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Abstract 

The use of appropriate leaching tests and leaching models can help to predict how constitu- 
ents in municipal waste combustion residues will leach during either utilization or disposal 
scenarios. This paper presents a general approach for estimating constituent release from MWC 
residues under a variety of management scenarios through use of fundamental leaching, site 
specific design and regional climatic parameters. Leaching behavior is categorized as being 
controlled by either (i) constituent availability or solubility for percolation-dominated scen- 
arios with loose granular residues, or, (ii) controlled by diffusion for flow around scenarios with 
compacted granular residues or monolithic products containing residues. Three broad scen- 
arios involving either disposal or utilization are used to illustrate the approach. The scenarios 
are applied to bottom ash, combined ash and APC residue. In two specific cases pertinent to 
bottom ash utilization, field data are used to verify the approach. Field data are also used to 
verify the approach for disposal of combined ash. These methodologies hold promise for 
serving as a basis for evaluating and comparing potential environmental impacts from different 
management scenarios for combustion residues and for other waste materials. 
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1. Introduction 

Municipal waste combustion (MWC) is a component of integrated waste manage- 
ment in many countries. The primary reasons for MWC are to (i) reduce the mass and 
volume of waste requiring disposal; (ii) recover energy from waste; and, (iii) produce 
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a more inert material for disposal or alternative management practices. MWC 
typically results in approximately 90% and 70% reduction in volume and mass, 
respectively, of municipal solid waste. MWC residues, frequently collectively referred 
to as ‘ash’ require either disposal or alternative management. This has resulted in 
development of several management strategies, including utilization of MWC residues 
as an aggregate in construction applications and disposal in monofills. Comparison of 
the various management strategies should include evaluation of the long-term im- 
pacts from each alternative. This requires methodology for estimating release of 
various residue constituents during different management scenarios over extended 
time frames. Current practice in most regulatory jurisdictions relies on evaluation 
based primarily on regulatory leaching tests or short-term field studies. The basic 
premise of this paper is to offer an alternative approach for estimating long-term 
constituent release from MWC residues. This alternative approach is illustrated for 
three different management scenarios for bottom ash, combined ash and air pollution 
control (APC) residues. Estimated releases then are compared to field observations for 
two bottom ash utilization scenarios under conditions similar to those assumed for 
development of the estimates. Release observations also are compared with field data 
for landfill disposal of combined ash. 

2. MWC residues 

Many different MWC residue streams with different characteristics can be produc- 
ed based on the differences in combustion and APC system design, waste feed 
composition and operating conditions. This paper focuses on residues from European 
style mass burn facilities with semi-dry scrubbers and fabric filter particulate collec- 
tion (mass burn/DS/FF) to illustrate methodology for estimating constituent release. 
A similar approach can be applied to residues from other facility configurations. 

The principal residues generated from European style mass burn facilities with 
semi-dry scrubbers and fabric filter APC systems are: (i) grate ash; (ii) grate siftings; 
(iii) fly ash and (iv) APC residues. Grate ash is the material retained on the grate after 
combustion has been completed. This material most frequently is discharged from the 
grate into a quench tank and then removed via conveyor. Grate siftings is the material 
which falls through the grate during combustion. The quantity and characteristics of 
grate siftings can vary as a function of facility design, grate conditions during 
operation and waste feed composition. Grate siftings often are discharged into the 
quench tank with the grate ash. Grate ash and grate siftings are most often mixed 
together and collectively are referred to as ‘bottom ash’. Fly ash is defined as the 
particulate entrained in the combustion gases which is either carried over from the 
primary combustion chamber or formed during cooling of combustion gases. Fly ash 
may be collected prior to acid gas scrubbing (usually in an electrostatic precipitator 
(ESP)) or included in the residues collected after scrubbing. APC residues include fly 
ash, dry or semi-dry scrubber residue, and particulate from the fabric filters; the use of 
the term ‘APC residue’ in this paper refers to mixture of these residues. The relative 
proportions of grate ash, grate siftings, APC residues is approximately 300, 5 and 
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37kg/tonne municipal solid waste (MSW), respectively [l]. In the United States, 
bottom ash and APC residues are frequently mixed together and referred to as 
‘combined ash’ which is most frequently disposed of in lined, dedicated landfills or 
landfill cells with leachate collection. In Europe and Canada, these waste streams are 
usually separated [ 11. 

Bottom ash has physical and chemical properties that make it amenable for use as 
an aggregate substitute in construction applications. In Europe, bottom ash is used as 
compacted road base material; structural fill in wind barriers, sound barriers, and 
highway ramps; and in asphalt applications [l]. 

Utilization rates are approximately 90% for the Netherlands, 72% for Denmark, 
50-60% for western Germany, 26% for Switzerland, and 64% for France. In the 
United States, bottom ash is being considered as an aggregrate for use in bituminous 
pavement and Portland cement applications [2]. Use of combined ash as an aggregate 
substitute in asphalt, Portland cement concrete, and as final cover or gas venting 
layers at municipal solid waste landfills also is being considered in the United States. 
In the Netherlands, fly ash collected in ESPs is used as a fine aggregate filler in 
asphalt. In Europe and Canada, scrubber residue is generally treated for secure 
disposal and not considered for utilization [l]. 

Table 1 provides typical elemental composition of bottom ash, fly ash, APC 
residues and combined ash from a mass burn/DS/FF facility [l]. Bottom ash can be 

Table 1 
Typical ranges and values of total content for bottom ash, fly ash, APC residue and combined ash from 
mass burn MWC facilities. All units in (mg/kg) 

Element Bottom ash [l] Fly ash [l] APC residue [25] Combined ash [25] 

Al 52000 [25] 
As 540 
Ba 500-1800 
Ca 50 OOG90 000 

Cd 2-25 

Cl 1000-3000 
Cr 20~1000 
cu 12O(r2500 
Fe 76000 [25] 
Hg 0.5-l 

K 700&20 000 
Mg 1000@30000 
Mn 1100 [25] 
MO 5-30 
Na 20000 [25] 

Pb 1500-3000 
SOL 12OOG30000 
Sb 3&200 
Zn 200&4000 

a na: Data not available. 

naa 26 000 55 000 
l-2 90 17 

30-80 320 750 
5oow1ooooo 290000 120000 

loo-300 140 31 

30000-50000 170000 28 000 
10-100 190 400 

300-1000 500 1700 
na 6200 61000 

l-20 9 3 

20 oowo 000 16000 13000 
10 000-30 000 na na 
na 420 2100 

2&60 na na 
na 20 000 21000 

4000-8000 3100 1000 
30000-90000 6000 1400 

150-500 1100 250 
10 000-20 000 17000 6100 
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classified as well graded sand and gravel, with a fines (~60 urn) content of up to 10%. 
Up to 20% can be oversized material (> 10 cm) which frequently is separated from the 
bottom ash at the facility by coarse screening. APC residue is classified as a fine 
powder with 50% of its particle size being less than 80 urn. 

The major elements (> 10 000 mg/kg, listed in decreasing order of abundance) in 
bottom ash are 0, Si, Fe, Ca, Al, Na, K and C (Table 1). These elements account for 80 
to 90% of the weight of bottom ash. Their concentrations are similar to those seen in 
geologic materials. The minor elements (1000 to 10000 mg/kg) include Mg, Ti, Cl, 
Mn, Ba, Zn, Cu, Pb, and Cr. The trace elements (< 1000 mg/kg) in bottom ash include 
Sn, Sb, V, MO, As, Se, Sr, Ni, Co, Ce, Ag, Hg, B, Br, F, and I. Although grate siftings 
comprise a small weight percentage of bottom ash (l-3%), they contribute a signifi- 
cant fraction of the elemental Pb, Al, Cu, and Zn to the bottom ash stream from 
mass burn facilities. The dissolvable solids content of bottom ash is between 3% 
and 14% and consists mostly of calcium and sodium salts, e.g., NaCl, CaC12, CaSO, 
Cll. 

The major elemental constituents (>lOOOO mg/kg, listed in decreasing order of 
abundance) of fly ash are Si, Ca, Al, Cl, Na, K, S and Fe. Most elements are present as 
oxides, and 0 is the most abundant element in the fly ash. However, the presence of 
elemental Al has been observed in fly ash and may cause hydrogen evolution when the 
ash is contacted with water under natural, usually alkaline, conditions. Substantial 
amounts of Zn, Mg and Pb are also present. All these elements are present in 
concentrations exceeding 10 000 mg/kg. The minor elements Ti, Ba, Sn, Mn, and Cu 
are present in concentrations between 1000 and 10 000 mg/kg. The trace elements Cr, 
Sb, Cd, Sr, Ni, As, Ag, Co, V, MO and Se, are present in concentrations less than 
1000 mg/kg. The content of Hg in fly ash is normally less than 30 mg/kg. In addition, 
the water soluble fraction of fly ash is approximately 21-60 wt% [l]. 

