-04 .
. 8.81E-07 5.87E-07 '3.08E-07 4.83E£-09 2.33E-04 -
- © . 1.,2BE-06 2.22E-07 3.08E-07 4.83E-09 2.48E-04
oo 1.28E-06 1.96E-07 3.46E-07 4.83E-09 Z.45E-04
2.98 : '
3.01 ,
3.15 : '
3.21 ~--
3.57 -
£ 3.69
3.83
4.09
4.37 . .
6.54 ’ BN
6.62 . . . -
- 7.30 T - .- ,
162 |
Y.78 : - :
8.1t )
8.04. -
. 8.09
p ’ o
[ ]
S
: J - . 4



Table X-4

Experlﬁenﬁ: C51i

duration:

672 hour

Specimen Characteristics

A ———

" Batch: Fly Ash-cement (CY

Shape: .strafght wall jar

Surface:

Time

[hours] .

_ Volume: 0.0517 titer
" Weight: B3.0 grams

15.9 em2 - -
Water. Content (w.w.b): 0\3}

Léachlng Experiment C511 Results. ..

S

oy

Leaching Characteristics

—— et e, ——————————

Reactor’s volume:
Flow Conditions:
Leachant Composition: 0.001
lonfc Medfum: 0,02 M KND3

1.1 liters
static

NOTE The reactor’s’ volume decreased by 20 mls each time
a-sample was taken for’ metal analysls

" PH

3.14
© 3,21

3.73
.3.89
4.16
4.45
T 5,22
- 7.81
8.15
. 8.41

v
2.98
2.99 -

»

. Concentration [M].

H HNO3

"\\ .

4

‘ Arsenic

" 3.58°

8.24 .

8.45

8.35 . .
8.35 _ -

B
-l e — —— (D O -

L00E+00

.41E~07
.04E-06
.D4E-06

.12E~06

.00E-06
. 15E-06
. 44E-06
.6BE-06

i

- Cadmium

.00E+00

.TIE-06

.66E-06
. T6E-06
.47E-06
.83e-07
.A1E-06
L96E-07
.22E-07

Chromium

0
3
3
4
3.
2
5
4
4

.00E+00
.08E~07
.85E-07
.62E-07
85E-07
.88E-07
.00E-~07
.04E-07
.04E-07

Lead

0.00E+00
3.72E-07
6.37E-07
6.37E-07
1.79E-07
3.38BE-08

4.83E-08 -

1..45E-08
4.83E-09

‘Lithium

0.

.47E-05
.24E-04

02E-04
.29E-D4
LA4E-D4
.45£-04

00E+00

.S51E-05 .

4
9
1
1.84E-04 -
2.
2
2
2



Table

Table

Table

Table

‘ Tab[e

Table
Table

RESULTS OF DYNANIC LEACHING (CONTINUOUS FLOW)
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Table X!1-1 -Leaching Experiment A6 Results,

Egperlment: A6
Duration: 48 hours

Specimen Characteristics Leaching Charactegistics

-Batch: Powdered Silica (A) ) Reactor’s volume: 2.0 ){ters
Shape: soxhlet thimbie Flow Conditions: 3.28 | /day
Volume: 0,130 liter _ Leachant Composition: 0.001 M HNO3
Wefght: 247.0 grams o lonfc Medium: 0,02 M KNO3

Surface: 295.0 cm2
" Water Content (w.w.b): 0.24

Time* .. ) Concentration [H]
[hours) o pH
. : : Cadmium Lithium
0.00 3.00 0.00E+00 0.00E+00
1.00 ' 3.10 ) 2.95E-06 5.30E-04
3.00 . - 3.15 1.25E-05 7.91E-04
5.00 3.15 1.60E-05 9.51E-04 :
7.00 - 3.18 | . 1.92E-05 8.94E-04 \
9.00 3.18 1.69E-05 9.01E-04 . .
11.00 3.20 2.82E-05 9,.35E-04
13.00 3.20 3.35E-05 9.19E-04 - .
15.00 . 3.17 3.53E-05 B8.26E-04 v
17.00 3.18 - © 4,41E-05 8.24E-04 ' :
19.00 : 3.18 «3.79E-05 7.70E-04
21.00 R 1 ) 2.82E-05 7.23E-04
- -23.700 0 3.16 . 3.53E-05 6.90E-04.
25.00 -~ L. 3.15 3.18E-05 6.46E-04
27.00 S 3.14 2.23E-05 6.23E-04
0 :29,00 0 - 3.14 . 2.23E-05 5.89E-04
31.00 ‘ . 3.13 "~ 3.35E-05 5.55E-04
33.00 - 3.13- : * 3.35E-05 5.29E-04
35.00 . 3.13 ° " 3.35E-05 5.00E-04
+ 37.00 3,12 '2.23E-05 4.7BE-04
39.00 ] 3.12 K . 2.82E-05 4.S1F-04
41.00 ’ 3.12 2.32E-05 4.28E-04
43.00 . . ‘ 3.12 . 3.IBE-Q5 4.02E-04
45.00 - 3.12 -+ 2.47E-05 3.8BE-04

LT

47.00 3.12 ; . .2.65E-05 3.67E-D4
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Table X1-2 Leaching Experlmentlﬁﬁi Results

Experiment: 861

duration: 48 hours
Specimen Characteriétlcs e Leachlng.Charactefistics
_— r |
Batch: Pawdered Si11ca-cement (B) . Reactor’s volume:.2.0 liters
Shape: straight wall Jar Flow Conditions:  2.80 L/day
Volume: 0.340 titer o Leachant Composition: 0.001 ¥ HND3
Welght: 597.0 grams - ‘lonip,ﬂedluq# 0.02 M KNO3

Surface: 69.4 cm?
Water Content (w.w.b): 0.24

Time Concentratfion [M]
{hours] - pH .
. Cadmfum
0.0 3.02 - 0.00E+00
..o - 3.09 [.33E-06
3.0 L3130 - 2. 14E-06 ..
5.0 3.16 3.56E-06 -
7.0 - 3.17 3.29E-06
9.0 . 3.19 -’ 4,09E-06 .
11.0 3.21 - 3.65E-06
13.0 3.23 iy 4,45E-06
15.0 3.24 3.74E-06
[7.0 3.25 3.74E-06 .
19.0 3.26 4, 45E-06
21.0 3.27 ) .+ 3.83E-06
23.0 . © -3.26 - 3.56E-06
25.0 - + 3.25 o 4.00E-06
27.0 . 3.23 3.3BE-06
29.0 . 3,22 ’ . 3L11E-06
-31.0 . 3.21 2.94E-06
33.0 . E 3.2, . 2.94E-06
35.0 ¢ 3.20 - 3.65E-06
T 37.0 " 0.32 © 3.20E-06
39.0 3.21° 3.47E-06 -
41.0 \ 3.20 " 2.67E-06
43.0 3.20 2.67E-06
45.0 3.20 3.29E-06
47.0 3.20

2.49E-06
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Table XI-3 Leaching Experiment B611 Results,

Experiment: B61§
duration: 48 hours

- Specimen Characte}lstlcs S f Leaching Characteristics
—— > -_T
'_ . ', -
Batch: Powdered Si1ica-cement (B) - © AReactor’s volume: 2.0 liters
‘Shape: straight wall Jor . ) .' " Flow Conditions: 2.89 L/day
Volume: (Q.340 liter , Leachant Composi{tion: 0,001 M HNO3
. Weight: 597.0 grams * lonic Hgdium: 0.02 M KNO3

© Surface: 69.4 cm2 .
Water Content (w.w.b): 0.24

-
-

. Time , ‘ Concentration (M)
[hours] . pH <. '
: Cadmfum Lfthium
% .
- 0.0 3.02 0:00E+00 0.00E+00-
1.0 3.10 1.87E-06 2.13E-04
3.0 3.11 3.29E-06 3.88E-04
5.0 3.14 3.91E-06 4.55E-04
7.0 3.18 4.00E-06 5.13E-04
- 9.0 3.18 _ 4,1BE-06 S.S0E-04
. 11.0 3.19 4.36E-06 5.72E-04
13.0 - .18 . 4.45E-06 5.61E-04
15.0 3.20 4.27E-06 5.82E-04
17.0. 3.24 4,45E-06 5.82E-04
19.0 | 3.24 . 4, 45E-06 5.78E-04
21.0 3.25 . 4,18E-06 5.69E-04
23.0 3.28 . 4,36E-06 5.48E-04
25.0 o ©3.23 4.27E-06 5.296-04 ST
27.0 To3.21 4. 18E-06 5.36E-04
29.0 - 3.20 . 3.91E-06 5.23E-04
31.0 : L 3.20 4.00E-06 5.12E-04
33.0 3,22 4.00E-06 4.97E-D4
35.0 - 3.23 4.09E-06 4.80E-04
" 37.0 : 3.25 '3.65€-06 .4.83E-04
39.0 3.2% 3.74E-06 4,63E-04
41,0 - . 3.24. . 3.65E-06 4.45€-04
43.0 : 3.23 3.74E-06 4.38E-04
45.0 . 3.21 © 3.65E-06 4.21E-04

0 ' 3.22 3.56E-06 4.1BE-04°,
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Table XI-4 Leaching Experiment C6! Results.

Experiment: C6i ' ’ '
Duration: 172 hours '

Specimen Characterjistics . Leachlng'Character[stlcs

Batch: Fly Ash-cement (C) - Reactor’s volume: 1.94 |iters
Shape: strafght wall far . Flow Conditfons: 1.3 L/day
Volume: 0.340 1iter Leachant Composition: 0.001 M HNO3

Weight: 550.8 grams . Ionfc Medium: 0.02 M KNO3
Surface: 69.4 cm2 .
Water Cohtent (w.w.b): 0.31

. Time | . Time N Time
. [hours} pH [hours] pH Lo [hours]. pH
0.00 73.02 5.37 3.52 ‘69.92 3.80°
0.03 - 3.06 5.62 3.55 71.20 3.80
0.18 3.08 6.03 3.57 12.07 3.79
0.33 3.10 6.28 3.58 - 72.83 3.79
0.43 3.15 , 9.47 3.73 73.78 3.78
© 0.68 3.19. . 24.23  4.05° 74.68 3.78
0.87 3.21 : 25.22 4,06 , 75.10 3.78 -
.12 3.23 - 26.40 4.06 75.93 3.77
1.45 3.26 27.12 4.06 77.57. 3.77 .
1.62 " 3.28 28.25 4.06 - 97.97 "~ 3.74
.1.87 .3.30° 29.47 . 4.05 99,37 3.73
2.03 3.31 - 30.22 °  4.05 . 101.10 3.73
2.20 3.33 } 30.83 4,05 : 124.47 3.79
2.37 3.34 ¢ 31.45 . 4,03 142.53 3.72
2.77, 3.37 . 46.28 3.92 . 145,62 3.72
2.95  3.39 46.78 3.92 VYY) 3.72
3.20 3.41 47.77 3.9 149.50 3.7t
3.53  3.42 48.28 3.91 - 150.32 3.70
3.70 3.44 .. 4B.85 3.90 166.25 3.68
3.87 3.45 50.03 -3.88 168,93, 3.68
4.12 3.46 51.37 - 3.87 171.37 3.67
4.45 3.48 52.33 3.86. : i72.42 3.67
4.70 3.49 © 53.53 3.85 ’ © final
3.85 calibration 3.59

