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ABSTRACT

The National Academy of Sciences, National Cooperative Highway Research Program,
initiated and funded this study to identify the possible impacts of highway construction
and repair (C&R) materials on the quality of surface and ground waters near the highway
environment. The scope of the study involved the development of a validated
methodology to assess such impacts, in three phases. Phases I and Il involved 1) a survey
of C&R materials, 2) laboratory testing of the chemical and toxicological characteristics
of a selected number of these materials, and 3) development of a mathematical model to
simulate the fate and transport of water quality constituents, including toxicity, along
surface and subsurface pathways in the highway environment. These efforts are reported
in companion Volumes I and II. Phase III, reported in this volume, focused on ten tasks
aimed at confirming the project methodology, testing various hypotheses of the model
development, developing additional leaching and sorption data, comparing
ecotoxicological testing procedures developed during this project with standard EPA
procedures, refinement of laboratory protocols, enhancing the model, and investigating
the availability of field data for model testing. This Volume III is one of five volumes in
the final report series.

In general, the assumptions of the methodology were confirmed by additional laboratory
tests. Ecotoxicological tests developed during this study behave similarly to the EPA
Synthetic Precipitation Leaching Procedure (SPLP). The refined model is available in
the form of an Excel spreadsheet with macros written in Visual Basic for Application.
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CHAPTER 1
INTRODUCTION AND RESEARCH APPROACH

1.1 INTRODUCTION

Highway construction and repair (C&R) materials have been identified as a potential
source of nonpoint pollution. Constituents of highway materials can migrate from
roadways to the surrounding environment and present a potential pollution source. The
primary transport mechanism involves leaching of toxic constituents and their ultimate
transport to surface or ground waters.

The use of C&R materials recently has increased in types, volumes, and chemical
complexity. Increased utilization of solid waste materials has raised additional concerns that
have led to a search for a unified approach to evaluate the potential for environmental
contamination of leachates from highway C&R materials. There is a clear need to integrate
and unify testing and evaluation approaches that will allow greater understanding of the
fundamental leaching behavior of such materials and allow for modeling of the transport and
fate processes.

A research program, funded by National Cooperative Highway Research Program
(NCHRP, affiliated with the National Research Council), was designed to evaluate the
potential environmental impact of common highway construction and repair (C&R)
materials and determine the fate and transport of their soluble constituents while still in
the highway environment. The program was planned in three phases.

Phase I focused on a broad screening of common C&R material to identify the extent of
the problem and to guide the succeeding phases. The deliverables of Phase I were a
comprehensive list of the most commonly used C&R materials with their environmental
impact assessment, a protocol for aquatic toxicity measurement and assessment, a
preliminary description of a conceptual analytical model to predict the fate and transport
of soluble toxicants in the soil-water matrix, and the description of an overall evaluation
methodology to be used for additional/future C&R materials. This methodology is
illustrated in Figure 1.1.1 and consists of a screening procedure, followed by laboratory
testing and modeling, if necessary.

Phase II focused on analysis of leaching characteristics of C&R materials, full
development of a predictive computer model, and the validation of the overall evaluation
methodology. Validation of the methodology was achieved by evaluating a number of
C&R materials and by broadening the evaluation criteria to include leaching kinetics,
reference environments, and impact interpretation.

Phase III has focused on additional laboratory testing to validate modeling assumptions,
to expand the current data base, and to compare laboratory testing and leaching
methodologies with conventional EPA procedures. The predictive model itself has been
enhanced and documented.

1-1
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1.2 OBJECTIVES OF PHASE III
The objectives of Phase Il included the following:

e Examination of the relationship between Phase I and Phase II laboratory results and
scaled-up laboratory tests, e.g., large flat plates (Tasks 1,3,4,5,6).

e Validation of various modeling assumptions such as leaching from surfaces bounded by
porous media and the extent of transport in highway shoulder areas (Tasks 2,5).

e Comparison of laboratory procedures used in this project with similar procedures used
by the U.S. Environmental Protection Agency (Tasks 7,8).

e Enhancement and documentation of the computer model, including the ability to
simulate long-term leaching processes (Tasks 6,9,10).

1.3 RESEARCH APPROACH

In Phase 111, research results from Phase II have been extended to confirm selected
aspects of the Phase Il methodology and to examine the validity of scaled-up predictions
from laboratory tests. Results of confirmation of the Phase Il methodology have been
compared to simulations from an enhanced version of the computer model

In Phase II, important processes that affect the chemical composition, aquatic toxicity,
and fate of leachates from highway C&R materials were evaluated in laboratory tests.
The tests provided information on the leachability of constituents in C&R materials under
a range of conditions thought to provide reasonable estimates of expected leachate
chemical concentrations. The tests provided information on the removal, reduction, and
retardation of leachate constituents by natural processes. Algal and daphnia toxicity tests
assessed the toxicity of the samples at the leachate source or after modification by
removal, reduction, and retardation (RRR) processes, and chemical analyses enabled
quantification of leachate chemical components at all stages of the laboratory tests. Each
laboratory test resulted in the measurement of mass transfer rates of leachate chemical
components under controlled conditions, the results of which were applied to specific
mathematical models of the process.

Six reference environments were chosen to cover a wide range of highway construction
material use. Specifically, these environments included permeable highway surface,
impermeable highway surface, piling, fill, bore hole, and culvert (Table 1.3.1). The
mathematical equations of leaching and RRR processes were included in the overall
mathematical model for each reference environment. The linkage of each mathematical
model to its reference environment is made through the fitting coefficients for the
processes derived from the results of the battery of laboratory tests for each environment
(Table 1.3.1).



Table 1.3.1. Linkage of laboratory tests to reference environments.

Permeable | Impermeable | Piling | Fill | Bore | Culvert
Test highway highway Hole
24-hr Batch X X X X X X
Leaching
Dynamic Batch X X X X X X
Leaching (controlled pH)
24-hr Batch Leaching after X X X X X X
Heating
Column Leaching X
Flat Plate Leaching X X X X X
Soil Sorption X X X X X X
Degradation by Photolysis X X X
Biodegradation X X X X X
Loss by Volatilization X X X

Phase III work was broken down into ten separate tasks. Tasks 1 — 8 dealt with
verification and refinement of the laboratory testing methodology, while Tasks 9 and 10
involved enhancements to the computer fate and transport model and evaluation of data
set requirements to run the model. Research approaches for Tasks 1 — 10 are briefly
described below.

1.3.1 Task 1. Confirmation of Phase II Methodology

In this task, confirmation of the Phase II methodology was examined at laboratory scale
by linkage of leachate generation to soil columns to represent the impermeable highway,
piling, and fill reference environments (Table 1.3.1, above). Full confirmation of the
Phase II methodology was not possible at the laboratory scale due to constraints on the
size of flat-plates that can be tested resulting in limitations on the volume of leachate that
can be generated for RRR testing. Because of these constraints, the methodology was
tested in relation to RRR processes in soil columns using leachate generated by the short-
term batch leaching procedure.

1.3.2 Task 2: Leaching From Flat Surfaces With and Without Soil Confinement

Under field conditions, environments exist in which a flat, impermeable surface is buried
in soil, and thus leaching occurs under confined conditions (soil is packed against flat
surface). The Phase Il methodology does not directly address leaching under these
conditions, but implicitly assumes that leaching flux is not affected by confined
conditions. The purpose of Task 2 was to confirm whether leachate flux from flat,
impermeable surfaces is affected under confined conditions. These conditions are
relevant to the reference environments of piling, fill, and culverts.




1.3.3 Task 3: Effect of Scale On Flat-Plate Leachate Composition

An assumption of the flat-plate leaching test is that the contaminant flux from the C&R
material surface is directly proportional to surface area and thus scaleable to field
conditions. However, because of various scale effects, testing at the laboratory scale can
poorly represent field results. Determining scale effects is difficult because of the
problems associated with preparation and handling of large test specimens. The research
approach involved conducting flat plate experiments with samples of varying size. All
other variables including leaching solution, testing time, and C&R material were held
constant. The objective of Task 3 was to determine whether scale effects exist for
chemical leaching with water in the flat-plate leaching test of highway C&R materials.

1.3.4 Task 4: Tests of Portland Cement and Portland Cement Concrete (PCC) With
and Without Plasticizer

The leaching of chemical constituents from PCC and the effect of RRR processes on
these constituents were assessed using the complete Phase II methodology (Figure 1.1.1).
Preliminary screening for aquatic toxicity of various types of Portland cement such as
Tilbury, Kaiser, Calaveras, Holman, Lehigh and Blue Circle indicated that their leachates
were toxic to S. capricornutum in Phase I tests. In Phase I, Portland cement concrete
leachate prepared from Tilbury cement (ground to pass a 1/4-inch sieve) with admixtures
(air-entrainment or plasticizer) was observed to highly inhibit algal growth. However,
after soil sorption (1:4 soil to leachate mass ratio) a complete removal of algal growth
inhibitory effect was observed.

In this task, PCC (with and without plasticizer admixture) was subjected to the full
testing methodology to determine leachate characteristics and parameters for the
removal/reduction/retardation (RRR) factors in the fate and transport model. Laboratory
tests included batch and long-term leaching, flat plate leaching, and sorption to Sagehill,
and Woodburn soils. Photolysis, volatilization, and biodegradation tests were performed
on the leachate and on separately prepared solutions of the plasticizer.

1.3.5 Task 5: Determine a Range of Typical Adsorption and Desorption Parameters
for the C&R Materials on Sand and Gravel Utilized in Unbound Pavement Layers
and Shoulders

A number of factors control sorption of leachate contaminants by permeable solid phases,
including the chemical and physical characteristics of the contaminant and the
composition of the surface of the solid. By gaining an understanding of these factors,
conclusions can often be drawn about the impact of sorption on the movement and
distribution of contaminants in the subsurface. Failure to account for sorption can result
in significant underestimation of the mass of a contaminant at a site and of the time
required for it to move from one point to another.

A range of typical adsorption and desorption parameters for C&R materials was

determined for soils of varying physical and chemical characteristics. By a similar
approach, the adsorption and desorption characteristics of C&R materials for a range of
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sand and gravel were determined in this task. As for soils, results of laboratory
adsorption experimental data were expressed in isotherms as mass adsorbed per unit mass
dry solids (Cs) versus the concentration of the constituent (C) in solution. Equilibrium
isotherm models were used to determine the maximum adsorption and desorption
capacities and distribution coefficients from the experimental data.

1.3.6 Task 6: Aging Effects In C&R Materials

All testing and protocols used in Phase II involved the use of “new” materials, which for
asphalt means recently placed, and for concrete, after 28 days of curing. Such new
materials are assumed to represent a worst case related to the rates of chemical leaching
by water. Such new materials would have maximum concentrations of materials at or
near the leaching surface and would exhibit less diffusional limitation to leaching from
precipitation. The effect of exposure time to the environment for highway materials has
been termed aging. The various important environmental factors that could affect
materials include time for solid or crystalline formation, exposure to air/oxygen, exposure
to heat, and wet/dry cycles. In this task, the effect of aging was measured with flat plate
experiments using open graded asphalt concrete (AC) amended with selected C&R
materials. The various forms of aging were tested using Strategic Highway Research
Project (SHRP) protocols and compared to the results for “new” amended AC. The
forms of aging evaluated were the effect of heat, the effect of oxygen, the effect of
exposure time, and the effect of wet and dry cycles of exposure.

1.3.7 Task 7: Comparison of Laboratory Test Protocols With EPA Protocols,
Determinations of Test Statistical Variability, and Preparation of User's Manuals

Laboratory QA/QC applies to chemical analyses, biological tests, and leaching and RRR
process tests. Both chemical analyses and biological tests follow standard methods and
QA/QC protocols that have been reviewed and accepted by EPA and other agencies. The
Project Team confirmed that the project’s standard testing methods and QA/QC protocols
are consistent with published EPA methods and protocols by undertaking a thorough
review and comparison between project methods/protocols and those of EPA. For
leaching and environmental effects (RRR) processes, new test methods were developed
as a part of this research, and thus no standard accepted procedures exist from EPA or
other agencies. Standard QA/QC protocols specific to these tests have not been
developed. In this task, the laboratory testing methods and QA/QC protocols for the
leaching and RRR process tests were developed, refined, and validated. As a part of this
process, replicate testing was performed on all methods to define the variability and
degree of confidence of the results using statistically determined parameters (coefficient
of variation, precision). To do this, a standard asphalt, called “standard asphalt cement
concrete” (SACC), was developed that contains two model toxicants, one metal and one
organic.

A user’s manual describing the overall screening methodology and laboratory test
protocols has been developed as an additional part of this task. This includes the overall
screening methodology and contains detailed leaching and RRR process test methods and
associated QA/QC protocols, and in addition includes the aquatic toxicity tests and the
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chemistry test methods and associated QA/QC protocols. The manual has been prepared
and bound as a stand-alone document to facilitate distribution to government agencies
and other future users.

1.3.8 Task 8: Leaching Methods Comparison Study

Comparison is inevitable between the distilled water leaching procedure of this study
(short-term [24-hr] batch leaching procedure) and EPA's standard TCLP test (toxic
characteristic leaching procedure; EPA Method 1311) and SPLP test (synthetic
precipitation leaching procedure; EPA Method 1312). In this task, a carefully controlled
laboratory comparison study was conducted of leaching results from the distilled water
and EPA procedures applied to C&R materials assemblages. Leaching results included,
as applicable, inorganic compounds (primarily metals), organic compounds, leachate
TOC, and solution pH. Comparison was made by statistical techniques.

1.3.9 Task 9: Model Enhancement

The computer fate and transport simulation model developed in Phase II operated on a
simple storm-event basis: a constant-intensity rainfall was input for a specified duration.
The surface and subsurface runoff hydrograph and the corresponding concentration
and/or organism sensitivity were computed for the duration of the runoff. Leaching thus
corresponded to a “first flush” and did not account for presumed decrease in release of
constituents with flushing time. Nor did it account for the possibility of desorption along
the subsurface pathway. One of the principal changes to the model was to include a
continuous simulation option. The simulation follows the pathway of the water to the site
boundary, including the possibility of lateral groundwater flow. Sensitivity analyses
were made and documented for user guidance, and the knowledge base for model
parameters was expanded. Additional minor improvements and changes have been
made. The database portion of the model has been updated to encompass all results of
Phases I and II as well as any new information from Phase III. The model has been
tested on a limited basis against the column studies of Task 1, in order to document
model capabilities and prepare examples for documentation for the end user. More
extensive applications could follow as a future additional work item from the data set
evaluation of Task 10. A formal User’s Manual was prepared for model dissemination.

1.3.10 Task 10: Data Set Assessment

To the best of the Project Team’s abilities, model application has been explained and
demonstrated as part of the documentation prepared under Task 9. However, assembly of
actual test-site data for “real world” applications is time consuming and costly. Data
typically must be reviewed and evaluated prior to model application. Missing data and
parameters must be supplied, through estimates, or better, through additional information
from the model site -- and there is almost always something missing. For Task 10, the
NCHRP Review Panel members proposed data sets for which they had detailed
information. This information (and as much of the data as feasible) was transmitted to
the project team for evaluation. The team then determined whether individual data sets
so offered were suitable for model testing. Model testing as such was not performed
under this task. But the results will be valuable for future efforts at verification of model



performance and documented applicability to the “real world” and the engineering
workplace.
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CHAPTER 2
TASK 1: CONFIRMATION OF PHASE II METHODOLOGY

2.1 INTRODUCTION

In this task, confirmation of the Phase II methodology was examined at laboratory scale
by linkage of leachate generation to soil columns to represent the impermeable highway,
piling, and fill reference environments. Full confirmation of the Phase Il methodology is
not possible at the laboratory scale due to constraints on the size of flat-plates that can be
tested resulting in limitations on the volume of leachate that can be generated for RRR
testing. Because of these constraints, the methodology will be tested in relation to RRR
processes in soil columns using leachate generated by the short-term batch leaching
procedure. These experiments are, therefore, limited to confirming the extent of removal
of leached chemicals from impermeable highway surfaces, pilings, or fill, by sorption on
roadside soils and concomitant biodegradation. Photolysis and volatilization were not
examined in the soil column experiments because these processes are not relevant for the
piling and fill reference environments. These processes are considered insignificant for
the impermeable highway reference environment because of short times of exposure for
significant removal or reduction (see Phase II results in Volume II). In summary,
leachate generated by the short-term batch procedure will be introduced into soil columns
of varying length. Data collected will be the chemical composition and toxicity of the
column influent and effluent. Column effluent data are represented in the form of a
breakthrough curve of concentration vs. time or volume. A tracer run through the column
is used to determine dispersion. Physical parameters of the column flow characteristics
and dispersion, and RRR process parameters are then used in the mathematical model to
generate a predicted breakthrough curve. Comparison of the experimental and model-
generated breakthrough curves enables confirmation of the Phase II methodology.

Two C&R materials were selected for testing in Task 1. The leachate generated for
testing must contain easily measurable concentrations of leachate chemical constituents at
concentrations high enough so that soil column breakthrough can be achieved in a
realistic time-frame for laboratory experimentation (days to few weeks). Wood pilings
preserved with ACZA were proposed as one C&R test material. ACZA-treated wood has
the advantage that its leachate contains high concentrations of metals and organics, thus
enabling both sorption and biodegradation to be assessed in the soil columns, although
biodegradation will likely be inhibited by metals toxicity. The second proposed test
material was crumb rubber asphalt cement (CR-AC), which is more representative of
typical highway C&R materials. CR-AC has been shown to leach both organic
compounds (e.g., benzothiozole) and metals (Al, Hg) that are known toxic substances
(see Phase II results in Volume II). Benzothiazole was shown to be removed by
biodegradation, and benzothiazole plus the metals (Al, Hg) were removed by adsorption
on the standard test soils. A modification of the test materials in Task 1 was made, since
new CR-AC materials tested in Phase III do not have sufficient concentrations of organic
compounds (specifically benzothiazole) in their leachates to warrant testing to confirm
Phase II methodology. 2,4,6-trichlorophenol (TCP, used in Phase II for QA/QC testing;
see Volume IV, Nelson et al., 2000b) was substituted as a surrogate leachate, in order to
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produce measurable results that can be used to generate modeling parameters and allow
comparison of laboratory and predicted model results.

2.2 LITERATURE REVIEW
2.2.1 Soil Sorption Concept

Soil in this study refers to the loose material composed of weathered rock and other
minerals, and also partly decayed organic matter, that covers large parts of the land
surface of the earth. Soil is the essential component of the terrestrial ecosystems of the
earth. It supports plant growth and provides a habitat for large numbers of animals and
microorganisms that decompose leaf litter and plant residues, thereby helping to cycle the
nutrients on which plant growth depends (Wild, 1993). Soil consists of a large variety of
materials composing the uppermost layer of the earth’s crust upon which plants grow. In
addition to solids, soil contains air and water. Typically, soil solids consist of about 95 %
mineral matter and 5% organic material, although the proportions vary widely. The
weathering (physical and chemical disintegration) of parent rocks form soils as the result
of interactive geological, hydrological, and biological processes (Manahan, 1994).

The effect of mineral contents in soil can vary the soil properties as well. The main
effects of the sand and silt fractions are on the physical properties of soils such as the
drainage, water transmission and water content. The minerals in the sand and silt
fractions have little effect on the chemical properties of soils. The clay fraction is
different. The minerals in the sand and silt fractions are the residues from the
disintegration of the parent material and hence are often known as primary minerals. The
products of chemical weathering in the clay fraction are known as the secondary
minerals. The minerals in the clay fraction impart chemical and physical properties to
soil, which strongly influence its behavior, for instance in adsorbing cations, anions and
pesticides and acting as a source of plant nutrients.

There are many fractions involved in soil sorption. One is the soil surface. In various
applications it is often assumed that the equilibrium state is sufficient to account for the
degree of change of a solute, spatially and/or temporally, because the reactions or
processes occurring at the surface are fast relative to the other changes in the system. The
validity of this local equilibrium approach rests at least in part with the rate of sorption of
solute at the surface. Several retention mechanisms can be operative within a soil system.
Cation exchange and specific adsorption are two mechanisms controlling metal
adsorption. Heavy metals can also be retained by mechanisms other than sorption such as
solid-state diffusion and precipitation reactions. Heavy-metal retention has been found to
generally increase with increases in soil pH, cation exchange capacity, organic content,
clay content, and the metal oxide content of a soil. In addition, the strength of metal
retention generally increases as the initial concentration of the contaminant decreases.
Soil organic matter has been of particular interest in studies of trace metal sorption by
soils, because of it significant impact on cation exchange capacity, and more importantly,
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the tendency of transition metal cations to form stable complexes with organic ligands
(Elliott et al., 1986).

There are some important factors involved in soil surface adsorption. It can be divided
into two terms related to intermolecular interactions. The first term is composed of van
der Waals forces, hydrophobic bonding and water structure, hydrogen bonding, charge
transfer, ligand exchange, ion exchange, direct and induced ion-dipole and dipole-dipole
interactions, magnetic interactions, and chemisorption. The second term consists of the
influence of organic matter, pH and temperature, which can have dramatic effects on soil
surface adsorption. A study of DDT adsorption on soil suggests that this variability from
soil to soil may be due, in part, to variations in the composition of the organic matter
complex. The extraction of mineral soil with ether or alcohol produced a dramatic
increase in the sorption efficiency. The amount of organic matter can limit the adsorbing
surface per unit weight of organic matter. Sorption capacity tends to be increased with
higher organic content.

The effect of temperature on soil surface adsorption shows the relationship of bonding
and strength of adsorption. Adsorption is an exothermic process (the enthalpy is negative)
so the higher the temperature, the less the adsorption. Change of temperature will have
greater effect for reactions involved with stronger bonds. Much higher values for heats of
adsorption would be observed for stronger bonding such as chemisorption. The
acceleration of rate processes by elevated temperatures could increase the contribution
from long-term adsorption at higher temperatures.

The pH value has a great effect on soil adsorption for weak acids and weak bases. Weak
acids are in the free acid form at low pH value and are much more highly adsorbed in this
form than as the anion. Weak bases are converted to cationic forms in the low pH range,
and these also are more weakly adsorbed than the free base. The decreasing or increasing
hydrogen ion concentration introduces a competitive effect and decreases adsorption as a
hydrogen ion replaces the organic cation. Solubility and plant availability of most heavy
metals in any given soil are known to be inversely related to pH (Sinha et al., 1978;
Halstead et al.,1969; McBride and Blasiak, 1979)

Soil is a “messy” mixture and has many substances that provide adsorption sites. This
case has to be carefully considered, because the sum of the adsorption from solutions of
mixtures of complex molecules is equal to the sum of their individual adsorption at the
same solution concentration in simple solutions. The basic theory of competitive
adsorption in chromatography columns has been developed as the concept of coherency.
A composition profile is coherent if, at a given time, all concentrations coexisting at any
location in the column have the same velocity (Helfferich, 1968). For the condition that
any location in the profile has the same velocity, it may be termed as having no
dispersion effect.
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2.2.2 Soil Properties Affecting Metal Sorption

The contamination of soils by heavy metals has resulted from a number of activities,
including vehicle emissions; mining; smelting, and metal plating and finishing
operations. The removal techniques of metals from soils basically involve contacting the
soil surface with an extracted aqueous solution. The ways to mobilize the metals in soils
have been identified by Pickering (1986) as changing the acidity, changing the system
ionic strength, changing the oxidation/reduction (redox) potential, and forming
complexes. The addition of complexing ligands can convert solid-bound heavy metal ions
into soluble metal complexes.

For the last technique, the effectiveness of complexing ligands in promoting the release
of metals depends on the strength of bonding to the solid surface, the stability and
adsorbability of the complexes formed, and the pH value of the suspension (Robert et al.,
1992). Studies on heavy-metal mobility in soil columns have shown that metals in
solution are sorbed on soil surfaces (Korte et al., 1976). Batch experiments have been
used to investigate competitive adsorption of heavy metals by soils (Elliot et al, 1986).
Results from batch and column studies have mostly been used to elucidate the behavior
of metal adsorption and to provide insight about the type and nature of adsorption sites.

2.2.3 Determination of Sorption Equilibrium Parameters in Column Experiments

There are two main experimental protocols for performing sorption equilibria. Basically,
batch experiments are used to determine equilibrium sorption isotherms for soils or
geomedia. These approaches are routinely performed in many environmental science
laboratories, and they can easily simulate sorption processes with time constants of days
to weeks. There are some disadvantages of this protocol, such as the poor separation of
the medium-to-high molecular weight fraction of organic matter from the sorbed phase,
which cannot often be achieved by ordinary centrifugation. Those problems are one of
the reasons for observation of the particle concentration effect in which the distribution
coefficient depends on the solid-to-solution ratio (Manahan,1994). An alternative
protocol has been created using flow-through reactors for the determination of sorption
parameters. This protocol allows simple and rapid measurement of nonlinear adsorption
isotherms using column experiments and the assumption of local equilibrium of
chromatography (Cleve et al., 1972). The batch experimental approach was used for
determining leachate adsorption parameters in this study.