The major elemental constituents (> 10 000 mg/kg, listed in decreasing order of 
abundance) of semidry APC system residues are Ca, Cl, Si, Al, Na, K, S, Zn, Mg, Pb, 
Fe and 0. CaCl, and CaSO, are present in elevated concentrations as a result of acid 
gas scrubbing. The minor elements Ti, Ba, Sn, Mn, and Cu are present in concentra- 
tions between 1000 mg/kg and 10 000 mg/kg. The trace elements Cr, Sb, Cd, Sr, Ni, 
As, Ag, Co, V, MO and Se are present in concentrations less than 1000 mg/kg. The 
content of Hg in APC residue from semidry scrubber systems is normally less than 
50 mg/kg. However, wet scrubber sludge may contain 500 to 1000 mg Hg/kg. APC 
residues are highly water-soluble with the water soluble fraction ranging between 27 
and 65 wt% [l]. 

The composition of combined ash reflects the mixture of bottom ash and APC 
residue at a mass ratio of approximately 70: 30, respectively. Fly ash included with the 
APC residue typically is 20% of the total quantity of residues produced. Frequently, 
a high degree of variability associated with sampling and analysis of bottom ash and 
combined ash will result in statistically indistinguishable analyses for several elements. 
This is a result of the intrinsic heterogenity of these materials at a micro-scale. The 
primary differences between bottom ash and combined ash is that combined ash has 
elevated concentrations of Ca, Cl, S, Cd, Zn, and Hg, as well as TDS, relative to 
bottom ash. 
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Previous studies have identified Pb, Cd and total dissolved solids (TDS) as impor- 
tant constituents that may be leached from MWC residues, potentially causing 
detrimental environmental effects [a]. Copper and molybdenum also may be of 
concern in some aquatic environments [3]. Chloride is major component of the TDS 
originating from MWC residues and has been observed to contribute up to 50% of 
the TDS in leachates from MWC residue disposal [4]. Thus, Pb and Cl were selected 
to illustrate release estimates for this paper. 

3. Leaching fundamentals 

Currently, potential constituent release is most frequently evaluated based on single 
extraction leaching tests such as the Toxicity Characteristic Leaching Procedure 
(TCLP, United States) [S], DIN 38414 S4 (Germany) and AFNOR X-31-210 (France) 
[6,7]. All of these are single batch extractions which use either acetic acid or distilled 
water as the extractant. In general, leaching tests can be classified into the following 
categories: (i) tests designed to simulate constituent release under specific environ- 
mental conditions (e.g., synthetic acid rain leach test or TCLP), (ii) sequential chemical 
extraction tests, or (iii) tests which assess fundamental leaching parameters. Tests that 
are designed to simulate release under specific environmental conditions are limited 
because they most often do not provide information on release over different time 
intervals or under environmental conditions different than the one being simulated. 
Sequential chemical extraction tests evaluate release based on extraction of the waste 
with a series of increasingly more aggressive extractants. This approach, originally 
compiled by Tessier et al. [S] was further adapted to wastes by Frazer and Lum [9]. 
Recent results have shown that resorption and reprecipitation reactions can dramati- 
cally alter the releases observed and thus invalidate the use of this approach [lo, 111. 

An alternative approach to estimating constituent release is through measurement 
of fundamental leaching parameters. The following fundamental parameters can be 
used as a foundation for estimating constituent release under a variety of environ- 
mental exposure conditions: 
??Availability; 
??Solubility; and, 
??Apparent diffusion coefficient, tortuosity and chemical retention. 

Each of these parameters are described in the discussion which follows. 

3.1. Availability 

Availability is defined as the maximum quantity or soluble fraction of a residue 
constituent that can be released into solution under aggressive leaching conditions 
[12]. These conditions, in theory, should provide an estimate of the maximum mass of 
material that could leach under a 1000 to 10000 yr time frame, except for mobile 
species such as highly soluble salts (e.g., sodium chloride) for which the availability can 
be reached in a matter of years. Under availability controlled conditions, the resulting 
solution (leachate) is at a concentration less than the saturation condition for the 
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element or species of interest. For example, availability in bottom ash typically 
excludes elemental species which are tightly bound in glassy matrices and in geologi- 
cally stable mineral forms such as Si in SiOz (quartz), Ca in CazAlzSiOT (gehlenite), 
and Mg in MgCazSilOT (ackermanite). Thus, the availability of a specific element can 
be significantly less than the total content of that element (e.g., Pb) or may be 
approximately equal to the total content (e.g., Cl). Determination of availability, 
however, does not indicate whether or not this maximum quantity of a particular 
constituent will be released, or over what precise time interval the release will occur 
for the environmental exposure scenario of interest. 

The following experimental conditions have been observed to result in availability 
controlled release for most elements and species of interest in MWC residues [l]: 
??Liquid-to-solid (LS) ratios greater than 10 concurrent with pH less than 4; 
??LS greater than 10 concurrent with near neutral pH and 0.2 molar citric acid; and, 
??LS greater than 10 concurrent with near neutral pH and 0.016 molar EDTA; 

All three of the above availability controlled leaching conditions result in the same 
quantitative release of a specific element or species for a specific ash sample [l]. The 
exception is Pb from APC residues, which often shows a maximum availability at pH 
greater than 11. However, none of these extraction conditions are intended to simulate 
actual field exposure scenarios. Two standardized leaching procedures which result in 
measurement of constituent availability are the Dutch Availability Leach Test (NEN 
7341) [l] and the California Waste Extraction Test [13]. Availability leaching test 
results should be presented as the measured release (mg element leached/kg of 
material extracted). 

Table 2 presents the availability of several elements and species from bottom ash, fly 
ash, APC residue and combined ash. The availability of specific elements or species of 
interest may be a small fraction of the total concentration present in the ash and may 
be significantly different for different ash types. For example, Pb availability in bottom 
ash, fly ash and APC residues is approximately 8%, 3% and 32%, respectively, of the 
total Pb content in the MWC residues. Conversely, Cl has high availabilities in all of 
the residue types. APC residues are significantly higher in Cd, Pb, Zn, Cl and SO4 
availability per unit mass of residue compared to bottom ash. 

The relative amount of a specific element available for leaching as a function of ash 
type can be estimated based on the availability multiplied by the mass fraction of total 
quantity of residues that the particular ash type represents. For example: 
??The total amount of Cl available for all residues is approximately 6000 g/tonne 

MSW of which 1 g/tonne MSW (0.02%) is present in grate siftings, 70 g/tonne 
MSW (1%) is present in grate ash, 3 g/tonne MSW (0.05%) is present in boiler ash 
and the balance, approximately 5900 g/tonne MSW (>98%) is present in APC 
residue. 

??The total amount of Pb available for all residues is approximately 100 g/tonne 
MSW of which 50 g/tonne MSW (50%) is present in the grate siftings, 40 g/tonne 
MSW (4O%)is present in the grate ash and, and 10 g/tonne MSW (10%) is present 
in the APC residues. 

These results provide guidance on the relative potential environmental burden from 
each residue stream. 
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Table 2 
Typical ranges and values of availability for bottom ash, fly ash, APC residue and combined ash from mass 
burn MWC facilities. All units in (mg/kg) 

Element Bottom ash [l] Fly ash [l] APC residue [25] Combined ash [25] 

Al 5600 [25] naa 2900 4000 
As 0.3-5 l-2 14 6 
Ba 50-200 3G80 90 130 
Ca 20 OOG70 000 5oooc-100000 200 000 79 000 

Cd 0.5-5 lOG300 130 27 

Cl 10@6000 30000-50000 146000 32 000 
Cr 2-10 l&100 6 3 
cu 50-200 5-20 200 380 
Fe 2700 [25] na 30 670 

Hg 0.01-0.1 1-3 17 0.6 

K 1000-3000 10000-25000 14000 5800 

Mg 1000-3000 4000-15000 4300 4700 
Mn 220 [25] na 64 680 
MO 14 14 11 2 
Na 5600 [25] na 14000 5800 

Pb 

SOL 
Sb 
Zn 

5&300 
800~18000 

30 [25] 
50-500 

10~300 
3OOOG80000 
na 

5OOG8000 

1000 
88000 

110 
7900 

ii000 
<8 

2900 

a na: Data not available. 

3.2. Solubility 

The rate of constituent release is most frequently either solubility controlled or 
mass transfer controlled. Solubility control occurs when the solution in contact with 
a waste is saturated with respect to the constituent species of interest. This condition is 
prevalent at low LS (which typically occurs in the field) when percolation dominates 
water contact with contaminated solids. The solubility of most heavy metal cations 
(e.g., Pb, Cd, Zn, etc.) is strongly a function of solution equilibrium pH. Solubility of 
a particular element also can be increased by the presence of significant concentra- 
tions of complexing agents such as chloride, or acetate or reduced by the presence of 
a co-precipitating species such as sulfate or sulfide. Similarly, solubility can be 
increased during laboratory extraction procedures by the presence of these complex- 
ing agents or more aggressive chelating agents such as EDTA. Solubility typically is 
measured using a low LS (e.g., less than or equal to 5 l/kg) under equilibrium 
conditions. Two test methods which have been used to measure solubility as a func- 
tion of solution pH are the pH-stat test [ 141 and the acid neutralization capacity leach 
test [15]. Solubility leaching results should be presented as solution concentration 
(mg/l) as a function of pH. 
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Fig. 1. The log-mean solubility of lead as a function of pH for bottom ash, APC residue and combined ash 
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APC residue 

Fig. 1 presents the log-mean solubility of lead as a function of pH for bottom ash, 
APC residue and combined ash based on laboratory testing of a large number 
(> 1000) samples of MWC residues [ 11. Lead solubility is similar for all three residue 
types although the solubility of Pb from APC residue is slightly increased under 
alkaline conditions. These results indicate that lead solubility varies by three orders of 
magnitude as a function of solution pH. Minimum solubility is observed between pH 
8 and 10. 

