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ABSTRACT 

The remediation of volatile organic compounds (VOCs) in the subsurface presents 

many challenges, particularly in low permeability media (LPM). The success of most 

remediation techniques in LPM is limited because of low mass transfer rates in the 

subsurface, making it difficult to either recover the contaminant of concern (COC) or 

deliver remediation reagents. Potassium permanganate (KMn04) has been shown to be a 

promising reagent for in situ remediation of LPM because of its relative stability and 

ability to migrate into LPM (even under no-flow conditions) and degrade organic COCs. 

There are several factors that govern the diffusive transport of permaflganate in the 

subsurface, including the porosity of the soil matrix, the effective diffusion coefficient of 

permanganate, and the half-life of permanganate in the soil. The primary purpose of this 

research was to experimentally measure diffusive transport properties for KMn04 in 

intact cores of silty clay soil. 

Through preliminary modeling, it was determined that the effective diffusion 

coefficient (Der) had the greatest effect on permanganate migration, particularly since 

Deff may vary by an order of magnitude. A transport cell was then developed to measure 

the effective diffusion coefficient of a solute tracer through an undisturbed soil core and 

to determine the tortuosity of the untreated system. Then, KMn04 was introduced to the 

system and diffisive transport and any matrix effects were observed. For example, 

manganese dioxide (MnO2) is a known by-product of the oxidation reaction of 

permanganate with organic material, and it was thought that perhaps Mn02 precipitates 

could form and clog or partially block soil pores, thereby increasing the system 

tortuosity. After approximately 90 days of operation, replicate transport cells were 

disassembled and the cores dissected for visual and chemical analysis. It was found that 



the perrnanganate concentration gradient was visibly discernable along the length of the 

soil core. Through chemical analysis, concentration gradients of several matrix 

constituents, including potassium, calcium, magnesium, manganese, iron, chloride, 

bromide, perrnanganate and manganese dioxide, were determined. The transport cells 

were also used to measure the mass flux density of a bromide tracer through the soil core 

before and after potassium perrnanganate was introduced to the system. The mass flux 

was used to calculate the effective diffusion coefficient, which was then used to calculate 

the apparent tortuosity of the soil core. 

The effective difhsion coefficient for bromide and the system tortuosity were 

successfully determined for two replicate soil cores prior to treatment with KMnQ4. The 

effective diffusion coefficient values were found to be 1.38E-06 cm2/s and 1.28E-06 

cm2/s, which were only slightly less than the predicted value of 1.69E-06 cm2/s. The 

addition of KMn04 to the system accelerated the mass transport of bromide through the 

soil core, as well as some cationic constituents, such as calcium and magnesium, that 

were previously sorbed to the soil surface. This is speculated to be due to multiple ion 

diffusion phenomena and cation exchange processes. The observed effects on ion 

migration raise questions concerning the beneficial or detrimental migration of metals 

and similar contaminants that may already be present in the subsurface when KMn04 is 

introduced. The addition of KMn04 did not alter the pore structure or continuity. The 

lack of MnO2 deposition was supported by both the inability to identify manganese using 

a scanning electron microscope and energy dispersive spectrometry, and the small 

volume of Mn02 chemically measured after core treatment. The total organic carbon 

content was decreased near the perrnanganate source in both cores, but not completely 

degraded even after long term exposure to perrnanganate at fairly high concentrations, 

which was consistent with field data. Finally, the oxidant demand of untreated soil was 

determined and information fiom these tests was also used to estimate the half-life of 

perrnanganate in the soil system. 
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Chapter 1 

INTRODUCTION 

1.0 Problem Framework 

Contamination of soil and groundwater with chlorinated organics is common in 

many industrial settings throughout the United States. As a class of chemicals, volatile 

organic compounds (VOCs) are toxic and many are known or suspected carcinogens 

(U.S. Environmental Protection Agency, 1996). Chemicals classified as VOCs, such as 

trichloroethylene (TCE), trichloroethane (TCA), and tetrachloroethylene (PCE) 

fiequently enter the subsurface environment through leaking storage tanks, spills, and 

land disposal of wastes. The remediation of sites contaminated with VOCs presents a 

major challenge, especially in low permeability media (LPM). Of particular concern is 

trichloroethylene (TCE), which is found at 852 of 1430 of the EPA's Superbd National 

Priority List sites in the US (Agency for Toxic Substances and Disease Registry, 1999). 

Dense non-aqueous phase liquids (DNAPLs), such as TCE, have densities greater 

than one and are stable compounds that are able to persist and migrate within soil for long 

periods of time, even when groundwater velocity is low or negligible. In low 

permeability silt and clay soils, DNAPLs preferentially migrate through larger pores and 

fi-actures and then partition between the NAPL, gas, aqueous, and sorbed phases (Siegrist, 

et al., 1998) (see Figure 1 .I). VOCs may migrate from these areas of low permeability to 

zones where greater mass transfer rates occur, and eventually contaminate drinking water 

sources. Once established in these fine-grained matrices, remediation of the DNAPL 

compounds becomes increasingly difficult since removal of the contaminants, as well as 

delivery of remedial reagents, is hindered by the low permeability of the soil (Siegrist and 

Lowe, 1996; Siegrist and Lowe, 1998; Freeze and McWhorter, 1997; Siegrist et al., 



1999). Several remediation technologies and enabling methods have been attempted with 

varying degrees of effectiveness as highlighted below. 

Figure 1.1: DNAPL Partitioning in Subsurface (Siegrist, et. al., 1998). 

1.1 Remediation Technolo~ies 

Frequently, ex situ remediation techniques are utilized for source zones that are 

characterized by small areas of shallow depths because they are well known and have 

already been used in field applications. However, ex situ treatments are not efficient 

when remediating many LPM sites due to size or depth of the contamination and in situ 

technologies offer several potential advantages. For example, there is typically less site 

disruption when in situ treatments are implemented, as well as less worker contact with 

the contaminant. Also, there is usually less expense than standard ex situ treatments. 



1.1.1 Mass Recoverv A~~roaches  

The remediation of sites contaminated with DNAPL compounds and free 

residuals has been attempted through several mass recovery technologies. In permeable 

media, mass recovery is usually undertaken through pump and treat and soil vapor 

extraction (U.S. EPA, 1997). 

Pump-and-treat systems have been in widespread use at many sites contaminated 

with DNAPLs in efforts to restore groundwater quality. This technology is implemented 

by pumping groundwater through the contaminated zone, extracting it and then treating it 

by methods such as air stripping, carbon adsorption, ion exchange, and metals 

precipitation. The treated water can then be recharged to the ground or discharged to 

either a surface water body or municipal sewage treatment plant. However, pump and 

treat presents many difficulties when dealing with D W L s  in the subsurface and 

particularly when the soil is comprised of fine grain media. The low solubilities of VOCs 

and the rate-limited mass transfer in LPM, as well as low fluid flow rates, lead to low 

recovery rates and poor efficiencies under these circumstances. 

Soil vapor extraction (SVE), also known as soil venting and vacuum extraction, is 

a well-known and widely accepted remediation technology (U.S. EPA, 1997). The 

process is typically quite effective in the recovery of VOCs in sandy, unsaturated soils as 

airflow is induced in the unsaturated subsurface with an applied vacuum, increasing the 

volatilization and mass recovery of the pollutants. The contaminated air is collected 

above ground and oRen treated before being discharged to the atmosphere. SVE depends 

on the mass transfer of VOCs fiom the adsorbed, dissolved, and fiee phases to the vapor 

phase for removal from the subsurface (Sutherson, 1997). However, due to the low 

permeability of silt and clay soils, mass transfer rates are very low and the effectiveness 

of SVE is greatly diminished in LPM. While SVE is usually cost-effective, treatment of 

LPM with SVE can be a long term and expensive remediation approach. 



1.1.2 In Situ Degradation Approaches 

In situ destruction technologies include bioremediation and chemical oxidation. 

With bioremediation, microbial action in the subsurface is responsible for the degradation 

of DNAPL compounds. Bioremediation is carried out through natural processes, or 

engineered biostimulation or bioaugmentation. During the process of biostimulation, the 

subsurface is supplemented with nutrients and oxygen in order to stimulate the 

degradation of VOCs by indigenous microbes. Bioaugmentation is a less accepted 

technique and involves the introduction of microbes to the subsurf8ce. 

The success of bioremediation is limited in LPM primarily because organic matter 

is typically present only in small quantities and oxygen may be low in concentration or 

ablent. Therefore, there is a lack of electron donors and acceptors, as well as nutrients 

since the organisms generally do not utilize the DNAF'L as a source of carbon for energy 

or growth (Synesis, 1996). Also, it is difficult to maintain an environment that is 

conducive to biological degradation because either the contaminant or its intermediate 

degradation products are fiequently toxic to the microbes (Synesis, 1996). In addition, 

bioremediation presents many diff~culties when working specifically with TCE since 

degradation by microbial action is fiequently incomplete. One byproduct of incomplete 

anaerobic dechlorination of TCE is vinyl chloride (VC), which is of greater concern as a 

carcinogen than TCE. VC is much more difficult to degrade under anaerobic conditions 

(Synesis, 1996), which may be found in the subsurface, though it can be biodegraded 

under aerobic conditions. 

The remediation of DNAF'L compounds through in situ oxidation is achieved by 

chemically degrading DNAPLs into nonhazardous compounds such as C02, water, and 

chloride salts. In situ chemical oxidation reagents, such as hydrogen peroxide, potassium 

perrnanganate or ozone, are introduced directly into the subsurface where they are able to 

oxidize DNAPL organics. Chemical oxidation is an aggressive treatment that can often 

be completed in a matter of weeks, instead of the months or years typically required by 



some other techniques. Also, this technology can be used to remediate VOC 

contaminated groundwater and soil in a variety of soil types, including silt and clay 

(EPA, 1998), which cannot be treated effectively with some other in situ treatments. 