2.2.4 Bromide Tracer Study

Field monitoring of the subsurface of a saturated catchment or watershed needs to be
performed for site treatment or understanding of the site characteristics. Sometimes the
pattern of the sub-surface flow may be difficult to discover or to interpret by conventional
hydrological experiments. There are two main kinds of tracers that are widely used in
hydrology. The first is trace elements that already exist under the subsurface, such as
chloride dissolved in rainwater. Chloride is carried into the soil by soil-water infiltration
and remains there or in groundwater in concentrations that are greatly increased at
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locations where most of the water is abstracted from the soil by the process of
evapotranspiration. The second is an artificial tracer injected into the aquifer or soil water
for determining hydrological parameters, such as flow rate and retardation effect. This
kind of tracer must be carried by water and must be able to be recovered after a period of
time. Any effects or reactions between the tracer and the geomedia are prohibited.

Ideal tracers should be stable isotopes. For example, chloride is presented in the soil
water as one of the balancing anions to commonly occurring Na, K, Ca and Mg. Unlike
another anions, chloride is not a significant participant in geochemical reactions, but the
amount of chloride can be varied by evaporation, root extraction and rainfall dilution. At
this point, bromide is more stable for oxidizing reagents and also the bromide ion is
unique and rare to find in nature. The unpopularity of using chloride as the conservative
tracer comes from the wide existence of chloride ions in the subsurface and possible
complex formation of chloride and metals (Marshall et al., 1996). KBr has been a
popular conservative tracer for simulating hydrogeological parameters, because of its low
cost and lower complexing capability with metals. To determine accurate values of
hydrogeological parameters, tracers are required to have no reaction with or removal by
geomedia during transport.

2.2.5 Degradation Pathways of 2,4,6 Trichlorophenol

Chlorinated phenols have been widely used as herbicides, insecticides, fungicides, and
wood preservatives. They are also found in Kraft pulp mill effluents in large quantities
(Lindstorm and Nordin, 1976). The inadequate handling of chlorophenol-treated
materials, accidental spills, and leaching from dumping sites have resulted in the serious
contamination of soil and groundwater (Kitunen et al., 1987). Chlorophenol released into
the natural environment is known to be significantly toxic and carcinogenic.

One of the chlorophenols widely used, as a wood preservative is 2,4,6-trichlorophenol
(TCP). 2,4,6-trichlrophenol is an environmental contaminant originating from the
manufacture of insecticides and herbicides or formed from these as a metabolite in soil.
The biological degradation of chlorophenols has been regarded as an attractive means of
treating contaminated regions because many soil microorganisms can convert
chlorophenols into cell mass and harmless products such as CO, and chloride. Many
different types of microorganisms are known to use trichlorophenol as their sole carbon
and energy source, which include Pseudomonas, Arthrobacter, Rhodococcus,
Flavobacterium, and Azotobacter.

The products of chlorophenol degradation are highly variable. They depend widely on
additional compounds in the system, the microorganism species, and upon the
surrounding system. Commonly, 2,4,6-trichlorophenol can be partially dechlorinated to
4-chlorophenol (4-CP) by anaerobic microorganisms (Armenante et al., 1993) that are
normally present in nature. With unknown mixed cultures, the products of 2,4,6-TCP
degradation will be a wide range of compounds with some significant amount of CO, and
chloride ions in an aerobic environment.
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2.3 EXPERIMENTAL METHODS
2.3.1 Experimental Approach

Column experiments: The experimental approach is focused on evaluating the retardation
and breakthrough curve characteristics of the packed soil columns under continuous flow
conditions through reaction with ACZA leachate and 2,4,6 trichlorophenol. Air-dried
soils packed in two columns with varying lengths were selected to investigate whether
the toxic constituents extracted from ACZA and TCP could be ameliorated by contact
with the soils. Duplicate experiments (column runs) were made to ensure the
repeatability of tests. Column experiments were conducted under uniform conditions
with different lengths of column and soil weights eluted with ACZA and TCP leachate.
Columns were initially flushed with deionized water to elute TOC and attain hydraulic
stability. The initial parameters, TOC, pH and concentration, were measured to
understand the background information both in leachates and column effluents.

As the drainage of rainfall or surface water penetrates throughout the depth of a soil
aquifer, the contaminant ions adsorb onto the soil adsorbent and the contaminant
concentration in the aquifer decreases. Finally, the adsorbent particles become saturated
with the contaminants. The “breakthrough” curve of outflow contaminant concentration
versus time is used to characterize the adsorption behavior of the soil as a function of
process variables.

The simulation of a groundwater flow through soil aquifer material will be conducted by
one-dimensional adsorption experiments in packed columns. The contaminant
concentration in the column effluent is measured as a function of time in order to
determine breakthrough curves. A tracer run through the column is used to determine
dispersion and some physical parameters of the column flow characteristics. In order to
understand the characteristic of the soil aquifer, the breakthrough is monitored by process
variables such as flow rate, pH, and concentration of compound of interest. The
investigation plan is performed through experiments for:

e Development of experimental column of breakthrough curves, and desorption with
distilled water as a function of time or effluent pore volumes.

e Investigation of influent factors effect such as retardation factor and dispersion
coefficient on adsorption kinetics, which were predicted as the great effect to the

groundwater transport.

e Determination of adsorption capacity and removal by the adsorbent (soil) for the
compounds of interest.

e Determination of removal of compound of interest by biodegradation.
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Based on the objectives of this study, four sizes of glass soil columns (50,100,200, and
600-mm lengths, 25-mm inside diameter) and two hazardous materials leachates (ACZA-
wood preservative and 2,4,6-TCP) were selected to perform the column experiments
(Table 2.3.1.1). Hydrological characteristics of each soil column were initially
determined by running bromide as a conservative tracer for calculating the retardation
factor, dispersion coefficient and Peclet number (see Section 2.4.1). The Peclet number
represents the ratio of advective to dispersive transport in solute transport. As the Peclet
number increased, dispersion becomes less important relative to advection for
contaminant transport.

Table 2.3.1.1. Summary of soil column operating conditions.

Column Soil type | Leachate |Lengthl Run] column volume |Pore Volume |Mass of Soil |Packed density |% porosity
Designation mm | No. mL mL g glcm®

W-A-50-1 [ Woodburn| ACZA 50| 1 24.6 9.8 39.0 1.6 49.3
W-A-50-2 [ Woodburn| ACZA 50 2 24.6 10.1 38.2 1.6 41.3
W-A-100-1 | Woodburn| ACZA 110] 1 54.0 27.9 69.2 1.4 46.8
W-A-100-2 | Woodburn| ACZA 110 2 54.0 28.7 67.1 1.4 52.5
W-A-200-1 | Woodburn| ACZA 200] 1 98.2 42.7 147.0 1.5 43.5
W-A-200-2 | Woodburn| ACZA 250] 2 122.8 66.1 150.1 1.2 53.9
W-A-600-1 | Woodburn| ACZA 600] 1 294.6 118.3 467.2 1.6 40.2
S-A-50-1 Sagehill ACZA 50{ 1 24.6 9.1 41.0 1.7 37.0
S-A-50-1 Sagehill ACZA 50 2 24.6 8.0 43.8 1.8 32.7
S-A-100-1 Sagehill ACZA 110] 1 54.0 20.1 89.8 1.7 37.3
S-A-100-2 Sagehill ACZA 110] 2 54.0 23.8 80.2 1.5 44.0
S-A-200-1 Sagehill ACZA 250] 1 122.8 53.5 183.5 1.5 43.6
S-A-200-2 Sagehill ACZA 250| 2 122.8 55.1 179.4 1.5 44.9
W-T-50-1 [ Woodburn TCP 50| 1 24.6 9.8 38.97 1.6 40.1
W-T-50-2 [ Woodburn TCP 50| 2 24.6 13.6 28.9 1.2 55.6
S-T-100-1 Sagehill TCP 110] 1 54.0 27.0 71.6 1.3 50.0
S-T-100-2 Sagehill TCP 110 2 54.0 25.8 74.9 1.4 47.7

Microorganism supply (“mother”) reactor: A 500-mL reactor, named the “mother
reactor”’, was seeded initially from 300-mL of mixed culture from the Corvallis
Wastewater Reclamation Plant and fed by fill-and —draw with a nutrient solution
containing phenol as substrate. The mother reactor was maintained to keep a constant
number of cells (phenol-degrading microorganisms) in order to biodegrade 2,4,6-TCP in
subsequent experiments. A 100-mL volume of mixed liquor was harvested from the
mother reactor daily and replaced with 100-mL of the feed nutrient solution, which made
the mean cell residence time equal to 5 days. The feed nutrient solution consisted of
combination of 2.60 mL of 7.7 g/L of phenol solution plus nutrient solution to 100 mL,
calculated to keep the same daily initial concentration of 40 mg/L of phenol as the sole
carbon source for the microorganisms. The nutrient solution was prepared to fulfill the
growth needs of the microorganisms. As shown in Lee et al. (1991), the solution
consisted of 7 g of Na,HPOy, 3 g of K;HPO4 and, 1 g of NH4NO; , then added tap water
until the total volume reaches 1 L before autoclaving. An additional 0.3 g of MgSO,4 and
0.015 g of FeSO4-7H,0 were added to the previous autoclaved solution before
autoclaving again. The nutrient solution is prepared fresh every week. Mixing is needed
for nutrient media before addition to the mother reactor due to some precipitate that is
formed.
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The mother reactor was assumed to behave like a steady-state activated sludge reactor
that basically maintains the cell number constant and achieves a high rate of removal by
recycling the cells. In this reactor, the number of cells was maintained by limiting the
substrate feed over time (40 mg/L of phenol feed daily) and cell concentration was
monitored by determining turbidity (Hach-Model 2100P turbidimeter) as a surrogate
parameter. The turbidity is reasonably proportional to the concentration of
microorganisms (without the presence of solid phase precipitation in the mother reactor).
This partially supported the assumption that all suspended solids in the reactor are
microorganisms. The turbidity was found constant after 40 days of running the mother
reactor. Total suspended solids were measured at approximately 1500 mg/L in the mother
reactor.

2.3.2 Materials

2.3.2.1 C&R materials and soils

Two highway construction and repair (C&R) materials, ACZA and 2,4,6 trichlorophenol,
were selected for testing. The leachate generated by these two materials must contain
compounds of interest at sufficient concentrations to be measurable and to be toxic, so
that the soil column breakthrough would be well defined. Wood pilings preserved with
ACZA are proposed as one C&R test material. ACZA-treated wood has the advantage
that its leachate contains high concentrations of metals and organics, thus enabling both
sorption and biodegradation to be assessed in the soil columns, although biodegradation
will likely be inhibited by metals toxicity. The second proposed test material is 2,4,6
trichlorophenol. TCP serves as a surrogate leachate (not directly leached from a highway
C&R material) that contains a biodegradable toxic organic compound.

The methodology verification experiments were run using the Aridisol (Sagehill) soil and
the Mollisol (Woodburn) soil. The Mollisol and Aridisol bracket the organic extremes
for the three soils used in the project (Olyic Ultisol soil not used). Soil properties are
listed in Table 2.3.2.1.1. The average diameter was found from a weighted average of
diameters found in a sieve analysis by county soil surveys (Soil Survey of Benton County
Area, Oregon, 1975; Soil Survey of Gilliam County, Oregon, 1984).

Table 2.3.2.1.1. Properties of standard test soils.

Soil Type % Organic Matter CEC Average diameter,
meq/100g mm
Sagehill (Aridisol) 1.91 11.7 0.30
Woodburn (Mollisol) 6.44 18.8 0.016

2.3.2.2 Preparation of ACZA leachate

Wood pilings preserved with ACZA contain high concentrations of toxic metals.
Leachate preparation consisted of shaving commercially available wood-posts, treated
with ACZA, to 3/8-inch depth. The wood shavings are collected, mixed together to obtain
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uniformity, and then stored in polyethylene bags to prevent adsorption of atmospheric
moisture. Requisite samples for leachate generations are taken from this bulk quantity.

ACZA leachate was prepared by adding distilled water to the wood shavings at a weight
ratio of 1 part dry weight material to 20 parts by weight distilled water (1:20 ACZA
shavings: distilled water). The materials were placed into nalgene bottles, which were
sealed with lids that have been taped or covered with parafilm to prevent leakage. The
elution jars were placed into a rotary extractor, padded with foam pads to prevent
breakage, and mixed end-over-end for 24 hours. After 24 hours of mixing, the jars were
removed from the extractors and the leachate was filtered through a prefilter (Whatman
Qualitative paper) initially to remove larger particles and then through Whatman 0.45um
membrane filter paper.

The final leachate was measured for pH, TOC and the concentrations of arsenic, copper
and zinc. Leachate was stored in the dark at 4°C before the analyses were performed.
Leachate should not be stored for more than two weeks before analysis or use in
experiments, as chemical changes may occur during storage, particularly with the TOC
content. This requirement resulted in the preparation of several small quantities of
leachate rather than one large volume with a range of leachate constituent concentrations
(Table 2.3.2.2.1). In column studies, for the maximum length of column, a minimum of
14 liters of ACZA leachate was needed. Each column experiment was performed with a
single leachate preparation. The initial concentration of metal and TOC were variable for
each preparation of ACZA leachate.

Table 2.3.2.2.1. Initial ACZA leachate parameters after 24-hour batch leaching (typical:
values vary somewhat for each batch).

Al As Cu Zn pH TOC
mg/L mg/L mg/L mg/L mg/L
ACZA leachate 0.000 26-37 23-30 7-9 6.5-7.2 | 450-600

2.3.2.3 TCP solution preparation

800 mg/L TCP was prepared from 98% 2,4,6 TCP from Aldrich Chemical Company
solution and kept in a dark amber glass container at 4 °C temperature. TCP feed solution
(2 mg/1) was prepared from 2.5 mL of 800 mg/L TCP in 1000 mL of distilled water. To
prevent the growth of unknown microorganisms in the system, the feed solution was
autoclaved at 125°C for 60 minutes before use. Autoclaved feed solution was prepared
weekly.

2.3.3 Experimental Methods

2.3.3.1 Batch experiments

Batch reactor experiments were conducted to determine the maximum removal or
degradation capacity of soil only, bacterial cells only, and soil with cells. A 100-mL
volume of cells from the mother reactor was harvested daily. To each of ten reactors was



added 20-mL of cells harvested from the mother reactor in glass sample bottles with
variation of TCP concentration of 2, 5, and 20 mg/L, and 2 and 5 mg/L with nutrients.
Nutrients are added to the reactors because of possible limitation of TCP degradation
from lack of nutrients. No addition of soil was involved with these five reactors.
Duplication of each reactor was performed to help ensure the experimental repeatability.

Four reactors were prepared by adding Sagehill soil and Woodburn soil with varying
TCP concentrations of 2 and 5 mg/L. These four reactors were used as the control for
comparison of physical adsorption and biodegradation of TCP with soil. Eight reactors
(four reactors for each type of soil) were prepared by adding 20 mL of cells and 1 g of
soil with varying TCP concentrations of 2,5, and 20 mg/L. Autoclaved soils were
employed in this experiment to ensure no indigenous bacteria were contributing to
degradation processes.

2.3.3.2 Soil Column experiments

The three glass column lengths, 50, 100, and 200 mm, were wet packed with the selected
soil to approximately constant porosity of 0.35 to 0.5. The columns were made from
glass, with Teflon screw fittings. Hydraulic flow through the columns was set to
approximate typical field conditions by using a constant head pump at a constant rate of
10 mL/hour. Initially, hydraulic tracer experiments using bromide were conducted to
determine the retardation factor and dispersion coefficient. In normal column
experiments, metals and organic compounds will be first adsorbed on the adsorbent
material in the background electrolyte solution until equilibrium is achieved (column
effluent equals column influent concentration). Then, the compound of interest will be
extracted (desorbed) from the adsorbent bed (soil) by distilled water (rainfall simulation).
Metals concentrations, pH and total organic carbon were monitored throughout the
experiments.

2.3.3.3 Soil Column Preparation

The following procedure was used to prepare soil columns for each column experiment.
The bottom outlet of an empty glass column was closed with a Teflon screw cap to
prevent leaking. Deionized water was run up flow through the bottom of the column to
ensure the void space between cap and column was not filled with air. Deionized water
was allowed to flow continuously until approximately 1 cm of water depth is presented at
the bottom of the glass column (Figure 2.3.3.3.1).



i 1 cm
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Figure 2.3.3.3.1. Bottom inlet view of soil column.

While the flow of deionized water is continuing, add soil particles to settle down under
the water (Figure 2.3.3.3.2). At least 0.5 cm of water layer was left above the soil layer
to ensure that the air bubbles do not penetrate into the soil.

Pumn
R —

Figure 2.3.3.3.2. Soil column showing bottom inlet view and soil settle down
under the water.

Continue adding more soil into the column while the water level is rising until the water
level almost reaches the top of the column (Figure 2.3.3.3.3). At this final step, dry soil
will be added quickly to fill out the column. The reason of doing that is the top of the
column cannot be filled with wetted soil, otherwise, the top Teflon screw cannot be
tightly capped. After capping is completely, flow is continued to stabilize soil and water
system and eliminate existing air bubbles in the system for at least 24 hours before
running experiments.
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Figure 2.3.3.3.3. Complete soil column view showing packed soil and both top
and bottom inlets.

2.3.4 Analytical Methods

2.3.4.1 Metal measurement

Inductively coupled plasma atomic emission spectrometry (ICP-AES, Varian Liberty
160) was used for the determination of multiple metal concentrations. A detailed
explanation of the ICP methods is given in Volume IV (Nelson et al., 2000b).

2.3.4.2 TOC measurement

The TOC in the leachate samples was measured by Total Organic Carbon (TOC)
analyzer. A detailed explanation of the TOC methods is given in Volume IV (Nelson et
al., 2000D).

2.3.4.3 TCP measurement

A ®Ni electron captures detector or ECD was used for targeting analyzes qualification
and quantification. The 30-meter length and 0.25 mm LD. capillary column with a film
thickness of 0.25 uM of Reztec fused silica was used in the GC (Hewlett-Packard:
HP6890 plus gas chromatographic). An initial oven temperature of 45 © C was held for 3
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minutes then increased at a rate of 35 ° C per minute to achieve a final temperature of 225
° C. The final temperature was held for 4 minutes while injection and detector
temperature were kept at final temperature. Helium gas was used as the carrier gas with
the mixture of Argon and methane as the ratio of 95:5, respectively for detector auxiliary
gas at 60 mL per minute as the constant rate.

The analysis of trichlorophenol was conducted by using a modified method described by
Voss et al., (1980) and Smith (1993). The samples were first acetylated and then
extracted into hexane. 100 ML samples were mixed in a screw-top culture tube with exact
I-mL of a reaction medium containing 43 g/L. K,CO; and 1 mg/L 2,4,6-tribromophenol
as an internal standard. One hundred ML of acetic anhydride was added, the tube was
capped, then shaken on a wrist-action shaker for 20 minutes. 2 mL of hexane were then
added, and the tube shaken for an additional 20 minutes. The extracted hexane fraction
was transferred to an auto-sampler vial and capped with a Viton septum and crimp-seal
cap (Wang, 1995).

2.3.4.5 Phenol measurement

Analysis of phenol was carried out by using a Dionex Series 20001 High Pressure Liquid
Chromatograph (HPLC) equipped with an ultraviolet lamp detector set at 253 nm
wavelength and fitted with Phenomenex Ultracarb 5 ODS (30) 150 mm length and 4.6
mm L.D. column (Serial Number 16167) with pore size 5 micron. The eluent was
composed of 60% of acetonitrile and 40% of deionized water. The flow rate was set at
0.8 mL/min.

2.4 RESULTS AND DISCUSSION
2.4.1 Bromide Tracer Soil Column Test

The retardation factor and dispersion coefficient were determined by bromide, a
conservative tracer, to ensure the uniformity and homogeneity of packed columns. For a
conservative tracer, the retardation factor should be 1.0. The CFITIM model (van
Genuchten, 1981) was used to fit the Br” tracer data and calculate Peclet numbers and
retardation factors for the Br- tracer test. This model computes a best-fit solution of the
advective-dispersion equation with equilibrium sorption (see Appendix A, Equation
A.5.1.2) using a least-squares criterion. The fitting parameters are the Peclet number and
retardation factor for the dimensionless form of the equation. Calculated Peclet numbers
and retardation factors are shown in Table 2.4.1.2 from the 20-mg/L KBr tracer
breakthrough data. (All Task 1 data are summarized in Table 2.4.1.1 at the end of this
chapter.) For Sagehill soil tests in the 100-mm and 200-mm columns, breakthrough
curves and CFITIM fits to the Br- data are shown in Figures 2.4.1.1 and 2.4.1.2. As
indicated in these two figures, the model fits to Br- data were good. These results are
discussed below.



The main transport and fate processes of concern for the groundwater pathways studied
in this project are advection, dispersion, diffusion, adsorption and biodegradation. The
following definitions apply.

Flux: Transport of mass per unit area per unit time, i.e., with units of mass/area-time.
Total mass transport in a given direction is the product of the flux and the flow area.

Advection: Advection is the transport of contaminants with flowing ground water at the
seepage velocity in porous media.

Mass transport by advection=n A v, C (2.4.1.1)

where:

1 = porosity,

vp = seepage or pore velocity (Darcy velocity divided by the porosity, always less than
the microscopic velocities of water molecules moving along individual flow paths, due to
tortuosity),

C = concentration at any point, and

A = total cross-sectional area of solids and voids.

The flux is multiplied by the product of porosity and area in Equation 2.4.1.1 to reflect
the fact that transport occurs only through the voids, not through the total cross sectional
area.

Diffusion: Diffusion is a mass-transport process in which solute move from areas of
higher concentration to areas of lower concentration. It occurs in laminar and turbulent
flow, but in laminar groundwater flow it is expected to be just due to molecular diffusion,
not turbulent eddies.

Hydrodynamic dispersion: Hydrodynamic dispersion is a diffusive-type flux in the
direction of the flow caused by computing a spatial average concentration across void
spaces within which there are velocity variations in the porous media.
Dispersion/diffusion causes sharp fronts to spread out and results in the dilution of the
solute at the advancing edge of the contaminant front.

Mass transport by dispersion = -1 A D; (dC/dz) (24.1.2)
where:
D, = coefficient of hydrodynamic dispersion, and
dC/dz = the gradient of concentration.
The negative sign accounts for positive flux in the direction of decreasing concentration
(in the direction of a negative gradient). Again, transport occurs only through the void

spaces.

Hydrodynamic dispersion is the sum of molecular diffusion and mechanical dispersion,
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D;=D* +D, (2.4.1.3)

where:
D* = molecular diffusion in the porous medium, and
Dy, = mechanical dispersion.

Mechanical dispersion is usually taken as a linear function of the seepage velocity,
Dh=o Vp (24.14)

where:
oy = dispersivity (units of length).

Laboratory dispersivities are typically in the range of 0.1 — 10 mm (Fetter, 1999;
Charbeneau, 2000). In the field, dispersivities are several orders of magnitude larger, up
to 100 m or more (Gelhar et al., 1992; Charbeneau, 2000). The relative importance of
molecular and hydrodynamic dispersion is discussed below, in conjunction with the
Peclet number.

Sorption: The process of sorption can be divided into adsorption and absorption.
Adsorption is an excess concentration at the surface of a solid, while absorption implies a
more or less uniform penetration of the solid by a contaminant.

Biodegradation: Biodegradation represents the transformation of certain organics to
simple CO; and water in the presence of microbes in the subsurface.

Peclet Number (Pe): The Peclet Number (Pe) is defined as the ratio of advective to
dispersive transport of contaminants for one-dimensional, isotropic, saturated, steady
flow in a homogeneous porous medium.

Pe = [v,nC A / [NDA(dC/dz) ] = v,L/D (2.4.1.4)

where:

L = characteristic length,

D = a diffusion coefficient, and
dC/dz = C/L.

The characteristic length, L, is often taken as the column length for column studies but
may also be taken as a characteristic of the grain size, such as average diameter, median
diameter, or square root of the intrinsic permeability (Fetter, 1999; Charbeneau, 2000).
The CFITIM program computes Pe based on the column length, and the diffusion
coefficient is the hydrodynamic dispersion coefficient, D). Hence, for CFITIM analysis of
column experiment data, the dispersion coefficient is given by

D = v, L/Pe (2.4.1.5)



with L = column length. Equation 2.4.1.5 is used to compute D; from the tracer
experiments.

In natural soils, the Peclet number is usually based on the average grain diameter, d, and
the diffusion coefficient is usually taken as D*, the molecular diffusivity of the
constituent in open water. Thus, the Peclet number is typically evaluated as

Pe = v, d/D* (2.4.1.6)

In natural soils, for a Peclet number based on average grain diameter, when Pe is less
than about 0.02, molecular diffusion governs, and is greater than the advective flux and
the near-zero hydrodynamic dispersion flux (Fetter, 1999). In this case, the molecular
diffusivity of the constituent in the porous medium is approximately 0.7 of the value of
the molecular diffusivity of the constituent in open water (Bear, 1972; Fetter, 1999).
That is,

Dy, = 0.7 D* (2.4.1.7)

For Pe greater than about 100, dispersion and advection are dominant, with the latter
increasingly important as Pe continues to increase (Fetter, 1999). For a high advective
flux relative to dispersion/diffusion, advection will be the dominant transport mechanism,
and conservative solutes will move according to plug flow concepts.