Chloride is highly soluble with solubilities in neat aqueous solution of approxim- 
ately 165 000, 216 000 and 475 000 mg Cl/l for KCl, NaCl and CaCl,, respectively 
[16]. Solubilities can be increased relative to these values in solutions with other ions 
present and of high ionic strength. Chloride solubility also is relatively independent of 
pH and is released rapidly as a function of LS. Fig. 2 presents the leachate chloride 
concentration as a function of LS during laboratory column leaching tests carried out 
in accordance with NEN 7343 [17,18]. Approximately 25% of the available chloride 
was released from bottom ash and fly ash at LS of 0.1 l/kg ash. Approximately 60% 
and 90% of the chloride availability was released by LS of 1 for bottom ash and fly 
ash, respectively. If 25% of the availability is used to estimate the initial concentration 
of chloride released during percolation controlled leaching, expected initial concentra- 
tions are approximately 7000, 150 000, 290000 and 64000 mg/l for bottom ash, fly 
ash, APC residue and combined ash, respectively. The initial concentrations of 
chloride observed during the laboratory column leaching tests were 5000 and 
210000 mg/l for bottom ash and fly ash, respectively. Field observations of bottom 
ash and combined ash leaching have indicated initial chloride concentrations ranging 
from 1400 to 1800 and 14000 to 50000 mg/l, respectively [19,20]. These results 
primarily reflect flow heterogeneity (channeling and bypass) and that leachate produc- 
ed in the field at LS less than 1 l/kg results from the displacement of pore water 
present during disposal and not infiltration which has percolated through the entire 
fill material. 
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Fig. 2. Chloride leachate concentration as a function of LS during laboratory leaching tests for bottom ash 
and fly ash (MSWI Fly ash [18]; Woodburn, combined ash [19]; RW15, bottom ash [38]; AVR, bottom 
ash [18]; DK, bottom ash and fly ash [4]). 

3.3. DifSusion 

Mass transfer-controlled release occurs when the rate of constituent release from 
the solid matrix is the release limiting step and thus saturation or equilibrium with the 
leachate is not achieved. Constituent diffusion through the solid phase is usually the 
mass transfer controlling process. This condition is prevalent when MWC residues are 
monolithic in form (such as stabilized residues or residues incorporated into asphalt 
pavement) or, when granular materials are compacted to low permeability or overlain 
by an impermeable barrier. 

The cumulative release of a diffusing constituent from a solid matrix, e.g. a mono- 
lithic solid or a compacted granular material, can be described by [21]: 

Dt o.5 
M, = 2pC0 ; 

0 
. 

Eq. (1) assumes that the concentration of the diffusing constituent remains dilute at 
the surface boundary and that the concentration of the diffusing constituent at some 
distance from the surface boundary within the material does not change, e.g., de- 
pletion does not occur. Depletion occurs when the cumulative release of a very soluble 
component approaches the maximum leachable quantity, as determined by the 
availability leach test. The initial concentration of the diffusing element or species is 
equal to the availability of that component because the availability is the concentra- 
tion which serves as the chemical ‘driving force’ for mass transfer. Use of the total 
elemental concentration as CO would result in overestimation of the cumulative 
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release or underestimation of the diffusion coefficient if that variable was being 
estimated from release data. Van der Sloot [22] reported that the observed diffusion 
coefficient can be divided into the free diffusion of the constituent of interest, a phys- 
ical retention factor, and a chemical retention factor according to the relationship 

Physical retardation (7) is a property of the solid matrix (either monolithic or 
compacted granular materials) and is independent of the diffusing element. It is 
equivalent to the tortuosity for aqueous phase diffusion for cases where the test 
sample remains physically intact (e.g., no significant cracking or disintegration). In 
these cases, tortuosity is an approximation of the ratio of the actual mean path length 
a species travels from within the monolith to the monolith surface for release to the 
mean direct geometric path length. Physical retardation values can be very high in 
hydrophobic matrices such as asphalt. For cases where the monolith does not 
maintain physical integrity, the physical retardation factor is a relative reference index 
for the degree of species retention within the matrix by physical encapsulation at the 
microscale. 

The chemical retardation factor quantifies the decrease in the rate of the release of 
a component resulting from chemical interactions of the diffusing ion with the solid 
matrix by comparison to release of an inert species. The interactions typically involve 
sorption processes to surfaces and temporary surface-associated precipitation phe- 
nomena. Chemical retention is usually inversely related to the solubility of an element 
as a function of porewater pH within the solid matrix [14]. 

Diffusion coefficients, physical retardation factors and chemical retardation factors 
are calculated from data obtained during the monolith or compacted granular leach 
tests in conjunction with either the availability or total solid phase concentrations. 
ANS 16.1 [23] and NEN 7345 [24] are two experimental methods which can be used 
for measuring D, z, and R for release of constituents from monolithic materials. 
A laboratory protocol for estimating diffusion controlled release from compacted 
granular materials also has been developed [25]. In all cases, D is calculated based on 
rearrangement of Eq. (1) as 

?-CM? 
DC- 

4t( PCOY 
(3) 

In the test method according to ANS 16.1, CO is equal to the total solid phase 
concentration of the product which results in smaller values of D and thus results in 
underestimation of the rate of constituent release. NEN 7435 and the granular 
diffusion test correct for this deficiency by defining CO as the experimentally deter- 
mined availability. 

The physical retardation factor is calculated based on use of sodium as the inert 
tracer as 

D 0,Na 
(4) 
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The chemical retardation factor (R) for the component of interest is calculated from 

Table 3 presents diffusion coefficients and tortuosity values for several elements 
in untreated MWC residues and MWC residues incorporated into several solid 
products. 

4. Estimation of constituent release for three management scenarios 

Three broad management scenarios are provided for the purpose of illustration. 
Each of the categories are further divided into two specific applications: 
Scenario 1. (Disposal in a percolation-controlled release regime) 

Case A: unlined monofill with 20 cm infiltration per year; 
Case B: unlined monofill with 200 cm infiltration per year. 

Scenario 2. (Utilization as granular fill in a percolation-controlled release regime) 
Case C: application of 0.5 m thickness with 20 cm infiltration per year; 
Case D: application of 0.5 m thickness with 200 cm infiltration per year. 

Scenario 3. (Utilization in road construction in a diffusion-controlled release regime) 
Case E: compacted granular roadbase, wetted 35% of the time; and, 
Case F: 50% substitution of natural aggregate in asphalt cement pavement, wetted 

35% of the time. 
This results in six possible cases to evaluate. Each of the six scenarios has been 

selected to illustrate reasonable field conditions but is not specific to any particular 
location. Table 4 provides a summary of the assumptions used for each disposal or 
utilization scenario and each MWC residue type. The disposal scenario is assumed to 
be an unlined scenario for illustrative purposes only because the approach involves 
estimation of cumulative relase and adjacent soil impact. This is usually not the case 
for state-of-the-art disposal facilities which include liners and leachate collection. 
However, the cumulative release of a species still would provide useful information for 
the managment of collected leachate. All of the cases are applied to bottom ash, 
combined ash and APC residues for illustration purposes. In some instances, notably 
bottom ash utilization in granular fill and road construction, the scenarios are 
examples of existing management strategies. In other instances, notably APC utiliz- 
ation in structural fill or road construction, the scenarios are not likely management 
strategies because of residue physical properties and chemical composition. They are 
included, however, to illustrate the approach and to provide considerations why 
particular strategies may be inappropriate. A sample set of results, using lead and 
chloride as examples, is provided for all 18 possible specific combinations. In two of 
the 18 combinations, bottom ash use as a compacted base course below an asphalt 
road and bottom ash use in asphalt pavement, field data from ongoing utilization 
studies are used to show that the approach does provide reasonable estimates of 
contaminant release. Release estimates from disposal of combined ash also are 



Ta
bl

e 
3 

Ty
pi

ca
l 

ra
ng

es
 

an
d 

va
lu

es
 

of
 t

or
tu

os
ity

 
an

d 
di

ff
us

io
n 

co
ef

fic
ie

nt
s 

fo
r 

bo
tto

m
 

as
h,

 
fly

 a
sh

, 
A

PC
 

re
si

du
e,

 
co

m
bi

ne
d 

as
h 

an
d 

se
ve

ra
l 

pr
od

uc
ts 

in
co

rp
or

at
in

g 
M

W
C

 
re

si
du

es
 

fro
m

 
m

as
s 

bu
rn

 
M

W
C

 
fa

ci
lit

ie
s. 

C
he

m
ic

al
 

re
ta

rd
at

io
n 

fa
ct

or
s 

ca
n 

be
 c

al
cu

la
te

d 
us

in
g 

Eq
. 

