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EXECUTIVE SUMMARY

The objective of this study was to evaluate the potential use of waste
foundry sand as an inexpensive medium for permeable reactive barriers (PRBs).
Batch and column tests were conducted to evaluate the reactivity and sorptive
capacity of twelve foundry sands for four groundwater contaminants: TCE, the
herbicides alachlor and metolachlor, and zinc. Parameters obtained from these
tests were then used to size PRBs for typical field conditions. The sizing
calculations showed that foundry-sand PRBs containing at least 1% iron appear
are viable under typical conditions for remediating groundwater contaminated
with solvents, herbicides, and metals to concentrations below the maximum
contaminant level (MCL).

The batch and column tests showed that the relatively abundant organic
carbon in foundry sands results in appreciable sorption of TCE, alachlor, and
metolachlor. When typical concentrations in groundwater are considered,
sorption of these compounds can be described with a partition coefficient from a
linear isotherm model. Foundry sands were also found to be a good sorbent for
zinc. However, the partition coefficient for zinc varies significantly with solution
pH.

Rate constants for reduction of TCE, alachlor, and metolachlor with
foundry sand were found to be comparable to those for conventional iron media
used for PRBs. Additionally, the rate constant can be normalized by the surface

area to solution ratio, as is done for conventional iron media. The rate constant



for zinc was found to vary within a small range (typically 0.05 — 0.20 1/hr).
Higher rate constants for zinc typically were obtained at higher pH.

Comparisons were made between partition coefficients and rate constants
obtained from batch and column tests to determine if parameters obtained from
batch tests can be used for design. The comparison for TCE showed that similar
partition coefficients and rate constants are obtained using both methods. For
the herbicides, the partition coefficients and rate constants obtained from the
batch tests tended to be higher than those from the column tests. Conservative
reduction factors of 2.0 and 1.6 have been recommended when using partition
coefficients and rate constants obtained from batch tests for design of PRBs for
alachlor and metolachlor. The comparison made for zinc indicated that the batch
and column tests yield similar partition coefficients and rate constants provided
that the solution pH is the same.

Empirical equations were developed using multivariate regression to
predict partition coefficients and rate constants as a function of properties of the
foundry sand such as iron content, total organic carbon content, and clay
content. These equations can be used for feasibility assessments and
preliminary design calculations. However, they are not meant as a substitute for
batch and column testing.

Tests were also conducted to evaluate the leaching characteristics of
foundry sands. Batch water leach tests, column leach tests, and total elemental

analyses were conducted. The water leach tests and total elemental analyses



i
were conducted to categorize the foundry sands in accordance with Section NR
538 of the Wisconsin Administration Code. The column leach tests were
conducted to evaluate leaching that might occur under field conditions.

Results of the water leach tests and the total elemental analyses showed
that all of the foundry sands are Category 2 materials as defined in NR 538.
However, tests on Peerless iron, torpedo sand, and a typical fill material indicate
that these materials, which are commonly placed below the groundwater table at
remediation sites, also are Category 2 materials. Thus, using foundry sand as a
PRB medium should pose no greater risk than that imposed using conventional
construction materials.

Additional column leaching tests were conducted to determine
characteristics of the leachate under flow conditions more representative of the
field. Effluent from these tests was analyzed for three metals (Fe, Cr, and Pb).
Chromium and lead in the effluent were always below MCLs. For iron, however,
several pore volumes of flow were often required to meet the MCL.

The number of pore volumes required to meet the MCL (PVER) for iron
was found to depend on the initial iron concentration in the effluent and the
partition coefficient. A method was developed to predict the PVER using
properties of the foundry sands and the results of water leach tests. Predictions
of PVER made with this method were found to be comparable to PVER

determined from the column tests.
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SECTION ONE

INTRODUCTION

Permeable reactive barriers (PRBs) are a relatively new groundwater
treatment technology. As a contaminant plume flows through a PRB,
contaminants react with the media contained in the PRB, and are converted into
less toxic or innocuous by-products (Fig. 1). Effluent exiting a PRB is intended to
meet groundwater quality requirements.

Groundwater treatment with PRBs is becoming popular because the PRB
technology has several advantages. PRBs are an in situ treatment technology,
and thus there is no need to transport contaminants removed from groundwater
to a treatment plant or disposal site. Once PRBs are installed, operation and
maintenance costs become significantly lower relative to those for other
treatment methods. PRBs also operate under the natural hydraulic gradient, and
require no input of energy after construction.

The type of reactive medium used in a PRB depends on the type of
contaminants in the plume. Zero-valent iron (Fe®) has been used to treat
chlorinated ethene compounds (Blowes et al. 1995, Robert et al. 1996, and
Arnold and Roberts 1998), toxic heavy metals (Benner et al. 1997, Francis and
Dodge 1998, Shokes and Moller 1999, Su and Puls 2001), and chlorinated

herbicides (alachlor and metolachlor) (Eykholt and Davenport 1998,
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Fig. 1.1 Schematic of a PRB (http://www.powellassociates.com/sciserv).



Koppensteiner 1998). Media that provide sorption sites for organic compounds
are also used (Rael et al. 1995, Kim 1997, Kershaw and Pamukcu 1997, Moo-
Young and Zimmie 1996), such as straw, wood chips, peat, coal, and tire chips.

A drawback of PRBs is their high initial capital cost. The high cost often
prevents their use at small-contaminated sites, which are common in United
States. The objective of this study was to assess the feasibility of using waste
foundry sands as a low-cost reactive medium for PRBs. Foundry sands are
mixture of sand, clay binder, coal dust, and fine residual iron particles (Javed and
Lovell 1994). The coal dust provides organic carbon as a sorbent and the iron
particles act as a reducing agent. Besides cost savings, re-using foundry sand as
a reactive medium saves valuable landfill space and allows the foundry industry
to accrue savings through reduced disposal costs. Approximately 800,000 Mg of
foundry sands are landfilled in Wisconsin alone, with an annual cost of $18
million to the foundry industry.

Twelve foundry sands from Wisconsin, Ohio, and lllinois were evaluated
as reactive media in this study. Water leach tests and total elemental analyses
were conducted to assess whether the foundry sands could be beneficially re-
used in PRBs in accordance with Section NR 538 of the Wisconsin
Administrative Code. Batch tests were conducted with common groundwater
contaminants to assess reactivity and sorptive capacity, and column tests were
conducted to determine if results of the batch tests were representative of more

realistic conditions. Transport parameters were also obtained from the column



tests for use in PRB design. A series of column leaching tests was also
conducted to ascertain the temporal characteristics of leachate from foundry
sands.

This report describes the findings of this study in nine sections. Section
Two describes reaction mechanisms in PRBs. Section Three describes the
methods that were used. Section Four describes results of the water leach tests
and total elemental analyses. Results of the batch sorption tests, batch
degradation tests, and column tests are described in Section Five (TCE), Section
Six (Herbicides), and Section Seven (Zinc). Results of column leaching tests are
described in Section Eight. A summary and conclusions are provided in Section

Nine.



SECTION TWO

REACTION MECHANISMS IN PRBS

Contaminants passing through a PRB are treated by reacting with a
medium in the barrier. Three treatment mechanisms are typically used in PRBs:
sorption, precipitation, or reduction-oxidation (redox). These mechanisms are
described in the following sections. A summary of current reactive media and

compounds treated with these reactive media is shown in Table 2.1.

2.1 REDUCTION-OXIDATION

PRBs employing redox reactions are being used at 33 sites for treatment
of chlorinated ethenes, heavy metals, and radionuclides (Jarre and Kociolek
1999). Most of these applications are to treat chlorinated organics and
hexavalent chromium (Gillham and O’Hannesin 1994, Blowes et al. 1995, Lowry
1995, Mackenzie et al. 1995, Puls et al. 1995, Robert et al. 1996, Orth and
Gillham 1996, Sivavec et al. 1997, Blowes et al. 1997, Tratnyek et al. 1997,
Arnold and Roberts 1998, Powell et al. 1998). Redox reactions influence the
solubility of metal ions, the chemical form of ions (McBride 1994), and cause
degradation of chlorinated ethene compounds (Robert et al 1996, Gillham and
O’Hannesin 1994, Lowry 1995, Arnold and Roberts 1998). Oxidation reactions
occur when electrons are removed in the transfer process (Sparks 1995).

Reduction reactions occur when electrons are accepted.



Table 2.1.

Reactive Media and Treated Compounds.

Treated Compounds

Reactive Media

Reaction Mechanism

Chlorinated ethenes,
ethanes, and herbicides

Metals (Fe, Zn)

Reductive dechlorination

Chlorinated organics,
petroleum compounds

Peat, compost, tire chips,
organic soils, activated

Sorption

(BTEX) carbon
Metals Compost, wood chips,
(e.g. As, Cd, Cu, Fe, Ni, | ferrous Iron (Fe?*), and Reductive precipitation
Pb, Zn) Fe and/or sorption
Radioactive isotopes
(e.g. uranium, vanadium) Fe Reductive precipitation




Various types of zero-valent metals (i.e., Ag, Al, Au, Cu, Fe, Ni, Pd, Zn,
and Fe/Pd) have been investigated as reducing agents in PRBs. However, the
lower cost and less toxic characteristics of iron make it the most common
reactive medium used in PRBs, especially for reduction of chlorinated organic
compounds (Shlimm and Heitz 1996, Roberts et al.1996, Gu et al. 1997, Lien
and Zhang 1999).

Reductive dechlorination of organic compounds by zero-valent iron can
be written as the sum of an oxidation reaction and a reduction reaction. In the
oxidation reaction, Fe® is oxidized by releasing two equivalent electrons (e):

Fe - Fe?" + 2¢” (2.1)
The reduction reaction is
RCI+2e +H" - RH + CI (2.2)
where RCI represents a chlorinated alkene and RH represents a dechlorinated
alkene. Combining the two reactions yields
Fe’ + RCl+ H" > Fe* + RH + CI (2.3)
Water is also reduced by iron metal forming hydrogen gas and releasing
hydroxide ions into solution:
2H,0 +2e” > Hy (g) + 2 OH' (2.4)

The reduction pathways for polychlorinated ethylene compounds by iron
and zinc metals are shown in Fig. 2.1 (Roberts et al. 1996, Arnold and Roberts
1998). Three reaction mechanisms (i.e., reductive o and [ elimination,

dehydrohalogenation, and hydrogenolysis) are believed to be responsible for



1,1-DCE
/ eSSy

PCE — TCE trans-DCE VC — Ethylene
Ch__ Ol Ch M He. _Cl o~ H N
&l el o=y o=y H/C=C\H

cis-DCE
2|>C=C<g|
Dichloro- Chloro- Acetylene

acetylene acetylene H-C=C-H
Cl-c=C-Cl Cl-C=C-H

Reductive Elimination
C\ . H _a-eliminatio
CI”~"NH

H.. _H _B-eliminatio NN
o =g T} H-c=c-H

H-C=C-H

Dehydrohalogenation

H H
(! ——— H-c=C-
CI/CC\H H-C=C—H

Hydrogenolysis

Ci\
c

Gl o Ch___H N N
c=c(gy P ope=lg P oKy P ey

Fig. 2.1.  Pathways of PCE Reduction by Zinc Metal to Ethylene (Roberts et
al. 1996, Drawing from Elder 2000).



dechlorination. Reductive  elimination and hydrogenolysis play the most
important role in reduction of chlorinated ethylene compounds, whereas
reductive a elimination and dehydrohalogenation are not significant (Roberts et
al. 1996). The percentage of the reaction occurring via reductive 3 elimination by
zinc metal is 15% of PCE, 30% of TCE, 85% of cis-DCE, and 95% of trans-DCE
reaction (Arnold and Roberts 1998). For iron metal, less than a 5% of TCE is
degraded via hydrogenolysis (Orth and Gillham 1996, Sivavec et al. 1997).

Some dechlorinated byproducts from reduction reactions are more toxic
and less reactive compared to their parent compounds (Tratnyek et al. 1997,
Arnold and Roberts 1998). The hydrogenolysis pathway produces the most toxic
chlorinated byproduct, vinyl chloride (the MCL of VC is 2 pg/L). The percentage
of DCE isomers and VC generated by dechlorination is generally less than 5% of
the TCE that is degraded by iron metal (Orth and Gillham 1996, Sivavec et al.
1997). These low concentrations of byproducts (i.e., DCE isomers and VC) are
believed to be present because they are released from the iron surface before
complete reduction of TCE is attained (Orth and Gillham 1996).

The predominant pathway, reductive B elimination, does not favorably
produce DCE isomers and VC. The chlorinated acetylene compounds produced
from reductive B elimination reaction are toxic, but their short half-life usually
renders them unimportant in PRB design (Tratnyek et al. 1997, Arnold and

Roberts 1998).
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Four principle factors influence the rate of dechlorination of chlorinated
ethylene compounds: surface area of the iron, pH of the solution, concentration
of dissolved oxygen (DO), and presence of catalysts (Warren et al. 1995,
Johnson et al. 1996, Tratnyek et al. 1997, Gu et al. 1997, Lien and Zhang 1999).
Among these four factors, surface area of the iron is the most important because
the reduction reaction is a surface mediated process (Johnson et al. 1996,
Roberts et al. 1996, Weber 1996). High pH and DO in solution can affect the
reaction rate because the oxide formed on the surface of the iron can prevent
contact between organic molecules with the iron surfaces (Johnson et al. 1996,
O’Hannesin and Gillham 1998, Phillips et al. 2000). The reaction rate for
chlorinated organic compounds is significantly accelerated by metallic couples
(Shoemaker et al. 1995, Sivavec et al. 1997, Lien and Zhang 1999, Gu et al
1997), but the long-term effectiveness of these couples has not been
determined.

In most cases, the reaction is approximately first order. To compare rate
constants obtained from the various testing conditions, a normalized reaction
rate constant is employed that is obtained by dividing the first-order rate
constant by the specific surface area of iron (Johnson et al. 1996). Normalized
rate constants obtained from a variety of laboratory tests and field tests are

summarized in Table 2.2.



Table 2.2.  Reaction Rates for Dehalogenation by Iron Metal.

11

Chemical Symbol Specific Rate constant, (Ksa)® (L/m*-hr)
Laboratory Data” Field Data®

tetrachloroethylene PCE 2.1x10° 3.6x10°

trichloroethylene TCE 5.7x10° - 1.1x10° 6.4x107

1,1-dichloroethylene 1,1-DCE 6.4x10° 6.7x10°

trans-dichloroethylene trans-DCE 1.2x10™ 4.1x10°

cis-dichloroethylene cis-DCE 4.1x10° - 3.0x10™ 8.6x10™
Vinyl chloride vC 5.0x10° -
tetrachloromethane PCM 1.2x10" - 1.0x10™ -
trichloromethane TCM 9.2x10™ - 8.4x107 -
tribromomethane TBM 1.7x10? -
hexachloroethane HCA 3.1x10? -
1,1,2,2-tetrachloroethane 1122TeCA 1.3x107 -
1,1,1,2-tetrachloroethane 1112TeCA 1.4x107 -
1,1,2-trichloroethane 111TCA 1.1x107 -
1,2,3-trichloropropane 123TCP 6.1x10° -
Alachlor - 2.4x10° -
Metolachlor - 2.0x10° -

? Reaction rates (Ksa) are normalized by the surface area of iron per liter of solution
® Tratnyek et al (1997), Johnson et al (1996), Lien and Zhang (1999), Sivavec et al. (1997), Wiist

et al. (1999), Eykholt and Davenport (1998)

¢ O’Hannesin and Gillham (1998)
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2.2 SORPTION

2.2.1 Sorption of Organic Compounds on Organic Carbon and Mineral
Surfaces

The existence of large nonpolar molecules in an aqueous solution causes
disorder in the water molecules because the large nonpolar molecules have less
affinity for water than water has for itself (McBride 1994). As a result, nonpolar
molecules typically have low solubility, an energetically unfavorable condition,
and tend to be forced out of solution or onto organic matter. Sorption on the
organic matter is primarily via van der Walls interactions (McBride 1994). This
mechanism is depicted in Fig. 2.2, and is referred to as hydrophobic attraction of
nonionic organic molecules. When organic matter exists as particles or colloids, a
nonpolar environment is provided allowing hydrophobic organic compounds to
escape from water to the surface of organic matter without competition by the
water molecules. Organic molecules are less likely to sorb onto mineral surfaces,
because mineral surfaces typically are charged, which allows them to form
hydrogen bonds with water molecules.

Sorption of nonpolar organic compounds on mineral surfaces requires
replacing the water molecules sorbed on mineral surfaces, which is not favorable
(Schwarzenbach et al. 1993). Some organic compounds having polar functional
groups are sorbed on clay surfaces by hydrogen bonding to hydrated cations or
by ion-dipole interaction with water on the clay surfaces (McBride 1994).
However, most organic compounds are sorbed onto organic matter rather than

mineral surfaces, because water molecules easily displace the organic



Fig. 2.2.

13

Water molecule

Organic compounds
Hydrogen bond

Surface of Organic Matter

Sorption of Non-Polar Organic Molecules onto the Surface of Organic
Matter via Hydrophobic Attraction (Adapted from McBride 1994).
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compounds sorbed on the clay surfaces (McBride 1994). Sorption of nonpolar

organic compounds on organic matter, which is also hydrophobic, does not
require the replacement of water molecules. However, organic matter does have
limited polar characteristics due to the presence of carboxy, phenoxy, hydroxy,
and carbonyl groups (McBride 1994). In general, the polar characteristics of
organic matter are not as strong as mineral matter, but organic matter is not as
nonpolar as hydrocarbons (Schwarzenbach et al. 1993).

Various laboratory tests have been performed to find effective sorbents for
organic compounds. Materials such as activated carbon, straw, wood chips, peat,
coal, shale, paper sludge, and tire chips have been found to be effective (Thain
1974, Knocke and Hemphill 1981, Rowley et al. 1984, Rael et al. 1995, Kershaw

and Pamukcu 1997, Kim et al. 1997, Moo and Young 1998).

2.2.2 Sorption of Heavy Metals on Organic Carbon
Binding of metal cations on organic carbon can be described as an ion
exchange process between H' and the metal acidic functional groups, L

(McBride 1994):
T I V A A (2.5)

where M is a metal cation and L is a metal acidic functional group. The
structure of the various metal acidic functional groups are carboxyl (R-COOH),
phenol (C¢HsOH), alcohol (R-CH,OH), enol (R-CH=CH-OH), ketone (R-CO-R),

quinone (O=CgH4=0), ether (R-CH2-O-CH2-R), and amino (R-NH;) (Stevenson
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1982), where R represents an alkyl group. Cationic attraction to organic matter is

primarily through the carboxylate group (McBride 1994), which is reacted when a

base is added:

R—?=O + NaOH =R-C=? + H,O (2.6)

+

OH O Na

The organic surface creates a negative charge that is balanced by cations such
as Na" in Eq. 2.6 (McBride 1994).

The order of affinity of metal cations is related to the electronegativity of
the organic matter, which acts as a Lewis base (i.e., electron donor). The typical
order of affinity of divalent metals for soil organic matter is described by McBride
(1994). Metals of smaller radius tend to form a stronger complex with an amine
or carboxylate group, according to the Irving-Williams series of complexing

strength for divalent metals (McBride 1994).

2.2.3 Sorption of Heavy Metals on Metal Oxide Surfaces
Metal ions in solution can be sorbed on metal oxide surfaces via surface
complexation. The metal oxide surface protonates at low pH:
>S-OH+H" = >S-0Hj (2.7)
where S is a metal of the adsorbing surface and OH is a surface hydroxyl group.

When the solution pH is high, the surface hydroxyl group deprotonates:

>S-OH=>S-0" +H* (2.8)
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Therefore, at high solution pH, the surface hydroxyl group can react with metal

cations:
>S$-0" +M™ =>S-0-M"V* Lyt (2.9)

Sorption of heavy metals on mineral surfaces is pH-dependent and also
influenced by solute concentrations, surface coverage, and type of metal oxides
(Sparks 1995). As the solution pH increases, more metal cations are sorbed on
the metal oxides due to the negative charge of the metal oxides (Sparks 1995).

The literature on wastewater treatment shows that various types of heavy
metals can be removed from aqueous solutions by sorption on oxide surfaces.
The mechanisms used in wastewater treatment can also be used in groundwater
treatment. Kuan et al. (1998) show that sand coated with aluminum oxide can
remove Se(lV) and Se(VI) from aqueous solutions by adsorption. Joshi et al.
(1996) show that arsenic (lll) and arsenic (V) can be removed via adsorption-
coprecipitation using sand coated with iron oxide. Basic yttrium carbonate (BYC)
can remove arsenic (Ill) and arsenic (V) by sorption (Wasay et al. 1996) and Cu
and Cd can be removed by cementation onto the surface of iron as zerovalent
metals (Shokes and Moller 1999). Fe oxide and particulate organic carbon can
also remove Pb, Cu, Zn, and Cd by sorption (Paulson 1999).

Namasivayam et al. (1995) report the effectiveness of Fe(lll)/Cr(lll)
hydroxide for removing Cd(ll) removal from solution. The influence of initial Cd(Il)
concentration, agitation time, temperature and pH on sorption were evaluated.

Sorption of Cd(ll) was found to increase as the agitation time, temperature, and
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pH increase. All of the Cd(ll) in solution can be removed when the pH is above

8.3, which is the point of zero charge (pzc) of the adsorbent.

One of the most important factors for selecting sorbents is cost. To reduce
material costs in treatment processes, naturally occurring and industrial by-
products can replace high cost materials (i.e., activated carbon) that are used
conventionally for adsorption. Natural materials or waste products such as bark,
dead biomass, clay, fly ash, seaweed, and leaf mold have been used as sorbents
for Cd, Cr, Pb, and Hg, as summarized by Bailey et al. (1999). Fly ash has been
used as an adsorbent for Cu, Zn, and Pb, and its adsorption capacity can be

increased by mixing it with lime (Ricou et al. 1999).

2.3 PRECIPITATION OF HEAVY METALS

PRBs have been used to treat inorganic contaminants by changing their
valence state into more favorable forms for sorption and precipitation (Eykholt et
al. 1995, Shoemaker et al. 1995, Ponder et al. 2000).

