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ABSTRACT

Dense non-aqueous phase liquid (DNAPL) contamination is a serious and 

difficult problem challenging remediation of contaminated sites. The nature o f the 

contaminants and subsurface heterogeneities make them difficult to access and remove 

through conventional means. Chemical oxidation in situ has become a promising 

strategy for remediation of DNAPL contamination. The research presented herein 

examines some of the factors that may affect the efficiency and effectiveness of in situ 

chemical oxidation (ISCO). Potassium permanganate and catalyzed hydrogen peroxide 

are observed under varying conditions for the oxidation of trichloroethylene (TCE) and 

perchloroethylene (PCE) in batch systems. Phase 1 research included examination of 

dissolved concentrations o f each contaminant, with factors o f oxidant concentration, 

natural organic matter (NOM ), media, pH, and DNAPL type. The oxidants are observed 

at concentrations equal to 2x and lOx the stoichiometric demand of the DNAPL present.

In phase 2 o f the project a multi-phase system is used, containing a NAPL pool, 

which dissolves into the bulk aqueous phase. A hexane phase included above the 

aqueous system provides a constant DNAPL concentration gradient in the aqueous 

solution and allows for DNAPL mass balance. These systems are more complex, and 

thus observed under fewer conditions, with oxidant concentrations of 0 .1% or 1.0 % 

permanganate, and 1% or 10% hydrogen peroxide, which is catalyzed with 5mM FeSC>4. 

Humic acid and goethite are added for solid phase content, and the DNAPL observed was 

either TCE or PCE.

The use o f each oxidant was compared under similar conditions, and the two 

phases o f contamination were evaluated comparatively. Dissolved phase batch studies 

showed that: (1) KMnC>4 efficiency and effectiveness are reduced with soil media and 

NOM, but increased with buffered pH; (2) efficiency is improved with a lower oxidant 

concentration, but effectiveness is improved with a higher oxidant concentration; (3) both



efficiency and effectiveness of catalyzed peroxide oxidation are improved with a higher 

oxidant concentration, lower pH, with soil, but without NOM. The multi-phase batch 

studies revealed that: (1) KMn0 4  oxidation efficiency is higher with NOM , without 

goethite, and with lower oxidant concentration; (2 ) KMn0 4  effectiveness is increased 

without NOM, with goethite, and with higher oxidant concentration; (3) oxidation 

efficiency and effectiveness o f catalyzed peroxide are both improved with NO M  and with 

lower oxidant concentration; (4) the presence o f goethite lowers the oxidation efficiency, 

but increases effectiveness. Both oxidants were found to increase the dissolution of a 

NAPL phase contaminant into the bulk aqueous solution, showing that oxidation can 

increase the mass removal o f a contaminated area in situ.

Catalyzed hydrogen peroxide and potassium permanganate are affected 

differently by each of the conditions. The result is that site-specific investigation may be 

necessary in deciding which oxidant may be more applicable.

v
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CHAPTER 1. INTRODUCTION AND BACKGROUND

1.1 Background

Subsurface contamination due to dense non-aqueous phase liquids (DNAPLs) 

continues to be a difïicult-to-remediaté threat to human and environmental health, despite 

years of research and development on possible treatment and cleanup methods. Once 

released into the environment DNAPLs w ill travel downwards through unsaturated and 

saturated zones (Schroth et al 2001) until reaching an impermeable barrier where they 

form pools, leaving behind residual ganglia and smears (Reynolds and Kueper 2002) 

which can be a continual source of groundwater contamination for many years (see 

Figure 1.1). Despite their low solubility in water, DNAPLs are of sufficient solubility to 

maintain a dissolved concentration well above that allowed by maximum contaminant 

levels (MCLs) and form continuous plumes that can be several kilometers in length 

(MacKay and Cherry 1989; Johnson and Pankow 1992).

DNAPL

Grôundwate

Chemical reactions with the groundwater and porous media and 
the target DNAPLs in the dissolved, sorbed, and DNAPL phases

Transport of 
oxidant plus 
other
components

> ><»<>4r7K * ' -

Porous media ~ 
exchangeable ions, 
NOM on a mineral 
fabric; sorbed 
phase DNAPLs

Groundwater 
dissolved 
inorganics plus 
DOC; dissolved 
phase DNAPLs

DNAPL
residual

Figure 1.1 DNAPL Migration and Reaction Within the Subsurface
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DNAPLs have been used extensively in most of the industrialized world since the 

late 1940’s. Since then many hazardous waste sites have been contaminated with 

DNAPLs due to poor commercial and industrial practices. Subsurface DNAPL 

contamination is still a substantial source of long-term groundwater contamination at 

many sites throughout North America and Europe (Reynolds and Kueper 2002) and has 

been found at almost 2/3 of all the national priorities list (NPL) sites (USEPA 1997). 

Some of the DNAPLs of concern include polychlorinated biphenyls, oils, chlorinated 

solvents, coal tar, and creosote (Reynolds and Kueper 2002). Chlorocarbons, in 

particular, are commonly found at federal facilities and industrial sites (Siegrist et al

1999), and are the most prevalent contaminants at Department of Defense sites (SERDP 

2 0 0 1 ), having been used as reagents for dry cleaning, as industrial solvents, and for metal 

degreasing (Leung et al 1992; Teel et al 2001).

Research has shown that residual DNAPL can be difficult to remove with 

conventional technologies, such as pump and treat and air sparging (Ravikumar and 

Gurol 1994; Greenberg et al 1998; Schroth et al 2001), due to the discontinuity and 

effective immobilization by capillary forces (Schroth et al 2001). These technologies 

rely on mass transfer rates (e.g. dissolution and volatilization) but are unable to 

adequately increase these rates to reduce the long-term dissolved phase plume that w ill 

otherwise occur. For example, at the Superfund site of Old City of York in Pennsylvania, 

the EPA determined that pump and treat can only remove 1 pound per year o f the existing 

contaminants, whereas natural attenuation alone removes approximately 11 pounds per 

year (EPA 2003). Chlorinated solvents, such as trichloroethylene (TCE) and 

tetrachloroethylene (PCE), can also be difficult to remediate through natural attenuation 

in situ due to low biodegradability and high toxicity (Seo and McCray 2002). They are, 

however, amenable to rapid and complete mineralization through chemical oxidation 

(Siegrist et al 2000; Gates-Anderson et al 2001).

Considerable research has been conducted into the use of chemical oxidation as a 

remedial technology at contaminated sites over the past decade and a half (Schnarr et al
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1998; Siegrist et al 1999, 2000; Gates-Anderson et al 2001 ; Nelson et al 2001 ; Schroth et 

al 2001; SERDP 2001; Conrad et al 2002; Siegrist et al 2002; Struse et al 2002). In situ 

chemical oxidation (ISCO) has emerged as a promising in situ remediation method for 

DNAPL contamination by reducing the mass, mobility and/or toxicity of the 

contamination in both soil and groundwater systems (Siegrist et al 2001). The potential 

for rapid and extensive reactions with various contaminants of concern (COC), including 

bio-recalcitrant organics, has made ISCO an appealing treatment option for mass 

reduction of both source areas as well as contaminant plumes (Siegrist et al 2000; 

Urynowicz 2000).

Investigations into the effectiveness and viability of several oxidants have been 

conducted for a variety of contaminants of concern. The most commonly used chemical 

oxidants include ozone, potassium permanganate, and hydrogen peroxide (Siegrist et al

2000). Both permanganate and Fenton’s reagent are capable of achieving high treatment 

efficiencies (greater than 90% removal) for chlorinated ethenes (TCE and PCE), as well 

as aromatic compounds (benzene, phenols, napthalene), in short amounts of time (90% 

destruction within minutes) (Glaze and Kang 1988; Watts et al 1990; Gurol and 

Ravikumar 1991; Gates and Siegrist 1995; Siegrist et al 1999, 2000; Urynowicz 2000; 

Gates-Anderson et al 2001; Siegrist et al 2001; MacKinnon and Thompson 2002; Kwan 

and Voelker 2003). There are several limitations to consider, though, including the fact 

that some COCs are resistant to oxidation; some process-induced detrimental effects can 

occur (i.e. permeability loss, gas and heat evolution, etc); there is the potential for natural 

organic matter (NOM) and other natural aquifer materials (e.g. reduced species) to cause 

unproductive demand of the oxidant; and the resulting requirement for handling large 

quantities of hazardous oxidizing chemicals to also achieve COC destruction.

Significant research regarding the oxidation of dissolved aqueous phase 

contamination in situ has been completed both in the laboratory and in the field. Batch 

and column studies on dissolved DNAPL contaminants using Fenton’s reagent and/or 

permanganate have been completed by Gates and Siegrist (1995), Greenberg et al (1998),
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Watts et al (1990), Kang and Hwang (2000), Gates-Anderson et al (2001), Kwan and 

Voelker (2002), and Struse et al (2002), among others. Field applications of ISCO have 

also been completed on aqueous phase contaminants (Greenberg et al 1998; Siegrist et al 

1999; Nelson et al 2001).

More recently studies have been conducted regarding the oxidation of free-phase 

DNAPLs situated in a pool or at residual saturation within the subsurface. Leung et al 

(1992), Ravikumar and Gurol (1994), Schnarr et al (1998), Watts and Stanton (1999), 

Schroth et al (2001), Conrad et al (2002), MacKinnon and Thompson (2002), and Struse 

et al (2002) have done laboratory analysis of NAPL phase liquid destruction, while 

Schnarr et al (1998) and Watts (1992) have used this technology in field situations.

1.2 Oxidation by Potassium Permanganate

Considerable information is available regarding the use of both Fenton’s reagent 

and permanganate as oxidants, including reaction chemistry and kinetics as well as 

possible factors affecting destruction efficiency. Although permanganate has been used 

for many years in drinking water and wastewater treatment to oxidize organic 

contaminants, it was Schnarr and Farquhar (1992) who first advocated the use of KMnG^ 

oxidation for in situ remediation. Due to its high solubility (64g/L at 20°C), MnOT can 

be dosed at high loading rates in aqueous systems (Schnarr et al 1998), although its

insolubility in most hydrocarbons limits the amount of contact area between dissolved
/

MnOT and NAPL phase organics.

Permanganate has a relatively high oxidation potential and can oxidize a variety 

of chemicals through electron transfer, depending on the system pH (Siegrist et al 2000,

2001). The following redox reactions describe the oxidation of tetrachloroethylene 

(PCE) by M n04":

4MnC>4 + 16H+ + 12e 4M n G ^  + 8H2O (1.1)
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3C2Cl4 + 12H20  -> 6C02(g) + 24H+ + 12CV + 12e (1.2)

Equation 1.3 is the complete reaction of PCE mineralization by MnCV.

3C2C14 + 4M n04" + 4H20  ^  6C02 + 4MnG2 + 12C1' + 8H+  ̂ (13 )

Permanganate oxidation of trichloroethylene (TCE) occurs by the following half-cell 

reactions (Equations 1.4-1.5), with the resulting mineralization reaction shown in 

equation 1.6 :

Permanganate oxidation is effective over a wide pH range (3-12), has a low 

chemical cost, is persistent in the subsurface, and will diffuse through low permeability 

media (Siegrist et al 1999, 2000; Struse et al 2002; MacKinnon and Thompson 2002). 

Siegrist et al (1999) and Yan and Schwartz (1999), among others, have shown that the 

reaction of TCE with K M n04 follows pseudo-first order kinetics and is rapid, with 1-2 

min half-lives. In near-neutral pH systems of M n04" oxidizing PCE, k (pseudo 1st order 

rate; constant) was estimated to be 1.65 +/- 0.475 hr*1 (Leung et al 1992), and 4.5 xlO"5 s*1 

by Yan and Schwartz (1999).

As a result of the oxidation reaction, the pH can be lowered to strongly acidic (pH 

2-3) depending on buffering capacity, and the reaction products can include intermediate 

organic acids (Leung et al 1992; Siegrist et al 1999) and the production of manganese 

oxide solids, chlorides, and C 02 gas. M n02 and C 02 production can reduce the oxidation 

efficiency by limiting the effective aqueous phase saturation and/or permeability, and 

possibly preventing the efficient delivery of K M n04 to zones of high DNAPL saturation 

over time (Schroth et al 2001 ; Siegrist et al 2002). The precipitated M n02 solids can 

form a film over the DNAPL surface, which may slow down or even stop the oxidation

2M n04' + 4H20  + 6e" -> 2M n02(S) + 80H"

C2HC13 +80H" -> 2C 02 + 4H20  + H+ + 3CL +6e 

2M n04" + C2HC13 -> 2M n02(S) + 2C 02 + 3C1' + H+

(1.4)

(1.5)

(1.6)
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reaction entirely, and effectively stabilize the DNAPL by preventing any further 

dissolution into the groundwater (Urynowicz 2000; Siegrist et al 2001; Conrad et al 2002; 

MacKinnon and Thompson 2002). Research by Conrad et al (2002) into this “rind” 

found that it could not be relied upon to contain DNAPL pools, however. In the case o f 

DNAPL residual or ganglia this film  may not be sufficient to slow the reaction down 

before the MnOT has time to oxidize the contaminant (Siegrist et al 2001). Ganglia and 

residual smears have a much higher organic-to-aqueous surface area than a pool 

architecture through which the COC can dissolve into the groundwater. The contaminant 

therefore has the ability to dissolve more readily into the groundwater, from a larger area, 

possibly dissolving completely before a film of solids can form around it.

MacKinnon and Thompson (2002) found that the post-oxidation PCE mass flux 

(concentration/pool area) from the source pool was reduced to 56% of a pre-oxidation 

flush value, showing a decrease in mass transfer from the remaining pool, which they 

assumed was due to MnC>2 deposition at the PCE interface. Although this resulted in a 

reduction in the oxidation rate, the effluent PCE mass load after oxidant flushing was 1 Ox 

higher than during a pre-oxidation water flush, showing that ISCO significantly enhances 

the mass transfer rate from a pooled DNAPL zone. It was concluded that ISCO can 

significantly reduce the length and mass of a DNAPL pool in a relatively short time 

period by increasing the mass transfer rate from the source zone, and that MnOz 

deposition w ill decrease this transfer rate into the aqueous phase. It has been further 

suggested that oxidation can increase the dissolution of a DNAPL into the dissolved 

phase by increasing the concentration gradient in the aqueous fluid above the DNAPL- 

water interface (Schnarr et al 1998; Oostrom et al 1999; Yan and Schwartz 1999; Seol 

and Schwartz 2000; Urynowicz 2000; Schroth et al 2001; SERDP 2001; Siegrist et al 

2001).

The interface between the NAPL and the aqueous phase in the subsurface is a 

critical location where interactions can occur that can impact source zone treatment 

effectiveness. Pick’s First Law says that a substance diffusing across a given cross
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sectional area per unit time is proportional to the concentration gradient, as shown in 

equation 1.17.

J  = (1.17)
ax

The mass flux of the solute is represented by J (g/cm2 s), D is the diffusion 

coefficient (cm2/s), x is the distance (cm), and C is the concentration in g/cm3. In mass 

transfer across the fluid-fluid interface the diffusion of the chemical across the stagnant 

film  boundary layer between the interface and the bulk aqueous phase is usually the rate- 

determining step (Siegrist et al 2001). Figure 1.2 shows a conceptual model of the 

boundary layer between a NAPL phase liquid and the bulk aqueous phase groundwater 

(adapted from Urynowicz 2000). As the NAPL dissolves into the aqueous phase it 

becomes available to the oxidant, which can then oxidize it. Any precipitates (such as 

MnOz or iron oxides) can form within the boundary layer, reducing the ability of the 

oxidant to reach the DNAPL.

NAPL Phase Aqueous Phase 
Stagnant Film

Aqueous Phase -  Bulk Solution

[oxidant]:

Oxidant

DNAPL

x

Boundary Layer
Figure 1.2 Conceptual Model of Chemical Oxidation and DNAPL Dissolution Near the

DNAPL Interface
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Assuming that interfacial resistance such as film formation does not develop, the 

concentration gradient across the DNAPL-water boundary can theoretically be increased 

by a factor of 10 or more (SERDP 2001). Urynowicz (2000) was able to quantify the 

effects of chemical oxidation with MnCV on this interfacial mass transfer o f TCE and the 

overall degradation of DNAPL by developing procedures for determination of interfacial 

mass transfer parameters as a function of mixing, aqueous flow velocity, and MnOT 

concentrations.

1.3 Oxidation by Catalyzed Hydrogen Peroxide

Hydrogen peroxide has been widely used and accepted in the treatment of 

wastewater (Weber 1972), and due to its ease of application at low concentrations it has 

more recently been used in the remediation of contaminated soils (e.g. Gates and Siegrist 

1995). When H2O2 reacts with iron (ferric or ferrous) and organic compounds a variety 

of competing reactions can occur in what is known as the Fenton’s process. These 

possible reactions are as follows:

H2O2 + Fe2+ -> Fe3+ + OH" +OH* (1.7)

H2O2 + Fe3+ Fe2+ + H+ +H 02* (1.8)

RH + OH* -> H20  + R* (1.9)

Fe2+ + OH* -» Fe3+ + OH" (1.10)

R* + Fe3+ Fe2+ + products (1.11)

R* + OH* -> ROH (1.12)

R* + H2O2 -> ROH + OH* (1.13)

H 0 2* + Fe3+ - > 0 2  + Fe2+ + H+ (1.14)

OH* + H2O2 ^  H 0 2* + H20 (1.15)
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In these equations ‘R ’ denotes the organic compound. The hydroxyl radical 

(O H *) formed in some of the above reactions is a very powerful and effective nonspecific 

oxidizing agent (Watts et al 1990), which can react with most organic and many 

inorganic compounds at rates at or near the diffusion-controlled limit (Greenberg et al 

1998; Petigara et al 2002). Reactions between these OH* and organic compounds 

(equations 1.9 and 1.12) are the primary oxidizing reactions of the Fenton’s process in 

situ (at pH below about 6), and have 2nd order rate constants reported in the range of 107- 

1010 L mol/s (Gates and Siegrist 1995). The application of Fenton’s reagent to remediate 

contaminated soil was initially shown by Watts et al (1990) in batch laboratory-scale 

experiments, then later in sand-packed column tests by Ravikumar and Gurol (1994). 