Hydrogen peroxide (H202) alone, or as Fenton's Reagent (a combination of Hz02 

and iron 11), has been shown through several bench scale experiments and field 

applications to degrade a variety of organics and may be feasible as an in situ oxidation 

reagent (Jerome et al., 1997; Siegrist, 1995;, Gates and Siegrist, 1993;, Tyre et al., 1991, 

Watts et al., 1991). Hydrogen peroxide is typically introduced to the subsurface through 

vertical well injection and has been shown to effectively degrade petroleum compounds 

in field scale demonstrations and full scale remediation projects (Siegrist, et al., 1998; 

Gates and Siegrist, 1993), however, there is less information on degradation of DNAPLs 

during field application. A potential limitation of hydrogen peroxide for LPM is that it 

reacts very rapidly upon contact with soil and organic matter and may not be transported 

through the LPM and come into contact with the contaminant of concern (COC). 

Ozone has also been utilized as an in situ oxidation reagent and is normally 

introduced to the subsurface in conjunction with an air sparging system Although ozone 

aggressively degrades chlorinated hydrocarbons (such as TCE), it is typically not 

effective in silty clay soils because the rate of reaction is extremely fast and treatment is 

limited by mass transfer rates (Synesis, 1996). For contaminants in LPM, it is virtually 

impossible to deliver ozone to the subsurface in a manner that would facilitate 

remediation of a large area. 

Potassium permanganate is currently being developed as an in situ remediation 

agent and is discussed further in Section 1.2. 

1.1.3 Enabling Technologies 

In addition to mass recovery and destruction technologies, several enabling 

methods exist that can be used to improve the efficiency of in situ remediation 

treatments. As already established, most conventional treatment techniques are 



ineffective in LPM, primarily because of the low flow rates and low mass transfer rates 

associated with fine-grained soils. One alternative is to physically modify the subsurface, 

creating regions of high permeability through soil mixing or fracturing (Siegrist, et al., 

1995; Murdoch et al., 1995). These methods can then be combined a treatment method in 

order to gain greater contaminant recovery or destruction. 

Soil mixing requires the actual physical mixing of the soil and addition of an 

oxidative agent (e.g.: chemical oxidant) which can then react with organic constituents in 

the soil, and in some cases migrate with groundwater to other regions of the site (Siegrist 

et al., 1995; Cline et al., 1997). This technology is not ideal when handling VOCs as the 

soil disturbance may enable the release of VOCs into the atmosphere. Horizontal 

hydraulic fiactures are another widely used enabling method. The fiactures are created in 

the subsurface by injecting a fluid into the soil under moderate pressure. The fiacture can 

be maintained with some type of proppant such as sand and may then be used in 

conjunction with other remediation techniques in order to increase water flow rates, or act 

as a source for reagent distribution (Siegrist, et al, 1999). 

These physical alterations may be used in conjunction with a remediation reagent 

for in situ treatment. For example, an oxidative reagent used for in situ chemical 

oxidation can be introduced to the soil matrix through several means, including soil 

mixing or direct injection. Direct injection is used to introduce the oxidant directly to the 

subsurface through hydraulic fiactures, vertical lances, or postholes. Once a fiacture has 

been emplaced, it may be used to enhance the recovery of contaminants or, in regions of 

low permeability, act as a source of remediation reagent (e.g. potassium permanganate or 

iron metal). 

Other enabling techniques attempt to alter the physical state of the contaminants 

in order to improve DNAPL recovery. One example is surfactant flushing wherein 

surfactants are used to increase both the solubility and mobility of DNAPLs in the 

subsurfiice. This treatment may by used to enhance existing pump and treat systems with 

little modification as the surfactant is injected through existing wells and then extracted 



downgradient. After surface treatment, the water is reinjected or discharged to a 

municipal water treatment plant. The surfactants are recovered fiom the soil matrix by 

flushing the treatment zone with water. This technique requires adequate soil 

permeability and limited heterogeneity (Fountain, 1998), and thus may not be appropriate 

in silty clay soils. In addition, surfactant-remediation schemes must be carefully 

designed to prevent mobilization of DNAPL globules to uncontaminated zones, a 

difficult task in heterogeneous soils (Fountain, 1998). 

In situ thermal remediation is another enabling technique, which uses heat to alter 

the physical state of subsurface contaminants. This treatment takes advantage of the 

ability of heat to elevate the temperature in a volume of LPM, which is not easily 

penetrated by injected fluids. Thermal techniques may also contribute to the degradation 

of several organic contaminants in situ by providing energy for the reactions to reach 

completion (Davis, 1997). VOC recovery is enhanced by increasing the pore vapor 

pressure through the increase in temperature (Davis, 1997). The contaminants can then 

be recovered in the vapor phase and pumped fiom the subsurface for treatment. When 

implementing this technique, it is necessary to completely and immediately contain 

vapors in order to avoid spreading the contamination outside of the treatment area (Davis 

and Udell, 1998). Also, the solubility and dissolution rate of DNAPLs increase with 

temperature (Davis, 1997), facilitating removal of the contaminants by flushing the 

system with water. 

Heat may be applied to the subsurface through the injection of hot gasses (e.g. 

steam or air) or water via electromagnetic energy heating or hot water injection. Hot air 

injection is typically only applicable to volatile and semivolatile organics that are water 

soluble and hot water injection is applicable to non-volatile and non-soluble oils. 

However, steam injection is effective for volatile and semivolatile organic compounds 

that are immiscible with water, such as TCE. The steam is able to displace mobile 

contaminants as it moves through the soil matrix, as well as volatilize residual 

contaminants (Davis, 1997). Electromagnetic energy has also been utilized for the 



volatilization of DNAPLs fiom the subsurface. Low frequency energy is applied to the 

subsurface and in turn heats water in the pore spaces to boiling. Although this technique 

is useful in LPM since it is able to heat an entire treatment area, complete desorption of 

chemicals fiom clay soils could require extreme temperatures (Davis, 1997), which may 

not be economically feasible. 

Although several remediation approaches have been discussed, this thesis 

examines the migration of potassium permanganate in LPM for the purpose of in situ 

chemical oxidation of TCE and other DNAPL compounds. 

1.2 In Situ Chemical Oxidation in LPM 

As an oxidation agent, potassium permanganate (KMn04) is well known for the 

treatment of wastewater and has only recently begun to be recognized as a useful 

oxidation agent for in situ remediation purposes. KMn04 is attractive as an in situ 

remediation reagent because of its low cost, its high oxidation potential, its ability to 

oxidize a variety of organic chemicals, and its ability to oxidize VOCs within a wide 

range of pHs (Gates et al., 1995). Also, a lab study by Gates, et al. (1995) on in sifu 

oxidation efficiencies of TCE destruction with KMn04 in slurrified clay soils showed that 

it is possible to remove 99% of several organic contaminants, suggesting that KMn04 is a 

viable reagent for the remediation of TCE in LPM. However, transport of KMn04 within 

a low permeability deposit was not addressed during that study. 

Potassium permanganate oxidation serves to break multiple bonds and remove the 

hnctional groups of organic compounds. KMn04 readily oxidizes double bonds in 

alkenes, such as TCE, in a pH range of 4 - 8 (Case, 1997), which is ideal since soil pH is 

typically between 5 and 9. KMn04 owes its strong oxidizing ability to the +7 oxidation 

state of the manganese in the permanganate ion. 

Potassium perrnanganate reacts with TCE, ultimately producing carbon dioxide 

(COz), water (H20) and manganese dioxide (MnOz), if KMn04 is present in excess. 

Although an intermediate is formed (a cyclic ester), it is subsequently consumed and the 



following reaction has been proposed for the complete dechlorination of TCE with 

KMnO4 (Yan and Schwartz, 1996): 

Formic acid (HCOOH) then reacts with excess w n 0 4 ,  the mechanism dependant on 

system conditions. If acidic conditions prevail, formic acid is degraded according to the 

following reaction (Yan and Schwartz, 1996): 

If the system exists under basic conditions, the following reaction occurs (Yan and 

Schwartz, 1996): 

2 MnO4- + 3HC00- + OH- + 3 ~ 0 3 ~ -  + 2MnO2 + 2H20 [I-31 

Potassium permanganate, as well as sodium permanganate (NaMn04), can be 

delivered for the in situ remediation of VOCs by direct injection, soil mixing, or well 

injection of aqueous solutions (Gates, et al., 1995). Potassium permanganate may also be 

implemented as a solid remediation agent in a variety of manners, such as a vertical 

curtain, post holes or a horizontal hydraulic fiacture (Siegrist et al., 1999). 

The mass transport of permanganate in the subsurface occurs through diffusive or 

advective/dispersive processes. In LPM (either bulk deposits of LPM or zones of LPM 

within otherwise permeable deposits), advection is often negligible and diffusion may 

dominate the permanganate mass transport. According to the EPA (1998), the manner in 

which the oxidant is implemented at a site is based on contaminant levels, subsurface 

characteristics, and pre-application laboratory analysis. The success of in situ 

technologies in LPM relies heavily on the ability to accurately predict the rate and extent 



of mass transport of the remediation reagent in the subsurface. Through preliminary 

system modeling and sensitivity analysis (see Chapter 2), it was shown that the effective 

diffusion coefficient greatly affects the diffusive flux since the value may vary by more 

than an order of magnitude. 

1.3 Purpose and Scope 

The purpose of this work is to advance the understanding of diffusive mass 

transport of KMn04 in silty clay soils. The work was designed to measure the transport 

of KMn04, accounting for soil matrix interactions, so that it is possible to more 

accurately predict the quantity of reagent required for in situ oxidation of TCE and 

similar DNAPLs in silty clay soils. This work entailed (1) the use of a screening level 

model to assess factors that impact the rate of transport of KMn04 in the subsurface, (2) 

the development of a laboratory apparatus used to measure the diffusion coefficient of 

KMn04 in silty clay soil and in turn, calculate the tortuosity of the soil matrix, and (3) the 

physical and chemical characterization of soil cores treated by diffusive transport of 

KMn04. 



Chapter 2 

MODELING STUDIES 

2.0 Introduction 

The first phase in completing this research was the application of a mass transport 

model to predict the behavior of potassium perrnanganate (KMn04) as it migrates by 

df is ion  &om a concentrated source, such as a fracture, into a fine-grained soil matrix 

(see Figure 2.1). The model was used to explore the k t o r s  affecting the mass transport 

of K M n 0 4  and to design the appropriate lab experiments. 