The solubility product of the crystalline solid (Ks,) and the ion activity
product (IAP) can be used to quantify the status of the solution phase with regard
to precipitaiton. When the ratio of IAP/Kg, is greater than unity, the solution is
supersaturated with respect to a particular solid phase, and precipitation is
favorable. The solution is saturated when the ratio is unity. Otherwise, the
solution is undersaturated with respect to a particular solid phase and

precipitation is unfavorable (Stumm and Morgan 1970, McBride 1994).
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When Ky, of the crystalline solid is high and the solution is homogeneous,

IAP/Ks, greater than 100 is often required to overcome an energy barrier to form
crystal nuclei (McBride 1994). However, the extent of supersaturation required to
start precipitation can be reduced or eliminated when mineral and organic
surfaces are provided, which act to catalyze the precipitation of heavy metals
from solutions (McBride 1994).

Shokes and Moller (1999) conducted a laboratory study evaluating
removal of heavy metals derived from acid mine drainage (Shokes and Moller
1999). Zero-valent iron was used to remove heavy metals by increasing the pH
of the solution. Reduction by iron metal promoted the removal of cadmium and
copper by changing two metals into zero-valent metals. Aluminum, nickel, and

zinc were removed slowly by forming hydroxide precipitate.
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SECTION THREE

MATERIALS AND METHODS

3.1 MATERIALS
3.1.1 Foundry Sands

Twelve foundry sands were used in this study. The foundry sands were
obtained from AFK Corporation (Ripon, WI), Baker Manufacturing (Evansuville,
WI1), Brillion Iron Works (Brillion, WI), Honda of America (Anna, OH), Iroquois
Foundry Corp. (Browntown, WI), Kohler Foundry (Kohler, WI), Sparta
Manufacturing (Sparta, WI), Wagner Casting (Decatur, IL), and Waupaca
Foundries (Waupaca, WI). Each sand is designated by a number (1 through 12).

Each of the foundry sands contains a large fraction of fine sand, as is
evident in their particle size distribution curves (Fig. 3.1). Index properties of the
foundry sands, which were obtained from Abichou et al. (2000), are summarized
in Table 3.1. The liquid limit (LL) ranges from non-plastic to 29, and the plasticity
index (PI) ranges from non-plastic to 7. The bentonite content ranges from 0 to
13%, and the specific gravity ranges from 2.51 to 2.73.

Total organic carbon (TOC) content of each foundry sand was measured
using a Lab 2100 TOC analyzer (Zellweger Analytics). Inorganic carbon existing
in the form of calcite or dolomite was removed beforehand by adding a few drops

of 4 M HCI to a known amount of foundry sand as described in Methods of Soil
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Table 3.1. Index Properties of Foundry Sands (from Abichou et al. 2000)
Particle Size (%) Atterberg Limits® USCS
Foundry Binder Classification | Specific
Sand Type Pao | Paum | Active LL PL Pl USCS Gravity
Clay?
Sand 1 Clay 10.7 6.7 5.1 N.P.° | N.P. | N.P. SP-SM 2.62
Sand 2 Clay 14.3 9.2 7.0 18 17 1 SM 2.53
Sand 3 Clay 11.3 7.7 7.5 20 18 2 SW-SM 2.52
Sand 4 Clay 13.2 9.3 10.5 23 19 4 SC-SM 2.63
Sand 5 Clay 12.4 8.0 8.4 23 18 5 SC-SM 2.54
Sand 6 Clay 10.2 5.2 6.6 20 17 3 SP-SM 2.61
Sand 7 Clay 10.9 4.5 6.2 18 14 4 SC-SM 2.72
Sand 8 Clay 11.1 6.2 7.4 26 20 6 SP 2.68
Sand 9 Chemical 4.3 2.9 N.A.° N.P. | N.P. | N.P. SP 2.64
Sand 10 Clay 10.0 3.5 4.7 N.P. | N.P. | N.P. SP-SM 2.73
Sand 11 Clay 16.0 | 13.2 13 27 20 7 SM-SC 2.51
Sand 12 Clay 10.0 3.5 4.7 N.P N.P N.P. SP 2.73

@ Active Clay determined by Methylene Blue Titration

Not tested.

(ASTM C 837), "ASTM D 4318
with one week hydration period, ¢ N.A. = Not applicable,  N.P. = Non-plastic, °N.T. =
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Analysis (Nelson and Sommers 1982). After application of HCI, the specimens

were allowed to sit for 5 min. No visible effervescence was observed. The
specimens were then loaded into the analyzer.

The calibration curve for the TOC analyzer was checked using a 0.0020 g
specimen of sucrose. The measured TOC of the sucrose was 887 ng, which is
within 5% of the theoretical value of 843 ng.

The total carbon (TC) contents range from 0.5% (Sand 4) to 4.7% (Sand
11), by weight (Table 3.2). TOC, which was measured after removal of inorganic

carbon, ranges from 0.5% (Sand 4) to 4.0% (Sand 11).

3.1.2 Iron Particles

Zero-valent iron particles were obtained from Peerless Metal Powders and
Abrasives Co. of Detroit, Ml. The mean particle size was 0.7 mm and the specific
surface area was 0.87 m?%g (Fort 2000). The purity of the iron ranged from 92 to

95%, by weight. Composition of the iron particles is shown in Table 3.3.

3.1.3 Chemicals
3.1.3.1 Chlorinated Ethenes

Trichloroethylene (TCE) (99.5% purity) was obtained from Aldrich
Chemical Co. Inc. The TCE by-products vinyl chloride (99% purity), 1,1-
dichloroethylene (99% purity), trans-1,2-dichloroethylene (99% purity), and cis-

1,2-dichloroethylene (99% purity) were purchased from Supelco Co. Physical



Table 3.2.  Total Carbon and Total Organic Carbon of Foundry Sands.
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Sands Total Carbon (%) Total Organic Carbon (%)
Sand 1 1.5 1.5
Sand 2 3.1 2.6
Sand 3 3.6 25
Sand 4 0.6 0.5
Sand 5 1.4 1.8
Sand 6 1.2 1.1
Sand 7 3.1 2.2
Sand 8 3.0 25
Sand 9 1.0 0.8
Sand 10 3.1 25
Sand 11 4.7 4.0
Sand 12 22 2.4




Table 3.3. Elemental Analysis of Iron Particles as Reported by
Peerless Metal Powders and Abrasive Co. of Detroit, MI.

Elements % by Weight
Iron 92.0
Carbon 3.5
Manganese 1.0
Silica 2.5
Copper 1.0

24
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and chemical properties of these compounds are summarized with their

maximum contaminant levels (MCLs) in Table 3.4.

3.1.3.2 Herbicides

Two herbicides, alachlor and metolachlor, and their dechlorination by-
products (acetyl alachlor from alachlor and MBP from metolachlor) were used.
Alachlor (94% purity) and acetyl alachlor (98% purity) were obtained from
Monsanto Corporation (St. Louis, MO). Novartis Crop Protection donated the
metolachlor (97.3% purity) and the MBP (99% purity). Physical and chemical

properties of these compounds are summarized with their MCLs in Table 3.5.

3.1.3.3 Zinc

Granular zinc metal (97.8% purity) was obtained from Fisher Scientific.

3.2 CHEMICAL ANALYSIS OF FOUNDRY SANDS
3.2.1 Water Leach Tests

A water leach test was conducted on each foundry sand as required for
characterization in Wisconsin Administrative Code Section NR 538. ASTM
Method D 3987 was followed.

A 70-g sample of air-dried foundry sand and 1400 mL of DI water were

placed in a Mason jar having a Teflon® closure. The jar was tumbled for 18
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Table 3.4. Properties of Chlorinated Hydrocarbons Used in the Study and
Corresponding Maximum Contaminant Levels (MCLs) (USEPA
1990).
Chemical
Compound Formula Melting/Boiling Density Water MCL
(Molecular Point (°C) (g/mL) Solubility (mg/L)
Weight) (mg/L)
VlnyI C2H3C|
Chloride (62.498) -153.7/-13.9 0.9106 1100 0.002
1, 1-DCE C2H.Cl,
(96.944) -122.1/31.7 1.213 2250 0.007
Trans-1,2- C,H,Cl»
DCE (96.944) -50/47.5 1.257 6300 0.1
Cis-1,2-DCE C,H.Cl,
(96.944) -80.5/60 1.284 800 0.07
TCE C,HCl3
(131.389) -86/86.7 1.462 1100 0.005
Table 3.5. Properties of Alachlor and Metolachlor and Corresponding
Maximum Contaminant Levels (MCLs) (Chesters et al. 1989).
Chemical
Compound Formula Melting/Boiling Density Water MCL
(Molecular Point (°C) (g/mL) Solubility (mg/L)
Weight) (mg/L)
C14H200| NOz
Alachlor (269.77) (39.5-41.5)/100 1.133 240 0.0005
C15H2CINO,
Metolachlor (283.79) N.A.? /100 1.085 530 0.015

@ N.A. = Not applicable.
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hours at 22 °C at a speed of 29 rpm. After mixing, the jar was allowed to settle for
5 min. An aqueous sample was then extracted by vacuum filtering through a
0.45-um glass fiber filter. The extract was acidified below pH 2 for preservation
using nitric acid.

The aqueous samples were analyzed within 24 hrs using inductively
coupled plasma mass spectrometry (ICP-MS) at the Soil and Plant Laboratory at

the University of Wisconsin-Madison.

3.2.2 Total Elemental Analyses
3.2.2.1 Inorganic Analyses

An acid digestion was conducted on each foundry sand following USEPA
Method 3051 to measure the total concentration of metals. A 0.5-g sample of
foundry sand was digested in 10 mL of concentrated nitric acid for 10 min using a
microwave oven. Fluorocarbon digestion vessels were used. Calibration of the
microwave equipment is described in Appendix A.

Groups of six vessels were evenly located on the turntable in the
microwave oven. When less than six vessels were used for digestion, the
remaining vessels were filled with nitric acid to ensure that the energy delivered
was similar to that applied when six specimens were digested. The vessels were
irridated at 574 W for 10 min.

Concentrations of heavy metals in the digestions were measured by

atomic adsorption using a Varian® SpectrAA 800 following USEPA Method SW
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846 7000A. Solids and suspended materials were removed using a 0.45-um
glass fiber filter. The filtered samples were acidified with HNO3 to pH less than 2.
Calibration standards were prepared by diluting stock standard solutions
purchased from Fisher Scientific, Inc. The calibration standards were acidified
using HNOj to simulate conditions used for the samples. Calibration of the
SpectraAA began with a blank and proceeded toward the highest concentration.
Concentration of a metal in a liquid sample (C in ug/L) was calculated by:

C:A@ (3.1)

where A is the concentration (ug/L) of metal in a diluted aliquot, B is the volume
of the acid blank matrix used for dilution (mL), and D is the volume of the aliquot
(mL).

For solid samples, the concentration (Cs in pg metal/kg soil) was

computed as:
C.=— (3.2)

where E is the concentration (ug/L) of metal in the digested sample from the
calibration curve, V is the final volume of the diluted sample, and W is the weight
of the sample (g).

Interference effects were compensated by using standard additions.
Known amounts of standard were added to one or more aliquots of the sample
solution. Standard solutions containing different known quantities of the analyte

were prepared and then added to the sample solution. Additions were prepared
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so that the resulting concentrations were approximately 50, 100, and 150% of the
expected absorbance from the endogenous analyte in the sample. The difference
of the point zero absorbance and no addition absorbance of the abscissa is the
endogenous concentration of the analyte in the sample. Graphs of the standard
additions are in Appendix A.

Eh was measured using a Corning® Model Eh electrode. The electrode
was calibrated using a ferrous-ferric reference solution with a response of
475+30 mV following ASTM Method D 1498. pH was measured with a Corning®

pH electrode. The pH meter was calibrated with pH 4.0, 7.0, and 10.0 standards.

3.2.2.2 Polyaromatic Hydrocarbon Analyses

The amount of polynuclear aromatic hydrocarbons (PAHs) in each foundry
sand was determined by the Wisconsin State Laboratory of Hygiene. A sample of
each foundry sand was collected and stored in a 1-L sample jar provided by the
State Laboratory of Hygiene. After sampling, the jars were placed in insulated
sample boxes packed with ice. These boxes were delivered to the State
Laboratory of Hygiene within 2 hours.

PAHs were extracted from the samples following USEPA Method 3540C
with a Soxhlet extractor (40 mm ID, with 500-mL round bottom flask). The extract
was analyzed by high performance liquid chromatograph (HPLC) using ultraviolet
and fluorescence detectors following USEPA Method 8310C. A Hewlett-Packard

1090 Liquid Chromatograph equipped with an Envirosep-PP column was used
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for the analyses. The length of the column was 4.6 m and the inside diameter
was 150 mm. A 40:60 mixture of acetonitrile and DI water was introduced into the
column for 5 min followed by 100% acetonitrile for 25 min at a flow rate of 1.57

mL/min. A 25 pL sample was injected and the column temperature was 35°C.

3.3 BATCH SORPTION TESTS
Batch adsorption tests were conducted to determine the sorption capacity
of foundry sands for TCE, alachlor, metolachlor, hexavalent chromium, and zinc.

The method that was used depended on the contaminant being considered.

3.3.1 Sorption of TCE
3.3.1.1 Batch Procedure for TCE

A series of batch tests was initially conducted to determine the required
duration of tumbling and sorption kinetic behavior of TCE (35 mg/L) on foundry
sands. The sands were selected to provide a broad range of TOC (0.8% to 4.0%)
and clay contents (0% to 13%). Vials with identical contents (5 g) were tumbled
for various times and TCE concentration was measured at a designated
sampling time.

TCE concentrations during the serial batch sorption tests are shown in
Fig. 3.2. The rate of adsorption is highest at the beginning of the test, and
diminishes as the test continues. After 16 hours, the concentrations cease

decreasing when corrected using the control concentrations. The results are
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Fig. 3.2.  TCE Concentrations During Serial Batch Kinetic Tests with Foundry
Sands.
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explained in Section 5. Nevertheless, a tumbling time of 24 hr was used for all
subsequent tests to ensure equilibrium was attained.

For the batch sorption test with TCE, the amount of adsorbent (i.e., the
foundry sand) was maintained constant (5 g) while the initial concentration of
TCE was varied between 1 and 30 mg/L. Aqueous solutions containing TCE
were placed along with the foundry sand into 40 mL Teflon® bottles, which were
sealed with Teflon® caps. The bottles were tumbled at 30 rpm. Aqueous solutions
with no adsorbent (i.e., foundry sand) were used as controls to estimate losses.
Final concentrations of these controls were assumed to be the initial
concentration of the mixtures to account for losses during the test (Zytner 1991).
All samples and controls were tumbled at 30 rpm and centrifuged to maintain
procedural similarities (Zytner 1991).

After tumbling, the liquid and solid phases were separated using a
centrifuge. To determine the required time to complete phase separation, several
different centrifuge times (i.e., 5, 10, 30, and 60 min) were tested with a fixed
centrifuging speed of 8000 rpm and temperature of 0 °C. Results of these tests
are shown in Fig. 3.3. The TCE concentration decreased from 7.9 to 7.5 mg/L as
the centrifuge time increased to 10 min, but remained constant thereafter. As a

result, all samples were centrifuged for at least 10 min.
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3.3.1.2 Analysis Procedure for TCE

Concentrations of TCE were measured using a Varian 3600 gas
chromatograph (GC) equipped with an Ol analytical discrete purging
multisampler (DPM-16), an Ol analytical multiple heater controller (MHC-16), and
a Model 4560 purge-and-trap sample concentrator. A Supelcowax-10 megabore
column (60 m x 0.25 mm inside diameter) and flame-ionization detector (FID)
were installed on the GC.

Standards for calibration of the GC were prepared gravimetrically from
TCE stock solution. Primary stock solutions were prepared by adding TCE in a
10 mL volumetric flask containing purge-trap grade methanol. Secondary stock
solutions were prepared by diluting the primary stock solutions with purge-trap
grade methanol. Type | DI water was added to the sampling tubes using a 5-mL
glass syringe. A 100-uL aliquot of secondary stock solution containing an
appropriate concentration of the calibration standard was then collected with a
gas-tight syringe and directly injected into the sampling tubes. Similarly, a 10-uL
internal standard was injected into the sampling tubes. For TCE analyses,
toluene was used as an internal standard. All calibration curves were based on
three standards prepared over the range of expected concentrations.
Concentrations of 1, 5, 10, and 40 mg/L were used.

Supernatant liquid from the batch tests was sampled using a 100-uL gas-

tight syringe and then directly injected into the multisampler tubes. To ensure
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complete purging, the multisampler tubes were heated to 75 °C for 2 min before
purging and for 11 min during purging.

The column temperature was held at 40 °C for 2 min and then raised to 50
9C at a gradient of 1.0 °C/min. The temperature was then increased to 225 °C at
a gradient of 40.0 °C/min and then held for 2.5 min to remove any residuals in
the column. Other parameters used in the analysis followed USEPA Methods

502.2 and 524.2.

3.3.1.3 Data Analysis for TCE
Partition coefficients for TCE, alachlor, metolachlor, hexavalent
chromium, and zinc were obtained by fitting the data to linear and Freundlich
isotherm models. Each model was fitted to the data using a least-squares
algorithm. The linear isotherm model is:
Cs =K, Ce (3.3)
where Cg is the concentration of adsorbate in the soil (mg/kg), Ce is the
equilibrium concentration of the solution (mg/L), and K, is the partition coefficient

for the linear model (L/kg). The Freundlich model is:

c. =K., (3.4)
where K; is the Freundlich partition coefficient and 1/n is a dimensionless
constant. The Freundlich parameter, 1/n, describes the affinity of adsorbate for

the foundry sand. If 1/n is greater than unity, the adsorbate has greater affinity for

foundry sand as the equilibrium concentration increases.
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3.3.2 Alachlor and Metolachlor
3.3.2.1 Serial Batch Kinetic Tests

Serial batch sorption tests for alachlor and metolachlor were conducted to
determine an adequate mixing time to achieve equilibrium, and to obtain rate
data regarding reduction of alachlor and metolachlor. The foundry sands were
selected to provide a broad range of TOC (0.8% to 4.0%) and clay contents (0%
to 13%). Bottles containing identical contents (5g) were tumbled for various times
and concentration was measured at a designated sampling time.

Concentrations for alachlor and metolachlor during the serial batch kinetic
tests are shown in Fig. 3.4. The data are analyzed in Section 3.4.2.2. The rate of
sorption is highest at the beginning of the test, and decreases as the test
continues. The alachlor concentrations became stable at about 5 hr, whereas
approximately 24 hrs was required to reach equilibrium for metolachlor. Based on
the results of these tests, a mixing time of 24 hrs was used to ensure equilibrium

for alachlor and metolachlor.

3.3.2.2 Batch Sorption Tests

Batch sorption tests conducted with foundry sand and alachlor or
metolachlor were performed using 2—7 g of sorbent (i.e., foundry sand). The
concentration of sorbate (i.e., alachlor or metolachlor) was held constant. Other

aspects of the tests were the same as those used for TCE (see Sec. 3.3.1.1).
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A Varian 3600 GC equipped with an electron capture detector (ECD) and
a J&W Scientific DB-1 column (30 m x 0.25 mm) was used to measure the
aqueous concentrations of alachlor and metolachlor. A typical chromatogram is
shown in Fig. 3.5. A 1-uL of sample was extracted using a 10-uL gas-tight
syringe and manually injected into the GC. The temperature of the injector was
225 °C, and for the detector it was 300 °C. The temperature of column was held
at 70 °C for 2 min and increased to 240 °C at a rate of 25 °C/min. After 2 min of
holding, the temperature was raised to 265 °C at a rate of 3 °C/min, and then was
maintained for 6 min to remove any residuals in the column.

The samples were prepared for analysis using the method described in
Koppensteiner (1998). A 2-mL sample of solution was extracted into 2 mL of
methylene chloride and then mixed for 1 min with a vortex mixer. A gas-tight
syringe was used to transfer 1 mL of solution (i.e., methylene chloride) into an
autosampler vial with an open-top closure and a Teflon®-lined silicone septa. A 1-
uL sample was extracted using a 10-uL gas-tight syringe, and then injected
manually into the GC. Recovery factors for the methylene chloride extraction
procedure determined by extracting alachlor and metolachlor stock solutions of
known concentration (50 mg/L) were 104% and 102%, with a standard deviation
of 6.3% and 8.1%, respectively. Method detection limits (MDL) for alachlor and

metolachlor were 0.5 mg/L and 0.7 mg/L, respectively.
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3.3.3 Zinc

Serial batch kinetic tests were performed to assess sorption kinetics (i.e.,
rate of sorption and amount of mass removed) for zinc when foundry sands are
used as reactive media. Serial batch kinetic tests were conducted using Sands 1,
4, 10, 11, 12, and Peerless iron. The sands were selected to provide a broad
range of TOC and clay content. Three different solution pHs were selected as
initial pHs (i.e., 2.6, 3.0, and 4.8). The initial zinc concentration was 100 mg/L.

The procedure described in Sec. 3.3.1.1 was used for the sorption tests
with zinc. Aqueous concentrations of zinc were measured using a Varian®
SpectrAA 800 following USEPA Method 7950. A 1.000 g of analytical reagent
grade zinc metal was dissolved in 10 mL of concentrated nitric acid, and diluted
to 1 L with Type | DI water. Calibration standards were prepared by diluting stock
solution with Type | DI water. Additional concentrated nitric acid was added in the
calibration standards to balance the acid concentration (1% acid by volume). All
samples were also balanced with nitric acid to contain 1% acid by volume. The
MDL of zinc was 0.01 mg/L.

No pH buffer was used. The initial pH of the solution was adjusted with 1.0
M HNO3; and 1.0 M NaOH. Zinc solution used for the batch tests was prepared by

dissolving ZnCl; in DI water.
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3.4 BATCH DEGRADATION TESTS
3.41TCE

Batch tests were performed to evaluate the rate of degradation of TCE in
aqueous solution in the presence of foundry iron and Peerless iron. Foundry iron
or Peerless iron (1, 2, 4, 8 g) was placed in 40 or 50 mL glass VOC bottles,
which were then filled with a solution. Glass bottles and controls (i.e., bottles with
no iron particles) were loaded on a tumbler, which was rotated at 30 rpm. A
sample was taken to analyze the aqueous TCE concentration at a specified time.
A 100-uL sample was extracted using a gas-tight syringe, and injected into a
multi-sampler of GC. Other elements of the test are same as those of Sec.
3.3.1.2.