Since then several investigations have shown the effectiveness of Fenton’s oxidation in 

reducing or destroying aqueous solutions and soil systems containing VOCs (Watts et al 

1990, 1991; Gurol and Ravikumar 1991; Ravikumar and Gurol 1991, 1994; Leung et al 

1992; Hurst et al 1993; Greenberg et al 1998; Kwan and Voelker 2003), with sorbed 

hexachlorobenzene (Watts et al 1994), and for landfill leachate (Kang and Hwang 2000).

Hydrogen peroxide is most stable in the pH range of 3-4, and its rate of 

decomposition rapidly increases as pH increases above 5 (Kang and Hwang 2000). This 

is due to the formation of ferric hydroxo complexes which form at higher pHs and serve 

to deactivate the ferrous iron catalyzation of H2O2 decomposition (Bigda 1995).

Research has shown, though, that Fenton’s reagent can effectively oxidize pollutants in 

the pH range of 3 to about 7 (Watts et al 1990; Khan and Watts 1996; Siegrist et al 2001). 

The catalyzed H2O2 reaction can be achieved through either the addition of Fe2+ or Fe3+ 

salts, or by the use of naturally occurring soil iron oxides such as goethite, hematite, 

magnetite, and ferrihydrite (Watts et al 1990; Tyre et al 1991; Khan and Watts 1996; Lin 

and Gurol 1996; Watts et al 1997,1999; Kong et al 1998; Valentine and Wang 1998;

Chou and Huang 1999).

The simplified stoichiometric reaction for peroxide degradation of TCE is:
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3H20 2  + C2HCI3 -> 2C02 + 2H20  + 3HC1 (1.16)

A  similar stoichiometric equation was assumed for PCE destruction by catalyzed 

hydrogen peroxide, where 3 moles of H2O2 are required per mole of PCE. Baciocchi et al 

(2003) demonstrated that adding iron sulfate to their experimental systems decreased the 

rate of H 2O2 consumption by an order of magnitude. Kwan and Voelker (2002) observed 

the pseudo 1st order k for H2O2 decomposition, while oxidizing various organic 

compounds to be in the range of 0.0082 -  0.084 day'1, and Leung et al (1992) achieved k 

= 0.206 hr'1 +/-0.0360 hr*1 for H2O2 decomposition when degrading PCE, which had a k 

of 1.65 hr'1+/-0.475 hr'1.

1.4 Factors Impacting Oxidation Reactions

Recently there has been a great deal of research involving ISCO both in 

laboratory settings as well as field use. Table 1.1 provides a list of several of these 

studies, showing the factors observed in each and any influences the factors may have 

shown to exert on oxidation. A list of any factors specifically excluded from the scope of 

the study noted by the author(s) is also given. Design parameters, such as oxidant 

loading rates, concentration, and addition of supplements such as iron for Fenton’s have a 

direct correlation to the oxidation efficiency, as seen in Table 1.1. Environmental factors, 

including the soil type, natural organic content and pH have been assumed to also 

influence oxidation, but have not always been included in factor assessments.
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Table 1.1 provides insight as to the limitations in the current knowledge base 

available. The mechanisms of oxidation utilized by catalyzed hydrogen peroxide and 

permanganate are quite different and therefore it is important to discover which 

conditions, both environmental and design based, w ill substantially impact the oxidation 

efficiency. Matrix conditions such as pH and the concentration of other oxidant

consuming substances such as natural organic matter, reduced minerals, and other free 

radical scavengers must be understood as well as optimal oxidant parameters (i.e. 

concentration, type) in designing a treatment plan. To further the existing knowledge of 

chemical oxidants and their applications in situ, this research w ill examine the effects of 

several conditions and related responses on the use of potassium permanganate and 

catalyzed hydrogen peroxide to destroy TCE and PCE in batch laboratory scale 

experiments.

1.5 Research Purpose and Approach

Matching the oxidant and in situ delivery system to the COCs and site conditions 

will result in successful implementation and achievement of performance goals. This 

process requires a good understanding of the physicochemical properties of the site and 

its contamination, as well as the oxidation reactions and affecting factors. To develop 

the understanding and knowledge base of ISCO, the US Department of Defense funded a 

project through the Strategic Environmental Research and Development Program 

(SERDP) to investigate the reaction and transport processes controlling ISCO as it 

applies to DNAPL remediation. As the initial phase of this project, the research 

described herein lays the foundation for further, larger-scale implementation of ISCO. It 

was designed to provide an overall view of how oxidation may be affected by various 

design and environmental parameters, with the intention of providing a tool to enhance 

selection and design for the most efficient and effective application of ISCO. To achieve
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this objective the project was completed in two phases. The first phase involves batch 

reactions within systems containing dissolved-phase DNAPL, and the second phase was 

batch systems containing a pool of DNAPL within an aqueous system. Several 

environmental and design parameters were observed in one or both of the phases 

including: natural organic matter, soil, pH buffer, DNAPL type, and oxidant type and 

concentration. To evaluate the effects of each parameter, six efficiency and 

effectiveness responses were calculated based on data collected for each experimental 

run. They are as follows:

• Efficiency responses

Media Demand (mg oxidant/kg soil) = the mass of oxidant required for treatment 

of a given mass of media; reflects the kinetics of reaction between the oxidant 

and the DNAPL.

Oxidant Demand (mol oxidant/mol organic) = the amount of oxidant required to 

destroy a given amount of contaminant; shows effects due to system changes 

such as natural organic matter or soil with respect to the DNAPL type present.

kox (min"1) = the pseudo l st-order rate constant for oxidant depletion during the 

oxidation reaction

Relative Treatment Efficiency -  is a ratio of the rate of oxidant depletion to the 

rate of DNAPL degradation, or kox/koNAPL

• Effectiveness responses

koNAPL (min'1) -  is the pseudo lst-order rate constant for DNAPL destruction 

during the oxidation reaction

% DNAPL Degraded = the overall percentage of DNAPL removed from the 

system, based on the initial concentration measured
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These responses provide a good overall picture of oxidation, how it is being 

affected by different factors, and what changes in the systems may occur due to 

oxidation. Additional observations were also made on changes in system chemistry 

factors, such as pH, ion concentrations, etc. In this report potassium permanganate may 

be referred to as simply ‘permanganate’ and ‘catalyzed peroxide’ refers to catalyzed 

hydrogen peroxide with possible Fenton’s processes.
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CHAPTER 2. EXPERIMENTAL SECTION

2.1 Experimental Design for Dissolved Phase Batch Reactors

Dissolved phase batch experimentation was conducted in 20mL amber 

borosilicate glass vials with Teflon lined caps. Each system was established according to 

the conditions outlined in a fractional factorial design (see Section 2.1.1) within a 

surrogate groundwater matrix. This groundwater is derived from a formula developed by 

Struse and Siegrist (2002), the contents of which can be seen in Table 2.1, along with 

characteristics of the silica sand used.

Table 2.1 Characteristics of Base Sand and Groundwater Materials

Composition of I tase Sand Material8
Parameter Units Value

Soil pH (in deionized water) 6.8
Total organic carbon content Dry wt.% 0.017%
dio / dôo mm 0.22 / 0.60

Composition of Base Simulated Groundwal er (for lL )b
Concentration VolumeComponent

(S/L) Added (mL)
KC1 0.83 1.0

NaNOg 1.00 1.0
FeCls 1.28 1.0
MgClz 34.4 2.0
CaS04 2.5 56

Deionized water --- 939
Groundwal er Properties

pH 5.0
Alkalinity 40 mg-CaCOs/L

Conductivity 277 uohms
“VanCuyk et al. 2001 
bStruse and Siegrist, 2002
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2.1.1 Fractional Factorial Design of Dissolved Phase Batch Experiments

A fractional factorial design was used to lay out testing of the oxidants, due to the 

large number of conditions to be observed. Both oxidants (catalyzed hydrogen peroxide 

and potassium permanganate) were examined under similar conditions of the five 

variables in this design, which include natural organic matter, oxidant concentration, 

media, pH, and DNAPL type. The DNAPL type and pH conditions are configured as 

secondary variables so that the resulting design is a 23 factorial. The high and low 

conditions used in this study for each of the five variables are as follows: natural organic 

matter was either no NOM  or 0.2 dry wt% humic acid material; oxidant concentration 

was either 2 -times or 10-times the stoichiometric demand exerted by the organic 

contaminant; media consisted of either no sand or 10 dry wt% silica sand; and either TCE 

or PCE was used as a DNAPL contaminant. The humic acid substance was obtained 

from Fluka Chemicals, CAS# 1415-93-6, contains 38-40% carbon, and is slightly soluble 

in water. Goethite, used in the multi-phase batch experiments, was obtained from Alfa 

Aesar, CAS# 1310-14-1. It is insoluble in water and has a molecular weight of 88.9 

g/mole, and a density of 3.4-3.9 g/cm3. The following table lists the chemicals used in 

this study and their manufacturers.

Chemical TCE/
PCE KMnC>4 H2O2 FeS04

Humic
acid Goethite

Manufacturer Aldrich Cams Mallinckrodt Fluka Alfa Aesar
Grade reagent technical ACS analytical technical ACS
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In KMn0 4  reactions, the pH condition was either unbuffered groundwater, or 

groundwater that was buffered to a pH of 7 with a phosphate buffer. Catalyzed peroxide 

reactions were run with either the unbuffered groundwater, or groundwater that was pH 

adjusted to 3 with H2SO4. The “buffered” pH condition listed in Table 2.2 therefore 

refers to either phosphate buffer to pH 7, or pH adjustment with H2SO4 to pH 3. 

Experimental runs conducted using potassium permanganate as the oxidant are labeled 

#’s 1-8, and run # ’s 9-16 were oxidized with catalyzed peroxide.

Table 2.2 Fractional Factorial Design for Dissolved Phase Batch Experiments

Run3# NOM Oxidant
Concentration Media pH DNAPL type

L 9 0 .2 % lOx 10% buff PCE
2 , 1 0 none lOx 10% unbuff PCE
3,11 0 .2 % 2x 10% unbuff TCE
4,12 none 2 x 10% buff TCE
5, 13 0 .2 % lOx none buff TCE
6 , 14 none lOx none unbuff TCE

.7, 15 0 .2 % 2 x none unbuff PCE
8,16 none 2x none buff PCE

“Runs 1-8 are with KMn04, runs 9-16 are with catalyzed peroxide

An additional set of 4 runs was also conducted to assess the relative effects of a 

mixture of both contaminants in a system, as shown in Table 2.3. These runs are more 

limited in design conditions, (being oxidant type, oxidant concentration, media, and 

DNAPL type) as it is to be used only as a comparison study. The media condition in this 

design was either no sand or humic acid, or 10% by weight silica sand plus 0.2 wt% 

humic acid. The
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K M 11O4 runs were done in pH 7 buffered groundwater, and the catalyzed peroxide 

conditions were in pH 3 adjusted groundwater, as before.

Table 2.3 Design Conditions for Dissolved Phase Batch Runs Containing a 
Mixture of DNAPL Contaminants

Run # Oxidant Type Oxidant Concentration Media DNAPL Type
17 KMnÛ4 lOx none TCE + PCE
18 KMn0 4 2x 10% +HA TCE + PCE
19 H2O2 lOx none TCE + PCE
20 H2O2 2x 10% +HA TCE + PCE

2.1.2 Preparation and Sampling Methods

Dissolved phase batch experiments were conducted in 20mL borosilicate glass 

vial reactors, with PTFE-silicon lined septa. Sampling occurred at 0, 1, 3, 10, 30, and 

100 minutes (after oxidant addition) of reaction to allow for kinetic evaluations.

Sacrificial vials were prepared for each time point, including DNAPL and oxidant 

controls. Each vial reactor was filled with simulated groundwater matrix, buffered (or 

pH adjusted) to the desired pH, and humic acid and sand according to the factorial 

design. Each catalyzed peroxide vial reactor also contained 5mM iron (as EeSC^) to 

catalyze the reaction. Enough dissolved DNAPL was then added, through the septa with 

a glass gas-tight syringe to minimize system VOC loss, to achieve a system concentration 

equal to l/5 th of the theoretical aqueous solubility of the DNAPL. The systems were then 

allowed to equilibrate for 1 hour while shaking inverted (to reduce system loss) on a 

horizontal shaker table at medium speed. Finally the oxidant was added through the 

septa and testing ensued at the appropriate time intervals.

During the following 100-minute reaction period the vials were kept inverted on 

the shaker table to simulate a flow condition. At the appropriate time points (1 ,3 , 10, 30,
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and 100 minutes) a vial reactor was sacrificed for testing, with sample size and methods 

shown in Table 2.4. DNAPL concentration samples were taken through the septa to 

reduce system VOC loss, but all other samples were taken with the cap off. Each time 

point was run in duplicate, each duplicate was sacrificed individually, and control 

reactions for the oxidant and for the DNAPL were run simultaneously.
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Table 2.4 Analyses Performed on Dissolved Phase Vial Reactors

Groundwater (at time = 0 ,1 ,3 ,10 ,30 ,100  min)

Analysis

Cations (Mn, Fe) 
Major anions (C f)

DNAPL concentration

Oxidant concentration 
Permanganate 
H2O2

Sample
Vol.

0.1 mL 

0.3 mL

0.4 mL

0.1 mL 
0.2-3 mL

Method

Perkin Elmer Optima 3000 ICP-AES 

Dionex AS-50 Ion Chromatograph 
HP 6890 Capillary GC-ECD with hexane 
extraction

Hach DR 4000 spectrophotometer: 525nm 
Hach method: idometric titration

Groundwater (at time = 0 ,1 ,10,100 min)

Analysis Sample
Vol. Method

Dissolved organic carbon 
(DOC) 0.6 mL Shimadzu 400 TOC analyzer for 

water
Groundwater (at time = 0,100 min)

Analysis Method
Chemical Oxygen Demand (COD) Hach COD digestion solution

pH Orion Model 420A pH Meter
Temperature Thermometer

Porous Media (at time = 0,100 min)
Analysis

Total organic carbon (TOC)
Method

Coulometrics TOC analyzer for solids
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The testing/sampling procedure was as follows:

1. Remove aliquot through septa and inject into GC vial, pre-filled with hexane, to 

be tested on the GC/MS with an BCD.

2. Remove aliquot from vial, filter 0.2pm and dilute. Test sample with the Hach 

DR4000 spectrophotometer at 525nm to determine MnOT concentration or Hach 

peroxide test kit for H2O2 concentration, then COD (Hach COD test kit), chloride 

concentration (IC), and DOC (DR4000 spectrophotometer at 254nm).

3. Pull ICP test aliquot and filter (0.2pm), dilute, and refrigerate until testing.

4. Test pH and temperature in vial reactor.

5. TOC samples are taken on solids -  a portion of the remaining sample was dried 

overnight (at 90°C), and the remaining soils tested with a Coulometrics TOC 

analyzer.

2.2 Experimental Design for Multi-Phase Batch Experiments

This stage of experimentation was conducted in 40mL amber borosilicate glass 

vial reactors containing: 20mL of groundwater in which the oxidation reaction occurs, 

and 20mL of hexane to maintain a constant concentration gradient between the DNAPL 

and aqueous phases. A Teflon coupon was attached to the bottom of each vial reactor, 

and 3pL of DNAPL placed upon it with a gas-tight, glass syringe, prior to addition of the 

oxidant. Testing was conducted on quiescent samples (which represent a no-flow 

system) over a period of 30 hours. The Teflon coupon allows for a constant, known 

surface area of the DNAPL pool, and due to the nature of this setup the systems had to 

remain quiescent to prevent the DNAPL from slipping off the coupon.
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2.2.1 Full Factorial Design of Multi-Phase Batch Experiments

Design variables for multi-phase batch experiments were determined based on 

results obtained from the dissolved phase batch studies (refer to section 3.2). They 

include NOM , oxidant load, and DNAPL type, and all systems were constructed with the 

unbuffered groundwater matrix. These systems were intended to be more representative 

of field conditions than the dissolved phase batch studies, while still maintaining bench 

scale control. In the design, therefore, the NOM  factor had three levels: none, 0.2 wt% 

humic acid, or 0.2 wt% humic acid plus 0.2 wt% goethite (a naturally occurring iron 

mineral that can impact oxidation, i.e. exerts demand), and the oxidant concentration 

conditions were based on representative field applications. For potassium permanganate 

reactions 0.1% and 1.0% concentrations were used, and 1% and 10% H2O2 

concentrations were applied for catalyzed peroxide reactions.