The model was used to describe the progress of the reactive zone expansion of 

KMn04 from, for example in situ reactive barriers that have been propped with 

permanganate grout (Siegrist et al., 1999; Case 1998). Although many simplifying 

assumptions were made, the model adequately represented the diffusive mass transport, 

Figure 2.1: Diffusion Schematic for the Transport from a Permanganate Source into 
Contaminated LPM. 



and accounted for first order degradation of perrnanganate due to reaction with 

chlorinated organics and natural organic matter. The modeling was then followed by 

laboratory experiments to measure the transport rates in an undisturbed silty clay 

soil core and to examine the matrix interactions (see Chapters 3 and 4). 

2.1 Simulation Svstem Description 

Existing models were adapted to simulate permanganate migration by diffusion. 

This condition could occur in various in situ treatment approaches including diffUsion of 

into fine-grained zones during groundwater flushing, diffusion of KMn04 away 

fiom vertical lances, or diffusion of KMn04 vertically from a horizontal hydraulic 

fracture. The last physical condition was used for the preliminary modeling. A set of 

hydraulic fiactures placed in a silty-clay region and propped with a potassium 

permanganate grout were created at the Department of Energy (DOE) Portsmouth site in 

Ohio (Siegrist et al., 1999;, Siegrist et al., 1998; Case, 1998). There, three horizontal 

fiactures propped with a potassium permanganate oxidative particle mixture (OPM) were 

stacked between 2 and 4 meters below the ground surface in a silty clay soil with 

negligible groundwater flow (see Figure 2.2). Using this media and other site 

characteristics, the model was applied to predict permanganate behavior in such a no- 

flow regime where the mass transport is dominated by difision. 

Under no flow conditions, diffusion is the mechanism of mass transport of 

permanganate in the vadose and saturated zones of the subsurface. No flow conditions 

would exist when there is limited natural recharge or when some obstacle prevents 

groundwater flow (e-g., a parking lot, a building, or a cap). Also, in situ reactive barriers 

installed in low permeability media rely on the diffusive transfer of permanganate for 

remediation of organic contaminants unless another remediation technique, such as 

forced injection, is utilized in conjunction with the reactive barrier. 



Figure 2.2: Schematic of Fracture Placement in Field (Siegrist, et al., 1998). 
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For the purposes of this model and based on field observations, the source of 

KMn04 was represented as a horizontal fracture of 1 cm thickness and the mass of 

KMn04 in this fracture was calculated to be 1.2 &rn2 (see Table 2.1) &om work 

completed previously at the Colorado School of Mines (Case, 1998). Also, a first 

Table 2.1: Parameters used in Preliminary Modeling. 

Parameter 
Mass 

Effective 
diffusion coeE 
Bulk diffusion 

coeK 
Decay constant 

Porosity 

Units 
gcm-2 
cm2s-' 

cm24' 

day-' 
~ m ~ c r n - ~  

Symbol 
M 
D, ff 

DO 

k 
n 

Value 
1.2 

4.18 x 10-6 

1.632 x lo5  

0.0077 
0.36 

Source 
Case, 1998 

Calculated (see Ex. A1 ) 

Lide, 1996 

Calculated (see Ex. A2) 
Siegrist et al., 1996 



order decay constant of 0.0077 d-' was calculated by assuming a permanganate half-life 

of 90 days (based on previous bench scale studies). The value for porosity was acquired 

fi-om Siegrist, et a1 (1996), assuming 90% saturation in the field, and the bulk diffusion 

coefficient for permanganate was obtained fiom literature as 1.632 r 10" cm2/s (Lide 

1996). A source concentration of 40,000 mg/L was based on the maximum solubility of 

KMn04 in water at lo0 C. The effective diffusion coefficient was calculated by applying 

a tortuosity correction according to Equation 2.1 (Millington-Quirk Model): 

Where Deg= effective diffusion coefficient (L2T1), 
Do = bulk diffusion coefficient in water (L2T1), and 
n = total porosity (L3L") 

The decay constant was calculated according to the following equation: 

where k = first order decay constant (T-l) and 
t ,  = half life (T) 
- 

2.2 Modeling Approach 

A large portion of the modeling was completed using an existing transport model 

called TRANSID. TRANSlD (Dawson, 1997) is a spreadsheet-based program capable 

of predicting one-dimensional groundwater solute transport, including first-order 

degradation. In this work, TRANSlD can model the permanganate hcture as a 



continuous source of constant mass during the time that the permanganate concentration 

in the pore water of the fiacture remains above the solubility limit for perrnanganate in 

water. This time duration is modeled using the following equation (Dawson, 1997): 

where C = KMn04 concentration at distance, z, fiorn the fiacture (ML"), 
Co = KMn04 concentration in the water exiting the fiacture (ML"), 
v, = average pore velocity (LT-'), 
D,= longitudinal dispersion coefficient (L~T-I), 
z = distance fiom fiacture (L), 
R = retardation hctor, dimensionless, 
k = first order degradation rate constant (T-I), and 

TranslD was used to simulate the diffusive mass transport when the fiacture pore 

water was still saturated with perrnanganate by specifying a diffusion coefficient and 

setting the groundwater velocity equal to 1x10-~~  mls (v-0 m/s). The system was 

modeled in this manner until a sufficient quantity of permanganate migrated fiom the 

fiacture, allowing all of the remaining solid permanganate to dissolve into the fiacture 

pore water. At this point, the permanganate concentration, in the fiacture pore water, 

decreases below the maximum solubility of 40,000 mg/L (at 10" C). After this time, 

TranslD alone can not be used because the source is treated as a pulse by TRANSID and 

the permanganate concentration in the fiacture is considered zero and no longer acts as a 

source of pemganate.  The diffusive transport of perrnanganate for this case was 

modeled using TranslD in combination with a mass balance based on a form of Equation 

2.4, which is a numerical discretization of Fick's Law (assuming a linear concentration 

gradient) : 



where C = permanganate concentration (ML"), 
DeE = effective diffUsion coefficient (L2T-I), 
A = cross-sectional area (L2), 
V = volume (L3), 
AC = change in concentration between two points (ML"), 
Ax = distance over which concentration is changing (L), and 
At= time elapsed (T) 

As written, Equation 2.4 does not account for the pseudo first-order decay of 

permanganate in the system. By including an exponential term, the equation suitably 

addresses the decay rate: 

C = (F) At[exp(- kt)] 

where k = pseudo first order decay constant (T-') 

Equations 2.6,2.7, and 2.8 as an incremental mass balance were then employed to 

model the diffusive flux of permanganate in the subsurface. It was assumed that no 

permanganate degradation occurred in the fracture and therefore, two general equations 

were used to model the df i s ive  flux after the fixture is no longer saturated with 

permanganate. One equation was used to predict mass transfer fiom the fracture to the 

next incremental modeling cell: 



where C,, = concentration in fracture at time, tr  (ML-3), 
r 1 

Con = concentration in facture at previous time interval (ML"), 

CX,,, = concentration at previous time interval and next space interval (MLJ), 

DeE = effective diffusion coefficient (L~IT), 
At = time (T), and 
Ax = incremental distance of mass transfer (L) 

Then, a mass balance about each of the successive modeling cells (both temporal and 

spatial) was used to describe the permanganate diffusion: 

where Cx,,tl = concentration at time, tl, and distance, dx, fiom facture (h4Lm3), 
Cx1,,o = concentration at previous time interval at time, to (ML"), 
Cx2 ,to = concentration at next space interval at time, to and 

Coo = concentration in facture at time, to (ML-3) 

Figure 2.3 shows a schematic representation of the relationships between Equations 2.6, 

2.7, and 2.8 and the modeling cells. Each cell represents a compartment in the diffusion 

model. The third concentration, c , can be calculated fiom Equation 2.8 and then c 
X l , t l  *32,1 

in the same pattern and so on until the entire expanse of the reactive zone has been 

determined. 



Figure 2.3: Diffusion Model Schematic. 

Note that Equations 2.6,2.7, and 2.8 only represent the permanganate concentration on 

one side of the fixture and the concentration on the other side is determined by assuming 

the symmetrical migration of permanganate away fiom the fiacture. 

A sensitivity analysis was completed by varying several model parameters in 

order to assess the magnitude of their impact on KMn04 migration and the time required 

for fixture depletion. The parameters examined include the initial mass of 

permanganate present, the half-life of perrnanganate in the soil matrix, the effective 

df is ion  coefficient, and'the porosity. First, one parameter was altered, it's affect on the 

system assessed and then it was returned to it's original value and another parameter was 

then altered. The parameter values chosen for the sensitivity analysis were the extreme 

numbers of a reasonable range. The mass was fist halved to 0.60 &m2 and then 

doubled to 2.40 &m2. The half life was varied between 15 and 120 days and the 

effective diffusion coefficient was varied by an order of magnitude (7.6E-06 - 7.6E-07 

cm2/s). Finally, the porosity was varied between 0.3 and 0.5 vlv. 



2.3 Modeline Results 

2.3.1 Base Case Scenario 

The diffusive transport of KMn04 was simulated using the above equations and 

the parameters in Table 2.1, yielding the results illustrated in Figure 2.4. This graph 

predicts the permanganate behavior as it diffuses from an in situ reactive barrier created 

by a hydraulic fiacture that is 1 cm in thickness. The constant source of 40,000 mg/L 

permanganate lasts approximately 128 days and as modeled using Trans1 D. From 129 

days onward, the system is modeled using Equations 2.6,2.7, and 2.8. 

As seen in Figure 2.4, the model predicts a reactive zone (defined as the region 

where the perrnanganate pore water concentration is >1.0 mg/L) of approximately 15 cm 

after one month with a permanganate concentration of 3 mg/L at 8 cm fiom the fiacture. 