A first-order decay model with instantaneous sorption from Koppensteiner
(1998) was used to find a bulk reaction rate constant and the partition coefficient
for TCE. The model is:

C -K t
Caq(t>=30exp<%bs) (3.7)

where Cgq is the concentration of TCE in the batch reactor at time t (mg/L), Cq is
initial TCE stock concentration (mg/L), R is a retardation factor to account for
sorption, and Kys is a bulk first-order decay rate constant (hr'1). Eq. 3.7 was fitted

to the data using a least-squares algorithm.
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Results for the dechlorination byproducts (i.e., vinyl chloride, 1,1-DCE, trans-

DCE, and cis-DCE) are included in Appendix B.

3.4.2 Alachlor and Metolachlor
3.4.2.1 Sample Preparation and Iron Extraction

Batch degradation tests with alachlor and metolachlor were conducted
using the same procedure developed for the TCE degradation tests (see Sec.
3.4.1.1). Samples were prepared using methylene chloride following the method
described in Sec. 3.3.2.2.

After collecting an aqueous sample (2 mL) for concentration analysis, the
remaining solution and iron were placed in a Buchner funnel and vacuum filtered
through a Whatman No. 5 qualitative glass microfiber filter to conduct a mass
balance analysis. After the filter and iron were dried by vacuum filtering for 5 min,
the filter and iron were placed into the original VOC vial and 10 mL of a 50:50
(v/v) mixture of hexane and acetone was added to extract the sorbed analytes.
The vial was shaken for 10 min, allowed to settle for 5 min, agitated again for 20
min, and again allowed to settle for 5 min. A gas-tight syringe was then used to
collect a 2 mL aqueous sample from the vial. A Teflon® syringe filter was used to
filter the sample. The filirate was placed in an autosampler vial and stored in a

refrigerator at 4 °C prior to analysis.
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3.4.2.2 Chemical Analysis

A Varian 3400 GC with a flame ionization detector (FID) and DB-5 column
was used to analyze for alachlor, metolachlor, and their chlorinated by-products.
The temperature of the detector was set at 300 °C and that of the injector was
set at 210 °C. Air was used as the carrier gas at a flow rate of 300 mL/min.
Helium was used as the make-up gas using a flow rate of 30 mL/min.

The column temperature was maintained at 110 °C for 6 min and raised to
170 °C at 20 °C/min until 240 °C was reached, where it was held for 2 min to
remove any residuals in the column. The total run time was 25 min.

The method detection limits (MDL) for alachlor, alachlor by-product,
metolachlor, and metolachlor by-product (MBP) were 0.9, 1.1, 1.0, and 0.8 mg/L,

respectively. A typical sample chromatogram is shown in Fig. 3.6.

3.4.2.3 Data Analysis

To determine partition coefficients for the parent compound and the
daughter product, and the first-order decay rate constant, data obtained from
batch degradation tests were fitted to analytical solutions provided by Eykholt
(1999). The model for the parent compound is:

C _
Cp =22 exp “Kops t (3.15)
RP Rp
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where Cpo = initial concentration of the parent compound, and R, is the
retardation factor for the parent compound. For the daughter compound, the

model is:

p

C _
Cyq :LOP- exp[ Kobs tﬂ (3.16)
R, R

where Ry is the retardation factor for the daughter compound.

3.4.3 Heavy Metals
Degradation tests for Zn followed the procedure described in the Sec.
3.4.1.1. The chemical analyses and the data evaluation were also conducted

following the methods in the Sec. 3.4.1.

3.5 COLUMN TESTS

Column tests were conducted to determine transport parameters (i.e.,
partition coefficients, rate constants, and dispersion coefficients) under more
realistic conditions for foundry sands, iron, and mixtures of foundry sand and
iron. Two types of tests were conducted with TCE solutions: constant hydraulic
gradient tests and constant flow rate tests. Only constant flow rate tests were

used for solutions containing alachlor, metolachlor, and zinc.

3.5.1 Experimental Set-up
Schematics of the column test set ups are shown in Fig. 3.7 (constant

head test) and 3.8 (constant flow rate test). The reactive medium was tamped
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into a glass column in three layers to a dry density expected under field
placement conditions. Teflon® adapters and porous stones were attached at the
both ends of the column. A glass fiber filter was placed on the porous stone to
prevent clogging.

The influent was prepared from stock solution diluted in a volumetric flask
containing DI water and stirred for 24 hrs with a magnetic stirrer. The DI water
was purged beforehand with N, to remove O,, and then mixed with sodium azide
(0.1% by weight) to prevent biological activity. To evaluate losses during
preparation, aliquots of TCE (100-uL) and alachlor and metolachlor (1-uL) were
injected into the GC and analyzed following the methods in Sec. 3.4.2.1. The
variation was +4% of expected value for TCE and 5% for alachlor and
metolachlor, which suggests that losses were minimal.

For the constant head tests, solution was introduced into the column from
the influent Teflon® reservoir. The solution was introduced from the top to the
bottom. A constant head drop was maintained by separating the influent and
effluent bags a constant distance. The hydraulic gradient ranged from 4 to 28.

For the constant flow rate tests, solution was introduced into the columns
at a constant flow rate using a peristaltic pump. All contact parts in the pump
were made of Teflon®, except for the tubing, which was Viton®. Silicon tubing
was not used because it exhibited unacceptable losses. A loss of approximately

10% occurred when TCE passed through the Viton® tubes, but a fairly constant
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influent concentration was maintained during testing. Loss in the tubing was less
than 3% for the alachlor and metolachlor solutions.

A control column test was conducted to assess sorption on the tubes and
glass column. Torpedo sand was used for control tests conducted with TCE.
Silica sand was used for the herbicides. Torpedo sand is classified as poorly
graded sand (SP) in the Unified Soil Classification System (USCS). The
uniformity coefficient and coefficient of curvature are 2.6 and 0.84. Silica sand is
a poorly graded sand (SP) with a uniformity coefficient of 2.0 and coefficient of
curvature of 1.39. The sands were washed with DI water until any visible
impurities were removed, and then were packed in the glass column. The test
solution was then introduced using a peristaltic pump. The effluent
concentrations of compounds were normalized to the concentrations at the
influent reservoir. The breakthrough curve for TCE is shown in Fig. 3.9 and those
for the herbicides are shown in Fig. 3.10. The porosity was 0.33 and seepage
velocity was 1.02x10 cm/s for the column using TCE solution. For the column
using the alachlor solution, the porosity was 0.40 and seepage velocity was
3.08x10 cm/s. The porosity was 0.36 and seepage velocity was 2.93x10™ cm/s
for the column with the metolachlor solution.

Partition coefficients for TCE, alachlor, and metolachlor were
backcalculated from the retardation factors, which were obtained by fitting Eq.
3.18 to the data. Discussion of the fitting procedure is in Sec. 3.5.3. A higher

partition coefficient was obtained for alachlor (1.56 L/kg) than for metolachlor
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(0.23 L/kg). The partition coefficient for TCE was 0.79 L/kg. All of the
breakthrough curves reached steady state at C/Cy = 1, indicating that no loss
was occurring.

The modest amount of partitioning that occurred is believed to be due to
organic carbon in the media. To assess this possibility, partition coefficients

(L/kg) for TCE, alachlor, and metoalchlor were estimated by:

K, =foc 10409 ow™® (3.17)

using measured values of TOC for the torpedo and silica sands. In Eq. 3.17, foc
is weight fraction of organic carbon in the medium, Kow is the octanol-water
partition coefficient, and A and B are empirical constants. The empirical
constants, A and B were set at 0.98 and -0.26, as reported by Shimizu et al.
(1992). The TOC for silica sand and torpedo sand were found to be 0.2% and
0.4%, respectively.

The K, estimated for alachlor and metolachlor were 0.4 L/kg and 2.6 L/kg,
respectively, whereas K, for TCE was 0.66 L/kg. The measured K, for alachlor
was almost four times greater than the estimated K,. In contrast, the measured
K, for metolachlor was smaller than the K, estimated with Eq. 3.17. For TCE, the
estimated K, was close to the measured K.

While this analysis doses not confirm that TOC in the sands was
responsible for the retardation effect, the reasonable correspondence between
the estimated and measured K, suggests that TOC was likely responsible for

sorption. Sorption onto the column may also have contributed to the retardation.
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Nevertheless, the K, from the control tests are small, and thus no correction was

made to the results of the column tests with reactive media.

3.5.2 Chemical Analysis

TCE effluent concentrations were measured following the method
described in Section 3.3.1.2. For alachlor and metolachlor, the methods
described in Section 3.4.2.2 were followed. The methods described in Section

3.3.3 were used for zinc.

3.5.3 Data Analysis

Tracer tests were conducted with DO and bromide tracers to determine
the porosity of the reactive media. Tracers were added to the influent after the
TCE breakthrough curves were complete. The concentration of bromide was
measured using an Orion® ion-selective probe. Concentration of DO was
measured using a refractive index (RI) detector. Tracer tests were only
performed on the media tested with TCE. No tests were conducted on media
tested with alachlor and metolachlor given their similarity to the media used with
TCE.

The column test data were fitted to an analytical solution of the advection-
dispersion-reaction equation (ADRE) provided by van Genuchten (1981). The
analytical solution, which is derived for the first-type initial (i.e., background

concentration is assumed to be zero) and boundary conditions (i.e., the influent
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concentration is constant and the concentration gradient is zero at great distance

from the influent boundary) is:

C(x.1) zlexp[(v_u)x}erfc RX—_U;(,z +1eXp[(v+u)X}erfC RX—+U152 (3.18)
C, 2 2D 2(DR)"™ | 2 2D 2(BRY)

where C(x,t) is the concentration at a given distance and time, Cy is the influent
concentration, v is the seepage velocity, D is the dispersion coefficient, R is the

retardation factor, and the variable u is defined as:

2

12
u =v(1 + 4“D) (3.19)
\"

In Eq. 3.19, u is the bulk first-order degradation rate, which is defined as:

(3.20)

where Kops is the liquid phase first-order degradation rate constant, B is the solid
phase first-order degradation rate constant, pq is the dry density, K4 is the linear
partition coefficient, and n is the porosity.

For the steady-state condition with dispersion, the effluent concentration

(Css) for a column of length L is:

Css =C(L,0)= exp[(v ;[‘; )L} (3.21)

When dispersion is ignored, the steady-state effluent concentration at L is:
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Cgs =C(L,0) = Coexp{_T“L} (3.22)

The hydrodynamic dispersion coefficient (D) obtained by fitting Eq. 3.18 to
the column test data is the sum of the mechanical dispersion coefficient (D) and
the molecular diffusion coefficient (D'):

D=D,_+D’ (3.23)
The mechanical dispersion coefficient D, is related to the seepage velocity via:

Dy =a,v™ (3.24)
where o is longitudinal dispersivity and m is an empirical constant between 1
and 2. In the column tests, D" was assumed to be negligible because transport in
the columns was dominated by the advection. Thus, o was calculated using

Egs. 3. 23 and 3.24 with D = D, and m assumed to be unity.

3.6 COLUMN LEACH TESTS
3.6.1 Experimental Set-up

Column leach tests were conducted on the foundry sands, torpedo sand,
and zero-valent iron. The set-up used for column leach tests on the foundry
sands was identical to that shown in Fig. 3.8. Glass columns (200 mm length and
25 mm diameter, or 450 mm length and 25 mm diameter) fitted with Teflon®
adapters were used. A constant flow rate was supplied to the bottom of the
column by a peristaltic pump. The effluent was collected at the top of the column

in Teflon® sampling bags. Two different influent solutions were used: DI water
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and Madison tap water. Three different flow rates were used for the tests
conducted with Madison tap water.

For tests conducted earlier in the testing program, instantaneous
concentrations were measured on 1 mL samples collected from the sampling
ports. For all other tests, the effluent was allowed to accumulate in a Teflon®
sampling bag until approximately 40 mL sample was obtained. A 10 mL sample
was then removed from the bag and stored in a 20 mL glass bottle prior to
analysis. The remaining effluent in the sampling bag was discarded, and the bag
was washed with DI water. Samples collected from the bags represent the
average concentration during the accumulation period. In contrast, samples
collected from the sampling ports represent the instantaneous concentration at
the sampling time.

Samples were acidified with HNO3 and preserved in a refrigerator at 4°C
before analysis. Metal concentrations were measured using atomic absorption
(AA) spectroscopy equipped with a graphite furnace following USEPA Method

7000A.

3.7.2 Data Analysis
Analysis of the column leach test data was conducted using an analytical
mass leaching model described by Shackelford et al. (1997) that is based on the

instantaneous concentration or the cumulative mass in the effluent. The model is
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based on the ADRE and assumes instantaneous equilibrium between the solid
and liquid phases.

For the cumulative mass approach, the effluent is assumed to accumulate
in a reservoir for a given volume of flow (AT), which is reported in pore volumes
(T). The average concentration of the accumulated effluent is measured, and the
mass (Am) is calculated by multiplying the average concentration (c.) by the
accumulated volume (AVe). The incremental mass that accumulated (Am) is then
normalized to the initial total mass (Mo) in the column, where My is th summation
of the mass in solution (mp) and mass sorbed on the solid phase (mg). After
successive accumulations, the normalized mass accumulation is summed to
obtain the normalized cumulative mass leach ratio (LMR).

(am)

LMR=3 "
0

(3.25)

The LMR can be written in the format of the advection-dispersion-reaction-

equation (ADRE) as:
T 1 (T j R-T (T j R+T
LMR=—-—<| =—-1lerffcl ——— [} +| =+ 1|exp(P_Jerffc| —— | (3.26)
R 2{ R [2(TR/P,_)1/2 ]} R B 2(TRIP, )"

where T is non-dimensional time (total pore volumes of leachate), R is the
retardation factor, and P_ is the column peclet number.
The concentration-basis solution was used when the instantaneous

concentration of leachate was measured. This solution is written as:
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C 1 R-T R+T
—~ —1-——Jerfc| ————— |+ exp(P Jerfc| —— (3.27)
Co 2{ [Z(TR/P,_)W] : [Z(TR/PL)1/2 J}

Nonlinear least-squares regression analyses were used to fit Egs. 3.26 and 3.27

to the column leach test data.

3.8 HYDRAULIC CONDUCTIVITY TESTS

Glass columns with a diameter of 25 mm and a length of 200 mm were
used to measure the hydraulic conductivity of the foundry sands. Testing was
conducted using the constant head procedure using the apparatus shown in Fig.
3.8. Foundry sands were tamped into the glass column by rodding in three layers
of equal thickness using 15 strokes or 20 strokes per layer. The number of
strokes (15 or 20) was varied to produce different dry densities that bracket
placement conditions occurring in the field.

The specimens were then permeated with Madison tap water using
hydraulic gradients ranging between 4 and 28. Specimens were permeated until
the hydraulic conductivity became steady and inflow equaled outflow.

Results of the hydraulic conductivity tests are summarized in Table 3.6.
Hydraulic conductivity is shown as a function of clay content in Fig. 3.11. The
hydraulic conductivities range from 2.7x10? cm/s (Sand 9) to 9.2x107 cm/s

(Sand 11) for low dry density, and generally decrease as the clay content



Table 3.6. Summary of Hydraulic Conductivity Tests Including Dry Density and Clay Content.

Dry Density (Mg/m®) Hydraulic Conductivity (cm/sec)
Soil Clay Content

(%) Low Moderate Low Moderate
Sand 1 5.1 1.31 1.48 1.56x107 1.00x10™
Sand 2 7.0 1.34 1.46 2.30x107 1.20x10
Sand 3 7.5 1.35 1.47 6.00x10™* 6.50x107°
Sand 4 10.5 1.26 1.49 9.40x1077 1.40x107
Sand 5 8.4 1.34 1.42 2.80x10™ 1.20x10
Sand 6 6.6 1.36 1.64 4.00x10* 7.00x107°
Sand 7 6.2 1.38 1.5 3.90x10™ 1.40x107
Sand 8 7.4 1.38 1.61 3.80x10° 1.20x10”"
Sand 9 0 1.51 1.65 2.70x107 8.60x107
Sand 10 4.7 1.34 1.45 5.40x10 1.00x10™*
Sand 11 13 1.26 1.41 9.20x107 4.40x107
Sand 12 4.7 1.32 1.49 1.90x10°° 6.50x107°
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increases. Also, at the same clay content, lower hydraulic conductivity was
obtained at higher dry density, which was anticipated.

PRBs typically require that the hydraulic conductivity of the medium be at
least that of the aquifer (Starr and Cherry 1994). Thus, foundry sands need to be
selected that have hydraulic conductivity consistent with the hydrogeologic
setting in which the PRB is to be installed. Most of the sands that were tested are
suitable for aquifers with hydraulic conductivity of 10* cm/s. For more permeable
aquifers, granular materials might be added to increase the hydraulic conductivity
and reactivity of a foundry sand. This alternative was evaluated by conducting a
series of tests with Sand 10. As shown in Fig. 3.12, the hydraulic conductivity
increased linearly when Peerless iron was added to Sand 10. A less costly
alternative would be to add gravel, crushed glass, or sand to the foundry sand

provided additional reactivity was not necessary.
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SECTION FOUR

RESULTS OF
WATER LEACH TESTS AND TOTAL ELEMENTAL ANALYSES

4.1 WATER LEACH TESTS

Water leach tests were performed on the twelve foundry sands, Peerless
iron, a local fill material, and torpedo sand. The latter three materials were tested
to compare concentrations of heavy metals and anions found in other materials
commonly placed below the groundwater table with those from the foundry
sands. Results of the water leach tests are summarized in Table 4.1 along with
the Category 1 standards from NR 538. The standards for Category 1 are shown
because foundry sand used as a reactive medium will be placed below the
groundwater table. Concentrations for 18 heavy metals and 4 anions were
measured in accordance with Category 1 standards in NR 538. Exceedences of

the Category 1 standards are shown in bold in Table 4.1.

4.1.1 Heavy Metals

NR 538 requires that the leachate from the foundry sands be analyzed for
the following heavy metals if the foundry sand will be placed below the
groundwater table: aluminum (Al), antimony (Sb), arsenic (As), barium (Ba),
beryllium (Be), cadmium (Cd), total Chromium (Cr), copper (Cu), iron (Fe), lead
(Pb), manganese (Mn), mercury (Hg), nickel (Ni), selenium (Se), thallium (TI),

and zinc (Zn).
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Table 4.1. Metal Concentrations (ug/L) from Water Leach Tests (Metals) on Foundry Sands,
Fill, Torpedo Sand, and Peerless Iron. Numbers in Parentheses Next to Atomic
Symbol are NR 538 Cat. 1 Standards in pg/L. Numbers in Bold Indicate
Exceedences of Cat. 1 Standard.

Sample Be (0.4) | Al (1500) | Cr(10) | Mn (25) | Fe (150) | Ni(20) | Cu(130) | Zn (2500)| As(5)
Sand 1 0.1 250.4 1.1 4.4 91.6 1.8 12.4 23 35
Sand 1° 0.1 252.5 1.1 4.6 95.8 1.6 12.3 24 41
Sand 2 0.1 1876.0 1.6 8.1 658.6 2.0 135 5.7 4.2
Sand 3 0.1 376.0 22 21 163.8 0.9 8.4 23 2.6
Sand 4 0.2 3131.0 25 17.4 1483.4 341 171 8.8 7.3
Sand 5 0.1 1257.6 1.9 8.0 376.2 3.0 15.4 5.9 4.2
Sand 6 <0.1 859.5 1.0 5.7 234.0 22 17.9 24 1.1
Sand 7 <0.1 183.6 0.5 12.4 515.0 1.9 3.2 1.7 1.7
Sand 8 0.5 2060.6 1.7 71 486.8 24 15.0 2.9 2.1
Sand 9 0.1 240.5 1.7 66.2 415.5 7.0 11.2 57.0 0.6
Sand 10 <0.1 851.1 1.9 9.6 256.0 2.0 20.6 44 43
Sand 11 0.1 1217.0 23 5.7 342.5 1.6 12.2 5.0 7.5
Sand 12 <0.1 89.4 0.8 2.7 128.2 1.6 13.3 1.1 0.3
Fill 0.2 137.7 1.2 5.7 917 2.6 208.4 24.0 <0.2
Sand 4° 0.1 128.6 1.6 121 53.0 104 34.6 14.2 5.4
Peerless Iron <0.1 22.0 13.1 136.5 230.5 14.8 9.0 71 6.9
Torpedo Sand <0.1 141.84 1.41 3.2 7.72 1.29 3.58 <0.2 2.07
Sample Se (10) | Mo (50) | Ag(10) | Cd(0.5) | Sb(1.2) | Ba(400) | Hg(0.2) | TI(0.4) | Pb(1.5)
Sand 1 3.7 3.0 0.0 0.1 0.6 7.8 1.0 0.0 0.3
Sand 1° 3.6 34 <0.02 0.1 0.6 7.9 1.1 <0.02 0.4
Sand 2 5.5 3.0 0.2 <0.03 0.2 12.3 0.8 0.0 0.9
Sand 3 <2.0 2.2 0.1 0.0 0.4 27 1.1 0.1 0.2
Sand 4 55 5.0 0.1 0.0 1.6 18.6 1.0 0.0 1.7
Sand 5 <2.0 3.3 <0.02 0.1 0.6 14.4 0.7 0.0 0.5
Sand 6 5.9 9.9 0.3 0.3 2.2 9.1 1.3 0.2 5.1
Sand 7 <2.0 1.2 0.4 <0.03 0.3 7.0 0.5 <0.02 1.4
Sand 8 <4 7.9 341 0.6 34 10.3 0.5 0.3 12.2
Sand 9 <2.0 24 0.3 04 0.3 111 0.5 0.1 5.3
Sand 10 <2.0 2.9 0.1 <0.03 0.5 10.1 0.5 0.0 0.3
Sand 11 <2.0 6.6 0.1 0.1 0.7 6.4 0.6 0.0 04
Sand 12 <2.0 6.0 <0.02 <0.03 0.2 4.5 0.4 <0.02 0.2
Fill <4 0.3 0.2 1.1 1.6 71 1.0 0.1 321
Sand 4° <2.0 34 0.9 0.4 1.6 5.7 1.1 0.1 1.1
Peerless Iron <2 6.8 0.1 0.5 19.4 24.8 0.7 0.3 15.0
Torpedo Sand <2 0.33 <0.02 <0.03 0.18 711 1.1 0.04 0.08

? Duplicate, ® Admixture with 10% Calcite
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For all of the materials that were tested (i.e., foundry sands, fill soil, iron,
and torpedo sand), the concentrations of barium (Ba), molybdenum (Mo), nickel
(Ni), selenium (Se), silver (Ag), thallium (TI), and zinc (Zn) are below the NR 538
Category 1 standards. In many cases, the concentrations were below detection
limits. In addition, there is no distinct difference between concentrations obtained
from the fill soil, the torpedo sand, and the foundry sands.