. 5:12 3.52 " 54.30



Time
[hours]

6.75
10.8
14.1
18.1
22.1

26.1

30.1
34,1
38.1
42.1
46.1
50.1
54.1
58. 1
62. 1
66.1
70. 1
74.1
78.1
82.1
86. 1
90.1
96.2
102.3

106.3

1t0.3

114.3

118.3
122.3

126.3
130.3
134.3
138.3
142.3
146.3
150.3
154.3
158.3
162.3
166.3
170.3

Table XI-4 Leaching Experiment C61 Results (cont‘d)L

Leachate
Weight
(g]

. 207.3
298.1
153.0
221.8
209.1
230.2
222.9
201.7
237.2
218.8
211.7
203.4
227.7
232.4
205.2
209.2
223.8

211.3

246.9
211.9
214.2
216.8
220.1
444.5
259.4
215.2

192.4

227.8
213.7
166.5
108.3
215.0
207.4
211.4
174.4
263.9
i99.2
256.8
214.4

.2
207.4

209.2

-,

-~

Concentfatlon [M]

Arsenic

6.14E-07
7.21€-07
6.94E-07
7.61E-07
7.07E-07
6.41E-07
4.80E-07
8.54E-07
3.876-07
4.14E-07
1.12E-06
6.41E-07
5.34E-07
*8.01E-07

. 6.54E-07

5.47€E-07
6.27E-07
5,07E-07
5.87€E-07
- 7.47€-07
T.25E-07
1.49E-06
4.54E-07

6.41E-07"

5.34E-07
5.07E-07
5.87e-07
4.80E-07
71.21E-07
5.47E-07
5 . 3‘E"07
6.67E-07
7.47E-07
. 3.87E-07
4.80E-07
4,94E-07
4,27E-07

4.40E-07 -

4.40E-07
4.00E-07
3.60E-07
3.8 7

-

Cadmium Chrom!um

5.34E-07
8.90E-07
9.79E-07
8.01E-07
8.01E-07
8.01E-07

T1.12E-07

7.12E-0%
6.23E-07
7.12E=07
8.01E-07
8.01E-07
8.90E-07
1.07E-06
1.25E-06
1.25E-06
1.42E-06
1.33E-06
1.60E-06
1.60E-06
t.60E-06
1.69E-06
1.51E-06
1.60E-06
2.14E-06
1.78E-06
1.78E-06
1.51E-06
1.60E-06
1.60E-06
1.78E-06
1.60E-06
1.60E-06
1.51E-06
1.60E-06
1.51E-06
1.42E-06
I.42E-06
1.51E-06
1.42€-06
1,42E-06
1.42E-06

0.00E+00
3.85E-07
1,92E-07
3.85€-07
3.85E-07
3.85€-07
2.69E-07
2.69E-07
2.50£-07
2.31E~07
2.31E-07
2.50E-07
2.31E-07
1.73€-07
1.92€-07
1.S4E-07
1. 73E-07
2.12€-07
1.92E-07
1.73E-07
1.92E-07
7.89E-07
2.12E-07
2.12E~07
3.85€-07
2.12E-07
2.31E-07
1.92E-07
1.92€6-07
1.92E-07
2.69E-07
2.31E-07
1.92E-07
1.926-07
1.73E-07
1.92E~-07
2.12€-07
1.92E-07
1.926-07
1.92E~07
1.926-07
1.92E-07

Lead

2.12€-07
2.36E-07
2.08E-07
2.17€-07
2.17E-07
2.08E-07
1.326-06
1.52E-06
1.336-06
|.42E-06
1.52E-06
1.52€-06
1.52E-06
1.42E-06
1.52E-06
1.62E-06
1.82E-06
1.82E-06
1.93E-06
1,82E-06
2.13E-06
2.84E-06
2.13E-06
2.23E-06
2.33€-06
2.03E-06
2.43€-06
2.33€-06"
2.13E-06
2.036-06
2.43E-06
2.43E-06
2.33€-06
2.33E-06
2.43€-06
2.43E-06
2.53E-06
2.23E-06
2.74E-06
2.64E-06
2.B4E-06
2.84E-06

251

Lithium

3.60£-05
6.4BE-05
71.78£-05
8.36E-05
B.93E-05
9.22E~-05
9.36E-05

9.36E-05

9.22E-05
9.226-05
9.226-05
9.08E-05

8.79e-05 ..

8.64E-05
8.21£-05
8.21E~05
8.07E-05
7.78E-05
7.78E-05
7.49E-05
7.35€-05
7.06E-D5
6.77E-05
6.63E-05
6.4BE-05
6.34E-05
6.05€-05
5.76E-05
5.76E-05
5.91E-05
6.20E-05
5.91E-05"
5.62E-05
5.47E-05
5.47E-05
5. 33E-05-
5.19€-05
5.04E-05
4.90E-05
4.75E-05
4.47E-05
4.61E-05

\
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w Table XI-5 Leaching Expeﬁlment C611 Results,
Experiment: C611
Duration: 296 hours
Specimen Characteristics Leaching Charactgrlstics
. A » -
Batch: Fly Ash-cement (C) Reactor’s volume: 1.94 liters
Shape: straightewall _jar Flow Conditions: |.3 L /day
Volume: 0.340 11ter Leachant Composition: 0.001 M HNO3
- Weight: 550.8 grams lonic Medium: 0.02 M KNO3
Surface: 69.4 cm2 3.
Water Content (w.w.b): 0.31
Time jr Time
[hours] pH [hoursq pH A
0.0 C3 . 58.0 3.72
2.0 3.19 62.0 3.7
6.0 3.47 . 66.0 3.69
10.0 3.67 ' 70.0 3.72
- 14.0 .’ 74.0 3.69
- 18.0 3.96 78.0 3.68
22.0 3.87 82.0 3.69
26.0 3.82 86.0 - 3,69
30.0 3.78 90.0 3.67
34.0 3.76 94.0 3.66
38.0 3.75 T 98,0 3.63
42.0 3.75 102.0 3.61 :
46,0 3.74 106.0 3.61 .
50.0 ° 3.73 : 110.0 3.6] ’
54.0 3.72 PH data missing to the
C . end of experlment, ‘



Table XI-5 ‘Leaching. Experiment C611 Qesults (cont’d).

Time Leachate
(hours]  Welght

(g}’
. 2.0 285.2
6.0 254.9
10.0°  106.9
14.0 113.0
18.0 123.2
22,0 212.5
26.0 229.2
30.0 230.0
34,0 228.6
38.0 223.3
42.0  '230.5
46.0 " 237.7 -
50.0 215.3"
54.0 230;0
58.0 231.1
62.0 299.9 -
66.0 230.7
70.0 230.7
74.0 131.7
76.0 - Me63.8
82.0. 100,2
86.0 153.9
. 90.0 121.0
94.0 - _167.7
98.0 17327
102.0 107.8
106.0 88.9
118.0 163.2
114.0 11.6 .
118.0 0.0
122.0 0.0
126.0 - 0.0
" 130.0 0.0
134.0 0.0
138.0 176.2
142.9 230.7

' 162.0 - 226.3

3 - NA

Concentration [M)

Arsenic

4.27€-07
A
1.28E-06
_NA
1.07E-06
"NA
1.12E-06
. NA
1.04E-06
NA

" 1.01E-06
'NA
6.54E-07
NA

NA
.. NA
6.14£~07
3.07E-06
NA
NA
NA

T.21E-07

~ “Cadmfum Chromfum

NA
. NA~
NA .

O NA
‘ . 6.67E-07

NA -

NA
NA

NA

. NA

. NA
6.41E-07
"NA

NA

5.61E~07
- NA
NA

NA n

-

5.34E-07 1.54E-07
; NA NA
1.256-06 2.69E-07
NA NE
1.25€-06 2.88E-07
NA T NA
-1,33E-06 2.69E-07
NA NA
1.07E-06 2.69E-07
‘NA . NA
1.25€-06 2.12E-07_
. NA NA
1.25E-08 3 2’%—07
N " NA

NA NA

NA , NA

NA " ONA
1.426-06 2.12¢E-07
1.07E-Q6 1.54E-07
’ A NA
4 NA | NA
NA NA
1.51E-06 2.12E-07
"~ NA NA

NA NA

NA NA

T NA - NA
1.51E-06 1.92E-07
NA. NA

NA .NA

NA . NA

NA . NA

. NA NA

. NA NA
1.33E-06 1.73E-07
NA . NA

NA NA
1.25E-06 1.73E-07
" NA "NA
NA L NA

NA"  NA

Lead

T.96E-07

1.75E-06

1.06E-06
NA

: NA
T.43E-07
NA
NA
7.43E-07
NA

NA

NA

Lithium

T6E~06
NA
.47E-05
NA
.06E-05
NA
.36E-05
NA
.36E-05

253

NA .

.50E-05
NA
.21E-05
CNA
\NAI

NA

NA
.64E-05
.17E-06
CNA
NA

NA
.06E-05
: NA
NA

NA

NA.
.05€-05

NA

NA -

NA
NA
NA,

.19E-05
"NA

"NA
.04E-05
NA

NA

NA

NA+



- Time
(hours)

166,
170.
174.
- 178.
182.
186,
- 190.
194.
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NN
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DO 0000000000000 ODOOO OO CO

Table Xi-5

Leachate
Weight
. (g]

425.9
- 29.2
227.6
230.6
214.8
241.6
226.6

Leaching Experiment C61f Results {cont’d).

A -

Contentration [M]

-

Arsenic

NA
6.14£-07 |
NA
NA
NA
NA
4.406-07 1

NA

NA

NA

. NA
‘6.41E-07 1

" NA

NA

NA,

NA
4:81E-07 1

NA

NA

NA
3.74E-07 1

NA

NA

NA

NA

"NA

NA

NA

NA

. NA
2.BOE-07 8
. NA

NA

Cadmium ChromTum

NA
.25E-06
NA
NA

NA .