Retardation Factor (Rg4): Sorption causes contaminants to move more slowly than the
flowing ground water because they are sorbed onto solid particles as they move with the
ground water. This effect is called retardation. The retardation factor (Ry) is equivalent
to the reciprocal of the ratio of velocity of the sorbing contaminant to that of the ground
water, and ranges from 1 to several thousand in magnitude.

R4 = [1+(pp/M)Ka4] (2.4.1.7)

where:

pb» = bulk density (mass/volume),

M= porosity, and

K4 = sorption distribution coefficient (volume/mass).

For 50 mm and 200 mm Sagehill soil columns, the breakthrough and desorption curve for
20 mg/L Br in distilled water are shown in Figures 2.4.1.1 and 2.4.1.2, respectively.
Breakthrough occurred between 1 to 2 pore volumes of total flow through the column,
followed by a rapid increase in the effluent Br™ concentration (C.) until maximum
adsorption capacity of the soil for removing Br” was achieved (Figures 2.4.1.1 and
2.4.1.2). Breakthrough at a pore volume of 1.0 is the same as pure advection (plug flow)
since that represents a travel distance at the pore velocity of the length of the column.
Hence, the tracer results illustrate minimal dispersion and retardation.



Retardation factors from the CFITIM model were used to calculate K4 values
(distribution coefficients). Theoretically, the retardation factor would not be less than 1.0
for any reason, because the bulk of the contaminant cannot travel faster than the water
(advection). The low K4 values (Table 2.4.1.2) are indicative of the low retardation effect
for bromide tracer in the soil columns. This is to be expected for the non-sorbing tracer.

Calculated dispersion coefficients are similar in magnitude and range from 600 to 1000
times the value of molecular diffusivity. Mechanical dispersion governs transport in the
columns.

The column data may also be used to investigate the validity of Darcy’s law, used in the
model development. Darcy’s law is

va = - K, dh/ds (2.4.1.8)

where:

vq = Darcy velocity or specific discharge, mm/hr,
K = saturated hydraulic conductivity, mm/hr, and
dh/ds = gradient of hydraulic head in direction s.

Hydraulic head, h, is
h=p/(pg) +z (2.4.1.9)

where:

p = pressure,

p = water density,

g = gravitational acceleration, and
z = elevation.

The seepage or pore velocity, vy, is related to the Darcy velocity by
Vp=Va/Mm (2.4.1.10)

Solutes are advected through the porous media with the pore velocity, v, which is faster
than the spatial average Darcy velocity.

Darcy’s law is valid as long as the Reynolds number, based on average grain diameter,
does not exceed some value between 1 and 10 (Bear, 1972). Thus, for the soils used in
this study, a Reynolds number is defined as

Re=vqd/v (2.4.1.11)

where v is the kinematic viscosity of water, approximately 0.01 cm?/s or 3600 mm?/hr.



For the Woodburn and Sagehill column experiments, data from Tables 2.3.2.1.1 and
2.4.1.2 may be used to compute the Reynolds number, in Table 2.4.1.3. The very small
magnitudes of the computed Reynolds numbers ensure laminar flow and the validity of
Darcy’s law.
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Table 2.4.1.2. Summary of tracer (bromide) model transport parameters.

Values of R4 and Pe are from CFITIM model. Dispersion coefficient is found from the
Peclet number (Equation 2.4.1.5) based on column length. The molecular diffusivity
(D*) is assumed to be 10™ cm?/s = 3.6 mm?/hr. The flow rate is 10 mL/hr and the
diameter is 25 mm, for all columns.

Column Packed Bulk
Designation| Ry | Pe | length |Porosity| density | Ky Vp Dy Dy/D*
mm % g/em3 | cm’/g | mm/hr [mm?/hr

W-A-50-1 [1.2]| 09 50 49.3 1.6 0.062 | 41.3 | 2296 | 638
W-A-50-2 [ 1.8 1.0 50 41.3 1.6 0.207 | 49.3 | 2466 | 685
W-A-100-1{ 1.7 1.9 110 46.8 1.4 0.234 | 43.5 | 2520 | 700
W-A-100-2| 1.3 | 2.1 110 52.5 1.4 0.113 | 38.8 | 2033 565
W-A-200-1| 1.2 | 3.1 200 43.5 1.5 0.058 | 46.8 | 3021 839
W-A-200-2| 1.1 | 4.2 250 53.9 1.2 0.045| 37.8 | 2250 | 625
W-A-600-1( 1.2 12.0 | 600 40.2 1.6 0.050 | 50.7 | 2534 | 704
S-A-50-1 1 1.3 50 37.0 1.7 0.000 | 55.1 | 2118 | 588
S-A-50-2 1.2 1.1 50 32.7 1.8 0.036 | 62.3 | 2832 | 787
S-A-100-1 | 1.7 | 1.6 110 37.3 1.7 0.154 | 54.6 | 3755 | 1043
S-A-100-2 | 1.7 | 1.2 110 44.0 1.5 0.205| 46.3 | 4244 | 1179
S-A-200-1 | 1.2 | 3.1 250 43.6 1.5 0.058 | 46.7 | 3768 | 1047
S-A-200-2 | 1.4 | 3.6 250 44.9 1.6 0.112 | 454 | 3151 875

Table 2.4.1.3 Reynolds number computation for Woodburn and Sagehill columns.

The Darcy velocity is obtained by multiplying the average seepage velocity by the
average porosity for the Woodburn and Sagehill soils, in Table 2.4.1.2. The two values
are about the same because the product of Darcy velocity and column cross-sectional area
must equal approximately 10 mL/hr for both.

Soil column Typical Darcy | Average grain | Reynolds
velocity, vg diameter, d number
mm/hr mm

Woodburn 21 0.016 1x 10"

Sagehill 21 0.30 1.8 107
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Figure 2.4.1.1. 50-mm Sagehill soil column breakthrough curve for 20 mg/L Br- in
distilled water. Desorption conducted using distilled water.

* <
1.0 4 e® ¢ o * & datas
. - £’
Z ——model
* . Desorption start
038 Br Adsorption —>
Desorption w/DI
*
o 0.6
9
o
]
0.4
0.2
*
0.0 +& . L3 -
0 1 2 3 4 5 6 7 8 9 10

V/IVp

Figure 2.4.1.2. 200-mm Sagehill soil column breakthrough curve for 20 mg/L Br- in
distilled water. Desorption conducted using distilled water.
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2.4.2 ACZA Leachate Soil Column Sorption

Soil column experiments were conducted to more closely simulate field conditions of
continuous hydraulic flow through a stationary porous medium. Columns of 50 mm, 100
mm, and 600 mm length with 25 mm inside diameters were packed with Woodburn and
Sagehill soils to a porosity of about 36 to 50%. The columns were packed by adding 2-
cm layers of soil and saturating with distilled water from the bottom up to ensure that no
air pockets formed within the soil column. FMI (Fluid Metering, Inc.) pumps were used
to control hydraulic flow (10 ml/hr) through the soil columns to approximate field
conditions. ACZA leachate was prepared by the protocol described in Section 3.2.1 and
kept at 4°C before experiments were performed. The concentrations of arsenic, copper
and zinc were monitored throughout the run of the column experiments to depict
breakthrough curves.

For the 200 mm soil column, the breakthrough curves for ACZA leachate for As, Cu and
Zn adsorption and desorption on Sagehill soil are shown in Figures 2.4.2.1. For As
breakthrough occurred between 20 to 30 pore volumes of total flow through the column,
followed by a rapid increase in the effluent As concentration (C.) until maximum
adsorption capacity of the soil for removing As was achieved (Figure 2.4.2.1). For Cu
and As equilibrium (at Ce/Co = 1) was not achieved even after 80 pore volumes. As is
adsorbed less than Cu and Zn. Existing as an oxyanion, As does not complex readily to
soil organic matter, and its sorption may be further decreased by competition from
negatively charged soluble organic compounds in the ACZA leachate. Cu forms
relatively strong complexes with organic matter, and its sorption behavior appears to be
more influenced by soluble organic ligands in the ACZA leachate than by soil organic
matter. For Sagehill soil Cu and Zn are less affected by soluble complexation and is
therefore more strongly adsorbed by the soils. During adsorption 52.1, 138.6, and 48.0
mg As, Cu, and Zn were removed from ACZA leachate, respectively. Desorption
(beginning at V./V, = 85) with distilled water removed 11.06, 0.60, and 0.08 mg As, Cu,
and Zn from the column, respectively. That is about 21, 0.04, and 0.17 percent of the total
adsorbed As, Cu, and Zn, respectively. The chemical analysis data are illustrated in the
summary Table 2.4.1.1.

For the 100-mm soil column (replicate), the breakthrough curves for ACZA leachate for
As, Cu and Zn adsorption and desorption on Sagehill soil are shown in Figures 2.4.2.2.
For As breakthrough occurred between 20 to 30 pore volumes of total flow through the
column, followed by a rapid increase in the effluent As concentration (C.) until
maximum adsorption capacity of the soil for removing As was achieved (Figure 2.4.2.2).
However, equilibrium (at C/C, = 1) was not achieved even after 200 pore volumes. For
Cu and As, equilibrium (at Ce/Co = 1) was not achieved even after 200 pore volumes.
Arsenic is adsorbed less than Cu and Zn. Existing as an oxyanion, As does not complex
readily to soil organic matter, and its sorption may be further decreased by competition
from negatively charged soluble organic compounds in the ACZA leachate. Cu forms
relatively strong complexes with organic matter, and its sorption behavior appears to be
more influenced by soluble organic ligands in the ACZA leachate than by soil organic
matter. For Sagehill soil Cu and Zn are less affected by soluble complexation and is

2-21



therefore more strongly adsorbed by the soils. During adsorption 22.59, 58.42, and 23.28
mg As, Cu, and Zn were removed from ACZA leachate. Desorption (beginning at V./V,,
= 210) with distilled water removed 11.9, 0.1, and approximately 0.0 mg As, Cu, and Zn
from the column, respectively. That is about 52.7, 0.17, and 0 percent of the total
adsorbed As, Cu, and Zn were removed, respectively.
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Figure 2.4.2.1. ACZA breakthrough curve for As, Cu, and Zn adsorption on Sagehill soil
in 200-mm column. Desorption was conducted using distilled water.

For the 50-mm soil column (Woodburn soil), the breakthrough curves for ACZA leachate
for As, Cu and Zn are shown in Figure 2.4.2.3. For As, breakthrough occurred between 5
to 10 pore volumes of total flow through the column, followed by a rapid increase in the
effluent As concentration (C.) until maximum adsorption capacity of the soil for
removing As was achieved (Figure 2.4.2.3). Both Cu and Zn breakthrough occurred
between 10 to 20 pore volumes of total flow through the column, followed by a rapid
increase in the effluent Cu and Zn concentrations (C.) until maximum adsorption
capacity of the soil for removing Cu and Zn was achieved (Figure 2.4.2.3). However,
equilibrium (at C./C, = 1) for both Cu and Zn was not achieved even after 150 pore
volumes. Desorption (beginning at V./V, = 200) conducted using distilled water to
remove adsorbed As, Cu, and Zn from the soil column, is shown in Figure 2.4.2.3.
During adsorption 12.41, 25.39, and 14.79 mg As, Cu, and Zn, respectively, were
removed from ACZA leachate. Desorption (beginning at V./V, = 200) with distilled
water removed 7.7, 1.6, and 0.3 mg As, Cu, and Zn from the column, respectively. That
is about 63, 6, and 2 percent of the total adsorbed As, Cu, and Zn, respectively.
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Figure 2.4.2.2. ACZA breakthrough curve for As, Cu, and Zn adsorption on Sagehill soil
in 100-mm column (replicate). Desorption was conducted using distilled water.
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Figure 2.4.2.3. ACZA breakthrough curve for As, Cu, and Zn adsorption on Woodburn
soil in 50-mm column (replicate). Desorption was conducted using distilled water.
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For the 50-mm soil column, the breakthrough curves for ACZA leachate for As, Cu and
Zn adsorption and desorption on Sagehill soil are shown in Figure 2.4.2.4. For As,
breakthrough occurred between 20 to 30 pore volumes of total flow through the column,
followed by a rapid increase in the effluent As concentration (C,) until maximum
adsorption capacity of the soil for removing As was achieved (Figure 2.4.2.4). For Cu
and As equilibrium (at Ce/Co = 1) was not achieved even after 300 pore volumes.
Arsenic is adsorbed less than Cu and Zn. Existing as an oxyanion, As does not complex
readily to soil organic matter, and its sorption may be further decreased by competition
from negatively charged soluble organic compounds in the ACZA leachate. Cu forms
relatively strong complexes with organic matter, and its sorption behavior appears to be
more influenced by soluble organic ligands in the ACZA leachate than by soil organic
matter. For Sagehill soil Cu and Zn are less affected by soluble complexation and is
therefore more strongly adsorbed by the soils. During adsorption 16.8, 48.6, and 27.06
mg As, Cu, and Zn was removed from ACZA leachate. Desorption (beginning at V./V,,
= 400) with distilled water removed 6.27, 3.92, and 0.88 mg As, Cu, and Zn from the
column, respectively. That is about 37, 8, and 3 percent of the total adsorbed As, Cu, and
Zn, respectively.
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Figure 2.4.2.4. ACZA breakthrough curve for As, Cu, and Zn adsorption on Sagehill soil
in 50-mm column. Desorption was conducted using distilled water.
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For the 50-mm soil column (replicate), the breakthrough curves for ACZA leachate for
As, Cu and Zn adsorption and desorption on Sagehill soil are shown in Figures 2.4.2.5.
For As, breakthrough occurred between 20 to 30 pore volumes of total flow through the
column, followed by a rapid increase in the effluent As concentration (C.) until
maximum adsorption capacity of the soil for removing As was achieved (Figure 2.4.2.5).
However, equilibrium (at C/C, = 1) was not achieved even after 400 pore volumes. For
Cu and As equilibrium (at Ce/Co = 1) was not achieved even after 400 pore volumes.
Arsenic is adsorbed less than Cu and Zn. Existing as an oxyanion, As does not complex
readily to soil organic matter, and its sorption may be further decreased by competition
from negatively charged soluble organic compounds in the ACZA leachate. Cu forms
relatively strong complexes with organic matter, and its sorption behavior appears to be
more influenced by soluble organic ligands in the ACZA leachate than by soil organic
matter. For Sagehill soil Cu and Zn are less affected by soluble complexation and is
therefore more strongly adsorbed by the soils. During adsorption 14.14, 57.21, and 31.75
mg As, Cu, and Zn, respectively, were removed from ACZA leachate. Desorption
(beginning at V./V, = 480) with distilled water removed 12.88, 1.24, and 0.11 mg As,
Cu, and Zn from the column, respectively. That is about 91, 2.2, and 0.35 percent of the
total adsorbed As, Cu, and Zn, respectively.

For the 50-mm soil column (Woodburn soil), the breakthrough curves for ACZA leachate
for As, Cu and Zn are shown in Figure 2.4.2.6. For As, breakthrough occurred between
30 to 40 pore volumes of total flow through the column, followed by a rapid increase in
the effluent As concentration (C.) until maximum adsorption capacity of the soil for
removing As was achieved (Figure 2.4.2.6). Both Cu and Zn breakthrough occurred
between 100 to 150 pore volumes of total flow through the column, followed by a rapid
increase in the effluent Cu and Zn concentrations (C,) until maximum adsorption
capacity of the soil for removing Cu and Zn was achieved (Figure 2.1.2.8). However,
equilibrium (at C/C, = 1) for both Cu and Zn was not achieved even after 150 pore
volumes. Desorption (beginning at V./V,, = 280) conducted using distilled water to
remove adsorbed As, Cu, and Zn from the soil column, is shown in Figure 2.4.2.6.
During adsorption 23.62, 49.70, and 26.93 mg As, Cu, and Zn, respectively, were
removed from ACZA leachate. Desorption (beginning at V./V, = 280) with distilled
water removed 14.59, 0.0, and 0.0 mg As, Cu, and Zn from the column, respectively.
That is about 62, 0, and 0 percent of the total adsorbed As, Cu, and Zn, respectively. The
chemical analyses data are illustrated in the summary Table 2.4.1.1.
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Figure 2.4.2.5. ACZA breakthrough curve for As, Cu, and Zn adsorption on Sagehill soil
in 50-mm column (replicate). Desorption was conducted using distilled water.
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Figure 2.4.2.6. ACZA breakthrough curve for As, Cu, and Zn adsorption on Woodburn
soil in 50-mm column (replicate). Desorption was conducted using distilled water.
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Mass balance was performed to determine the amount of total metals adsorbed and
desorbed during ACZA column experiments. Adsorbed arsenic was determined from the
beginning of the presence of the ACZA until C/C, reached approximately 1. Desorbed
arsenic mass was determined after deionized water was fed through the columns until the
effluent concentration was about 10% of the feed solution (C/C, = 0.1). The summaries
of sorbed and desorbed arsenic, copper, and zinc data are shown in Table 2.4.2.2.
Average arsenic masses adsorbed in the soil columns are 0.411 and 0.326 mg/g for
Woodburn and Sagehill soil columns, respectively. The fraction of sorbed arsenic metal
that is recoverable in the desorption process with deionized water is greater for Sagehill
soil than for Woodburn soil columns. This shows that Woodburn soil has slower elution
for arsenic mass than Sagehill soil. The mass of arsenic, which has been eluted from each
type of soil, seems to be consistent. For example, 7.7 and 17.5 mg of arsenic in W-A-50-
1 and W-A-200-1 can be eluted after 12.41 and 56.35 mg of arsenic were sorbed in
adsorption process, which is 62 and 31.1 % of the sorbed arsenic mass, respectively. This
shows the slower process of desorption in the longer column to elute the contaminants.
This might support the concept of local equilibrium such that the compound desorbed in
the early column section would be adsorbed again in the later column section.

The arsenic isotherms from batch studies were selected to do the comparison in terms of
the equilibrium adsorption capacity (Cs) for each soil. From the R* value, the Freundlich
isotherm seems to give the best fit for both soils. In order to calculate equilibrium
adsorption capacity of both soils at initial concentration of arsenic in ACZA leachate
(approximately 25 mg/L), 25 mg/L was placed into the Freundlich equation.

There were averages of 0.45 and 0.1 mg of arsenic per gram of soil (Cs) in the batch
studies (Table 2.4.2.2) for Woodburn and Sagehill, respectively, indicating greater
adsorption capacity of the Woodburn soil vs. Sagehill soil. Similarly, the column studies
showed an average Cs of 0.411 and 0.326 mg of arsenic per gram of soil for Woodburn
and Sagehill, respectively. Thus, both the batch and column studies for ACZA indicate
stronger sorption for the Woodburn than for the Sagehill soil. This is entirely to be
expected for the higher-organic-content Woodburn soil and consistent with many other
sorption experiments during this study.

The rates of copper and zinc adsorption in both soil columns were rapid, based on no
appearance of Cu and Zn concentration profile at the beginning of column runs. The
presence of copper and zinc in the effluent can be found for the 50 and 100-mm column
lengths. In the longest column lengths, 200 and 250 mm, almost no concentration of
copper and zinc can be detected in the effluent. This fact shows that soil has greater
capacity to sorb copper and zinc than arsenic. At the saturation of soil with arsenic, the
adsorption of copper and zinc was still progressing. Gao et al (1997) estimated that with
62 mg/L of dissolved organic carbon in solution, around 69% of copper and 15% of zinc
exist as organo-metal complexes and suggested that formation of organo-metal
complexes might be the dominant mechanism for adsorption and solution complexation
for copper at low metal concentrations. This implies that copper is a stronger adsorbate
than zinc. However, for the breakthrough curves of this study, the effluent concentration
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of copper was greater than for zinc at most pore volume. This might result from the
competition for ion exchange in the soil columns.

Table 2.4.2.2. Comparison of arsenic mass adsorbed in column and batch studies
(Freundlich Isotherm).

Column C. Soil Mass As AdsorbefC. Columr]{C Batch|Mass As Desorbe
Designation] mg/l g mg mg/g-soillmg/g-soi mg
W-A-50-1 27.6 39 12.41 0.32 0.48 7.7
W-A-50-2 27.6 38.2 23.56 0.62 0.48 14.6
W-A-100-1 29.4 69.18 18.44 0.27 0.50 8.4
W-A-100-2 32.6 67.13 33.93 0.51 0.53 17.4
W-A-200-1 29.7 147 56.35 0.38 0.50 17.5
W-A-200-2 28.8 150.1 56.35 0.38 0.49 11.5
S-A-50-1 27.6 41 16.83 0.41 0.11 15.9
S-A-50-1 27.6 43.8 14.14 0.32 0.11 12.9
S-A-100-1 28.8 89.8 26.08 0.29 0.11 16.5
S-A-100-2 29.4 80.2 22.59 0.28 0.12 14.2
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2.4.3 Algal bioassay analyses of ACZA/soil column leachates

A set of column leaching experiments was performed to investigate the removal of
ACZA leachate toxicity at various soil depths. Soil columns of various lengths (50 mm,
100 mm, 200 mm) packed with either Woodburn or Sagehill soil were used. For
biological analyses, only ACZA leachates were used as the representative C&R material
leachates. During sorption, ACZA leachate was applied as the influent. Column
effluents were collected at various time intervals and analyzed for toxicity and chemistry.
For desorption, distilled water was used as the influent solution. In the following
sections, algal toxicity results from Woodburn and Sagehill soil column studies are
presented. To get sufficient sample volumes for toxicity analysis, about 4 to 5 effluent
pore volumes were composited.

2.4.3.1 Woodburn Soil Columns

ACZA leachate applied initially to the soil column indicated a 1/EC50 value (or toxic
unit, TU) of 769 for S. capricornutum. Metals such as arsenic, copper and zinc were
observed to be above their toxic levels to the tested algae. Overall results indicated a
good correspondence between metal levels in column effluents and algal toxicity. For
instance, in a 50-mm column study, the first composited sample (15 pore volumes)
exhibited a 1/EC50 value of 4.8 for S. capricornutum. The observed 160-fold reduction
in the toxicity was obviously due to the sorption of known toxic metals such as arsenic,
copper and zinc as shown by the chemical analysis. Figure 2.4.3.1.1 illustrates
breakthrough curves for sum of metals and the associated toxicity in a 50-mm Woodburn
column study. At the end of sorption phase (226 pore volumes), the effluent sample
indicated a 1/EC50 value of 313.
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Figure 2.4.3.1.1 Algal toxicity and corresponding metals concentration as a function of
effluent pore volumes in the 50-mm Woodburn soil column (I) study
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Figure 2.4.3.1.2 a, b, and c. Algal 1/EC50 values as function of sum of metals in 50 mm
(a), 100 mm (b) and 200 mm (c¢) Woodburn column effluents. The regression for
Woodburn (figure ¢) is probably not valid due to clustering of the data points.
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During the desorption phase, a gradual decrease in the toxicity of the effluent was
observed. Chemical analyses indicated a corresponding decrease in the metal
concentrations, especially in arsenic. The first desorption sample collected at 232 pore
volume indicated a 1/EC50 value of 313. This extremely high toxicity was caused by
desorption of arsenic, copper and zinc from soil to the effluent. A 1/EC50 value of 21
was observed in the final effluent sample for desorption phase, indicating a significant
decrease in the amount of metals leached from the soil.

A consistent pattern of change in toxicity with change in metals concentration was
observed in all of 50-mm, 100-mm, and 200-mm Woodburn soil column studies. Figures
2.4.3.1.2 a, b, and c illustrates algal 1/EC50 values as a function of sum of metals
concentration in column effluents. Correlation coefficients (R values) of 0.90, 0.89, and
0.93 (p<0.01) were observed for the three soil columns (Table 2.4.3.1), respectively,
indicating a good relationship between toxicity and chemistry data, except that the good
regression for the Woodburn soil probably is just a result of the clustering of the data
points.

Table 2.4.3.1 Coefficient of correlation (R) and coefficient of fit (R?) values describing
the relationship between chemistry and toxicity data from soil column tests.

Soil Column Column Length R R”
(mm)
Woodburn 50 090 |0.81
100 0.89 10.79
200 093 ]0.87
Sagehill 50 097 |0.94
100 0.98 [0.95
200 096 |091
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2.4.3.2 Sagehill Soil Columns

Algal toxicity results indicated a similar behavior between the toxicity and chemistry data
for the Sagehill soil column effluents (Figure 2.4.3.2.1). For instance, in 50-mm column
(I), during the sorption phase algal toxicity decreased (about 68-fold) in the initial column
effluent (1/EC50 = 454) compared with influent toxicity (1/EC50 = 6.7). Obviously, this
reduction in toxicity was due to the corresponding decrease in the toxic metal levels in
the effluent as shown by the chemical analyses. At the end of the sorption phase (375
pore volumes) a 1/EC50 value of 417, a value close to the influent toxicity (1/EC50 =
454), was observed. During the desorption phase, a general decrease in the toxicity was
observed with associated decrease in the toxic metal levels in the effluents. The first
desorption sample indicated a 1/EC50 of 417 and a 1/EC50 value of 6 was observed in
the final desorption sample.
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Figure 2.4.3.2.1 Algal toxicity and corresponding metals concentration as a function of
effluent pore volumes in the 50 mm Sagehill soil column (I) study.