Concentrations of arsenic (As) and antimony (Sb) occasionally are slightly
higher than the Category 1 standards for a few of the foundry sands (Sands 4, 6,
8, and 11) as shown in Table 4.1 and Figs. 4.1 - 4.2. Exceedences for these
metals were also obtained for Peerless iron. In fact, the concentrations for
Peerless iron are comparable to, or exceed concentrations for the foundry sands.

Exceedances of the Category 1 standards for mercury (0.2 ug/L) were
obtained for all of the materials tested, including Peerless iron and torpedo sand,
which is a typical aquifer material (Fig. 4.3). In fact, only one foundry sand
yielded a mercury concentration exceeding the concentration obtained for
torpedo sand. In general, however, all of the mercury concentrations were very
low (<1.3 pg/L).

Three of the foundry sands have concentrations exceeding the Category 1
standards for lead (Sands 4, 6, 8, and 9) as shown in Table 4.1 and Fig. 4.4.
However, much higher concentrations of lead were obtained for the fill soil (32.1

ug/L) and for Peerless iron (15.0 pg/L).
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Significant exceedances of the Category 1 standard for aluminum were
obtained for three foundry sands (Sands 2, 4, and 8), as shown in Table 4.1 and
Fig. 4.5. No exeedances of the standard for aluminum were obtained for the
other materials.

An experiment was conducted to determine if leaching of metals could be
reduced by adding calcite to the foundry sand. A 10% admixture of calcite
(CaCO3) was mixed with Sand 4, which exhibited elevated concentrations of Al,
As, Fe, Pb, and Sb. The mixture was then subjected to a water leach test.
Results of the test are shown in Fig. 4.6 along with the Category 1 standards.
Concentrations of Al and Fe were significantly reduced, and fell below the
Category 1 standards. A slight decrease in concentration of Pb occurred, and no

significant changes in the concentrations of As, Hg, and Sb were observed.

4.1.2 Anions

NR 538 requires that the leachate from water leach tests on foundry sands
be tested for the following anions if the foundry sand is to be placed below the
groundwater table: chloride (CI"), fluoride (F°), nitrite & nitrate (NO2” & NO3"), and
sulfate (SO4%). Concentrations of these anions from the water leach tests are
summarized in Table 4.2. The Category 1 standards are shown in parenthesis in
the column headings. Exceedances of the Category 1 standards are shown in

bold.
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Table 4.2.  Anion Concentrations (mg/L) from Water Leach Tests on Foundry
Sands, Fill, Torpedo Sand, and Peerless Iron. Numbers in
Parentheses Next to Atomic Symbol are NR 538 Cat. 1 Standards
in mg/L. Numbers in Bold Indicate Exceedances of Cat. 1
Standard.

Anion Concentration (mg/L)

Material Cl (125) F (0.8) NO, NO; (2.0) | SO4(125)
Sand 1 3.2 0.2 <0.05 0.7 9.5
Sand 2 6.0 0.4 <0.05 0.8 11.7
Sand 3 5.6 0.4 <0.05 0.7 4.0
Sand 4 6.6 0.5 <0.05 0.7 10.4
Sand 5 5.7 0.4 <0.05 0.9 12.3
Sand 6 8.4 0.9 <0.05 <0.1 18.1
Sand 7 3.0 0.4 <0.05 0.03 2.0
Sand 8 7.8 0.9 <0.05 <0.1 12.8
Sand 9 25 0.6 <0.05 0.03 2.7
Sand 10 4.5 0.3 <0.05 0.7 9.6
Sand 11 4.9 0.5 <0.05 0.7 6.3
Sand 12 6.4 0.7 <0.05 0.7 75
Fill soil 4.0 0.4 <0.05 <0.1 1.9

Iron 0.7 1.9 <0.05 <0.1 N.A.
Torpedo sand 3.4 2.6 <0.05 <0.1 0.24
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Exceedances exist for only two sands and for a single anion (fluoride), and
these concentrations are only slightly higher than the Category 1 standard.
Exceedances of the fluoride standard were also obtained for the torpedo sand
and for Peerless iron. Additionally, the fluoride concentration for torpedo sand, a
typical aquifer material, is the highest of all fluoride concentrations that were

measured.

4.1.3 Total Elemental Analyses - Metals

NR 538 requires that total elemental analyses be conducted for the
following metals if foundry sands are to be placed below the groundwater table:
arsenic (As), beryllium (Be), hexavalent chromium (Cr®"), antimony (Sb), and
thallium (Tl). Results of these analyses are summarized in Table 4.3.
Exceedances of the Category 1 standards are shown in bold.

Exceedances of the Category 1 standard for arsenic were obtained for all
sands except for Sand 9. In general, the concentrations were typically 10 to 100
times the standard (42 pg/L), as shown in Fig. 4.7. Exceedances were also
obtained for Peerless iron, fill soil, and torpedo sand. In fact, the highest arsenic
concentration was obtained for Peerless iron, and the arsenic concentration for
torpedo sand was higher than those for all other materials besides Peerless iron

and Sand 7.
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Table 4.3. Metal Concentrations (ug/kg) from Total Elemental Analyses on
Twelve Foundry Sands, Fill, Torpedo, and Peerless Iron. Numbers
in Parentheses Next to Atomic Symbol is NR 538 Cat. 1 Standard
in ug/kg. Numbers in Bold Indicate Exceedances of Cat. 1
Standard.

Material As (42) Be (14) Cr (14500) Sb (6300) T1 (1300)
Sand 1 239 253 2,915 6 29
Sand 2 160 373 6,389 4 38
Sand 3 962 179 2,527 5 41
Sand 4 729 320 6,729 16 82
Sand 5 459 310 5,444 4 36
Sand 6 564 310 4,805 11 53
Sand 7 2,883 149 51,497 41 23
Sand 8 1,050 459 8,997 7 60
Sand 9 2 14 3,219 928 4
Sand 10 512 292 4,420 4 46
Sand 11 555 285 1,501 4 47
Sand 12 585 298 66,374 19 35
Fill soil 794 96 2,832 4 17
Iron 6,490 20 198,770 70 24,290
Torpedo sand 1,560 140 7,600 10 27,700
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Exceedances for hexavalent chromium were obtained for two sands and
for Peerless iron. The highest concentration of hexavalent chromium was
obtained for Peerless iron (Fig. 4.8).

No exceedances for Sb were obtained for any of the materials. Two
exccedances for Tl were obtained for Peerless iron and torpedo sand. Both
materials exceeded the standard for thallium by at least one order of magnitude.

Additional analyses were conducted for three redox active metals that are
not regulated in NR 538: copper, iron, and zinc. The concentrations are tabulated
in Table 4.4. The copper concentration ranges from 2 mg/kg to 182 mg/kg. No
zinc was detected in Sand 9 sand. Zinc concentrations for the other sands
ranged from 1 mg/kg to 35.8 mg/kg. High iron concentrations were measured for
all sands. The iron concentrations were converted to iron contents (%) by weight
(Table 4.4). The iron contents for the foundry sands ranged from 0.12% to

11.3%.

4.1.4 Total Elemental Analyses - Polyaromatic Hydrocarbons

Results of the PAH analyses are summarized in Table 4.5. The
concentrations are reported on a dry weight and a wet weight basis. The first line
for a compound corresponds to the wet weight and the second to the dry weight.
Exceedances of the concentration limits for Category 1 in NR 538 are shown in
bold. A designation of E means that the dry weight concentration for this

compound could not be determined because the compound was not detected or
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Table 4.4. Concentrations of Cu, Fe, and Zn from Total Elemental Analyses
on Foundry Sands.
Iron Fraction
% lron by

Foundry Sand | Copper (mg/kg) mg/kg Weight Zinc (mg/kg)
Sand 1 41.2 28,253 2.83 34.6
Sand 2 11.4 1546 0.15 94
Sand 3 4.4 11,928 1.19 35.8
Sand 4 2.0 2851 0.29 0.2
Sand 5 5.8 1370 0.14 20.6
Sand 6 11.6 1627 0.16 15.4
Sand 7 2.6 6491 0.65 10.6
Sand 8 54 7820 0.78 1.0
Sand 9 15.0 1167 0.12 0.0
Sand 10 13.2 1378 0.14 18.4
Sand 11 3.6 1849 0.18 29.6
Sand 12 182 112,563 11.26 26.6
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Table 4.5. Summary of PAH Concentrations (ug/kg) from Total Elemental Analyses.

Cat 1 Foundry Sand

Compound standard | 4 2 3 4 5 6 7 8 9 10 11 12
Acenaphthene (wet) ND ND ND *D<61 ND ND *D<30 *D<61 *D<150 *D<150 *1<140 ND
Acenaphthene (dry) 900,000 | g *E *E *E *E *E *E *E *E *E *E *E
Acenaphthylene Il:II\IgL *LML ND | *LML ND | *LML*D<84 | *LML ND *LML ND | *LML*D<130 |*LML*D<84 |*LML*D<210 [*LML*D<210[*LML*D<210[*LML ND
Acenaphthylene 8800 *E *E *E “E “E “E *E *E *E “E “E “E
Anthracene 17 36 ND *1<70 *1<16 13 120 *1<70 *1<130 87 110 15
Anthracene 5,000,000 | 17 37 *E *E *E 13 120 *E *E 88 110 15
Benz(a)anthracene 39 62 ND *1<120 *1<35 *1<40 *1<250 *1<230 *1<230 *1<300 *1<300 *1<60
Benz(a)anthracene 88 39 63 *E “E “E “E *E *E *E *E *E *E
Benzo(a)pyrene 30 *I<60 ND *1<80 *1<15 ND *1<120 *I<78 *1<140 *D<200 *D<200 *1<24
Benzo(a)pyrene 8.8 30 *E *E “E “E “E *E *E *E “E “E “E
Benzo(b) fluoranthene 65 *1<120 ND *1<230 *1<50 *1<70 *1<250 *1<180 *1<300 *1<300 *1<260 *1<60
Benzo(b) fluoranthene 88 66 *E *E *E *E *E *E *E *E *E *E *E
Benzo(ghi)perylene 58 110 ND 160 39 *1<50 *1<220 *1<180 280 *D<230 *1<310 *1<70
Benzo(ghi)perylene 880 58 110 *E 170 39 *E *E *E 290 *E *E *E
Benzo(k)fluoranthene 27 26 ND *D<80 ND *1<15 *I<60 *1<80 *D<200 *D<200 *D<200 *1<18
Benzo(k)fluoranthene 880 27 27 *E “E “E “E *E *E *E “E “E “E
Chrysene 44 *1<80 ND *1<150 *1<25 *1<15 *1<160 *1<120 *1<150 *1<160 *1<180 *1<40
Chrysene 8,800 44 *E *E *E *E *E *E *E *E *E *E *E
Dibenzo(ah)anthracene *1<20 *1<20 ND *1<60 ND *1<30 *1<48 *1<32 *D<100 *D<80 *D<80 *1<14
Dibenzo(ah)anthracene 8.8 *E *E *E *E *E *E *E *E “E *E *E *E
Fluoranthene *1<140 | *I<160 ND *1<330 *1<60 *1<40 *1<300 *1<230 *1<300 *1<300 *1<400 *I<70
Fluoranthene 600,000 | *E *E *E “E “E “E *E *E *E “E “E “E
Fluorene ND *1<40 ND *1<160 ND ND *1<190 *1<260 *D<650 *D<650 *1<180 *1<60
Fluorene 600,000 *E *E *E *E *E *E *E *E *E *E *E *E
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Cat. 1 Foundry Sand

Compound Standard 1 2 3 4 5 6 7 8 g 10 11 12
Indeno(123-cd)pyrene 56 69 ND *D<170 *1<40 *1<100 *1<220 *1<130 *D<350 *D<320 *D<320 *1<50

Indeno(123-cd)pyrene 88 57 70 *E E *E *E E *E *E *E *E *E
2-methyl naphthalene | 8,800 220 820 4.1 1400 490 550 8700 2300 3500 5800 9800 610
2-methyl naphthalene 220 830 4.1 1400 490 560 8800 2300 3600 5900 9900 610
Naphthalene 530 1200 20 1200 510 900 4100 1900 2300 4000 4600 710
Naphthalene 600,000 540 1200 20 1200 510 910 4100 1900 2400 4100 4600 720
Phenanthrene 160 450 78 920 160 110 900 740 900 720 880 170
Phenanthrene 880 160 460 78 920 160 110 910 740 930 730 890 170
Pyrene 51 50 ND *1<270 *|<50 *1<30 *1<240 *I<180 *1<200 *|<180 *1<230 *1<60

Pyrene 500,000 51 51 *E *E *E *E *E *E *E = *E *E

Note: ND = Not detected, E = the dry weight concentration for the compound could not be determined, | = due to the
interferences, the report limit of the compound interest is elevated to the level that is identified, LML MD = the
laboratory matrix spike exceeds the lower quality control limit for the compound (LML) and the compound is not
detected (ND), LML D = the laboratory matrix spike exceeds the lower quality control limit for the compound (LML),
but the compound is detected.
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there was interference in determining the concentration of the compound in the
wet sample. The designation | means that there is an interference with the
compound of interest and the reporting limit is elevated to the level that is
identified (e.g., 1<60 ng/kg). LML ND means that the laboratory matrix spike
exceeds the lower quality control limit for this compound (LML) and the
compound was not detected (ND) in the sample. I1<20 means that there is an
interference with this compound and because of this interference, if the
compound is present, its concentration is less than 20 ug/kg.

For most compounds, the dry-weight and wet-weight concentrations are
similar or the same. This occurs because most foundry sands are nearly dry
when they are discarded. Exceedances were only obtained for phenanthrene
(Sands 4, 7, 9, and 11) and 2-methyl naphthalene only (Sand 11). For
phenanthrene, the exceedance was by no more than 40 ug/kg at most (maximum
concentration measured — Category 1 Standard). For Sand 11, the concentration
of 2-methyl naphthalene is 9800 ng/kg, whereas the Category 1 standard is 8800

ug/kg. No other exceedances were measured.

4.2 CHARACTERIZATION ACCORDING TO NR 538

Results of the water leach tests and the total elemental analyses were
used to categorize the foundry sands, fill soil, torpedo sand, and Peerless iron in
accordance with NR 538. The results are summarized in Table 4.6. All of the

materials are Category 2 materials, including the torpedo sand, fill soil, and
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Table 4.6.  Categorization in Accordance with NR 538.
Metals
Materials
Water Leach | Total Elemental | Anions | PAHs | Summary
Test Analysis

Sand 1 2 2 1 1 2
Sand 2 2 2 1 1 2
Sand 3 2 2 1 2 2
Sand 4 2 2 1 1 2
Sand 5 2 2 1 1 2
Sand 6 2 2 2 1 2
Sand 7 2 2 1 2 2
Sand 8 2 2 2 2 2
Sand 9 2 1 1 1 2
Sand 10 2 2 1 2 2
Sand 11 2 2 1 1 2
Sand 12 2 2 1 1 2
Fill soil 2 2 1 1 2

Iron 2 2 2 1 2
Torpedo 2 2 2 1 2

sand
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Peerless iron. Except for those sands exhibiting high concentrations of aluminum
in the water leach tests (i.e., Sands 4 and 8), there appears to be no significant
difference between any of the materials. Also, the foundry sands leach many
constituents at lower concentrations than Peerless iron, a common material

placed below the groundwater table in PRBs.
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SECTION FIVE

RESULTS OF BATCH AND COLUMN TESTS USING TCE

5.1 BATCH DEGRADATION TESTS

Six sets of batch tests (Tests A through F) were performed to evaluate
degradation rates for TCE in the presence of iron particles extracted from Sand
12. The tests were conducted under a variety of conditions, as summarized in
Table 5.1. Four other tests (Test G through Test J) were conducted using
Peerless iron particles. These additional tests were conducted to compare rate
constants with other studies using similar iron to ensure that the laboratory
protocols were reliable, and to determine if reaction rates for foundry iron are
comparable to those for conventional iron used in PRBs. All tests were
performed using the procedures and analyses described in Sec. 3.4.1.1 at room
temperature (23 + 2 °C).

Iron particles for the batch tests were separated from Sand 12 using a
magnet. The extracted iron particles were washed with methanol to remove any
impurities (i.e., organic carbon and metal oxides) that might affect the sorption
and degradation processes, and then dried with an external heater. No oxides
were visible on the washed particles. Afterwards, a known mass of iron was
placed in a bottle and a batch test was conducted following the methods in Sec.

3.4.1.
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Table 5.1.  Experimental Conditions for Batch Degradation Tests Using Iron
Particles Extracted from Sand 12 and Peerless Iron Particles.
Initial Conc. Iron surface Dissolved Oxygen
Test (mg/L) area/volume (mg/L) NaCl (M)
(m?/L)
A 52 54 5.4 0
B 31.9 57 <0.6 0
C 31.9 58 54 0.02
D 8.8 58 <0.6 0
E 15.2 86 6.0 0
F 40.3 125 5.8 0
G 40.3 22 5.6 0
H 40.3 44 5.6 0
I 40.3 89 5.6 0
J 404 180 5.6 0
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Three factors were varied to determine their effects on the rate constant
and partition coefficient: initial TCE concentration, dissolved oxygen (DO)
concentration, and presence of chloride. Lineralized and non-linear forms of Eq.
3.7 were used to determine partition coefficients and rate constants.

The rate constants and partition coefficients obtained from the tests are
summarized in Table 5.2. Examples of non-linear fits of Eq. 3.7 to the batch data
are shown in Fig. 5.1 for iron from Sand 12 and in Fig. 5.2 for Peerless iron. In
general, no distinct difference exists for the rate constants and partition
coefficients obtained using the linear and non-linear fits, except for Test J (Table
5.2). For Test J, similar rate constants were obtained, but the partition coefficient
obtained from the linear model fit was four times lower than that obtained from
the non-linear model fit. The difference in the partition coefficients for Test J is

due to scatter in the experimental data.

5.1.1 Initial TCE Concentration

The rate constants and partition coefficients are shown as a function of
initial TCE concentration in Fig. 5.3. Neither the rate constant nor the partition
coefficient appears to depend on the initial TCE concentration. The scatter in the
partition coefficients is largely due to variability in the foundry sand iron. Partition
coefficients for the foundry sand iron ranged between 0.77 L/kg and 2.41 L/kg,
whereas partition coefficients for the Peerless iron ranged between 1.52 L/kg and

2.12 L/Kg.
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Table 5.2. Rate Constants and Partition Coefficients for TCE Obtained from
Batch Degradation Tests Using Iron Extracted from Sand 12 and
Peerless Iron.
Non-Linear Fitting Linear Fitting
Test Rate Rate

Constant Partition Constant Partition
(L/m?-hr) | Coefficient (L/kg) | (L/m*-hr) | Coefficient (L/kg)

A 2.37x10™ 2.13 2.32x10™ 2.36

B 1.02x10* 1.22 1.06x10™ 1.08

C 1.03x10™ 0.77 1.02x10™ 0.79

D 1.14x10™ 1.76 1.13x10™ 1.82

E 2.06x10™ 1.72 1.02x10* 2.03

F 1.17x10™ 2.41 1.16x10™ 2.45

G 1.76x10* 2.12 1.77x10* 2.11

H 1.65x10* 1.79 1.68x10™ 1.59

[ 1.71x10™ 1.52 1.77x10™ 1.04

J 1.72x10™ 1.61 1.77x10* 0.37
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5.1.2 Surface Area of Iron to Solution Volume Ratio

The iron surface area (SA) to solution volume ratio was varied between 22
m?/L and 180 m?/L to evaluate if the rate constant for foundry sand iron could be
normalized by the surface area of the iron. As shown in Fig. 5.4, the bulk first-
order rate constant, Kqys, is linearly proportional to the specific surface area of
iron (SSA), where SSA was calculated by normalizing the SA to the volume of
solution. The slope of the graph (Fig. 5.4) is equal to the average normalized rate

constant (Ksa), which is 1.64x10™* L/im?-hr.

5.1.3 Dissolved Oxygen (DO) Concentration

In many cases where VOCs contaminate groundwater, the DO
concentration in groundwater is near zero (the groundwater is anoxic). However,
moderate DO (2.8 mg/L) has been reported when the groundwater table is near
the ground surface (McMahon et al. 1999). Therefore, two different DO
concentrations were used to evaluate if dissolved oxygen concentration affects
the rate constant for foundry iron and TCE. Tests with high DO were conducted
using unprocessed DI water, which has DO ranging from 5.4 to 6.0 mg/L. Tests
with low DO were conducted using DI water purged with N, gas for 20 min. The
tests with low DO had DO concentrations less than 0.6 mg/L.

Box plots for the rate constants and partition coefficients are shown in Fig.
5.5. The rate constants for the tests with high DO are slightly (approximately 1.6
times) higher than those from the tests with low DO. The partition coefficients

were also slightly lower in water with low DO.
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Additional batch tests were performed to find the rate constant for uptake
of DO by corrosion of the iron. However, the DO concentration decreased so

quickly that the kinetics of DO degradation could not be obtained.

5.1.4 Chloride Effect

The chloride iron accelerates the oxidation of iron (Montgomery 1985) or
depassivates iron oxyhydroxide (Reardon 1995). A low concentration of sodium
chloride (0.01 M or higher) can also inhibit sorption of TCE on clay or organic
matter (Estes et al. 1988).