Considering the lower number of variables examined in this stage, a full factorial 

design was employed. Each oxidant was again run with the same conditions listed in the 

design (Table 2.5) with the exception that all catalyzed peroxide vial reactors also 

contained 5mM iron to catalyze the reaction. Runs numbered 1-12 are KMnCU runs, and 

#’s 13-24 are catalyzed peroxide runs.
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Table 2.5 Full Factorial Design for Multi-Phase Batch Experiments

Run3# Oxidant Loadb NOM 0 DNAPL type
1,13 low none TCE
2 ,H low none PCE
3,15 low 0.2% HA TCE
4, 16 low 0.2% HA PCE
5,17 low 0.2% HA + 0.2% G TCE
6,18 low 0.2% HA + 0.2% G PCE
7, 19 high none TCE
8,20 high none PCE
9,21 high 0.2% HA TCE
10,22 high 0.2% HA PCE

* 11,23 high 0.2% HA + 0.2% G TCE
12,24 high 0.2% HA + 0.2% G PCE

"Runs 1-12 are KMn04, runs 13-24 are catalyzed peroxide
Mow' = 0.1% for KMn04 and 1.0% for catalyzed peroxide, ‘high’ = 1.0%

for KMn04 and 10% for catalyzed peroxide, final aqueous phase 
concentrations 

C’HA’ denotes humic acid and ‘G’ denotes goethite

2.2.2 Preparation and Sampling Methods

Testing for the multi-phase batch experiments was completed much the same as in 

dissolved phase experiments, with a smaller number of tests performed. DNAPL and 

oxidant concentrations were measured at each time point (0, 0.3, 1,3, 10, and 30 hours), 

and chloride, metals, and DOC were measured at 0 and 30 hours. These last three tests 

were performed at each time interval on 4 of the 12 runs for each oxidant to observe 

kinetic similarities with dissolved phase testing. To capture a mass balance between the 

phases of the system, three different sample points were taken for DNAPL concentration: 

aqueous phase and hexane phase at each time point, and a final shake-extraction hexane 

phase sample after 30 hours of reaction. Each time point was run in duplicate, each 

duplicate was sacrificed individually, and control reactions for the oxidant and the 

DNAPL were run simultaneously.
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The multi-phase vial reactors were constructed by attaching a 4.45mm diameter 

Teflon coupon to the center bottom of each vial with silicon glue. After a 24-hour dry 

time humic acid, goethite, and FeSC>4 were added according to the conditions listed in 

Table 2.5, followed by groundwater. Hexane (20mL) was then added on top and the 

system was then capped (refer to Figure 2.1). Just before testing, 3pL of the appropriate 

DNAPL was placed on the coupon with a gas-tight syringe, an oxidant spike was added 

(slowly to avoid knocking the DNAPL off the coupon) to achieve the desired initial 

system concentration, and the vial was re-capped. Sampling began immediately after 

addition of the oxidant. A ll samples were taken without the cap, at approximately half 

the depth of each phase. DNAPL concentrations were measured in the aqueous and 

hexane phases, but all other testing was done only in the aqueous phase. As with 

dissolved phase batch experiments, MnOT concentrations were measured on the 

spectrophotometer and H2O2 was measured with the Hach iodometric test kit.

T eflon-1 ined-septa 
and c?~

20mL hexane phase

3pL DNAPL pool

Teflon coupon
20mL aqueous phase

Figure 2.1 Diagram of Multi-Phase Batch Systems Experimental Setup
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CHAPTER 3. DISSOLVED PHASE BATCH EXPERIMENTS: 

RESULTS AND DISCUSSION

3.1 Dissolved Phase Batch Experimental Results

The data collected during dissolved phase experimentation is presented in two 

sections: the first (section 3.1.1) includes data regarding the efficiency and effectiveness 

of each system, including those containing a mixture of contaminants; the second (section 

3.1.2) contains system chemistry, such as pH and temperature. Following these two is a 

discussion (section 3.2) of the results obtained. The experimental runs examined in the 

dissolved phase batch systems were constructed according to the fractional factorial 

design shown in Section 2.1.1, Table 2.2, which is included again below for reference.

Table 2.2 Fractional Factorial Design for Dissolved Phase Batch Experiments

Run#3 NOM Oxidant Load Media pH DNAPL type
1,9 20% lOx 10% buff PCE

2,10 none lOx 10% unbuff PCE
3,11 20% 2x 10% unbuff TCE
4,12 none 2x 10% buff TCE
5, 13 20% lOx none buff TCE
6, 14 none lOx none unbuff TCE
7,15 20% 2x none unbuff PCE
8, 16 none 2x none buff PCE

“Runs 1-8 are with KMn04 and runs 9-16 are with catalyzed peroxide

3.1.1 Oxidation Efficiency and Effectiveness Results

Several variables were examined in order to discern any possible relationships 

between the factors observed in this project. Kinetic rate constants were derived for each
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of the experimental runs listed in the fractional factorial design. These rate constants are 

pseudo-first order with respect to the DNAPL or the oxidant and are therefore derived 

from the linear portions of the line fitted to the ln(C/C0) versus time, where ‘C’ refers to 

the concentration at time t, and ‘C0’ is the measured initial concentration (see Figure 3.1). 

The rate constant (min'1) for the amount of oxidant used per reaction period is referred to 

as ‘kox’, and the rate constant (min"1) describing DNAPL contaminant destruction is 

denoted ‘ L d n a p l ’ - Other responses calculated include the amount of oxidant consumed 

per mass of media in the system (‘media demand’ in mg/kg), the amount of productive 

oxidant demand ( ‘oxidant demand’, in moles oxidant consumed/mole DNAPL degraded), 

a calculated % of DNAPL degraded, and the relative treatment efficiency of the system 

(kox/koNAPL). The media demand measures effects that are based on the DNAPL type, as 

it is normalized to the media and NOM conditions, while the oxidant demand is 

normalized to the DNAPL and thus provides information regarding the effects o f the 

other experimental conditions. The ‘% DNAPL degraded’ is interpreted as an actual 

degraded DNAPL percentage based on the initial and final concentrations measured.

Ln (C/Co) vs. time

linear portion, with slope of k

Ln (C/Co)

reaction time

Figure 3.1 Representation of Pseudo l st-Order Reaction Rate Constant Plot
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These six variables are grouped as overall efficiency and effectiveness of the 

systems observed over the reaction period (100 minutes), as shown in Table 3.1. Values 

pertaining to experimental runs containing a mixture of TCE and PCE (#’s 17-20) are 

split according to the relevant DNAPL (i.e. two values are shown, labeled with TCE or 

PCE in the run #). Predicted times to 90 and 99.9% destruction of the DNAPL and the 

total amount of DNAPL destroyed vs. that remaining in the system were also calculated 

for each run for a relative comparison of systems as predicted beyond the reaction period, 

and are presented later in this section. System chemistry results, such as natural oxidant 

demand (NOD), chemical oxygen demand (COD), temperature, and pH are discussed in 

Section 3.1.2.

Data was collected and analyzed using factorial design procedures in conjunction 

with the Minitab statistical analysis tool (Release 1 OXtra, State College, Pa) for possible 

interactions and relationships. Table 3.1 displays the average value of the results for the 

six main efficiency and effectiveness terms discussed for each run, including the resulting 

pseudo-first order rate constants derived for both oxidant and DNAPL destruction. 

Appendix A contains a full table of duplicate values (Table A .l).
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Table 3.1 Dissolved Phase Batch Experiment Efficiency and Effectiveness

Responses3 for Run #’s 1-20

Efficiency Effectiveness
Media Oxidant Relative treatment

Demandb Demand efficiency6
me oxidant mol oxidant kox kox koNAPL0 % DNAPL

Run # kg soil mol organic (min1) koNAPL (min _1) Degraded
1 2523 11.6 0.032 0.150 0.216 100.0%
2 5525 63.1 0.003 1.25 0.002 25.3%
3 5407 12.2 0.140 4.64 0.036 15.594
4 3400 2.48 0.040 0.070 0.578 100.0%
5 - 6.93 0.035 0.013 2.74 98.0%
6 - 3.11 0.127 0.056 2.28 100.0%
7 - 2.17 0.002 0.474 0.005 39.4%
8 - 9.43 0.007 1.20 0.006 50.8%
9 300 1.76 0.203 2.61 0.078 89.0%
10 345 0.918 0.291 0.209 1.39 90.4%
11 3300 1.66 0.016 0.006 2.63 97.5%
12 2550 2.41 0.015 0.006 2.61 95.4%,
13 - 16.9 0.021 0.008 2.57 97.6%
14 - 9.03 0.021 0.008 2.84 97.3%
15 - 1.06 0.110 0.307 .375 42.4%
16 - 2.25 1.50 3.48 .439 46.0%

17-TCE
17-PCE

-
13.1
45.6

0.110
0.053
0.661

2.10
0.223

95.6%
100.0%

18-TCE
18-PCE

4800
7.9

31.7
0.098

0.492
5.34

0.206
0.017

92.2%
83.7%

19-TCE
19-PCE

-
12.0
203

0.021
0.008 2.69 96.7%

100.0%
20-TCE
20-PCE

2625
1.6
203

0.012
0.005 2.65 96.7%

100.0%
“Average values shown, Appendix A contains full table of data
bMedia demand only calculated for systems containing soil
cMissing values could not be determined due to analytical or experimental error
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The runs conducted using a mixture of both TCE and PCE DNAPLs (runs 17-20) 

were analyzed in a similar fashion as the first 16 runs, but were not included in the 

Minitab analysis. They are, however, discussed in detail in Section 3.2, in relation to the 

first 16 runs as an observational analysis only.

Subsequent to the analysis of the above results it was determined that several 

follow-up runs were necessary to clarify some of the aliased terms in the fractional 

factorial design. In particular, the pH term is confounded by an interaction of NOM and 

oxidant concentration, and the DNAPL term is confounded by an interaction of oxidant 

concentration and media. Confounded effects cannot be estimated separately and thus 

several separate runs were conducted to determine whether results seen for these 

variables were due to the main effect, the confounded interaction, or a combination of the 

interaction and the main effect. This is discussed further in Section 3.2.

Additional system performance factors are presented in Table 3.2. This data 

provides estimates of the time needed to attain certain cleanup goals for each of the 

experimental conditions, and gives an idea as to which situations may provide the best 

cleanup scenarios. Predicted times to % degradation were calculated using measured 

initial COC concentration and calculated pseudo l st-order rate constants. The predicted 

time necessary to achieve 99.9% removal of the initial DNAPL concentration varied from 

less than 1 minute up to about 3100 minutes (about 52 hours), whereas 90% reduction 

times varied from less than 1 minute up to about 1000 minutes (about 17 hours). It is 

important to note that although the TCE systems appear to achieve faster and more 

efficient cleanup, the oxidation reaction was only allowed to run for 100 minutes, which 

may not have been sufficient time to see similar results in the PCE systems, since PCE 

takes longer to degrade.
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Table 3.2 Dissolved Phase Batch Experiment Predicted % Removal Times
and Total Mass Destroyed

Time (min) to % 
degradation3 of 

initial concentration

Measured DNAPL mass balance for 100 
minute reaction time

Run # 90% 99.9% Initial mass Remaining 
(mg) mass (mg)

Difference15
(mg)

1 11 32 4.38 0.0 4.38
2 1032 3097 6.92 0.52 6.41
3 76 228 58.5 4.9 53.5
4 4 12 27.3 0.0 27.3
5 0.84 2.5 25.5 0.1 25.5
6 1.0 3.0 57.3 0.0 57.3
7 481 1443 6.49 0.39 6.10
8 392 1177 4.39 0.22 4.18
9 30 89 185 0.04 3.81
10 1.7 5.0 132 0.08 8.24
11 0.88 2.6 40.8 0.1 40.7
12 0.88 2.7 22.3 0.1 22.2
13 0.90 2.7 21.2 0.1 21.1
14 0.81 2.4 38.2 0.1 38.1
15 6.2 19 7.60 0.44 7.16
16 5.3 16 4.09 0.22 3.87

17-TCE 1.1 3.3 12.0 0.1 11.9
17-PCE 13 38 130 0.10 3.20
18-TCE 11 34 13.2 0.1 13.1
18-PCE 134 401 3.63 0.11 3.52
19-TCE 0.86 2.6 31.0 0.0 31.0
19-PCE <1 < 1 1.78 0.06 1.72
20-TCE 0.87 2.6 33.2 0.0 33.2
20-PCE < 1 < 1 1.87 0.0 1.87
“Times predicted based on pseudo 1 “'-order reaction rate constants 
^Difference observed is discussed in section 3.2
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3.1.2 System Chemistry Results

Several tests were performed on the experimental systems beyond oxidant and 

DNAPL concentrations to be used in mass balances as well as to understand the effects of 

oxidation on the design parameters and visa versa. System analyses include: chemical 

oxygen demand (COD), dissolved organic content (DOC), total organic content (TOC), 

natural oxidant demand (NOD), Cl" concentration, dissolved metals concentrations (Fe 

and Mn), temperature, and pH.

Chemical Oxygen Demand and Total Organic Carbon

Chemical oxygen demand and total organic carbon tests are useful tools to 

measure the organic content of the experimental systems. COD determines the organic 

content by measuring the oxygen equivalent of the organic matter, but this test cannot be 

used to differentiate between the oxidizable and inert organic matter and any other 

reduced species (Tchobanoglous and Schroeder 1987). The test measures the total 

quantity of oxygen required for oxidation to CO2 and water. Inorganic ions, like C f, can 

interfere and make results erroneously high, but this interference is eliminated by 

addition of mercuric sulfate (Sawyer et al 1994), which is included in the Hach COD 

digestion solution used in this study.

Figure 3.2 shows the overall change in COD experienced for each run after 100 

minutes of reaction. A positive value denotes an increase in COD after 100 minutes, as 

seen in Table 3.3, which lists the initial COD concentration within each system as well as 

the decrease in COD after a 100 minute oxidation reaction and the percent by which the 

initial COD has changed. The permanganate concentrations used contributed a large 

amount of COD to the systems, thus a calibration was done to correct for each 

permanganate run, based on the initial oxidant concentration used. The data shows that 

the catalyzed hydrogen peroxide may have also caused interference.
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Figure 3.2 Dissolved Phase Batch Experiments Change in COD after 100 Minutes 

(refer to Table 2.2 for characteristics of each run)
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Table 3.3 Dissolved Phase Batch Experiments Chemical Oxygen Demand

Run
No.

Initial
COD

(mg/L)

Decrease in COD 
after 100 min. of 
reaction (mg/L)

% Change of 
initial COD

1 110 107 97%
2 125 22 18%
3 74 74 100%
4 85 71 84%
5 83 83 100%
6 119 119 100%
7 43 30 69%
8 49 4 8%
9 25 5 20%
10 26 7 27%
11 131 99 76%
12 152 122 80%
13 646 575 89%
14 689 606 88%
15 53 18 34%
16 48 4 8%
17 1646 14 1%
18 374 75 20%
19 688 592 86%
20 119 91 76%
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The total organic carbon measures the amount of oxidizable carbon present. The 

test is performed on dry soil samples, and only on those runs containing both sand and 

humic acid, as the runs containing just clean sand had a TOC below the detection limit of 

the instrument. Table 3.4 shows the decrease in TOC observed in these systems in both 

% carbon and mg carbon. Results show that the TOC of each system decreases after 100 

minutes of reaction, as expected considering that during oxidation, some of the DNAPL 

contaminant w ill be oxidized to CO2, as in equations 1.3, 1.6, and 1.16.

Table 3.4 Decrease in TOC (after 100 min reaction) of Systems Containing Sand and 
Humic Acid in Dissolved Phase Batch Experiments

Run #
Change in TOC 

(% carbon)
Change in TOC 

(mg)
1 0.0155 0.31
3 0.0319 0.64
9 0.00753 0.15
11 0.0211 0.42
18 0.0070 0.14
20 0.0052 0.10

Dissolved Organic Carbon

Dissolved organic carbon was measured for all runs and compared with that of the 

control vials, containing no DNAPL or no oxidant. Table 3.5 lists the initial DOC 

observed for each run as well as the amount by which the DOC decreased after 100 

minutes of reaction time. Figure 3.3 shows the overall system DOC change for each run 

observed after 100 minutes of reaction. During oxidation the DOC can increase due to 

oxidation o f soil-related carbon and humic acid, which can result in the production of 

lower molecular weight organics (Goldstone et al 2002), which are accounted for in the 

DOC test. A ll runs, however, show a decrease in measured DOC after the reaction 

period, the amount for each shown in Table 3.5, and above each bar on Figure 3.3.
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Effects on DOC values attributable to the presence of KMnÛ4 (in runs 1-8 and 17-18) 

were minimized considerably by way of a calibration curve, but the data shows that there 

may still be some interference occurring. The systems in this study contain low soil 

solids mass, which may very well explain the consistent drop in DOC for all of the runs.

Table 3.5 Dissolved Phase Batch Experiments Dissolved Organic Carbon

Run
No.

Initial
DOC

(mg/L)

Decrease in DOC 
after 100 minutes 
of reaction (mg/L)

Run
No.

Initial
DOC

(mg/L)

Decrease in DOC 
after 100 minutes 
of reaction (mg/L)

1 70.6 2.8 9 137 62
2 61.8 3.5 10 146 69
3 46.3 32 11 164 50
4 45.2 5.3 12 179 14
5 178 13 13 175 10
6 173 35 14 178 60
7 11.4 4.2 15 36.3 23
8 13.5 2.8 16 38.1 15
17 161 0.7 19 173 53
18 46.6 0.4 20 164 57
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Figure 3.3 Dissolved Phase Batch Experiments Change in DOC after 100 Minutes 

(refer to Table 2.2 for run characteristics)

Natural Oxidant Demand

The natural oxidant demand of each system is an important characteristic in 

determining how much excess oxidant will need to be added before the competing 

oxidation reaction no longer impedes oxidation of the target chemical. It is calculated as 

the mass (in mg) of oxidant consumed per mass (in kg) of soil present in the system, and 

is determined using the ‘no DNAPL’ controls. NOD is only calculated for runs 

containing soil. Table 3.6 lists the NOD of each system, without DNAPL contaminant 

present, and the DNAPL demand on the oxidant, which is found by subtracting the 

natural oxidant demand from the media demand. A calculated mass of oxidant depleted 

during the reaction period is also shown for comparison with those runs not containing 

soil.
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Table 3.6 Natural Oxidant Demand for Each System Observed3 in Dissolved
Phase Batch Experiments

Run

NODb 
me ox 
kg soil

Media 
demand 
me ox 
kg soil

DNAPL 
demand on 

oxidant 
mg ox 
kg soil

Oxidant 
depletion 

w/out 
DNAPL 
(mg ox)

Oxidant 
depletion 

w/ DNAPL 
(mg ox)

DNAPL 
demand on 

oxidant 
(mg ox)

1 1600 2523 923 3.2 5.0 1.8
2 400 5525 5125 0.3 11.1 10.8
3 1825 5432 3607 3.7 10.8 7.2
4 125 3400 3275 0.3 6.8 6.6
5 - - - 7.5 17.3 9.8
6 - - - 0.0 1.0 2.0
7 - - - 1.0 1.0 0.0
8 - - - 0.0 1.0 2.0
9 300 345 45 0.5 0.6 0.1
10 270 345 75 0.5 0.7 0.2
11 3000 3300 300 6.6 6.9 0.3
12 2400 2550 150 4.8 5.1 0.3
13 - - - 30.0 34,8 4.8
14 - - - 26.4 33.6 7.2
15 - - - 0.2 0.3 0.2
16 - - - 0.2 0.4 0.2
17 - - - 4.9 12.4 7.5
18 1975 4800 2825 4.0 9.6 5.7
19 - - - 31.2 36.0 4.8
20 2850 2625 375 5.7 6.3 0.6
“Average values listed- Appendix A contains full table
"TJOD calculations made from control system data (i.e. without DNAPL)
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Chloride
Chloride data collected for each experimental run can be used to verify the 

amount of DNAPL destroyed after 100 minutes of reaction. Table 3.7 shows the amount 

of chloride present in the systems after the reaction as well as the predicted amount of 

chloride that should be present based on the measured amount of DNAPL degraded. The 

amount of Cl" produced was based on measured intial and final concentrations. In almost 

all systems there was an excess amount of CV present after the oxidation reaction, beyond 

what was expected by the measured amount of DNAPL removal. This is presented as ‘% 

excess’ in Table 3.7.