The reactive zone continued to expand with time and after two months, it increased to 22 

cm with KMn04 concentrations of 180 mg/L at S cm fiom the fiacture and 2 mg/L at 1 1 

cm. By the three-month time point, the reactive zone was approximately 28 cm in total 

thickness. The K M n 0 4  concentration was about 1640 mg/L at 8 cm and 2 mgL at 14 cm 

fiom the fracture. After six months, the reactive zone was nearly 60 cm in total thickness 

with a permanganate concentration near 7200 mg/L at 8 cm fiom the fiacture and 1 mg/L 

at 32 cm fiom the hcture. Also, after six months, the fiacture permanganate pore water 

concentration has dropped to about 13,000 rng/L. After 12 months, the permanganate 

concentration in the reactive zone continued to diminish, although the zone had expanded 

to a total thickness near 100 cm. At this time, the perrnanganate concentration is about 

1,400 mg/L in the fracture, 1,100 mg/L 8 cm fiom the fiacture and 1 mg/L 48 cm fiom 

the fixture (see Table B. 1). 



Figure 2.4: Preliminary Modeling Results. 
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Data obtained fiom a field study at the X23 1-A site at the Portsmouth Gaseous 

Diffusion Plant in Piketon, Ohio was used to for comparison to the simulation results 

(Siegrist, et. al., 1999). Horizontal k t u r e s  were emplaced in the Minford zone at 1.8 m, 

2.4 m, and 3.6 m bgs. Cores were taken at 3, 10 and 15 months after fiacture 

emplacement and analyzed for pH, Eh, TOC, and K M n 0 4  concentration at several 

distances fiom the fiacture. As can be seen in Figure 2.5, the model predicts, reasonably 

well, the permanganate migration that occurred during 10 months following initial 

kcture emplacement. 



Figure 2.5: Comparison of Model Prediction to Field Data 10 months After 
Fracture Emnlacement. 
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2.3.2 Sensitivity Analysis 

From the sensitivity analysis, it was shown that the initial mass of KMn04 had no 

effect on the rate at which permanganate migrated fiom the fracture, only the length of 

time during which the hcture was active. Keeping all other parameters constant, the 

porosity was varied between 0.3 and 0.5, but the total extent of the reactive zone under 

these conditions differed by only 8 cm aRer 90 days (see Figure 2.6). By examining 

Figure 2.6, it can be seen that the extent of KMn04 migration increases by nearly 26 cm 

when the effective diffusion coefficient is increased by an order of magnitude. In 

contrast, while the thickness of the entire reactive zone is increased only by 20 cm when 



the half-life is increased fiom 14 to 120 days. Therefore, it is essential to have an 

accurate value for the effective diffusion coefficient when predicting the extent of 

diffusion and permanganate concentrations in the subsurface. 

Figure 2.6: Sensitivity Analysis Results. 
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Chapter 3 

EXPERIMENTAL METHODS 

3.0 Introduction 

After preliminary modeling exercises revealed the importance of accurately 

knowing the effective diffusion coefficient for the prediction of potassium permanganate 

migration in the subsurface, the next step entailed the development of the experimental 

apparatus and methods to measure the effective diffusion coefficient. It was necessary to 

devise an apparatus in which it would be possible to determine the effective diffusion 

coefficient of a solute tracer in an undisturbed soil core, as well as develop methods used 

to analyze treated and untreated cores. 

3.1 Emerimental Apparatus 

The apparatus used in these experiments was developed over a period of several 

months at the Colorado School of Mines. A one dimensional transport cell was 

constructed in order to measure the effective diffusion coefficient of a conservative solute 

through an undisturbed soil core. Then, KMn04 can be added to the system and matrix 

interactions and any changes in measured effective diffusion coefficient can be examined. 

For example, if precipitates are produced as an oxidation by product, they could clog 

matrix pores, causing a decrease in the effective diffusion coefficient. 

The apparatus is comprised of two fluid chambers separated by an intact soil core. 

The chambers each measure 13 -4 cm x 8.8 cm x 8.7 cm (internal) and contain 

approximately one liter of fluid. With this volume, the influent chamber is able to act as 

an infinite source of the solute for which the effective diffusion coefficient is to be 

measured. Also, the transport cells were equipped with recessed chambers for stir bars in 

order to provide a completely mixed environment without physical disturbances due to 

mixing eddys. Electrical conductivity probes were emplaced approximately lcm fiom 



the soil-water interface in both chambers. Conductivity readings are a simple, quick, and 

inexpensive indicator of dissolved ion concentration. 

The soil core was 3.81 cm in diameter and 2.54 cm in length, which should 

provide an adequate measurement of the tortuosity since the core length is 500 times 

greater than the average pore size (- 50 pm). The soil cores used in these experiments 

were undisturbed silty-clay cores obtained using thin-tube soil probes hydraulically 

pushed into the subsurface at the DOE Portsmouth site located in Piketon, Ohio. Figure 

3.1 shows the transport cell after it has been assembled and KMn04 has been introduced 

to the influent chamber (left chamber in photo). 

Figure 3.1: Assembled Transport Cell. (note: left chamber contains 
5000 mg/L KMn04) 



Table 3.2: Matrix Water and Site Background Water Constituents. 

1 

* Values were obtained fiom Siegrist, et al., 1998. 

Ion 

Intact soil cores were collected in the field for a depth of 2-2.5 m bgs using a 

hydraulic probe truck and thin tube samplers. The cores were then shipped to CSM in 

Experimental 
Matrix 

Concentration 

foam-padded containers. At CSM, 2.5 cm long sections of the 30 to 60 cm core lengths 

Average 
Concentration 

in Site GW 

were used for media characterization (see section 3.1.3) or for effective diffusion 

coefficient measurements as described here. For the effective diffusion coefficient 

measurements, a segment of the core was carehlly trimmed and then placed in a 

Plexiglas sleeve and inserted into the transport cell. The transport cell was assembled and 

completely sealed in order to minimize interactions between the water and the 

atmosphere. Then, in order to hlly saturate the soil core without disturbing the soil 

matrix structure, the transport cell was turned on end and the bottom chamber allowed to 

fill with the water matrix, followed by upflow saturation of the core using a constant head 

marriot device and the prepared water matrix. A unit head was initially established and 

then increased by one centimeter per day once water was detected on the top surface of 

the soil core. It was determined by periodically monitoring pH that approximately ten 

pore volumes (-100 d) of the water matrix were required to pass through the soil core 

to establish equilibrium. The apparatus was then uprighted, the second solution chamber 



filled completely with the remaining water matrix, and the system allowed to equilibrate 

for a 24 hour period. This rest period was used to insure that the water levels in the two 

chambers were equal. 

3.2 Media Characterization 

A silty clay soil obtained fiom the Portsmouth Gaseous Diffusion Plant (PORTS) 

near Piketon, Ohio was used in this study. The soil media was representative of several 

land treatment units that were contaminated through the land disposal of waste oil and 

solvents fiom the 1970's until the early 1980's and then capped with a temporary 

geomembrane. The soil samples were fiom an uncontaminated location within the 

Minford silty clay deposit (approximately 6-8m thick) that is underlain by an 

unconsolidated Quaternary-age deposit (Siegrist, et al., 1999). Contaminant transport is 

possible in the Minford member through naturally occurring vertically dipping fractures 

that provide pathways for vertical migration (Siegrist, et al., 1999). Some reported soil 

characteristics are shown in Table 3.3. 

Several physical characteristics of the soil matrix, including porosity, moisture 

content and total organic carbon (TOC) can greatly influence the extent of K M n 0 4  

migration in the subsurface. These properties were measured in untreated cores, as was 

the oxidant demand of the soil matrix since it contributes to the consumption of KMn04 

and decreases the extent of migration of the reactive zone. TOC was measured in two 

cores treated with perrnanganate and two reference (untreated) cores after core dissection 

(see Section 3.5). 

In the lab, it is possible to ascertain the total porosity of an intact core by 

saturating a soil sample with a pressure plate and hanging column method (see Figure 

3.2). First, the field moist soil core is weighed and then placed upon the porous plate on 

a layer of very finely ground soil (in order to insure good contact between the soil core 

and the membrane). The porous membrane is attached to a burette containing deionized 



In order to obtain an accurate measurement of the effective diffusion coefficient, 

it was necessary to reproduce field conditions as closely as possible. First, a water matrix 

simulating the groundwater conditions fiom background monitoring wells at the field site 

was created for use in the transport cell during the experiment. This step was necessary 

in order to insure that there would be no electrochemical influences on the rate of ion 

diffusion due to ion exchange between the soil and water. Also, the use of this water 

when saturating the soil core helped to maintain the structural integrity of the sample. 

The groundwater matrix fiom the field site was simulated by mixing one mL of 

0.83 gll solution KCl, one mL of 1 g/L solution NaN03, one mL of 1.28 g/L solution 

FeC13, two mL of 34.4 g/L solution MgC12, and 56 mL of 2.5 g/L solution CaS04 with 

939 rnL deionized water (see Tables 3.1 and 3.2). This mixing results in a solution with a 

pH of about 5.00 and a conductivity near 277 pmhos. Samples fiom the site background 

monitoring wells show pH values ranging between 4.93 and 6.4 and conductivity values 

ranging fiom 198 to 328 pmhos (Siegrist, et al., 1998). The prepared water also had a 

total dissolved solids (TDS) content of approximately 160mg/L and alkalinity near 40 mg 

CaC03/L. 

Table 3.1: Water Matrix Constituents 

Stock Concentration in 
Sdt ( Concentration Simulated GW 

KC1 
(g/L) Matrix (mg/L) 

1 .O 
1.28 
68.8 

- 140.0 

1 
1 
2 
56 

Na;N03 
FeC13 
MgCh 
CaSO4 

0.83 0.83 
1.0 
1.28 
34.4 
2.50 

1 



Table 3.3: Summary of Test Site Soil Characteristics (Siegrist et. al., 1998). 

water. The height of the water column is maintained slightly above the surface of the 

membrane ( 4 . 5  cm), allowing the soil sample to be slowly saturated by capillary and 

hydraulic action. The soil was then placed in a drying oven at 110f5OC until the 

specimen attained a constant mass (the difference in mass after two consecutive periods 

being < 0.1%) (ASTM, 1991). Then, after allowing the soil to sufficiently cool in a 

dessicator, the mass of the oven-dried sample was determined. The difference in weight 

between the saturated and oven dried core was considered due to the evaporation of water 

that occupied the pore space within the matrix. 