Based on R-values (Table 2.4.3.1) 0f 0.97, 0.98 and 0.96 for 50, 100, and 200 mm
columns respectively, it can be concluded that a significant correlation (p<0.01) existed
between toxicity and the sum of metals present in the effluents. In addition, Figures
2.4.3.2.2 a, b, and c illustrate the strong linear relationship (R*= 0.94, 0.95, and 0.91 for
50, 100, and 200-mm Sagehill columns respectively) between chemistry and algal
toxicity.
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Figure 2.4.3.2.2 a, b, and ¢ Algal 1/EC50 values as function of sum of metals in 50 mm
(a), 100 mm (b) and 200 mm (c) Sagehill column effluents.
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2.4.4 TCP Soil Sorption and Biodegradation

2.4.4.1 TCP batch reactor experiments

Batch reactor experiments were performed to determine TCP biodegradation removal
rates and soil sorption capacities. Biodegradation rates were determined in reactors with
microorganisms (bacterial cells) alone and in reactors with cells plus nutrients and cells
plus soil to assess possible nutrient limitation and soil synergistic effects on the
biodegradation rate constant. Additional batch experiments were run with bacterial cells
plus autoclaved soil (to kill indigenous soil microorganisms) to determine by comparison
the possible contribution to TCP biodegradation by indigenous soil microorganisms. Soil
sorption capacities were determined by developing soil sorption isotherms from batch
reactor data of reactors with soil alone. For these batch experiments, 20-mL reactors
were used, into which were added TCP solutions (2, 5, or 15 mg/L initial concentrations),
and as appropriate, microorganisms harvested from the “mother” (supply) reactor culture,
nutrients, and test soils (Woodburn or Sagehill).

TCP removal rates were calculated separately for reactors with microorganisms only
(biodegradation rate constant), with soil only (sorption rate constant), and with
microorganisms plus soil (combined removal rate). Additional rate constants were
determined for microorganisms with nutrients (media) added (to examine possible
nutrient limitation in the leachate) and for autoclaved soil plus microorganisms (to
determine possible removal effects by indigenous soil microorganisms). Both zero-order
and first-order removal rate expressions were fit to the batch data. The batch reactor data
for 1 g Sagehill soil with microorganisms at an initial TCP concentration of 2 mg/L
shows an example of the fit for zero- and first-order rate expressions (Figure 2.4.4.1.1).
Zero- and first-order removal rate constants for all batch reactor experiments are
summarized in Table 2.4.4.1.1. For most batch experiments, a lag period existed for up
to about two days before significant substrate removal occurred, after which removal
progressed steadily. The lag period was ignored in determining the rate constants
reported in Table 2.4.4.1.1.

The biodegradation rate constants generally increase at higher initial TCP concentrations
for every condition (Table 2.4.4.1.1). This indicates that the substrate (TCP) is not toxic
to the microorganisms (bacteria). The rate constants are composite values in that they
implicitly include the concentration of active bacteria. The increasing rate constant value
with higher initial substrate concentration indicates that microorganism concentration is
not constant, but in fact increases over the several day time period of these
biodegradation batch tests. The rate constants are thus conditional constants, specific to
the conditions of these batch tests. In practice, values of biodegradation rate constants
should be site-specific, determined for the soil-microorganism-substrate combination
present at the highway location of interest.

The coefficient of fit (R* value) shows that the zero-order biodegradation rate expression
seems to give the best data fit for most batch reactor experiments, although first-order in
most cases also fits well. A zero-order rate expression implies that substrate

concentration is in excess relative to needs of the bacteria, while a first-order expression
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implies that substrate concentration is limiting bacterial metabolism rate. It is unclear
which condition pertains to these experiments, but either model (zero or first order)
predicts TCP biodegradation quite well.

Reactors with cells only and those with cells plus nutrients were run in duplicate to
provide some idea of the variability of rate constant results. Generally, rate constants
agree quite well in duplicate runs and clear trends are discernible between rate constants
for the varying effects investigated.

Addition of nutrients (media) with bacterial cells caused greater rate of TCP removal
with a corresponding increase in rate constants (Table 2.4.4.1.1). This clearly indicates a
nutrient limitation in the cells-only reactors, as what little nutrients are available are
supplied with the cells inoculum from the mother reactor. Sagehill soil by itself showed a
very low TCP removal rate, but combined with cells showed a comparable removal rate
to cells with nutrients. Soil apparently contributes sufficient trace nutrients to the
bacterial cell culture to sustain active metabolism.

Reactors with soil added but no bacterial cells illustrate removal primarily by adsorption
(Table 2.4.4.1.1). Woodburn soil shows a greater rate of removal by adsorption than
Sagehill soil, consistent with adsorption capacity data. Rates of removal were generally
higher when cells were added to soils, especially for Sagehill soil. Autoclaved soils with
cells added had similar removal rates to cells-only reactors, showing that there is minimal
TCP biodegradation by indigenous microorganisms present in the soils.
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Table 2.4.4.1.1. Summary removal rates of 2,4,6 TCP with soil sorption and
biodegradation. TCP concentrations are in mg/L.

Condition TCP Conc|Reactor| Rate Constant R?
0 order | 1°toder | 0 order | 1%toder

> 1 0.011 0.023 0.691 0.853
2 0.018 0.024 0.934 0.891
1 0.031 0.034 0.838 0.915
Cells Only ° o[ 0069  0.044] _0993] 0.874
15 1 0.089 0.007 0.920 0.863
2 0.095 0.008 0.948 0.912
5 1 0.026 0.035 0.792 0.836
Cells + Media 2 0.016 0.020 0.825 0.933
15 1 0.242 0.066 0.921 0.744
2 0.250 0.048 0.792 0.761
Sagehill Soil 2 0.001 0.019 0.857 0.863
15 0.005 0.039 0.861 0.751
2 0.008 0.006 0.905 0.867
Sagehill Soil + Cell 5 0.054 0.021 0.994 0.996
15 0.299 0.082 0.903 0.795
Autoclaved Sagehill Soil + Cell 2 0.014 0.009 0.961 0.941
. 2 0.007 0.014 0.863 0.762
Woodburn Soil 5 0.028] _ 0.031 0.808] _ 0.863
2 0.008 0.011 0.791 0.690
Woodburn Soil + Cell 5 0.011 0.015 0.439 0.667
15 0.099 0.012 0.993 1.000
Autoclaved Woodburn Soil + Cell 2 0.009 0.005 0.980 0.970
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Figure 2.4.4.1.1 Batch reactor (20 mL) TCP removal curve (2 mg/L initial TCP
concentration) with Sagehill soil (1 g) and microorganisms added.

Batch soil sorption experiments also were used to determine the sorption capacity of
Sagehill and Woodburn soils. Sorption characteristics of the different soils (Sagehill and
Woodburn) for 2,4,6-TCP were analyzed and evaluated using three soil isotherm models:
linear, Langmuir and Freundlich. Calculated values of the Freundlich isotherm
parameters, K¢ and N, for Sagehill and Woodburn soils are presented in Table 2.4.4.1.2.
The high R’ coefficient value of 0.94 for the Woodburn soil demonstrates the excellent fit
of these sorption data by the Freundlich isotherm model. For the Sagehill soil, sorption
data were measured only near the maximum water concentration tested (about 1.9 mg/L),
and there are no measurements for low concentrations as there are for the Woodburn soil.
Hence, the data were clustered near one sorption capacity, and none of the three isotherm
equations gave a statistically significant result (at the 95% level). The Sagehill soil
sorption capacity (on the order of 0.001 mg/g) at the maximum water concentration tested
is an order of magnitude less than for the Woodburn soil. It can be concluded that the
sorptive capability of the Sagehill soil is much less than Woodburn soil for TCP, and that
insufficient data were collected at low TCP concentrations to confirm a mathematical fit
of any of the three sorption equations. Additional guidance on interpretation of data of
the sort for the Sagehill soil is given in the discussion of the TCP sorption results in
Volume II (Eldin et al., 2000).

Table 2.4.4.1.2. Freundlich sorption capacity (K¢) and intensity parameters (N) for
sorption of 2,4,6-TCP by Sagehill and Woodburn soils

Soil Type Model Isotherm Ky N R’
Sagehill Freundlich 7.07x10™ 0.79 0.09
Woodburn Freundlich 2.26x10° [ 0.58 0.94
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For 2 mg/L of TCP in solution, the maximum soil sorption capacities for TCP calculated
by the Freundlich Isotherm (using the isotherm parameters in Table 2.4.4.1.2) were
1.23x10” mg/g and 3.399x10 mg/g for Sagehill and Woodburn soils, respectively.
Batch results compared well with column studies that showed equilibrium adsorption
capacities of 1.6x10™ mg/g and 4.24x10” mg/g for Sagehill and Woodburn soils,
respectively.

2.4.4.2 TCP soil column sorption background

Soil column experiments were conducted to more closely simulate field conditions of
continuous hydraulic flow through a stationary porous medium, that is, highway runoff
through roadside soils. As described extensively in Volumes Il and IV, 2,4,6-TCP (TCP)
was selected to serve as a surrogate highway material leachate for column studies
because of its biodegradability and potential toxicity, and because of its known chemical
properties. The soil column experimental methods for TCP have been discussed earlier
in this chapter.

2.4.4.3 2,4,6-TCP soil column sorption results

TCP soil columns of 50 mm and 100 mm length with 25 mm inside diameters were
packed with Woodburn and Sagehill soils to a porosity of about 40 to 55% (Table
2.4.4.3.1). The columns were packed by adding 2-cm layers of soil and saturating with
distilled water from the bottom up to ensure that no air pockets formed within the soil
column. TCP Sagehill and Woodburn soil column operating conditions are summarized
in Table 2.4.4.3.1. FMI (Fluid Metering, Inc.) pumps were used to control hydraulic flow
(10 mL/hr) through the soil columns to approximate field conditions. The CFITIM
program (Van Genuchten ,1981) was run to calculate the retardation factor and Peclet
number for TCP soil columns, results of which are presented in Table 2.4.4.3.2.

Table 2.4.4.3.1. Summary of soil column operating conditions for TCP leachate.

Column Soil type | Leachate |Lengthf Run| Column Volume|Pore Volume [Mass of Soil |Packed density |% Porosity
Designation mm | No. ml ml grams glcm3
W-T-50-1 | Woodburn|  TCP. 50 1 24.6 9.8 38.97 1.6 40.1
W-T-50-2 [ Woodburn| TCP 50[ 2 24.6 13.6 28.9 1.2 55.6
S-T-100-1 Sagehill TCP 110] 1 54.0 27.0 71.6 1.3 50.0
S-T-100-2 Sagehill TCP 110] 2 54.0 25.8 74.9 14 47.7
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Table 2.4.4.3.2. Soil column modeling parameters determined by CFITIM for 2 mg/L
TCP solution.

Values of Rq and Pe are from CFITIM model. Dispersion coefficient is found from the
Peclet number (Equation 2.4.1.5) based on column length. The molecular diffusivity
(D*) is assumed to be 10~ cm?/s = 3.6 mm*/hr. The flow rate is 10 mL/hr and the

diameter is 25 mm, for all columns.

Column Packed Bulk
Designation| Ry | Pe | length |Porosity| density | Ky Vp D, DyD*
mm % g/lem3 | em’/g | mm/hr [mm?/hr

W-T-50-1 | 138]0.16 | 50 40.1 1.6 3435 | 50.8 | 15876 | 4410
W-T-50-2 | 158 | 0.15 50 55.6 1.2 73.00 | 36.6 | 12213 | 3393

S-T-50-1 [1.91] 5.03 | 50 50.0 1.3 0.35 | 40.7 | 405 113
S-T-50-2  [2.33]1229| 50 47.7 1.4 045 | 42.7 | 9322 | 259

The breakthrough curves of each soil column experiment were plotted, from which at
least two important points can be noted. These are the first pore volume at which there is
measurable breakthrough of the feed compound (TCP), and the cumulative pore volumes
at which C/C, = 1 is reached. At initial breakthrough, the number of pore volumes shows
the retardation effect between the geomedia and compound of interest. The pore volumes
at which C/Co = 1 shows the time at which the geomedia has reached sorption saturation
with the compound of interest. The sorption capacity at saturation is not directly
proportional to the number of effluent pore volumes at C/Cy = 1. However, the capacity
of sorption can be determined by mass balance analysis.

For 100-mm Sagehill soil columns without microorganisms, the breakthrough curves for
TCP sorption and desorption are shown in Figure 2.4.4.3.1. For both columns,
breakthrough occurred between 2 to 3 pore volumes of total flow through the column,
followed by a rapid increase in the effluent TCP concentration (C,) until maximum
adsorption capacity of the soil for removing TCP was achieved (C/Cy = 1) (Figure
2.4.4.3.1). During adsorption 0.09, and 0.14 mg TCP was removed from the influent
solution from column numbers 1 and 2, respectively (Table 2.4.4.3.3). Desorption
(beginning at V¢/V, =10 and 25 for column numbers 1 and 2, respectively) with distilled
water removed 0.071 and 0.091 mg TCP from the columns, respectively (Figure
2.4.4.3.1). That is, about 79 and 65 percent of the total adsorbed TCP is desorbed,
respectively.

For 100 mm Sagehill soil columns with microorganisms, the breakthrough curves for
TCP sorption and desorption are shown in Figures 2.4.4.3.2. For both columns,
breakthrough occurred between 2 to 3 pore volumes of total flow through the column,
followed by a rapid increase in the effluent TCP concentration (C,) until maximum
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adsorption capacity of the soil for removing TCP was achieved (Figure 2.4.4.3.2).
During adsorption 0.15, and 0.13 mg TCP was removed from the influent solution from
column number 1 and 2, respectively (Table 2.4.4.3.4). Desorption with distilled water
(beginning at V¢/V, =23 and 33 for column numbers 1 and 2, respectively) removed

0.119 and 0.115 mg TCP from the columns, respectively. That is, about 76 and 88
percent of the total adsorbed TCP is desorbed, respectively (Figure 2.4.4.3.2).

For 50-mm Woodburn soil columns without microorganisms, the breakthrough curves for

TCP sorption and desorption are shown in Figures 2.4.4.3.2. For both columns,
breakthrough occurred between 5 to 6 pore volumes of total flow through the column,
followed by a rapid increase in the effluent TCP concentration (C.) until maximum
adsorption capacity of the soil for removing TCP was achieved (C/Cy = 1) (Figure
2.4.4.3.2). During adsorption, 1.28 and 1.50 mg TCP was removed from the influent
solution for column numbers 1 and 2, respectively (Table 2.4.4.3.1). Desorption
(beginning at V¢/V, = 80 and 100 for column number 1 and 2, respectively) with distilled
water removed 0.30 and 0.49 mg of TCP from the columns, respectively (Table
2.4.4.3.1). That is about 23 and 33 percent of the total adsorbed TCP is desorbed,

respectively (Figure 2.4.4.3.2).

For 50-mm Woodburn soil columns with microorganisms, the breakthrough curves for
TCP sorption and desorption are shown in Figure 2.4.4.3.2. For both duplicate columns
breakthrough occurred between 5 to 6 pore volumes of total flow through the column,
followed by a rapid increase in the effluent TCP concentration (C.) until maximum
adsorption capacity of the soil for removing TCP was achieved (C/Cy = 1) (Figure
2.4.4.3.2). Due to complete removal of TCP in this experiment, no desorption
experiments were conducted (Figure 2.4.4.3.2).

Table 2.4.4.3.3. Mass balance on 2-mg/L TCP adsorption without microorganisms on

Woodburn and Sagehill soils.

Sample ID Length Soil Ads. TCP |Des. TCP | Ads.TCP
mm g mg mg mgl/g soil
S-T-100-1 110 71.6 0.09 0.071 0.001
S-T-100-2 110 74.9 0.14 0.091 0.002
W -T-50-1 50 38.97 1.28 0.303 0.033
W -T-50-2 50 28.9 1.5 0.497 0.052

Table 2.4.4.3.4. Mass balance on 2-mg/L. TCP adsorption with microorganisms on

Sagehill and Woodburn soils.

Sample ID Length Soil Ads. TCP |Des.TCP| Ads.TCP
m m g m g m g mgl/g soil
S-T-100-1 110 68.2 0.15 0.119 0.002
S-T-100-2 110 68.3 0.13 0.115 0.002
W -T-50-1 50 24 .7 0.40 -- --
W -T-50-2 50 29.6 0.60
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Figure 2.4.4.3.1. 2,4,6-TCP Sagehill 100-mm soil column breakthrough curves and
desorption with and without microorganisms.
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Figure 2.4.4.3.2. 2,4,6-TCP Woodburn 50-mm soil column breakthrough curves and

desorption with and without microorganisms.
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2.5 SUMMARY AND CONCLUSIONS

Based on the results of this study, the following conclusions are drawn in relation to
removal of metals and organic in C&R (Construction and Repair highway materials)
leachates by adsorption and biodegradation processes:

Soil columns are able to effectively represent retardation and removal of leachate
constituents by adsorption and biodegradation processes.

For ACZA leachate, the mixture of metals (As, Cu, Zn) was differentially retarded by
soil. Arsenic, present as the oxyanion arsenate (AsO4”), was the least retarded, followed
by copper (Cu™") and zinc (Zn*"). It is hypothesized that copper was retarded less than
zinc due to possible soluble complexation with organic compounds, either from ACZA
leachate (50-150 mg/L TOC) or from the soil organic matter (approximately 400-650
mg/L TOC after column break-in period).

TCP leachate in soil columns exhibited retardation by sorption and removal by
biodegradation processes. Sorption of TCP was reversible, and TCP was desorbed from
the soil columns when flushed with deionized water.

Soil column mass balances showed that sorbed concentrations of ACZA metals and TCP
at saturation (Cs values) were equivalent to those predicted for isotherms derived from
batch reactor data for the Woodburn soil, but 2-4 times greater for Sagehill soil.

For the ACZA leachate, arsenic, being more weakly sorbed, was more rapidly desorbed,
followed by Cu and Zn, when soil columns were flushed with deionized water.

Woodburn soil, a Mollisol with 6.44% of organic matter in the fine silty, mixed, mesic
family of soils, exhibited higher sorption capacity and retardation of both ACZA metals
and of TCP, than did Sagehill soil, an Aridisol with 1.91% of organic matter in the
coarse-loamy mixed mesic family of soils.

Flow in all columns is laminar with Reynolds numbers in the range of 10”. Darcy’s law

is valid. From curve-fits to theoretical breakthrough curves, dispersion in the columns is
on the order of molecular diffusivity.
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Table 2.4.1.1. Task 1: Summary data for chemical and toxicity analyses.

Task 1: Confirmation of Phase II M ethodology
Toxicity Results Chemistry Test Results
Algal Toxicity
Concentration as %
Elutriate
E =
~ E -] ~
Q @ =2 S~ ~ ~ ,J
% = Lower Upper E = é =) =) =) ED I
= Test Conditions 3 %ECs [ 95% 95% S > > g E g S E
e [} .-

3 z C.L. C.L. 2 S g 2 g g 3 =

£ s R

< Q

%)

ACZA 100mm-Sagehill

1 |Ads 100mm-Sagehill 0.21 0.19 0.24 27.643126.414 | 10.468
2 |Ads 100mm-Sagehill 28 21 36 30 30 1.70 0.257 0.093 0.012 119 6.63
3 |Ads 100mm-Sagehill N A N A N A NA 70 100 5.66 2.640 0.070 0.011 221 6.89
4 |Ads 100mm-Sagehill 1.4 1.1 1.9 106 206 11.65 8.900 0.150 0.010 242 7.51
5 |Ads 100mm-Sagehill N A N A N A NA 250 456 25.80 13.196 ] 0.202 0.011 272 7.41
6 |Ads 100mm-Sagehill 0.91 0.71 1.2 210 666 37.68 20.6711] 0.448 0.024 268 7.40
7 |Ads 100mm-Sagehill N A N A N A NA 252 918 51.94 21.113 0.645 0.0114 349 7.38
8 |Ads 100mm-Sagehill 0.65 0.52 0.83 200 1118 63.25 21.3841 0.820 0.018 398 7.07
9 |Ads 100mm-Sagehill NA NA N A NA 225 1343 75.98 21.300] 0.261 0.000 4438 6.86
10 |JAds 100mm-Sagehill NA NA N A NA 215 1558 88.114 21.830 0.2717 0.004 440 7.11
11 |[Ads 100mm-Sagehill 0.56 0.45 0.7 220 1778 100.59 J23.2814 0.274 0.013 445 7.14
12 |Ads 100mm-Sagehill NA NA N A NA 200 1978 111.90 J]23.525]1 0.270 0.000 456 7.18
13 |Ads 100mm-Sagehill NA NA N A NA 210 2188 123.79 |23.873 ] 0.262 0.000 409 7.217
14 |[Ads 100mm-Sagehill NA NA N A NA 190 2378 134.53 |23.479 0.279 0.002 421 7.12
15 |Ads 100mm-Sagehill 0.55 0.45 0.68 180 2558 144.72 |24.417 0.274 0.002 418 7.43
16 |[Ads 100mm-Sagehill NA NA NA NA 170 2728 154.34 124.255 0.263 0.011 4214 7.08
17 |[Ads 100mm-Sagehill NA NA NA NA 210 2938 166.22 |24.341 0.245 0.038 427 7.24
18 |[Ads 100mm-Sagehill NA NA N A NA 140 3078 174.14 124.453 0.269 0.074 427 7.28
19 |JAds 100mm-Sagehill 0.54 0.44 0.66 185 3263 184.60 |23.818] 0.242 0.062 445 7.39
20 [Ads 100mm -Sagehill NA NA N A NA 177 3440 194.62 122.929]1 0.218 0.092 426 7.39
21 [Ads 100mm-Sagehill NA NA N A NA 150 3590 203.10 |24.209 ] 0.216 0.113 415 7.42
22 |Ads 100mm-Sagehill N A N A N A NA 140 3730 211.02 124.057 0.219 0.158 440 7.40
23 |Ads 100mm-Sagehill 0.54 0.44 0.66 165 3895 220.36 |24.405 0.212 0.160 436 7.41
24 |IDes 100mm-Sagehill 0.3 0.26 0.36 130 4025 227.71 149.162 0.486 0.166 235 7.31
25 |[Des 100mm-Sagehill 0.46 0.37 0.58 125 4150 234.79 |128.718 ] 0.280 0.141 87 6.82
26 [Des 100mm-Sagehill 1.21 0.93 1.6 215 4365 246.95 |14.514]1 0.115 0.086 70 6.55
27 |[Des 100mm-Sagehill 1.84 1.4 2.4 203 4568 258.43 6.783 0.540 6.243 38 6.77
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Table 2.4.1.1. Task 1: Summary data for chemical and toxicity analyses (cont...).

Task 1: Confirmation of Phase II M ethodology

Toxicity Results Chemistry Test Results
Algal Toxicity
Concentration as %
Elutriate
S|z
a Y - g - —_~ —_~ S

% = Lower Upper E = E éﬂ éﬂ %ﬂ ED m&
= Test Conditions = % EC 5 95 % 95% § > S g £ E = =
£ w C.L C.L © £ © - = = 4 =
5 ﬁ L. L. = £ = < o N 2 =

= B A~

< Q

n

ACZA 100mm-Sagehill (second column)

] |Ads 100mm-Sagehill 0.21 0.19 0.24 27.643 [26.414 1 10.468
2 |Ads 100mm-Sagehill 24 21 29 20 20 0.94 0.9114 0.018 0.034 25.84 7.1
3 |Ads 100mm-Sagehill NA NA N A NA 17 37 1.74 0.710 0.055 0.021 29.04 |6.98
4 JAds 100mm-Sagehill 18 15 23 108 145 6.81 0.388 0.210 0.040 220.5 [6.75
5 |Ads 100mm-Sagehill N A N A N A N A 50 195 9.16 0.470 0.411 0.064 250 7.02
6 |Ads 100mm-Sagehill 3.2 2.7 3.7 55 250 11.74 0.410 0.474 0.135 265.9 |7.12
7 |Ads 100mm-Sagehill NA NA NA NA 125 375 17.61 0.408 0.514 0.096 288 7.13
8 |Ads 100mm-Sagehill 1.7 1.3 2.1 215 590 27.70 5.803 0.473 0.064 310.2 16.89
9 |Ads 100mm-Sagehill NA NA NA NA 200 790 37.09 15.748 | 0.382 0.280 373.3 [6.92
10 |[Ads 100mm-Sagehill 0.78 0.61 1 235 1025 48.13 21.285 0.489 0.178 367.8 |[7.04
11 JAds 100mm-Sagehill N A NA NA NA 175 1200 56.34 24.326 0.422 0.109 394.4 16.914
12 |JAds 100mm-Sagehill NA N A N A NA 185 1385 65.03 26.261 0.502 0.104 270.4 |6.814
13 |JAds 100mm-Sagehill 0.6 0.48 0.74 225 1610 75.59 27.090 0.505 0.096 272.2 16.99
14 |JAds 100mm-Sagehill NA NA NA NA 210 1820 85.45 27.367 0.530 0.137 371.2 16.96
15 |Ads 100mm-Sagehill NA N A N A NA 180 2000 93.90 27.643 0.507 0.089 287.9 |6.57
16 |JAds 100mm-Sagehill 0.5 0.39 0.65 250 2250 105.64 |27.643 0.478 0.119 324.6 [6.55
17 |[Des 100mm-Sagehill 0.84 0.64 1.1 180 2430 114.09 |21.562 0.683 0.077 154.9 16.45
18 |Des 100mm-Sagehill NA NA NA NA 155 2585 121.37 |17.709 0.248 0.044 113.5 |6.46
19 |[Des 100mm-Sagehill 1.9 1.5 2.1 200 2785 130.76 9.862 0.132 0.052 215.6 |6.62
20 |[Des 100mm-Sagehill N A NA NA NA 240 3025 142.03 4.407 0.059 0.041 58.03 |6.52
21 |Des 100mm-Sagehill 2.7 2.1 3.4 260 3285 154.24 2.703 0.023 0.022 29.4 6.55
22 |IDes 100mm-Sagehill NA N A N A NA 255 3540 166.21 1.771 0.020 0.023 28.36 |6.64
23 |[Des 100mm-Sagehill N A NA NA NA 240 3780 177.48 1.579 0.028 0.023 19.27 |6.74
24 |IDes 100mm-Sagehill 2.8 2.2 3.6 225 4005 188.04 1.311 0.010 0.025 18.69 6.7
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Table 2.4.1.1. Task 1: Summary data for chemical and toxicity analyses (cont...).