NA
-16E-06
NA

NA

NA

NA
.25E-06
NA

NA

NA

. NA
-25E-06
NA

- NA

NA
.07E-06
NA

NA

NA

NA

NA

NA

NA

NA

NA
.01E-07
- NA

NA

NA
2.31E-07
NA
NA -
+ NA
- NA -
1.73E-07
NA
NA
NA
NA
1.736-07
NA
NA
. NA
NA
1.926-07
, NA
NA
NA
1.73€-07
NA
NA
NA
NA
NA
NA
NA
NA
. NA
2.88E-07
NA
NA

NA

254

NA- . -

Lead Lithium
NA NA
9.03E-07 4.90E-05
NA NA
NA - NA
NA NA
NA NA
T.43E-07 4.18E-05
NA NA
NA NA
NA NA
NA NA
6.37E-07 3.89E-05
NA NA
NA NA
"NA NA
. NA
6.37€-07 3.75E-05 -
NA NA
NA " NA
R 7 NA
6.37E-07 3.46E-05
NA *NA
NA NA
NA | NA
NA NA
- M .
T NAC NA
NA NA
NA NA
- NA . NA
B8.49E-07 3.31E-05
NA NA .
¢
gt
»
)
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Table XI1-6 Leaching Experiment D61 Results.

. Experiment: D61
Duration: 310 hours

Specimen Characteristics

*
\

Batch: Fly Ash-cement (D)
Shape: 2 -inch cubg

Volume: 0.1311 liter
Weight: 221.0 grams
Surface: 154.8 cm2 - . ..
Water Content (w.w.b)l: 0.24

\

\

Tfme Leachate
[hours] Weight

],
.00 - o,

* 3.0 Ses.5
9.0 368.5
15.0  368.5
21.0  368.5
27.0 . 267.2
33.0.  289.0
39.0 . 281.7
45.0.  312.4
51.0  293.2
57.0  288.8
63.0  284.5
69.0  297.8
75.0  292.2
81.0  286.8
87.0  260.4
93.0  258,2
199.0  274.7
105.0  275.1
11120 252.9
117.0  264.2

.123.0  264.7
129.0  260.1
135.0° 258.2
141.0  247.3
147.0  269.3

T
X

.

-

.

COQGOo YW
DN N — B

o
wh

(=]
E-N

Leaching Chafactetistlcs

-

Reactor’s volume: 2.25 liters:
Flow Conditiqns: 1.0 L/day
Leachant Composition: 0.002 M HNO3
lonfc Medium: 0.02 M KNO3

Time Leachpte

231.0 . 245.8
237.0 223.7
243.0 277.0
249.0 281.4
255.0 240.2

" [hours] Weight pH
: . gl
153.0 272.9 - l
159.0 ¢228.5 4
165.0 245.5 0
171.0  © 269.6 .80
177.0  260.9 !
183.0 271.5 ' 4
189.0 264.5 - 9
. 195.0 261.6 2
201.0 255.0 .09
207.0  278.2. .03
213.0 . 153.0° 3 )
219.0 - 0.0 9
225.0 0.0 4 -
6
2
4
5
6
g

. 261.0  267.2
\.267.0.  278.7
-273.0  283.5

PO d DD OO0~ ~d~d~d~d DD D
— u:g;c:u:c:xo NWID OO O = NNWDON A

6
279.0  248.7 .14
'285.0  255.2 5.7
291.0  263.6 5.32
2971.0  281.6 4.87
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Table X1-6 Leachi

]

ng Experiment D61 Results (cont’d).
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Table X1-7

‘Experiment: D61!

Duration:

312 hours

Specimen Characteristics

‘Batch: Fly Ash-cement (D)
Shape: 2 inch cube
_Volume: 0.1311 11t

er

Weight: 221.0 grams

Surface:

]

186.0

154.8 cm2
Water Gontent (w.w.b): 0.24
. . ."‘.
Time Leachate
[hours] . Weight
' fal-
0.0 . 0.0
0.7 -, 131.4
_3.8  30t.1
.B.6 . 297.5
13.4 307.3
18.2  312.5
.23.0 311.0
27.8 285.6
99.0 286.5.
104.'4 253.2
109.2. 243.6
" 114.0° _ 254.6
‘118.8  3259.0
123.6, . 248.3
. l28.4° .274.2
133.2 *. 2717.3.
138.0 265.7 -
1428 269.0
147.¢ - 270.3 -
152.4 "271.1
157.2  267.6
164.4° 514,
17t.6 - " 297.3
176.4 277.5
181.2- 296.2

300.8

%

Tt

PH

"2.82
2.98
' 3.66
7.28

9.58 .

9.94
10,09
10.14
10.12
10.00°

9.91 -

© 9,82
3.80
.9.66
- 954
9.40
9,36
9.25
8.96
. 9:'. 66
8.40

AT

7.84
7.64
1.45
7.23

e
. s

Leachijg ﬁxperlmentloﬁil‘ReSUIts

T
N

»

Leaching Characteristics

Reacfor's volume: 2.25 11ters

Flow Conditions:
Leacharit Composition: 0.8Q1 M HNO3J
lonic Medjum: .02 M KNO3

.\_

~ Time Leachate
[hours] Welght
_ fd]
190.8  299.2
195.6 300.9
200.4 298.8
"205.2 305.9 -
210.0° 306.7
214.8 303.8
. 219.6  311.4
224.4  312.0.
229.2 320.3
234.0 “273.8
238.8 315.6
243.6 328.6
248,4  314.7
253.2 316.4
258.0 329.4
262.8 321.1
. 267.6 . 301.8
L 272.4_- 309.0
277.2  321.4
282.0 303.5
- 286.8  317.6 -
" 291.6 . 308.0
296.4 305.3
301.2 310.3
306.0 306.0°
310.8 300.8

1.5 L/day

ol
x

.

.
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Table XI—VT Leaching Experiment D6il Results (cont’d).
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RESULTS OF/bYNAH[C LEACHING (INTERMITTENT FLOW)

Table XII-1

Table XII-2

Table X1}-3 .

Table XI1-4
Table X11-5
Table XiI-6
Table XI1i-7
Table XI1-8
" Table X11-9

Figure X11-1-

Figure XI11-2
Figure XIl-3
Figure XI1-4

Apperdisx 11

Long
Long
Long
Lohg
téng
Long
Long
Long

term leaching
term leachling
term Ieaching
term leaching

term leaching

‘term leaching

term leaching

term leaching

Weight changes for

data
data
data
data
data
daza
data
data

for
for
for
for
for
for
for
for

sample
sampie
samb}e
sample

sample

sample
sample
sample

test after | year of leaching.

Arsenic concentration histery. o

Lead concentMation history.

R

Cadmium éoncentratién history:

.Chromfum concentration history..

E7i.

ETii.

F7i.

Frii.

G7i.

G711,

H7i e

HTIT.

the specimens in the dyﬁamic']eachfng
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TABLE X11-1

Long Term Leaching Data for the Fly Ash/Ch

’

i
mént /

Sollidification System (E?F). -
Leaching Cumulative Leachate Conductivity pH Concentration
interval Time Weight [uS/cm} of ks -
- [d) (9] ‘ [ng/L]
ey
0 0.00  1500.0 0 1.0 €0.002
I 0,04 1499.9 91 10.5 0.008,
A 0.15  1505.5 228 1.0 ¢.003
j 0.26  1500.5 221 1.0 0.005
A 1Ol . 1500.6 610 1.4 0.004
5 1.29 494,14 195 10.9 0.006
6 2.0 1500.7 -392 11.3 £.005
L 3.00  149%.1 385 (1.3 0.006
8 329 Me2T 293 16.4 9.007
-9 428 1502.1 280 {1 0.008
18 5,02 1508.4 - 139 1. 0.015
.l 6.08  I502.1 88 11,2 0.624 -
S12 102 [499.4 18l 1.9 0.020
13 B.18  1496.8 630 11.0 0.024
1] 9,29 1500.4 178 10.8 0.022
15 10.29  1501.2 164 10.8 0.019
16 12.08  1501.0 170 1.3 0.027
1 13,16 1501.8 R E[ TN | L0024
18 15.01 ~[499.5 248 1.0 0.036
19 .00 1500.5 - . 230 - 10,9 0,045
20 10.06  1498.4 123 5.6 0.033"
2 20.10  1501.3 - 168 10,8 0,040
22 22.08  1501.8 194 - 10.9 0.045
23 . .03 15006 188 10.9 0.042
7 26,18 1501.4 205 10.9 0.052
25 28.14 15071 1m 10.9 0,040
26 30.30 15063 800, 10,9 0.048
2 33,13 1497.0 205 1.0 0.050
28 0 .035.33 1503.2 143 106 0.044
90 - 330 150607 . 125 1005 0.049
30 40.09  1493.2 - 155 10.6 0.060
3l 42,31 1502.8™ 130 1S 0.056
1 45,34 1502.8 152 10.7 0.063
3 49.27  1498.2 108 10.4 0.056
| 3 51,32 _ 1490.8 TR R 0.050
35 5.21 1504.2 165 10,5 0.070 °
3 5719 149.3 107 10.3 . . 0,055
L 60.25  1503.7 144 10.6 - . 0,082
38 63.30  1500.4 43 1006 0.062
3% 67.04  1497.6 165 10.6 0.048
Y ‘ - .
-\ . & .

G

260



Table )(ll-ll Cont inued

<
Leaching Cimulatfve leachS}e Conductm_/pu " Concentration
interval , Time Weight  [uS/ca) of As
(d] {g]. (mg/L)
0 70,04 1495.2 122 10.5 0.051
4l 130 1512.1 140 d0.6 0.096
{2 17.00  1500.6 m 10.4 0.070 .
4 B0.30  1%06.3 1322 105 0.060
] 84.30  1502.3 147 10.5 0.078
45 88.30 15015 135 10,5 0,075
P 1 92.26  1501.6 130 10.5 0.090
i1 %.19 15107 95 10.7 0.088
48 100.22  1508.0 9 10.2 0.080
' 104,11 1503.4 122 10.4 - 0.088° .
50 109.31 1500.4 131 10.4 . 0,120
5t 115.23  1494.7 i32 10.3 ™ .0.116.
52 He.2¢  1500.2 80 9.9 0.072
‘53 123,25 15000 130 0.4 -
54 121,12 1509.0 106~  10.2
55 130.04 1500, 85 "~ 10.0
56 140.22  1508.8 167 . 10.3
81 144,07 1500.2 135 19,5
- 58 154.03  1502.6 130 10.1
59 160,21 1502.0 140 10.5
60 169.24  1500.0 150 104
6l 175.31. . 1508.6 133 10,2
-62. 182.22  1516.6 126 10.4
63 189.14  1500,5 120 104,
"Bd 195.20  1505.5 123 10.4
65 .- 203.24  |508.1 - 129 10.2
66 21505 1493.5 135 103
67 2710 1500.2. 109 10,1
" 68 24.4  1501.3 14 10.2
69 - 231.22 15024 107 10.2 0.150
/] 240.31  [507.0 118 9.7 0.1%5
Tl 245.22 - 1501.9 103 9.9 0.165
n 25211 1500.2 - 10.0 0.165
25905 1521.2 81 100 w80
/] 266.15 - 1509.9 106 10.1 0172
15 2414, 1500.5 105 - 9.8 0176 -~
76 280,19  i501.3 L8 9.8 0.200
~
o

by
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Table XI1-1  Continued

Leaching Cusulative Leachate Conductivity

8

%

B

WD MWD WD ND WO D WD WD W D DS
i i 1

%

interval Tine Weight [uS/ca]
+[d] (9]
n 287.13  1501.9 90
18 294,28 1500.5 87
79 . 300.30  -1503.1 85
80 31611 1500.0 122
8! 322,17 1502.1 n
81 320.26 15047 80
83 . 136.15  1504.9
Bd 343.26  1503.6 . B4
85 - 350.2% 1501, 75
86 357,25  1507.4
L 35.26  1501.5 83
88 379.31°  1502.7 109
o] 393,23 . 1513.8 106
90 406.31  1505.5 " 97
9l 424,21 1500.5 116
92 A4k:07 . 1502.6 . 108
93 456,25, 1502.1 103
94 47213 150117 102
95 484.02 " T} 81
9~ 437.10  1504.3 19
97 511,00 15019
98 495.23 15014 82
-99 526.08 - 1500.3 80
160 553.04  1502.9 9
‘101 567.02 - 1500.0 .1
107 581.03  1506.2 . B3
103 £95.06  1501.2 W19
104 610,03 15014 S
105" 623.06  1500.8
106 638.02  1500.9 B2
[ 651.04  1501.4 10
. .08 $65.31  1501.0 66
|

hﬂ@\ﬂ\b\b@@@@\ﬂ\b\p@\b@?\b@\b
by P FE TS T T e e e e s e .