(5
) 

D
 0.

x 
B

ot
to

m
 

as
h 

A
PC

 
re

si
du

e 

c2
51

 
~2

51
 

To
rtu

os
ity

 
(-

) 
- 

23
 

10
 

C
om

bi
ne

d 
as

h 

c2
51

 

24
 

G
ra

te
 

as
h 

in
 a

sp
ha

lt 

~3
2,

34
1 

66
00

” 

Fl
y 

as
h 

in
 a

sp
ha

lt 

C
l8

1 

80
00

 

B
ot

to
m

 
as

h 
in

 c
on

cr
et

e 
pa

vi
ng

 
bl

oc
ks

 
[1

8]
 

36
 

D
iff

us
io

n 
co

ef
fic

ie
nt

 
( 

- 
lo

g(
m

/s
2)

) 

A
a 

9.
04

 
B

a 
9.

7 
C

a 
9.

1 
C

d 
9.

14
 

C
l 

8.
69

 
C

r 
9.

23
 

cu
 

9.
11

 
K

 
8.

71
 

M
g 

9.
04

 
M

n 
9.

1 
M

O
 

9 

N
a 

8.
88

 

Pb
 

9.
02

 

Zn
 

9.
11

 

na
b 

na
 

na
 

na
 

12
.6

 
11

.1
 

12
.3

 
na

 
12

.1
 

na
 

14
.7

 
3.

9 

12
.7

 
11

.1
 

12
.8

 
13

.5
51

4.
2 

15
.2

 
14

.1
 

> 
15

 
16

.4
 

> 
15

 
na

 
15

.8
 

> 
14

 

10
.5

 
10

 
10

.5
 

11
.6

-1
2.

2 
11

.4
 

12
.2

 
11

.7
 

12
.3

 
10

.4
 

na
 

> 
14

 
> 

13
 

> 
14

.7
 

15
.1

 
14

.6
 

na
 

14
.4

 
13

.6
 

10
.1

 
9.

7 
10

.2
 

na
 

12
.6

 
10

.4
 

> 
14

.7
 

na
 

15
 

14
.2

-1
5.

2 
na

 
na

 
na

 
na

 
na

 
na

 
na

 
na

 
na

 
na

 
na

 
14

.4
 

::*
 

10
.2

 
9.

8 
10

.3
 

11
.5

-1
2.

2 
12

.8
 

10
.4

 

16
.2

 
15

.9
 

16
.3

 
15

.5
- 

> 
16

 
16

.3
 

16
.4

 

13
51

 

15
.7

 
16

 
16

 
13

.9
-1

6.
5 

15
.5

 
16

.1
 

a T
he

 v
al

ue
s 

of
 t

or
tu

os
ity

 
fo

r 
gr

at
e 

as
h 

in
 a

sp
ha

lt 
ra

ng
ed

 
be

tw
ee

n 
44

0 
an

d 
14

 2
00

 w
ith

 
a 

m
ea

n 
va

lu
e 

of
 6

60
0 

fo
r 

8 
m

ea
su

re
m

en
ts

. 
To

rtu
os

ity
 

w
as

 
re

po
rte

d 
to

 b
e 

de
pe

nd
en

t 
on

 
th

e 
ex

te
nt

 
of

 a
sp

ha
lt 

cr
ac

ki
ng

, 
%

 a
sp

ha
lt 

ce
m

en
t 

an
d 

%
 

bo
tto

m
 

as
h 

su
bs

tit
ut

io
n 

fo
r 

na
tu

ra
l 

ag
gr

eg
at

e 
[3

5]
. 

’ n
a 

= 
no

t 
av

ai
la

bl
e.

 



Ta
bl

e 
4 

A
ss

um
pt

io
ns

 
fo

r 
es

tim
at

in
g 

cu
m

ul
at

iv
e 

re
le

as
e 

fo
r 

di
sp

os
al

 
an

d 
ut

ili
za

tio
n 

sc
en

ar
io

s 

D
is

po
sa

l 
U

til
iz

at
io

n 
as

 g
ra

nu
la

r 
fil

l 
U

til
iz

at
io

n 
as

 r
oa

db
as

e 
U

til
iz

at
io

n 
as

 a
gg

re
ga

te
 

in
 a

sp
ha

lt”
 

C
as

e 
A

 
C

as
e 

B
 

C
as

e 
C

 
C

as
e 

D
 

C
as

e 
E 

C
as

e 
F 

R
el

ea
se

 
in

te
rv

al
 

(y
r)

 
M

ea
n 

te
m

p.
 

(”
 C

) 
D

ep
th

 
or

 t
hi

ck
ne

ss
 

(m
) 

In
fil

tra
tio

n 
(c

m
/y

r)
 

Ti
m

e 
w

et
 (

%
) 

pD
 f

or
 C

l 
B

ot
to

m
 

as
h 

A
PC

 
re

si
du

e 
C

om
bi

ne
d 

as
h 

pD
 f

or
 

Pb
 

B
ot

to
m

 
as

h 
A

PC
 

re
si

du
e 

C
om

bi
ne

d 
as

h 

A
va

ila
bi

lit
y 

C
l 

(g
/k

g)
 

Pb
 

(m
g/

kg
) 

Le
ac

ha
te

 
pH

 
Pb

 
So

lu
bi

lit
y 

(m
g 

Pb
/l)

 
C

l 
In

ita
l 

re
le

as
e 

(g
 C

l/l
) 

D
en

si
ty

 
(to

nn
e/

m
3)

 

10
0 20
 

10
 

20
 

na
 

na
 

na
 

na
 

na
 

na
 

na
 

B
ot

to
m

 
as

h 

2.
0 

17
0 

28
 

18
0 

10
00

 
50

0 
8 

11
 

6.
5 

0.
04

 
10

 
0.

1 
1.

2 
40

 
25

 
2.

1 
1.

4 
1.

9 

10
0 20
 

10
 

20
0 

na
 

na
 

na
 

na
 

na
 

na
 

na
 

10
0 20
 0.
5 

20
 

na
 

na
 

na
 

na
 

na
 

na
 

na
 

A
PC

 
re

si
du

e 

10
0 20
 0.
5 

20
0 

na
 

na
 

na
 

na
 

na
 

15
 

16
 

na
 

13
 

14
 

na
 

15
 

16
 

10
0 20
 0.
45

 
na

b 35
 

10
 

10
 

10
 

C
om

bi
ne

d 
as

h 

10
0 20
 0.
45

 
na

 35
 

13
 

13
 

13
 

a A
ss

um
es

 
as

ph
al

t 
w

ith
 

50
%

 
re

si
du

e 
bl

en
de

d 
w

ith
 

50
%

 
na

tu
ra

l 
ag

gr
eg

at
e,

 
7 

w
t%

 
as

ph
al

t 
ce

m
en

t. 
b N

ot
 

ap
pl

ic
ab

le
. 



56 D.S. Kosson et al. /Journal of Hazardous Materials 47 (1996) 43-75 

compared to field observations of leachate composition from monofill disposal. 
Verification with field data will obviously need to be expanded for many of the other 
management strategies to ensure that the approach has wide-spread applicability. 

Estimation of constituent release for each of the above cases is specific to the range 
of anticipated field conditions and the element(s) or species of interest. The most 
critical field conditions are residue loadings (depth of residue fill, substitution rate, 
geometry, etc.), water contact, pH, oxidation or reduction potential, and temperature. 
The most critical MWC residue characteristics for developing field release estimates 
are constituent availability, solubility as a function of pH, the observed diffusion 
coefficient, and acid neutralization capacity. For all of the above scenarios, the 
compacted density and hydraulic conductivity will be similar for a given residue type. 
The primary difference amongst the scenarios is the amount of infiltration and the 
mode of water contact. 

4.1. Scenario 1 - Disposal in a percolation-controlled regime 

Disposal of MWC residues in a monofill results in very large mass of material 
located in a relatively limited area. Current monofill design and operating practices 
include the use of liners and leachate collection systems and the minimization of water 
infiltration through use of impermeable intermittent and final covers. During opera- 
tion, residual moisture in the residues displaced by compaction and infiltration of 
precipitation may percolate through the material. Upon closure, infiltration is greatly 
reduced. This results in a low liquid to solid ratio (LS < 1) for long time intervals, e.g., 
decades or longer. Under this scenario, constituent release is controlled either by the 
solubility or availability of the species of interest. 

Mean chloride concentrations observed from combined ash monofills during their 
first 5 years of operation ranged between 17 000 and 37000 mg/l with maximum 
observed concentrations of 50000 mg/l [19,20]. If the availability of chloride in 
combined ash is approximately 35 000 mg/kg, from 50% to greater than 80% of the 
chloride present will be leached by the time an LS of 1 is achieved. Results from 
monitoring an ash monofill with bottom ash and fly ash over an interval of 20 yr 
indicated that chloride and TDS concentrations in leachate have begun to decline 
recently which corresponds to an LS of 0.6 [4]. 