Porosity is defined as the ratio of the volume of the voids in a soil sample to the 

Plastic index 
Total fractional porosity 
Water-filled porosity 
pH (in water) 
Organic carbon 

total volume of the sample (Fetter, 1988): 

% 
v/v 

% pores 
- 

mg/kg 

-35 
0.40 
90 
6.0 

500- 1,500 
17.5 Cation exchange capacity rnEqI1 OOg 



Figure 3.2: Pressure Plate Device Used for Saturating Cores. 
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where n = porosity (L~L'~)  
V, = volume of void space (L3) 
V = volume of soil sample (L3) 

In order to obtain the volume of water present in the pores, the mass of water evaporated 

by drying the core was divided by the density of water at 20" C (ImglmL). The volume 

of the soil core was estimated by carefully measuring the dimensions of the sample. 

The moisture content of the saturated field cores was determined fiom the data 

obtained during porosity measurements. The percent water content on a dry weight basis 

was found by dividing the mass of water evaporated fiom the soil core by the dry weight 

of the soil sample: 

water weight 
0 = 

mass of dry soil 

where 8 = water content on a mass basis (MM') 

The dry bulk density of the five cores was also found fiom the porosity measurement 

data. The dry bulk density was found by dividing the mass of dry soil by the volume of 

the core: 



dry soil mass 
B.D, = 

core vol 

where B.D.* = dry bulk density (ML") 

The TOC content was also measured in two treated and two untreated soil cores 

after core dissection (see Section 3.5). The total carbon (organic and inorganic) present 

in the soil cores was measured using a Coulometrics Incorporated model 5 120 Total 

Carbon Apparatus and a model 501 1 COz Coulometer at CSM. Samples were obtained 

and then air dried in a loosely covered container. First, the samples were tested for the 

presence of inorganic carbon by dousing a small amount of the soil with hydrochloric 

acid. Since no carbon dioxide formed, it was possible to assume that there was little or 

no inorganic carbon present in the samples and the total carbon measured with the carbon 

analyzer was actually the value for TOC. The samples were each ground to a fine 

powder for carbon analysis. A measured mass of sample was placed into a boat for 

burning in the carbon analyzer and the TOC content of each sample was measured. 

Triplicate subsamples were analyzed. 

The oxidant demand of the soil matrix was examined using a batch oxidant 

demand test developed at CSM. Through this batch test, it was possible to track a 

decrease in KMn04 concentration over time and determine the natural oxidant demand of 

the soil matrix based on this information. Also, a rough estimate of the half-life of 

permanganate in the subsurface could be obtained. The test was completed in 7 mL vials 

which were loaded with one gram of air dried soil and 5 mL of either 500 mg/L or 5000 

mgL K M n 0 4  solution. The KMn04 concentration was measured in triplicate at several 

time points over a two-week period. In addition, electrical conductivity and pH were 

monitored throughout the test. Two control tests with solutions of 500 mgiL and 5000 

mgL -4, but no soil, were also conducted (see Table 3.4). The vials were shaken 



continuously on an orbital shaker set at 150 rpm. The KMn04 concentration was 

monitored by measuring the absorbance of the solution on a Hach model DRl2010 

spectrophotometer at 525 nm and then calculating the concentration from a 5-point 

calibration curve. 

Table 3.4: Natural Oxidant Demand Test Conditions. 

3.3 Effective Diffusion Coefficient Measurement 

Sample 

Once the experimental system was established, as described in Section 3.2, a 

bromide tracer was used to determine the effective difision coefficient of bromide in the 

untreated silty clay media and the tortuosity of the soil system The tracer test was begun 

by introducing 100 mg/L Br- (from KBr salt) into the source chamber of the transport 

cell. Then, the Br- concentration was monitored in the effluent chamber until a relatively 

constant mass flux density was determined. Once a pseudo-steady state had been 

achieved, it was possible to calculate the d i i s i o n  coefficient for bromide and fiom that 

value, the tortuosity of the soil core. 

The effective diffusion coefficient was calculated from the mass flux of bromide 

out of the soil core and into the effluent well. Mass flux density is defined as the 

rnass/area/time (Cussler, 1997) and numbers for this value were calculated based on this 

definition: 

Amt of soil 
KMn04 

Concentration 1 



where J = mass flux density (ML-~T-'), 
C1 = solute concentration at t = 1 (MI,"), 
C2 = solute concentration at t = 2 (MI,"), 
V = volume of solution (L3), 
A = cross sectional area through which solute is diffusing (L~),  and 
t = time between concentration readings (T) 

The change in bromide concentration with time was found by fitting a linear trendline to 

the bromide concentration curve and interpreting the slope of that line as the change in 

concentration with time. Once the mass flux was evaluated, it was possible to determine 

the effective diffusion coefficient from Equation 3.5, adapted from Shackelford, 199 1 

(assuming a linear concentration gradient through the soil core): 

AC J=-D - 
eff Ax 

-2 1 where J = mass flux density (ML T- ), 
D,E = effective diffision coefficient ( L ~ T ~ ) ,  
AC = change in concentration over the length of the core (MLJ) 
Ax = distance over which mass transfer occurred (L) 

The apparent tortuosity was then found fiom the following equation, also adapted fiom 

Shackelford (1 991): 



where DeR = effective difision coefficient (L~T-') 
Do = bulk diffusion coefficient ( L ~ T - ~ )  
T, = apparent tortuosity (LL-') 

Therefore, by definition, the apparent tortuosity includes the effects of actual 

tortuosity, water-filled porosity, anion exclusion, and reduced "mobility" due to the 

increased viscosity of water adjacent to the clay mineral surfaces relative to the bulk 

water (Shackelford, 1991). It is essentially impossible to differentiate between the effects 

of these factors in soil difision studies and therefore, they will be reported collectively 

as the "apparent tortuosity", Ta. Although the water-filled porosity was determined 

during the experimental work, it was not factored out of the apparent tortuosity values, so 

that T, could be compared to literature. 

The Br- concentration in both the influent and effluent cells was measured by ion 

chromatography (IC) analysis at CSM. One mL samples were collected fiom the 

transport cell (both fluid chambers) daily for the first three days of operation, then every 

other day for each of three samples and then approximately every four days thereafter. 

The pseudo steady state Br- flux was achieved after roughly 30 days. 

At this point, potassium permanganate was introduced into the source chamber at 

a concentration of 5000 mgL as K M n 0 4 .  The cell sampling continued, but returned to 

being taken once a day for three days, then every other day for each of three samples and 

then approximately every four days for the remainder of the experiment. These samples 

were also tested for Br- by IC analysis. 

Equations 3.4,3.5, and 3.6 were then used to determine the effective diffusion 

coefficient for bromide and the system tortuosity after the diffusive transport of KMn04 

through the soil core. The calculated value of the bromide diffusion coefficient could then 



be compared to the value found by using Equation 2.1, the correlation used to predict the 

effective diffusion coefficient for modeling purposes. 

The conductivity monitoring of the two solution wells began at time zero and 

continued throughout the experiment. Conductivity was used as an indicator of KMn04 

levels in the solution chambers. The M n 0 4 -  concentration was also monitored through 

spectrophotometry using a Hach model DR/2010 spectrophotometer at 525 nm. The 

absorbance of the samples was measured aRer filtration and then the KMn04 

concentration was determined based on a 5-point calibration curve. 

3.4 Core Dissection and Analvsis 

The soil core dissection was carried out after completion of the diffusive mass 

transfer studies in order to determine several chemical and physical characteristics of the 

treated core. The core was visually analyzed for structural changes and any Mn02 

particulate deposition. Then, the samples were chemically analyzed for the 

concentrations of chloride (Cl'), bromide (Br-), perrnanganate (Mn043, potassium (K'), 

manganese (h4n2+), calcium (ca2+), magnesium ( ~ ~ ~ 3 ,  iron ( ~ e ~ 3  and manganese 

dioxide (MnO2). In addition, the pH and TOC content of soil subsamples were 

determined. The procedures used are described below. 

The pre- and post-diffusive transport, effective df i s ion  coefficients and system 

tortuosities were calculated in order to determine if a change in the transport properties of 

the core resulted from the addition of KMn04 to the system. In addition, treated core 

samples taken at two locations in the cores were analyzed for physical and chemical 

properties and compared to untreated cores. Upon dissection, a visual examination was 

made. Then, using a scanning electron microscope (SEM), additional analysis was 

completed using an IS0 009-000 model SEM and a magnification of 1600x. First, the 

soil samples were air dried intact and then broken into smaller pieces for gold plating. 

The undisturbed surface of the soil subsample (where the sample had been broken apart) 

was used for viewing under the SEM. The SEM and energy dispersive spectrometry 



(EDS) were used in an attempt to locate Mn02 precipitates through the identification of 

manganese. The soil core was also chemically analyzed after the core dissection in order 

to characterize the concentration gradients of several ions within the soil matrix. 

First, the apparatus was disassembled and the soil core dissected. The transport 

cell was disassembled by draining the solution chambers simultaneously and then 

immediately removing the core from the device. The core was then extracted from the 

sleeve and sectioned in three locations, creating four segments. The segments were laid 

out in an open-faced manner and one was sampled for soil chemistry analysis while the 

other adjoining segment was used to determine TOC and to enable scanning electron 

microscope (SEM) sample preparation (see Figure 3.3). 

Figure 3.3: Core Dissection Schematic. 
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The soil chemistry analysis consisted of a set of extractions, including a pore 

water extraction, an exchangeable cation extraction and a M n 0 2  dissolution. The soil 

extraction was completed at CSM and then analyzed by an inductively coupled plasma 

optical emission spectrometer (ICP) at a commercial lab. The first procedure entailed the 

extraction of ions existing in the pore water. For segments I and 3, pore water was 

extracted &om subsamples 2,4, and 6 (see Figure 3.3) by adding 5mL of dionized @I) 

water to each sub sample and shaking it on a wrist action shaker for 30 minutes. The 

samples were then centrifuged at 350 x g for 30 minutes and decanted. The supernatant 

of each sample was collected and an aliquot removed for ion chromatography (IC) 

analysis of Cl- and Br-. ICP analysis of K+, ca2+, Mn 2C, and ~ e ~ +  was also 

conducted on these samples. M a -  concentrations were determined by measuring 

absorbance of the solution on a Hach DR/2010 mass spectrophotometer at 525 nm and 

the supernatant was then used to measure the pH of the soil sample. 