262

pH - Concent}atlon
of As “
{ng/L] '

155"

190

155

230

150
180

165

190 .
150

120
180
190

29‘ . -~ . 1
205
283
253

T .
6.190 T .
0.230 -
0.400/ .

0.210"

nooo:cot:cc:cc:coa
- . - P .

0.370
0.440
- 200

" 0.220 , . :
0.420 , - . re
0.210 ‘ —
0.230 :

0.250
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TABLE X11-2

-

<.

It

Long Term Leaching Data for the Fly Ash/Cement
. Solidificatlon System (EMi).

-

+

Leaching Cuomulative Leachate ConductMty pH Concentration of Species
Interval Tine Nejght [uS/ca) td cr Pb
(d] [9) [ma/L]  [wa/L]  ([wg/L)
0 8.00 (500.0 0 1.0 €6.002  €0.002 0.002
| 0,16 1492.1 418 1.3 0.003  o0.002 * 0.020
2 1.01 1504.) 815 11.6 0.004 .0.008 0.055
3 1.30  1499.9 a1 0.002 «(0.002 0.009
] 2,30 1498.7 . 5107 114 0,003  0.004 0.025
s 4.20 1497.3 - 630 " 114 ( 0.002 0.005  0.036 .
6 6,08  [496.5 390 1.6 0.002 0.0q3 0.03t
7 a.19 , 1493.1 . 435 11.3 0.002 - 0.002 0,020
8 lI.UI( 1509.9 450 .4 . 0.002  0.004 0,033
9 13.16 ™~ 1502.1 270 1.4 €0.002° 0.003 9,022
] 11,01 1509.4 470 11.3 0.002~ 0.003  0.030
1 20.10 150L.5 350 .2 -, 0.003  ¢.002 0.019
12 24,03 - 150127 409- .2 0.002  0.003  §.02%
13 20,14 1501.9 380 1.2 0.003  0.003 0.024
A 32.25 1501.0 348 1.2 0,001 0.003 p.022
15 31.30 14937 132 1 0.901  0.005 0.015
g 16 - 4237 i502.5 315 10.9 - 0.002 0,005 0.014
AT 48.22  1500.0 260.  J0.9 0.001  0.007 0.015
14 LTI I VLTI 1075 1.0 €0.001  0.806  0.520 -
19 60.25 1507.4 - 265 - 10.8 ¢.001  0.004  0.0L0
20 61.04 1508.9 nr o1 0.002  0.004  0.0f0
2! 13.29 1498.8 259 10.9 €0.001 . 0:00¢ 0.087
22 81.30  1519.4 282 10.9 0.004 0,004 0.012.
23 90.16 1501.5 298 10.9 0.00t  0.004 . 0.010
2 91.13  1507.8 172 1.0 0.002 0.0  0.007
2 105.15 15015 . M 0,001 0.003  0.006
- 26 12,01 14914 10.8 . 0,000 0,005  0.004
27 1Ly 1513.5 262 10.6. . 0.002 0.006 ‘013
2/ 130.04 1303.9 181 10.6 0.001'  0.004  9.005
29 140.22 15077 2z - 1.3 0.001  o0.006 9.003
N 154.03  1500.5 210, - 18.7 .00 0.008 9.003 ,
3 - 169.30  1500.8 2 10.6 2.004 0.010 0.012
32 182.22 1502.8 21 10.7 0.006 0.010 0.012
X} 195.20  1511.6 - 208 18.7 - 0001 o.006  0.003
M 211,15 - 1505.8 230- 107 <0.001 ¢.018 0,005
35 224.24 1500, 185 ° 10.7 0.00f  ©0.009 0.003
36 240.31 1508.4 22 10.6 0.001  Q0.0011  0.005
T, 1L 1515.6 183 0.7 0.005 0.0%9 . 0.08%
1 266.15 ™ 1511.5° 180 10.5 «.001  9.017

-
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Table Xli-2 antlnued

Leaching Cumulative Leachate Conductivity pH Concentration of Species
» Interval - Time.  Melght {uS/cm] : Cd Cr Py -
(d] {9l (mg/L)  [wg/l] " [mg/L]
39 280,19 1501.4 165 0.5 © .0.002 0.007 0.005
o 284,13 I510.1 . 148 10.4 0.002  0.008  0.002
Al 6.1 1502.4 163 10.4 S 0003 0,012 0.004
2 328.26  1500.0 122 10.4 0.001  0.008 0,002
43 343.26  1504.8 122 10.2 0.001  0.002 0.063
4 365.26  1510.5 134 10.3 0.000  0.008 9,00
45 . 31930 15030 i 10.0 0.064.  0.008  0.006
46 '393.23 1503.3 130 10.2 9.002 - 0,005 0.001
47 406.31  506.8 107 10.] 0.001 0.007 0,082
48 42421 1503.6 £ 186 5.8 b.001  0.008 0,000
49 41.07  1500.2 4 9.8 KA 6.008  0.00]
50 456.25  1503.2 . M4 10.0 0.601  0.009 0.0
5 412,13 1503.2 110 9.8 NA L1 NA
52 484.02 ~ nmo 92 9.5 0.013  0.004  9.045
53 437.10  1500.2 - 88- 8.9 0.002 "0.004 0,015
, $11.00  1500.8 92 10.4 0.002  0.006 _0.009
5% 495.23 15063 . M 10.1 0.002  0.005 * 0.009
56 526.08  1501.0 89 1.2 0.000  0.005  9.003
51 553.04 . 1504.1 102 10.1 0.005  0.012 0,044
58 567.02  1500.2 88 10.1 < WA NA NA ~
59 581,03 1503.5 -8 9.8 ©  0.003  0.004 0.02] f
60 595.06 1508, 1 10.0 ~0.005  0.014  9.037 ]
61 610.03 1502.3. o4 9.9 6.003 . <0.01  0.016,~
62 623.06  1501.2 102" 10.0 0.001 . 0.009 . <0.00i
63 638.02  1500.0 86 9.1 0.00i " 8.005 9,001
64 651,08 1501.5 13- 10.0 0.033  0.013 49,050
65 665.31  1506.9 10 9.9 0.001  0.008 0.009
K
D
' ~
N
*
~ o .
L ! N
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Long Term Leaching Data for the Fly Ash/Lime

TABLE X11-3
: - Solidification System (F7i).

Leaching Cumulative Leachate Conductivity

pH Concentration

Interval Tine ~ WMeight Q/c-] of As
{Days] [om) (mg/L]
0 0.00 15000 .* b 1.0 €0.002
| 0.04 1497.9 12 10.0 0.010
2 6.15  1509.2 230 10.9 0.005
] ‘0.26  1507.1 355 11.1 , 0.002
d 1.01 14979 180 - 11.6 0.004
5. " 1,29 1502.9 4o 111 0.005
6 2,01 1497.2 870 11.6 0.004
1 .00 1501.7 980 1.7 0.005

8 3.29  1496.1 280 11.0 0.007"
4.8 14913 180 11.5 0.005

5.02  1496.8 30 11.6 0.008
6,08 1492.3 503 111 0.011

1.0 1506.2 530 . 1l.4 0.089

8.18  1504.0 - 575 11.4 C0.008

9.29  1503.4 500 1.3 0.007

10.29 ~ 1501.4 4B ”.2 . 0,010

. 12,08 1503.1 425 Ja 0.010

= 13,16 -1502.9 290 1.4 0.010
- 15,00 - 1506.3 480 11.3 0.014

.00 1499.0 . 450 1.2 0.018

18.06  1501.5 25 0.9 . 0.015

20.10  1504.1 300 11.2 0.025°

-22,08  1497.8 20 1L 0.023

24,03 1500.6° 05 -11.2 0.025 .
26.18  1500.2 05 . 1) 0.43)

. 128,14  1506.9 W 1.1 0.024
30,30 15114 650 1.1 . 0.032

-~ 33,13 1501.0 252 1.1 0.032
35.33  149%.8 198 -10.8 0,030

37,30 1506.2 450 10.6 0.028

40.09  1504.7 152 10.7 0.042 .

42,31 1502.9 + 163 10.6 0.845

45,34 1500.8 183 10.8 0.046 -

48.22  1498.2 135 0.6 0.055

51,32 1504.9 <152 10.8 £.050

5421 1492.9 183 10.6 0.058
'5T.19 . 1499.7 (138 10,6, 0.050

§0.25 1498.3 151 0.7 0.055 .