Fig. 3 presents the pH and Eh of leachate from several MWC residue field 
lysimeters and monofills as a function of time. The observed pH of leachates from 
a bottom ash lysimeter and a monofill containing mixed bottom ash and fly ash, and 
combined ash monofills ranged from 8.5-10.5,9.5-10.5, and 6.0-7.5, respectively. Note 
that reducing conditions are generated within the MWC residues relatively rapidly 
after disposal. Although bottom ash, APC residue and combined ash are all highly 
alkaline (pH > 10) immediately after generation, the pH of the leachates are less 
alkaline to nearly neutral for the cases of combined ash. This is most likely the result 
of carbon dioxide uptake from the atmosphere and carbon dioxide generation from 
microbial activity to form a carbonate buffer system. It is unclear whether the slightly 
acidic to neutral pHs observed for combined ash leachates are indicative of the 
environment within the monofill or reflect carbon dioxide uptake and oxidation 
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Fig. 3. pH and redox potential observed for monofill leachates (MSWI bottom ash [18]; Ash monofill 
(DK) [4]; Woodburn, combined ash [19]; Hartford, combined ash [20]). 

which may have occurred during sample accumulation in leachate collection and 
storage systems. Oxidation of sulfide species to sulfuric acid or the production of 
greater concentrations of organic acids through biodegradation of uncombusted 
waste constituents may be responsible for the more acidic pHs observed for combined 
ash monofills. The mean alkalinity of leachates from three combined ash monofills 
ranged from 160 to 500 mg/l [20]. Thus, the initial conditions may be dictated by the 
characteristics of the residues, but external factors may result in considerable changes. 

Fig. 4 presents observed lead concentrations in ash landfill leachate compared to 
laboratory testing results as a function of pH. In general, field observations are either 
similar to or less than laboratory concentrations measured at the same pH. Concur- 
rently with the shift to a neutral pH, highly reducing conditions are established within 
the monofill. This is evidenced by observed elevated barium, iron and manganese 
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Fig. 4. Observed lead concentrations in ash monofill leachates compared to laboratory testing results as 
a function of pH (Combined ash (CRRA) [20]; Combined ash (Woodburn) [19]; Bottom ash and fly ash 
(DK) [4]; Combined ash (CORRE) [40]; Bottom ash (AVR) [39]). The dotted line indicates the log-mean 
concentration of laboratory results while the dashed lines indicate k 1 standard deviation of log-trans- 
formed data. 

concentrations in leachate [4,20,21]. These reducing conditions also result in signifi- 
cantly reduced heavy metal (e.g., lead, cadmium, etc.) concentrations compared to the 
oxidizing conditions usually present during laboratory testing. Caution should be 
exercised in obtaining field samples to avoid sample exposure to the atmosphere or 
oxidation. 

The release of MWC residue constituents at a disposal site is primarily controlled 
by the solubility of those constituents. Several major constituents such as chloride, 
sodium, and potassium are highly soluble and their solubilities are independent of pH. 
The cumulative amount released will approach the availability for that species at low 
LS. The solubility of heavy metals is strongly dependent on the field pH and redox 
potential. The cumulative release of a specific constituent is the product of that 
constituent’s solubility at field conditions and the LS. 

The information required to estimate constituent release during disposal is the 
(i) disposal scenario geometry and physical conditions (e.g., type(s) of residue dis- 
posed, depth of residue fill, compacted residue density), (ii) anticipated infiltration 
rate, (iii) constituent availability, and (iv) constituent solubility as a function of pH 
for the residue types to be disposed. If the anticipated infiltration rate is not known, 
a LS of 2 is considered to be conservative for long term release from a monofill with 
a low permeability final cover. Highly soluble constituents (e.g., sodium, chloride, etc.) 
are considered to be released up to their availability. Sparingly soluble constituents 
are considered to be released at the concentration determined to correspond to the 
anticipated field pH. This estimate usually will be conservative because of decreases in 
solubility resulting from reducing conditions established in the field. 
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The anticipated LS is 

LS = (inf)(G 
PHrirr 

and the estimated cumulative release is 

59 

(6) 

where S, is determined by solubility or availability, as appropriate. 
Estimated releases of chloride and lead for two disposal cases for bottom ash, APC 

residue and combined ash are presented in Tables 5 and 6. Both Case A and Case 
B assume median values for availability for chloride and lead in each residue type, 
a monofill depth of 10 m and a release interval of 100 yr. Case A assumes an 
infiltration rate of 20 cm/yr (0.02 m3/m2 yr) while Case B assumes an infiltration rate 
of 200 cm/yr (0.2 m”/m” yr). Case A assumes that infiltration is limited by monofill 
design while Case B may be more representative of a fill without aggressive infiltration 
control measures. Estimated release has been presented both on the basis of g Cl/kg 
ash disposed (or mg Pb/kg ash disposed), as calculated by Eq. (7) and on the basis of 
kg Cl/m* (or g Pb/m*). Release presented based on unit mass of residue disposed is 
useful for comparing the relative release or total environmental burden associated 
with different management scenarios while a release per unit area is useful for 
comparing the potential impact immediately underlying a disposal or utilization 
location. However, release would occur to the underlying soils only if the disposal sites 
were unlined. The actual impact underlying the disposal or utilization application 
frequently is reduced or minimized through use of liner systems and leachate collec- 
tion. However, the release is not altered and the ultimate environmental burden is 

Table 5 
Estimated cumulative release of lead over 100 years for several management options 

Management scenario Bottom ash APC residue Combined ash 

(mg/kg) (g/m*? (mg/kg) (g/m’) (mg/kg) (g/m? 

Disposal 
Case A 0.004 0.08 1 20 0.01 0.2 
Case B 0.04 0.8 10 200 0.1 2.0 

Utilization as granular fill 
Case C 0.08 0.08 30 20 0.2 0.2 
Case D 0.8 0.8 300 200 2 2 

Utilization as roadbase 
Case E 0.3 0.3 9 6 0.5 0.5 

Utilization as aggregate in asphalt 
Case F 0.07 0.04 6 2 0.1 0.06 

a (mg/kg as disposed or utilized). 
b (g/m2 land area impacted). 
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Table 6 
Estimated cumulative release of chloride over 100 years for several management scenario 

Management scenario Bottom ash APC residue Combined ash 

(g/kg) (kg/m’? (g/kg) (kg/m’) (g/kg) (kg/m* 1 

Disposal 
Case A 0.12 
Case B 1.2 

Utilization as granular fill 
Case C 2.0 
Case D 2.0’ 

Utilization as roadbase 
Case E 0.8 

Utilization as aggregate in asphalt 
Case F 0.06 

2.5 5.6 78 2.5 48 
25 56 780 25 480 

2.1 110 77 28” 27 
2.1 170’ 120 28” 27 

0.8 65 41 11 9.4 

0.03 5 1.6 0.8 0.3 

a (g/kg as disposed or utilized). 
b (kg/m’ land area impacted). 
‘The cumulative amount of Cl- released for this case is limited by the availability of Cl- in the MWC 

residue (e.g., the maximum quantity has been released over the 100 yr interval). 

a function of the leachate management scenario (e.g., treatment and discharge or 
alternative management practices). The release per unit area underlying an unlined 
disposal or utilization application is calculated as 

The resulting estimates indicate that the release for Case B, as expected, is a factor 
of ten greater than for Case A for all residue types. Release of chloride from APC 
residue and combined ash is approximately 30 and 20 times greater, respectively, than 
that from bottom ash. Release of lead from APC residue and combined ash is 
approximately 200 and 2 times greater, respectively, than that from bottom ash. 
Furthermore, release of chloride typically is more than three orders of magnitude 
greater than release of lead for the same case and residue type. 

4.2. Scenario 2 - Utilization as granular fill under a percolation regime 

Utilization of MWC residues in a percolation controlled regime is also solubility 
controlled but differs from disposal in several critical aspects. The time period over 
which percolation occurs may be limited because the material may be exposed for 
a fixed period of time and then covered with a low permeability material or replaced. 
Typically the depth of fill material is limited and the material will remain oxidized 
during exposure. In addition, the properties of the other materials which may be in 
contact with the residues also can be important. Examples of utilization under 
a percolation regime are use of bottom ash or combined ash as a granular fill 
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material for embankments or as a gas venting layer in landfills. It is unlikely that APC 
residue would be used in this application because of inappropriate physical character- 
istics. This case is included here for comparative purposes only. Release under this 
scenario is extremely sensitive to the anticipated annual infiltration and cumulative 
LS. 

The information required to estimate constituent release during utilization in 
a percolation regime is the (i) utilization scenario geometry and physical conditions 
(e.g., type(s) of residue utilized, depth of residue fill, compacted residue density, extent 
of gas exchange with the atmosphere), (ii) design life time of the residue use, 
(iii) anticipated infiltration rate, (iv) constituent availability, and (v) constituent solu- 
bility as a function of pH for the residue types to be utilized. Highly soluble 
constituents (e.g., Na, Cl, etc.) are considered to be released based on estimated initial 
release concentrations obtained from either laboratory column testing or prior field 
experience. Sparingly soluble constituents are considered to be released at the concen- 
tration determined to correspond to the anticipated field pH. However, the field pH 
and redox potential may be considerably different than the pH and redox potential of 
the residues measured under laboratory conditions. Uptake of carbon dioxide from 
microbial activity or atmospheric exchange can result in more neutral pH in the field 
than observed for recently generated residues tested under laboratory conditions. 
Reducing conditions often result in the field in the absence of atmospheric exchange 
either from microbial activity degrading residue organic carbon or from reduced 
metals within the residues. Care also must be taken to ensure that field samples are 
representative of pore water conditions and have not become oxidized or carbonated 
during sample accumulation (e.g., in leachate collection tanks) or sample handling. 