To assess the effect of CI', Test C was conducted with TCE in a 0.02 M
solution of NaCl. The rate constant from this test (1.03x10™* L/m?-hr, Table 5.2) is
one of the lowest values obtained, but is not appreciably different from the rate
constants obtained from the other tests. Because the effect of CI" was small, no
further attempts were initiated to determine the effect of chloride on the rate

constant.

5.1.5 TCE By-Products

TCE by-products (1,1-DCE and cis-1,2-DCE) were measured in Tests F —
J to confirm that the dechlorination reaction was occurring and to quantify the
amount of by-products that were generated. Concentrations of 1,1-DCE and cis-
1,2-DCE are shown in Fig. 5.6.

The concentrations of 1,1-DCE were mostly lower than 0.06 mg/L,
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97

except for one data point from Test J, which was 0.18 mg/L. Concentrations of
1,1-DCE obtained from the foundry iron were no different from those obtained
with Peerless iron. Because the concentrations of 1,1-DCE were low, no attempt
was made to find the rate constants for 1,1-DCE.

Higher concentrations were obtained for cis-1,2-DCE, with the highest
concentrations obtained for tests conducted with the highest SSA. For all tests
except Test |, the concentration peaked at about 60 hours, and then leveled off
or decreased as the cis-1,2-DCE degraded. The formation of cis-1,2-DCE for the
test with foundry iron (Test F) was comparable to that for the tests with Peerless
iron having comparable SSA (Tests | and J).

The network model described in Sec. 3.4.1 was fit to the data shown in
Fig. 5.6 to obtain rate constants and branching ratios for the reduction processes,
as summarized in Table 5.3. Similar rate constants and branching ratios were
obtained for the foundry sand iron and Peerless iron. The branching ratio for -
elimination ranges from 0.94 to 0.98, indicating that at most a 6% of TCE
reduction follows the hydrogenolysis pathway that produces the DCE isomers
(i.e., 1,1-DCE, trans-DCE, and cis-DCE) and the most toxic TCE by-product, VC.
These branching ratios are consistent with those reported by Orth and Gillham
(1996) and Sivavec et al. (1997). The rate constants for TCE obtained from the
network model fits are also comparable to those obtained using the linear and
non-linear model fits (Table 5.2). The rate constants for cis-DCE range from
7.0x10° L/m?hr to 2.8x10° L/m?-hr, which are approximately two times higher

than those reported by Johnson et al. (1996).
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Table 5.3. Branching Ratio and Rate Constants for TCE and cis-DCE
Obtained from Network Model Fits.

Test Source of fa Ksa (L/m*-hr)
Iron Keis-DcE Krce
F Sand 12 0.94 7.5x107° 1.2x10™
G Peerless Iron 0.98 7.0x107° 2.0x10™
H Peerless Iron 0.95 2.8x10™ 1.8x10™
I Peerless Iron 0.94 7.9x10° 1.8x10™*
J Peerless Iron 0.95 8.4x10° 1.8x10™
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5.2 BATCH SORPTION TESTS
5.2.1 Serial Batch Kinetic Tests

Seven sands were selected to assess sorption of TCE on foundry sands
and to determine the reduction capacity of foundry sands for TCE. Sands were
selected that provided a broad range of TOC (0.8% to 4%) and clay contents (0%
to 13%) (Table 5.4). TCE concentrations during the serial batch kinetic tests are
shown in Fig. 3.2 in Sec. 3.3.1. The concentration decreases rapidly at the
beginning of the test, and more slowly as the test continues. After 16 hours, the
concentrations cease decreasing when corrected using the control
concentrations.

The mass of TCE sorbed on the foundry sands at equilibrium, Cs (mg/kg),
is summarized in Table 5.4. Multivariate regression was used to identify the
parameters influencing sorption of TCE. The following regression equation was
obtained by regression at the 0.05 significance level (R? = 0.83).

Cs=518+31.7TOC+6.45C (5.1)
where Cs is the concentration of TCE sorbed on the foundry sand (mg/kg) and C
is clay content (%). Eq. 5.1 indicates that both clay content (%) and TOC (%)
affect sorption, which is expected since both TOC and clay provide sorption sites.
However, Eq. 5.1 indicates that foundry sands still have the affinity to sorb TCE
(approximately 51.8 mg/kg) when TOC and clay content are zero. Other sorbents

may exist that provide for TCE sorption, such as metal oxides.



Table 5.4.  Sorptive Capacity for TCE for Foundry Sands with
Different Clay and TOC Contents.
Sands Clay (%) TOC (%) | Mass Sorbed (mg/kg)
Sand 1 5.1 1.5 123
Sand 2 7.0 2.6 156
Sand 4 10.5 0.5 162
Sand 7 4.7 2.5 146
Sand 9 4.4 0.8 85
Sand 10 N.A. 2.5 166
Sand 11 13 4.0 270

N.A. = Not Applicable.

100
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Alternatively, the sorption may be non-linearly related to TOC and clay content
when either is near zero.

TCE by-products were found from the tests with Sands 1, 4, 8, and 11
(Table 5.5). For Sand 1, the by-products were formed at about 46 hours and a
cis-DCE was found for Sand 4 at about 37.5 hours. A consistent by-product
formation was observed for Sand 11 showing all three by-products (1,1-DCE,
trans-DCE, and cis-DCE). Thus, some degradation was occurring during the
sorption tests, which probably resulted in a small over-estimate in the partition

coefficients.

5.2.2 Sorption Isotherms

Sorption isotherms from the batch sorption tests are shown in Fig. 5.7. All
tests had approximately linear isotherms in the range of the equilibrium
concentrations that were considered. However, significant non-linearity may
occur at lower concentrations since many of the linear isotherms appear to have
a y-intercept greater than zero. Parameters obtained by fitting the linear and
Freundlich model fits to the data are summarized in Table 5.6. The first column
(Method 1) contains the parameters of linear model fit using a non-zero intercept.
The parameters for Method 2 were obtained from the linear model with a zero-
intercept enforced. The third column contains parameters of Freundlich model.

For the entire concentration range, essentially all tests were well explained

by the Freundlich model. Most sands have a convex non-linearity (i.e., 1/n<1),
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Table 5.5. TCE By-products in the Batch Kinetic Tests.
Sand TCE By-product Concentration (mg/L) at Various Times
0.2 hr 9.8 hr 16.3 hr 37.5 hr 46.3 hr
1 N.D.9 N.D. N.D. N.D. 0.024 (trans)?, 0.084 (cis)°
2 N.D. N.D. N.D. N.D. N.T.®
4 N.D. N.D. N.D. 0.006 (cis) N.T.
8 N.D. N.D. N.D. 0.02 (cis) 0.02 (trans), 0.03 (cis)
9 N.D. N.D. N.D. N.D. N.T.
10 N.D. N.D. N.D. N.D. N.D.
11 N.D. N.D. 0.01 (cis) 0.02 (1,1)°, 0.01 (cis) 0.02 (trans)

Note: °trans = trans-DCE, °1,1

= 1,1-DCE, °cis = cis-DCE, N.D. = Not Detectable, °N.T. = Not Tested.
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Table 5.6.  Partition Coefficients Obtained from Fitting Linear and Freundlich
Models to Data from Batch Sorption Tests.
Linear Model Freundlich Model
Foundry Method 1 Method 2
Sands | K,(L/kg) | R® | K,(Lkg) | R? Ks 1/n R?
1 54 0.82 54 0.82 3.64 1.09 0.93
2 10.8 0.94 17.9 0.36 56.4 0.44 0.96
3 15.6 0.96 13.1 0.93 9.1 1.13 0.92
4 9.7 0.95 94 0.94 10.9 0.88 0.94
5 8.1 0.96 9.1 0.94 13.9 0.83 0.97
6 4.0 0.98 6.3 0.57 18.9 0.58 0.98
7 9.5 0.91 10.5 0.90 14.8 0.85 0.90
8 10.5 0.94 10.7 0.94 11.4 0.97 0.96
9 9.2 0.98 11.3 0.90 18.6 0.75 0.96
10 8.5 0.97 10.7 0.88 23.9 0.67 0.99
11 41.6 0.92 55.5 0.77 106.5 0.52 0.88
12 9.8 0.76 12.2 0.70 31.3 0.64 0.73

2 Coefficient of Determination.
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but Sand 1 and 3 showed a concave non-linearity (i.e., 1/n>1). An example of
model fits using Method 1 and Freundlich model for Sand 10 is shown in Fig. 5.8.
The non-linearity is expected at low concentrations, but the isotherm is linear at
the equilibrium concentrations ranging from 1 mg/L to 17 mg/L. This type of
isotherm corresponds to sand with a high affinity for TCE at low concentrations,
and lower affinity at higher concentrations.

Moderate affinity for TCE at higher concentrations is characteristic of a
high surface-area carbonaceous material (HSACM), such as charcoal-like
substances. Chiou et al. (2000) found that HSACM was responsible for non-
linearity in TCE adsorption on a peat. The isotherms of the tests on foundry
sands are similar to those of Chiou et al. (2000), with high sorption affinity at low
concentrations and a moderate affinity at higher concentrations. The similarity of
the foundry sand isotherms and those reported by Chiou et al. is probably due to
the presence of “sea coal,” a powdered coal additive in foundry sands, which can
be considered to be a HSACM.

The partition coefficients obtained from the batch sorption tests are plotted
against TOC in Fig. 5.9. A linear relationship is observed for TOC ranging from
1% to 3.5%, which is characteristic of most foundry sands (Table 3.2). An
empirical equation can be expressed to describe the relationship between K, and
TOC in the moderate TOC ranges (Fig. 5.9b):

K, =4.76 TOC (5.2)

where K, is in L/kg and TOC is in percent. The R? for Eq. 5.2 is 0.93.
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For both the low and high TOC ranges, higher K, were obtained than
those predicted by Eq. 5.2. Sands 4 and 11 have high clay content (10.5%
and13%), which may provide additional sorption sites for TCE sorption than is
characteristic of most sands. Sand 9 includes an additive for binding, which is not
present in the other sands. This additive may be responsible for the additional

sorptive capacity of Sand 9.

5.3 COLUMN TESTS

Column tests were conducted to determine transport parameters (i.e.,
partition coefficients, rate constants, and dispersion coefficients) under more
realistic conditions. Two types of tests were conducted: constant head tests and
constant flow rate tests. The methods are described in Sec. 3.5. The

experimental conditions are summarized in Table 5.7.

5.3.1 Tracer Tests

Tracer tests were conducted to find the effective porosity of the media in
the column tests. Two tracers (i.e., D-O and Br’) were used. Typical breakthrough
curves for DO tracer tests conducted on Sand 12 are shown in Fig. 5.10. Eq.
3.18 was used to obtain the seepage velocity and the dispersion coefficient. The
effective porosity was calculated by dividing the specific discharge by the

seepage velocity. As shown in Fig. 5.10, the effective porosities are comparable



Table 5.7.

Experimental

Foundry Sands and Peerless Iron.
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Conditions Used for Column Tests Containing

Co°

f

d
Reactive Media L® (cm) q® (cm/s) | (mgiL) (Mglm?’) nd
Sand 12 12.8 3.1x10™ 20.4 1.65 0.39
Sand 3? 6.2 3.9x10™ 18.9 1.64 0.34
Sand 122 12 1.9x107 20.0 1.70 0.46
Sand 1° 26 2.8x10° 20.4 1.59 0.42
50% Iron® 42 3.3x107° 21.9 2.79 0.46
Iron (100 %)° 28 1.2x10° | 21.8 2.34 0.70
Iron (100 %)P 26 1.2x10° | 22.0 2.61 0.66
Sand 11° 30 8.4x103 21.9 1.49 0.41
Sand 12° 29 1.1x10° | 20.5 1.60 0.42

2 Constant head test, ® Constant flow rate test, ¢ Length of column, ¢ Specific
discharge, ° Influent concentration, f Dry density, 9 Total porosity.
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to, but slightly smaller (4.5 — 15.9%) than the total porosities determined by
weight-volume calculations.

Effective and total porosities for the other media that were tested are
summarized in Table 5.8. As with the foundry sands shown in Fig. 5.10, the
effective porosities are generally, but not always, smaller than the total porosities.
This effect is shown as the effective porosity ratio, which is the effective porosity
divided by the total porosity. The effective porosity ratio varies between 0.63
(Peerless iron) and 1.12 (Sand 11). When only the foundry sands are
considered, the effective porosity ratio varies between 0.84 (Sand 12) and 1.12
(Sand 11), and is 0.97 on average.

Higher total porosities were obtained for Peerless iron because the
angularity of the iron particles prevents packing into a dense state. The effective
porosities for the columns with Peerless iron were significantly lower than the
total porosities. The low effective porosities for Peerless iron may have been
lower due to formation of precipitates or by gas generation (i.e., Hz). Sosnowski
(1996) reports losses of porosity for iron columns ranging between 3% and 37%,

by mineral precipitates and occlusion of pores by H; gas.

5.3.2 Partition Coefficient
Column tests were conducted with TCE using three foundry sands (i.e.,
Sands 1, 3, 11, and 12) and a Peerless iron-sand mixture (50:50 by weight).

Typical TCE breakthrough curves are shown in Fig. 5.11 and 5.12. Sand 11 was
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Table 5.8. Total Porosity and Effective Porosity Obtained from Tracer Tests.

Reactive Dry Tracer Effective Total Porosity Effective
Media Densﬂgl Porosity (ne) (n) Porosity Ratio
(Mg/m?) (ne/n)
Sand 1° 1.65 N.A.° N.A. 0.39 N.A.
Sand 1° 1.59 DO 0.44 0.42 1.05
Sand 3° 1.64 N.A. N.A. 0.34 N.A.
Sand 11° 1.49 Br 0.46 0.41 1.12
Sand 127 1.70 D,O 0.32 0.38 0.84
Sand 12° 1.60 Br 0.44 0.42 1.05
Sand 12° 1.78 D,0O 0.33 0.35 0.94
Sand 12° 1.70 D20 0.36 0.38 0.95
Sand 12° 1.70 DO 0.32 0.38 0.84
10% lron® 1.97 DO 0.33 0.39 0.85
20% Iron® 2.06 D,0O 0.30 0.44 0.68
50% Iron® 2.79 D0 0.37° 0.46 0.80
100% lron® 2.34 N.A. 0.44° 0.70 0.63
100% Iron® | 2.61 N.A. 0.42° 0.66 0.64

@ Constant head test, ° Constant flow rate test, ¢ Effective porosity calculated
assuming loss of porosity is proportional to the amount of iron, based on the
results from Sosnowski (1996), ¢ Effective porosity obtained from Sosnowski
(1996), ° N.A. = Not applicable.
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mixed in equal proportions with silica sand (50% - 50% by weight) to increase the
hydraulic conductivity. The partition coefficient obtained from the column test for
Sand 11 was doubled under the assumption that sorption of TCE on the silica
sand would be negligible.

A summary of the partition coefficients is in Table 5.9. For Sands 1 and
12, the partition coefficients obtained from constant head and constant flow rate
tests are significantly different (Fig. 5.11 and 5.12). Greater partition coefficients
were obtained from the constant flow rate tests. The reason for the discrepancy
between these two tests is unclear.

Partition coefficients from the column tests are graphed against those from
the batch sorption tests in Fig. 5.13. The partition coefficients from both tests are
comparable, but in general the partition coefficients obtained from column tests
are slightly higher than those from the batch tests. Thus, designs based on

results of batch tests should be conservative.

5.3.3 First-Order Rate Constant

Transport parameters obtained from the column tests are summarized in
Table 5.10. The Ksa for foundry sands and Peerless iron were calculated using
Eq. 3.18. For Peerless iron, Ksa was computed using the steady-state solutions
(Egs. 3.22 — 3.23). Similar Ksa for Peerless iron were obtained using Eqgs. 3.22 —

3.23 with and without dispersion, where the dispersion coefficient was estimated
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Table 5.9. Summary of Partition Coefficients Obtained from Batch and Column

Tests.
Reactive Media Partition Coefficient (L/kg) Batch/Column

Batch Test Column Test Ratio

Sand 1 5.4 8.2%/11.0° 0.66%/0.49°
Sand 3 4.0 6.5° 0.62°
Sand 11 41.6 54 .2° 0.77°

Sand 12 9.8 7.0%/13.1° 1.4%/0.75°
Iron/Sand Admixture 1.8 1.60° 1.13°

2 Constant Head Test, ° Constant Flow Rate Test
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Table 5.10. Transport Parameters from Column Tests: Dispersion Coefficient (D), Longitudinal Dispersivity (o),
and Normalized Rate Constant (Ksa).

Reactive Media A DY (cm“/sec) | a.®(cm) | o.® (estimated) | Kobs (1/hr) |  SAY | Ksa" (L/m*-hr)
(cm/sec) (cm) (m?/L)
Sand 1° 3.11x10* | 7.87x10° 0.3 0.6 0.029 108.8 2.70x10™
Sand 1° 7.93x10° | 7.23x107 9.1 27 0.043 115 3.74x10*
Sand 3° 4.01x10* | 1.05x107 2.6 0.6 0.211 138 1.57x10
Sand 11° 1.92x102 | 3.26x10™ 16.9 3.0 N.A. N.A. N.A.

Sand 12° 1.89x10° | 5.37x107 2.8 1.2 0.62 1312 4.70x10*
Sand 12° 4.29x10° | 5.13x10° 1.2 2.9 0.23 1034 2.18x10™
Iron/Sand”® 9.35x10° | 5.28x107 5.6 4.2 0.15 3491 4.32x10°
Iron® 2.62x107 N.A. N.A. N.A. 0.21 4421 4.89x10°
Iron (replicate)® | 2.67x10 N.A. N.A. N.A. 0.27 5407 5.21x107°

@ Constant head test, ° Constant flow rate test, ° Seepage velocity, ¢ Dispersion coefficient, ¢ Longitudinal
dispersivity, " First-order rate Constant, ¢ Surface area of iron per volume of solution, " Normalized first-order rate

constant.
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using Eq. 3.24. Thus, only those computed with dispersion are shown in Table
5.10.

The bulk first-order rate constants (Kops) obtained from the column tests
under equilibrium conditions are shown in Fig. 5.14 as a function of SSA. As was
observed for the batch tests, Kqps increases linearly with increasing SSA. In
contrast to the batch tests, however, Kqps for the foundry sands is appreciably
higher than that for Peerless iron.

The slopes of the lines in Fig. 5.14 represent the normalized rate constant
(Ksa). The average Ksa is 3.5x10* L/m%hr for the foundry sands and 6.0x107°
L/m?-hr for Peerless iron; that is, Ksa for foundry sands is approximately six times
higher than that for Peerless iron. The average Ksa for the foundry sands
(3.5x10* L/m2-hr) is comparable to values reported by Johnson et al. (1996) and
Sivavec et al. (1997). Johnson et al. (1996) report a Ksa of 3.9 + 3.6x10™ L/m?-hr
for a variety of irons based on data obtained from batch and column tests.
Sivavec et al. (1997) report Ksa between 5.7x10° and 1.2x10* L/m%hr for
Peerless iron from column tests. The higher Ksa for the foundry sands may be
due to different characteristics of iron surfaces in the foundry sands compared to
those for Peerless iron.

The average Ksa for the batch tests (1.64x10™* L/m?-hr) falls between that
of foundry sands and Peerless iron. The Ksa from the column tests on the

foundry sands are approximately two times higher than the Ksa from the batch
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tests. In contrast, the Ksa from the column tests on Peerless iron is almost three
times lower than that from the batch tests. Even though similar Ksa for foundry
sands and Peerless iron were obtained for the batch tests, significantly different
Ksa were obtained for foundry sands and Peerless iron. The reason for the
discrepancy between the Ksa for the foundry sands and Peerless iron is
unknown.

The effect of seepage velocity on Ksa for foundry sands and Peerless iron

is shown in Fig. 5.15. There is no apparent effect of seepage velocity on Kgsa.

5.3.4 Dispersion Coefficient and Longitudinal Dispersivity
Dispersivities were computed from the dispersion coefficients obtained
from the column tests using the method described in Sec. 3.5.3. The
dispersivities are shown in Table 5.10, along with dispersivities computed as
one-tenth of the column length. The estimated dispersivities are comparable, but
slightly less than those obtained from the column tests. The effect of seepage
velocity on the dispersion coefficient is shown in Fig. 5.16. For the range of
seepage velocities used in the column tests, the dispersion coefficient can be
expressed as:
Dy = 336.8 VV5'58 (5.3)
Eq. 5.3 has a coefficient of determination of 0.99. Dispersion coefficients
computed with Eq. 5.3 are valid only for seepage velocities exceeding 0.25 m/d

(3.0x10™ cmis).
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5.4 PRB DESIGN

The required barrier thickness of PRBs with foundry sands having different
iron contents and TOC was estimated using Eq. 3.21. Eq. 3.22 was not used
because the effluent concentration was underestimated when dispersion was not
considered. The dispersion coefficient used in Eq. 3.21 was computed using Egs.
3.23 and 3.24. The mechanical dispersion coefficient was calculated by
multiplying one-tenth of barrier thickness by seepage velocity. The molecular
diffusion coefficient (4.4x10® cm?/s) was obtained from Kim (1996).

The seepage velocity used in the calculations ranged between 0.01 m/day
and 0.1 m/day, which is characteristic of field conditions (Rust Environement &
Infrastructure 1995, Benner et al. 1997, Mueller et al. 1997). TCE concentrations
in groundwater typically range between 0.4 to 300 mg/L (USEPA 1997,
McMahon et al. 1999). Thus, the source TCE concentration (Cp) was assumed to
vary between 0.4 to 400 mg/L. Accordingly, the normalized concentration of TCE
(CICo) required to meet the MCL for TCE (C = 0.005 mg/L) ranged between
0.0125 and 0.0000125.

The zero-valent iron content was varied from 0.1% to 10% to bracket iron
contents typically in foundry sands. Values typical of foundry sands were
assumed for dry density (1.5 Mg/m®) and specific gravity of solids (2.62) when
calculating SSA. The bulk first-order rate constant was calculated by multiplying

SSA by the average Ksa for the foundry sands (3.84x10™ L/m?hr).
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The TOC was varied from 0.1 to 4.0% to represent the range of TOC
normally found in foundry sands. Eq. 5.2 was used to calculate the partition
coefficients from TOC. The partition coefficients were used to calculate
retardation factors using a conventional linear sorption model.