63.30 15035 155 10.7 0.056



“ Table X11-3 Continued

~

Leaching Cumulative Leachate Conduttlvlty

1501.9 .

pH Concentration
. Intervdl Tine Veight [qSlc-] of As
[d) (9] (mg/L)
EL] T4 1503.1 1z 1.7 0.040
0 . 10,04 1492.7 131 10.6 0.053
4l 74.30  .1498.0 2 10.7 0.100
2 71.00  1504.6 113 10.5 0.080
FE| 80.30  1500.3 133 10.6 0.180
C M 84,30 1500.9 7. 10.5 0.090
45 88.30 15011 139 10.6 9.110
16 92,26  1501.7 125 10.6 p.110
4t 96.19 1509.3: 8 10.6 0.100
48 100.22 _ 1514.8 13 o104 0.116
49 0 10411 . 1500.1 129 104 9,125
50 109.31 1500.0 133 165 0.150
| 115,23 14911 128 - 104 0.200
52 - 1.4 1502.1 85 10.1 0.105
53 123.2%  1501.0 12 10.4 0.136
54 127,12 1506.2 100 0.2 6.145
55 130.04  1501.6 80 10} 8.140
56 140,22 15039 . 150 10.3 0.218
51 144,07 1500.0 132 10.4 0.145
58 154.03  1495.2 126 10.4° 0.160
59 161.21 1501.1 i30 - 10.5 p.160
60 169:24 15016 150 10.5 8,160 .
61 17531 1502.0 124 10.3 0.200
' 62 182,22 15032 - 18 1.3 9.200
63 189,14 1503.2 107 10.4 0.216
64 195.20 5059 1077 04 0,210
65 203.24  1508.7 122, 10,1 0.230
66 21,15 14917 130 0.2 - - 0.216
61 217,10 1507.0 94 " 10,0 0.192
68 4.4 150i.1 . 104 - 10,1 0.210
6 231,22 1509.5 %, 0.0 . 8.200
7 240.31  1493.8 0y - %7, - %o
N .22 - 1510.4 89 9.3 b 0.200
* 7 28211 15004 97 10.9 0.253
- ol 259.15  1492.0 . L 9.9 8.220
o M 26615 15011 106 10.1 0.260
15 274.14 . 1501.9 88 9.7 .0.300"
1% 290.19  1508.0 70 9.6 - 0.25§
71 - 207.13 1500.1 i 9.6 0.220
294.28 12 9.6 6,230
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Table XI1-3 Continued

Leaching Cumulative Leachate Conductivity

pH

Concentration

Interval Time Neight {uS/cm} -~ of As
(4 - lg) Ing/]
1 0130 1501.2 M -9.8 0.220
80 316,11 1501.0 9% 9.6 0.285
81 3211 1501.9 65 9.4 0.200
82 328.26  1506.8 .65 9.4 0.210
83 336.15  1501.9 85 9.3 0.200
84 343.26  1500.2 n 9.2 0.320
85 150,25  1512.9 6. 9.1 0.230.
86 357.25 15674 6 9.4 0.230
81 1502.9 68 9.1 0.165
88 1503.9 92 9.2 0.253
89 1502.8 %0 9.6 0.190
90 1500.9 82 8.3 0.310-
91 1501.4 104 9.1 0.330
97 1508.7 - 9 9.1 8319 "
93 1501.4 85 5.5 £.330
94 1500,7 BS - 9.1 NA
95 A {4 8.9 0.210
94 S0L1 T, 66 8.1 0.357
97 - 1500.5 S0 9.7 p.264:
99 A455.23  1502.2 69 9.6 0.326
99 .526.08 - 1504.3 £6 9.5 . f 0,357
100 553,04 1503.8 16 9.4 0.319
101 %6T.07  1501.0 66 9.4 0.215
102 -~ 581.03  1501.0 . 64 9.4 0.253
103 595,06  1500.6 T8 9.3 0.215
104 610.03  1504.1 18 9.6 0,341 -
105° 623.06 1502.0 ] 9.5 - 0.4%0
106 638,02 "1500.4 8 .91 0.2686
107 €51.04  1501.6 58 9.6 0.308
108 665.31  1503.5 6. 93 0.253 . .
\ I 4
) i
P -

M
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Ny
- TABLE X11-4 5?"9 Tern leaphlng Data for the Fly Ash/Lime
' g Solidificatfon System (F111).
Leaching Cumylat jve Leachate Conductivity PH Concentration-of Species
) Interval Tine Weight  [uS/cw) I Pb
' : [d) (g) - (mg/L) (sg/Lf (s3/0)
/ ' . .
0 0.00 - 1500.0 0 .6 Tc.002 <0.002 ¢0.007
! © 0,15 1498.0 /1L 0.004 0.002 0.360
2 1.01  '1494.6 M0 11,8 0.006 0.009 1,020
3 1300 1495.9 90 1. " 0.006 0,003 0.450
‘. 2.30 1499.6 1215 1.7 0.005 - 0.005 0.770
. 5 TA9 14944 1560 -11.8. 0.005 0.006 0.870 °
6 6.08 1503.0 1940 q2.0 0.006 0.005 0,777
7 8.18 . 1491.8 1200 1.7 0.005 0.004, Q548
8 11,01 150058 1080 - 11.7 0,002 0.004 07575
9 13.16 15007 560 117 0.003  0.003 0.264
. 10 17.01  1506.0 S0 1LS . C0.004 0.002 0,154
: M. 20.10 1506.4 C999 14 0,003 0.001  0.120
o 12 4,03 1498.8 600 114 _D.003  0.002 o0.120
. 13 28.14 .1503.8 520 1.4 0.002 0.002 0.165
N M 32,25 1504.6 R I 1% 0.001 <0.001 9.220
.‘ s 330 14913 4200 11.0 ©0.002  0.002  0.090
16 4231 1913 5 1Le 0.007  .003 0.075
IT .22 5w 7 - 300 g €0.001  0.004 0.055 -
18 5421 1292.6 4o are €0.001  0.004 9.055
. 19 60.25 14978 80 10.9 0.00f 0.003 0.035
20 604 1497.7 S e 0.003  0.003 0.038
2 13.29  1501.9 - %1 10.9 €0.000  0.003 0.020
. 2 8130 1501.4 282 10,9 €0.001 0,003 0.025
PE] .16 15011 5 MY 0,000 0002 0.024
ot #4913 1500y 5108 L0000 0002 0.013
25 10515 1502.2 210 10.7 €0.000 0,003 0.0t0
- 26 2.0  1518.0- 185 107 €0.001 0.003 -0.010
21 123,25 1492,5 - 20 10.8 €0.001 . 9.004. 0.01]
28 130,04 1503,p 155 = 10.5 0,000 0.003  0.040
v B, M2 15112 175 ;ﬁg; 0.003 0.004  0.005
' ‘30 154.03  1499.5 88 KT - 0.002°, 0.006 <0.00)
\ M | 163,30 1500.0 160 10.5 0.002  0.809 0.0
32 182.22  1502.3 190 10.6, 0:004  0.607 8.010
E£] 195.20  1501.8 160 10.5 0.000  0.006 9.093
M AL 1504 15 106 (0,001 o.011 .00
35 24,24 1501.6 (160 10.7, <0.001  0.008 0.003
‘ 3% 240.31 1500, 112 104 0.00 0.009 ‘p.004
N - Bsaar 15000 140 10.5 €0.001,_ 0.010 b.004
. / '
[ ~
Ll .\ . . .‘." to. ’
.~ ) - ’ ‘
S !

).

-—

-
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Table XI11-4  Continued

269

!

Leaching Duration  Leachate Conductivity ‘pH Concentration of Species
Intervql (d) Weight {uS/cm) Cd Cr Ph
S (g) (mg/L) (wg/L) (mg/L}
[
o 4
38 266.15  1518.0 140 10.3 ¢0.001 0,010 0.003
29 280.19 1500.8 125 10 0.002 9.009 0.007
40 29413 1500.3 120 .2 £.002 0.008 0.002
4l 316,11 - 1502.7 120 10,1 0.002  0.910 " 0.004
42 328.26 1503.5 96 1001 <0.001  0.007 0.003
43 3.6 15639 91 99 0.001 0.005 0.002
| 365.26  1503.2 103 9,8 0.001 0.008 0,00
&5 3719.31  1509.) .80 9.5 ~ 0.00l <0.006 0.001
46 393.23  1510.3 95 9.8 8.002  0.005 0.0
A7 6.3 1502.5 83 9.3 €0.001 0.008 0.002
48 424,27 15008 - 98 9.5 0.001 . 0.009 0,001
4 441,07 1500.6 94" 9 NA 0,009 .0.00!
50 456.25  1500.3 92 910N 6.001 0.009 0.00
51 472,13 1501.1 92 9.4 < NA NA NA
52 484,02 . NA 17 9.0 - 0.901 0,005 0.004
5 497,10 . 1500.6 * 12 8.1 0.001  0.005 0.006
54 511.00 1505.3 7 10.0 0.002 0.005 9.008
85 495.23  1s00.1 ° 1% 91 0.002 0.005 0.013
56 526.08  1506.6 179 0.000  0.066 0.007
57 553,04 15059 . - 86 9.7 0.005 . 0.012 0.042
58 561.02 #1500.1 11 9.6 0.003 . 0.0011 0.032
©59 - 581,03 1500.6 9.5 0.003  0.010° 0.626
60 595.06- [501. P W ] 0.002 0.012 ° 0.032
.61 - 610,03 1500.3 86 9.5 8.007  0.010 9,047
62 . 623.06 . 1500.2° 9.7 " 0013 0,010 0.002
63 638.02 . 1500.3 . . 9.4 0,002 0.010 0.403
T 651,04 1502.1 6l 9.5 0.002 0.008 0.030
65 66531 1500.2 58 9.3 0.001 0.007 0.004
. ~
-
, \ ¢
~ i
Ll : ‘1‘/ ,_




TABLE X]1-5

-

Long Term Leaching liata for the Ciayjhcaent

Solidification Systea (G71).

.

L]

" Leaching Cumulative Leachate Conductivity

0.130

.\5‘

PH° * Concentration”
Interval  Time  Weight  [uS/ca) " of As
(d) 9l ‘ {ag/L)
e AR | .
0 0.00 1500.0 . 0 L0 . c0.002 .
Io* .- 0.05 1503.5 78 1.2 . 0,005 :
2 0.16  1500.6 35 7113 ;- 0.008
3 0.29 1965 \iw 1,2 0.004
, é- L Lo 15091 10 118 0007 =
- 5 130 _j495.8. 0wy 1.3 0.004 .
~ 6 2.00 1507.1 1200 L6 +9.006
T 300 1506.6 83 L5 0.008
8 329 H93.3 285 11 0.003
—N - : 9 402 1500.1 a1 0.02]
, : 10 5:08_. 15067 - 510, 1.8, 0.028 .
_ Co 1 6.027 1501.7. LT I T - 0.020 -
: : 12 .01 1501.2 610 -11.5 1.026 .
: ‘ 13 C 816 1492.2 620 115 0.026
: . _ 14 %.29 15016 I [ W' 9.033
~ : 15 1.4 15008 60 11.3 0.026
: ' 16t 12,16 1486.7 <540 1.8 0.0334
- o el " 13.29 15019 540, 11.5 . 0.032
N ' 18 15.02 . 1500.7 680" - 11.4 0.042
<\,‘ ST 1206 1500,5 60 15 0.075
NN A 20 18.05 15010 T 420 1. 0.040
: o 21 - 2009 1501.0 80 1.4 9.055 -
oA 22 23,06 1493.0 875 11.6 0.058
- . 3 7w 1s00.2 30 1.2 0.032
u (26,16 —1507.2 050 114 0.070
oy 2 18 1.5 0.039 |
2 0.25 - 1500.0 1.4 0.065 -
4] 3332/‘1502‘.-4 IR 0.040 '
.28 63315817 RN 0.053
29 3132 1503.9 1.1 0.065
- 30 4013 1500.5  ° 500 2 0.100
' 3l 2.2¢ - 15029 430 0.688
3. C4n22 1500.6 - 580 T 0.060
*3 0 4833 14999 I * 0,056
‘3 504 14980 {22 r.075
35 §5.25  1491.5 470 0.110
. 3 57.06  1500.4 435 0,075
1 60.11  1503.4 460 .2 0.085,
v 38 63.30 “1496.2 an 1.7 0.085
3 6615 1500.5 1LY