LS values greater than 10 may be obtained over an interval of 100 years or longer 
for cases which have relatively high rates of infiltration. Under these conditions, 
several important changes in residue leaching chemistry may occur, including de- 
pletion of soluble species, changes in pH, etc. For this case, column leaching tests may 
provide a basis for determining the effects of depletion of solubility controlling species, 
e.g., chloride for cadmium, organic acids for copper, etc. Furthermore, column 
leaching tests can be carried out under oxidizing and reducing conditions to assess the 
effects of extreme redox potentials. Single extraction batch tests are not sufficient to 
determine these effects. 

Release under a percolation-controlled regime is estimated first by calculating the 
anticipated LS using Eq. (6) and then calculating cumulative release using Eqs. (7) and 
(8). Estimated releases of chloride and lead from two percolation-controlled cases are 
presented in Tables 5 and 6 as Cases C and D. Both cases assume utilization of 
compacted residues at a fill depth of 0.5 m and a utilization period of 100 yr. Case 
C assumes infiltration of 20 cm/yr while Case D assumes infiltration of 200 cm/yr 
(analogous to Cases A and B). Calculation of chloride release indicates that the 
cumulative release for bottom ash and combined ash for both cases, and APC residue 
for Case D is equal to the availability. Approximately 65% of the available chloride is 
released for APC residue in Case C. While the release per unit mass of residue (g/kg) is 
significantly less for the disposal cases than the utilization cases with the same 
infiltration, the potential impact to the underlying soil (kg/m*) is similar for unlined 
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disposal and utilization with infiltration of 20 cm/yr. However for an infiltration of 
200 cm/yr, the potential impact of the utilization case (Case D) is six to twenty times 
less than that estimated for the unlined disposal case (Case B) for the respective 
residue types because of limited chloride availability. 

Estimated release of lead from combined ash is approximately twice the amount 
estimated for bottom ash for the same percolation controlled case. Estimated release 
from APC residue is more than three orders of magnitude greater than the release 
estimated for both bottom ash and combined ash. This result illustrates the effect of 
anticipated field pH on release. Estimated release of lead per unit mass of residue from 
the two percolation regimes is approximately 20 times greater than that estimated for 
unlined disposal cases at the same infiltration rate. This effect is from the greater LS 
achieved for the utilization scenarios. However, the potential impact to underlying 
soils is similar for both unlined disposal and utilization scenarios with similar 
infiltration rates because of solubility controlled release. 

4.3. Scenario 3 - Utilization in road construction under a di$iision regime 

The most frequently encountered scenario for release from utilized residues is the 
diffusion regime. For this scenario, residues are used as an aggregate substitute during 
the production of a product such as asphalt or Portland cement concrete, compacted 
in-place to a low permeability relative to surrounding materials, or compacted 
in-place and overlain by an impermeable material (e.g., in a roadbase with an asphalt 
surface layer). Flow of infiltrating water is around the residues or residue-containing 
products, and contact of these materials with the infiltration is limited to the bound- 
ary or external surface of the material (Fig. 5). 

Estimation of constituent release for this scenario requires determination of the 
constituent availability, diffusion coefficient, mean field temperature, utilization time 
frame and the fraction of the time that the material interface is anticipated to be 
wetted. A 100 yr time frame is a very conservative estimate for the utilization of 

Rain 

Soil surface 

/Y/Y// Precipitation 

Fig. 5. Schematic diagram of percolation and diffusion controlled release conditions. 
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residues as an aggregate substitute in an asphalt pavement binder layer (the inter- 
mediate layer between granular base and surface layer), or as a compacted granular 
base underneath asphalt pavement. The fraction of the time that the material interface 
is wetted can be estimated based on the regional frequency of precipitation. A poten- 
tially more accurate approach to account for intermittent wetting would be to 
estimate the tortousity based on the mean relative saturation and pore-size distribu- 
tion of the compacted material [26]. However, estimation of mean relative saturation 
is not readily achieved from climatic data and future work is needed to evaluate the 
degree of saturation over time in the field. 

The availability and diffusion coefficient leach parameters can be used to predict the 
release of contaminants during a given time period for a variety of application 
geometries. A 3-dimensional diffusion model enables consideration of application 
geometry and constituent depletion into account, so differences in leaching from 
a product with a cubic versus a flat rectangular shape can be described. With the 3-D 
model, release from only one side of the material also can be modeled. 

A 3-dimensional model is based on the analytical solution of the linear diffusion 
from a parallelepiped, which initially is at a constant concentration, to an infinite 
region outside with a constant surface concentration [21,27]. The diffusion profile is 
calculated in all three dimensions according to the equation: 

C(x, Y, z, t) 64(- l)‘+m+n (21 + 1),X 
co = n3 1 = 0 m = 0 n = 0 (21 + 1)(2m + 1)(2n + 1) ‘OS 2a 

x cos (2m + lh 
2b 

cos (2n + l),, exp( _ ta, 
2c 

) 

,I%” 9 

where 

(94 

W-4 

Integration of the constituent flux across the surface boundary with respect to time 
results in an expression for calculation of cumulative release [21]: 

M, = 
p Co abc ae - fll 

1 = 0 m = 0 n = 0 (21 + 1)2 (2m + 1)2 (2n + 1)2 
dt. (10) 

Application of Eq. (10) permits estimation of the cumulative release of a constituent 
as a function of time. The cumulative release, expressed as fraction of the total 
leachable quantity (R,,,), can be calculated using the 3-D model for different product 
configurations and bulk applications based on the effective diffusion coefficient 
measured during laboratory testing or in the field under well-defined boundary 
conditions. The usual boundary condition applied for field translation is that the 
surface concentration of the leaching constituent is effectively zero. 

The relative release from a roadbase (or slab exposed on one side) was calculated as 
a function of time for different effective diffusion coefficients ranging from pD = 9 to 
pD = 12 (pD = - 1ogD with D in (m2/s)). The cumulative release-time curves for this 
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Fig. 6. Cumulative release from a roadbase (0.45 m thick) as a function of time for several values of pD 
estimated using the 3-dimensional diffusion controlled released model. 

case, presented in Fig. 6, clearly indicate the significance of increasing pD (decreasing 
rates of diffusion). Greater than 60% of the available mass of a constituent with a pD 
of 9 will be released during the first 10 years, whereas less than 10% of the available 
mass of constituent with a pD of 12 will be released during a 100 yr interval. 

Estimating release during utilization must consider adjustments to the pD meas- 
ured in the laboratory to reflect anticipated field conditions. Temperature, the fraction 
of time the surface is wetted, and the degree of water saturation are important 
considerations. While the diffusion coefficient is a function of the diffusivity of the 
constituent of interest in water, tortuosity, and chemical retention, only diffusivity (Do) 
is significantly a function of temperature. The temperature dependence of diffusivity in 
dilute ionic solutions can be considered to be proportional to the absolute temper- 
ature over limited temperature ranges [28], e.g., 

(11) 

The above relationship assumes that the viscosity of the pore water (leachate) does 
not change significantly over the temperature range of interest. 

Alternatively, the effect of temperature on D has been correlated for release from 
cement stabilized products containing waste materials according to [29]: 

PDI-pD,=O.71 (12) 
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The cumulative release for a series of wet dry cycles can be approximated based on 
Eq. (1) by 

0.5 
(13) 

or 

t,w/d = M, 4 
( 1 

-0.5 
M = MtFw,d. (14) 

w/d 

Note that the calculation of M, assumed a continuously water saturated material. 
Fig. 7 illustrates the effects of temperature and wet/dry cycles on diffusion controlled 
release from a 45 cm thick roadbase. The cumulative effect of these conditions can be 
significant over long time intervals. 

Calculation of cumulative release curves for a variety of geometries and applica- 
tions is impractical on a routine basis. The simple one-dimensional diffusion model 
presented in Eq. (1) can be used as an approximation. This is the same basis which was 
used to estimate the pD from tank leaching data. The initial and boundary conditions 
for this solution are (i) the initial constituent concentration is uniformly distributed in 
the matrix; (ii) the exposed surface for leaching has a liquid concentration which is 
maintained essentially at zero; and (iii) depletion does not occur. The advantage of this 

Road base 0.45 m 
1.20 

-z 

z 1.00 

5 

6 0.80 

: 
Q) z 0.60 

& 

z 0.40 .r( 
?A 
3 E 0.20 

6 
0.00 

c 

___--- -- 

0.1 

pD=lO, Sat., 20°C 

pD=lO, Sat., 10°C 

pD= 10, Wet/dry, 10°C 

A 
, ,/ 

/’ 

I/’ 
//’ 

I’ 
/I’ ..- 

,A’ __-- __-- 
.’ __-- 

&-‘-____=-- 
__,--7-.-y. ,,,,, ,,,,, 

1 10 100 1000 

Time (years) 

Fig. 7. The effects of temperature and intermittent wetting on cumulative release under diffusion controlled 
conditions. 
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approach is that cumulative release is only a function of the availability, diffusion 
coefficient and exposed geometric surface area. The one-dimensional model is inde- 
pendent of application-specific geometry. This approach is valid as long as the 
concentration in the material has not decreased substantially, avoiding species de- 
pletion. This approach assumes that the dimensions of the exposed surface area are 
large (e.g., this approach would be limited to short time intervals if applied to small 
blocks exposed on several faces). If depletion does occur over the time period of 
interest, the one-dimensional model will overpredict release, providing a conservative 
estimate for decision making. However, the amount of a specific element released will 
not exceed the availability of that element for all cases. 