Table 3.7. Chloride Data3 for Dissolved Phase Batch Experiments

Run C f produced 
(mg/L)

Expected Cl" 
produced (mg/L)

% Excess Cl" 
produced15

1 54.50 18.74 40.1%
2 102.37 7.50 29594
3 123.30 36.71 13694
4 52.06 110.65 35.0%
5 47.83 99.23 36.2%
6 96.98 232.22 -3.0%
7 97.30 10.95 32894
8 36.23 9.53 22894
9 - 14.68 -

10 70.77 32.19 12094
11 - 161.27 -

12 280.82 86.46 17594
13 83.75 83.71 10596
14 122.76 150.79 57.8%
15 61.30 13.77 -63.0%
16 70.30 8.05 1124%

“Appendix A contains all duplicate values
bNegative value indicates actual chloride amount is less than expected
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Temperature and pH

Table 3.8 provides the initial temperature and pH conditions as well as the amount 

by which these conditions changed after the 100-minute reaction period. Slight 

temperature changes were seen in all systems after 100 minutes of reaction, which is 

expected due to the exothermic nature of the oxidation reaction. The catalyzed peroxide 

runs appear to undergo a relatively larger temperature increase than the KMnÛ4 runs, 

which is expected due to the more vigorous reactions that occur with catalyzed peroxide 

oxidation.

The pH of the unbuffered systems decreased more than that of the buffered/pH 

adjusted systems, as expected. Run #6, with permanganate, became the most acidic at pH 

2.68. The catalyzed peroxide runs using unbuffered groundwater show the largest pH 

depression, falling to as low as 2.4 pH.



41

Table 3.8. Temperature and pH Data for Dissolved Phase Batch Reactions

Run Initial temp.
m

Increase in 
temp. (°C)

Initial
pH

pH
decrease

1 23.2 1.3 7.0 0.44
2 22.9 1.6 5.0 1.66
3 22.9 1.7 5.0 1.30
4 213 1.4 7.0 0.78
5 23.5 1.2 7.0 0.70
6 22.8 1.9 5.0 2.32
7 23.0 1.5 5.0 1.50
8 23.1 1.6 7.0 0.47
9 22.3 2.8 3.0 0.35
10 22.3 0.8 5.0 2.41
11 22.2 0.7 5.0 2.53
12 22.2 3.0 3.0 0.47
13 22.2 3.0 3.0 0.44
14 22.1 1.0 5.0 2.48
15 22.1 1.1 5.0 2.03
16 22.3 3.0 3.0 0.16
17 23.6 0.4 7.0 0.60
18 23.6 0.4 7.0 0.53
19 22.2 1.2 3.0 0.46
20 22.3 1.2 3.0 0.36



42

Dissolved Metals

Cation data collected provided dissolved concentrations of both iron and 

manganese for use in mass balance calculations. In the case of the potassium 

permanganate runs (#’s 1-8, 17-18), manganese is the metal of interest, whereas iron was 

measured for catalyzed peroxide runs. Table 3.9 shows the decrease in the appropriate 

metal concentration after reaction for each run.

Table 3.9. Decrease in Dissolved Metal Concentration after 100 Minutes of 
Reaction in Dissolved Phase Batch Experiments

Run Mn loss Run Fe loss
No. (mg/L) No. (mg/L)

1 109 9 206
2 15 10 150
3 199 11 56
4 130 12 136
5 302 13 90
6 92 14 21
7 44 15 34
8 13 16 28
17 53 19 18
18 36 20 72

3.2 Dissolved Phase Batch Experiments Discussion

This section presents a discussion of the results obtained through the Minitab 

statistical analysis program, along with analysis of the chemistry and performance of 

each system. The oxidants are separated in this chapter, but w ill be discussed as a 

comparison later, in Chapter 5. Following the discussions on both oxidants is a 

discussion of the systems containing a mixture of DNAPLs (TCE and PCE).
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During analysis of the fractional factorial design it was noted that two of the 

factors are confounded. In particular, the “pH” and “DNAPL Type” factors are 

confounded with an interaction of the “NOM ” and “Oxidant Concentration”, and 

“Oxidant Concentration” and “Media” factors, respectively. Reasonable expectations 

and literature review were used to sort out most of these problems, but for those that were 

still unclear, some follow-up experimentation was performed. The follow-up studies 

conducted allowed for clarification of which terms are responsible for the observed 

effects by observing a specific set of conditions where two of the three confounded 

variables are changed. In the case of the pH confounding with NO M * Oxidant 

concentration, the oxidant concentration condition was the same for all runs (as well as 

DNAPL type and media) and the observed effects could then be attributed to pH or 

NOM , as appropriate.

For the DNAPL Type factor, the L d n a p l  and % DNAPL degraded responses are 

due to the main effect of changing the DNAPL contaminant used, whereas the oxidant 

demand is due to the interaction of oxidant concentration and media. The k0x and relative 

treatment efficiency (RTF) responses appear to be dependent on both the main effect and 

the interaction effect.

In the case of the pH factor, previous research has shown that potassium 

permanganate oxidation is relatively independent of pH conditions between the pH of 4-8 

range (Yan and Schwartz 1998, 1999; Urynowicz 2000). However, in an unbuffered 

system the pH can drop to pH 2 or 3 (Siegrist et al 1999, 2000; Nelson et al 2001), which 

can have an effect on the oxidation reaction (Case 1997) and may explain why some of 

the efficiency/effectiveness responses appear to be affected by the pH factor (discussed 

further in section 3.2.1). Therefore, in systems where the final pH dropped below 4 (see 

Table 3.8) it was assumed that the effects observed were due to the lack of buffering, 

rather than the actual start pH value. Oxidation by catalyzed peroxide is more directly 

affected by system pH, as the desired oxidation by HO* is optimized in the pH range 2-4 

(Watts et al 1990; Kang and Hwang 2000), and therefore follow-up experimentation was
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necessary to clarify the confounding with this factor. It was found that media demand 

and oxidant demand are affected by both the pH condition and the interaction of NOM  

and oxidant concentration. Changes in I c d n a p l  observed due to a supposed change in pH 

through adjustment is actually due to the interaction of NOM and oxidant concentration 

(which is expected, as increasing the oxidant concentration is shown to increase the 

koNAPL (Siegrist et al 2001; MacKinnon and Thompson 2002)) as well as the pH (which 

is also expected since lowering the pH below 6 in a catalyzed peroxide system increases 

the HO* generation (Gates and Siegrist 1995; Kang and Hwang 2000)).

3.2.1 Potassium Permanganate

The main factors observed in this research have direct influence upon the 

responses, along with their interactions with each of the other variables. These 

interactions are quite extensive, considering the number of variables and resulting 

combinations involved in the study. Therefore, this section will deal with only the main 

effects and any note-worthy interaction results obtained. Sample main effects and 

interaction plots from the Minitab analysis are included in Appendix B. The variables 

used, as outlined in the fractional factorial design discussed in Chapter 2 (section 2.1.1) 

are NOM  (none or humic acid), oxidant concentration (2x or lOx the stoichiometric 

demand from the organic contaminant), media (none or 10wt% silica sand), pH 

(unbuffered groundwater, or phosphate-buffered groundwater to pH 7), and DNAPL type 

(TCE or PCE). The responses of interest are the efficiency and effectiveness terms 

discussed in section 1.5 ( L d n a p l ,  k0x, media demand, oxidant demand, RTE, and % 

DNAPL degraded).

Natural Organic Matter

Adding humic acid to the systems increased the rate of oxidant consumption, 

which is expected because NOM can cause non-productive demand on the oxidant. The
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amount of dissolved Mn also decreased, which concurs with an increase in permanganate 

depletion resulting in MnOz solids precipitation. Similarly, I c d n a p l  was expected to 

decrease due to this added demand on the oxidant, but the data showed an increase in the 

rate of DNAPL degradation. This response might be due to the NOM promoting a 

change in the partitioning behavior of the DN APL contaminant out of the aqueous phase 

to the sorbed phase, and thus out of the aqueous sample tested for DNAPL 

concentrations. The % DNAPL degraded decreased, though, which shows that this must 

be the case because if  the rate o f degradation were indeed increased, then so would the 

overall % degraded. This is also reflected in the chloride data, as addition of humic acid 

caused a decrease in the amount of Cl" produced after 100 minutes of reaction.

The overall oxidant demand in the system decreased with the addition of humic 

acid, which could be due to the contaminant becoming less available to the permanganate 

in the bulk aqueous solution, or oxidation competition between the humic acid and the 

DNAPL. Media demand and RTE follow the same trend, both being apparently 

influenced by the DNAPL availability for oxidation. Natural oxidant demand of the 

systems without DNAPL in them increased with NOM, as expected.

Interestingly, the presence of NOM increased the amount of COD and DOC 

removed during the reaction period. These responses probably reflect the fact that humic 

acid adds a higher COD and DOC to the system initially, and the oxidant can react faster 

with NOM than with the DNAPL (Siegrist et al 2001; Crimi 2002), causing a higher 

overall COD/DOC removal relative to samples that had similar conditions without NOM. 

The system pH decreased more in samples containing humic acid, which when compared 

with the fact that less DNAPL was degraded, shows that the NOM must have been 

oxidized more readily than the DNAPL, and agrees with a larger decrease in COD.

Oxidant Concentration

Increasing the oxidant concentration increased the rate of DNAPL degradation, 

and also the rate of oxidant depletion. Both of these effects are expected based on
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literature and 2nd-order reaction kinetics and chemistry (Siegrist et al 2001, 2002; 

MacKinnon and Thompson 2002). The % DNAPL degraded, amount of chloride 

produced, pH depression and the amount of COD and DOC removed all increased as the 

oxidant concentration was changed from 2x to lOx the stoichiometric DNAPL demand, 

all of which confirm the increase in the DNAPL degradation rate. The response in k0x is 

confirmed by the increase in the amount of dissolved Mn removed, an effect likely 

caused by the MnOz particles catalyzing further MnOT decomposition at higher oxidant 

concentrations (see equation 1.4) (Siegrist et al. 2002). The relative treatment efficiency 

also improved (i.e. a lower value resulted) with a higher oxidant concentration which 

probably reflects the increase in oxidant depletion.

Applying a higher oxidant concentration caused the oxidant demand (includes 

DNAPL effects) as well as the NOD (without DNAPL present) to go up, which is most 

likely due to the unproductive decomposition of excess permanganate, or faster kinetics, 

but it did not appear to affect media demand.

Presence o f Media

Addition of 10 wt% silica sand resulted in a decrease in the rate of DNAPL 

degradation, as well as the overall % of DNAPL degraded. The sand can sorb some of 

the DNAPL out of the dissolved phase, making it less available for oxidation, possibly 

contributing to the lower DNAPL destruction rate. The Cl" production is reduced in these 

systems, as are the DOC removal and pH depression, all of which point to a decrease in 

the availability of the DNAPL to the aqueous phase oxidant. The oxidant depletion rate, 

RTE, amount of COD removed, and oxidant demand increase, however. The sand used 

in this study contributes a small amount of NOD (refer to Table 2.1), which would 

explain these oxidant-related responses. A mass balance with dissolved Mn 

concentrations show that sand increases the amount of Mn removed, which again 

confirms the increase in k0x observed.
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pH  Buffer Condition

While raising the pH from 5 to 7 should have little effect on the efficiency or 

effectiveness of a permanganate system, adding a buffer did result in response changes. 

This is more likely due to the fact that in an unbuffered system the pH can drop below the 

lower limit of the optimal range for permanganate, e.g. 4, than that increasing the initial 

system pH improved oxidation. When the pH drops below 3 the M nO f present can be 

reduced to Mn24" then MnOz (as in equation 1.1) with the use of another M nO f molecule. 

Thus, at a lower pH the k0x is higher due to unproductive autodecomposition of the 

oxidant, and buffering the system to keep it within the pH 4-8 range should (and did) 

lower the oxidant depletion rate. This same argument explains the decrease in media 

demand, RTE, and oxidant demand with buffering. Natural oxidant demand of the 

system without DNAPL also decreased with buffering, again confirming that maintaining 

the optimum pH range appears to reduce autocatalytic decomposition of the M nO f. 

Measurement of initial and final pH showed that the added buffer was sufficient to 

maintain the optimal pH range (Table 3.8).

Buffering the pH of the groundwater to 7 appears to increase koNAPL, but this is 

most likely because a buffered system lowers the occurrence of autodecomposition of the 

oxidant due to pH depression, thus increasing the amount of oxidant available throughout 

the reaction period, rather than directly increasing the actual removal of the DNAPL.

This assumption is supported by the decrease in the overall % of DNAPL removed, as 

well as lower chloride production and DOC removal, although the amount of COD 

removed is higher.

DNAPL Type

TCE degrades faster than PCE, as evidenced by reaction rate constants found in 

the literature. An example of this is reported by Yan and Schwartz (1999), where ki for 

TCE oxidation by MnOT was greater than 6.5x1 O'4 s'1, but the PCE ki was 4.5x1 O'5 s'1. 

Huang et al (1999) reported a second order rate constant of 0.88 L mol"1 s'1 for TCE
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degradation as compared to 0.041 L mol'1 s'1 for PCE (Hood 2000). The response 

variables calculated follow these findings, in that the % DNAPL degraded, media 

demand, L d n a p l  and k 0 x  are higher for TCE than PCE. However, the limited reaction 

period (only 100 minutes) may cause a false response for % DNAPL degraded and media 

demand, as MnOT has the potential to fully mineralize dissolved phase PCE if  given 

sufficient reaction time (Schnarr et al 1998; Yan and Schwartz 1998; Gates-Anderson et 

al 2001). TCE oxidation in the systems used for this study resulted in a higher chloride 

production, COD and DOC removal, and greater pH depression than PCE systems.

These results confirm the observed % DNAPL degraded and L d n a p l  responses, while a 

higher dissolved Mn removal is consistent with the increased k0x with TCE.

In summary, oxidation by potassium permanganate is more efficient in terms of 

dissolved phase DNAPL destruction with NOM present, except in the case of the oxidant 

depletion rate response, and with a buffer present. The efficiency can also be improved 

by lowering the oxidant concentration to a level which is sufficient to oxidize the COC 

present plus any NOM  or other constituents that exert demand on the oxidant. ISCO with 

permanganate is affected by the soil and both efficiency and effectiveness could be 

improved by considering the type of soil present at a given site. MnOT is more effective 

in situations where a buffer is present but the natural organic matter content of the 

subsurface is low. A higher oxidant concentration will improve the DNAPL destruction 

effectiveness as well, though this condition must be optimized for the individual 

subsurface system being treated as excess oxidant reduces the efficiency of ISCO. 

Systems containing TCE as the target COC will be oxidized more efficiently and more 

effectively than those with PCE present, given the 100-minute reaction period observed.

The estimated effects and coefficients calculated with Minitab were used to 

develop the regression equations (shown in Appendix B), which describe the 

relationships between the main effects and any interactions on each of the 

efficiency/effectiveness response values. From these equations Table 3.10 was derived to 

show the amount of influence (in %) each variable had on the average value of each
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response. Note that not all variables had a statistically significant effect on each response 

(a=0.05 as per Minitab), and that some of the interactions observed had important 

effects.

Based on the regression equations (Appendix B) and Table 3.10, a relative 

influence of each variable on the calculated responses was determined (see Table 3.11). 

This table provides a list of which variables affected the given response and possible 

explanations as to why they have influence.

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF 
GOLDEN, CO 80401
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Table 3.11 Relative Influence of Experimental Variables on Efficiency and Effectiveness 
Responses in Dissolved Phase Batch Experiments with KMnÛ4

Response Variable influence Possible explanation

Media NO M *Oxidant concentration only 
Demand major factor

Response is normalized to media, and limited in 
analysis due to lack of soil in half the systems

Variables have smaller effects; 
Oxidant oxidant concentration is highest.
Demand then DNAPL type, then media;

there are important interactions

Response is normalized to 1 mole of DNAPL, so 
MW  affects calculation, increased oxidant 
concentration results in increased oxidant 
depletion, and media can exert NOD

ho*

RTE

MDNAPL

DNAPL type major factor, then 
some interactions

Same as oxidant demand

DNAPL type governing factor; 
oxidant concentration and media 
have similar influence

Response is due to DNAPL type: TCE degrades 
faster then PCE, using more oxidant; and oxidant 
concentration -media interaction: more oxidant 
increases autodecomposition and media exerts 
NOD

Oxidant concentration and DNAPL type have 
most influence. ‘DNAPL’ response is due to 
DNAPL type: TCE degrades faster then PCE; 
and oxidant concentration -media interaction: 
more oxidant increases autodecomposition and 
media exerts NOD

TCE degrades faster than PCE; Lower oxidant 
concentration, less degradation; media has NOD 
so depletes oxidant

% DNA PL ^  influence is small; interactions NOM interactions affect partitioning of DNAPL, 
, , more important than main decreasing availability to oxidant; TCE degraded
es roye variables more in 100 minutes, and used more oxidant
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System Chemistry

The COD data collected measures the total oxidizable components of the system, 

which in the case of this study includes NOD contributors (e.g. humic acid, sand, etc) 

plus the demand of the DNAPL on the oxidant. The total organic carbon test measures 

just the oxidizable carbon. In the past TOC has been used to estimate oxidant demand 

and media demand in situ. However, results from lab studies have shown that this is not 

very accurate (Siegrist et al 2001 and references within). The COD, which accounts for 

oxidizable components that are both of interest and non-target, may be a more accurate 

method of estimating the oxidant and media demands. TOC data from this study plotted 

against oxidant demand and media demand show that a linear trend cannot be developed 

(Figure 3.4a and b). However, COD is able to predict demand in certain circumstances. 