7 S
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Table X!1-5 Continued ' e
- -
Leaching Cumulative, Leachate Conductivity pH Concentration
Interval Time Neight {uS/cm] of As
‘ : (d) [a . [mg/L]
70,05 ]498.5 A0 - 113 0.121
M0 1492.6 480 .3 - 0.015
77.01. 151046 G Y 0.180
80.30  1503.6 A - 112 0.085
B4. 1T 1509.0 430 1.2 0.110
86.03  1501.6 44 1.2 . 0.110
94,31 1500.6 550 1.4 0.140
97,31 1500.2 T 0.070
104.14  1507.3 520 1.2 0.145
108.31  .1512.5 08 1. 0.104
104.23  1498.2 A 1 7 0,000
117.24  1503.2 . 420 1.1 0.112
122.25  1502.5 268 0.9 - 0.140
126,12 15140 ©325 1.0 © - 0.085
133.21  1501.6 430 (1.2 0.120
139,22 - 1500.} 445 1.1 ©o0.130
143.07  1510.6 a5 - 0.110
153.03  1496.3 380 (1.1 0.120
160,21 15111 . 460 (1.0, 0.130
168.25  1509.1 510 11 10.110
174,31 1500.5 “o 1 0.125
181.22 15009 - 415 (.1 0,160
188.14  1511.7 © 405 t1.1 0,150
194,20 1507.3 410 ¢ HDL1 0. 160
202,24 1504.9 420 t.1 0.180
210,15 1503.3 4850 - (1. 0.172
216,10 1500.7 365 . (1.1 0.172
223,24 1500.8 .. 398 1.1 0.150
230.22  1509.1 . 400 (1, 0,150
239.31 15084 435 . 0.156
- 244,22 "1500.8 362 10.9 0.172
25111 1501.7 395 . 1.0 . 0.152
258,15 1508.6 332 10.9 . 0.195
265.15  1501.9 430 11.0 0.170
273.14  '1500,8 395 - 1.0 0.216
21919 1503.7 £V 10.9 0.200
© 286.13  1500.4 308 1.0 -~ 9.180
293.13  1500.5 295 1.9 0.175
300,30 1503.9 29 110 . 0.180
"315,11  1502.3 LT 1.0 0.220



Table XI1-5 Continued

272

__________________________________________________________ [P

Leaching Cusulative Leachate Conductivity pH Concentration .
Interval Tise  Weight  {uS/cm] of As
' (d] ‘(9] *[mg/L)
. .
81 21.17 1501.2 .25 0.7 0.250 -
82 327.26. 15007 2 10.9 0.150
B1 . 335.15 1560.1 245 10.7 0.300
B4 342,26 1502.4 285 10.5 0.156
. 85 349,25  1502.8 225 10.7 0.242
86 356,25 1501.0 208 10.5 0.210
87 364,14 15027 NA 10,6 0,165
Y88 .378.31  1508.5 25 10.8 0.155
89. 392,23 1505.3 357 10.9 0.165
90 405.31  1509.0 285 i0.8 9.210
91- 2321 1502, 3 0.9 0.231
E W 92 440,07 1507.3 - 295 10.6 0.187
93 455.25  1500.2. 320 10.8 0.210
‘ 90 47113 1508.7 305 10.6 [T
95 483.02- A 242 10.2 NA
96 496,16 1506.0 41 . 9.8 0.189
97 510.00  1509.4 b7 B T T |15 r I
98 494.23  1501,0 S 236 10,9 T .0
99 525.08 - 1509.4 230 109 - 0.315
100° 552,04 - 1507.8 248 0.9 0.275-
-101 566,02, 1500.4 222 10,9 <0.213
102 . 580.03 1501.9 192 10.8 " 0.231
103, . 594,06 .. 1505.2 177 19.7 0.264
104 609.03 1500.3 253 10,8 0.399
. 105 622.06 15021 218 1.0 : 0,336
- - 106 g3t.0z  1500.6 01, 10.8 - 0.315
107 © 650,04 1502.2.° .0 7 195--7_10.9 - 0.253
108 66431 15023 T 153 10.6 0.220
r v

.~



TABLE X!1-6

Long Term Leaching Data for the Clay/Cement

’

Solidification System (G7iF).

Leaching Cumulative Leachate Conductivity

~N

pH Contentration of Species

Interval Tine Neight [uS/ca} Cd Cr Pb~
[d] (9] (mg/L] [mg/L] ([wg/l)

Yy 0.00 1500, B N <0.002 ¢0.D0Z_ (0,002
o 0.16 1567.6 T80 1.6 0.006 0.005 0.027
2 1,02 1496.0 1480 It.9 0.006 0.008 0.150
3 1,30 1496.7 * 50 113 0.00¢ 0.002 0.030
4 .29 1494.1 1030 1.7 0.002  0.004 B.125
5 402 14941 1050° 12,0 0009  0.006 0.264
6 6.02 1498.7 ‘1320 i1.8 0.007  0.007 '9.264
7 8.16 1505.1 Hoo 11,7 0.003  0.005 ¢ 220-
8 11.08 . 1506.5 8 120 0.005 0.006. 0.242
9 13.30  1500.1 1040 11,7 0.010 0.007 0.187
[ 17.;16'" 1501.0 1220 1.6 . 0.0001  g.004 0.199-
1, 20,09 |501.0 Jo0o LT - 0,005 0.004 0.176
iz 24,04 . 1510.0 1175 1.6 0.006 0.005 0.198
13 28:22  1500.9 I60  11.8 0.204 0.003 ©0.185
T 32,13 1501.4 %0 117 8.003  0.003 0,130
5 ° 332 15030 1090 1.6 0,901 0.003 0.220
16 2.2 1502.4_ 950 1.4 0,601 0,005 0.170
-7 48.33  1502.0 820 1.5 v0.005 0.005 0.165
<18 35.25 I510.0 940 1.6 0.003 0.004 ©6.165
19 60.11 1498.2 92%  11.3 0.009 0.065 0.190
20 66.15  1497.1 500 1.5 0.5 0.006 {.i80
2 671.19  1495.1 234 0.9 0.006 -9.005 .07
22 13.30  1498.3 Ho 1.4 0.005 0.006 0,145
23 B1.06 1504.) 8§50 11,5 0,006 0,002 0,172
2 90.23  [503.5 950, * 11.5 0.001  0.002 0.210
25 $1.31  1503.5 750 1.5 0.007° 0,005 9.273 ‘
26 105.06  4504.7 170 11.5 0.003 .6.005 0.152
21 114.23 * 1502.4 oy 100 T I - 0.018  0.006 0.280
28 133.21 15000 ‘<.  ggg ir.4 J0.002  0.004 1.126
29 139.22  1500.3 550 1.2 ¢.0001 0,002 0;075
30 153,04 1504.3 150 11,3 0.Q02  0.004 0.15¢C
3] 168.26  1500,0 850 1.2 0.014 0.007 0.210
32 181.22  1501.0 810 - 1.3 0.008  0.007 . 0.165
33 194.20 . 1502.4 750 1.4 0.001 G.004 " 0.12%
u 210.15  1501.0 158 11.5 0.016 0.008 ©.265
35 22324 1500.4 MO 11,3 0.002 0.007 0.132
36 239.31  1519.4 180 1.3 " 0,003 .0.008 0.132
7 251,11 1500.5 680 1.4 €0.001 0.007 0;300 -
38 265,15 1506.7 - 115 11.2 €0.00f 0.007 0.125
39 279.19  1500.0 660 " 0018 0.013 0.144

11.3
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Table XI1-6 Continued

Leaching Cumulative

Interval

i
4l
2
B
4
45
TS
]
48
It
50
54
52
53
. 54
55
" 56

57

58
5%
60
61
62
63

64 .

65

Time

[d]

293.13
315.11
327.26
342.26
364,27

378,31

392.23
405.3]
023.21
140.07
15525
7113
463.02
496,10
510500
494.23
§25.08
552,04
566.07
580.03
594.06

§09.03

622.06

631,02 °

650.04

- 664,31

Leachate Conductivity

Weight
lg]

1500.9
1502.3
1502.2
1500.5
1501.5

1500.6,

1508.5
15011
. 1508.8
15044
1507.7
1500.6
TN

1501.5
1501.4 -

15002
1501.7

1500.3-

1500.1
1500.7
1501.0
1505.6

1500L3 0 - -

1500.0
1501.4
1500.5

pH Concentration of Species
[uS/ca] Cd Cr Pb
[mg/L] - [mg/L) (mg/L]
550 1.2 0.002 0.006 0.090
610 . 11 0.002  0.007 0.125
510 11.2 0.001 0.006 0.072
500% -11.0 0.001 . 0,002 0,063
%0 11.2 0.002 Q.001 0.042
420 11,0 = 9,003 0,003 0:030
S0 110 9.005 0.005 0,045
LTI 07001 0.004 0.020
438 109 0.004 0,007 0.038 .
40p  10.8 YONA 0,005 0,039
362 . 10.9 0.011 0.006 0.03]
358° ~10.] NA NA NA
T15 1043 0.011 90.005 0.038
302 9.8 0.002 0.004 0.015 -
02. 1.5 . 0.003  0.082. 0.042
06 1.0 --- 0.002 0.001 0.030
215 1Ll T <0.001  0.003 0,029
291 1.0 <6.005 . 0.005 0.165
25 10,9 0.005 0.006 0,032
213 10.8 0,062 0.005 0.023
208 10.8 (o0t 0,005 0.034
216 10.8 - - <0.004 0.040 0.040
M 1.1 0,000 0.001 9.013
221 10.8 0.002 . 0.003 0.008
212 10.8 , 0,002 0.003 0.013
179 = 10.7 0.002 -0.004 0.013
)
L
\
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-TABLE X11-7

Leaching Cuaulative Leachate

Intervai Time
[d]

¢ ©0.00
I 0.05
2> 07 e
3 0.29
| 1.01
5 1.30
B 2.00
1 3.00
8 .29
9 4,02
io - 5.08
11 6.02
12 J1.0]
13 . B.16
14 9.29
15 10.31
16 12.16,
17 13,29
i8 15.02
19 17.06
20 18.05
21 20.09
22 23,06
23 .04
2 26.16
25 28.22
26 30.2%
27 33.13
28 . 35,33
29 31.32
30 i 40.73
3 2.2
12 41,22
3. 48.33
u 501.04
35 55.25
36 “5%.06
37 60.11
38 63.30
3 66.15

Long Term

Leaching Data for the Soiuble Silicates/Cement
Solidification Systea {HT1).