Fig. 8 provides a comparison of cumulative release estimated using the three- 
dimensional model and the one-dimensional model for a 45 cm thick roadbase (one 
surface exposed) for pD equal to 10 and 12. The effect of depletion on release is 
indicated by the significantly greater predicted release by the one-dimensional model 
for pD equal to 10. Differences between the model estimates are negligible for pD 
equal to or greater than 12 for a 100 yr release interval. However, in all cases the 
release estimated by the one-dimensional model will be equal to, or greater than the 
release predicted by the three-dimensional model. This confirms that the one-dimen- 
sional model provides a conservative estimate of release, provided that no significant 
changes in chemistry occur. 

Interpretation of availability and pD information can be further simplified if a fixed 
time interval over which to consider release is defined. For example, a 100 yr interval 

Road base 0.45 m 
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Fig. 8. A comparison of cumulative release estimates from l- and 3-dimensional diffusion models. 
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may be considered a conservative estimate the useful life for roadbase or many other 
construction applications. Use of the one-dimensional model permits the develop- 
ment of charts which provide estimated cumulative release per unit area as a function 
of only availability and PD. These charts are referred to in this text as “cumulative 
release nomographs”. Examples of cumulative release nomographs are provided for 
lead and chloride in Figs. 9 and 10. Availability and pD are presented on the x- and 
y-axis, respectively. Diagonal lines indicate lines of constant cumulative release (e.g., 
10, 100, 1000, etc. mg/m2 over a 100 yr interval). Lines of constant cumulative release 
decrease in value from lower right to upper left of each figure. Data plotted above and 
to the left of a line of constant cumulative release provide less release than the 
indicated value; data below and to the right provide greater release than the indicated 
value. 

Cumulative release nomographs provide a straightforward method of interpreta- 
tion for evaluation of data from laboratory testing of diffusion-controlled release. An 
acceptable cumulative release can be defined for specific applications or locations 
based on evaluation of the potential impacts of that release. Data for applications 

Iso-release lines (g/m*) at t=lOO yr 

16 

8 

Availability (mg/kg) 

Fig. 9. A cumulative release nomograph for chloride release during a 100 yr interval. Typical values for 
untreated (open symbols) and trated (filled symbols) for bottom ash (BA, circles), APC residue (FA, squares) 
and combined ash (CA, diamonds) are presented. Treatment processes represented include bottom ash use 
in asphalt, bottom ash use in brick [18], and treatment of all three MWC residue types by four 
solidification/stabilization processes [25]. 
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Fig. 10. A cumulative release nomograph for lead release during a 100 yr interval. Typical values for 
untreated (open symbols) and treated (filled symbols) for bottom ash (BA, circles), APC residue (FA, 
squares) and combined ash (CA, diamonds) are presented. Treatment processes represented include bottom 
ash use in asphalt, bottom ash use in brick [18], and treatment of all three MWC residue types by four 
solidification/stabilization processes [25]. 

which result in release less than the defined limit would be considered acceptable. 
Thus, diffusion-controlled release information can be readily incorporated into 
a regulatory framework. 

The validity of this approach can be tested based on data obtained from two field 
studies. One field study has been the use of compacted bottom ash as a base course for 
construction of a service road in Rotterdam [30]. The roadbase is approximately 
40 cm thick and is overlain by a clinker surface. The roadbase and underlying soils 
were cored after 10 yr of placement. Preliminary estimates of release of Pb and 
subsequent accumulation in the underlying soil indicated a cumulative release of 
between 0.1 and 0.4 g Pb/m2 over the 10 yr interval. This compares favorably with the 
cumulative release estimated based on diffusion-controlled release of 0.38 g Pb/m2 for 
a mean annual temperature of 10°C and wetting 30% of the time. In addition, 
the released Pb was found to accumulate only in the uppermost few centimeters of 
soil underlying the pavement. Release of more mobile species such as MO and sulfate 
were also in agreement with diffusion-controlled release from compacted granular 
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materials, but were found to have increased underlying soil concentrations to a depth 
of 10 cm. Field data were not available for chloride release. A statistically sound 
sampling program is in progress to obtain more reliable relations between laboratory 
predictions and field measurements [30]. 

In the second study, the release of ash constituents from asphalt pavements 
constructed with MWC bottom ash can be compared to estimates based on laborat- 
ory measurements of pD, R, z, and availability for Cl and Pb. This study is one 
component of a program investigating the suitability of using MWC grate ash as an 
aggregate substitute in pavement applications [31-331. 

The laboratory measurements of pD, R, t, and availability were carried out 
using the Dutch diffusion test (NEN 7345) and availability test (NEN 7341) [34]. 
Laboratory prepared pavement samples made with 25% to 75% bottom ash and 
7% to 11% asphalt cement had pD’s of 11.3 to 12.8 for Cl. Availability was deter- 
mined to be 1000 mg/kg and 100 mg/kg for Cl and Pb, respectively. While Cl can 
diffuse out of pavement monoliths made with MWC residues at low flux rates, Pb 
release is very sporadic, if at all and therefore a pD was not determined. Related studies 
to evaluate release from asphalt with varying degrees of laboratory imposed cracking, 
voids and aging have indicated pD values for Pb from 15.5 to greater than 16 [35]. 

The field evaluation of these types of materials involves a number of scenarios, 
including the construction of a binder course in a highway reconstruction application. 
One scenario involves the long-term leaching of exploratory pavement materials in 
large outdoor lysimeters. This scenario affords the opportunity to verify the diffusion 
modeling approach. The lysimeter contains 7246 kg of pavement fragments with 
approximate dimensions of 5 cm x 30 cm x 30 cm. The pavement was constructed 
with 2016 kg of dry cl.9 cm MWC bottom ash, 6048 kg of natural aggregate, and 
10 wt% asphalt cement. This mix was compacted to approximately 2000 kg/m3 in 
a simple road segment, cured for 7 days, and excavated and placed in the lysimeter. 
The pavement fragments have been exposed to natural precipitation, dew, and some 
ponded infiltration in the lysimeter for over 3 yr. The measured pD for chloride release 
for this asphalt composition was 12 while the pD for lead could not be determined 
because the release was sporadic and not detected in the majority of laboratory 
extracts for this composition. 

The analysis of Cl release is straightforward. During the three year period, approx- 
imately 170 g of Cl has been released. This accounts for 2.5% of the available Cl in the 
pavement (R/R,,, = 0.025). This cumulative release is in close agreement with one- 
and three dimensional modeling estimates for elements with pD of 12 (see Figs. 6 and 
8). For the given time frame and estimated 35% exposure to wetted conditions, 
estimated exposed surface area (130 m’), and laboratory measured pD (12), the 
measured flux (470 mg/m2/yr) also is in close agreement with one-dimensional 
modeling estimates (500 mg/m2/yr). The analysis of Pb release is less straightforward. 
During the 3 yr period, the release of Pb has not been detected. Pb concentrations 
have always been below the detection limit of 0.005 mg/l. 

Two examples can be used to illustrate estimation of constituent release under 
a diffusion-controlled regime over an extended time interval for comparison with the 
percolation-controlled release scenarios presented earlier. The first (Case E) is release 
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from a 45 cm thick road base constructed of compacted MWC residues (APC residues 
are included in this comparison although physical properties of the material would 
most likely prohibit their use in this application). The second example (Case F) is 
release from a 45 cm thick asphalt pavement base coarse layer which contained 
a 50 wt% substitution of natural aggregate with MWC residues and 7% voids. Case 
F assumes that a surface layer of asphalt material is overlain the base coarse and that 
the base coarse is in contact with the underlying soil. Thus, release is considered to be 
only from the bottom surface of the base coarse. The modeling of lead release from 
asphalt are conservative estimates for lead based on the intermittent and limited 
releases observed during laboratory testing of monoliths and field lysimeter data. 
Diffusion coefficients for release of Cl and Pb from combined ash and APC residues 
have been assumed to be the same values as those observed for release from bottom 
ash in asphalt. Availability for combined ash and APC residues in asphalt were 
assumed to be the same as for the untreated ash but reduced by the fraction of ash 
used. These are considered to be reasonable assumptions for initial estimates. Assum- 
ing a 100 yr utilization time interval, the cumulative release nomographs (Figs. 9 and 
10) can be used to directly estimate release under saturated conditions. Approximately 
1400 g Cl/m2 and 0.5 g Pb/m2 is estimated to be released during use of the compacted 
granular bottom ash while only approximately 50 g Cl/m2 and 0.07 g Pb/m2 would be 
released during use in the asphalt layer. Use of this material in a climate where it 
would be wetted only 35% of the time would result in reduction of these estimates by 
a factor of 0.59 (Eq. (13)). The resulting release for this condition is 800 g Cl/m2 and 
0.3 g Pb/m2 for the compacted granular layer and 30 g Cl/m2 and 0.04 g Pb/m2 for the 
asphalt layer. This release also is equivalent to 800 mg Cl/kg ash and 0.3 mg Pb/kg 
ash for the compacted granular layer and 60 mg Cl/kg ash and 0.07 mg Pb/kg ash for 
the asphalt layer (Eq. (8)). 