Task 1: Confirmation of Phase II M ethodology

Toxicity Results Chemistry Test Results
Algal Toxicity
Concentration as %
Elutriate
S |z
Q 2 - 2 ~ ~ ~ =

% = Lower Upper E = E =) =) =) Eﬂ T
z Test Conditions 3 %ECs | 95% 95% 2 > S g E g S E
4 E’ C.L. C.L. 2 E £ 3 3 5 S =

£ 2 = =

< Q

N
1 |JAds S0mm-W oodburn (second colun] 0.13 0.12 0.14
2 |Initial ACZA Leachate N A 0.22 0.19 0.24 27.643126.414 10.468
3 |JAds 50mm-W oodburn N A 11 9 14 15 15 1.24 1.842 0.091 0.070 118.8 7.43
4 JAds 50mm-Woodburn N A N A N A NA 10 25 2.07 2.460 0.243 0.230 226.6 7.35
5 |Ads 50mm-W oodburn N A N A N A NA 10 35 2.89 3.170 0.630 0.290 242 7.52
6 |Ads 50mm-W oodburn N A N A NA N A 20 55 4.55 3.370 0.960 0.350 272.3 |7.42
7 |Ads 50mm-W oodburn N A N A NA N A 20 75 6.20 3.270 1.350 0.340 268.4 |7.48
8 |Ads 50mm-W oodburn N A N A N A N A 20 95 7.85 3.630 1.750 0.410 349.4 |7.36
9 |JAds 50mm-W oodburn N A 1.5 1.2 1.9 75 170 14.05 5.555 2.225 0.585 397 .4 7.3
10 JAds 50mm-W oodburn N A N A N A NA 70 240 19.83 11.454 6.270 1.350 415.2 6.91
11 |JAds 50mm-W oodburn N A 0.92 0.71 1.2 130 370 30.58 14.719 9.356 2.057 440.2 7.41
12 |[Ads 50mm-W oodburn N A NA NA N A 73 443 36.61 16.423]10.359 2.390 438 7.46
13 |JAds 50mm-W oodburn N A NA NA N A 150 593 49.01 22.798 |17.972 5.315 463.5 |7.217
14 |JAds 50mm-W oodburn N A 0.61 0.49 0.76 250 843 69.67 24.1301]12.027 3.407 445 7.41
15 |[Ads 50mm-W oodburn N A NA NA N A 227 1070 88.42 25.670]20.829 5.812 468.2 |7.44
16 |JAds 50mm-W oodburn N A N A NA NA 175 1245 102.89 [25.060 |18.816 5.230 4747 7.36
17 |JAds 50mm-W oodburn NA 0.28 0.21 0.35 250 1495 123.55 26.550]21.545 6.476 481.7 7.1
18 |JAds 50mm-W oodburn N A N A NA NA 270 1765 14586 [27.230]21.005 5.635 462.6 7.16
19 |[Ads 50mm-W oodburn N A NA NA N A 350 2115 174.78 |26.830]20.249 5.6614 469 7.25
20 |JAds 50mm -W oodburn N A NA NA N A 130 2245 185.53 |27.620|15.167 3.904 485.3 |7.45
21 |Des 50mm-W oodburn N A 0.27 0.21 0.34 215 2460 203.29 |27.750]21.488 6.028 493.2 |7.32
22 |Des S50mm-W oodburn NA 0.83 0.66 1.1 180 2640 218.17 14.336 4.846 1.264 121.1 7.23
23 |Des 5S0mm-W oodburn N A 1.5 1.2 1.9 160 2800 231.39 7.735 3.435 0.609 68.37 6.75
24 |Des 5S0mm -W oodburn N A 2.1 1.7 2.5 175 2975 245.85 5.742 2.641 0.375 51.41 6.73
25 |Des 50mm -W oodburn N A 2.2 1.7 2.7 178 3153 260.56 5.441 2.283 0.403 62.43 6.85
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Table 2.4.1.1. Task 1: Summary data for chemical and toxicity analyses (cont...).

Confirm ation of Phase II M ethodology

Task 1
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Table 2.4.1.1. Task 1 summary data for chemical and toxicity analyses (cont...).

Task 1: Confirm ation of Phase Il M ethodology

Toxicity Results Chemistry Test Results
Algal Toxicity
Concentration as %
Elutriate
; = Lower Upper _g = _.:" % ’éc %_, g =
= Test Conditions —_ % E C 59 959, 9509, = - = £ E E = =
5 = C.L C.L = £ £ z = S S =
> = . . . . __Q.- g é B &) ~N =
C% o
Ads 50mm-Sagehill (first colum n)

1 Initial ACZA Leachate N A 0.22 0.19 0.24 27 .64 26.41 10.47 565.30

2 Ads 50mm-Sagehill 4202401 15 13 17 12 12 1.32 0.18 0.01 0.01 25.06 6.
3 Ads SOmm-Sagehill N A N A N A N A 20 32 3.52 0.02 0.05 0.13 117.00 [6.
4 JAds 50mm-Sagehill NA NA NA NA 29 61 6.72 0.01 0.35 0.26 316.00 (6.
5 Ads 50mm-Sagehill 4202402 1.8 1.3 2.4 122 183 20.15 7.53 0.80 0.17 372.20 |6.
6 Ads 50mm-Sagehill 4202407 0.66 0.55 0.81 250 433 47 .68 21.53 1.73 0.04 440.10 [6.
7 JAds 50mm-Sagehill N A N A N A N A 250 683 75.20 22 .45 2.79 0.15 458.00 [6.
8 JAds 50mm-Sagehill 4202410 0.44 0.36 0.56 260 943 103.83 22 .86 6.07 0.43 474.10 [7.
9 JAds 50mm-Sagehill NA NA NA NA 240 1183 130.26 23.22 10.41 1.29 503.30 7.
10 JAds 50mm-Sagehill 4203401 0.36 0.28 0.45 245 1428 157.24 23.46 12.09 1.87 487 .40 | 7.
11 JAds 50mm-Sagehill N A N A N A N A 250 16738 184.76 23.817 14.30 2.82 478.50 7.
12 JAds 50mm-Sagehill 4203404 0.29 0.28 0.41 230 1908 210.09 24.34 17.19 3.97 493.10 (7.
13 JAds 50mm-Sagehill N A N A N A N A 230 2138 235.41 24.52 15.22 3.22 487 .60 [7.
14 JAds 50mm-Sagehill NA NA NA N A 200 2338 257 .44 25.39 17.23 3.87 507.50 | 7.
15 JAds 5SO0mm -Sagehill 4204401 0.25 0.24 0.26 220 2558 281.66 25.85 19.51 4.66 491.90 [7.
16 |JAds 50mm-Sagehill N A N A N A N A 240 2798 308.09 26.37 18.83 4.38 496.30 7.
17 JAds 50mm-Sagehill N A N A N A N A 228 3026 333.19 27.38 19.30 4.61 486.40 |7.
18 JAds 50mm-Sagehill N A N A N A N A 240 3266 359.62 27.83 21.19 5.45 489 .80 [7.
19 JAds 50mm-Sagehill 4205401 0.24 0.23 0.26 147 3413 375.80 27 .78 19.19 4.88 498.30 7.
20 IDes 50mm-Sagehill 4205404 0.24 0.22 0.25 320 3733 411.04 23.87 21.06 5.80 495.60 7.
21 |IDes 50mm-Sagehill 4205422 0.29 0.26 0.4 220 3953 435.26 23.45 5.02 0.75 83.71 6 .
22 |IDes 50mm-Sagehill N A N A N A N A 230 4183 460.59 4.62 1.11 0.16 28.54 |6.
23 |IDes 50mm-Sagehill 4205425 4 3 5 230 4413 485.91 2.12 0.55 0.06 21.56 6.
24 IDes 50mm-Sagehill N A N A N A N A 227 4640 510.91 1.33 0.28 0.03 20.33 6 .
25 IDes 50mm -Sagehill 4206404 6 5 7 250 4890 538 .44 0.96 0.21 0.04 13.18 6 .
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Table 2.4.1.1. Task 1 summary data for chemical and toxicity analyses (cont...).

Task 1: Confirm ation of Phase II M ethodology

Toxicity Results Chemistry Test Results
Algal Toxicity
Concentration as %
Elutriate
=

- = Lower Upper E = _.z i én = %
= Test Conditions 3 % E C 59 95% 95% = Z = £ £ = =

o v - =
S = C.L. C.L. % g p‘o: = § 2 =

E‘ (&
Ads 50mm-Sagehill (second column)

1 Initial ACZA Leachate N A 0.22 0.19 0.24 27.64 10.47 465.30
2 JAds SOmm-Sagehill 4202403 14 13 16 12.5 12.5 1.56 0.00 0. 0.01 27.25 6 .
3 JAds SO0mm-Sagehill N A NA NA NA 30 42.5 5.30 0.03 0. 0.10 171.50 6.
4 JAds 50mm-Sagehill N A N A N A N A 28 70.5 8.78 0.06 0. 0.40 241.50 6.
5 JAds 50mm-Sagehill 4202404 2 1.7 2.3 125 195. 24.36 9.238 0. 0.05 288.30 7.
6 JAds SOmm-Sagehill 4202408 0.7 0.52 0.81 255 450. 56.14 22.67 1. 0.06 337.30 6.
7 JAds 50mm-Sagehill NA NA NA NA 200 650. 81.06 25.24 2. 0.07 354.80 7.
8 |Ads 50mm-Sagehill 4202411 0.39 0.34 0.48 250 900. 112.21 25.01 4. 0.13 376.10 7.
9 JAds 5S0mm-Sagehill N A N A N A N A 235 113 141.49 25.37 7. 0.57 377.00 7.
10 JAds 50mm-Sagehill 4203402 0.31 0.27 0.38 240 137 171.40 24.54 9. 1.08 375.10 7.
11 JAds SOmm-Sagehill NA NA NA NA 400 177 221.24 24.89 13 2.00 373.00 7.
12 JAds 50mm-Sagehill 4203405 0.3 0.25 0.37 150 192 239.93 25.99 14 2.60 391.70 7.
13 JAds S0mm-Sagehill N A NA N A N A 240 216 269 .84 24.58 13 2.34 399.70 7.
14 JAds 50mm-Sagehill NA NA NA NA 215 238 296.63 25.66 14 2.94 376.00 7.
15 JAds 50mm-Sagehill 4204402 0.25 0.22 0.32 220 260 324.04 26.13 17 3.59 403.40 7.
16 JAds 5S0mm-Sagehill N A N A N A N A 230 283 352.70 26.56 16 3.33 395.80 7.
17 JAds SOmm-Sagehill N A N A NA NA 230 306 381.36 26.82 3.81 395.00 7.
18 |JAds SOmm-Sagehill NA NA NA NA 240 330 411.26 27.18 4.43 390.50 7.
19 JAds S0mm-Sagehill N A N A N A N A 250 355 442 .42 27.38 4.10 394.40 7.
20 JAds 50mm-Sagehill 4205405 0.25 0.21 0.32 260 381 474 .81 27.78 5.60 385.80 7.
21 |Des 50mm-Sagehill 4205423 0.22 0.19 0.23 230 4014 503.47 29.50 5. 0.47 90.88 7.
22 |IDes 50mm-Sagehill NA N A NA N A 230 427 532.13 7.217 1. 0.16 27.64 7.
23 |IDes S0mm -Sagehill 4205426 3 2 4 230 450 560.79 4.14 0. 0.08 19.64 7.
24 IDes 50mm-Sagehill N A N A NA N A 230 473 589.45 2.40 0. 0.05 15.97 7.
25 |Des 50mm-Sagehill 4206405 4 3 5 220 495 616.86 1.73 0. 0.03 14.46 7.
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Table 2.4.1.1. Task 1 summary data for chemical analyses (cont..).

Task 1: Confirmation of Phase II Methodology

a T 3 = =
= Test Conditions = £ E g = E e
£ o g - = = a @)
5 = = = > Q
x = &) &) =

Sagehill TCP 100 mm Soil Column
1 TCP Adsorption 3.25 32.50 1.47 0.04 0.02
2 TCP Adsorption 1.00 42.50 1.92 0.86 0.43
3 TCP Adsorption 1.00 52.50 2.38 1.51 0.75
4 TCP Adsorption 1.00 62.50 2.83 1.72 0.86
5 TCP Adsorption 2.00 82.50 3.74 1.93 0.96
6 TCP Adsorption 3.00 112.50 5.09 2.19 1.09
7 TCP Adsorption 3.00 142.50 6.45 2.04 1.02
8 TCP Adsorption 10.00 242.50 10.98 2.19 1.10
9 TCP Adsorption 1.00 252.50 11.43 2.19 1.10
10 TCP Adsorption 23.00 482.50 21.84 2.30 1.15
11 TCP Adsorption 1.17 494.17 22.37 2.22 1.11
12 TCP Adsorption 0.67 500.83 22.67 2.25 1.12
13 TCP Adsorption 2.00 520.83 23.58 2.21 1.11
14 TCP Desorption 0.67 527.50 23.88 1.52 0.76
15 TCP Desorption 1.67 544.17 24.64 1.87 0.94
16 TCP Desorption 2.50 569.17 25.77 0.35 0.17
17 TCP Desorption 1.00 579.17 26.22 0.15 0.08
Sagehill TCP 100 mm Soil Column (duplicate)
1 TCP Adsorption 1.00 10.0 0.5 0.000 0.000
2 TCP Adsorption 1.00 20.0 1.0 0.000 0.000
3 TCP Adsorption 2.00 40.0 1.9 0.230 0.115
4 TCP Adsorption 1.25 52.5 2.5 1.391 0.696
5 TCP Adsorption 1.00 62.5 3.0 1.469 0.734
6 TCP Adsorption 1.00 72.5 3.5 1.543 0.771
7 TCP Adsorption 0.58 78.3 3.8 1.632 0.816
8 TCP Adsorption 1.17 90.0 4.3 1.667 0.834
9 TCP Adsorption 1.00 100.0 4.8 1.865 0.932
10 TCP Adsorption 11.50 215.0 10.3 2.115 1.058
11 TCP Adsorption 1.00 225.0 10.8 2.026 1.013
12 TCP Desorption 1.00 235.0 11.3 1.766 0.883
13 TCP Desorption 1.00 245.0 11.8 1.153 0.576
14 TCP Desorption 1.00 255.0 12.2 0.337 0.168
15 TCP Desorption 1.00 265.0 12.7 0.265 0.133
16 TCP Desorption 3.50 300.0 14.4 0.263 0.132
17 TCP Desorption 1.00 310.0 14.9 0.150 0.075
18 TCP Desorption 1.00 320.0 15.4 0.100 0.050
19 TCP Desorption 2.50 345.0 16.6 0.040 0.020
20 TCP Desorption 11.50 460.0 22.1 0.000 0.000
21 TCP Desorption 1.50 475.0 22.8 0.000 0.000
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Table 2.4.1.1. Task 1 summary data for chemical analyses (cont..).

Task 1: Confirmation of Phase II Methodology

a ) s £ =2

= Test Conditions = £ E g = E e
£ o g - = = A &)
5 = = = > Q

x = &} &) =

Woodburn TCP 50 mm Soil Column

1 TCP Adsorption 2.00 20 2.0 0.000 0.000
2 TCP Adsorption 3.00 50 5.1 0.002 0.001
3 TCP Adsorption 2.00 70 7.1 0.002 0.001
4 TCP Adsorption 4.25 112.5 11.4 0.450 0.225
5 TCP Adsorption 11.25 225 22.8 0.632 0.316
6 TCP Adsorption 4.00 265 26.9 0.724 0.362
7 TCP Adsorption 5.50 320 32.5 1.029 0.514
8 TCP Adsorption 12.50 445 45.2 0.902 0.451
9 TCP Adsorption 5.00 495 50.3 1.312 0.656
10 TCP Adsorption 4.75 542.5 55.1 1.597 0.798
11 TCP Adsorption 16.50 707.5 71.8 2.029 1.014
12 TCP Adsorption 6.25 7710 78.2 2.089 1.044
13 TCP Adsorption 5.75 827.5 84.0 2.032 1.016
14 TCP Adsorption 10.00 927.5 94.2 2.039 1.020
15 TCP Adsorption 3.25 960 97.5 2.112 1.056
16 TCP Desorption 7.00 1030 104.6 1.107 0.553
17 TCP Desorption 1.75 1047.5 106.4 1.252 0.626
18 TCP Desorption 14.00 1187.5 120.6 0.599 0.300
19 TCP Desorption 4.50 1232.5 125.2 0.248 0.124
20 TCP Desorption 3.50 1267.5 128.7 0.148 0.074
21 TCP Desorption 4.00 1307.5 132.8 0.103 0.051
22 TCP Desorption 10.00 1407.5 142.9 0.047 0.024
23 TCP Desorption 4.75 1455 147.7 0.032 0.016
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Table 2.4.1.1. Task 1: Summary data for chemical analyses (cont..).

Task 1: Confirmation of Phase II Methodology
’a — 2 -~
= 2 S £ g S .
= . = : £
= Test Conditions < £ E g = = &
E %) E - E (=] a (@)
< £ = = > Q
n = &) &) =
Woodburn TCP 50 mm Soil Column (duplicate)
1 TCP Adsorption 3.00 30 2.2 0.000 0.000
TCP Adsorption 3.00 60 4.4 0.023 0011
3 TCP Adsorption 3.25 92.5 6.8 0.053 0.026
4 TCP Adsorption 4.00 132.5 9.7 0.079 0.039
5 TCP Adsorption 10.50 2371.5 17.4 0.305 0.152
6 TCP Adsorption 3.50 272.5 20.0 0.497 0.249
)i TCP Adsorption 6.00 332.5 24.4 0.513 0.257
8 TCP Adsorption 2.25 355 26.0 0.455 0.227
9 TCP Adsorption 6.75 422.5 31.0 0.679 0.340
10 TCP Adsorption 8.00 502.5 36.8 0.777 0.389
11 TCP Adsorption 4.25 545 39.9 1.055 0.528
12 TCP Adsorption 6.50 610 44.7 1.507 0.754
13 TCP Adsorption 9.25 702.5 51.5 1.450 0.725
14 TCP Adsorption 13.50 837.5 61.4 1.629 0815
15 TCP Adsorption 15.50 992.5 72.7 1.728 0.864
16 TCP Desorption 11.00 1102.5 80.8 2.011 1.005
17 TCP Desorption 11.50 1217.5 89.2 1.125 0.562
18 TCP Desorption 3.75 1255 92.0 0.770 0.385
19 TCP Desorption 6.00 1315 96.4 0.134 0.067
20 TCP Desorption 15.75 1472.5 107.9 0.139 0.070
21 TCP Desorption 8.00 1552.5 113.8 0.095 0.047
22 TCP Desorption 14.00 1692.5 124.0 0.100 0.050
23 TCP Desorption 8.00 1772.5 129.9 0.000 0.000
Sagehill TCP 100 mm Soil Column With Cells
1 TCP Adsorption 1.25 0.535 12.500 0.000 0.000
2 TCP Adsorption 1.00 0.963 22.500 0.000 0.000
3 TCP Adsorption 1.00 1.391 32.500 0.000 0.000
4 TCP Adsorption 1.00 1.818 42.500 0.000 0.000
5 TCP Adsorption 3.00 3.102 72.500 1.436 0.718
6 TCP Adsorption 2.50 4.172 97.500 1.530 0.765
7 TCP Adsorption 3.50 5.669 132.500 1.803 0.901
8 TCP Adsorption 10.00 9.948 232.500 1.727 0.863
9 TCP Adsorption 7.00 12.943 302.500 1.918 0959
10 TCP Adsorption 8.00 16.366 382.500 1.874 0937
11 TCP Adsorption 9.00 20.217 472.500 1.830 0915
12 TCP Adsorption 4.50 22.143 517.500 1.916 0.958
13 TCP Adsorption 9.50 26.207 612.500 1.779 0.890
14 TCP Adsorption 11.00 30.914 722.500 1.876 0938
15 TCP Adsorption 5.00 33.053 772.500 1.911 0955
16 TCP Desorption 6.00 35.621 832.500 0.993 0.497
17 TCP Desorption 11.00 40.327 942.500 0.370 0.185
18 TCP Desorption 2.50 41.397 967.500 0.209 0.105
19 TCP Desorption 10.00 45676 1067.500 0.000 0.000
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Table 2.4.1.1. Task 1: Summary data for chemical analyses (cont..).

Task 1: Confirmation of Phase II Methodology

a G G £ 2
~ E > £ 2 = o
= Test Conditions < EE g =2 g S
= Q g -~ g.° o &)
(2 g = > o

= Q (@) =

Sagehill TCP 100 mm Soil Column With Cells (duplicate)

1 TCP Adsorption 2.000 0.857 20.000 0.000 0.000
2 TCP Adsorption 1.000 1.286 30.000 0.000 0.000
3 TCP Adsorption 1.000 1.714 40.000 0.527 0.264
4 TCP Adsorption 2.000 2.571 60.000 0.633 0.317
5 TCP Adsorption 1.000 3.000 70.000 1.045 0.522
6 TCP Adsorption 2.000 3.857 90.000 1.430 0.715
7 TCP Adsorption 5.000 6.000 140.000 1.771 0.885
8 TCP Adsorption 9.500 10.071 235.000 1.709 0.855
9 TCP Adsorption 6.500 12.857 300.000 1.570 0.785
10 TCP Adsorption 5.500 15.214 355.000 1.531 0.765
11 TCP Adsorption 1.000 15.643 365.000 1.715 0.857
12 TCP Adsorption 13.000 21.214 495.000 1.551 0.775
13 TCP Desorption 2.500 22.285 520.000 1.441 0.721
14 TCP Desorption 7.000 25.285 590.000 1.623 0.812
15 TCP Desorption 3.500 26.785 625.000 1.002 0.501
16 TCP Desorption 9.500 30.857 720.000 0.740 0.370
17 TCP Desorption 3.000 32.143 750.000 0.373 0.186
18 TCP Desorption 5.000 34.285 800.000 0.239 0.119
19 TCP Desorption 7.000 37.285 870.000 0.098 0.049
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Table 2.4.1.1. Task 1: Summary data for chemical analyses (cont..).

Task 1: Confirmation of Phase II Methodology

a 2 C = =
= s > _ <2 D -
= Test Conditions £ £ E g 2 g S
£ o g < g.° -9 1
(2 g = > o

= Q (@) =

Sagehill TCP 100 mm ) Soil Column With Cells (duplicate)

1 TCP Adsorption 0.500 0.189 4.269 0.000 0.000
2 TCP Adsorption 4.000 1.769 40.000 0.485 0.242
3 TCP Adsorption 2.000 2.653 60.000 1.111 0.556
4 TCP Adsorption 3.500 4.200 95.000 1.716 0.858
5 TCP Adsorption 2.000 5.085 115.000 1.822 0.911
6 TCP Adsorption 3.000 6.411 145.000 1.545 0.772
7 TCP Adsorption 9.500 10.612 240.000 1.849 0.924
8 TCP Adsorption 4.000 12.380 280.000 1.745 0.873
9 TCP Adsorption 4.000 14.149 320.000 1.716 0.858
10 TCP Adsorption 5.000 16.360 370.000 1.759 0.879
11 TCP Adsorption 23.500 26.750 605.000 1.756 0.878
12 TCP Adsorption 24.500 37.583 850.000 1.853 0.927
13 TCP Adsorption 66.500 66.986 1515.000 1.771 0.885
14 TCP Desorption 54.000 90.863 2055.000 1.732 0.866
15 TCP Desorption 23.500 101.253 2290.000 0.800 0.400
16 TCP Desorption 24.000 111.865 2530.000 0.660 0.330
17 TCP Desorption 23.500 122.255 2765.000 0.580 0.290
18 TCP Desorption 23.500 132.646 3000.000 0.550 0.275
19 TCP Desorption 23.000 142.816 3230.000 0.500 0.250
20 TCP Desorption 16.000 149.890 3390.000 0.320 0.160
21 TCP Desorption 24.000 160.502 3630.000 0.180 0.090
22 TCP Desorption 23.500 170.892 3865.000 0.130 0.065
23 TCP Desorption 25.000 181.946 4115.000 0.110 0.055
24 TCP Desorption 24.000 192.558 4355.000 0.080 0.040
25 TCP Desorption 24.000 203.170 4595.000 0.100 0.050
26 TCP Desorption 23.500 213.560 4830.000 0.060 0.030
27 TCP Desorption 24.000 224.172 5070.000 0.080 0.040

2-54




Table 2.4.1.1. Task 1: Summary data for chemical analyses (cont..).