The chemical analysis also included an exchangeable cation extraction and MnO2 

dissolution on subsamples 1,3, and 5 (see Figure 3.3). First, these samples were rinsed 

with D.I. water using the technique stated above. The method used for cation extraction 

was adapted from the Soil Sampling and Methods of Analysis (1993) method 19.2, 

Exchangeable Cations and Effective CEC by the BaC12 Method. Approximately 0.5 g of 

each soil subsample (air-dried) was weighed into a 50 mL centrifuge tube. Then, 30.0 

mL of 0.1 M barium chloride (BaC12) was added and the samples were shaken on the 

wrist action shaker for two hours. After this time, the samples were centrifuged for 30 

minutes and decanted. The supernatant was collected for ICP analysis of K+, Mh2+, ca2+, 

M ~ ~ + ,  and ~ e ~ + i n  order to determine the quantities of these cations that may have sorbed 

to the soil minerals. 

Finally, the soil chemistry analysis for subsamples 1,3, and 5 was completed with 

a procedure for dissolution of Mn02 adapted fiom Duggan (1993). The subsamples were 

subjected to 40 mL of a solution containing 0.1 M hydroxylamine hydrochloride 

W2OH.HCI) and 0.01 M nitric acid (HN03). The samples were then shaken on the 



wrist action shaker for 30 minutes and centrifuged. Water samples were decanted from 

each of the subsamples and analyzed for Mn2' by ICP analysis. Since any ~ n ~ +  that 

existed in the soil matrix as a free cation should have been removed by either the pore 

water or cation extraction procedures, all of the Mn2+ obtained fiom the dissolution was 

considered due to the dissolution of Mn02. Therefore, the Mn02 concentration was 

calculated fiom the concentrations of Mn2+ based on the molar ratio of Mn4' present in 

MnOz. , . 

3.5 Glass Bead Ex~eriment 

Two experimental runs were completed using the same experimental apparatus 

but with the horizontal column packed with 3mrn glass beads. The experiment was 

conducted in the same manner as the soil core runs, but for a shorter time scale made 

possible by the larger particle size. These runs were completed in 10 hours instead of 90 

days. First, the apparatus was assembled with the glass bead packed column and 

saturated using the constant head marriot device. Then, the device was uprighted and 

allowed to sit for two hours. Next, KBr was introduced to the influent chamber at 100 

mg/L Br-and samples were collected at one hour intervals until a pseudo steady state of 

Br- mass flux was reached (approximately five hours). Then, KMn04 was introduced to 

the influent cell at 5,000 mgll KMn04 and sampling continued every hour. The samples 

were analyzed for bromide at CSM through IC analysis. The glass bead system was used 

as a control run where the glass beads represented a non-reactive matrix and it was 

possible to observe the behavior of the bromide tracer when KMn04 addition would have 

no interactions with the matrix structure. 



Chapter 4 

RESULTS AND DISCUSSION 

4.0 Introduction 

This section of the thesis presents the results of the laboratory experimentation. 

First, the soil core physical characteristics will be discussed, including some properties 

that were not determined until after the cores were removed fiom the apparatus and 

dissected, such as the TOC content and chemical analysis. Next, diffusive mass transport 

characteristics of the cores will be discussed, followed by the matrix effects of KMn0.4 

addition to the system. 

4.1 Soil Core Characteristics 

The water-filled porosities of five soil cores were measured using a pressure plate 

and hanging column of water. The water-filled porosity values ranged fiom 0.37 to 0.42 

with an average of 0.40. The relative error was found to be 4.2% based on a standard 

deviation of 0.017 (Table C.1). The variability is probably due to spatial variability in the 

soil pore structure between the cores. Also, the volume of the soil core was estimated by 

measuring the height of the core and multiplying by the cross-sectional area. Since the 

surfaces of the soil core are not completely uniform, the estimated volume of the column 

may be slightly inaccurate, affecting the value calculated for the porosity. However, 

these values agree well with values published by Siegrist et a,. (1998). 

The moisture contents of the cores were determined fiom the porosity data. An 

average water content of 0.26 dry weight percent was found with a relative error of 7.9%. 

The average bulk density was determined to be 1.58 with a relative error of 8.1% (see 

Table C. 1). 



The TOC content of both treated soil cores and two untreated cores (reference 

cores) was also determined after the transport cell disassembly and core'dissection. The 

TOC content was measured in triplicate at both segments 1 and 3 in each of the two 

cores. For core #1, the TOC content was found to average 0.73 pg carbon per mg soil at 

segment 1 and 1.07 pg carbon per mg soil at segment 3 with relative error of 7.1% and 

18.2% respectively (see Table C.2). The TOC in core #2 averaged 0.50 pg/mg and 0.64 

pglmg at segments 1 and 3 respectively with a relative error of 2.1% and 4.5%, 

respectively (see Table C.3). The TOC of two reference cores was determined, as well 

and found to average 1.09 pglmg and 0.65 pg/mg, with relative errors of 1.6% and 1.2%, 

respectively. 

By assuming the TOC determined for the untreated core as a background value, it 

was calculated that the TOC content was decreased through oxidation by 0.34 pg/mg 

(33%) for segment 1 and 0.02 pg/mg (1.8%) for segment 3 in core 1. Similarly, it was 

found that the TOC was reduced by 0.16 pg/mg (23%) at segment 1 and 0.0 1 pg/mg 

(1.5%) at segment 3 in core 2 (see Table 4.1 and Figure 4.1). These results indicate that 

although the natural organic material @OM) initially present in both cores was 

decreased, it was not completely removed and substantial organic material is apparently 

Table 4.1: TOC Content of Untreated and Permanganate Treated Soil Cores 



Figure 4.1: TOC Content of Untreated and Permanganate Treated Soil Cores 
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resistant to oxidation by Mn04, even after 40 days of exposure. This compares well 

with the field data fiom the DOE site where soil cores were obtained and TOC remained 

even after 10 months (Siegrist et al., 1999). Also, it is clear that the NOM concentration 

is decreased most near the feed reservoir where the Mn04-concentration is greatest and 

period of exposure the longest (see Tables C.4 and C.5). Interestingly, the reduction of 

TOC is slight at segment three in both cores, although the average Mn04- concentration 

is high (see Section 4.3.2). 



4.2 Soil Oxidant Demand 

The oxidant demand of the soil material was determined using a batch test 

developed at the Colorado School of Mines. Through this test, it was possible to 

calculate the amount of MnOi consumed per gram of soil present. One test was carried 

out using 500 m& of KMnO4 resulting in approximately 2.85 mg MnOi consumed per 

gram of soil in two weeks. A second test was completed with 5000 m& of K M n 0 4  that 

resulted in about 10.75 mg MnO,' degrading per gram of soil in two weeks. As can be 

seen in Figure 4.2, the permanganate concentration decrease levels off around 75 hours 

when the initial potassium permanganate concentration is 500 mg/L. In the 5000 mg/L 

permanganate test, the concentration decrease levels near 24 hours (see Tables C.4 and 

C.5 and Figure 4.3). 

Figure 4.2: Oxidant Demand Batch Test Results (SOOmgfL KMn04). 
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Figure 4.3: Oxidant Demand Batch Test Results (5000mg/L KMn04). 

Just considering segment 1 of core #1 and the results of the 5,000 mgL K M n 0 4  

batch oxidant demand test, it is possible to utilize the TOC analysis and determine that 

the amount of perrnanganate consumed per mass of TOC degraded was 3 1.6 mg Mn0[ 

per mg of TOC degraded in the system. This calculation is performed by dividing the 

mass of perrnanganate consumed per gram of soil in the batch oxidant demand test (10.75 

mglg) by the mass of TOC removed fiom segment 1 of the treated cores after dissection 

(0.34 pglmg). Similarly, in segment 1 of core #2 (0.14 pg TOCImg soil), it was found 

that 76.8 mg Mn04'/mg TOC was consumed. The results of the 500 mgL KMn04 batch 

oxidant demand test produce values of 8.38 mg MnOilmg TOC consumed in segment 1 

of core #1 and 20.4 mg MnO4-lmg TOC consumed in segment 1 of core #2. 
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A half-life for permanganate of 90 days was used for the preliminary modeling 

studies, but the oxidant demand batch test results suggest that the half-life may actually 

be closer to 20 days. However, the oxidant demand test value is determined as the 

ultimate permanganate demand under completely mixed, homogeneous conditions, which 

would not occur in the subsurface. Therefore, the actual half-life is expected to be 

greater than the value estimated using the batch oxidant demand test. 

4.3 Diffusive Trans~ort Characteristics 

4.3.1 Mass Flux, Diffusion Coefficient, Apparent Tortuosity 

Core #1 was allowed to operate for a total of 80 days while core #2 operated for a 

total of 90 days. As can be seen in the pre-KMn04 period in Figure 4.4, the Br- 

concentration in both cores rose at a relatively constant rate during the initial 35 days. 

During this time, a pseudo steady-state bromide mass flux density of 5.42E-08 mg/cm2s 

was calculated for core #1 and 5.03E-08 mg/cm2s was calculated for core #2. The mass 

flux was determined by fitting a linear trendline to the data in Figure 4.4 and using the 

slope of that line as the change in bromide concentration over time. Dividing by the core 

cross sectional area of 1 1.4 cm2 and using a solution volume of one liter, results in the 

mass flux density. The cells then ran for about 4 more days when KMn04 (as 5,000 

mglL KMn04) was added to the feed reservoirs around the 39 day time point. In both 

cases, once KMn04 was introduced to the influent cell, there was an increase in the Br- 

mass flux density in the effluent cell (Figure 4.4, post KMn04). The mass flux of Br- 

into the effluent chamber increased by about 3 times to an average value of 1.60E-07 

mg/cm2 in core #1 and about 2 times to 1.16E-08 mg/cm2 in core #2 (see Table 4.2). 