The normalized TCE concentrations are shown in Fig. 5.17 for various
zero-valent iron contents and barrier thicknesses. PRBs less than 1 m wide can
be constructed with foundry sands provided the seepage velocity is less than
0.01 m/day, the zero-valent iron content is at least 0.6%, and the source
concentration is less than 400 mg/L. For more severe conditions, a thicker barrier
may be required or the reactivity of the barriers may need to be enhanced by
adding a modest amount of iron particles to the foundry sands.

The retardation of TCE afforded by the foundry sands is evident in Fig.
5.18, which shows that the equilibrium time increases as the TOC of the foundry
sand increases. For example, when the seepage velocity is 0.01 m/d, the time to
equilibrium increases from 20 yr to 39 yr when the TOC is increased from 1 to
2%. In comparison, if no retardation occurred, the time to equilibrium would be 1
yr. The additional residence time afforded by the TOC of the foundry sand may
permit biodegradation of compounds by naturally occurring microorganisms,

resulting in lower effluent concentrations.
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Required Barrier Thickness as a Function of Zero-Valent Iron
Content and Barrier Thickness: (a) Vs = 0.01 m/d and (b) Vs = 0.1

m/d.
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SECTION SIX

RESULTS OF BATCH AND COLUMN TESTS USING HERBICIDES

6.1 BATCH DEGRADATION TESTS

Batch degradation tests were conducted with alachlor and metolachlor
following the methods described in Sec. 3.4.2. As in Sec. 5, tests were
conducted with iron from the foundry sands as well as Peerless iron.
Concentrations of the herbicides and their byproducts (acetyl alachlor and MBP)
are shown in Fig. 6.1. Model fits using Egs. 3.15 and 3.16 are also shown in Fig.
6.1. Results of all of the batch degradation tests are summarized in Table 6.1.

When the first order rate constants are normalized by the specific surface
area, Ksa for the foundry sand iron and Peerless iron are similar (Table 6.1). The
retardation factors for the foundry iron and Peerless iron are similar as well.
Koppensteiner and Eykholt (2000) report Ksa for alachlor and metolachlor based
on batch tests conducted with Peerless iron. Their Ksa (1.5x10° L/m?hr for
alachlor and 1.0x10"® L/m?-hr for metolachlor) are approximately two times higher
than those reported in Table 6.1. However, the retardation factors for parent and
daughter compounds reported in Table 6.1 are comparable to those from

Koppensteiner (1998).
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Table. 6.1. Results of Batch Degradation Tests for Alachlor and Metolachlor

Using Foundry Iron and Peerless Iron.

Iron Initial Pa” Ksa®
Compound Source | Concentration | (m?/L) Kops’ (L/m?hr) Rp° R4®
(mg/L) (1/hr)
Alachlor Sand 12 49 171 0.14 8.0x10* 1.28 1.24
Alachlor Peerless 49 40 0.03 7.1x10* 1.17 1.20
Iron
Metolachlor | Sand 12 84 186 0.11 5.7x10* 1.24
Metolachlor | Peerless 38 22 0.012 5.3x10* 1.53
Iron

2 Specific Surface Area of Iron per Unit Volume of Solution, ® First-Order Rate
Constant, © Normalized First-Order Rate Constant, ¢ Retardation Factor for
Parent Compound, ° Retardation Factor for Daughter Compound.
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6.2 SERIAL BATCH KINETIC TEST

Concentrations of alachlor and metolachlor for the serial batch kinetic
tests using alachlor and metolachlor are shown in Fig. 3.4 in Sec. 3.3.2.1.
Chlorinated by-products (i.e., acetyl alachlor and MBP) were observed in the
serial batch tests containing Sands 1, 2, 4, and 11. However, concentrations of
both by-products were close to or below the MDL. In general, more metolachlor
was sorbed on foundry sands than alachlor, which is consistent with the higher
octanol-water partition coefficient for metolachlor than for alachlor (Kow = 430 for
alachlor, and 2800 for metolachlor). Longer contact times were required to reach
equilibrium for metolachlor than alachlor (24 vs. 5 hrs). Longer times may have
been required for metolachlor due to the higher solubility of metolachlor (530
mg/L) relative to that of alachlor (240 mg/L), and the greater amount of

metolachlor that was sorbed.

6.3 BATCH SORPTION TESTS
6.3.1 Alachlor

Batch sorption tests were conducted on Sands 1 — 5 and 7 — 12. Before
conducting the tests, the zero-valent iron was removed with a magnet so that
reactivity and sorptivity could be evaluated separately. Based on the results of
the serial batch kinetic test, 24 hrs of tumbling was deemed sufficient to reach
equilibrium in the batch sorption tests. Sorption isotherms for alachlor are shown

in Fig. 6.2. All of the isotherms were approximately linear within the range of
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concentrations that was tested.

Parameters of the linear and Freundlich models fitted to the isotherm data
are summarized in Table 6.2. For the linear model, Method 1 consisted of fitting a
linear equation to the data. Method 2 required that the intercept of the linear
model be zero. Partition coefficients obtained from the linear model (first column
in Table 6.2) for alachlor ranged from 3.6 L/kg (Sand 9) to 50.2 L/kg (Sand 11).
Slightly different partition coefficients were obtained when the linear model was
forced to have a zero intercept due to the non-linearity of the isotherms near the
origin. The fits with the Freundlich model also confirm that the isotherms are
essentially linear. Except for Sands 1, 3, and 4, the Freundlich parameter n is

approximately 1.

6.3.2 Metolachlor

Sorption isotherms for metolachlor are shown in Fig. 6.3. As with alachlor,
the metolachlor isotherms are approximately linear over the range of
concentrations that was used. Partition coefficients obtained from the linear
model ranged from 1.0 to 54.8 L/kg, as summarized in Table 6.3. The linearity is
also evident in Freundlich model fits. The Freundlich coefficients 1/n is
approximately 1 for all sands, but Sands 5 — 9. Additionally, the deviations of n

from 1 are due to scatter in the data than true non-linearity.
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Table 6.2. Results of Partition Coefficients for Alachlor Obtained from Batch

Sorption Tests.

Linear Model Freundlich Model

Foundry Method 1 Method 2

Sands | Ky (L/kg) | R*® | Ky(L/kg) | R* K 1/n R*
1 5.8 0.93 6.5 0.90 13.5 0.75 0.95
2 18.8 0.96 17.9 0.96 18.3 0.97 0.96
3 7.1 0.97 8.9 0.86 231 0.67 0.99
4 20.5 0.99 26.4 0.87 67.1 0.61 0.97
5 15.6 0.98 16.1 0.98 17.8 0.95 0.94
7 19.3 0.94 19.4 0.94 19.0 1.0 0.93
8 11.2 0.96 10.6 0.96 5.6 1.20 0.98
9 3.6 0.86 4.0 0.85 5.0 0.90 0.89
10 17.2 0.97 17.7 0.97 21.5 0.92 0.96
11 50.2 0.96 43.9 0.94 33.8 1.10 0.97
12 17.8 0.98 18.1 0.98 19.4 0.98 0.98

@ Coefficient of Determination.
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Table 6.3. Results of Partition Coefficients for Metolachlor Obtained From
Batch Sorption Tests.
Linear Model Freundlich Model
Fg;;‘g;y Method 1 Method 2 Kr 1n RZ
K, (L/kg) | R® | K,(Lkg) | R*

1 14.9 0.95 13.3 0.94 8.2 1.17 0.97
2 16.5 0.95 16.0 0.95 15.8 0.99 0.93
3 8.5 0.99 8.30 0.99 11.5 0.90 0.98
4 18.9 0.98 16.9 0.96 11.7 1.15 0.99
5 15.3 0.98 16.8 0.97 30.4 0.77 0.97
7 10.5 0.99 11.4 0.98 17.1 0.87 0.98
8 16.3 0.97 19.0 0.93 38.5 0.72 0.96
9 1.0 0.96 1.2 0.94 2.1 0.83 0.98
10 23.6 0.96 244 0.95 20.3 1.1 0.89
11 54.8 0.96 46.9 0.93 324 1.1 0.97
12 15.4 0.96 14.9 0.96 10.5 1.1 0.97

2 Coefficient of Determination.
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6.3.3 Effect of TOC and Clay Content on Partition Coefficient

Partition coefficients for alachlor and metolachlor are graphed vs. TOC
and clay content in Fig. 6.4. For both alachlor and metolachlor, K, increases as
the TOC and clay content increase due to greater availability of sorption sites.
Significant scatter exists, some of which is due to multivariate interactions. For
example, Sand 4 has relatively high K, (18.9 L/kg), even though its TOC is low
(0.5%), because it has a high clay content (10.5%).

Multivariate linear regression analysis was conducted at the 0.05
significance level to determine a relationship between K, clay content, and TOC.
The equation for alachlor and metolachlor is (R? = 0.62).

log Kp, aia = 0.666 + 0.0723 C (6.3)
where K, ais is the partition coefficient for alachlor (L/kg), C is clay content (%).
The equation for metolachlor is (R? = 0.62):

log Kp meto = 0.460 + 0.101 C (6.4)
where K, meto i the partition coefficient for metolachlor (L/kg) and the other
variables are as defined previously. Equations 6.3 and 6.4 indicate that

metolachlor is sorbed more than alachlor, when all other factors are equal.
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6.4 COLUMN TESTS
6.4.1 Alachlor

Experimental conditions for the column tests conducted with alachlor are
summarized in Table 6.4. Five foundry sands were used (1, 2, 4, 5, and 12) that
had a broad range of TOC, clay content, and iron content. Tests were also
conducted with Sands 1 and 5 with admixtures of Peerless iron to evaluate how
elevated iron content affects reactivity of the foundry sand. An additional five
comparative tests were conducted using a mixture of Peerless iron and silica
sand. Influent concentrations ranging from 34 mg/L to 53 mg/L were used.

The total iron contents for Sand 1 and Sand 12 were 2.8% and 11.3%,
respectively. However, the zero-valent iron contents for these two sands, as
measured by magnetic separation, are 1.0% and 10%. The zero-valent iron
contents were used to analyze the data for column tests for Sands 1 and 12. For
Sands 2, 4, and 5, the zero-valent iron contents were similar to the total iron
contents. Thus, the total iron contents were used for these sands when analyzing
the data from the column tests.

Dispersion coefficients, dispersivities, partition coefficients, and rate
constants from the column tests are summarized in Table 6.5. The degradation
of alachlor was confirmed by the presence of acetyl alachlor in the effluent. The

mass balances ranged between 97 (Sand 4) and 101% (Sand 2).
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Table 6.4. Experimental Conditions for Column Tests with Alachlor.
Reactive | C° L (cm)® | p® (Mg/m®) | n' ne’ Iron Content | SSA" (m?/L) | Vs (cm/sec)
Media | (mg/L) (%)
Sand 1 34 42 1.67 0.36 0.36 1 113 3.23x10°
Sand 1? 35 42 1.66 0.47 0.40 11 364 3.23x10°
Sand 2 35 28 1.69 0.33 0.33 0.2 19 3.49x10
Sand 4 35 28 1.69 0.36 0.36 0.3 34 3.47x107
Sand 5° 48 30 1.83 0.49 0.40 20 791 2.48x107
Sand 12 42 15 1.56 0.43 0.36 10 1053 3.74x10
Iron 20 43 2.07 0.34 0.29 10 624 4.43x107
Iron 53 42 2.06 0.34 0.29 10 620 4.86x107
Iron 49 44 1.88 0.40 0.34 10 486 3.30x10
Iron 50 45 2.14 0.42 0.35 20 1073 2.88x10°
Iron 50 45 1.97 0.38 0.32 10 532 2.43x107

@ Admixture with a 10% Peerless Iron, ° Admixture with a 20% Peerless Iron, ¢ Influent Alachlor Concentration, °
Length of Sample, © Dry Density, ' Total Porosity, ¢ Effective Porosity, " Surface Area of Iron per Volume of

Solution, | Seepage Velocity.



141

Table 6.5. Results of Column Tests: Dispersion Coefficient, Partition Coefficient, First-Order Rate Constant, and
Ksa from Column Tests Using Alachlor.
Reactive | Dispersion Dispersivity (cm) Partition Coefficient Kobs © Ksa %(L/m*-hr)
Media Coefficient (L/kg) (hr'"
(cm/sec)  ["Model Fit | Estimated | Batch | Column Model Fit® | Steady-
State'
Sand 1 5.5x107 1.71 4.2 5.8 6.52 0.036 3.21x10™* | 2.56x10*
Sand 1? 2.44x107? 7.54 4.2 5.8 8.46 0.082 2.95x10* | 3.07x10*
Sand 2 1.37x1072 3.92 2.8 18.8 11.72 0.009 4.69x10™* | 4.51x10*
Sand 4 1.06x107 3.07 2.8 20.5 16.36 0.032 9.36x10™* | 1.11x107
Sand 5° 2.86x107 1.15 3.0 15.6 9.02 0.453 5.67x10* | 5.89x10*
Sand 12 N.A. N.A. N.A. N.A. N.A. 0.570 N.A. 4.78x10%
Iron 8.77x10°° 1.98 4.3 2.24 0.49 0.267 5.03x10™* | 5.00x10*
Iron N.A. N.A. N.A. N.A. N.A. 0.345 6.55x10™ | 5.56x10™
Iron N.A. N.A. N.A. N.A. N.A. 0.150 N.A. 3.34x10™
Iron 4.87x107 1.69 45 2.24 1.89 0.617 6.94x10* | 6.02x10*
Iron 4.91x107 2.02 4.5 2.24 1.03 0.166 3.67x10™ | 1.26x10*

@ Admixture with a 10% Peerless Iron, ® Admixture with a 20% Peerless Iron, ¢ Bulk first-order rate constant, ¢
Normalized first-order rate constant, ® Normalized first-order rate constant calculated by Eq. 3.18, " Normalized
first-order rate constant calculated by Eq. 3.21.
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6.4.1.1 First-Order Rate Constant

The first-order rate constants were obtained by fitting the data with Eq.
3.18, 3.21, or 3.22. Typical fits obtained using Eq. 3.18 are shown in Fig. 6.5. A
summary of the rate constants is in Table 6.5. All of the normalized rate
constants are similar, even though the influent concentration and seepage
velocity were varied. Thus, concentration and seepage velocity appear to have
no significant effect on Ksa for herbicides. The lack of an influence of seepage
velocity is also shown in Fig. 6.6, which shows Ksa vs. seepage velocity for all
tests that were conducted with the herbicides.

The Ksa obtained from the steady-state condition are tabulated in Table
6.5. Similar Ksa were obtained using the steady-state model with and without
dispersion. Thus, only the Ksa determined with dispersion are included in Table
6.5.

As with the tests using TCE (Sec. 5), the bulk first-order rate constant
(Kobs) is directly proportional to the surface area of iron per volume of solution
(SSA) (Fig. 6.7). The slope of the linear regression equation in Fig. 6.7 is equal to
the average Ksa, which is 5.85x10™* L/m?-hr. This average Ksa is slightly lower
(1.3 times) than the Ksa obtained from the batch degradation tests (8.0x10™ and

7.1x10™ L/m?-hr for the foundry sand iron and Peerless iron, respectively).

6.4.1.2 Partition Coefficient

Partition coefficients, K,, obtained from the column tests are summarized
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in Table 6.5. In general, K, from the column tests are smaller than those obtained
from batch sorption tests (Fig. 6.8). The exception is for Sand 1, where K, from
the column test is slightly higher than that from the batch tests. The greatest
difference (42%) in K, was observed for Sand 5 with an admixture of 20% iron.
Adding the iron reduced the sorption capacity because the iron has less sorptive
capacity than that of foundry sand.

One possible reason for the higher K, from the batch tests is reduction of
the alachlor during the batch sorption tests by residual iron remaining after
magnetic separation. Another possible reason is the solid-solution ratio was
different in the batch and column tests. Solid concentrations in solution ranged
from 125 mg/L (batch) to 4250 mg/L (column); i.e., the soil solid concentration for
the batch tests typically was 34 times that of the column tests. O’Connor and
Connolly (1980) report that partition coefficients for organic compounds can be
reduced as much as a factor of 1.6 when the solid concentration is increased by
an order of magnitude. The partition coefficient is lower because closer contact
between the soil solids prevents organic compounds from accessing the solid
surface. Doust and Huang (1992) also report that K, decreases as the solids
concentration increases. Because of these factors, the K, from the column tests

are believed to be more reliable than those from the batch sorption tests.
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6.4.1.3 Dispersion Coefficient and Longitudinal Dispersivity

Dispersion coefficients obtained from the column tests using Eq. 3.18 are
summarized in Table 6.5. To check the model fit, the dispersion coefficients were
estimated using Eq. 3.24 and a dispersivity equal to one-tenth of the length of the
column. The measured and estimated dispersion coefficients are typically within
a factor of 2, as shown in Fig. 6.9. Accordingly, the dispersion coefficients are

believed to be reliable.

6.4.2 Metolachlor

Experimental conditions for column tests conducted with metolachlor are
summarized in Table 6.6. Sands 1, 5, and 12 were used. Two of the tests with
Sands 1 and 5 contained an admixture of 20% Peerless iron. Three additional
tests were conducted with mixtures of Peerless iron and silica sand for
comparison. The influent concentration ranged from 38 mg/L to 55 mg/L.

Seepage velocities were calculated using the effective porosity. For Sand
1, the effective porosity was assumed to be 100% of the total porosity based on
the data in Sec. 5.3.1. For the silica sand-iron mixtures, foundry sand-iron
mixtures, and Sand 12, the effective porosity was assumed to be 85% of the total
porosity.

Results of the column tests are summarized in Table 6.7. Typical

metolachlor breakthrough curves are shown in Fig. 6.10.
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Table 6.6. Experimental Conditions for Column Tests Using Metolachlor.

Reactive | C° L pd° n | n | Iron SSA' A
Media | (mg/L) | (cm)® | (Mg/m®) Content | (m?/L) | (cm/s)
(%)

Sand 1 50 30 168 [0.36]0.36 1 114 | 3.20x10°
Sand 12 | 49 30 1.89 |0.48]0.40 21 945 | 1.74x10°°
Sand 5% | 49 30 1.89 [0.480.40 20 828 | 2.29x10°

Sand 12| 49 14.5 164 [0.47]0.40 10 1002 | 4.12x10°°
Iron 55 45 198 |0.38]0.32 10 539 | 3.90x10°
Iron 38 45 2.04 0441037 20 960 | 2.38x10°
Iron 52 43 210 [043]0.35 20 1034 | 2.68x10°

2 Admixture with a 20% Peerless Iron, ° Influent Alachlor Concentration, ¢ Dry
Density, ¢ Total Porosity, © Effective Porosity, " Surface Area of Iron per Volume
of Solution, ® Seepage Velocity.
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Table 6.7.  Experimental Conditions for Column Tests and Normalized First-Order Rate Constants.
Reactive Dispersion Dispersivity (cm) Partition Coefficient Kops ° Ksa ¢ (L/m?-hr)
Media Coeffizcient (L/kg) (hr'"
(cm®/s) Model Fit | Estimated | Batch Column Model Fit' | Steady-State®
Sand 1 3.80x107° 1.19 3.0 14.9 9.64 0.023 2.02x10™ 2.85x10™
Sand 1° 2.55x107° 1.47 3.0 14.9 8.45 0.448 4.74x10™ 4.90x10™
Sand 5° 2.28x107° 1.08 3.0 15.3 12.38 0.433 5.23x10* 5.58x10™
Sand 12 N.A. N.A. N.A. N.A. N.A. 0.301 N.A. 2.97x10™*
Iron A N.A. N.A. N.A. N.A. N.A. N.A. N.A. 2.02x10™
Iron B 1.11x107 4.65 425 1.87 1.57 0.209 2.18x10* 2.16x10™
Iron C 2.22x107 8.28 4.3 1.87 1.38 0.273 2.64x10™ 2.20x10™

a Admixture with a 20% Peerless Iron, ° Bulk first-order rate constant, © Normalized rate constant, ¢ Obtained from
the model fit (Eq. 3.18), ® Obtained from steady-state solution (Eq. 3.21).
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6.4.2.1 First-Order Rate Constant

The Ksa for the foundry sands and Peerless iron for metolachlor are
summarized in Table 6.7. Similar Ksa were obtained from all of the tests,
indicating that the foundry iron has comparable reactivity to Peerless iron.
Additionally, variations in initial concentration and seepage velocity apparently
had no effect on Ksa, as shown in Fig. 6.11.

As with the tests using TCE (Sec. 5) and alachlor (Sec. 6.4.1.1), the bulk
first-order rate constant (Kqps) is directly proportional to the surface area of iron
per volume of solution (SSA) (Fig. 6.12). The slope of the linear regression
equation in Fig. 6.12 is equal to the average Ksa, which is 3.44x10™ L/mhr. This
average Ksa is slightly lower (1.6 times) than the Ksa obtained from the batch
degradation tests (5.7x10™ L/mhr for the foundry sand iron and 5.3x10* L/m?hr
for Peerless iron).

A long-term test was conducted with Sand 12 to assess the persistence of
the reactivity of foundry iron. The test was conducted until 1500 pore volumes
had passed through the column. The Ksa are shown in Fig. 6.13. A reduction in
Ksa occurred between 300 and 400 pore volumes of flow. The final Ksa was
1.73x10™* L/m?-hr, which is approximately 2 times lower than the initial Ksa. A
similar reduction in Ksa was observed during a long-term test with Peerless iron.

The initial Ksa for the Peerless iron was 2.64x10™* L/m?-hr, and final Ksa was

1.11x10™ L/m?-hr.
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The slight reduction in Ksa that was observed may have been due to oxide

formation on the surface of iron.

6.4.2.2 Partition Coefficient

Partition coefficients obtained from the column tests and batch sorption
tests with metolachlor are shown in Fig. 6.14. The partition coefficients from the
column tests with foundry sands are lower than those from the batch sorption
tests. The numbers adjacent to the data in Fig. 6.14 indicate the ratio of the
partition coefficient from the column test to that from the batch sorption test. For
example, for Sand 1, the ratio of the partition coefficient from the column test to
that from the batch sorption test is 0.65. As with alachlor, the difference in
partition coefficients is likely due to reaction with residual iron and differences in

the solid-solution ratio, as discussed in Sec. 6.4.1.2.