Task 1: Confirmation of Phase II Methodology

a T G = =

= 2 - _ £ 2 ) °
= Test Conditions < EE g =2 E &
= Q g -~ g.° o &)
= g = s > @)

x = &) &} =

Sagehill TCP 100 mm {50 mm Soil Column With Cells
1 TCP Adsorption 11.00 7.221 110.000 0.000 0.000
2 TCP Adsorption 1 7.878 120.000 0.000 0.000
3 TCP Adsorption 7 12.473 190.000 0.000 0.000
4 TCP Adsorption 9 18.381 280.000 1.331 0.666
5 TCP Adsorption 4.5 21.336 325.000 1.478 0.739
6 TCP Adsorption 9.5 27.572 420.000 1.189 0.594
7 TCP Adsorption 11 34.793 530.000 0.832 0.416
8 TCP Adsorption 5 38.076 580.000 1.355 0.677
9 TCP Adsorption 17 49.236 750.000 0.714 0.357
10 TCP Adsorption 12.5 57.442 875.000 0.915 0.458
11 TCP Adsorption 13.5 66.304 1010.000 1.122 0.561
12 TCP Adsorption 10 72.869 1110.000 0.895 0.448
13 TCP Adsorption 14 82.060 1250.000 0.844 0.422
14 TCP Adsorption 11.5 89.609 1365.000 1.021 0.510
15 TCP Adsorption 14 98.800 1505.000 1.143 0.571
Woodburn TCP 50 mm Soil Column With Cells (duplicate)

1 TCP Adsorption 10 6.565 100.000 0.000 0.000
2 TCP Adsorption 4.5 9.519 145.000 0.830 0.415
3 TCP Adsorption 13 18.053 275.000 1.661 0.830
4 TCP Adsorption 10 24.618 375.000 1.697 0.849
5 TCP Adsorption 12 32.496 495.000 1.599 0.799
6 TCP Adsorption 12 40.373 615.000 1.599 0.799
7 TCP Adsorption 12 48.251 735.000 1.599 0.799
8 TCP Adsorption 12 56.129 855.000 1.599 0.799
9 TCP Adsorption 12 64.007 975.000 1.599 0.799
10 TCP Adsorption 15 73.854 1125.000 1.456 0.728
11 TCP Adsorption 12 81.731 1245.000 1.454 0.727
12 TCP Adsorption 8 86.983 1325.000 1.367 0.684
13 TCP Adsorption 18 98.800 1505.000 1.007 0.503
14 TCP Adsorption 6 102.739 1565.000 1.088 0.544
15 TCP Adsorption 19.5 115.540 1760.000 0.443 0.297
16 TCP Adsorption 18.5 127.685 1945.000 0.424 0.284
17 TCP Adsorption 31 148.036 2255.000 0.456 0.305
18 TCP Adsorption 6 151.975 2315.000 0.297 0.199
19 TCP Adsorption 24 167.730 2555.000 0.241 0.162

2-55




Table 2.1.2.1. Task 1: Summary data for chemical analyses (concluded).

Task 1: Confirmation of Phase II Methodology

a 2 C = =
p 2 == | =2 E. -
2 Test Conditions < £ E g 2 g &
= M g g.° a &)
(2 g = > o

= Q @) =

Sagehill TCP 100 mm m Soil Column With Cells (duplicate)

1 TCP Adsorption 5 3.736 50.000 0.000 0.000
2 TCP Adsorption 1.5 4.857 65.000 0.003 0.001
3 TCP Adsorption 4 7.845 105.000 0.037 0.018
4 TCP Adsorption 4.5 11.208 150.000 0.052 0.026
5 TCP Adsorption 9 17.932 240.000 0.688 0.344
6 TCP Adsorption 5 21.668 290.000 1.017 0.509
7 TCP Adsorption 10 29.140 390.000 1.070 0.535
8 TCP Adsorption 16 41.095 550.000 1.129 0.565
9 TCP Adsorption 6 45.578 610.000 1.310 0.655
10 TCP Adsorption 17 58.280 780.000 0910 0.455
11 TCP Adsorption 21.5 74.344 995.000 0.102 0.051
12 TCP Adsorption 27.5 94.891 1270.000 0.052 0.026
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CHAPTER 3
TASK 2: LEACHING FROM FLAT SURFACES WITH AND WITHOUT SOIL
CONFINEMENT

3.1 INTRODUCTION

Under field conditions, environments exist in which a flat, impermeable surface is buried
in soil, and thus leaching occurs under confined conditions (soil is packed against a flat
surface). The Phase Il methodology does not directly address leaching under these
conditions, but implicitly assumes that leaching flux is not affected by confined
conditions. The purpose of Task 2 was to confirm whether leachate flux from flat,
impermeable surfaces is altered under confined conditions. These conditions are relevant
to the reference environments of piling, fill, and culverts.

The reference environment selected to test the effect of confinement on leaching is that of
an embedded pile, as this is the most amenable to confinement and flow control in a
laboratory experiment. Soil columns were used to test the embedded pile under confined
and unconfined conditions. Because natural soils sorb leached contaminants, which are
then retained in the column and not eluted, a non-sorbing “soil” is required. Thus, clean
sand packed around the test pile was used to test the effect of soil confinement on
leaching rate, while large glass beads (for mixing control) around the test pile served as
the no-confinement control. Distilled water was pumped through the column, and
contaminants were leached from the outer surface of the embedded piles into the flowing
water and through the packing materials (sand or beads). Distilled water was pumped up-
flow through the column to simulate leaching into flowing groundwater. Sand serves as
the confining soil but is a weak adsorbent, thus allowing leached constituents to elute
from the column for measurement. For the unconfined surface, the column is packed
with large glass beads (marbles) for flow and mixing control (to avoid turbulent eddies
and axial mixing not present in the sand-packed column). Adsorption to the glass beads
is negligible due to the small total surface area and weak adsorption affinity.

3.2 MATERIALS AND METHODS
3.2.1 Test Materials

The tests were conducted with two C&R materials, PCC with plasticizer and wood posts
preserved with ACZA. To fabricate the PCC pile, Portland cement concrete with
plasticizer was formed into a pile (10-cm diameter, 40-cm long). The flat ends were
sealed with wax (as in flat-plate leaching experiments), and placed in soil columns to
mimic buried piles. An apparatus was fabricated for the embedded pile experiments, as
shown in Figure 3.2.1.1.
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Figure 3.2.1.1. PCC pile in leaching column with clean sand as a confining medium and
glass beads as non-embedding (non-confining control) medium.

The embedding sand was silica, an Ottawa sand (99.5% Si0O,), with spherical grains of
70-mesh and particle size between 0.05-0.30 mm (ASTM C11), produced by Unimin
Corp. The sand was acid washed and rinsed with distilled water until the pH of rinsing
water was about 7.

The large, non-spherical glass beads of size 5/8 x 1/4 inch were purchased locally. The

glass beads were acid washed and rinsed with distilled water until the pH of rinsing water
was about 7.
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3.2.2 Embedded Pile Leaching Experimental Method

Leaching from embedded piles was conducted by modifying the standard soil column
procedure described in Volume IV (Nelson et al., 2000b) to include a pile confined by
soil in a recirculating-flow glass column. The soil columns have dimensions of 15-cm
inside diameter by 50-cm length. The pile was either a wood post treated with ACZA
(10-cm diameter, 40-cm long) or PCC pile (10-cm diameter, 40-cm long). Distilled water
was pumped up-flow in the packed annulus surrounding the pile in the column. A total
volume of 17.8 L extraction water was recirculated at a flow rate of 8§ L/d from a
reservoir through the columns to maintain mixing (equal to approximate volume to
surface area ratio of flat-plate leaching experiments). Experimental duration was 15-30
days. A schematic diagram of the experimental setup is shown in Figure 3.2.2.1.



a. Pile test with soil confinement b. Pile test with no-confinement
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Figure 3.2.2.1. Schematic representation of the two soil columns with and without
confinement around the PCC piles.
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3.3 RESULTS AND DISCUSSION
3.3.1 ACZA Pile Leachate

The rate of leaching of contaminants from a confined flat surface such as an embedded
pile is determined by recirculating-flow glass column experiments. Figures 3.3.1.1 and
3.3.1.2 show distilled water leaching of metals from ACZA piles for both confined (sand)
and unconfined systems, respectively. As, Cu, and Zn concentrations increased initially
at a greater rate for the unconfined pile compared to the confined pile, but reached the
same concentrations after about 400 hours or 67 pore volumes (2000 mL) of flow, after
which rate of leaching was low but equal for both piles until the test was terminated at
about 650 hours (108 pore volumes of flow). Both columns, the original and duplicate,
show almost the same as shown in Figures 3.3.1.1 and 3.3.1.2. Figures 3.3.1.3 and
3.3.1.4 (duplicate columns) show As, Cu, and Zn total mass leached for both confined
(sand) and unconfined systems, respectively. Total metals mass released for both
columns was almost the same for confined and unconfined systems, which shows that
sand confinement has no effect on leached mass released from the ACZA pile. The
chemical and toxicity analysis data are summarized in Table 3.3.1.1.
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Figure 3.3.1.1. Arsenic, copper, and zinc leaching from ACZA pile with and without
confinement, metal concentration vs. time.
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Figure 3.3.1.2. Arsenic, copper, and zinc leaching from ACZA pile with and without
confinement, metal concentration vs. time (duplicate column).
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Figure 3.3.1.3. Arsenic, copper, and zinc leaching from ACZA pile with and without
confinement, cumulative mass release vs. time.
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Figure 3.3.1.4. Arsenic, copper, and zinc leaching from ACZA pile with and without
confinement, cumulative mass release vs. time (duplicate column).
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3.4.2 PCC Pile Leachate

3.4.2.1 PCC-with-plasticizer bromide tracer test

Figures 3.4.2.1.1 and 3.4.2.1.2 show 20 mg/L Br" tracer breakthrough tests for PCC-with-
plasticizer for the confined (sand) column and unconfined (glass marbles) columns,
respectively. For the confined column, breakthrough occurred after about 0.8 pore
volumes of total flow through the column, followed by a rapid increase in the effluent Br’
concentration (C.) until maximum Br concentration (C./C, = 1.0) was achieved at
approximately 2.0 pore volumes (Figure 3.4.2.1.1). For the unconfined column,
breakthrough occurred rapidly at about 0.1 pore volumes of total flow through the
column, followed by a more gradual increase in the effluent Br™ concentration (C.) until
maximum Br” concentration (C¢/C, = 1.0) was achieved after about 4.0 pore volumes
(Figure 3.4.2.1.2). Flushing of Br” was conducted using distilled water for both columns
(Figures 3.4.2.1.1 and 3.4.2.1.2). While the columns were filled with the bromide
solution, 31.34 and 27.06 mg bromide was stored in the columns, respectively. Flushing
with distilled water removed 30.23 and 25.68 mg bromide from confined and unconfined
columns, respectively. That is about 96.5 and 95 percent of the total stored bromide was
removed from the confined and unconfined columns, respectively. It is possible that
there was some minor sorption onto the sand and glass bead media, but it is more likely
that the flushing was simply incomplete since the bromide has been shown to adsorb very
little (see Chapter 2). The bromide tracer results show that the confined (sand) column
behaves similar to an ideal plug-flow reactor with little longitudinal dispersion and little
retardation, compared to the unconfined (glass marbles) column that behaves more like a
completely-mixed flow reactor, indicating that either back-mixing or short-circuiting is
occurring, but with little retardation.
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Figures 3.4.2.1.1. PCC confined (sand) column breakthrough curve for 20 mg/L Br- in
distilled water. Flushing was conducted using distilled water.
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Figures 3.4.2.1.2. PCC unconfined (glass marbles) column breakthrough curve for 20
mg/L Br- in distilled water. Flushing was conducted using distilled water.



3.4.2.2 PCC-with-plasticizer leaching test

Figure 3.4.2.2.1 shows distilled water leaching of metals from PCC-with-plasticizer for
both confined (sand) and unconfined (marbles) systems. Ca concentrations for both
confined and unconfined columns increased and reached their maximum values after
about 300 hours of leaching time or 63.9 and 46.6 pore volumes, respectively.
Aluminum concentration in the leachate was about 0.2 mg/L and slightly decreased with
time as shown in Figure 3.4.2.2.1. Although leaching rates vary somewhat between
confined (sand) and unconfined (glass marble) columns, ultimate concentrations for Ca
(Figure 3.4.2.2.1) are the same for both column conditions. Al concentration was slightly
greater for the unconfined columns than for confined columns. This might be explained
by sorption or precipitation of Al on the sand. No PCC leachate sorption on the sand and
marbles was determined in a batch leaching experiments. Therefore, Al precipitation is
more likely to occur. Figure 3.4.2.2.2 shows duplicate results from both confined and
unconfined columns. Both Figures show almost identical results for confined and
unconfined columns. Maximum Ca and Al concentrations for confined and unconfined
columns were 33 and 30 mg/L, respectively. Total mass release for both columns is
almost the same for confined and unconfined systems (Figures 3.4.2.2.3 and 3.4.2.2.4),
showing that sand confinement has no effect on leachate release from the PCC pile. The
chemical and toxicity analysis data are summarized in Table 3.4.2.1.1.
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Figure 3.4.2.2.1. Aluminum and calcium leaching from PCC-with-plasticizer flat surface
with and without confinement, concentration vs. time.
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Figure 3.4.2.2.2. Aluminum and calcium leaching from PCC-with-plasticizer flat surface
with and without confinement, concentration vs. time (duplicate).
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Figure 3.4.2.2.3. Aluminum and calcium leaching from PCC-with-plasticizer flat surface
with and without confinement, mass released vs. time.
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Figure 3.4.2.2.4. Aluminum and calcium leaching from PCC-with-plasticizer flat surface
with and without confinement, mass released vs. time (duplicate).

3.4 SUMMARY AND CONCLUSIONS

The purpose of Task 2 was to confirm whether leachate flux from flat, impermeable
surfaces is altered under confined conditions. These conditions are relevant to the
reference environments of piling, fill, and culverts. Tests were conducted in glass
columns containing PCC piles or ACZA-treated wood posts packed with Ottawa sand as
the confining medium or glass beads for flow control in the unconfined column. Distilled
water served as the leaching medium and was pumped continuously upflow through the
columns and recirculated for up to 30 days. Leachates were collected over time and
metals concentrations determined.

Results for metals in the leachates from the ACZA and PCC piles show a steady but
decreasing rate of release over time, approaching a maximum concentration that may
represent an equilibrium between the column and solution. The rate of metals released
into the leachates from impermeable surfaces such as piling, fill, and culverts are affected
only slightly, being lower under confined conditions. However, the total mass of metals
released is the same, such that final concentrations approached the same maximum over
time. Thus, the effect of confinement is neglected in modeling of leachates released from
embedded surfaces.
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Table 3.3.1.1. Task 2: Summary data for chemical analyses.

Task 2: Leaching From Flat Surface With and Without Soil Confinement

Chemistry Results
a _ =) ) ) =
o | Test Conditions E 2 g = £ =
B - Y = = =
3 < O N =
ACZA Unconfinement
1 :ACZAM-1 4 0.555 0.305 0.389 7.32
2 ACZAM-2 23 1.192 0.928 0.456 7.34
3 :ACZAM-3 54.5 2.048 1.353 0.823 7.55
4 :ACZAM-4 79.5 2.566 1.719 1.273 7.34
S5 iACZAM-5 100.5 3.283 2.198 1.973 7.55
6 :ACZAM-6 124.5 3.761 2.274 1.626 71.54
7 :ACZAM-7 148.5 4.840 2.500 1.979 7.55
8 ACZAM-8 172.5 5510 3.163 2.107 7.53
9 iACZAM-9 196.5 6.177 3.631 2.808 71.54
10 ACZAM-10 220.5 6.591 3.942 2.598 71.54
11 :ACZAM-11 244 .5 7.189 4.285 3.414 7.6
12 :ACZAM-12 268.5 7.727 4.427 2.824 7.55
13 :ACZAM-13 292.5 8.142 4.390 3.455 71.45
14 :ACZAM-14 319.5 8.557 4.401 3.166 71.55
15 :ACZAM-15 338.5 9.062 4.412 3.705 7.34
16 :ACZAM-16 360.5 9.072 4991 3.337 7.56
17 :ACZAM-17 384 9.259 4.949 3.648 7.45
18 ACZAM-18 480 10.085 5.998 4.026 71.56
19 :ACZAM-19 528 10.413 5.985 4.192 7.44
20 ACZAM-20 610 10.874 6.210 4.390 7.53
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Table 3.3.1.1. Task 2: Summary data for chemical analyses (cont.).

Task 2: Leaching From Flat Surface With and Without Soil Confinement

Chemistry Results

a —_ ) = 2 o
; L 7 Y on ) S
—g_ Test Conditions E E g g E E

<= @ o
3 = < S S =

ACZA Unconfinement (duplicate)

1 iACZAM-1 4.2 0.533 0.308 0.390 7.42
2 iACZAM-2 24.2 1.199 0.900 0.464 7.44
3 :ACZAM-3 59.7 2.138 1.401 0.844 7.54
4 :ACZAM-4 83.7 2.766 1.720 1.322 7.55
5 iACZAM-5 106.7 3.267 2.200 1.893 7.45
6 :ACZAM-6 128.7 3.561 2.301 1.600 7.54
7 :ACZAM-7 150.7 4.889 2.407 1.989 71.55
8 iACZAM-8 174.7 5576 3.322 2.227 7.45
9 :ACZAM-9 202.7 6.377 3.630 2.899 7.56
10 :ACZAM-10 226.7 6.661 4.022 2.605 71.56
11 :ACZAM-11 246.7 7.235 4.305 2.414 7.51
12 :ACZAM-12 270.7 7.657 4.399 2.824 7.55
13 :ACZAM-13 294.7 8.982 4.399 3.432 71.52
14 :ACZAM-14 318.7 8.677 4521 3.246 71.55
15 :ACZAM-15 338.7 8.992 4.432 3.699 71.54
16 :ACZAM-16 360.7 8.997 5.001 3.342 7.56
17 :ACZAM-17 384.7 9.437 4.934 3.656 7.53
18 ACZAM-18 476.7 10.099 6.008 4016 71.56
19 :ACZAM-19 523.7 10.543 6.012 4.189 7.54
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Table 3.3.1.1. Task 2 Summary data for chemical analyses (cont.).

Task 2: Leaching From Flat Surface With and Without Soil Confinement

Chemistry Results
a = S = = =
Py . g 4 B g0 ) S
?E,_ Test Conditions = E E g E 3
g = £ S N =
ACZA Confinement
1 iACZAS-1 1.25 0.116 0.010 0.000 1.77
2 ACZAS-2 3.75 0.047 0.025 0.022 7.81
3 :ACZAS-3 10 0.597 0.316 0.247 7.74
4 iACZAS-4 21.5 1.303 0.737 0.567 7.76
5 iACZAS-5 217 1.606 0.973 0.702 71.715
6 iACZAS-6 38.5 1.952 1.111 0.926 71.71
7 tACZAS-7 50.25 2.495 1.368 1.197 71.73
8 iACZAS-8 72.25 3.295 1.692 1.217 7.78
9 iACZAS-9 97.75 3.959 2.017 1.420 7.8
10 :ACZAS-10 121.25 4.842 2.447 1.682 7.81
11 :ACZAS-11 145 5503 2.810 1.952 7.84
12 :ACZAS-12 172 6.090 3.222 2.187 7.84
13 iACZAS-13 196 6.880 3.547 2.162 71.87
14 :ACZAS-14 240.25 7.605 3.826 2.562 7.8
15 :iACZAS-15 288.25 8.193 4.151 2.855 7.83
16 :ACZAS-16 363.25 8.966 4.836 3.218 71.87
17 :ACZAS-17 387.25 9.153 5.194 3.475 7.8
18 ACZAS-18 431.25 9.495 5.445 3.752 71.84
19 :ACZAS-19 457.25 9.758 5.551 3.807 7.84
20 :ACZAS-20 479.25 9.996 5.825 3.848 7.88
21 :ACZAS-21 503.25 10.225 6.090 3.968 71.85
22 iACZAS-22 548.25 10.565 6.344 4.068 7.86
23 :ACZAS-23 582.25 10.783 6.455 4.232 7.86
24 :ACZAS-24 638.25 10.995 6.644 4.325 7.88
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Table 3.3.1.1. Task 2: Summary data for chemical analyses (cont.).

Task 2: Leaching From Flat Surface With and Without Soil Confinement

Chemistry Results
o) _ 2 ) ) o
P y 2z E. B 2 =
?E,_ Test Conditions = 2 E g E E
3 = < S S =
ACZA Confinement (duplicate)
1 ACZAS-1 1.25 0.124 0.010 0.000 1.76
2 PACZAS-2 3.8 0.047 0.025 0.029 1.71
3 iACZAS-3 10.3 0.596 0.312 0.255 1.76
4 {ACZAS-4 22.3 1.309 0.688 0.570 1.79
5 (ACZAS-5 28.3 1.599 1.001 0.712 7.8
6 :ACZAS-6 39.3 1.949 1.222 0.900 7.81
7 iACZAS-7 51.3 2.499 1.356 1.200 7.84
8 iACZAS-8 72.3 3.289 1.703 1.213 7.83
9 :ACZAS-9 96.3 3.971 2.067 1.400 7.88
10 tACZAS-10 120.3 4.876 2.444 1.702 7.86
11 :ACZAS-11 143.3 9.501 2.7199 2.003 7.85
12 iACZAS-12 171.3 6.003 3.113 2.104 7.84
13 :ACZAS-13 197.3 6.891 3.554 2.210 7.8
14 :ACZAS-14 242.3 7.604 3.871 2.600 7.84
15 :ACZAS-15 289.3 8.432 4.150 2871 7.85
16 ACZAS-16 365.3 8.999 4.799 3.200 7.86
17 :ACZAS-17 390.3 9.127 5.201 3.555 7.8
18 :ACZAS-18 435.3 9.666 5.502 3.700 7.86
19 iACZAS-19 460.3 9.765 5.621 3.789 7.88
20 (ACZAS-20 484.3 10.043 9.987 3.854 7.86
21 :ACZAS-21 507.3 10.325 6.022 4.008 7.84
22 :ACZAS-22 552.3 10.600 6.356 4.119 7.83
23 :ACZAS-23 586.3 10.799 6.467 4.301 7.85
24 iACZAS-24 641.3 11.002 6.653 4.432 7.84
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Table 3.4.2.1.1. Task 2 : Summary data for chemical analyses (cont.).