The pseudo steady-state B r  flux calculated for both cores before KMh04 addition 

was used to determine the initial Br- effective diffusion coefficient, according to Equation 

3.4. During this early time period, the effective diffusion coefficient for core #1 was 





found to be 1.38E-06 crn2/s. In core #2, the effective diffusion coefficient for bromide 

was calculated as 1.28E-06 cm2/s (see Appendix D and Table 4.2). In both 

cases, the predicted value (assuming n=0.4) is only about 20% greater than the effective 

diffusion coefficient determined experimentally (see Table 4.2). 

Table 4.2: Predicted and Experimental Values for Den 

(Eq. 2.1) (cm2/s) (cm2/s) 

The pre Khdn04 values for DeE were then used to calculate the initial apparent 

matrix tortuosity for both cores according to Equation 3.5. The value for apparent 

tortuosity, prior to K M n 0 4  addition, was found to be 0.24 in core #1 and 0.22 in core #2 

(see Table 4.3). These values compare well with the range of 0.19-0.30 reported by 

Shackleford (1991) for silty clay loam. 

The systems were then allowed to operate for an additional 40 days (core #1) or 

50 days (core #2) after the K W 4  was introduced to the influent cell. The monitoring 

of B r  concentration continued during this time, and the mass flux density, effective 

diffusion coeEcient and apparent tortuosity were calculated for this time period, based 

on an average bromide mass flux density of 1.60E-07 mg/cm2s within the system for core 

#1 and an average mass flux density of 1.16E-07 mg/cm2s for core #2. Under these 

conditions, an average effective diffusion coefficient for bromide of 4.06E-06 crn21s and 

an average tortuosity of 0.71 were determined in core #1 while an average effective 

diffusion coefficient of 2.95E-06 cm2/s and an average tortuosity of 0.52 were calculated 

in core #2. The tortuosity of the systems appears to have decreased (indicated as an 

increase in the value of z,) as a result of the addition of KMn04 and D e ~  appears to have 



increased in the system (see Table 4.3). Based on the physical and chemical analysis of 

the treated cores, there are really no physical changes to the soil pore system that should 

increase the effective diffusion coefficient and reduce the apparent tortuosity, other than 

the oxidation of natural organic material which was shown to be a relatively minor effect 

(see Section 4.3.2). The bromide mass flux increase is likely due primarily to accelerated 

diffusion of bromide in the presence of high concentrations of potassium and 

perrnanganate ions that are also diffusing. 

Due to the highly concentrated source of potassium permanganate in this system, 

it is speculated that the mass transport of bromide through the soil core was increased in 

due to co-diffusion with potassium cations. According to Shackelford (1991), the effect 

of two ions (opposite in charge) diffising together is to increase the rate of diffusion of 

the relatively slow moving ion (bromide) and slow the rate of diffusion of the fast 

moving ion (potassium). Because the potassium concentration gradient was so large, it 

would be moving at a much greater rate than bromide. Also, some perrnanganate was 

being consumed by the NOM, causing an accelerated bromide transport due to co- 

diffusion of bromide with potassium ions. 

Table 4.3: Results of Core #1 and Core #2 runs. 
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4.3.2 Soil Matrix Effects 

The transport cells were disassembled at 80 or 90 days after the experiments 

began and the cores were then analyzed both physically and chemically. A visual 

inspection, entailing naked-eye and hand-lens observations, was completed immediately 

upon sectioning of the core. The permanganate concentration gradient along the length 

of the treated core was distinct, and the purple permanganate was visibly more 

concentrated in the end of the core nearest the feed and became gradually less so towards 

the other end of the core (see Figures 454.6 ,  and 4.7). 

Figure 4.5: Permanganate Gradient in Soil Core in Assembled Transport 
Cell. (note: KMnO4 source of 5000 mgL is on left side) 

Portions of the treated core were also viewed and analyzed under a SEM. The 

SEM did not reveal any MnOz particles, but there does appear to be some subtle 

structural difference between the treated and untreated cores. As can be seen in Figure 

4.8 (a) and 4.8 (b), the soil particles in the treated cores appear to be more angular while 

the soil in the untreated cores seems to be softer with more granular-like particles. It is 

possible that the more angular appearance of the treated core particles could be due to the 

removal of organic material by permanganate. If this is indeed the case, the decrease in 



Figure 4.6: Comparison of Untreated (left) and Treated soil cores (right) at 
Influent End After Transport Cell Disassembly 

Figure 4.7: Comparison of Untreated (left) and Treated (right) Soil Cores at 
Effluent End After Transport Cell Disassembly 



Figure 4.8: Photomicrographs of Core #I (a) and Core #2 (b) at Segment 1 
and an Untreated Core (c) (note: magnification = 1600~). 

apparent tortuosity (indicated by values closer to 1) seen after the Khln04 addition codd 

be partially due to an increase in porosity h u g h  removal of organic material. However, 

initially, there were low quantities of organic matter present in the silty clay soils and 

therefore, other system intaactions, such as co-diffusion, must be taking place, as weI1. 



Both soil cores were also characterized chemically by determining the 

concentrations of potassium, calcium, magnesium, manganese, iron, bromide, chloride, 

permanganate and manganese dioxide at 0.635 cm (segment 1) and 1.905 cm (segment 3) 

fiom the KMn04 feed reservoir. In general, concentrations of the analytes in both cores 

seemed to follow the same trends with cation concentrations increasing away fiom the 

permanganate source and ion concentrations decreasing. The following concentrations 

are reported as average concentrations over each segment (see Tables D.2 and D.4). In 

core #1, the extractable potassium concentrations were slightly higher at segment 1, 

averaging 2.06 rng K+ per gram dry soil at segment 1 and 1.69 mg/g at segment 3 with a 

background concentration of 1.54 mg/g. Core #2 showed a similar K+ gradient with the 

concentration at segment 1 averaging 2.9 mg/g and the concentration at segment 3 

averaging 1.2. However, the background concentration was much lower at 0.07 mg/g. 

The K+ concentration in core #1, segment 3 is more comparable to the measured 

background levels. The potassium gradient in both cores was expected since the feed 

reservoir contained about 1200 mg/L K+. 

In core #1, the calcium concentration was about 3.5 times as high in segment 3 

(1.30 mg/g) than in segment 1 (0.35 mg/g). Core #2 showed the same trend, but much 

less pronounced with a concentration of 0.7 mg/g at segment 3 and 0.54 mg/g at segment 

1. Magnesium was also greater in segment 3 of both cores, averaging 0.54 mg/g in core 

#1 and 0.36 rng/g in core #2 and only 0.22 in segment 1 of core #1 and 0.26 mg/g in 

segment 1 of core #2. Similarly, the manganese concentration was lower in segment 1 

(0.08 mg/g) than segment 3 (0.15 rnglg) in core #1, but was higher in segment 3 of core 

#2 (0.28 rnglg and 0.03 mg/g, respectively). Due to the much higher potassium 

concentration in solution, calcium and magnesium were probably being displaced in the 

soil matrix by potassium, through cation exchange. Therefore, a higher concentration of 

these two ions would be expected further fiom the feed. No detectable iron was found at 

either segment in core #I. However, low levels of iron were detected in core #2 and one 



untreated core. In segment 1 of core #2, the iron concentration was 0.1 1 mg/g while the 

iron concentration in segment 3 of core #2 was 0.05 mg/g. Background levels for this run 

were measured at 0.04 mg/g (see Table 4.4). 

The cores were also analyzed for chloride, bromide, and penmuganate at segments 1 and 

3. In core #1, chloride concentrations were fairly constant throughout the core between 

50 and 60 mg/L pore water, while the untreated cores showed an average of 13 mg/L 

chloride present. Core #2 had a slightly more discernable chloride gradient with the 

average concentrations being 70 mg/L at segment 1 and 40 mg/L at segment 3. In both 

cases, the chloride could have entered the soil system with the prepared matrix water, 

which contained 53 mg/L chloride. As expected, the bromide concentration was slightly 

higher near the source well of both cores, averaging 71 mg/L at segment 1 and 46 mg/L 

at segment 3 in core #1 and 23 mg/L at segment 1 and 9 mg/L at segment 3 in core #2. 

The KMn04 concentration was more than twice as much near the source well in both 

cores, averaging 1886 mg/L at segment 1 and 840 mg/L at segment 3 in core #l. In core 

#2, the K M n 0 4  concentrations were 1727 mg/L at segment 1 and 169 mg/L at segment 3. 

The untreated soil core had no bromide, or permanganate present (see Table 4.4). 

Graphing the concentration gradients along the length of the soil core for bromide and 

Table 4.4: Chemical Analysis of Cores #1 and #2. 



permanganate showed that the gradients departed from linear near the feed, as seen in 

Figures 4.9 and 4.10. 

The results of the chemical analysis suggest that the introduction of 5,000 mg/L 

Khgn04 into the subsurface m y  afffect the rate of migration of anions or actually induce 

the movement of cations that were previously sorbed to the soil particle surface. Based 

on the bromide tracer study, it appears that the high concentration of potassium 

introduced as KMn04 has a tendency to sweep anions through the soil matrix at an 

increased rate. If this phenomena occurs in large scale field sites, as well, it could 

contribute to the spread of plumes of nitrates or other negatively charged contaminants 

that m y  have already been present in the subsurface prior to site remediation. The 

movement of cations at field sites that were previously sorbed to the soil surface may 

Figure 4.9: Potassium Pemanganate Concentration Gradient in Treated 
son cores. 
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Figure 4.10: Bromide Concentration Gradient in Treated Soil Cores. 

present an issue, as well. Sorbed metals would be essentially immobile in the subsurfhce 

and the introduction of KMnO4 to the system at 5,000 mg/L may induce migration of 

metals through the cation exchange with potassium. Again, this may contribute to the 

spread of contaminants such as lead. 