Figure 3.4c includes data from TCE runs (3-6), and if  the conditions are separated by 

oxidant concentration, two trends are seen. COD estimates of oxidant demand (TCE 

systems) at low KMn0 4  load had an R2 of 0.61, and at the high oxidant load an R2 of 

0.697. While the correlation is not high in either case, the resulting values may be 

appropriate where actual field values of demand are difficult to acquire. Media demand 

estimates from COD data were somewhat better described, with R2 of 0.798 in high 

oxidant concentration systems and 0.86 in low (Figure 3.4d).
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Figure 3.4 Plots of TOC and DOC Versus Oxidant and Media Demand with KMnOzt. 
TOC does not have a linear trend with oxidant demand (Fig. 3.4a), or media demand (Fig 

3.4b). COD predicts oxidant demand for TCE (R2 =0.6-0.7) (Fig. 3.4c), and media 
demand (R2 = 0.8-0.9) when split by oxidant concentration condition (Fig. 3.4d).
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Analysis revealed that the oxidant contributes the greatest amount of “DOC” to 

the system as compared with the DNAPL, groundwater, sand, and buffer, with the 

remaining sources being the oxidized DNAPL and the humic acid. The DOC 

measurements were taken at a wavelength at which the oxidant may have also been 

absorbed, thus causing interference in the readings, rather than the oxidant actually 

contributing DOC. During the oxidation reaction, DOC is expected to decrease. It can, 

however, increase (or not be reduced as much as expected) in systems containing humic 

acid and soil. This is due to the oxidant degrading the TOC (from sand and NOM ) to 

lower molecular weight dissolved organics. A  mass balance of carbon in the systems 

shows that two of the three permanganate runs containing soil and humic acid lose carbon 

as CO2 gas (Table 3.12), where the amount of CO2 lost is calculated as the mass of TOC 

removed -  the mass of DOC removed. These values for estimated CO2 loss are much 

lower than the amount expected stoichiometrically (see equations 1.3 and 1.6 ) based on 

the measured DNAPL destruction for these runs (refer to Table 3.2).

Table 3.12 Carbon Mass Balance in Dissolved Phase Batch 
Experiments Oxidized by ICMnO^

Run

decrease in 
DOC 

(mg carbon)

decrease in 
TOC 

(mg carbon)

Calculated 
carbon lost as 

C 0 2 (mg)
1 0.06 0.31 0.25
3 0.64 0.64 0 .00
18 0.01 0.14 0.13

Chloride data collected suggests that more chloride was produced than expected 

(Table 3.7) based on the measured amount of DNAPL depletion. Schnarr et al (1998)
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also show that the Cl" mass balance tended to over predict DNAPL mass removal. This 

excess could be due to oxidant impurities, sand-associated addition, and oxidation of 

humic acid.

3.2.2 Catalyzed Hydrogen Peroxide

As with the potassium permanganate runs, the data collected from the catalyzed 

peroxide runs was analyzed using Minitab. A ll of the variables are the same as for 

potassium permanganate, except the pH condition which is either unbuffered 

groundwater or groundwater adjusted to a pH of 3 with sulfuric acid, and all batch 

systems contain 5mM FeSCL to catalyze the hydrogen peroxide. Sample main and 

interaction plots are included in Appendix B. Analysis of the fractional factorial design 

(Table 2.2) results show which variables affect oxidation and how.

Natural Organic Matter

The presence of humic acid as an NOM surrogate lowers the effectiveness of 

oxidation with catalyzed peroxide by reducing the rate of DNAPL degradation as well as 

the % DNAPL destroyed in 100 minutes. The amount of chloride measured at the end of 

reaction also was lower in humic acid systems and the pH did not depress as much as a 

result of the lower DNAPL degradation. These effects would be expected to be the result 

of a higher demand on the oxidant caused by the NOM, but k0x was found to decrease 

instead. Humic acid has been shown to have a variety of effects on catalyzed peroxide 

oxidation, depending on the amount present, with some studies showing conflicting 

results under similar conditions. Petigara et al (2002) found that peroxide decayed more 

slowly in soils with low concentrations of humic acid and more rapidly with higher NOM  

content. Tyre et al (1991) reported that oxidation of pentachlorophenol decreased as soil 

organic content increased, but oxidation of hexadecane was unaffected by NOM content. 

It has also been proposed that iron complexed with organic matter (fulvate) can cause a
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series of reactions in which H2O2 catalyzation by Fe2+ is increased by fulvic acid 

reduction of Fe3+, then regenerated by fulvic acid interactions with O2, H O *, and Fe2+ 

(Voelker and Sulzberger 1996). Valentine and Wang (1998) found that surface 

complexing constituents (e.g. humic substances) can adsorb to iron oxides, affecting 

hydrogen peroxide decay kinetics, dependent on the concentration present.

Other responses, such as an increase in oxidant demand and a higher system 

natural oxidant demand were expected with NOM present, which also contrasts the effect 

seen on koX. Petigara et al (2002) suggested a possible explanation for this response in 

that hydrogen peroxide can react with hydroxyl radicals formed during catalytic 

decomposition (Equation 1.15), increasing the rate of H2O2 depletion, but when organic 

and inorganic soil constituents are present the HO* will react with them instead of H2O2, 

thus decreasing the rate of peroxide depletion. More dissolved iron was lost in humic 

acid systems, likely due to iron complexation with humic acid to a suspended but 

filterable state. DOC data showed less removal, which again is likely due to the 

oxidation of humic acid (TOC) to lower molecular weight organics (DOC), and the 

amount of COD removed is lower.

Oxidant Concentration

A higher peroxide concentration increases the amount and rate of DNAPL 

destruction, as evidenced by the increase in chloride production and DOC and COD 

removal. The rate of oxidant depletion is slower with a higher concentration, which is 

not consistent with findings by Khan and Watts (1994). Barb et al (1950) state that at 

higher H2O2 concentrations a non-productive reaction can occur where peroxide reacts 

with HO* to form HO2* and water and therefore the k0x would be expected to increase. 

The media demand also is lower with a higher initial H2O2 concentration, which is 

consistent with the findings of this study in regards to koX. However, the oxidant demand 

increased, which is not consistent with the results obtained here, but does agree with the 

findings in Khan and Watts (1994).
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Presence o f Media

Adding soil to catalyzed peroxide systems appears to increase the rate and extent 

of DNAPL destruction. Chloride production went up, confirming these results are actual 

destruction and not simply adsorption out of the aqueous sample, as did the increase in 

DOC removal. The COD removal and rate of oxidant depletion are lower with sand, 

though. The sand might then be responsible for the increased DNAPL removal. A 

follow-up study showed that PCE concentration decreased with time in a system with just 

soil and groundwater (no oxidant), and no system-loss. The oxidant demand is lower in 

soil systems as well.

pH  Condition

Adjusting the pH lower than that of the simulated groundwater had some expected 

and some counterintuitive results. The oxidant demand and depletion rate were higher, 

due to the higher rate of HO* generation at a lower pH, but this did not result in a faster 

rate of DNAPL destruction. The overall amount of DNAPL degraded did improve, 

though, as evidenced by an increase in the calculated % degraded and chloride 

production. DOC and COD removal were both lowered in the pH adjusted systems. The 

amount of dissolved iron available in the system decreased which is likely due to more 

precipitated iron complexes formed with the increased H2O2 decomposition.

DNAPL Type

TCE degrades faster with catalyzed peroxide oxidation than PCE, as expected.

The total % of TCE removed from the systems was also higher, though the oxidation 

reaction was limited to 100 minutes which may not have been sufficient time to see an 

equivalent amount of PCE destruction. TCE destruction also resulted in a larger amount 

of Cl" present at the end of the reaction period and used a larger amount of oxidant per 

mole of DNAPL degraded (oxidant demand), again owing to the limited time allowed for 

oxidation. The rate of oxidant depletion and amount of dissolved iron are lower with
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TCE, though the RTE is better since less oxidant is necessary to destroy TCE than PCE. 

pH depression is greater when oxidizing TCE, likely due to the increased oxidation rate 

and the extra H+ released.

Catalyzed peroxide chemistry is such that when designing an ISCO remediation 

plan, the environmental and design parameters must be optimized to the specific site.

The presence of NOM  lowers the overall oxidation efficiency and effectiveness, as 

evidenced in these experiments, but increasing the oxidant concentration sufficiently to 

overcome the added demand can result in the undesired effect of increasing the 

autocatalytic decomposition of peroxide, thus preventing an improvement in efficiency. 

Depressing the pH can also be good and bad. A lower pH causes H2O2 to decompose 

faster, lowering oxidation efficiency, but results in more effective DNAPL destruction.

A subsurface environment appears to allow for more efficient and effective DNAPL 

destruction as compared to ex situ treatment of groundwater without soil. TCE is 

destroyed more efficiently with catalyzed peroxide than PCE.

The estimated effects and coefficients calculated with Minitab were used to 

develop the regression equations (shown in Appendix B), which describe the 

relationships between the main effects and any interactions on each of the 

efficiency/effectiveness responses. From these equations Table 3.13 was derived to show 

the amount of influence (in %) each variable had on the average value of each response. 

Note that not all variables had a statistically significant effect on each response, and that 

some of the interactions observed had important effects.
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The relative influence of each variable on the calculated responses derived from 

the regression equations (Appendix B) and Table 3.13 is shown in Table 3.14. This table 

provides a list of which variables affected the given response and possible explanations 

as to why they have influence.

Table 3.14 Relative Influence of Experimental Variables on Efficiency and Effectiveness 
Responses in Dissolved Phase Batch Experiments with Catalyzed Peroxide

Response Variable influence Possible explanation

Media
Demand

Oxidant concentration only 
major factor

Response is normalized to media, and limited in 
analysis due to lack of soil in half the systems

Oxidant
Demand

Variables have smaller effects 
with DNAPL type and media 
highest, then oxidant 
concentration

‘DNAPL’ response is due to oxidant concentration - 
media interaction: increased oxidant concentration 
results in increased oxidant depletion, and media 
can exert NOD

kox

DNAPL type major factor; 
other variables have smaller 
effects, with some important 
interactions

‘DNAPL’ response is due to oxidant concentration - 
media interaction: increased oxidant concentration 
results in increased oxidant depletion, and media 
can exert NOD; DNAPL type has minor influence 
in NOM*DNAPL interaction

RTE DNAPL type major factor, then 
pH and NOM*media

TCE degrades faster than PCE; pH affects HO* 
production. NOM interactions with oxidant 
concentration and media important due to added 
demand on oxidant (NOM and media) and higher 
H2O2 decomposition at higher concentrations

koNAPL DNAPL type only major factor
TCE degrades faster than PCE; no other variables 
influence catalyzed peroxide enough to affect 
koNAPL

% D N APL  
destroyed

All influence is small; DNAPL 
type most important of those 
with influence

TCE degrades more in 100 minutes; higher oxidant 
concentration degrades more, but is more affected 
by media, so overall has smaller effect on 
destruction
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System Chemistry

Observation of COD, TOC and oxidant and media demand show that with 

catalyzed peroxide TOC cannot be accurately used to estimate the demand of a site. 

Figure 3.5 (a and b) shows that TOC does not have a linear relationship to the demand 

values calculated for the conditions of this study. COD does present a linear relationship 

under certain conditions. Figure 3.5c shows that media demand can be roughly estimated 

by COD data with an R2 of 0.75. Oxidant demand, however, is not as reliably estimated. 

Under the conditions of this study, COD only relates to oxidant demand values of 

systems with PCE contamination and a high H2O2 load (R2 =0.87).
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Figure 3.5 Plots of TOC and DOC Versus Oxidant and Media Demand with Catalyzed 
Peroxide. TOC does not have a linear trend with media demand (Fig 3.5a) or oxidant 

demand (Fig. 3.5b). COD can be used to predict media demand (Fig. 3.5c)
(R2 = 0.75), but not oxidant demand (Fig. 3.5c).
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3.2.3 DNAPL Mixtures

Four extra runs were conducted with each oxidant to compare the effects of the 5 

variables of interest (oxidant concentration, NOM/media, pH, and DNAPL type) on a 

mixture of contaminants. Table 2.3 lists the conditions used for each run; note that the 

‘media’ condition is either none or 10 wt% soil plus 0.2 wt% humic acid. The resulting 

data were compared with that collected from runs 1-16, separated by DNAPL type. For 

the most part TCE systems (runs 3-6 and 11-14) compared with TCE-related calculations 

of runs 17-20 performed as expected. In the mixture systems the presence of PCE 

reduced the destruction rates of TCE, resulting in more time necessary to destroy 90% 

(and 99.9%) of the total mass. Oxidant depletion was faster in single component 

systems, which correlates with the higher DNAPL degradation rates. Overall the relative 

treatment efficiency was better for systems containing only one DNAPL type. Mixture 

systems achieve much less mass removal of TCE and PCE than single component runs, 

for both oxidants in the given treatment period.

Similar trends are seen for PCE comparison between single and multi

contaminant batch experiments, except runs oxidized by catalyzed peroxide (9-16, 19- 

20). Data show that all of the PCE in runs 19 and 20 was degraded within the first 

minute of reaction. However, the measured initial concentration was low, due most 

likely to laboratory temperatures affecting the solubility of the DNAPL in the stock 

solution.

While the results of this side study are interesting, they raise more questions than 

they answer. It is concluded, therefore that further understanding requires much more 

extensive experimentation. It may well be the case that these studies will have to be site- 

specific due to the myriad of DNAPL combinations and states of decomposition and/or 

reaction within the subsurface environment.
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CHAPTER 4. MULTI-PHASE BATCH EXPERIMENTS:

RESULTS AND DISCUSSION

4.1 Multi-Phase Batch Experimental Results

The multi-phase batch studies were analyzed similarly to the dissolved phase 

studies. Each oxidant was tested according to the full factorial design (section 2.2.1), 

which is shown again for reference (Table 2.5). Again, all catalyzed hydrogen peroxide 

systems included 5mM EeSO ,̂ beyond those conditions shown in the design. The 

efficiency and effectiveness responses (i.e. k0x, RTE, oxidant demand, etc) calculated for 

this phase are the same as in dissolved phase, except that media demand was not 

calculated since the systems did not contain any soil. These systems contain DNAPL in 

several phases, so in order to account for all of the DNAPL the pseudo l st-order rate 

constant for DNAPL destruction ( L d n a p l )  represents the rate of degradation of DNAPL 

within the entire system, that is in the DNAPL pool, in the dissolved phase, and in the 

hexane phase, for each time point. Table 4.1 lists calculated average values for each 

response, with a full table of duplicate values included in Appendix A.



Table 2.5 Full Factorial Design for Multi-Phase Batch Experiments

Run3#
Oxidant 

< Concentration^ NOM c DNAPL type
1,13 low none TCE
2,14 low none PCE
3,15 low 0.2% HA TCE
4, 16 low 0.2% HA PCE
5,17 low 0.2% HA + 0.2% G TCE
6 , 18 low 0.2% HA + 0.2% G PCE
7, 19 high none TCE
8 ,2 0 high none PCE
9,21 high 0.2% HA TCE
10 , 22 high 0.2% HA PCE
11,23 high 0.2% HA + 0.2% G TCE
12,24 high 0.2% HA + 0.2% G PCE

aRuns 1-12 are KMn04, runs 13-24 are catalyzed peroxide
b’low’ = 0.1% for KMn04 and 1.0% for catalyzed peroxide, ‘high’ = 1.0% for

KM n04 and 10% for catalyzed peroxide, final aqueous phase concentrations 
C’HA’ denotes humic acid and ‘G’ denotes goethite
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Table 4.1 Multi-Phase Batch Experiments Efficiency and Effectiveness
Response Values3

Efficiency Effectiveness

Run #b

Oxidant 
Demand 

mol oxidant 
mol organic

kox
(min-1)

Relative treatmen 
efficiency 

kox 
koNAPL

koNAPL 
(min "')

% DNAPL 
Degraded

1 6.7 0.002 0.42 0.006 51.9%
2 4.4 0 .000 0.61 0.001 76.3%
3 24.6 0.002 0.41 0.006 2 1 .8%
4 58.2 0.001 0.63 0.001 15.3%
5 7.4 0.004 0.66 0.006 62.3%
6 4.8 0.001 0.72 0 .002 8 8 .6 %
7 83.9 0.006 0.54 0.013 56.7%
8 205 0.001 0.64 0.002 2 2 .0 %
9 80.8 0.002 0.44 0.006 58.4%
10 74.6 0.002 0.57 0.003 64.7%
11 66 .8 0 .002 0.60 0.003 61.7%
12 85.5 0.001 0.68 0 .002 60.3%
13 904 0.006 1.95 0.003 2 2 .6%
14 459 0.006 2.42 0.003 43.6%
15 358 0.006 0.95 0.007 49.1%
16 430 0.007 1.01 0.007 46.3%
17 518 0.006 1.88 0.004 46.4%
18 500 0.006 0.38 0.017 41.6%
19 28150 0 .010 0.12 0.080 3.1%
20 12813 0 .010 1.43 0.007 2 1 .1%
21 4016 0.010 0.50 0 .022 44.0%
22 8588 0 .010 0.10 0.101 11.7%
23 4401 0.009 1.60 0.007 40.2%
24 11975 0 .010 0.30 0.033 16.8%

“Data presented as average values -  full table of data included in Appendix A 
bRuns 1-12 are with KMn04; runs 13-24 are with catalyzed hydrogen peroxide
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In addition to the calculated responses in Table 4.1, the multi-phase batch systems 

allowed for observation of dissolution and interphase mass transfer rates o f the DNAPL 

off of the Teflon coupon. Chemical oxidation is expected to increase DNAPL 

degradation by increasing dissolution into the dissolved (aqueous) phase where the 

oxidant can destroy it, thereby maintaining a concentration gradient in the aqueous phase 

above the DNAPL pool (Yan and Schwartz 1999; Urynowicz 2000; Schroth et al 2001). 