Conductivity pH Concentrat {on
Wkight [uS/cm] "~ of As
© o] : (ag/L}
1500.0 0 7.0 (0.002
14979 1060 11:6 0.028
1493.2 1189 .6 - 0.028
1493.8 880 11.6 0.028
1503. 2460 12.8 0.070
1500,8 870 1.6 0.024 ?
1498.5 1400 i.8 0.039
1505,9 1490 1.8 0.040
1496.3 . 460 1.3 0.016
[493.7 20 1.7 0.255
1498.8 500 (1.8 0.485 -, . *
1496.8 880 t.5 0.294
1501.7 860 1.6 0.315
1499.5 890 11.6 0.336
1506.5 805 t.s. - 0.360
1508.9 580 1.4 0.252
1500.3 675 11.8 0.630
1506,7 600 1.5 0.294
1501.3 LT3 1.4 0.336
1501.1 158 11,5 0.420
1501.0 430 1.2 0.220
1503.8 660 1.3 0.380
1500.4 8 LS 0.484 ’
1500.4 70 .2 0.190
1500.3 1830 Hd 0.332
1504.5 80 0 1.4 0.360
1504.5 460 1.3 0.330
1560.3 S50 115 0.375
1505.0 21 110 6.255
1498.2 B0 1.0 0,330
1500.6 “o 11.2 0.400
1503.2 352 11.0 0.330 .
1502.0 Tl 1.3 0.475
1502.6 210 10.8 - 0.220
1499.6 kP 111 0.365
1509.3 388 1.1 410 -
1505.3 330 1.0 02350
1502.6 mn 1.0 . 0.400
1481.6 318 1.1 0.330 .
1562.9 3 11,0 0.320 P
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Tabde X1}-7 Continued

Leaching Cumulative Leachate Conductivity, pH Concentration
Interval ]ile “Nelght [uS/cm] of As
(dl (gl : (wg/L]
40 (70.05 1498.0 .- 362 112 *0.380
4 L 14938 (151, 11 0.360
4 77.00 1562.1 e 10 0.380
A3 - 80,30 15010 305111 0.380
A4 84.17. 1500.0° 30 1.0 0.400
45 86.03  1502.4 32 1.0 0.4d0
4 $4.31° 1501.2 s 1z 0.500
K §7.31 15078 J8T 1L 0.315
48 104.14 15019 408 1100 0.130
50 -108.31 15004 2% 110 0.375
51 114.23  1498.2° 0 . 1.0 - 0.000
52 117.24  1506.0, 00 1.0 0.420
53. 122,25 15010 ' 740 108 0.360
4L 126012 150.5 280 109 - 0.315
55 133.21° 1500.9 . 344 1LO .- 0.380
5 .139.22 .1500. T30 . 10.9 0.510 -
5T . 143.07 1500.5, s 109 ..0.385 °
58 153.04 (5236 %2 1.0 0.430
59 160.27  1500.7, 360, 10.9 0.400
60 168.24 1508.3 - - 380 1.0 9.420
61 174.31 15008 3/ LD . 0.500,
627 18122 1500.5 3} 1.6 . 0570
- 63 168.14 1500.3°. 321 1.0 " 0,59
6l 194,20 Is02.1 . 335 1LO 0.525
65 202,24 1506.7 365 10 0.545
66 210.15  1492.8 . 330 10 . 0560
6 216,10 15005 338 Lo . 0.580
68 223:24  1504.8 w10 0.506
69 .230.22 1502.4 ©35 . 1.0 0.530
10 239.31 15045 350 - 10.9 0.546
. 22 aS0 M2 109 0.6%0
-T2 251.11  1502.5 V330 10.9 0.570
n 258.15  1499.6 303109 0.610
it 265.15  1509.7 00 109 0.546
15 213.14 - 1500.8 35 109 - 6.650
7% 219.19 .1503.8 0 10.8 0.690
n 286.13 15015 80 109 0.610
78 29313 . 150L.6 85 - 16.9 - 0,585
L] 30030 1502.7 280 109 © 0.480
80 315,11 us 109

1509.0

L]

0,530

276
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Leaching Cumulative Leachate Condugtivity pH Concentration,
Interval Tie . Weight ~ [uS/ca] * of As
‘ (4] la] . " < [mg/L]
B8l 32147 | 1500.6 210 10.6 - . 0.780 -
82 321.26  1503.9 %0 1d.9 0.480 -
. B3 33515 -1506.8 B 10.6 T T 0545

B4 342,28 - 1500.7 250 105 0,756

85 349.25 15116 40107 - e 0.648

86 356.25 1500.5 M0 ME. T 0.610

81 36426 15000 NA DT 0680 F

' ge 378.5;\ -1500.5 261 . 10,8 0.650

89 - °392.233 '1504.1 305 10,8 10,253

90 405,31 1500.8. U T 075,

91 423.21 15014 68" 10.6 - 8:95 -

92 440,07 1500,1 215 - L6 pig20 .
.93 4555 IS01.S, 295 10.8 0.600
Tt 4101315056 0 . 215 10.5 (LY

95 . 483.02. . A 232 0.l 1.785 .

9% 496,10 15006 239. 7 9.6 . .- 0.189 .
. 91 510.00 151025 239 - 113 C LG ¢

98 . 494.23 15003 254 . 10.8 0.819 »

9% '525.08=._1502.0 B33 109 "1.050

100 . 552.04  1501.4 54 109 1.2u

101 566.02  1500.6 218 10.8 0.987.

102 580.03~ 1500.9 - 220 10.8 0,945 .
~ 103 594.06  1500.2 3 107 0.997
104 £09.63  1560.2 72 10.8 1.215

E0S 622,06  1502.6 %6 19.8 1.071

106 637.02 1501.1. s 0.7 REH

10T 650.04  1500.2 2031 10,9 0.945

108 664.31 1501.9 194 -10.6

0.924

2717
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TABLE Xil-8 Long Term Leaching Data for the Soluble Silicate
: Sokidification System (K711},
Leaching Cumulative. Leachate Conductivity pH ‘Concentrabion
Interval Tine Weight  [uS/cm] - * {d
(d] (gl " [agjL)
0 0.00 1500.0 0 -7 (0.002
I 0.16 1500.7 2000 1. 0.005
2 1.0 1500.3 3400 12.1 0.005
) .30 1492.1 910 1.6 0.002
d 2.29 15039 1830 1.9 0.004
5 4,07 £505.5 1710 (2.1 0.012
6 6.02  1490.5 1998 1L9 0.014
1 B.16  1497.2 1610 11.8 0.010 '
B .- [1.08 1505.1 el 0.004
9 . 13,30 1504.2 1200 LT
“9° 17,06  1501.0 1300 1.1
1L+ 20,09 1509.5 1060 11.6
1z 24.04 14995 1075 1.6
13 28,22 150).8 9 . ILT
1 33.13  i504.8 ne . OILE
15 - . 332 15087 20 L5
16 42.20 1495.6 120 1.5 .
17 48,33 1500.7 600 1.4
16 55.25\ 1497.1 650. 1.4
19 60,317\ 1502.8 600, 1.3
20 6615 \1505.5 C8T5 113
21 OB 4997 . 235 109
2 W n.2
2 500 1.3
u 540 1.4
25 6 113
26 a0 I3
21 430 111
-.28 455 1.2
29 405 I1.0
30 406 11.2
3l 466 1.0
32 T 1.1
3 450 1.2
1| 515 1.2 X
N 80 112 )
36 500 . .
‘31 . . 60 " I11.2
38 26515 1505.1 640. 111
279.19 * 1500.4 450 1.1
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Table X11-8 Continued

-

Leaching Cumulative Leachate Conductivity

Interval Tine Neight .
[d) fal -
40 293.13  1500.8°
. 4l 31511 1510.0
42, 321.26 .- 1502.1
43 342,26 1500.7
a 36414 1501.8
45 378.31 - 1504.1
A6 - " 392,23 - 1509.5
a1 7 405.31 T 1510,5
.48 47T 150100
49 440.07 1508.4
" 50 455.25  1504.6
51 . 47103 1503.6
.52 483,02 - NA
53 " 496.10  1500.1
54 510,00  1515.0
.58 494.23 15005
56 525.08  1504.2
5] .552,04 1502.1
58 566.02  1500.4
59 586.03  1500.1
60 .594.06 1502.5
61 - 605.03 1506.4
62. . 622.06 1501.0
63 637.02 1500.3
6 650.04  150].2
65 664.3F  1500.2
- ‘e

pH - Concentration
[uS/cm] . t- o td
{mg/L]
230 1.1 0.006
460 111 8.012
25 HLL 0.005
2 10,9 0.007
435 1.0 0.008
7 10,9 0.060.
S0 11.0 0.005
©I5 0.9 0,003
315 10.8 0.004
A0 0.8 . R
. 350 10.9 0.011
B 10.) NA
295 10.3 0.013
281 9.7° 0.035. ..
216 114 0.011
‘2% 11D 0.008 _
S 1D 0.030,
6 -t 0.007
218 1is0 6,015
< T8 10,9, 0,020
27 * 10.9 0.007
v 300 - 10.8 0.024 °
298 10.9 .01
u1 109 -0.607
- . 0 1.0 0.022
12, 107 . 0.007

279
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[
Eff
Fi
Fii
Gi
Gifi

Hi

HI

Table XI1-9

!
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s

- Welght changes of ,the specimens in the dynamic

test (Test 7) after 1 year of leaching.

Soltd!fication

System

Fly ash—cempﬁt_

fly_ash-cemen%
Fly ash-11ime
Fly ash-1ime
Clay-cement
Clay-cement

Sol sil-=cement

S0l sil-cement

Note: A1l

Measured . Calculated
sample wefght [g] —welight lost
" by leathing
Initial Final [g9])
225.5  238.4 6.0
213.5  238.6 6.0
213.7  221.2 5.7 _.
206.3  227.0 6.2
202.5  204.0 12.1
206.4  206.9 12.1
Y »4
163.4 164.9 ~ " 17.5 °
174.0  184.2

-19.%

Net water
absorbed .
+ " ) .
18.9 |
31,1
"1915
26.9
13.6
1276,
19.0

29.8

numbers acs average of replicates.
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TABLE XIII-1, LONG TERM LEACHING SCENARIO A

SETTING OF MASTER VARIABLES

Static groundwater

.- Any composition of groundwater

- Any type.of matrix’
- Any mobility of contaminant

CONTROLLING LEACHING MECHANISMS

(A finite volume of groundwater surrounds the waste form and it is not

renewed in time. Leaching is initially controlled by surface eéxchanges
and diffusion. The leaching rates rapidly decrease with time as a
result of accumulation of the contaminant in the groundwater.