Task 2: Leaching From Flat Surface With and Without Soil Confinement

Toxicity Results Chemistry Results
Algal Toxicity
Concentration as %
Leachate
—~ ~ -~ ~ ~ ~ —~ ~_~
a o P Lower | Upper | = S S S = | £ S = S T
o it T er el 5 1% % | 2| 2R R R
2| Test Conditions g 2 %ECs | 95% 95% g g £ E g g £ g E =
£ =& cL | cL | = | 2| = = | Tl 2|5 5| 2| &
£ = L. ]l 2 |l@a|lo | o[ ¥ | F|lZz]| &5 | 8|~
PCC with Plasticizer Unconfinement
1 [PCC WPM-1 2 NA NA NA 0.206 BD 1.610 BD BD 0.035 0.234  0.005 BD 6.85
2 [PCC WPM-2 3 NA NA NA 0.384 BD 2.300 BD 0.026  0.036 0.267  0.000 BD 6.99
3 |PCC WPM-3 10 NA NA NA 0.683 BD 5.300 BD 0.167 = 0.041 0.587  0.000 BD 10.11
4 [PCC WPM-4 19 NA NA NA 0.912 BD 8.981 BD 0.235  0.059 0.806  0.005 BD 10.18
5|PCC WPM-5 22 NA NA NA 0.905 BD 9.907 BD 0.302  0.059 0.965 0.006 BD 10.13
6 |[PCC WPM-6 21 NA NA NA 0.952 BD 11.522 BD 0.376 = 0.062 1.051 0.007 BD 10.12
7 |PCC WPM-7 43 NA NA NA 0.947 BD 15.204 BD 0.537  0.069 1.278 0.011 BD 10.17
8 [PCC WPM-8 54 NA NA NA 1.029 BD 19.757 BD 0.684 0.057 1.617 0.027 BD 10.00
9 [PCC WPM-9 75 NA NA NA 1.012 BD 21.613 BD 0.765 0.077 1.680 @ 0.017 BD 10.06
10|PCC WPM-10 99 NA NA NA 1.053 BD 26.588 BD 1.004 0.061 2.077 0.022 BD 10.02
11|PCC WPM-11 121 NA NA NA 1.038 BD 30.226 BD 1.033  0.065 2.051 0.022 BD 10.37
12|PCC WPM-12 140 NA NA NA 0.960 BD 1.792 BD 0.884 1.003 1.017 00975 BD 10.26
13|PCC WPM-13 158 NA NA NA 1.098 BD 29.207 BD 1.259  0.064 2289  0.031 BD 10.61
14|PCC-WPM14 197 NA NA NA 1.070 BD 29.399 BD 1.341 0.046  2.355 0.028 BD 10.07
IS|IPCC-WPMI15 235 NA NA NA 0.965 BD 31.398 BD 1494  0.076 = 2.661 0.038 BD 10.07
16 |PCC-WPMI16 271 NA NA NA 0.970 BD 32.902 BD 1.576 = 0.081 2.762 = 0.039 BD 10.02
17|PCC-WPMI17 298 NA NA NA 0.945 BD 33.964 BD 1.766 = 0.038 2.869 0.033 BD 10.07
I8|PCC-WPMI18 322 NA NA NA 0.969 BD 34.761 BD 2.107 @ 0.036 3.154  0.040 BD 10.08
19|PCC-WPMI19 344 NA NA NA 0.946 BD 35.855 BD 2177 @ 0.034 3469 0.044 BD 10.04
20|PCC-WPM20 346 NA NA NA 0.933 BD 35.836 BD 2.350 © 0.033 3.569  0.045 BD 10.08
21 |PCC-WPM21 398 NA NA NA 0.918 BD 35.750 BD 2.573 | 0.037  3.616  0.051 BD 10.15
22|PCC-WPM22 449 NA NA NA 0.855 BD 35.308 BD 2.675  0.030 3.802  0.049 BD 10.33
23|1PCC-WPM23 466 NTE 0.847 BD 36.291 BD 2.995  0.057 4.122  0.053 BD 10.44
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Table 3.4.2.1.1. Task 2 : Summary data for chemical analyses (cont.).

Task 2: Leaching From Flat Surface With and Without Soil Confinement

Toxicity Results Chemistry Results
Algal Toxicity
Concentration as %
Leachate
—_~ ~ ~ ~ —_ ~ ~ . ~
a © 7 Lower | Upper éﬂ éﬂ éﬂ én = % éﬂ % %ﬂ =
2| Test Conditions E 3 %ECs [ 95% | 95% £ g £ g g | E £ £ £ =
£ == CL | CL = | 3| = = | Tl =2|=| | = | &
3 = . - < & o O X |l = |lZz | # N | &
PCC with Plasticizer Confinement
1 |PCC WPS-1 2 NA NA NA 0.118 BD 1.415 BD 0.121 | 0.033 0.178 | 0.019 BD 7.77
2 [PCC WPS-2 3 NA NA NA 0.218 BD 1.885 BD 0.031 | 0.038 0.181 | 0.013 BD 6.43
3 |PCC WPS-3 10 NA NA NA 0.350 BD 2.974 BD 0.059 | 0.048 0.408 | 0.020 BD 9.60
4 [PCC WPS-3 19 NA NA NA 0.532 BD 4.162 BD 0.187 | 0.059 0.520 | 0.029 BD 9.85
5 |PCC WPS-4 22 NA NA NA 0.488 BD 4.639 BD 0.320 | 0.062  0.556 | 0.031 BD 9.86
6 |IPCC WPS-5 27 NA NA NA 0.489 BD 5.295 BD -0.418 | 0.059  0.583 | 0.031 BD 9.45
7|PCC WPS-6 43 NA NA NA 0.491 BD 7.304 BD 0.536 | 0.049 0.764 | 0.034 BD 9.34
8 |PCC WPS-7 54 NA NA NA 0.454 BD 8.564 BD 0.663 | 0.043 0.933 | 0.031 BD 9.65
9 [PCC WPS-9 75 NA NA NA 0.468 BD 11.267 BD 0.708 | 0.054 1.174 | 0.034 BD 9.71
10{PCC WPS-10 99 NA NA NA 0.495 BD 17.486 BD 0.979 | 0.033 1.510 | 0.039 BD 10.77
11[PCC WPS-11 121 NA NA NA 0.488 BD 17.242 BD 0.899 | 0.033 1.481 | 0.038 BD 9.54
12]1PCC WPS-12 140 NA NA NA 0.529 BD 20.530 BD 1.081 | 0.025 1.696 | 0.041 BD 9.27
13[PCC WPS-13 158 NA NA NA 0.562 BD 22.857 BD 1.304 | 0.024 1.826 | 0.044 BD 9.36
14[PCC-WPS14 197 NA NA NA 0.347 BD 24.941 BD 1.632 | 0.019 2.196 | 0.046 BD 9.23
15|PCC-WPS15 235 NA NA NA 0.552 BD 26.697 BD 1.723 | 0.013  2.296 | 0.048 BD 10.06
16 |PCC-WPS16 271 NA NA NA 0.547 BD 30.835 BD 1.902 | 0.019 2.562 | 0.051 BD 10.09
17[PCC-WPS17 298 NA NA NA 0.593 BD 33.115 BD 2.181 | 0.013 2.839 | 0.056 BD 10.12
18|PCC-WPS 18 322 NA NA NA 0.640 BD 33.380 BD 2239 | 0010 2912 | 0.057 BD 10.16
19[PCC-WPS 19 344 NA NA NA 0.622 BD 33.400 BD 2.309 | 0.009 2.890 | 0.057 BD 10.18
20|PCC-WPS20 346 NA NA NA 0.557 BD 33.682 BD 2451 | 0011 2916 | 0.058 BD 10.21
21[PCC-WPS21 398 NA NA NA 0.725 BD 33.836 BD 2.648 | 0.008 3.114 | 0.060 BD 10.23
22PCC-WPS22 449 NA NA NA 0.708 BD 33.958 BD 2.777 | 0.006  3.276 | 0.064 BD 11.11
23|PCC-WPS23 466 NTE 0.783 BD 33.971 BD 2.962 | 0.030 3.534 | 0.065 BD 10.19
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Table 3.2.1.1. Task 2: Summary data for chemical analyses (cont..).

Task 2: Leaching From Flat Surface With and Without Soil Confinement

3-22

Toxicity Results Chemistry Results
Algal Toxicity
Concentration as %
Leachate
% 3 22 . Lower | Upper % éﬁ én > éﬂ = | =) = =
2| Test Conditions E 2 %ECsy | 95% 95% £ £ £ £ g g £ £ £ =
£ = s CL CL = | 3| % |l Il =| 5| T| = | E
(‘X = 8 UY oo < I~ Q O M 2 7z 7 N =
PCC with Plasticizer Unconfinement
1 |PCC WPM-1 1 NA NA NA BD BD 0.015 | -0.006 | 0.113 | 0.003 0.007 | 0.002 BD 6.75
2 |PCC WPM-2 6 NA NA NA BD BD 1.116 -0.005 | 0.233 1 0.033 0.326 | 0.013 BD 6.90
3 |PCC WPM-3 8 NA NA NA BD BD 1.407 -0.005 | 0.096 | 0.033 0.294 | 0.017 BD 10.01
4 |PCC WPM-4 12 NA NA NA 0.070 BD 2.204 | -0.006 | 0.095 | 0.037 0.418 | 0.022 BD 10.03
5 |PCC WPM-5 30 NA NA NA 0.298 BD 4.780 | -0.005 | 0.172 | 0.019 0.343 | 0.000 BD 10.03
6 |IPCC WPM-6 45 NA NA NA 0.440 BD 5.697 -0.005 | 0.454 | 0.068 0.882 | 0.030 BD 10.07
7 |PCC WPM-7 49 NA NA NA 0.441 BD 6.455 | -0.003 | 0.483 | 0.062 0.884 | 0.034 BD 10.06
8 |IPCC WPM-8 61 NA NA NA 0.418 BD 7.708 | -0.004 | 0.590 | 0.070 1.113 ] 0.036 BD 10.12
9 |PCC WPM-9 66 NA NA NA 0.450 BD 8.516 | -0.004 | 0.556 | 0.054 1.166 | 0.038 BD 10.02
10[PCC WPM-10 87 NA NA NA 0.461 BD 12.446 | -0.002 | 0.714 1 0.047 1.460 | 0.041 BD 10.04
I1[PCC WPM-11 110 NA NA NA 0.478 BD 16.779 | -0.002 | 0.774 1 0.024 1.217 | 0.013 BD 10.17
12|{PCC WPM-12 125 NA NA NA 0.557 BD 18.736 | -0.002 | 1.674 | 0.037 2.309 | 0.050 BD 10.18
13|PCC WPM-13 145 NA NA NA 0.550 BD 21.118 | -0.003 | 1.451 | 0.031 2.696 | 0.051 BD 10.24
14[PCC-WPMI14 160 NA NA NA 0.500 BD 24.012 | -0.001 | 1.674 | 0.037 2.698 | 0.054 BD 10.22
15|[PCC-WPM15 196 NA NA NA 0.510 BD | 28.112 | 0.000 | 1.961 | 0.036 2.471 | 0.053 BD 10.28
16[PCC-WPMI16 215 NA NA NA 0.532 BD | 29.119 | -0.002 | 2.310 | 0.033 2.638 | 0.053 BD 10.26
17|PCC-WPM17 240 NA NA NA 0.544 BD 30.701 | -0.003 | 2.227 | 0.032 2.818 | 0.055 BD 10.30
18|PCC-WPMI18 270 NA NA NA 0.540 BD | 31.222 | 0.000 | 2.587 | 0.034 3.009 | 0.055 BD 10.31




Table 3.4.2.1.1. Task 2: Summary data for chemical analyses (cont..).

Task 2: Leaching From Flat Surface With and Without Soil Confinement
Toxicity Results Chemistry Results
Algal Toxicity
Concentration as %
Leachate
a N Lower | Upper % %ﬁ % én éﬂ %n % % éﬁ =)
2| Test Conditions E 3 %ECsy | 95% | 95% | £E | E| E| E| E| E| E| E| E | =
£ =s cL | cL | = | 3| = = | S la| | | 5| &
s o T < 5 O O < | 5|z | & SRS
PCC with Plasticizer Confinement (duplicate)

1 |pcc WPM-1 1 NA NA NA BD | BD | 0014 | BD |o0.113]0.003]0007]| 0002 | BD | 695
2 [pcc wpm-=2 5 NA NA NA BD | BD | 098 | BD | 0.233]0033]0326] 0013 | BD | 692
3 |Pcc WPM-3 7 NA NA NA BD | BD | 1367 | BD [0.096]0.033]0294] 0017 | BD | 10.07
4|PCC WPM4 11 NA NA NA 0.074 | BD | 2.199 | BD | 0.095 | 0.037 | 0.418 | 0.022 | BD | 10.03
5 |pcc wpm-s 35 NA NA NA 0287 | BD | 4580 | BD |0.172]0.019]0343] 0.000 | BD | 1007
6 [PCC_ WPM=6 13 NA NA NA 0.441 | BD | 5610 | BD | 0.454 | 0.068 | 0.882 | 0.030 | BD | 10.11
7 |PCC WPM7 50 NA NA NA 0432 | BD | 6452 | BD | 0483 | 0.062 | 0.884 | 0.034 | BD | 10.16
8 [PCC WPM-8 60 NA NA NA 0.405 | BD | 7.678 | BD | 0590|0070 1.113] 0.036 | BD | 10.11
9 [PCC WPM9 67 NA NA NA 0.449 | BD | 8396 | BD | 0.556 | 0.054 | 1.166 | 0.038 | BD | 10.03
10[pcc wPM-10 90 NA NA NA 0455 | BD | 12338 | BD | 0.714 | 0.047 | 1.460 | 0.041 | BD | 10.04
11[PCC WPM-11 107 NA NA NA 0.420 | BD [ 16631 | BD | 0.774 | 0.024 | 1.217 | 0.013 | BD | 1027
12[PCC WPM-12 120 NA NA NA 0556 | BD | 18.707 | BD | 1674 | 0.037 | 2.309 | 0.050 | BD | 10.16
13lpcc WPM-13 144 NA NA NA 0.430 | BD | 20907 | BD | 1451 ]0.031 2696 0.051 | BD | 1034
14[PCC-WPM14 167 NA NA NA 0502 | BD | 24072 | BD | 1674 ] 0.037 | 2.698 | 0.054 | BD | 10.34
15[PcC-WPMI5 192 NA NA NA 0508 | BD | 27.955 | BD | 1.961 | 0.036 | 2.471 | 0.053 | BD | 10.23
16|PCC-WPM16 216 NA NA NA 0526 | BD | 29588 | BD | 231000332638 0.053 | BD | 1036
17[PCCWPML7 241 NA NA NA 0545 | BD | 30656 | BD | 2.227 | 0.032 | 2.818 | 0.055 | BD | 10.35
18|PCC-WPM18 264 NA NA NA 0530 | BD |31.155| BD | 2587 ]0.034]3.009 | 0.055 | BD | 1033
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Table 3.4.2.1.1. Task 2: Summary data for chemical analyses (cont..).

Task 2: Leaching From Flat Surface With and Without Soil Confinement

3-24

Sample ID Time Cumm. Time Volume Cumm. Vol. Pore Volume Flow rate Calculated Ci/Co Mass Balance
hrs hrs mli mli ml/hr mg Br ADS

PCC with Plasticizer Bromide Tracer

PCC WPM-Br-1 0.17 0.17 157.0 157.0 0.07 923.53 0.53 0.03 2.79
PCC WPM-Br-2 0.20 0.37 109.0 266.0 0.12 545.00 0.99 0.05 .
PCC WPM-Br-3 0.25 0.62 150.0 416.0 0.18 600.00 1.91 0.10 7.15
PCC WPM-Br-4 1.67 2.29 150.0 566.0 0.25 89.82 2.63 0.14 9.50
PCC WPM-Br-5 1.00 3.29 300.0 866.0 0.38 300.00 5.87 0.32 13.24
PCC WPM-Br-6 1.58 4.87 350.0 1216.0 0.53 221.52 7.28 0.40 17.12
PCC WPM-Br-7 1.25 6.12 265.0 1481.0 0.64 212.00 8.66 0.47 19.68
PCC WPM-Br-8 1.17 7.29 255.0 1736.0 0.75 217.95 9.80 0.53 21.86
PCC WPM-Br-9 1.17 8.46 250.0 1986.0 0.86 213.68 10.33 0.56 23.86
PCC WPM-Br-10 2.86 11.32 600.0 2586.0 1.12 209.79 12.81 0.70 27.17
PCC WPM-Br-11 2.17 13.49 450.0 3036.0 1.32 207.37 13.96 0.76 29.14
PCC WPM-Br-12 1.60 15.09 360.0 3396.0 1.48 225.00 15.19 0.83 30.27
PCC WPM-Br-13 2.85 17.94 600.0 3996.0 1.74 210.53 16.93 0.92 31.12
PCC WPM-Br-14 1.16 19.10 250.0 4246.0 1.85 215.52 17.74 0.97 31.27
PCC WPM-Br-15 1.15 20.25 250.0 4496.0 1.95 217.39 18.19 0.99 31.30
PCC WPM-Br-16 1.05 21.30 230.0 4726.0 2.05 129.00 18.16 0.99 31.34
PCC WPM-Br-17,Des 1.07 22.37 640.0 5366.0 2.33 200.00 14.80 0.81 9.47
PCC WPM-Br-18,Des 1.20 23.57 241.0 5607.0 2.44 200.67 9.58 0.52 11.78
PCC WPM-Br-19 1.14 24.71 242.0 5849.0 2.54 211.72 7.79 0.42 13.66
PCC WPM-Br-20 1.03 25.74 223.0 6072.0 2.64 216.50 5.09 0.28 14.80
PCC WPM-Br-21 1.20 26.95 267.0 6339.0 2.76 222.31 33.01 1.80 23.61
PCC WPM-Br-22 1.02 27.97 232.0 6571.0 2.86 227.45 1.88 0.10 24.05
PCC WPM-Br-23 1.10 29.06 235.0 6806.0 2.96 214.03 0.64 0.03 24.20
PCC WPM-Br-24 1.01 30.08 236.0 7042.0 3.06 233.20 0.45 0.02 24.30
PCC WPM-Br-25 1.13 31.21 250.0 7292.0 3.17 221.24 0.32 0.02 24.38
PCC _WPM-Br-26 1.00 32.21 220.0 7512.0 3.27 220.00 0.21 0.01 24.43




Table 3.4.2.1.1. Task 2: Summary data for chemical analyses (concluded).

Task 2: Leaching From Flat Surface With and Without Soil Confinement
Sample ID Time Cumm. Time Volume Cumm. Vol. | Pore Volume Flow rate | Calculated C/Co Mass Balance
hrs hrs ml ml ml/hr mg Br ADS

PCC with Plasticizer Bromide Tracer (duplicate)

PCC WPS Init. 0.00 15.06

PCC WPS-1 0.17 0.17 37.0 100.0 0.05 217.65 0.00 0.00 0.56
PCC WPS-2 0.20 0.37 42.0 142.0 0.07 210.00 0.00 0.00 1.19
PCC WPS-3 0.25 0.62 200.0 342.0 0.17 800.00 0.00 0.00 4.20
PCC WPS-3 1.67 2.29 250.0 592.0 0.30 149.70 0.00 0.00 71.97
PCC WPS-4 1.00 3.29 400.0 992.0 0.50 400.00 0.00 0.00 13.99
PCC WPS-5 1.58 4.87 600.0 1592.0 0.80 379.75 0.66 0.04 22.64
PCC WPS-6 1.25 6.12 265.0 1857.0 0.93 212.00 8.34 0.55 24 .42
PCC WPS-7 1.17 7.29 255.0 2112.0 1.06 217.95 11.40 0.76 25.35
PCC WPS- 1.17 8.46 250.0 2362.0 1.18 213.68 12.92 0.86 25.89
QC Standard 2.86 11.32 600.0 2962.0 1.48 209.79 13.96 0.93 26.55
PCC WPS-10 2.17 13.49 450.0 3412.0 1.71 207.37 14.37 0.95 26.86
PCC WPS-11 1.60 15.09 360.0 3772.0 1.89 225.00 14.78 0.98 26.96
PCC WPS-12 2.85 17.94 600.0 4372.0 2.19 210.53 14.92 0.99 27.05
PCC WPS-13 1.16 19.10 250.0 4622.0 2.31 215.52 15.03 1.00 27.06
PCC-WPS14,Des 1.15 20.25 850.0 5472.0 2.74 739.13 15.06 1.00 12.80
PCC-WPS15,Des 1.05 21.30 630.0 6102.0 3.05 600.00 12.47 0.68 20.66
PCC-WPS16 1.07 22.37 240.0 6342.0 3.17 224.30 9.94 0.54 23.05
PCC-WPS17 1.20 23.57 241.0 6583.0 3.29 200.67 6.01 0.33 24.49
PCC-WPS 18 1.14 24.71 242.0 6825.0 3.41 211.72 2.43 0.13 25.08
PCC-WPS 19 1.03 25.74 223.0 7048.0 3.52 216.50 1.90 0.10 25.50
PCC-WPS20 1.20 26.95 267.0 7315.0 3.66 22231 0.65 0.04 25.68
PCC-WPS21 1.02 27.97 232.0 7547.0 3.77 227.45 0.00 0.00 25.68
PCC-WPS22 1.10 29.06 235.0 7782.0 3.89 214.03 0.00 0.00 25.68
PCC-WPS23 1.01 30.08 236.0 8018.0 4.01 233.20 0.00 0.00 25.68
PCC-WPS24 1.23 31.31 237.0 8255.0 4.13 192.68 0.00 0.00 25.68
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CHAPTER 4
TASK 3: EFFECT OF SCALE ON FLAT-PLATE LEACHATE COMPOSITION

4.1 INTRODUCTION

An assumption of the flat-plate leaching test is that the contaminant flux from the C&R
material surface is directly proportional to surface area and thus scaleable to field
conditions. However, testing at the laboratory scale because of various scale effects can
poorly represent field results. Determining scale effects is difficult because of the
problems associated with preparation and handling of large test specimens. The research
approach involved conducting flat plate experiments with samples of varying size. All
other variables including leaching solution, volume/area ratio, testing time, and C&R
material were held constant. The objective of Task 3 was to determine whether mass was
leached from the flat plates at the same rate for plates of different surface areas. An
additional scale issue is whether or not leached concentrations are proportional to the
volume to area ratio, since this is how the results are scaled up to field conditions.
Hence, an additional segment of this task was to investigate this effect.

4.2 MATERIALS AND METHODS
4.2.1 Materials

The flat plates were made of a municipal solid waste incinerator bottom ash (MSWIBA,
from Massachusetts) asphalt cement mix (MSWIBA-AC). MSWIBA-AC leachates have
demonstrated toxicity in Phase I-II testing and contain a mixture of both metals and
organic compounds. Flat plate samples were generated in three sizes: 4-inch thick by 4-
inch diameter cylinders (standard flat plates), 4-inch thick by 6-inch diameter cylinders,
and 4.5-inch thick by 6 x 9.25 inch rectangular prisms. Only one end of the cylinders
was exposed for leaching, as in the standard flat-plate leaching test, the other surfaces
being sealed with wax, and all surfaces of the rectangular prism were exposed. These
specimens gave exposure area ratios to the 4-inch diameter circle of 1 to 2.25 to 19.76,
respectively for the 4-inch diameter circle, 6-inch diameter circle, and 4.5 x 6 x 9.25 inch
prism.

Only a limited number of flat plate specimens remained available at the stage of the
project at which the effect of variable volume to area was investigated. Hence, only six,
4-inch diameter flat plates were used for this purpose, three for leaching into a 0.5 L
volume and three for leaching into a 2.0 L volume, to compare with the standard leaching
into 1.0 L volume.

4.2.2 Methods

The flat plate tests were run as developed in Section 3.5 of Volume IV (Nelson et al.,
2000b). The cylindrical specimens were placed in a container and coated in wax such
that only the top surface is exposed to the overlying distilled water when immersed.
Water was added proportional to the exposure surface areas (1 L, 2.25 L, and 19.76 L) for
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4-inch cylinder, 6-inch cylinder, and 4.5 x 6 x 9.25 inch prism, respectively, such that the
water volume to surface areas ratio is constant at 1 L per 12.6 cm? or 79.6 cm’/cm? for all
three tests. The overlying water was mixed with a 3-inch long stirring paddle at 60 rpm,;
a single paddle was used for the single-cylinder reactors and two paddles were used for
the rectangular prism reactor.

Eighteen replicate disk specimens were used for each size of the 4-inch and 6-inch flat
plate cylinders to enable duplicate sampling. Three replicate groups were maintained.
Disks from each group were sacrificed (overlying water was removed and the disks no
longer used) according to Table 4.2.2.1. That is, five of the six disks from each replicate
group were sacrificed by 190 hrs, for both the 4-inch and 6-inch cylinder tests. At
intermediate times, and after hour 190, the remaining disks were sampled by extracting
approximately 10 mL for analysis, followed by replacement with distilled water. Thus,
there is a small dilution effect not accounted for in the following analysis.

Only four prism samples were prepared. Hence, all sampling was done with replacement
for tests on three of these assemblages. However, the volume of water (19.76 L) was so
large as to minimize any dilution effect.

This was not true for the final tests on six remaining 4-inch cylinders. For purposes of
varying the ratio of volume to surface area, three replicates were leached into a volume of
0.5 L and three leached into a volume of 2.0 L. In both cases, sampling was done by
extracting 10 mL and replacing with distilled water. Hence, the dilution effect is
considerable for the 500-mL test and has not been accounted for in the analysis that
follows. The effect is to measure lower (more dilute) concentrations than would
otherwise occur. For the 2-L sample the effect will not be as great, but is still there.

Table 4.2.2.1. Hours at which cylindrical disks were sacrificed (no longer used), because
of collection of entire water sample.

Sacrificed | 4-inch, | 6-inch,
Disk hour hour

1 30.5 24

2 72 77

3 96 101.3
4 120 126.3
5 190 190

The water samples were analyzed specifically for TOC and metals, i.e., Al and Ca, and
scanned for other metal and toxic organic compounds. The water samples also were
analyzed for algal EC50 and D. magna LC50 toxicity values.

The concentration and toxicity of the leachate was plotted vs. time for each flat-plate

specimen size. For the tests in which only the surface area was varied, the same volume
to surface area ratio was maintained for all three plate sizes, and the concentration vs.
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time relationship for all three plate sizes should be the same — if there is no scale effect.
For instance, if the flux is the same from the 6-inch plate as the 4-inch plate, the leachate
concentration (mass/volume) should be the same for both, since the volume of leachate is
increased in proportion to the increase in plate area. Hence, for the same leaching time,
the leached concentrations should be the same for all plate sizes.