The concentration of manganese dioxide in the treated and untreated cores was 

also determined at both segments by dissolving any precipitate with hydroxylamine 

hydrochloride. The extraction resulted in a concentration averaging 2.15 mg/g at 

segment 1 and 1.14 mglg at segment 3 in core #l. In core #2, the manganese dioxide 

concentration at segment 1 was 2.0 mg/g and 1.5 mg/g at segment 3. In both cases, the 

gradient seems reasonable since it would be expected for the treated cores the have a 

higher M a  concentration nearest the permanganate source where the TOC analysis 
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of MnOz present was calculated in core #1 was only 0.009 cm3 and 0.01 cm3 in core #2. 

Compared to the 1 1.6 cm3 of total pore space (assuming a porosity of 0.4), the MnOz 

accounted for only 0.082% of the pore volume in core #1 and 0.086% in core #2. 

The potassium concentration in segment 1 resulted in an average value of 6.9 1 E- 

05 moles potassium per gram of soil while there were only 3.99E-06 moles 

permanganate, 3.76E-07 moles chloride and 2.50E-07 moles bromide per gram of soil. 

Table 4.4: Chemical Analysis of Cores #1 and #2. 

Since potassium bromide, potassium chloride (used to prepare the matrix water) and 

potassium permanganate all require one mole of potassium per mole of the compound 

present, the moles of bromide, chloride and permanganate should add to the same number 

of moles of potassium However, the chemical analysis showed an excess of 6.45E-05 

moles potassium per gram of soil at segment 1 of core # 1 and 3.73E-05 moles potassium 

per gram of soil at segment 3 of core #1 (see Table 4.5). This excess of potassium could 

certainly contribute to the sweep of bromide through the system, increasing the bromide 

mass flux density into the effluent cell. There was also approximately 1.84E-02 moles of 

sulfate present in the prepared water matrix that could be diffusing with potassium. 



/ Excess 6.45E-05 3.73E-05 

Table 4.5: Concentration comparisons core #1. 

4.4 Glass Bead Experiments 

Two experiments were also conducted with the horizontal column of the transport 

cells packed with 3mm glass beads. These experiments were completed in order to more 

clearly define the interactions between bromide and permanganate. Since there was no 

organic matter present in the system, there should have been no oxidation taking place 

and therefore no manganese oxide formation or change in tortuosity. The glass bead 

experiments showed very similar bromide transport results as the two soil cores. The Br- 

mass flux densities leveled out after only 2 hours and then KMn04 was introduced to the 

system 5 hours after the experiment began. The mass flux density increased immediately 

in both cores - by more than an order of magnitude in both cases. In fact, the mass flux 

density was increased 7 times after the addition of KMn04 in the first run and 15 times in 

the second. Although the increase in mass flux is much greater in both the glass bead 

runs than the soil cores, the same general bromide behavior was observed. This suggests 

that the change in bromide mass flux in the treated soil cores was, at least in part, due to 

aqueous-phase chemical interactions, such as binary diffusion, and not matrix effects. It 

Segment 1 

(moles/gsoil) 

appears that the short column and relatively large diameter glass beads did not adequately 

account for the system tortuosity (see Tables D.5 and D.6 and Figure D. 1). Therefore, 

some additional experiments could be completed with both the glass beads (of either a 

Segment 3 

(moles/gsoil) 



longer column or smaller diameter bead) and the soil cores using a non-ionic tracer, such 

as tritium, in order to avoid the ionic sweep of the tracer through the system. 



Chapter 5 

CONCLUSIONS 

This experimentation was completed to finher the understanding of the difhsive 

mass transport of potassium permanganate in low permeability media and the associated 

matrix interactions. The mass transport was characterized by measuring the mass flux of 

a bromide tracer through an undisturbed soil core of silty clay material and then 

calculating the effective diffision coefficient and apparent tortuosity. Values of 1.38E- 

06 cm2/s and 1.28E-06 cm2/s (see Table 4.2) were obtained for two untreated cores using 

a bromide tracer and diffusive transport over 35 days. These values were then used to 

calculate apparent tortuosities of 0.24 and 0.22, respectively. The effective diffbsion 

coefficients were about 20% lower than the estimated value of 1.69E-06 cm2/s obtained 

using a common correlation (Equation 2.1). This demonstrates the potential value of 

actually measuring the effective diffision coefficient at a site for remediation system 

design. 

Once KMn04 was introduced to the system, thereby increasing the ionic strength 

in the source reservoir, the mass flux of bromide through the soil core increased greatly. 

It is speculated that this increase was due to co-dfision of bromide with the more 

rapidly diffusing potassium ions. These results suggest that it is possible to increase the 

migration rate of negatively charged contaminants (or nutrients), such as nitrate, which 

may already be present in the subsurhce, or added concornrnitantly, when K M n 0 4  is 

introduced as a remediation agent. This anion sweeping effect could be beneficial or 

detrimental depending on the situation. 

The treated soil cores were also sectioned and then analyzed both visually and 

chemically. The permanganate gradient was visible along the length of the soil core 

before dissection and the segments were noticeably darker purple nearest the 

permanganate source. An SEM was used to view the segments at a magnification of 



1600x and though there was not any discernable Mn02 present, there seemed to be slight 

soil structural differences between treated and untreated cores. The chemical analysis 

revealed anion concentrations greater near the influent reservoir and decreasing through 

the core. These gradients were expected as the source well was highly concentrated in 

permanganate and had appreciable levels of bromide and chloride, as well. The cation 

gradients were the opposite, except for potassium, which was also in high concentration 

in the source well. It appears that potassium is removing other cations fiom the soil 

surface through cation exchange and it is possible that the introduction of potassium 

perrnanganate to the subsurface at great concentrations may induce the migration of 

metals such as lead, which were previously sorbed and immobile. The induced migration 

of metals could be beneficial if planned recovery were implemented or detrimental in an 

uncontrolled situation. 

This research was used to establish an experimental apparatus and method for the 

measurement of the effective diffusion coefficient of solutes through undisturbed soil 

cores. More investigations should be undertaken with the use of a non-ionic tracer in 

order to better characterize matrix interactions of KMnO4. Also, it would be useful to 

make effective difision coefficient and ionic concentrations measurements in different 

types of soil media and conduct experiments with soils with contaminants, including 

organics and metals. 
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APPENDIX A 

Sample Calculations 



A.l 

Effective diffusion Coefficient: 

The effective diffusion coefficient used in preliminary modeling studies was calculated 

according to Equation 2.1 : 

A.2 

Decay Constant: 

The first-order decay constant was calculated according to Equation 2.2: 

k =  0-693 = 7.70E - 03 d-l 
90 days 



APPENDIX B 

Modeling Results 
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APPENDIX C 

Core Characteristics Data 



Table C.l: Porosity, Moisture Content, and Dry Bulk Density 

Statistical Analysiq of n: 

avg 
n 
std. Dev. 
C.V. 

Statistical Analysis of % water: Statistical Analysis of B.D.d,: 

a'Jg 0.26 a'f GI 1.58 
n 5 n 5 
std. Dev. 0.02022301 std. Dev. 0.128672 
C.V. 0.07918701 C.V. 0.081514 

R. E. = 7.9% R. E. = 8.1% 



Table C.2: TOC Data for Core #I. 



Table C.3: TOC Data for Core #2. 



Table C.4: Oxidant Demand Test 1. 

Oxidant Demand: 



Table C.4 (con't) 



Table C.4 (con't) 

Sample 
descr. 

Meas. 

C 
C 1 
C2 

Avg. [Mn04] 
(mg/L) 

Mn04 Consumed 
(mg@ soil) 

Amt of 
soil 
(9) 

time 
(hrs) 

1 
2 
2 

abs 

0.124 
0.092 

[KMn04] 
(mg/L) 

626.2 
464.6 

Vol of 
KMn04 

soh (m~)  

pH 

5.00 
4.70 
4.76 

Concen of 
Mn04 
(mglL) 
Cond. 
(um ho) 

500 
429 
391 



Table C.4 (con't) 

Sample 
descr. 

Meas. 

D 
D l  
D2 

Amt of 
soit 
(9) 

time 
(hrs) 

1 
2 
2 

Mn04 Consumed 
(mglg soil) 

abs 

I 
0.096 
0.095 

[KMn04] 
(mg/L) 

4804.8 
4754.8 

Vol of 
KMn04 

soln (ml) 

pH 

5 
4.70 
4.76 

Concen of 
Mn04 
(mglL) 
Cond. 
(urnho) 

5000 
2600 
2480 

Avg. [Mn04] 
(mg/L) 



Table C.5: Oxidant demand test 2. 



Table C.5 (con't) 



Table C.5 (con't) 

Sample 
descr. 

Meas. 

C 
C 1 
C2 

Amt of 
soil 
(9) 

time 
(hrs) 

1 
2 
2 

abs 

0.061 
0.062 

Concen of 
Mn04 
(mglL) 
Cond. 
(umho) 

500 
619 
647 

[KMn04] 

308.1 
31 3. '1 

Avg. [Mn04] 
(mg/L) 

Vol of 
KMn04 

soln (ml) 

pH 

5.00 
7.75 
7.9'1 

Mn04 Consumed 
(mgfg soil) 



Table C.5 (con't) 

Sample 
descr. 

Meas. 

D 
D 1 
D2 

Amt of 
soil 
(9) 

time 
(hrs) 

I 
2 
2 

abs 

I 
0.11 1 
0.104 

Avg. [Mn04] 
(mglL) 

[KMn04] 
(mg/L) 

5555.6 
5205.2 

- 
Mn04 Consumed 

(mg/g soil) 

Vol of 
KNln04 

soln (ml) 

pH 

5 
7.87 
7.92 

Concen of 
Mn04 
(mglL) 
Cond. 
(u m ho) 

5000 
3080 
3070 



APPENDIX D 

Experimental Data 





Table D.2: Results of Chemical Analysis of Core #I. 
- -. -. 

* indicates loss of sample 





Table D.4: Results of Chemical Analysis of Core #2. 



Table D.5: Glass Bead Experiment Results 

Table D.6: Glass Bead Experiment Results 

*the pH difference between the two glass bead runs was due to inconsistency in the D.I. 
stock quality. 



Figure D.l: Glass Bead Bromide Effluent Concentration. 

Br- Effluent Concentration 
Glass Bead Experiments 
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