This also creates a concentration gradient for the oxidant towards the DNAPL/water 

interface, which promotes further DNAPL degradation (refer to Figure 1.2). The mass 

transfer from the DNAPL pool across the fluid-fluid interface involves diffusion into the 

dissolved phase, which is described by Pick’s First Law (equation 4.1).

where J is the mass flux of the solute (g/ cm2 s), D is the diffusion coefficient (cm2/s), and 

dC/dx is the concentration gradient (dC/dx). Steady state diffusion across a stagnant film  

between a NAPL and aqueous phase can also be described with the mass-transfer model 

shown in equation 4.2.

well as the mass transfer coefficient, K (cm/s), and the dissolved phase concentration on

J = - K ( C , - C ) (4.2)

The aqueous phase concentration that corresponds to a condition of 

thermodynamic equilibrium with the non-aqueous phase, Cs (g/cm3), must be known, as

the aqueous side of the boundary layer, C (g/cm3). Equation 4.3 shows how Pick’s First 

Law is related to the mass transfer model by way of a stagnant film model.

(4.3)
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where Cf is the concentration within the stagnant film (g/cm3), Ç is the local coordinate 

system within the stagnant film boundary layer normal to the surface of the liquid-liquid 

interface (cm), and ô = the stagnant film boundary layer thickness (cm). Therefore K can 

be described by equation 4.4:

K  = ~  (4.4)
O

When a pseudo first-order (rate constant ki in s'1), homogeneous reaction is 

occurring in the aqueous phase and the stagnant film boundary layer, the mass transfer 

coefficient is then calculated by (equation 4.5):

K = y[D^coÜi Æ â (4.5)

Combining equations 4.4 and 4.5 results in equation 4.6, which corrects mass 

transfer for effects caused by chemical reaction.

^ = i l A cotN H  (46)

where K° is the mass transfer coefficient without chemical oxidation (cm/s). Depending 

on the degradation half-life, equation 4.6 either reduces to 4.4 (half-life on the order of 

hours) or equation 4.7 (half-life on the order of seconds).

K  = jD k , (4.7)

Using this set of equations, the correction to mass transfer caused by chemical reaction in 

the aqueous phase can be predicted and compared to the interphase mass transfer 

coefficient determined from control experiments (i.e. with no oxidant present).
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A second-order rate law (equation 4.8) was used to calculate kz (the second order 

rate constant) for each run, where the change in the DNAPL concentration (mol/L) is 

described by the specific reaction rate constant, k (units determined by a  and P), the 

concentration of A (the target COC in mol/L), and the concentration of B (the oxidant in 

units of mol/L).

M  = (4.8)

The reaction order with respect to A and B (a  and p) have been determined for TCE and 

PCE oxidation by KMnCL and catalyzed peroxide to be first-order with respect to the 

oxidant and to the DNAPL, with an overall reaction of second-order (e.g. Siegrist et al 

2001). The equation then becomes (4.9):

r fDy * PL] = k2\DNAPL\oxidant\ (4.9)

where ‘DNAPL’ is either TCE or PCE concentration (mol/L), ‘oxidant’ is either MnOT 

or H2O2 concentration (mol/L), and k2 is the second-order rate constant (L/mol s). 

Equation 4.10 provides the solution to equation 4.9 for oxidation of a DNAPL over time.

----------- 1 ------- Xn[oxidantU DNAPL\ (4 .10)
\pNAPL\ -  \oxidant\} \DNAPL\\oxidant\

Under conditions where the oxidant concentration is maintained in excess, 

equation 4.9 can be adequately described by pseudo-first order kinetics (equation 4.11), 

where the pseudo first-order rate constant, ki, is set equal to the product of the second- 

order rate constant, k2, and the initial oxidant concentration, as shown in equation 4.12.

In the case of equation 4.12, the k, is the koNAPL calculated for each run, and with the
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initial oxidant concentrations applied, can be used to find the second-order rate constants 

for the overall reactions occurring.

d[DNAPL] = ^  \pNAp]L} (4 .11)

A:, = k2 \oxidant\ (4.12)

where the pseudo first-order reaction rate constant, k,, is equal to the second-order rate 

constant times the initial oxidant concentration. Equation 4.11 was necessary to calculate 

kz for MnCV runs with both TCE and PCE as oxidant concentration measurements were 

found to be inaccurate. During analysis it was noted that the permanganate concentration 

remained almost constant throughout the reaction period, and was well below expected 

concentrations. This was believed to be due to the static nature of the systems (i.e. not 

completely mixed), which allowed the permanganate to concentrate near the bottom of 

the vial reactor. Concentrations were only measured based on a sampling depth of 

around mid-depth of the aqueous phase, which would therefore not reflect a true 

concentration of the entire (non-mixed) phase. Further laboratory investigation showed 

that permanganate, being more dense than water, does in fact concentrate near the bottom 

of a static or very low-mixed system. This may prove to be an important factor in 

designing a permanganate oxidation strategy in situ as it can have several effects. 

Obviously, the oxidant concentration towards the bottom of a treatment area would have 

a higher resulting oxidant concentration. This would be beneficial for oxidation of a 

contaminant, but potentially counter-constructive as an increased oxidant concentration 

typically increases oxidant demand. It also has the potential of increasing the MnCb 

formation at the surface of a pool, at a faster rate than that at which the oxidant can 

destroy the contaminant, resulting in an inability to achieve calculated/expected removal 

efficiencies. This is not the case in well-mixed systems, however, and further 

investigation is necessary to determine what groundwater flow rates are sufficient to
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overcome this effect. Otherwise calculations involving how much oxidant should be 

added must account for the concentration at the DNAPL pool surface.

Based on this finding, the second order reaction rate constant for each of the runs 

had to be derived by using pseudo first-order rate constant of DNAPL degradation, 

koNAPL, and the initial oxidant concentration for each run with equation 4.12. Catalyzed 

hydrogen peroxide reactions did not appear to be affected this way, as the gas evolution 

during oxidation appeared to provide sufficient mixing, and therefore ki values were 

calculated with equation 4.10 only.

Table 4.2 lists the average values obtained for the interphase mass transfer and 

second-order reaction rate constants for each run of the multi-phase batch experiment 

studies. A full table of duplicate values is located in Appendix A.
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Table 4.2 Multi-Phase Batch Experiments Interphase 
Mass Transfer and kj Terms3

Run #b

Interphase 
mass transfer 

(cm/s)

Second-order 
rate constant, k] 

(L/mol s)
1 3.1E-05 1.1E-02
2 1.1E-05 1.0E-03
3 3.2E-05 1.2E-02
4 1.2E-05 2.0E-03
5 3.2E-05 1.2E-02
6 1.7E-05 3.0E-03
7 4.4E-05 2.0E-03
8 1.8E-05 3.9E-04
9 3.1E-05 1.0E-03
10 2.2E-05 5.9E-04
11 2.1E-05 5.0E-04
12 1.8E-05 3.8E-04
13 2.4E-05 2.5E-04
14 2.2E-05 2.3E-04
15 3.4E-05 3.113-04
16 3.3E-05 2.8E-04
17 2.6E-05 2.7E-04
18 5.4E-05 3.8E-O4
19 1.2E-04 -

20 3.4E-05 4.0E-05
21 6.0E-05 6.1E-05
22 1.313-04 7.4E-05
23 3.3E-05 4.9E-05
24 7.5E-05 5.0E-05

“Data shown is calculated average -  full table of
values included in Appendix A 

bRuns 1-12 are with KMn04; runs 13-24 are 
with catalyzed hydrogen peroxide
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The mass flux of the DNAPL off of the Teflon coupon is also affected by 

oxidation. Mass flux is calculated as the mass (grams) of DNAPL that has dissolved o ff 

the coupon into either the bulk aqueous or hexane phases divided by the surface area of 

the coupon (diameter of 4.45 +/- 0.16mm). I f  plotted over time, a rate is generated (Table 

4.3) and examined for design factor effects.

Table 4.3 Rates3 of DNAPL Mass Flux o ff the Teflon Coupon

n Mass flux rate 
Run (S/m2 hr)

n Mass flux rate 
Run (S/m2 hr)

1 1.10 13 3.52
2 0.37 14 1.15
3 313 15 4.13
4 0.71 16 0.99
5 2.17 17 4.07
6 0.40 18 0.46
7 2.08 19 4.33
8 0.45 20 0.70
9 2.98 21 4.43
10 0.79 22 1.22
11 3.66 23 5.03
12 0.56 24 1.20

aValues shown are calculated average, with full table of values 
included in Appendix A

The positive trend of all runs shows that DNAPL is dissolving out of the NAPL phase 

into the bulk aqueous system where it can be oxidized.

In addition to the values calculated in Tables 4.1-4.3, some system chemistry data 

were collected. The DOC was measured as with the dissolved phase batch experiments, 

along with chloride and dissolved metal (Mn and Fe) concentrations. Table 4.4 shows 

the average amount by which DOC was reduced after a 30-hour oxidation period with 

each oxidant.



Table 4.4 DOC Changes Observed3 in Multi-Phase Batch Experiments

Run Initial DOC 
(mg/L)

DOC removed 
(mg/L)

1 38.5 17.9
2 38.5 19.0
3 39.2 23.9
4 39.2 17.2
5 39.6 24.6
6 39.6 21.5
7 317.6 90.1
8 317.6 88.3
9 263.1 515
10 263.1 39.1
11 342.2 116.5
12 342.2 126.7
13 154.5 59.1
14 154.5 57.7
15 159.6 30.7
16 159.6 47.0
17 158.7 29.3
18 158.7 37.2
19 768^ 657
20 768.5 652
21 778.3 658
22 778.3 658
23 707.5 579
24 707.5 586

aValues shown are calculated average, with full 
table of values included in Appendix A
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Chloride data collected is inconclusive for permanganate runs, which is attributed 

to a similar effect as with measurements of the oxidant. That is, the systems were 

quiescent, and sampling was performed at only one depth throughout the experiment.

Gas evolution during oxidation with catalyzed peroxide, however, was vigorous, such 

that it may have provided mixing within the system, with the result that the measured 

concentrations may be more reliable data. Table 4.5 presents the chloride concentrations 

observed after 30 hours of oxidation with catalyzed peroxide. The final system pH was 

also measured to observe pH depression resulting from oxidation within the unbuffered 

groundwater solution. A ll catalyzed peroxide runs (run #’s 13-24) depressed below 3 

(between 2.2 and 2.6), whereas the KMn0 4  runs showed an increase in pH (the highest 

up to 7.72 final pH). This increase is likely due to the addition of the KMnC^ solution 

which was made with deionized water, having a typical pH of about 6-7.

Table 4.5 Chloride Production3 in Multi-Phase Batch Experiment 
Systems After Catalyzed Peroxide Oxidation

Run
Actual Cl- 
produced 

(mg/L)

Expected Cl- 
produced 
(mg/L)

Difference
observed
(mg/L)

13 39.2 40.1 -0.9
14 26.9 90.8 -63.9
15 116.4 87.2 29.2
16 74.7 96.5 -21.8
17 127.7 82.4 45.3
18 78.0 86.8 -8.7
19 14.3 -3.6 17.9
20 49.9 44.1 5.8
21 69.6 78.3 22.3
22 53.6 48.8 28.1
23 101.6 71.4 34.4
24 36.2 35.0 1.2

aData presented as average value, full table of values in 
Appendix A
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The difference observed is calculated as measured actual Cl" production minus Cl" 

concentration expected at the end of the reaction period, based on the measured DNAPL 

destruction amounts. Therefore, those runs having more chloride present at 30 hours than 

expected by calculation will show a positive ‘difference observed’.

Dissolved metal concentrations were measured after the 30-hour reaction period 

and found to decrease. For KMn0 4  runs (1-12) Mn was measured, and Fe for catalyzed 

peroxide runs (13-24). The average amount by which each metal decreased during 

oxidation is listed in Table 4.6.

Table 4.6 Dissolved Metal Loss3 During Multi-Phase Batch Experiments

Decrease in Mn 
Run after oxidation 

(mg/L)

Decrease in Fe 
Run after oxidation 

(mg/L)
1 0.74 13 1.58
2 1.18 14 1.48
3 0.94 15 1.22
4 0.38 16 1.44
5 1.48 17 1.26
6 0.56 18 1.54
7 7.80 19 1.35
8 7.51 20 1.32
9 8.35 21 0.78
10 8.38 22 0.92
11 8.96 23 0.87
12 8.23 24 1.08

"Data presented as average value, full table of values in 
Appendix A
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4.2 Multi-Phase Batch Experiments Discussion

Analysis of multi-phase batch experiment data and responses was conducted with 

Mini tab, as with the dissolved phase experiments (Chapter 3). Due to the three levels of 

natural organic matter observed (none, humic acid, and humic acid plus goethite), the 

design was blocked into two 2-level designs for analysis. The ‘presence of N O M ’ (none 

vs. humic acid) was observed in the first block, which includes runs 1-8 and 13-20. The 

‘solid phase content’ (humic acid vs. humic acid plus goethite) was observed in the 

second, with runs 5-12 and 17-24. Sample interaction and main effects plots for the 

responses discussed herein are available in Appendix B, along with factorial analysis 

output from Minitab. The oxidation efficiency and effectiveness responses computed 

(e.g. kox, oxidant demand, etc) for multi-phase batch experimentation are discussed as 

relates to each oxidant separately, followed by responses observed for dissolution 

enhancement and mass transfer between the NAPL and aqueous phases.

4.2.1 Oxidation by Potassium Permanganate

Oxidant concentration, presence of NOM , solid phase content, and DNAPL type 

were all found to affect the oxidation efficiency and effectiveness with potassium 

permanganate in a multi-phase system. The effects varied depending on the 

measured/calculated response of interest. In the ‘presence of N O M ’ block the following 

observations were made:

Oxidant Concentration

Increasing the oxidant concentration within the system from 0.1% to 1.0% 

resulted in an increase in the pseudo first-order rate of oxidant depletion and the oxidant 

demand within the systems, as well as the RTE. A higher concentration of permanganate 

has been shown to cause faster oxidant depletion (Siegrist et al 2001, 2002; MacKinnon



79

and Thompson 2002), as the manganese oxides formed during oxidation will consume 

permanganate, thereby producing more solids, etc. Similarly, with a higher 

concentration, the oxidant demand of the system would increase as the MnCV 

autodecomposes. As a result of autodecomposition, more oxidant is consumed while 

degrading the same amount of DNAPL and therefore the RTE (kox/koNAPL) is improved.

A higher oxidant concentration also resulted in a higher amount and rate of 

DNAPL destruction, as well as an increased interphase mass transfer between the 

DNAPL pool and the bulk aqueous solution, over the 30-hour reaction period. This 

effect is interesting to note as the MnOz deposits are expected to form a film over the 

DNAPL boundary layer in static systems, thus slowing/preventing further dissolution into 

the oxidizable aqueous system. Apparently the concentrations of permanganate used in 

these studies are not sufficient to form a film layer during oxidation. A higher KMn0 4  

concentration also reduced the overall secônd order reaction rate from 0.001-0.01 L mol*1 

s'1 range at low oxidant concentration to 0.0004-0.001 L mol"1 s"1 range at high oxidant 

concentration. Urynowicz (2000) assumed a second order rate constant of 0.88 */- 0.07 

dm3 mol'1 s"1, based on dissolved phase experimentation, for MnCV oxidation of TCE, as 

did Huang et al (1999) during TCE oxidation by KMn0 4  using molar ratios of KMn0 4  to 

TCE of 8-10. This study was conducted with molar ratios of KMn0 4  to TCE of 5-50, 

with the lower oxidant concentration being a similar condition as that observed by Huang 

et al (1999), with the result that kz values obtained in this study (0.01-0.013 L/mol*s for 

TCE oxidation at low oxidant concentration) are much lower than that observed 

elsewhere. The apparent differences are likely due to differences in experimental 

conditions beyond those mentioned already. Hood (2000) achieved a k^=O.O4l +/- 0.011 

L/mol *s with KMn0 4  oxidation of PCE which is more than lOx greater than values 

achieved in this study (0.0004-0.001 L/mol*s for PCE oxidation by KM n(V). The 

second-order rate constants for TCE oxidation were faster than those of PCE runs (see 

Table 4.2), which concurs with findings from Yan and Schwartz (1999), where a greater

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINES 
GOLDEN, CO 80401
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number of chlorine substituents resulted in a lower k .̂ The interphase mass transfer rate 

for TCE is also faster than that of PCE, most likely due to its higher aqueous solubility.

Natural Organic Matter

Adding humic acid to the systems reduced the rate of oxidant depletion as well as 

the amount and rate of DNAPL destruction. The overall second-order rate constants and 

interphase mass transfer rates were reduced also. Humic acid is suspected to change the 

partitioning behavior of dissolved DNAPL such that it sorbs out of the oxidizable 

aqueous phase, resulting in a lower amount of DNAPL degraded after 30 hours. Humic 

acid was also expected to add non-productive demand for the oxidant, thereby increasing 

the oxidant depletion rate and oxidant demand in the systems, but this was not observed.

DNAPL Type

Oxidation of TCE resulted in a higher % of DNAPL destroyed in 30 hours than 

PCE. The degradation rate, interphase mass transfer rate, and second-order reaction rate 

constants for runs containing TCE were higher than that of PCE, as was the consumption 

rate of permanganate. In the 30-hour reaction period observed, TCE degraded faster and 

more extensively than PCE, which can likely be explained by its higher solubility in 

water (TCE=1 lOOmg/L at 25°C; PCE=150mg/L at 25°C) and therefore greater ability to 

dissolve into the bulk aqueous phase where it can be oxidized.