4.3 RESULTS AND DISCUSSION
4.3.1 Chemical Analyses

Results for Al, Ca, K, Mg, and Na concentrations in leachate from the MSWIBA-AC
specimens in the flat plate experiments are tabulated in Table 4.3.1.1. Of interest is an
overlay of data for the three plate sizes. This is shown for calcium and TOC in Figures
4.3.1.1 and 4.3.1.2. Clearly, the flux is the same for the three plate sizes, although
leaching of TOC from the 4-inch disk is somewhat slower than for the other two plates.
But the same asymptotic concentration is reached.

This can also be demonstrated by comparing the asymptotic concentrations at a common
sampling time near the end of the experiment, 270 hrs in this case. These asymptotic
concentrations are compared in Table 4.3.1.2. Although a formal statistical comparison
was not done, the values are clearly the same.

Table 4.3.1.2 Comparison of asymptotic concentrations for MSWIBA-AC leachate for
three different flat plate sizes. Concentrations are average values at 270 hrs for triplicate
experiments.

Test TOC | Al Ca K Mg | Na

mg/L | mg/L | mg/L | mg/l | mg/L | mg/L
4-inch disk 2.13| 0.66| 5.24|3.53| 0.37]|10.48
6-inch disk 2.17| 0.67| 5.16 | 3.79| 0.38|10.77
4x6x9.251inch | 2.17 | 0.67 | 532 | 3.42| 0.38 | 10.06
prism

In order to evaluate the effect of the volume to surface area ratio, average concentrations
from the three replicates are compared at approximately 250 hours in Table 4.3.1.3.
Unfortunately, dilution effects definitely influence these values. If concentrations were
inversely proportional to the volume:area ratio, then concentrations leached into the 0.5-L
volume would be twice as high as the 1-L samples, and 2-L samples would be half as
much as the 1-L samples. This is roughly true for the 2-L sample, with concentration
ratios of 0.51-0.66 for all constituents except aluminum. But dilution of the leachate
collected in the 0.5-L sample reduces the concentration for all constituents, but
apparently by varying amounts. For instance, at the final sampling time (250 hrs) for the
0.5-L leachate volume, 60 mL of distilled water have replaced the six 10-mL samples
removed for earlier analysis. Hence, concentrations for the 0.5-L leachate volume are
expected to be too low, by an undetermined amount.
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Aluminum data for the final 0.5-L and 2-L samples are very irregular relative to the other
sampling within this task. Aluminum is often solubility-limited, and this could explain
the irregular behavior, but the reason for the very low values compared to the other flat
plate samples is unknown. Hence, no conclusions can be drawn from the Al data taken
from the 0.5-L and 2-L leachate volumes.

One additional look at these data is provided in Figures 4.3.1.3 and 4.3.1.4, which show
leaching of TOC and calcium as a function of time for the three different leaching
volumes. In each case, concentrations are higher for the lower volume, but not in the
ratio expected for the 0.5-L volume leachate.

Fortunately, an additional investigation of the effect of volume to area ratio was
conducted as part of Task 7, in conjunction with the testing of the standard asphalt
cement concrete (SACC). The reader is referred to Section 8.5.2.3 and Figure 8.5.2.3.1
for a conclusive demonstration that the leached concentration is directly, inversely
proportional to the leachate volume and that the modeling assumptions are thus valid.

Table 4.3.1.3. Comparison of metals concentrations for MSWIBA-AC leachate for three
different volume-to-surface-area ratios. Concentrations are average values for triplicate
experiments.

Test Sampling TOC| Al | Ca | K | Mg | Na
Time
hrs |mg/L|{mg/L|mg/L|mg/l|mg/L|mg/L
0.5-L volume: 250
Concentration, mg/L 2.17| 0.15| 6.42| 3.20| 0.67| 10.41
Ratio to 1-L volume 1.01| 0.23| 1.24] 0.82] 1.8§] 1.23
1-L volume: 245
Concentration, mg/L 2.14| 0.64{ 5.17) 3.88] 0.35] 8.43
Ratio to 1-L volume 1.00{ 1.00] 1.00] 1.00] 1.00| 1.00
2-L volume: 250
Concentration, mg/L 1.37) 0.08| 2.62| 2.18] 0.18| 5.54
Ratio to 1-L volume 0.64/ 0.13] 0.51] 0.56] 0.51] 0.66
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Figure 4.3.1.1. Flat plate leaching results (triplicate experiments) for calcium leaching
from MSWIBA-AC asphalt mix, for three plate sizes, concentration as a function of time.
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Figure 4.3.1.2. Flat plate leaching results (triplicate experiments) for TOC leaching from
MSWIBA-AC asphalt mix, for three plate sizes, concentration as a function of time.
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4-inch disks into varying leachate volumes.
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from 4-inch disks into varying leachate volumes.




4.3.2 Analysis of Turbulence

For mixing with impeller blades, a form of Reynolds number has been defined for use in
design of large mixers (Tchobanoglous and Schroeder, 1985), e.g., mixing of coagulating
chemicals in water treatment plants, as follows:

Re=n d*v (4.3.2.1)

where:

n = impeller angular velocity, revolution/s,

d = impeller diameter, cm

v = kinematic viscosity, approximately 0.010 cm?/s for water at 20°C.

In this special computation, there is no conversion of angular velocity to radian/s or direct
computation of the tangential velocity of the impeller.

Assuming the analysis may be applied to bench-scale mixers, for the flat-plate mixers
used in this study, n = 60 rpm = 1 rev/s and d = 3 inches = 7.5 cm. Hence,

Re=1x7.5%/0.01 = 5625 (4.3.2.2)

The transition from laminar flow begins at about Re = 10 and fully turbulent flow exists
for Re greater than about 5000. Hence, leaching in the flat-plate beakers may be
considered fully turbulent and not diffusion-limited.

4.3.3 Biological Analyses

To investigate the scale-up effects, samples were leached from flat plates of three
different sizes as explained in section 4.2.2. Samples were collected at 170 hrs from the
leaching tests for toxicity analyses. Algal test results indicated mild growth inhibitory
effects only in the range of 28% to 46% growth inhibition at 80% concentration of flat
plate leachate samples. Statistically no significant difference in toxicity of leachates
generated from different size flat plates was observed. EC50 values for these samples
could not be calculated as the maximum observed effects were less than 50% at the
highest concentration tested (no toxic effect, or NTE). No toxic effect was observed in
D. magna mortality tests for all the flat plate samples generated in this test. As
evidenced from Summary Table 4.3.1.1, except aluminum, no other toxic metals were
present at significant quantity in the flat plate leachates. The low-level growth inhibitory
effect observed for algae was possibly due to the low concentrations of aluminum present
in the leachates.

4.7



4.4 CONCLUSIONS
Two issues were examined during this task.

1. Is the leaching rate the same for surface areas of different sizes? Flat plates with three
different surface areas were leached into distilled water, such that the volume to surface
area ratio was the same for each. In this case, concentrations collected as a function of
time are expected to be the same for each plate area, and the results show unequivocally
that this is true. That is, there is no scale effect just on the basis of size of the leaching
areas, for the sizes studied. Fluxes are similar at all sampled times. However, the larger
the flat plate size, the less likely it is that results will be anomalous due only to a minor
sample irregularity but in a small area.

2. Does the leaching rate vary linearly with the ratio of leachate volume to surface area?
This is important because model results are scaled to the highway environment on the
basis of this volume to area ratio. The results generally support this hypothesis, but
overall, they are inconclusive. This is primarily because of dilution effects introduced
into the sampling procedure due to a very limited number of 4-inch disks remaining for
this experiment.



Table 4.3.1.1. Task 3: Summary data for chemical analyses.

Task 3: Effect of Scale on Flat-Plate Leachate Composition

Toxicity Chemistry Test Result
Results
Algal Toxicity
Concentration as %

Elutriate
[a] = a %EC, éﬁ =) =) = = =) =) = s Q
2 ) i~ oECs) [ Lower | Upper E 3 % = gﬂ S én =) % =
5| Test Conditions 2 3 or [ 95% | 95% | 3 g E E E|E| E|E| E|E
5 E| & |#Ce|cl|cLf g = gl |2 2|lz|2|z5|3
| MSWIBA ASPHALT &-inch Flat-Plate
1 iSS-ASPH-1 1.5 HR 1.5 NA NA NA i NA 0927 BD BD i 0366 :0.279:0014: 0612 i BD i BD : BD
2 SSIASPHZ 15 HR 1.5 NA NA NA ©NA 0935 BD BD U0.354 70,3551 0,013 0.430 1 BD i BD L BD
3 SS-ASPH- 1.5 HR 1.5 NA NA. NA i NA | 0.887 BD BD 0312 £0.211: 0008 : 0.401 : BD : BD . BD
4 iSS-ASPH-1 4.75HR | 4.75 NA NA NA | NA |1]07 BD BD i 0418 :0.738: 0037 : 1254 i BD i BD i BD
5 iSS-ASPH-2 4.75HR | 4.75 NA NA NA & NA [1081 BD BD i 0.571 :0.646: 0.032: 1.287 : BD i BD i BD
6 iSS-ASPH-3 475 HR | 4.75 NA NA NA | NA |1.104 BD BD i 0.603 :0.662:0028: 1270 i BD : BD : BD
7 iSS-ASPH-1 7 HR 7 NA NA NA | NA |1.153 BD BD i 0.666 :0.976: 0.049 : 1552 : BD i BD : BD
8 iSS-ASPH-2 7 HR 7 NA NA NA | NA |1278 BD BD i 0.661 :0.873:0049: 1418 : BD : BD : BD
9 iSS-ASPH-3_ 7 HR 7 NA NA. NA i NA 1239 BD BD i 0727 :0.878: 0.054: 1798 i BD : BD : BD
10iSS-ASPH-1 30.5HR 30,5 NA NA NA | NA |1.495 BD BD i 1313 i1550: 0072 2504 i BD i BD i BD
11]SS-ASPH-2 30.5HR 30,5 NA NA NA | NA |1472 BD BD i 1420 :1532:0072: 2787 i BD i BD i BD
12 [SS-ASPH-3 30.5HR | 30.5 NA NA NA i NA |[1589: 0.004 BD : 1.338 :1340: 0074 2353 i BD i BD i BD
13SS-ASPH-1 72HR 72 NA NA NA i NA |1598: 0039 BD i 2.106 :2.698: 0126 : 3.415 : BD : BD : BD
14[SS-ASPH-2 72HR 72 NA| NA. NA i NA [1938%F 0043 BD : 2.187 :2261:0.110: 4295 : BD : BD i BD
15 [SS-ASPH-3 72HR 72 NA NA NA © NA |1986: 0042 BD : 2.420 :2266:0.117: 3.923 i BD : BD : BD
16 |SS-ASPH-1 96HR 96 NA NA NA | NA |1851} 0064 BD i 2579 :3.041:0.152: 5256 i BD i BD i BD
17SS-ASPH-2 96HR 96 NA NA NA : NA [2324% 0060 BD : 2.678 :2783:0.153: 5138 : BD : BD : BD
18 SS-ASPH-3 96HR 96 NA NA NA | NA [2069: 0067 BD i 2.854 :3.049:0.164: 5826 : BD : BD : BD
19|SS-ASPH-1 120HR 120 NA| NA NA NA [ 2120 0111 BD i 3.466 :3.374: 0196 : 7.107 : BD : BD . BD
20 [SS-ASPH-1 120HR 120 NA| NA NA NA 12,089 0.106 BD : 3.746 :3.261: 0190 : 6.309 : BD : BD . BD
21 [SS-ASPH-2 120HR 120 NA NA NA ©NA [2.186: 0093 BD i 2.898 :2.615: 0189 : 6541 : BD : BD . BD
2 [SSASPH3 T45HR 175 NA NA NA " NA T 70717170130 BD A3 R8s 0,225 TR R I ED T RD
23 [SS-ASPH-1 145HR 145 NA NA NA i NA |2146: 0128 BD i 4224 :3548:0213: 7178 : BD i BD : BD
24 [SS-ASPH-2 145HR 145 NA NA NA i NA [2199% 0145 BD i 3.204 :3.104:0.215: 7.233 i BD i BD i BD
25 [SSFP-1 170 HR 170.0| 4222401 | NTE 2011 0517 BD i 3.902 :3.692: 0292 : 8582 i BD : BD . BD
26 [SS-FP-1 170 HR 170.0| 4222402 | NTE 2.086 i 0588 BD i 3.991 2918 0.264 : 7.911 i BD i BD i BD
27 [SS-FP-1 170 HR 170.0| 4222403 | NTE 2061 ;0581 BD : 4.143 :3.417:0238: 7.353 : BD : BD : BD
28 [SS-FP-1_ 190 HR 1900 NA NA NA i NA [2061: 0539 BD : 3.987 :3923:0319: 8412 : BD : BD i BD
29 [SS-FP-1_ 190 HR 190.0]  NA NA NA : NA |2161} 0582 BD i 4.647 :3.056: 0290 : 8.004 i BD i BD i BD
30 [SS-FP-1 190 HR 1900 NA NA NA ¢ NA |2083: 0598 BD i 4498 27670261 : 8912 i BD i BD i BD
31[SS-FP-1 220 HR 2200 NA NA NA : NA |2005: 0551 BD : 4183 :4.160: 0.255 : 9.129 : BD i BD : BD
32[SS-FP-1 220 HR 2200 NA NA NA | NA |2099: 0524 BD i 4.883 $3.292:0.252: 9110 i BD i BD i BD
33 [SS-FP-1 220 HR 2200( NA NA NA § NA [2117F 0512 BD i 4784 :3.004:0249: 8148 i BD i BD i BD
34 [SS-FP-1_ 245 HR 2450  NA NA NA : NA [2074%F 0646 BD : 5.146 :4.367:0390: 8707 i BD : BD : BD
35[SS-FP-1 245 HR 2450  NA NA NA | NA |2136: 0624 BD i 5139 :3.470:0.355: 8459 i BD : BD : BD
36 [SS-FP-1_ 245 HR 2450  NA NA NA § NA [2217: 0640 BD i 5221 38160315 : 8125 i BD i BD i BD
37[SS-FP-1_ 270 HR 2700 NA NA NA i NA | 2141 0656 BD i 5204 :3.291: 0412 :11.062: BD : BD : BD
38[SS-FP-1_ 270 HR 2700 NA NA NA : NA |2079: 0701 BD i 5229 :3.476: 0381 :10.817: BD i BD : BD
39 [SS-FP-1 270 HR 2700 NA NA NA i NA |2144% 0650 BD i 5048 :3.752:0.334:10.104: BD i BD i BD
40 [SS-FP-1 270 HR 270 NA NA NA § NA [2144% 0650 BD i 5471 :3.582:0333: 9930 i BD i BD i BD
41[SS-FP-1_ 288 HR 288 NA NA NA i NA [2137% 0701 BD : 5189 :4.025: 0434311392 BD : BD i BD
42 [SS-FP-1_ 288 HR 288 NA NA NA i NA [2209% 0741 BD i 5869 :4.257: 0400 : 9927 i BD : BD : BD
43 [SS-FP-1 288 HR 288 NA NA NA | NA |2144% 0651 BD i 5.863 :4.679:0.349 i 9.988 i BD i BD : BD
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Table 4.3.1.1. Task 3: Summary data for chemical analyses (cont.).

Task 3: Effect of Scale on Flat-Plate Leachate Composition

Toxicit .
y Chemistry Test Results
Results
Algal Toxicity
Concentration as %
Elutriate

—_ =] g) —_ _ —~ —_ = o~ —_ —_ —_
% é = %ECs) | Lower | Upper £ é} % g) %} = é,, % g a
S| Test Conditions | = 3 or | 95% | 95% | o £ E| E|E|E| E|E| E|E
3 g 5 %LCsy| CL. | CL.| © = g 8 = & g 2 & | §

MSWIBA ASPHALT 6-inch Flat-Plate

1 [SS-FP-1 1.25HR 1.3 NA NA NA NA ] 0.986 BD BD 0.548 | 1.174 1 0.006 i 0.155 i BD BD BD.
2 [sS-FP-2 125 HR 13 NA NA NA NA ] 0.938 BD BD 0.546 & 1120} 0.002 i 0.179 i BD BD BD
3.1SS-FP-3 1.25HR 1.3 NA NA NA NA | 1.158 BD BD 0.625 : 1211 0.003 i 0329 i BD BD BD.
4 |SS-FP-1 2.75 HR 2.8 NA NA NA NA | 1.132 0.051 BD 0.607 | 1.234 0.005 i 0404 i BD BD BD
5.1SS-FP-2 275 HR 2.8 NA NA NA NA | 1.155 0.059 BD 0.576 _: 1189 i 0.005 i 0410 i BD BD BD.
6 [SS-FP-3 275 HR 2.8 NA NA NA NA | 1.204 0.065 BD 0.637 | 1.270 i 0.007 i 0.622 i BD BD BD
7 ISS-FP-1 5.5 HR 55 NA NA NA NA | 1.329 0.060 BD 0.828 ! 1.514: 0.012 i 0732 i BD BD BD
8 [SS-FP-2 5.5 HR 55 NA NA NA NA 1.290 0.058 BD 0.813 1.420 ¢ 0.012 i 0.794 BD BD BD
9 [SS-FP-3 5.5 HR 55 NA NA NA NA 1.546 0.040 BD 0.888 : 1.459: 0.014 : 1.293 BD BD BD
10|SS-FP-1 12 HR 12.0 NA NA NA NA ] 1.523 0.065 BD 1506 : 1.664 i 0.022 i 1.157 i BD BD BD
11[SS-FP-2 12 HR 12.0 NA NA NA NA | 1.640 0.066 BD 1221 : 1.478 i 0.021 : 1.307 i BD BD BD
12|SS-FP-3 12 HR 12.0 NA NA NA NA 1.649 0.063 BD 1.570 1.557 1 0.024 : 1.992 BD BD BD
13|SS-FP-1 24 HR 24.0 NA NA NA NA | 1.989 0.161 BD 1,720 1.998 i 0.043 i 2.002 i BD BD BD
14 [SS-FP-2 24 HR 24.0 NA NA NA NA | 2.037 0.182 BD 1411 (2803 : 0.043 i 2457 i BD BD BD
15|SS-FP-3 24 HR 24.0 NA NA NA NA ] 1.902 0.232 BD 1.988 2928 % 0.045 i 2298 i BD BD BD
16 |SS-FP-1 52 HR 52.0 NA NA NA NA | 2375 0.295 BD 2361 1995 0.529 i 3.406 i BD BD BD
17[SS-FP-2 52 HR 52.0 NA NA NA NA | 2.120 0.174 BD 2038 :2202: 0295 4172 i BD BD BD
18 [SS-FP-3 52 HR 52.0 NA NA NA NA | 2.171 0.256 BD 2559 12234 0301 : 3978 i BD BD BD
19 (SS-FP-1 77 HR 77.0 NA NA NA NA | 2.140 0.546 BD 2853 12847 0702 i 4579 i BD BD BD,
20SS-FP-2 71 HR 77.0 NA NA NA NA | 2.237 0.504 BD 2995 24411 0794 i 5671 i BD BD BD
21[SS-FP-3 77 HR 77.0 NA NA NA NA | 2.122 0.556 BD 2577 3217 0.882 i 5759 i BD BD BD
22|SS-FP-1101.3HRS 1013 NA NA NA NA | 2.197 0.680 BD 3305 13121 0731 {5608 i BD BD BD,
23 [SS-FP-2101.3 HRS 101.3 NA NA NA NA | 2.250 0.582 BD 2996 2714 0360 i 6237 i BD BD BD
24 [SS-FP-3101.3 HRS 101.3 NA NA NA NA | 1.992 0.671 BD 3314 13.001: 0.634 i 6511 i BD BD BD
25 |SS-FP-1 126.3 HR 126.3 NA NA NA NA | 2.101 0.506 BD 3.633 13331 0.844 : 6.721 i BD BD BD,
26 |SS-FP-2 126.3 HR 126.3 NA NA NA NA | 2.131 0.575 BD 3773 12818 0.602 i 6479 i BD BD BD
27|SS-FP-3 126.3 HR 126.3 NA NA NA NA | 2.160 0.594 BD 3440 13356 0.186 | 7.062 i BD BD BD
28 |SS-FP-1_ 1523 HR 152.3 NA NA NA NA | 2.219 0.542 BD 3.733 1 3.607 1 0255 : 7.405 : BD BD BD,
29[SS-FP-2 1523 HR 152.3 NA NA NA NA | 2.099 0.595 BD 3.662 3347 0231 i 7.102 i BD BD BD
30 [SS-FP-3 152.3 HR 152.3 NA NA NA NA | 2.158 0.513 BD 3776 (32681 0214 i 7.942 i BD BD BD
31|SS-FP-1_ 170 HR 170.0| 4225401 NTE 2.062 0.516 BD 3.904 3641 0294 : 8686 : BD BD BD,
32SS-FP-2 170 HR 170.0| 4225402 | NTE 2.137 0.587 BD 3.993 12867 0267 : 8015 : BD BD BD
ISP UTI0HR 17000 4335403 NTE PARY) 0,579 BD ATH6T 3687024077 43 BD BD B
34 |SS-FP-1 190 HR 190.0 NA NA NA NA | 2.112 0.537 BD 3.989 §3.872: 0321 i 9.597 i BD BD BD
35[SS-FP-2 190 HR 190.0 NA NA NA NA | 2212 0.580 BD 4.649 13.005: 0292 i 8609 : BD BD BD
36|SS-FP-3_ 190 HR 190.0 NA NA NA NA | 2.134 0.597 BD 4501 : 2716 0264 i 8716 : BD BD BD,
37.ISS-FP-1 220 HR 220.0 NA NA NA NA | 2.056 0.550 BD 4.185 14108 : 0257 i 8.833 i BD BD BD
38 [SS-FP-2 220 HR 220.0 NA NA NA NA | 2.150 0.523 BD 4.885 13241 : 0254 : 9775 : BD BD BD
39|SS-FP-3 220 HR 220.0 NA NA NA NA | 2.168 0.511 BD 4786 1295271 0251 i 8953 : BD BD BD,
40 [SS-FP-1 245 HR 245.0 NA NA NA NA | 2.125 0.644 BD 5.148 1 4315% 0393 i 9811 i BD BD BD
41[SS-FP-2 245 HR 245.0 NA NA NA NA | 2.187 0.623 BD 5141 3419 0358 i 9.564 i BD BD BD
42|SS-FP-3_ 245 HR 245.0 NA NA NA NA | 2.268 0.638 BD 5224 3764 0317 i 9.029 i BD BD BD,
43[SS-FP-1_ 270 HR 270.0 NA NA NA NA | 2.193 0.654 BD 5206 ! 4240 0414 : 11.167 : BD BD BD
44 [SS-FP-2 270 HR 270.0 NA NA NA NA | 2.131 0.699 BD 5231 :3.425: 0384 : 10922 : BD BD BD
45|SS-FP-3 270 HR 270.0 NA NA NA NA | 2.195 0.649 BD 5.050 3700 1 0337 i 10.209 i BD BD BD
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Table 4.3.1.1. Task 3: Summary data for chemical analyses (cont..).

Task 3: Effect of Scale on Flat-Plate Leachate Composition

Toxicit .
y Chemistry Test Results
Results
Algal Toxicity
Concentration as %
Elutriate
a ° g | e 5 sl agl|lslalalalalsa
a ) = 7%ECs) | Lower [Upper| & 3 = = ?,) = = é‘) S
S| Test Conditions | = 3 or | 95% | 95% | & £ E| E E| E| E|E| E|E
3 g 5 %LCs| CL. | CL. [ © = g 8 = 2 2 2 s | 8
MSWIBA ASPHALT 4.5 x 6.0 x 9.25 inch Flat-Plate
1 [SS-FP-1 1.25 HR 1.25 NA NA NA NA 0.986 BD BD 0.571 0.804 : 0.004 : 0.208 BD BD BD
2 |SS-FP-2 1.25HR 1.25 NA NA NA NA 0.938 BD BD 0.569 : 0.750 : 0.001 0.232 BD BD BD
3 |ISS-FP-3 1.25HR 1.25 NA NA NA NA 1.158 BD BD 0.948 : 0.841 : 0.002 : 0.492 BD BD BD
4 ISS-FP-1 2.75 HR 2.75 NA NA NA NA 1.132 0.051 BD 0.630 : 0.864 : 0.003 0.426 BD BD BD
5 |SS-FP-2 2.75HR 2.75 NA NA NA NA 1.155 0.059 BD 0.599 : 0.819 : 0.004 : 0.463 BD BD BD
6 |ISS-FP-3 2.75HR 2.75 NA NA NA NA 1.204 0.065 BD 0.561 0.900 : 0.005 : 0.787 BD BD BD
7 ISS-FP-1 6.25HR 6.25 NA NA NA NA 1.329 0.060 BD 0.852 1.144 : 0.010 : 0.801 BD BD BD
8 [SS-FP-2 6.25 HR 6.25 NA NA NA NA 1.290 0.058 BD 0.836 1.050 : 0.010 : 0.863 BD BD BD
9 ISS-FP-3 6.25HR 6.25 NA NA NA NA 1.546 0.040 BD 0.842 1.089 : 0.012 1.362 BD BD BD
10|SS-FP-1 12 HR 12 NA NA NA NA 1.523 0.065 BD 1.530 1.294 : 0.021 1.225 BD BD BD
11|SS-FP-2 12 