SETTING OF SECONDARY VARIABLES ' .

N/A ’ ' .

CALCULATED LEACHING RATES

T

Initially identical to the leaching rates calculated for scenarios B, C
or D. . N

EXTRAPOLATION

The']each1ng rate will rapidly decrease to zero as the system
approaches equilibrium. . -

284
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TABLE XI11-2, LONG TERM LEACHING SCENARIO B

SETTING OF MASTER VARIABLES .

Groundwater flowing around the waste
Mobile contaminant

Any composition of groundwater

Any matrix permeability

*

CONTROLLING LEACHING MECHANISMS

Leachirig is limited by the rate of diffusion of the mobile contaminant

in. the pores of the’matri There is no surface mass transfer -
resistance. It is-assumed that the rate of groundwater renewal at the
interface is sufficient- to maintain a zero surface conceptration and ° ,

that the waste form is semi-infinite. Equation 3.3 1s used to calculate
the leaching rate: : > -

_ . p 172 ' " 3.3
L—CT (e ) .
—Lﬂ .

1

SETTING OF SECONDARY VARIABLES

Cy = 0.0384 mol/L
D =10-5 or 106 cm?/sec

e

The range in diffusivities accounts for the variation of the
molecular diffusion coefficient from species to species and for the
tortuosity of the matrix? _ : :

CALCULATED LEACHING RATES 5
Iime ) ‘ Leaching Rate (mmol/m?-d)
years : - 10-8 - 15
De : 10\ . De 10
0.01 33.3 105.4 : N
0.05 14.9 47.1 :
0.1 10.5 33.3 .
0.5 4.7 14,5 .
1.0 3.3 10.5 . :
5.0 1.5 - a7
10.0 1.1 ’ '

3.3

" The depth of penetration of the leaching front can be,ca]cu1a£ed using

Equation 5.2
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C C
______l.) = erf(_“_ﬁi;____) -~ 5.2
1/2
C, - C 2(D,t)

where €y, the surface concentration is set equal ‘to zero.

- - )
Using the maximum value of De, 10-5 ‘em?/sec an&ykhe'penetration
criterion that the concentration at a point changed by 2% with respect
to its initial value, we calculate that leaching starts affecting the
centre of the 2 m siab after about 10 years.

EXTRAPOLATION

After 10 years, the rate will be lower than those calculated for a
semi-infinite medium because the concentration at the middle of the 2 m
slab will start decreasing. .

Jy.



TABLE XIII-3, LONG TERM LEACHING SCENARIO C

SETTING OF MASTER VARIABLES

J ,
- Groundwater flowing around the waste
- Low pH groundwater

- Insoluble contaminant

- Any matrix permeability

oy
A

CONTROLLING LEACHING MECHANISMS

The leaching rate is initially contiolled by the amount of acid
available to neutralize the waste form matrix. It -is assumed that (i)
cement ANC is used up before metals are solubilized (ii) only a fraction
of the total contaminant concentration is available for leaching and _ .
(ii1) the matrix does not entirely dissolve. As a result of assumption

(i11) diffusion of ions between the groundwater - waste form interface
and the leaching frontwill eventually become rate 1limiting. . - R

!

SETTING OF SECONDARY VARIABLES o -

e Rate of Acid Contacted

Leachant velocity:. .Eglﬂi__- . ) l. o A
_ ~ mieyear
Acid concentration: .- ‘,16'3mo1/L :
+ Rate of acid contacted: 137 mt?; : e -
@ ANC of the Matrix "
meq

ANC of.hydrated portland cement: 15 -
(Sgctipn 7.2.2) . g dry-cement

Cement dosage: 0.2 - 0.6 kg/kg of waste
(Coté and Hani1toq.‘1983)

-

Yolume increase as a result of solidification: 20 to 100%
(Coté and Hamilton, 1983) ' :

kg dry cement
+ 150 to 250

m? treated waste
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. 2.25 x 10° to 3.75 x 10° meq
- ' m> waste form

use 2.5 x 10% for calculations

® Availability for leaching ~

Measdred leaching efficiency varies from 10% to 50%
{Table 7.4)

~

CALCULATE LEACHING RATES

Yeaching rate of ' contaminant Yeaching
rate = matrix x concentration x efficiency
neutralization
3 1 .
LA IR L P
m*ed m .

for leaching efficiency = 10% o A :

leaching = 137 x 3.84 x 10% x 0.10 =0.21 mmol~
2.5 x 10° : meed
rate
for leaching efficiency = 0% '
Jeaching rate = — 1. _x 3.8 x 10" x .5 = 1.05 mpol. e

2.5 x.10% nid

The leach rate is constant, function of the rate'of acid contacted until
diffusion through the leach layer becomes rate.limiting.

~ EXTRAPOLATION . /‘\“
1t is assumed that diffusion through the leached ]ayer becomes rate
1imiting after 1 year. .

’

Y



TABLE XI1I1-4, LONG TERM LEACHING SCENARIO D 289

SETTING OF MASTER VARIABLES ;

Groundwater flowing around the waste
- Neutral groundwater

Insoluble contaminant

Any matrix permeability

. CONTROLLING LEACHING MECHAMISMS “

This situation corresponds to the long term leaching test conditions .
(Section 7.4). Leaching rates are controlled by diffusion in the waste
matrix. There is chemical equilibrium between the soluble and the

insoluble fractions of the contaminant. Equation 3.3 is applicable-with
an effective diffusion coefficient given by Equation 3.8.

SETTING OF SECONDARY VARIABLES

Value of De = 10-12 to 10-13 cm?/sec .

se]ected from Table 7.6 or from Equation 3.8 and 3.5 assuming a D value
of 10-6 and K4 values of’ 10° or 107,

.Those Dg values derived from the 1ong term 1each1ng tests include the
‘effect of availability for 1each1ng

-

)

CALCULATEDlLEACHING RATES . .
< Time Leaching Rate mmol/m2:d .
(years) Dy = 10-13 D_= 10-12 al
e .
0.01‘. 0.01054 — 0.03333
0.05 0.00471 0.01491
0.1 0.00333 : 0.01054 '
0.5 "0.00149 — 0.00471 . -
1 : 0.00047 ' 0.00149
10 . . 0.00033 0.00105 v
EXTRAPOLATION o

The rates can be extrapolated since they are so Tow that even after 100
years, the center of a-2 m thick slab would not be affected by leaching.

-

\7‘; .

At
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TABLE XITI-5, LONG TERM LEACHING SCENARIO E

SETTING OF MASTER YARIABLES

Groundwater flowing through the waste
- Any composition of groundwater
- Soluble contaminant
- Low waste permeability

CONTROLLING LEACHING MECHANISMS -

Leaching takes place via convective trahsport Thé*gr‘oundwat'er flows
through the waste following Darcy's Taw and is subjected to a hydrauHc
gradient varying between 1.0 to 5

~i

Y

SETTING OF SECONDARY VARIABLES

slab = 2 T.thick

CALCULATION OF LEACHING RATES

Darcy's law
9 =k . - .
. A m2-sec
_ where g ='f10w rate
' © A = surface area .
k = coefficient of permeability . ¢ : ' ) -.
i= hydraul ic gradient , : ‘ »

ra

“"



)

Lz ki xC x 3600 x 24 x 10°

where
Cp = pore concentration
k=10"% v
= 0,1 mol/L
Cp m '
i=1.0tg 5.0 )

Cp= 0.1 mol/L pore solution

L (i =1.0) = 86.4 mmol/m2-d

5.0 = 432 mmo1/m2+d

L ki

EXTRAPOLATION

Calculate the time for the front to go through

= .315 m/year + 0.315 year

similarly, for 1 = 5.0
duration = 1.268

4=y
A
fori=1.0 .
9 =108 x 1.0 x 3600 x 24 x 365
A -
m_ sec b d
- sec h d year.

N
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TABLE XI11-6, LONG TERM LEACHING SCENARIO F

»~

>

Conditions similar to scenario E exgept for permeabjlity = 10-6 m/sec
as a result of a failure of the phybjcal containment system.

Leaching rate is directly proportional to permeability and thus 100
times larger. ‘

Duration of legching‘isinverse1y ﬁnopopt1ona1 to permeability and thus
100 times smaller. ’

>

}
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t TABLE XIII-7, LONG TERM LEACHING SCENARIO 6 3

_ " SETTING OF MASTER VARIABLES ’ ‘ ) “
. e .

- Groundwater flowing through the waste
- Immobile contaminant

- Low matrix permeability

-.Any composition of groundwater

CONTROLLING LEACHING MECHANISMS

Leaching takes place via convective transport. Darcy's law is -
applicable. Only the fraction soldble is transported. The groundwater -
also washes off the ANC (faster in the cases where the leachant has a

low pH. Because of the low permmeability, the process is so slow that
interface phenomena (Scenario C) Should control. There will eventually

be a breakthrough.

SETTING OF SECONDARY VARIABLES

- permeability 10-° m/sec

‘i
¢ ANC (from-scehafio C): 2.5 x 10°® mmo]/m§
“ flow rate kfrom scenario‘ﬁ)
i=1.0 Q=035_n'
i  mPeyear - )
‘,‘ ‘ . — L. a ~- .
i=50 Q=157 _m |
* meyear

® rate.of acid Adﬂed:

for 1 =1.0, 315 _.m® x10-°M 1000 L_ 1000 mmol
_.mzfyear L m3 M
= 315 __mmol

. myea\

for 1 = 5.0, 1575 mno'l
m?eyear
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LEACHING RATES ‘

L = Ki Cp 3600 x 24 x*10% (from scenario E)

1075 mol/L

i)

assume Cp

L (i=1.0)= 108 x 1.0.x 10-° x 3600 x 24 x 10-©

0.0086' mmol
m2+d

L(i=5)—00%2 mmol . .
-d\ - *\

n

EXTRAPOLATION A

Leach1ng will take place at a constant rate until 211 the ANC has been
washed off and the meta]s start coming out.

ANC = 2.5 x 10° mmo) acid added 315-1575 _mmol _
: m? : mz-ygar N

ca]cu1ate depth neutralized per yeQr
= 1.0 315 _mmol 1

= 00013 m/year

‘m2eyear 2.5 x 10° mmol ' . ~;-~- !
LT ‘ E ‘
=50 - = .00063 m/year
s )

time for breakthrough to occur
i ="1.0, 2m = 15873 years - )

.00013 "m s , : -

' year - ., - A o :

i=5,0, =3174 years



.'.)~

for i

<

TABLE XI111-8, LONG TERM LEACHING SCENARIO H

Conditions similar to Scénario- except for permeability = 10-® m/sec as
a result of failure of the physical containment systems.

Leaching rates are 100 x larger

for 1 = 1.0, 0.86  mmol
mz-d.

7
for i ='5.,0, 4.32 - mmol
m2+d

v

Breakthrough time are 100 times faster .

for i

1.0, 158 years

5.0, 31.7 years
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