Release estimates for use of bottom ash, APC residue and combined ash both as 
a roadbase and as aggregate in asphalt are presented in Tables 5 and 6. Release of 
chloride from utilization of bottom ash in these applications is at least one order of 
magnitude less than release from use of combined ash or APC residue in a similar 
application. Release of lead from utilization of bottom ash is similar to that released 
from combined ash and at least one order of magnitude less than the release from use 
of APC residue in a similar application. Note that release during 100 yr interval is 
approximately 40% and 3% of the chloride availability for the compacted granular 
and asphalt uses of bottom ash, respectively, and less than 0.2% and 0.04% of the lead 
availability, respectively. 

Estimated releases of chloride and lead from utilization of MWC residues in 
roadbase and asphalt applications can be compared to the disposal and utilization of 
these materials in a percolation regime. The potential impact of chloride to underlying 
soils from use of bottom ash in a roadbase application is less than half of that 
projected for disposal or utilization in a percolation regime with 20 cm/yr infiltration 
(Cases A and C). Use of these materials in an asphalt matrix reduces the potential 
impact from chloride release by one to three orders of magnitude compared to all 
other cases, depending on the cases which are compared. Release per unit mass of 
residue also is significantly less for all cases except when comparing APC residue 
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utilization in asphalt with disposal. The potential impact of lead from use of bottom 
ash and combined ash in an asphalt application is one-half to greater than one order 
of magnitude less than the other management options. 

For all of the cases presented, if the lead estimated to be released is assumed to 
accumulate in the uppermost 10 cm of soil below disposal or utilization option, the 
resulting incremental increase in soil lead concentration would be 1 mg Pbjkg soil for 
every 0.1 g Pb/m2 released. For example, utilization of bottom ash in the roadbase 
and asphalt pavement application described would result in a soil lead concentration 
increase of 3 and 0.4 mg Pb/kg soil, respectively. This is compared to guidelines that 
surficial soils should not exceed 85 mg/kg (The Netherlands) or 100 mg/kg (New 
Jersey, USA) in residential areas [36,37]. In most cases, this incremental increase may 
not be distinguishable from natural variability and analytical errors. 

5. Conclusions 

Developing realistic estimates of constituent release from disposal and utilization of 
MWC residues requires a combination of laboratory tests which measure funda- 
mental leaching parameters, mathematical modeling to carry out extrapolation of 
laboratory results to field scenarios, and field verification of critical assumptions. 
Single laboratory batch extractions, which form the basis of regulatory testing in 
many countries, do not provide sufficient information for predicting field behavior 
and may provide grossly misleading estimates (high and low) of potential environ- 
mental impact. Critical fundamental leaching parameters include availability, solubil- 
ity as a function of pH, and diffusion coefficients for constituents of interest. Leaching 
behavior in the field is categorized as being controlled by either (i) constituent 
availability or solubility for percolation-dominated scenarios with loose granular 
residues, or (ii) controlled by diffusion for ‘flow around’ scenarios with compacted 
granular residues or monolithic products containing residues. Important field para- 
meters include disposal or utilization application geometry, mode of liquid contact 
with residues or products (e.g., percolation or diffusion), infiltration rates and fre- 
quency, pH, temperature, and redox potential. 

The approach presented here offers a different framework with which to evaluate 
residue management strategies. It departs significantly from the present practice of 
relying on single regulatory tests to predict leaching behavior. The approach appears 
promising in that for two, more complex scenarios (diffusion controlled release from 
compacted granular bottom ash used in base course below pavement and an asphalt 
road constructed with bottom ash as an aggregate substitute) the measured release of 
Pb from the compacted granular material and the release of Cl from the pavement 
agrees with modeled estimates. 

Potential release of specific constituents which have low solubilities at or near 
neutral pH, such as lead, can be several orders of magnitude less than that which 
would be predicted by simple leaching tests. Conversely, highly soluble constituents, 
such as chloride, may be released up to their availability over relatively short intervals. 
Release of these constituents, while generally not regarded as toxic, may be of concern 
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in water catchment areas and areas of sensitive groundwater reserves (e.g., shallow 
aquifers with low flow conditions) because of potential contamination by total 
dissolved solids. This is especially a concern for management of APC residues and 
combined ash. 

If the approach is valid, then the data presented in the 18 combinations of ash 
management scenarios can be evaluated as an illustrative exercise. For disposal 
scenarios, the leachates from APC residues will contain significantly more Cl and Pb 
then for combined ash or bottom ash, as the cumulative release of these constituents is 
higher. For unlined disposal situations, the cumulative soil impact is sensitive to the 
infiltration scheme. Nevertheless, APC residues will have a much more significant 
cumulative impact then bottom ash or combined ash. In all cases, bottom ash has the 
least significant cumulative impact. For utilization in granular fill applications, the 
leachates from APC residues will again contain significantly more Cl and Pb; the 
cumulative release and potential soil impact is highest with these residues as opposed 
to combined ash or bottom ash. The impact is again sensitive to the infiltration 
scheme. In all cases, bottom ash has the least significant cumulative impact. 

For utilization in road construction, APC residues are again seen as having the 
most significant impact. It should be noted that scrubber residue use in structural fill 
or asphalt applications is also unlikely because of the physical characteristics of the 
material. It is believed that the incorporation of bottom ash into monolithic products 
(i.e., asphalt cement) or the placement of these materials below impermeable barriers 
such as an asphalt roadway results in diffusion-controlled release of contaminants 
from this material. The use of bottom ash as compacted base course below asphalt 
pavements or as aggregate substitute in asphalt pavements has a negligible cumulative 
release and cumulative impact. 

Use of an approach which provides realistic release projections for a variety of 
management options from common laboratory data allows for comparison of advant- 
ages and disadvantages of specific disposal and utilization scenarios. It also permits 
focusing on which constituents may have significant environmental impact for further 
evaluation. For example, utilization of bottom ash as roadbase or incorporated in 
asphalt may be more environmentally protective than current disposal practices, 
depending on the specific conditions for each scenario. 

The approach to estimating constituent release provided in this paper takes into 
consideration fundamental leaching parameters and disposal or utilization applica- 
tion scenario specific conditions. Further extensions of this approach should include 
consideration of external influences on release chemistry, such as externally moder- 
ated pH, redox potential and presence of complexing agents from other waste materials 
during co-disposal. Use of cumulative release nomographs allows for simplification of 
otherwise complex diffusion controlled release models so that they have potential for 
inclusion in a regulatory framework. Calculation of release per unit mass of MWC 
residue allows evaluation of potential overall environmental burden, while calculation 
of release per unit area of underlying soil allows evaluation of potential site specific 
impacts. It should be noted that this approach needs to be field validated for additional 
management scenarios, which requires longer term field data. This approach also may 
be extended to management of other waste materials. 
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Nomenclature 

C(x, y, z, t) concentration of a diffusing constituent within the solid matrix at 

co 
D, D, 
D Na 
D 0.X 
D 0,Na 
D l-2 

DTI 

F w/d 

Fill 
Inf 
LS 
M, 

location (x, y, z) and time (t)(mg/kg) 
availability (mg/kg) = initial concentration (at t = 0) of the diffusing 
component in the solid matrix which must be uniformly distributed 
diffusion coefficient for the component in the matrix of interest (m’/s) 
diffusion coefficient of Na in the product (m’/s) 
diffusivity in water for component x (m’/s) 
diffusion coefficient of Na in water (pDN, = 8.88 at 22°C) (m’/s) 
diffusivity in water of constituent x at temperature T2 (m’/s) 
diffusivity in water of constituent x at temperature T1 (m’/s) 
fraction of the continuously wet cumulative release (M,) which occurs, 
dimensionless 

MZ 
M t,w/d 

Wik 

R 

Tl 
7-2 

t 

t Y’ 

t w/d 

a, b, c 

height or depth of residue fill material (m) 
annual infiltration (m3/m2 yr); 
liquid to solid ratio (m3/tonne or l/kg) 
cumulative release per unit geometric surface area of product or fill 
(mg/m’ or g/m2) 
cumulative release per unit mass of ash (mg x/kg ash or gx/kg ash) 
cumulative release at time t for solid wetted only a fraction of the 
interval (mg/kg) 
mass of residue disposed (tonnes) 
chemical retardation factor of component x in the product, dimension- 
less 
concentration of constituent x in aqueous solution at the anticipated 
field pH (mg x/l) 
absolute temperature for which DT, is known (K) 
absolute temperature for which DT2 is desired (K) 
time or elapsed time for release (s) 
time (yr) 
time that the solid is wet during the interval (s) 
parallelepiped dimensions (m) 
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erf( 1 

P( 1 
x, y, z 
1, m, n 
P 
z 

standard error function 
-hid 1 

location coordinates (m) 
integers 
density (kg/m3) 
tortuosity or physical retardation in the product, dimensionless 
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