6.4.2.3 Dispersion Coefficient

Dispersion coefficients obtained from Eq. 3.18 and by estimation using a
dispersivity equal to one-tenth of the column are shown in Fig. 6.15. They were
not identical to the estimated dispersion coefficient. But the dispersion

coefficients are comparable, indicating that model fits are reliable.
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6.5 PRB DESIGN

The required barrier thickness of PRBs with foundry sands having different
iron contents and TOC was estimated using Eq. 3.21. The procedure described
in Sec. 5.4 was used.

Concentrations of alachlor and metolachlor in groundwater are generally
less than 0.05 ug/L (Kalkhoff et al. 1998, Phillips et al. 1999), although higher
concentrations (0.55 ug/L for alachlor and 5.40 ug/L for metolachlor) have been
reported (Kolpin et al. 1998). Thus, the source concentration (Cy) was assumed
to vary between 5 ug/L to 50 pg/L for alachlor and 150 pg/L to 1500 ug/L for
metolachlor. The MCLs for alachlor and for metolachlor are 0.5 and 15 png/L,
respectively. Accordingly, the normalized concentration required to meet the
MCLs ranged between 0.1 and 0.01.

Partition coefficients for alachlor and metolachlor were calculated using
Egs. 6.3 and 6.4. Because the partition coefficients are a function of clay content,
the clay content was varied between 5% and 9%.

Normalized concentrations for alachlor and metolachlor are shown in Figs.
6.16 and 6.17 for various zero-valent iron contents and barrier thicknesses. For
alachlor and metolachlor, barriers less than 1 m thick can be constructed
provided the iron content is higher than 1% and the seepage velocity is less than

0.1 m/d.
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Fig. 6.16. Normalized Alachlor Concentrations as a Function of Zero-Valent
Iron Content and Barrier Thickness: (a) Vs = 0.01 m/d (b) Vs = 0.1
m/d.
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The effect of retardation of alachlor and metolachlor on the time to
equilibrium is shown in Figs. 6.18 and 6.19, respectively. The equilibrium time
increases as the clay content of the foundry sands increases. The equilibrium
time varies between 2 and 166 yrs, with larger times corresponding to high clay
content and low seepage velocity. When no sorbent is provided (i.e., retardation
factor is 1), the time to equilibrium is approximately 42 (Vs = 0.1 m/d) and 467
days (Vs = 0.01 m/d). The long residence time provided by foundry sands will be
favorable for biodegradation of compounds by naturally occurring
microorganisms. The resulting effluent will have lower concentration than would

be anticipated for a conventional PRB having similar iron content.
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SECTION SEVEN

RESULTS OF BATCH AND COLUMN TESTS USING ZINC

7.1 SERIAL BATCH KINETIC TESTS

Batch kinetic tests were conducted to determine the sorption kinetics (i.e.,
rate of sorption and amount of mass removed) for zinc in the presence of foundry
sands as reactive media. Serial batch kinetic tests were conducted using Sands
1, 4, 10, 11, 12, and Peerless iron (Table 7.1). The sands were selected to
bracket the anticipated range of TOC and clay content (%). The clay content
ranged from 3.5% to 13.2%, and the TOC ranged from 0.5% to 4.0%. Iron
contents for the foundry sands are presented in Table 7.1 in terms of zero-valent
iron content. No data were available for clay, TOC, and total inorganic carbon
(TIC) for Peerless iron.

The experimental conditions are summarized in Table 7.1. Three different
solution pHs were selected as initial pHs (i.e., 2.6, 3.0, and 4.8). No pH buffer
was used. The initial pH of solution was adjusted with 1.0 M HNO3; and 1.0 M
NaOH. Zinc solutions were prepared by dissolving ZnCl; in DI water to yield an

initial zinc concentration of 100 mg/L.

7.1.1 Effect of Contact Time on Concentration
The zinc concentrations decreased as the contact time increased for the

foundry sands and Peerless iron for all pHs (Figs. 7.1 - 7.3). The greatest
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Table 7.1.  Experimental Conditions for the Batch Kinetic Test for Zinc
Removal.
Clay TOC

Reactive | Mass of Content Content | TIC®Content (%) | Iron Content

Media | Media (g) (%) (%) (%)
Sand 1 2 5.1 1.5 0.0 1.00
Sand 4 2 10.5 0.5 0.1 0.29
Sand 10 2 4.7 2.5 0.6 0.14
Sand 11 2 13.2 4.0 0.7 0.18
Sand 12 2 3.5 24 0.0 10

Iron 2 N.A? N.A. N.A. 100

2 N.A. = Not applicable, ® TIC = Total inorganic carbon.
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decreases in concentration typically occurred within 10 min for the foundry
sands, regardless of the initial pH. The decreases in concentration were also
higher when the pH was higher.

The initial decreases in concentration for Peerless iron were smaller
relative to those for Sands 1, 4, 10, 11, and 12. However, at later times, zinc
concentrations for the tests with foundry sands leveled out, whereas the zinc
concentrations continuously decreased for Peerless iron, regardless of initial pH.
The exception is for Sand 11 with pH 2.6 solution. For this test, the concentration

continued to decrease for approximately 35 hrs.

7.1.2 Solution pH

The solution pH of the tests with the foundry sands generally increased
and then stabilized. An equilibrium pH was generally established within 21 hrs.
An exception was the test with Sand 12 in pH 2.6. The pH continued to increase
throughout the duration of this test, as it did with the tests conducted with
Peerless iron. The increases in equilibrium or final solution pH were proportional
to the initial pH (Figs. 7.1 — 7.3). At pH 2.6, solution pHs slightly increased for
Sands 1, 4, 10, and 11. As initial pH increased to 3.0 and 4.8, the solution pH
increased above 5.5 and 6.5, respectively. Relatively higher solution pHs were
observed for Sands 11, 12, and Peerless iron.

The changes in pH that occurred can be attributed to buffering reactions.

For the foundry sands, buffering was probably caused by the carbonate minerals,
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exchangeable base cations, and decomposition of aluminosilicate minerals
(McBride 1994). For the Peerless iron, the pH change can be attributed primarily

to corrosion of the iron, which is explained by the following reaction:

Fe® + 2H,0 > Fe?" + H,(g)+ 20H" (7.1)

where Fe® is zero-valent iron, Fe* is ferrous iron, H, (g) is hydrogen gas, and

OH' is a hydroxide ion.

7.1.3 Zinc Mass Removal by Sorption and Precipitation

Serial control tests were conducted at several different initial pHs to
separate the contributions of sorption and precipitation to removal of Zn. No
solids (i.e., foundry sand or Peerless iron) were used in the control tests so that
zinc would be removed only by precipitation. A wide range of pH (3.0 through
10.0) was considered. The initial pH was adjusted with 1.0 M of HCI or 1.0 M of
NaOH.

Zinc removed via precipitation in the control tests is shown in Fig. 7.4 as a
function of the initial solution pH. Precipitation of zinc begins between pH 5.0 and
6.0. Also shown in Fig. 7.4 is the zinc removal from the batch kinetic tests, which
was computed from the last concentration that was measured. The removal data
are also summarized in Table 7.2. Comparison of the zinc removal in the control
tests and the batch kinetic tests indicates zinc removal by foundry sands is
primarily by sorption for pH less than 5, and by a combination of sorption and

precipitation for pH greater than 6.0.
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Table 7.2.  Zinc Removed by Foundry Sands and Peerless Iron for Different Initial pHs.
Mass Removed per Mass Solid (mg/kg)
Media | Clay (%) | TOC (%) TIC (%) Iron Content (%) for Various Initial pH
pH=2.6 pH=3.0 pH=4.8
Sand 1 5.1 1.5 0 2.83 287 (2.9)* | 1,031 (5.8)" | 1,227 (6.6)°
Sand 4 10.5 0.5 0.1 0.29 488 (2.9)° | 1,255 (5.6)* | 1,415 (6.9)°
Sand 10 4.7 2.5 0.6 0.14 466 (2.8)* | 1,192 (5.9)* | 1,296 (6.8)°
Sand 11 13.2 4.0 0.7 0.18 669 (3.2)% | 1,366 (6.3)* | 1,666 (7.0)°
Sand 12 3.5 2.4 0 11.3 348 (4.7)* | 1,687 (6.1)* | 1,583 (6.8)°
Iron N.A. N.A. N.A. 100 758 (6.2)* | 1,688 (6.7)° | 1,844 (7.0)°

@ Final pH of solution shown in parentheses. N.A. = Not applicable.
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7.1.4 Reaction Rate for Zinc Removal

Zinc concentrations in solution for the foundry sands and Peerless iron are
shown in Figs. 7.5 — 7.6 along with fits of Eq. 3.7 that were made to obtain rate
constants and instantaneous partition coefficients. Partition coefficients and rate
constants obtained from fitting are summarized in Table 7.3. The good
correspondence between the data and the fits of Eq. 3.7 indicates that zinc
removal follows a first-order reaction.

The partition coefficient is shown in Fig. 7.7 as a function of clay content.
The partition coefficient increases with clay content, indicating that sorption is
primarily on the mineral surfaces of the clay in the foundry sands. Partition
coefficients for the Peerless iron are comparable to partition coefficients for
sands with lower clay content (<4%). The partition coefficient for Peerless iron
also is a function of initial pH, which probably reflects a change in surface
charge.

A multivariate regression analysis was conducted at the 0.05 level using
the data from the batch kinetic tests with foundry sands. The equation is (R? =
0.97):

log K, =-2.30 + 0.48 pH + 0.048 C (7.2)
where K, is the partition coefficient (L/kg) for zinc, pH is the final solution pH, and
C is clay content (%). TOC is not included in regression equation because it was

not statistically significant.
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Peerless Iron.
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Table 7.3.  Partition Coefficients and Rate Constants for Zinc Removal Using Foundry Sands and Peerless Iron.
Ko Rate Ksa

Medium Clay | TOC | TIC | Iron SSA (L/kg) Constant (L/m3-hr) Initial pH | Final
(%) | (%) | (%) | (%) | (m*L) (1/hr) pH
Sand 1 5.1 1.5 0 |283 TSP 15.7 0.036 UH° 4.8 6.6
Sand 4 10.5 0.5 | 01 |0.29 TS 31.2 0.044 UH 4.8 6.9
Sand 10 4.7 25 | 0.6 |0.14 TS 18.9 0.040 UH 4.8 6.8
Sand 11 13.0 40 | 0.7 |0.18 TS 50.5 0.058 UH 4.8 7.0
Sand 12 4.7 24 0 | 113 12.6 1.4 0.018 1.45x107 2.6 4.7
Sand 12 4.7 24 0 | 113 12.6 7.5 0.042 3.32x107 3.0 6.1
Sand 12 4.7 24 0 | 113 12.6 10.8 0.053 4.19x10° 4.8 6.8
Iron N.A? | NAA. | NA. | 100 40.7 2.9 0.048 1.18x107 2.6 6.2
Iron N.A. | N.A. | NAA. | 100 40.7 10.2 0.054 1.32x107 3.0 6.2
Iron N.A. | NA. | NAA. | 100 40.7 28.4 0.295 7.24x107 4.8 6.8

2 N.A. = Not applicable, ° TS = Values are too small, © UH = Values are unrealistically high.
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First-order rate constants obtained from fitting Eq. 3.7 are shown in Fig.
7.8 as a function of clay content, final pH, TOC, and total iron content. TOC and
total iron content have a slight effect on the rate constant. The rate constant
increases modestly as the solution pH increases, which may be due to the
favorable formation of zinc hydroxide or zinc oxide in higher pH solutions. The
rate constants for Peerless iron and the foundry sands are similar when the
solution pH is approximately 6.2. At higher pH, however, the rate constant for
Peerless iron is approximately 6 times higher than those for the foundry sands at
similar pH (Table 7.3).
A multivariate regression analysis was conducted to determine the effect
of solution pH and clay content on the rate constants for the foundry sands. A
significance level of 0.05 was used. The regression equation for foundry sands is
(R? = 0.99):
Kobs = -0.0852 + 0.00138 C + 0.00277 TOC + 0.00126 | + 0.0163 pH (7.3)
where Kqps is a bulk first-order rate constant (1/hr), C is clay content (%), | is total

iron content, and pH is the final solution pH.

7.2 BATCH SORPTION TESTS

The batch kinetic tests were conducted using a single zinc concentration.
To evaluate whether the partition coefficients obtained from the batch kinetic
tests were valid for other concentrations (i.e., whether the isotherm was

approximately linear), a series of conventional batch sorption tests was
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First-Order Rate Constant as a Function of (a) Clay Content, (b) Final

Solution pH, (c) TOC and (d) Total Iron Content (%) (Continued).
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conducted. Sands 1, 2, 5, 10, and 12 were used to provide a broad range of TOC
and clay content in the batch sorption tests. The mass of the foundry sand was
maintained constant (2 g), and the zinc concentration was varied between 10 and
75 mg/L. The initial pH was adjusted to 2.6. The tumbling time was set at 10 hrs,
which was found to be sufficient to ensure equilibrium (Fig. 7.1).

Sorption isotherms from the batch sorption tests are shown in Fig. 7.9.
The isotherms exhibit some non-linearity, particularly at lower concentrations.
Fits of the linear and Freundlich isotherm models are summarized in Table 7.4.
Method 1 corresponds to fits of the linear model with a non-zero intercept. A
zero-intercept was forced for Method 2. Comparable fits were obtained with the
Freundlich model and the linear model with a non-zero intercept.

Partition coefficients obtained from the batch sorption tests were
compared to those obtained from the batch kinetic tests for Sands 1, 10, and 12.
For Sands 2 and 5, the partition coefficients were estimated using Egs. 7.2,
which was developed using data from the batch kinetic tests. In general, the
partition coefficients from the batch kinetic tests and those predicted by Eq. 7.2
are comparable to the partition coefficients obtained from the batch sorption tests
(Fig. 7.10). Therefore, partition coefficients estimated using Eq. 7.2 should be

reliable for a relatively broad range of concentrations.
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Table 7.4.  Sorption Parameters of Freundlich Model for Zinc Sorption Using
Sands 1, 2, 5, 10, and 12.

Linear Model Freundlich Model
Foundry Sand Method 1° Method 2° Ks 1/n R?
Ky(L/kg)? R? Ko (L/kQ) R? (L/kg)
Sand 1 10.0 0.99 14.5 0.65 91.1 0.46 | 0.94
Sand 2 16.1 0.99 23.1 0.64 136.3 | 0.46 | 0.98
Sand 5 26.2 0.99 34.8 0.79 129.5 | 0.58 | 0.99
Sand 10 16.9 0.95 23.5 0.70 116.9 | 0.50 | 0.93
Sand 12 10.7 0.97 18.2 0.01 178.6 | 0.34 | 0.99

@ Method 1 is fit of linear isotherm with non-zero intercept, ® Method 2 is fit of
linear isotherm with intercept forced to zero.
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7.3 COLUMN TESTS

Column tests were conducted using Sands 1, 2, 5, 10, and 12. Properties
of the sands and the experimental conditions are summarized in Table 7.5. Two
different sets of column tests were conducted. One set had initial pH 3.0 and the
other pH 4.0. Sands 1 and 10 were used for the pH 3.0 tests. Sands 1, 2, 5, and
12 were used with pH 4.0. Zinc concentrations in the influent were maintained at
50 mg/L. The pH was adjusted by using 1.0 M HNO3 or 1.0 M NaOH.

Typical data from the column tests are shown in Figs. 7.11 — 7.12. Data
from the column tests were fit with Eq. 3.18 following the methods described in
Sec. 3.5.3. The seepage velocity used in Eq. 3.18 was calculated by dividing the
discharge velocity by the total porosity. Because all of the column tests were
conducted with foundry sands having a dry density less than 1.60 Mg/m?®, the
total porosity was assumed to be equal to the effective porosity. As shown in
Table 5.8, the effective porosity is comparable to the total porosity when the dry
density is less than 1.60 Mg/m®. Transport parameters obtained from fitting Eq.

3.18 to the data are summarized in Table 7.6.

7.3.1 Partition Coefficient
Partition coefficients obtained from the column tests ranged from 7.4
(Sand 1) to 77.7 L/kg (Sand 5). Relationships between the partition coefficients

and TOC, clay content, total iron content, and pH are shown in Fig. 7.13. TOC
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Table 7.5.  Soil Properties and Experimental Conditions Used in Column Tests with Zinc Solution.
Dry Influent
Foundry | TOC | TIC | Clay Iron pH Vs? Densit%/ Length | Porosity | Concentration
Sand (%) (%) (%) (%) (cm/sec) (Mg/m”) (cm) (mg/L)
Sand 1 1.5 0 5.1 2.83 |3.0t0.3| 8.7x10° 1.60 29 0.39 50+2.0
Sand 1 1.5 0 5.1 2.83 |4.0t0.3| 1.8x10° 1.49 28 0.43 50+2.0
Sand 2 2.6 0.5 7.0 0.15 | 4.0+0.3 | 2.6x107° 1.47 18 0.43 50+2.0
Sand 5 1.8 0 8.4 0.14 | 4.0:0.3 | 2.7x10° 1.51 18 0.41 50+2.0
Sand10| 25 | 06 | 47 | 0.14 |3.0+0.3| 8.2x10° 1.53 42 0.43 50+2.0
Sand12 | 24 0 4.7 11.26 | 4.0£0.3 | 2.5x10° 1.51 18 0.42 50+2.0

@ Seepage Velocity
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Results of Column Tests for Sand 1 and 10 When Initial pH was 3.0:

(a) Concentrations and (b) Influent and Effluent Solution pH.
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Results of Column Tests for Sand 1, 2, 5, and 12 When Initial pH was

4.0: (a) Concentrations, and (b) Influent and Effluent Solution pH.
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Table 7.6.  Results of Column Tests Using 50 mg/L Zinc Solution.

Foundry Vs? (cm/s) D o ° a.® (cm) Influent | Equilibrium Ko Kobs®

Sand (cm®/sec) | (cm) | (estimated) pH pH (L’kg) | (1/hr)
Sand 1 8.69x107 6.67x10™ | 0.08 2.9 3.0+0.3 5.1 74 0.013
Sand 1 1.77x107 9.84x10° | 2.40 2.8 4.0+0.3 6.2 31.7 0.069
Sand 2 2.60x107 1.79x10° | 0.69 2.8 4.0+0.3 6.6 75.8 0.102
Sand 5 2.73x107 8.82x10° | 3.23 1.8 4.0+0.3 6.2 77.7 0.209
Sand 10 8.15x10° | 8.16x10™* | 0.10 4.2 3.0+0.3 5.9 19.7 N.A.
Sand 12 2.52x107 1.37x10° | 0.54 1.8 4.0+0.3 6.3 53.7 0.103

2 Seepage Velocity, ® Longitudinal Dispersivity, ¢ Partition coefficient,  First-Order Rate Constant.
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and clay content appear to have a modest effect on the partition coefficient, but
final solution pH appears to be the most important factor. Total iron content
appears to have almost no effect on the partition coefficient. A multivariate
regression analysis was conducted at the 0.05 significant level to define
relationship between the partition coefficient and TOC, total iron content, clay
content and final pH. The equation is (R? = 0.85):

K,=-223+10.6 C + 33.9 pH (7.4)
where K is a partition coefficient (L/kg) for zinc, C is clay content (%), and pH is
the final solution pH. TOC is not included in Eq. 7.4 because it was not

significant at the 0.05 level.

7.3.2 Rate Constant

The rate constant obtained from the column tests ranged from 0.013
(Sand 1) to 0.209 hr' (Sand 5). No rate constant was obtained from Sand 10
tested with low solution pH 3.0 because the effluent concentration was
essentially the same as influent concentration.

The effects of TOC, clay content, total iron content, and final effluent
solution pH on the rate constant for the foundry sands are shown in Fig. 7.14. A
multivariate regression analysis was conducted at the 0.05 significant level to
define a relationship between the rate constant and sand properties. The
regression equation is (R? =0.69):

Kops = -0.158 + 0.0413 C (7.5)
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Effect of (a) TOC, (b) Clay Content, (c) Total Iron Content, and (d)
Final Effluent Solution pH on Rate Constant (Continued).
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where Kqps is a first-order rate constant (1/hr), and C is clay content (%). TOC,
total iron content, and final solution pH are not included in regression equation

because these parameters were not statistically significant.

7.3.3 Comparison Between Batch and Column Tests.

Given the importance of pH in zinc removal, comparisons between the
batch tests and column tests must be made at comparable pH. The pH reported
for the batch sorption test is the pH measured at the end of the test (10 hr). In
contrast, the effluent solution pH for the column tests was measured at various
times as the effluent was collected. Thus, the average effluent pH was used to
compare results from the column tests to those from the batch tests.

Partition coefficients and solution pH obtained from batch sorption tests
and column tests are shown in Fig. 7.15. For Sands 1 and 10 tested at pH 3.0,
the partition coefficients obtained from batch and column tests are comparable.
In contrast, for Sands 1, 2, 5, and 12 tested at influent pH 4.0, the partition
coefficients from the column tests are 4 or 5 times higher than those obtained
from the batch sorption tests. The column tests yield higher partition coefficients
because the solution pHs for the column tests are higher than those for the batch

sorption tests (Fig. 7.15b).
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The accuracy of the empirical equations (Egs. 7.2 and 7.3) obtained from
the batch kinetic tests was evaluated using the column test data. Eq. 7.2 was
used to predict partition coefficients using data obtained from the column tests. A
comparison of the measured and estimated partition coefficients is shown in Fig.
7.16. Good agreement is shown when initial solution pHs are considered (Fig.
7.16a). However, there is little agreement between the estimated partition
coefficient and the partition coefficients from the column tests when solution pHs
obtained at breakthrough of zinc are used for the estimation.

Rate constants obtained from the column tests and the batch kinetic tests
are shown in Fig. 7.17. The rate constants obtained using both methods are

comparable, and appear to be modestly affected by solution pH.