In summary, applying a higher permanganate concentration to a contaminated 

system w ill reduce the oxidation efficiency due to non-productive demand issues, but 

enhances the effectiveness by raising both the total amount and rate of DNAPL 

degradation in a 30-hour reaction period. The presence of NOM  appears to increase the 

efficiency of oxidation with permanganate, although effectiveness is reduced as the total 

mass and rate of degradation are negatively affected.

Even though TCE depletes MnOT concentration faster than PCE, chemical 

oxidation of TCE contamination is more efficient based on the RTE (kox/koNAPL) and
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oxidant demand. It is also more effectively degraded than PCE, given the parameters of 

this study. The architecture and location of contamination are likely to be of great 

importance in designing a treatment plan based on DNAPL type, as a pool of TCE, with a 

small surface area to volume ratio, can result in a larger amount of MnOz precipitation 

than that of PCE, whereas ganglia or residual TCE contamination may be oxidized faster 

than a prohibiting film can form (Schroth et al 2001 ; Siegrist et al 2001).

A comparison between the second-order reaction rate constant and the pseudo 

first-order reaction rate constant for DNAPL degradation should show some correlation 

to changes in the oxidant concentration applied. Increasing the oxidant concentration 

increased the L d n a p l ,  but lowered the overall k .̂ In the permanganate runs, when oxidant 

concentration is the only variable changed (e.g. run 1 vs. run 7, 2 vs. 8, etc), a change in 

the kz is seen, but the magnitude of that change is not consistent. The koNAPL values in 

these comparable runs are statistically similar, but the change in k̂  is not always 1 Ox the 

value at the first concentration (refer to Tables 4.1 and 4.2). I f  the kz was only affected 

by oxidant concentration in this comparison, then changing the oxidant from 0.1% to 

1.0% should result in a 1 Ox change in the k̂ . Since it does not (sometimes the resulting 

change in value is more than 1 Ox, sometimes less), then this suggests that factor 

interactions are possibly affecting the oxidation reaction.

Consideration of the regression equations (Appendix B) developed through 

statistical output from Minitab provided the relative influence of each variable and their 

interactions on the responses measured. Table 4.7 contains these values with an average 

value listed.
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The design block of ‘solid phase content’ showed that adding goethite to the 

systems affected all of the responses measured. Some of the effects due to oxidant 

concentration are also changed by adding goethite. In particular, a higher oxidant 

concentration appears to lower the rate of oxidant depletion as well as the rate of DNAPL 

degradation. This could be due to the formation of an MnOi film over the top of the 

DNAPL pool (Urynowicz 2000; MacKinnon and Thompson 2002), thereby reducing the 

surface area through which the DNAPL can dissolve into the bulk aqueous solution. This 

limits the amount of DNAPL contacted by the oxidant and therefore limits the total 

amount of DNAPL that can be destroyed. The oxidant demand is higher in these systems 

with a higher oxidant concentration, showing that the goethite is adding more non

productive demand to the system, which could result in faster film formation.

The addition of goethite to systems containing humic acid had almost the opposite 

effects as with just humic acid alone. The relative treatment efficiency, amount of 

DNAPL destroyed, and overall kj were each increased beyond that observed in both 

humic acid systems and systems with no NOM  present. The oxidant depletion rate was 

found to be higher with goethite present than with just humic acid, but still lower than in 

systems without any NOM  at all. The presence of goethite in addition to humic acid 

appears to have magnified the effects (a greater decrease in value) on DNAPL 

degradation rate, interphase mass transfer rate and oxidant demand, however, lowering 

them beyond values experienced with just humic acid alone.

By changing the solid phase content during oxidation we have shown that 

efficiency and effectiveness can be affected. Table 4.8 presents the average values 

observed and the relative influence each factor and interaction had on the response 

variables observed. The presence of goethite in addition to humic acid lowered the 

oxidation efficiency by itself, but caused the appearance that a higher oxidant 

concentration will be more efficient. Although systems with goethite had a higher 

amount of DNAPL degraded, the rate of degradation was much lower. A treatment 

design at a site containing goethite would thus have to be carefully considered as to what
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factors are important, including mass removal versus cleanup duration. The solid phase 

content is shown here to be an important factor in oxidation, and it may be necessary to 

conduct site-specific investigations as to what type(s) are present and how they w ill affect 

remediation goals.

0
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Dissolution and Interphase Mass Transfer

During oxidation the rate of DNAPL dissolution from the NAPL pool to the bulk 

aqueous phase groundwater system increased over that which occurred in control systems 

(i.e. without oxidant present). This was observed by plotting DNAPL concentrations, 

measured in the hexane phase, over time from the control systems (i.e. with no oxidant 

present) along with DNAPL concentrations over time in the reacting systems, containing 

both DNAPL and oxidant. Figure 4.1 shows this effect with some representative runs. 

Two runs each are shown for low and high oxidant concentration conditions. As the 

oxidant increases dissolution from the NAPL phase, more of the DNAPL is able to 

diffuse towards the overlying hexane phase, whereas in the bulk aqueous phase of the 

system, DNAPL concentration is lower with oxidant present than in the control, due to 

oxidation of available contaminant limiting the amount able to reach the hexane, and 

therefore the dissolution effects (shown on Figure 4.1) are observed in the hexane-phase 

data collected at each time point.
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Figure 4.1 Dissolution of DNAPL in Control vs. Oxidation Systems with Potassium 
Permanganate in Representative Runs. Figure 4.1a shows 2 runs with low 

KMn0 4  concentration, both containing PCE; and Figure 4.1b shows 
two runs with high KMn0 4  concentration, both containing TCE.
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In Figure 4.1, a lag time occurs before dissolution is increased. This is likely due 

to the systems not being mixed, and therefore the dissolved DNAPL can only reach the 

overlying hexane phase through diffusion. Oxidation is occurring in the systems as the 

DNAPL is diffusing, thus lowering the amount of dissolved DNAPL that can reach the 

hexane phase in the systems containing oxidant, and may even destroy significant 

contaminant that the initial dissolution enhancement is masked. The enhancement of 

dissolution due to oxidation can be examined quantitatively by dividing the DNAPL 

concentration at each time point in the oxidized system by that of the control system. I f  

the resulting slope of these points is greater than or equal to 1, then enhancement has 

occurred (Figure 4.2).

S
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I
5 0.6 ♦  Run 2 
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Run 11
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Figure 4.2 DNAPL Dissolution Enhancement Due to Oxidation by Potassium 
Permanganate. Runs 2, 6, and 8 contain PCE, and run #11 contains TCE.

Runs shown in Figure 4.2 are typical of data for all KMnÛ4 runs, and plotted as 

average measured concentration values over time. Note that the slope does not continue
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in the upward trend after an initial rise (in the examples shown, this is the first 3 hours of 

reaction). It is hypothesized that this is due to the oxidation reaction rate decreasing as 

the oxidant is depleted, an MnC^ film forms, and/or the dissolution rate has been 

increased as much as possible given the parameters of the system (Urynowicz 2000).

The mass flux rates calculated (refer to Table 4.3) were expected to show a 

correlation with some of the other responses calculated, such as the oxidant depletion 

rate, or the interphase mass transfer, however there was no obvious trend according to a 

Minitab analysis. The mass flux rate did follow some of the expected trends based on 

factor changes, though. Increasing the oxidant load resulted in more DNAPL dissolving 

off the coupon, by maintaining a higher concentration gradient above the aqueous- 

DNAPL interface, and TCE dissolved faster than PCE, which concurs with its higher 

aqueous solubility. Interestingly, adding humic acid to the systems increased mass flux, 

which could be due to an additional gradient formed between the aqueous solution and 

humic acid-sorbed DNAPL. Goethite, on the other hand, appears to decrease the mass 

flux, lower than that seen with just humic acid, but higher than without any NOM.

4.2.2 Catalyzed Hydrogen Peroxide

As with potassium permanganate, data and calculations obtained for catalyzed 

hydrogen peroxide oxidation (with possible Fenton-like processes) of the systems in the 

factorial design (Table 2.5) were used to develop a relationship between the three factors 

observed (oxidant concentration, NOM, DNAPL type) and their effects on efficiency and 

effectiveness as well as interphase mass transfer. The analysis block detailing the 

presence of NOM  produced the following observations.

Oxidant Concentration

Increasing the H2O2 concentration from 1.0% to 10% increased the rate of oxidant 

depletion, as excess hydroxyl radicals can react with H2O2 (see equation 1.15)
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unproductively. The oxidant demand is higher with a higher concentration, which agrees 

with the reduced amount of DNAPL destruction observed. More peroxide is depleted, 

but less DNAPL contaminant is destroyed, although the interphase mass transfer rate is 

increased. The rate of DNAPL degradation appears to be faster with more H2O2, which 

may be attributable to an initial increase in the rate, which falsely skews the calculated 

pseudo first-order k, as it is based only on the linear portion of the In (M /M 0) graph, 

which does not remain linear throughout the 30-hour reaction period. The RTE 

( k o x / k o N a p l )  is also improved, though the overall second-order reaction rate is reduced.

Natural Organic Matter

The presence of humic acid caused an increase in the rate and extent of DNAPL 

degradation as well as an increase in k2. Interphase mass transfer rates also appeared to 

improve with humic acid present. The rate of oxidant depletion is lower with humic acid, 

which is consistent with the decreased oxidant demand and RTE of the systems. As 

stated earlier, Valentine and Wang (1998), Tyre et al (1991), and Petigara et al (2002) 

found similar results in that humic substances affected hydrogen peroxide decay rates.

DNAPL Type

Catalyzed peroxide oxidation of TCE contamination resulted in a lower rate and 

extent of DNAPL degradation, but also a lower oxidant depletion rate. These appear 

contrary to expected responses, but the resulting RTE is better in TCE systems, showing 

that relative to the magnitude of the effects TCE is still oxidizing more efficiently than 

PCE. Systems containing PCE contamination also showed higher second-order rate 

constants and interphase mass transfer rates.

The average response values and influence of each variable on these values are 

shown in Table 4.9.
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In summary, increasing the amount of peroxide added to a system reduces the 

oxidation efficiency by increasing the amount of non-productive decomposition of the 

oxidant. It does result in a higher rate of DNAPL degradation, but not an overall increase 

in mass removal and therefore does not enhance the effectiveness either.

The second design block observing the solid phase content showed that goethite 

will affect each of the measured responses, having opposite effects in most cases than just 

the addition of humic acid. Adding goethite to systems containing humic acid increased 

the % DNAPL degraded and ka, but decreased the rates at which the DNAPL is degraded, 

and is transferred between phases. Goethite appears to exert (or facilitate humic acid 

exertion of) unproductive demand on the oxidant, as seen by a higher oxidant demand 

and kox, but in such a way that does not change these responses much beyond systems 

having no NOM present. In other words, goethite seems to cancel out effects caused by 

humic acid. The RTE is also higher with goethite than with just humic acid, but still 

remained lower than without any NOM. The relative effects each factor had upon the 

average response values are listed in Table 4.10.

A ll in all these two blocks together show that the appropriate amount of H2O2 to 

add to a contaminated area is dependent upon many factors, included presence of NOM  

and solid phase content, and must therefore be experimentally determined on a case-by- 

case basis. This is evidenced by the fact that humic acid increases both the efficiency and 

effectiveness of removal, whereas goethite makes the system more effective in terms of 

mass removal and less efficient than with just humic acid alone.
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As with potassium permanganate runs, a comparison of the I c d n a p l  and k i values 

for these multi-phase systems showed that factor interactions may be affecting the overall 

second order reaction rates. Looking at comparable runs where the only factor change is 

the oxidant concentration (e.g. run 14 vs. run 20, etc), a change from 1.0% to 10% 

oxidant would be expected to increase k] by lOx if  the koNAPL for each run is similar.

The koNAPL is similar, but the k̂  does not always change bylOx. Therefore, more than 

just the simple influence of oxidant concentration must be accounted for.

Dissolution and Interphase Mass Transfer

Catalyzed hydrogen peroxide oxidation of TCE and PCE pools in a multi-phase 

system resulted in an increased dissolution rate over that observed without oxidant (i.e. 

control systems) for all experimental runs conducted. Figure 4.3 shows this with a few 

representative runs. The hexane phase concentration of DNAPL increases slightly over 

time in the DNAPL control systems (no oxidant present). In the oxidation systems, the 

dissolution through the bulk aqueous phase to the hexane phase is much greater, with a 

dramatic increase initially and a tapering off at later time points. This effect is likely due 

to a decrease in oxidant concentration as it is consumed or autodecomposes.
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Figure 4.3 Dissolution of DNAPL in Control vs. Oxidation Systems with Catalyzed 
Peroxide in Representative Runs (Run #13 contains TCE, runs 16 and 24 contain PCE)

The enhancement of dissolution from the NAPL phase due to oxidation with 

catalyzed peroxide is shown in Figure 4.4, where the actual DNAPL concentration 

(measured in the oxidized system) divided by the predicted concentration (from control 

measurements) is plotted versus time. The sample runs shown are representative of all 

catalyzed peroxide oxidation runs (#’s 13-24). The enhancement is observed as a 

positive trend in values, and only occurs in the first 10 hours for most cases, at which 

point dissolution slows down. This may be due to the H2O2 concentration being low 

enough to not be able to maintain a sufficient concentration gradient above the pool, or it 

could be due to a precipitation film forming above the DNAPL pool, reducing the surface 

area through which interphase mass transfer can occur.



96

1 2  -i

10 -

Run 15 
Run 17 
Run 22

■o

10.5 1.5 2 2.5 3 3.5
Time (hour)

Figure 4.4 DNAPL Dissolution Enhancement Due to Oxidation by Catalyzed
Hydrogen Peroxide

Trends in mass flux rates in catalyzed peroxide runs did not correlate with trends 

in other responses calculated (i.e. kox, interphase mass transfer, etc). By introducing a 

higher oxidant concentration, the mass flux rate increased, which was expected based on 

a higher concentration gradient above the DNAPL pool-aqueous solution interface. This 

gradient is also believed to be increased by the presence of humic acid, as systems with 

humic acid showed a higher mass flux off the Teflon coupon than those systems without 

NOM . Also, adding goethite increased the mass flux rate beyond that of systems with no 

NOM , but not higher than systems with just humic acid.
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CHAPTER 5. COMPARATIVE DISCUSSION

5.1 Oxidant Form

Oxidation efficiency and effectiveness, as observed in this study, is dependent 

upon the type of oxidant used, among other system parameters. Catalyzed hydrogen 

peroxide appears to be difficult to optimize (e.g. lowering the environmental pH is 

usually necessary), and was seen to produce some potentially detrimental effects, such as 

extensive gas evolution. Potassium permanganate also showed potential for negative side 

effects, in the possibility of MnO] deposit formation as a result of oxidation.

Catalyzed hydrogen peroxide is adversely affected by the presence of natural 

organic matter, with dissolved phase contamination, whereas MnOT is more efficient 

with humic acid present in the multi-phase systems. A clean sand system allows for more 

efficient and more effective DNAPL destruction with catalyzed peroxide, but has the 

opposite effect for permanganate. Lowering the oxidant concentration to that which 

would sufficiently oxidize the contaminant and any system demand constituents, without 

having excess present, can optimize both oxidants. The pH condition also had an affect 

on both oxidants. With catalyzed hydrogen peroxide the depression of pH to within the 

optimal range obviously increases oxidation, but natural environments usually require 

chemical addition to achieve the desired pH range. With permanganate, the groundwater 

pH was already within an acceptable range, but buffering the system to maintain that 

range increased oxidation by prolonging the reaction time at optimal range. Most natural 

systems will already contain a buffer, which will result in higher oxidation efficiency and 

effectiveness with RMnC^.

Oxidation by both catalyzed peroxide and potassium permanganate increased the 

DNAPL dissolution rate during oxidation. This resulted in increased mass removal with
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both oxidants, though catalyzed hydrogen peroxide effects may have also been enhanced 

by the advection caused by CO2 gas evolution.

5.2 DNAPL Contaminant Phase

Dissolved phase TCE and PCE are oxidizable by both oxidants. In the NAPL 

phase, the contaminants are not as readily accessible, and must dissolve through the 

interface between the pool (or residual) into the bulk aqueous solution. Thus, the pseudo- 

first order destruction rate constants ( E d n a p l )  were higher for dissolved phase 

experiments overall. The koNAPL values achieved for dissolved phase experiments ranged 

from 0.002-2.75 min'1 for potassium permanganate and 0.07-2.84 min"1 for catalyzed 

peroxide, whereas permanganate runs in multi-phase experiments achieved koNAPL in the 

range of 0.0006-0.019 min'1, and 0.002-0.106 min'1 for catalyzed peroxide runs. Table

5.1 shows the range of values obtained for each of the efficiency and effectiveness 

responses for each oxidant and experimental phase.