7.4 PRB DESIGN

PRB thicknesses were computed using Eq. 3.21 to illustrate how PRBs
can be used for treating groundwater contaminated with zinc. The mechanical
dispersion coefficient was calculated by multiplying one-tenth of the barrier
thickness by the seepage velocity. The molecular diffusion coefficient for zinc
was calculated by multiplying the aqueous diffusion coefficient of zinc by the
tortuosity. The aqueous diffusion coefficient of zinc (7.37x10° cm?s) was
obtained using an average aqueous diffusion coefficient (Li and Gregory 1974),
and a tortuosity of 0.4, which was obtained from typical values of tortuosity

ranging from 0.31 to 0.64 (Bear 1972). The molecular diffusion coefficient
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contributed less than 3% to the hydrodynamic dispersion coefficient for the
seepage velocities that were used. Thus, the value assumed for the tortuosity
factor is not significant.

The seepage velocity used in the calculations ranged between 0.01 m/d
and 0.1 m/d (Rust Environment & Infrastructure 1995, Benner et al. 1997,
Mueller et al. 1997). A typical zinc concentration for acid rock drainage is
approximately 400 mg/L (Shokes and Moller 1999) and MCL for zinc is 2.5 mg/L.
Thus, the normalized zinc concentration to meet the MCL (C/Cy) was set at
0.00625.

Eq. 7.5 was used to estimate the bulk first-order rate constant as a
function of sand properties. Calculations were made for clay contents ranging
from 4 to 10%, and seepage velocities of 0.01 and 0.1 m/d. Partition coefficients
were estimated using Eq. 7.4, which is a function of clay content and effluent
solution pH at equilibrium. Clay contents and seepage velocity were varied as
was described for the rate constant. Final pHs of 5 and 7 were used. The final pH
was assumed to be 2 pH units higher than the influent pH, based on the results
shown in Figs. 7.11 — 7.12. In a field setting, the effluent pH will most likely be
more than 2 pH units higher than the influent pH. Thus, this assumption is
conservative.

Relative concentrations are shown in Fig. 7.18 for various barrier

thicknesses. A thinner barrier is required as the clay content increases. In
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general, barriers less than 1-m thick are can be used if the clay content is higher
than 5%.

The time to equilibrium is shown in Fig. 7.19 as a function of clay content
and equilibrium solution pH. The barrier thickness and seepage velocity were
fixed at 1.0 m and 0.1 m/d, respectively. The time to reach equilibrium increases
as equilibrium pH and clay content increase. For equilibrium pH 7, the time to

reach equilibrium is more than 80 yrs when the clay content is a modest 5.5%
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SECTION EIGHT

RESULTS OF COLUMN LEACHING TESTS

Column leaching tests were conducted to assess the leaching behavior of
foundry sands under more realistic conditions. The experimental conditions are
summarized in Table 8.1. Five foundry sands (Sands 1, 2, 4, 10, and 12) were
selected to provide a broad range of TOC (0.5% to 2.6%) and clay content (4.7%
to 10.5%). Two reference materials (i.e., Peerless iron and torpedo sand) were
also tested for comparison.

Seepage velocities for the foundry sands and the torpedo sand were
calculated assuming the effective porosity was equal to the total porosity. Total
porosity was used because the dry density was less than 1.60 Mg/m® for all of
the foundry sands as well as the torpedo sands. In Section 5.3.2, the total
porosity and effective porosity were found to be essentially same when the dry
density was less than 1.60 Mg/m® (Table 5.8). For Peerless iron, the effective
porosity was calculated using the ratio of effective porosity to total porosity
reported in Table 5.8.

Madison tap water was used as influent solution. Prior to use, the tap
water was sparged with N, gas to remove the dissolved oxygen. Sparging with
N2 gas resulted in DO concentrations less than 0.6 mg/L. Other procedures used

for the column leaching tests are discussed in Section 3.6.



Table 8.1.  Experimental Conditions for Column Leaching Tests.

Medium Clay (%) Total Iron (%) | TOC Method Vs 2 (cm/s) Pa° n° Ne’
(%) (Mg/m?®)

Sand 1 5.1 2.83 1.5 LMR' 5.97x10™* 1.43 0.45 | 045
CB? 6.87x107* 1.49 0.43 | 0.43
Sand 2 7.0 0.15 2.6 CB 1.89x107° 1.49 0.40 | 0.40
Sand 4 10.5 0.29 0.5 CB 1.89x107° 1.49 0.40 | 0.40
Sand 10 4.7 0.14 2.5 CB 4.85x10™ 1.32 049 |0.49
CB 7.44x10™ 1.31 0.51 | 0.51
Sand 12 4.7 11.26 2.4 CB 6.94x10™* 1.41 0.48 [ 048
CB 8.71x10™ 1.39 049 | 0.49
CB 6.74x10* 2.12 0.72 | 0.45
Iron N.A.° 100 N.A. LMR 1.10x1073 1.94 0.75 | 0.47
CB 1.99x107° 2.09 0.73 | 0.46
LMR 6.95x10 1.56 0.41 | 0.41
Torpedo Sand N.A. N.A. 0.4 LMR 9.33x10™ 1.48 0.44 |0.44
CB 1.71x10°° 1.47 044 |0.44

2 Seepage velocity, ° Dry density, ® Total porosity, ¢ Effective porosity, ® N.A. = Not applicable. ' LMR = Mass leaching
ratio approach, ¢ Concentration-basis approach.
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Effluent from the foundry sands and two reference materials (i.e., Peerless
iron and torpedo sand) was analyzed for Cr, Fe, and Pb. Fe and Pb were
selected because concentrations of Fe and Pb obtained from the water leaching
tests exceeded Category 1 standards for many of the foundry sands. Cr typically
did not exceed the Category 1 standards in the water leach tests, but relatively
large amounts of hexavalent Cr (although not exceeding the Category 1
standard) were found in the total elemental analyses of the foundry sands.
Therefore, Cr was also measured to confirm that Cr is inactive in more realistic
environments (i.e., a flow-through condition). Typical elution curves for Cr, Fe,
and Pb obtained from the foundry sands and Torpedo sand are shown in Figs.
8.1 and 8.2.

Two analyses were conducted using the effluent data to determine the
metal leaching characteristics. One analysis was performed based on
instantaneous concentrations of metals in the effluent (Fig. 8.1). The other
employed the cumulative mass leaching ratio (LMR) method (Fig. 8.2). Both
analysis methods are explained in Sec. 3.7.2. The concentration-basis method
was used for tests that were initially conducted. The LMR method was used for
subsequent tests to alleviate uncertainty regarding the initial concentration used
in the concentration-basis method.

For the instantaneous concentration approach, the first effluent

concentration (measured after approximately 1 pore volume has passed through
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the column) was assumed to be the initial concentration. All subsequent
concentrations were normalized relative to the initial concentration. In contrast,
for the LMR approach, the amount of mass leached at each step was normalized
to the total leached mass, which was calculated by summing the amount of mass
leached during the entire testing period. For example, the total leached mass of
Cr (Mo = 1.31 nug) for Sand 1 (Fig. 8.2) was obtained when M, became constant
after 7 pore volumes. Thus, the leaching mass ratio (LMRy) at 1.85 pore volumes
was calculated by dividing the mass leached between 0 and 1.85 pore volumes
(0.67 nug) by My, resulting in an LMR of 0.51 at 1.85 pore volumes.

The dispersion coefficients and retardation factors obtained from the
analyses are summarized in Table 8.2. The minimum and maximum
concentrations from the column tests for the concentration method are also
shown in Table 8.2. For those materials tested using both the concentration-
basis and LMR methods (Sand 1, Peerless iron, and Torpedo sand), similar
partition coefficients and dispersion coefficients were obtained using both

methods.

8.1. PARTITION COEFFICIENT

For the foundry sands, the partition coefficients ranged from 1.0 L/kg
(Sand 10) to 10 L/kg (Sand 12) for Fe, 0.8 L/kg (Sand 1) to 3.6 L/kg (Sand 4) for
Cr, and 0.45 L/kg (Sand 1) to 3.2 L/kg (Sand 4) for Pb. In general, the partition

coefficients for Cr and Pb were similar, and were slightly lower than those for Fe.
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Table 8.2. Results of Column Leach Tests: Dispersion Coefficient, Partition Coefficient, Maximum and Minimum
Concentrations for Fe, Cr, and Pb.
Medium Method Vs (cm/s) Fe Cr Pb
D: K. Crax Cmn® | D (cm?s) K, Crmax Cmin | D (cm?s) K, Crax Cin
(em™/s) | (L/kg) | (ug/l) | (ugll) (Lkkg) | (ug/l) | (ug/l) (Lkkg) | (ug/t) | (ug/L)
Sand 1 LMR’ 5.97x10™* 1.12x10° 1.7 - - 1.45x107 0.8 - - 8.11x107 0.6 - -
CB? 6.87x10™ 7.26x107 1.1 720 48 - - - - 3.73x10™ 0.3 22 0
Sand 2 CB 1.89x10° 1.20x102 | 4.3 2,309 321 | 6.75x10° | 2.3 15.8 0 4.91x10° 3.2 35.8 0.29
Sand 4 CB 1.89x10° 2.34x107 3.9 2,322 139 [ 1.70x10%2 | 3.6 28.6 1 6.00x107 1.3 421 0
Sand 10 CB 4.85x10™ 461x10° | 07 823 11 - - - - 445x10° | 07 12.1 0.9
CB 7.44x10™ 3.17x107 1.3 1,123 106 - - - - - - - -
Sand 12 CB 6.94x10™ 352x10% | 10.7 415 123 - - - - 3.76x10™ 0.6 11.8 0.1
CB 8.71x10™ 419x10% | 9.1 873 323 - - - - - - -
Peerless CB 6.74x10™ 6.17x10™ 0.5 1,200 56 - - - - - - - -
Iron LMR 1.10x10° 7.76x10™ 0.4 - - - - - - - - - --
CB 1.99x10° 1.93x10% | 2.1 635 38 1.08x10° | 05 38.9 0 7.88x107 1.3 8.2 0.66
Torpedo LMR 6.95x10™ 8.23x107 1.0 - - 2.31x10° 0.4 22.4 0 4.19x107 0.2 6.2 1.4
Sand LMR 9.33x10™ 4.78x107 0.9 - - - - - - 9.21x10™ 0.3 7.7 0
CB 1.71x10° 6.03x107 1.8 278 27 2.19x10° 0.7 20.5 0 1.68x10 1.1 11.0 1.1

@ Dispersion coefficient, ° Partition coefficient, © Maximum concentration (ug/L), ¢ Minimum concentration (ug/L), © Hyphens indicate that measurements
were not made, " Mass leaching ratio approach, ¢ Concentration-basis approach.
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Higher partition coefficients for Fe may have been obtained due to
persistent Fe dissolution from the foundry sands. The analytical model being
used does not include a component for dissolution, and thus dissolution of Fe is
reflected as a higher retardation factor and larger partition coefficient.

The partition coefficients for Cr, Fe, and Pb for Peerless iron and torpedo
sand are comparable to or lower than those for foundry sands. No significant
difference exists between the partition coefficients for Cr, Fe, and Pb obtained for
Peerless iron and those for torpedo sand.

A multivariate regression analysis was conducted on the data obtained
from the column leaching tests using a significance level of 0.05. The objective
was to determine how properties of the sand (i.e., clay content, iron content, and
TOC) affect sorption and to develop equations that can be used to predict the
partition coefficients for Fe, Cr, and Pb. The equation for Fe is (R? = 0.97)

Kpre=-11.5+1.32C +0.87 1 + 0.05 TOC (8.1)
where K, e is the partition coefficient (L/kg) for Fe, C is clay content (%), | is total
iron content (%), and TOC is a total organic carbon content (%).

Eq. 8.1 indicates that the partition coefficient increases as the clay
content, total iron content, and TOC increase. The partition coefficient should
increase with clay content and TOC because more sorption sites are available
when either of these variables is larger. The positive dependency on total iron
content may reflect how dissolution influences the retardation factor and partition

coefficient, as described in Section 8.2.
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A statistically significant regression could not be obtained for Pb. For Cr,
only a univariate analysis could be conducted due to lack of data. The equation
for Cr is:

Kocr=-15+05C (8.2)
where K, ¢ is the partition coefficient for Cr and C is clay content (%). As with Fe,
Ko.cr increases with clay content because of the greater availability of sorption

sites.

8.2 DISPERSION COEFFICIENT

Dispersion coefficients from the column leaching tests are summarized in
Table 8.2. Dispersivities were calculated from the dispersion coefficients using
Eq. 3.24. A comparison was then made between the measured dispersivities and
dispersivities estimated as 10% of the column length (e.g., a. = 0.1 L). The
comparison is shown in Table 8.3.

The measured dispersivities for Fe are comparable to the estimated
dispersivities, except for Sand 12. Higher dispersivities were obtained for Sand
12 because the analytical model (Egs. 3.26 and 3.27) only considers desorption,
whereas leaching from Sand 12 was probably due to desorption and dissolution.
The slow dissolution process results in tailing of the Fe concentrations, which
can only be simulated with Eq. 3.27 by using high values for the dispersion

coefficient and the partition coefficient. This effect is illustrated in Fig. 8.3.
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Table 8.3. Comparisons of Longitudinal Dispersivity Obtained from Estimation and
Model Fit.
Medium Vs (cm/sec) o’ Method o (Egs. 3.26 — 3.27) (cm)
(Estimated) Fe Cr Pb
(cm)
Sand 1 5.97x10™ 1.9 LMR® 1.9 2.4 13.6
Sand 1 6.87x10™ 1.9 CB° 10.5 N.AP 0.6
Sand 2 1.89x107 1.5 CB 6.3 3.6 2.6
Sand 4 1.89x107 1.5 CB 1.2 9.0 3.2
Sand 10 4.85x10™ 2.9 CB 1.0 N.A. 0.9
Sand 10 7.44x10™ 2.9 CB 4.3 N.A. N.A.
Sand 12 6.94x10™ 2.0 CB 50.7 N.A. N.A.
Sand 12 7.26x10™ 1.9 CB 20.9 N.A. 0.5
Sand 12 8.71x10™ 1.9 CB 48.1 N.A. 0.5
Iron 4.19x10™ 1.8 LMR 0.9 N.A. N.A.
Iron 6.90x10™ 2.0 CB 0.7 N.A. N.A.
Iron 1.26x107 1.9 LMR 9.8 0.5 4.0
Torpedo Sand |  6.95x10™ 1.9 LMR 11.8 3.3 6.0
Torpedo Sand 9.33x10™ 2.0 CB 5.1 N.A. 1.0
Torpedo Sand 1.71x10° 2.0 LMR' 3.5 1.3 9.8
? Longitudinal dispersivity, ° N.A. = Not applicable, ° Mass leaching ratio approach, °

Concentration-basis approach.
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When a typical dispersivity and partition coefficient are used (K, = 1.0 L/kg and
oL = 1.9 cm). Eq. 3.27 captures the leaching behavior at the beginning of the

test, but does not capture the tailing at the end of the test (Fig. 8.3).

8.3 REQUIRED PORE VOLUMES TO MEET MCLS

The effluent data were compared to MCLs for Cr, Fe, and Pb to determine
how many pore volumes of flow would be required before effluent from a PRB
would meet groundwater quality standards. A summary of the pore volumes of
flow required (PVER) to meet MCLs is in Table 8.4.

For Cr and Pb, effluent concentrations were always below MCLs for the
foundry sands, Peerless iron, and torpedo sand (Table 8.4) and thus PVER is
zero. In contrast, Fe concentrations were higher than the MCL (300 pg/L) at the
onset of the column leaching tests. The exception was for torpedo sand, which
had an initial Fe effluent concentration (Cnax) of 278 ug/L.

PVER for Fe varies between 2.5 and 28, and depends on the initial Fe
concentration and partition coefficient, as shown in Fig. 8.4. A regression
equation was developed using a significance level of 0.05 to predict PVER as a
function of the partition coefficient and initial Fe concentration. This equation is:

PVER =-6.53 + 3.81 K, + 0.00711 Cn (8.3)
where K, is the partition coefficient for Fe (L/kg) and Ciy is the initial effluent

concentration of Fe (ug/L).
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Table 8.4. Partition Coefficients, Maximum Concentrations, and Required Pore Volumes of Effluent Required
(PVER) to Meet MCLs for Fe, Cr, and Pb for Foundry Sands, Peerless Iron, and Torpedo Sand.

Fe (300 pg/L)? Cr (100 pg/L) Pb (50 ug/L)
Medium Vs (cm/sec) [ K;P Cmax | PVERY | Kp | Cmax | PVER | Kp | Cmax | PVER
Sand 1 6.87x10™ 1.1 720 4 0.8 | NAS 0 03 | 22 0
Sand 2 1.89x10° 43 | 2,309 28 23 | 15.8 0 32 | 358 0
Sand 4 1.89x10° 3.9 | 2322 23 3.6 | 286 0 13 | 247 0
Sand 10 4.85x10™ 0.7 823 33 | NA [ NA | NA | 07 | 121 0
7.44x10™ 1.3 1123 | 49 [ NA. [ NA | NA [ NA [ NA | NA
Sand 12 7.26x10* | 10.7 415 26 | NA | NA | NA | 06 | 118 0
8.71x10™ 9.1 324 25 | NA | NA | NA | NA | 093 0
Peerless Iron | 4.19x10™ 0.5 1,200 | 35 05 | NA. | NA_ | NA | NA | NA
1.26x10° 2.1 635 7.8 04 | 389 0 1.3 | 82 0
Torpedo Sand | 1.71x107 1.8 278 0 0.7 | 205 0 11 | 11.0 0

@ MCL, ° Partition coefficient, © Maximum effluent concentration (ng/L), ¢ Required pore volume of effluent to meet
MCL, ° N.A. = Not applicable.
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8.4 COMPARISON: WATER LEACH TESTS AND COLUMN LEACH TESTS

Initial effluent concentrations obtained from the column leach tests are
compared with those from the water leach tests (described in Sec. 4) in Table
8.5. The initial concentrations from the column leach tests are appreciably higher
than those from the water leach tests. The initial Fe concentrations from the
column leach tests using foundry sands are 3.7 times higher, on average, than
the concentrations from the water leach tests. For Cr, the initial concentrations
are 11 times higher than those from the water leach tests, on average, and for
Pb, the initial concentrations are 37 times higher than those from the water leach
tests.

The elevated initial concentrations from the column leach tests cannot be
attributed solely to dilution in the water leach tests. Adjustments to
concentrations from the water leach tests to reflect the solid-solution ratio in the
column tests resulted in initial concentrations for the column tests that were much
higher than the measured initial concentrations. For example, adjusting the
concentration from the water leach tests using Sand 1 to reflect the solid-solution
ratio in the column test yielded an initial concentration of 6202 pg/L, whereas the
measured initial concentration in the column test was 720 pg/L.

The concentration from the water leach tests can be empirically related to
the initial concentration from the column tests as shown in Fig. 8.5. Regression

on the data in Fig. 8.5 yielded the following equations:
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Table 8.5. Concentrations of Fe, Cr, and Pb from Column Tests and Water
Leach Tests. Concentrations from Column Tests are the Maximum
Concentration at the Onset of the Test.

Medium Fe (ug/L) Cr (ug/L) Pb (ug/L)
Column Batch Column Batch Column | Batch
Test Test Test Test Test Test
Sand 1 720 96 N.AZ 1.1 22 0.4
Sand 2 2,309 659 15.8 1.6 36 0.9
Sand 4 2,322 1,483 28.6 2.5 42 1.7
Sand 10 823 256 N.A. 1.9 12 0.3
1,123 256 N.A. 1.9 N.A. 0.3
Sand 12 415 128 N.A. 0.8 12 0.2
324 128 N.A. 0.8 0.9 0.2
Peerless Iron 1,200 231 N.A. 13.1 N.A. 15
635 231 38.9 13.1 8 15
Torpedo Sand 278 8 20.5 14 11 0.08

@ Not applicable.
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CFe, column = 3214 CFe’ wit + 1586 (84)
Cpb, column = 12.78 In (Cpb, wlt) + 329 (8.5)
Cer, column = 9.17 In (Cer, wit) + 16.11 (8.6)

where Cre coumn IS the initial Fe concentration from the column test and Cre, wit is
the Fe concentration from the water leach test. Similar definitions apply to Cpp,
column, Cpob, witsy Ccr, column, Cer, wit- The Fe concentration for Sand 4 was not used in
the regression analysis because the data for Sand 4 were inconsistent with the
other data. Egs. 8.4 — 8.6 have R? = 0.89, 0.78, and 0.89, respectively.

A multivariate regression analysis was also conducted on the data
obtained from the water leach tests to determine if concentrations from the water
leach tests could be predicted using basic properties of the foundry sands (i.e.,
clay, total iron, and TOC). The significance level was 0.05. As for the partition
coefficient from the column tests, a statistically significant regression could not be
obtained for Cr. The equation for Fe is (R? = 0.63):

Cre,wit =-1115+120 C + 316 TOC (8.7)
where Cre wit is the concentration of Fe from the water leach test (ug/L), C is clay
content (%), and TOC is total organic carbon content (%). For Pb, the equation is
(R? = 0.84):

Cppb, wit =-0.85+0.24 C-0.01 1| (8.8)
where Cpp, wit is the concentration of Pb from the water leach test (ug/L), | is total

iron content (%). Egs. 8.7 and 8.8 indicate that the concentrations of Fe and Pb
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increase with clay content, which reflects the tendency of sands with higher clay
content to sorb more metals. Thus, more metals are available for release during
the water leach test. TOC only appears to affect concentrations of Cr and Fe.
The concentration of Pb tends to decreases with total iron constant, possibly due

to precipitation promoted by iron corrosion.

8.5 PREDICTION OF PVER

A procedure for predicting PVER is shown in Fig. 8.6. Clay content (%),
total iron content (%), and TOC of the candidate material are determined, and
then the partition coefficients for Fe and Cr are estimated using Egs. 8.1 and 8.2.
Concentrations for Fe and Pb for the water leach test are estimated using Egs.
8.7 — 8.8. Then the initial concentrations (i.e., Cy in Eq. 3.27) for field conditions
are estimated using Eqgs. 8.4 — 8.6. Eq. 3.27 is then used to predict the effluent
concentration as a function of pore volumes of effluent. The PVER is obtained
when the effluent concentration predicted with Eq. 3.27 is less than the MCL.

PVERs computed using this procedure are compared to the measured
PVERs for Fe in Fig. 8.7. The actual PVERs are from the column leach tests, and

are summarized in Table 8.5. The predicted and actual PVER are comparable.
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