The dissolved phase experiments also experienced faster oxidant depletion, and 

more extensive DNAPL destruction during their respective reaction periods (as shown in 

Table 5.1). Even though the reaction time was much shorter, the oxidant contact of the 

contaminant was not limited by diffusion across the interface.
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Table 5.1 Range of Efficiency and Effectiveness Values Obtained for Each Phase of

Experimentation

Response M inimum Maximum Factor(s) o f  greatest effect
Dissolved Phase Batch Experiments -  Potassium Permanganate

Media Demand 2374 5900 NOM*Oxidant Concentration 
interaction

Oxidant demand 1.3 69.3 Oxidant Concentration
kox (min'1) 0.002 0.143 DNAPL Type
RTE 0.011 2.68 Oxidant Concentration
koNAPL (min ') 0.002 2.75 DNAPL Type

%DNAPL degraded 13.3% 100% NOM*Oxidant Concentration 
interaction

Dissolved Phase Batch Experiments -  Catalyzed Hydrogen Peroxide
Media Demand 300 3450 Oxidant Concentration 

Media and Oxidant
Oxidant demand 4.4 65.1 Concentration *Media 

interaction
kox (min'1) 0.013 1.79 DNAPL Type
RTE 0.005 4.39 DNAPL Type
koNAPL (min !) 0.07 2.84 DNAPL Type
%DNAPL degraded 40.4% 100% DNAPL Type

Multi-Phase Batch Experiments -  Potassium Permanganate
Oxidant demand 3.52 227 Oxidant Concentration
k0x (m in1) 0.0004 0.008 DNAPL Type

RTE 0.35 0.73 DNAPL Type and Solid phase 
content

koNAPL (min !) 0.0006 0.019 DNAPL Type

%DNAPL degraded 2.8% 100% NOM*Oxidant Concentration 
interaction

Multi-Phase Batch Experiments -  Catalyzed Hydrogen Peroxide
Oxidant demand 246 28150 Oxidant Concentration
kox (min*1) 0.005 0.009 Oxidant Concentration
RTE 0.09 2.9 Oxidant Concentration
koNAPL (min ’) 0.002 0.106 Oxidant Concentration

%DNAPL degraded 6.2% 100% No significant effects 
observed
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CHAPTER 6. CONCLUSIONS AND RECOMENDATIONS

6.1 Conclusions

Experimental data obtained were used to calculate oxidation efficiency and 

effectiveness responses, which could then be compared statistically with the factorial 

designs used, to determine which factors affect chemical oxidation, and how chemical 

oxidation in turn affects environmental conditions. Results obtained from the dissolved 

phase batch experiments revealed that:

• Potassium permanganate oxidation efficiency is improved

o without media 

o without NOM

o at a lower oxidant concentration 

o with a buffer

• Potassium permanganate oxidation effectiveness is higher

o without soil present 

o without NOM

o with a higher oxidant concentration 

o with a buffer

• Catalyzed hydrogen peroxide oxidation is more efficient and more effective

o with media present 

o without NOM

o with a higher oxidant concentration 

o at a lower pH

The multi-phase batch experiments, containing a DNAPL pool on a Teflon coupon, 

within a groundwater matrix, provided the following results:
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• Potassium permanganate oxidation efficiency is higher

o without goethite 

o with NOM

o at a lower oxidant concentration

• Oxidation effectiveness of potassium permanganate is higher

o with goethite present 

o without NOM

o with a higher oxidant concentration

• Catalyzed hydrogen peroxide oxidation efficiency is improved

o without goethite 

o with NOM

o with a lower oxidant concentration

• Effectiveness of oxidation with catalyzed hydrogen peroxide is enhanced

o with goethite 

o with NOM

o with a lower oxidant concentration

Both oxidants were also found to enhance the dissolution of the DNAPL from the non- 

aqueous phase into the bulk aqueous phase, thereby increasing the overall mass removal 

achieved. The reactions and interactions occurring within the systems and conditions 

examined in this research were varied and complex. The results show that it would be 

difficult to accurately predict behavior at some sites, and site-specific testing must be 

conducted to optimize ISCO application.
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6.2 Recommendations for Future Research

To further the understanding of in situ chemical oxidation as a viable remedial 

strategy, the conditions observed in this research should be examined in larger scale 

experimentation. Studies involving packed media and a simulated groundwater flow 

condition w ill provide more realistic conditions. The type of media used and degree of 

homogeneity, as well as the groundwater constituents could be varied to reflect a broader 

range of field applications. Also, coupling technologies including a surfactant/cosolvent 

flush pre-oxidation and biological treatment following ISCO could be observed. 

Additionally, bench-scale examination of DNAPL mixtures could be explored in more 

detail. Different mixtures could be examined, including more types mixed together, as 

well as observation of byproduct mixtures.
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Table A .I. Aqueous Phase VR Efficiency and Effectiveness Terms for Run #’s 1-16.
shown with duplicate values

Efficiency Effectiveness

Run and 
replicate

Media 
Demand 

me oxidant 
kg soil

Oxidant 
Demand 

mol oxidant 
mol organic

Relative treatment 
efficiency 

kox
kox (min ) kor,, (min !)

% Organic 
Degraded

1A 2672, 12.3, 0.0313, 0.148, 0.2118, 100.0%,
IB 2374 10.8 0.0333 0.151 0.2208 100.0%
2A 5150, 60.0, 0.0027, 1.42, 0.0019, 24.9%,
2B 5900 66.1 0.0029 1.07 0.0027 25.7%
3A 5525, 10.6, 0.1348, 2.68, 0.0503, 17.6%,
3B 5288 13.7 0.1433 6.60 0.0217 13.3%
4A 2950, 2.26, 0.0398, 0.063, 0.6312, 100.0%,
4B 3850 2.70 0.0398 0.076 0.5237 100.0%
5A - 6.40, 0.0388, 0.014, 2.7596, 100.0%,
5B - 7.45 0.0305 0.011 2.7106 96.0%
6A - 2.54, 0.1158, 0.050, 2.3171, 100.0%,
6B - 3.68 0.1384 0.062 2.2320 100.0%
7A - 2.49, 0.0021, 0.389, 0.0054, 43.9%,
IB - 1.84 0.0024 0.558 0.0043 34.8%
8A — ■ 1.25, 0.0085, 1.20, 0.0071, 53.5%,
8B - 17.6 0.0060 1.20 0.0050 48.0%
9A 300, 1.69, 0.2168, 2.71, 0.0800, 90.9%,
9B 300 1.82 0.1892 2.51 0.0754 87.0%
10A 330, 0.905, 0.2556, 0.190, 1.3434, 90.4%,
10B 360 0.930 0.3254 0.228 1.4298 90.3%
11A 3450, 1.65, 0.016, 0.006, 2.7271, 97.6%,
11B 3150 1.67 0.016 0.006 2.5297 97.3%
12A 2700, 2.72, 0.0158, 0.006, 2.5285, 95.1%,
12B 2400 2.10 0.0133 0.005 2.6999 95.7%
13A - 16.8, 0.0205, 0.008, 2.5875, 100.0%,
13B - 16.9 0.0211 0.008 2.5435 95.1%
14A - 8.91, 0.0215, 0.008, 2.8367, 97.4%,
14B - 9.15 0.0212 0.007 2.8475 97.3%
ISA - 0.965, 0.1099, 0.307, 0.3579, 44.2%,
15B - 1.16 - - 0.3919 40.5%
16A - 2.47, 1.7918, 4.39, 0.4086, 44.9%,
16B - 2.02 1.2040 2.57 0.4685 47.1%
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Table A.2. Aqueous Phase VR Efficiency and Effectiveness Terms for Run #’s 17-20. 
 ______ ____________ shown with duplicate values
Run & 

rep.
kox

(min'1)
Ox.

Dmnd RTE
korg

(min )
%Org
Deg’d

Ox
Dmnd RTE

korg 
(min )

% Org 
Deg’d

PCE Data TCE Data
17A 0.139 37.5 1.07 0.130 100.0% 11.3 0.071 1.97 91.2%,
17B 0.080 53.6 0.255 0.315 100.0% 14.9 0.036 2.22 100.0%
ISA 0.027 37.8 1.73 0.016 82.0%, 9.40 0.128 0.214 92.0%,
18B 0.169 25.6 8.94 0.019 85.4% 6.44 0.855 0.198 92.4%
19A 0.021 212 - - 100.0% 12.6 0.008 2.59 96.6%,
19B 0.021 194 - - 100.0% 11.5 0.008 2.79 96.8%
20A 0.012 212 - - 100.0% 1.98 0.004 2.62 96.7%,
20B 0.012 194 - - 100.0% 1.30 0.005 2.68 96.7%
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Table A.3 Multi-Phase VR Efficiency and Effectiveness Terms for Potassium 
 ______  Permanganate Oxidation Runs ______

Efficiency Effectiveness

Run#

Oxidant 
Demand 

mol oxidant 
mol organic

kox
(min1)

Relative treatmem 
efficiency 

kex
k o rg

k o rg

(min )
% Organic 
Degraded

1A 4.6 0.0023 0.42 0.0055 100.0%
IB 8.8 0.0024 0.42 0.0057 51.9%
2A 5.2 0.0005 0.56 0.0009 68.3%
2B 3.5 0.0004 0.67 0.0006 84.3%
3A 33.7 0.0023 0.42 0.0055 59.2%
3B 15.4 0.0026 0.39 0.0066 30.1%
4 A 13.3 0.0006 0.60 0.001 68.8%
4B 103.1 0.0004 0.67 0.0006 2.9%
5A 7.8 0.0039 0.66 0.0059 59.1%
5B 7.1 0.0041 0.65 0.0063 65.6%
6A 4.7 0.0012 0.71 0.0017 92.7%
6B 4.9 0.0011 0.73 0.0015 84.5%
7A 87.0 0.0039 0.67 0.0058 52.8%
7B 80.8 0.0079 0.41 0.0192 60.6%
8A 182.6 0.0013 0.62 0.0021 92.5%
8B 227.1 0.0012 0.67 0.0018 19.3%
9A 98.2 0.0028 0.35 0.008 47.9%
9B 63.4 0.0019 0.53 0.0036 68.8%
10A 82.9 0.0019 0.53 0.0036 59.8%
10B 66.3 0.0014 0.61 0.0023 69.5%
11A 63.9 0.0014 0.61 0.0023 63.4%
11B 69.6 0.0016 0.59 0.0027 60.0%
12A 53.0 0.0012 0.67 0.0018 82.6%
12B 118.0 0.0014 0.7 0.002 38.0%
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Table A.4 Multi-Phase VR Efficiency and Effectiveness Terms for Fenton’s Reagent
Oxidation Runs

Efficiency Effectiveness

Run#

Oxidant 
Demand 

mol oxidant 
mol organic

kox
(min')

Relative treatmem 
efficiency 

kox 
korg

korg
(min )

% Organic 
Degraded

13A 1252 0.006 2.61 0.0023 13.9%
13B 555 0.0057 1.30 0.0044 31.3%
14A 459 0.0061 2.90 0.0021 43.6%
14B - 0.0066 1.94 0.0034 100.0%
ISA - 0.0058 0.59 0.0098 -
15B 358 0.0052 1.30 0.004 49.1%
16A 416 0.0066 1.08 0.0061 47.7%
16B 443 0.0065 0.94 0.0069 44.8%
17A 790 0.006 2.86 0.0021 22.1%
17B 247 0.006 0.91 0.0066 70.6%
ISA 392 0.0063 0.32 0.0195 50.7%
18B 608 0.0065 0.44 0.0147 32.6%
19A - 0.0099 0.14 0.0694 -
19B 28150 0.0095 0.11 0.0898 6.3%
20A 6304 0.0096 1.39 0.0069 31.9%
20B 19323 0.0094 1.47 0.0064 10.4%
21A 4016 0.0095 0.32 0.0299 44.0%
21B - 0.0095 0.68 0.0139 -16.6%
22A - 0.0097 0.09 0.1064 0.0%
22B 8588 0.0096 0.10 0.095 23.4%
23A 4401 0.0091 1.05 0.0087 40.2%
23B - 0.0095 2.16 0.0044 -
24A 12434 0.0099 0.29 0.0336 16.1%
24B 11516 0.0095 0.30 0.0315 17.5%
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Table A. 5 Multi-Phase VR  Interphase Mass Transfer and ki Terms

Run#3

Interphase 
mass transfer 

(cm/s)

Second-order 
rate constant, kg 

(L/mol s) Run#3

Interphase 
mass transfer 

(cm/s)

Second-order 
rate constant, k2 

(L/mol s)
1A 3.07E-05 1.09E-02 13A 1.98E-05 2.12E-04
IB 3.12E-05 1.13E-02 13B 2.74E-05 2.92E-O4
2A 1.24E-05 1.79E-03 14A 1.89E-05 3 01E-04
2B 1.01E-05 1.19E-03 14B 2.4! E-OS 1.53E-04
3A 3.07E-05 1.09E-02 ISA 4.09E-05 2.84E-04
3B 3.36E-05 1.31E-02 15B 2.62E-05 3.30E-04
4A 1.31E-05 1.98E-03 16A 3.23E-05 2.18E-04
4B 1.01E-05 1.19E-03 16B 3.43E-05 3.34E-04
5A 3.18E-05 1.17E-02 17A 1.89E-05 2.19E-04
5B 3.28E-05 1.25E-02 17B 3.36E-05 3.20E-04
6A 1.70E-05 3.37E-03 18A 5.77E-05 3.59E-04
6B 1.60E-05 2.98E-03 18B 5.01 E-OS 3.97E-O4
7A 3.15E-05 1.15E-03 19A 1.09E-04 -

7B 5.73E-05 3.81E-03 19B 1.24E-04 -

8A 1.89E-05 4.17E-04 20A 3.43E-05 -

8B 1.75E-05 3.57E-04 20B 3.31E-05 4.0E-05
9A 3.70E-05 1.59E-03 21A 7.15E-05 -
9B 2.48E-05 7.14E-04 21B 4.88E-05 6.1E-05
10A 2.48E-05 7.14E-04 22A 1.35E-04 -

10B 1.98E-05 4.56E-04 22B 1.27E-04 7.4E-05
11A 1.98E-05 4.56E-04 23A 3.86E-05 5.2E-05
1 IB 2.15E-05 5.36E-04 23B 2.74E-05 4.6E-05
12A 1.75E-05 3.57E-04 24A 7.58E-05 5.6E-05
12B 1.85E-05 3.97E-04 24B 7.34E-05 4.3E-05

“Runs 1-12 are with KM n04; runs 13-24 are with catalyzed Fenton’s reagent
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Table A.7 DOC Changes Observed in Multi-Phase VR Studies.

Run Initial DOC 
(mg/L)

DOC removed 
(mg/L) Run Initial DOC 

(mg/L)
DOC removed 

(mg/L)
1A 39.6 16.9 13A 153.6 71.7
IB 37.5 19.0 13B 155.4 46.6
2A 39.6 - 14A 153.6 57.7
2B 37.5 19.0 14B 155.4 -

3A 41.0 23.2 15A 156.4 -

3B 37.5 24.6 15B 162.9 30.7
4A 41.0 20.4 16A 156.4 45.6
4B 37.5 14.1 16B 162.9 48.4
5A 45.2 27.4 17A 155.4 35.4
5B 34.0 21.8 17B 161.9 23.3
6A 45.2 26.7 18A 155.4 45.6
6B 34.0 16.2 18B 161.9 28.9
7A 312.7 91.5 19A 726.1 625
7B 322.5 88.7 19B 810.9 690
8A 312.7 83.8 20A 726.1 611
8B 322.5 92.9 20B 810.9 694
9A 252.9 35.2 21A 727.1 604
9B 273.3 71.8 2 IB 829.5 711
10A 252.9 25.3 22A 727.1 613
10B 273.3 52.8 22B 829.5 704
11A 329.6 108 23A 674.9 549
11B 354.9 125 23B 740.1 608
12A 329.6 123 24A 674.9 563
12B 354.9 130 24B 740.1 608





123

APPENDIX B -  REGRESSION EQUATIONS AND REPRESENTATIVE M INITAB
EFFECTS PLOTS
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Regression equations derived for potassium permanganate oxidation in dissolved phase 
batch studies using Minitab:

Media Demand = 4214 -  1252(NOM*Oxidant concentration)

Only for runs that have soil in them (runs 1-4)

Oxidant Demand = 14.843 + 8.344(Oxidant Concentration) + 8.175(DNAPLint)

-  8.137(NOM*DNAPL type) + 7.764(Media) -  7.385(NOM*Oxidant 

concentration) -  6.867(NOM)

kox = 0.04815 - 0.037(DNAPLb) + 0.02827(NOM*Media) - 0.0197(NOM*Oxidant 

concentration)

Relative Treatment Efficiency = 14.843 + 8.344(Oxidant Concentration)

+ 8.175(DNAPLb) -  8.137(NOM*DNAPL) + 7.764(Media)

-  7.385(NOM*Oxidant concentration) -  6.867(NOM)

koNAPL = 0.7316 - 0.6742(DNAPL type) + 0.5755(Ox Concentration) - 0.5236(Media) 

% DNAPL Degraded = 0.6611 + 0.2108(NOM*Oxidant concentration)

+ 0.1873(NOM*DNAPL type) + 0.1472(Oxidant Concentration)

- 0.1226(DNAPL type)

DNAPLmt - follow up studies found this response to be due to the interaction of oxidant concentration and 
media, rather than the DNAPL type 

DNAPLb -  the response is due to both the DNAPL type and the interaction of oxidant concentration and 
media, as per follow up studies
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Regression equations derived for Fenton’s reagent oxidation in aqueous phase VR  
studies:

Media Demand = 1624 -  1301 (Oxidant Concentration)

Only for runs that have soil in them (runs 9-12)

Oxidant Demand = 18.05 -  10.88(DNAPL type) -  10.86(Media) + 10.21 (Oxidant 

Concentration)

kox = 0.2717 + 0.2536(DNAPL type) - 0.1846(NOM*DNAPL type) - 0.1843(NOM)

+ 0.1628(NOM*Media) + 0.1623(pH) - 0.1407(Media) - 0.1378(Oxidant 

Concentration)

Relative Treatment Efficiency = 0.8288 + 0.6964(pH) + 0.822(DNAPL type)

+ 0.6964(NOM*Media) 

koNAPL = 1.614 - 1 .049(DNAPL type)

% DNAPL Degraded = 0.8216 -  0.1478(DNAPL type) + 0.1139(Oxidant Concentration) 

+ 0.1088(Media)
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Example Main Effects Plots for Potassium Permanganate Oxidation in Dissolved Phase 
Batch Experiments:

Main Effects Plot (data means) for %Org Degrade

A  V A  1  A *> \  A  \
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Example Interaction Plots for Potassium Permanganate Oxidation in Dissolved Phase 
Batch Experiments:
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Example Main Effects and Interaction Plots for Catalyzed Hydrogen Peroxide Oxidation 
in Dissolved Phase Batch Experiments:

Main Effects Plot (data means) for %Org Degrade
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Regression equations derived for potassium permanganate oxidation in multi-phase batch 
experiments using Minitab for the ‘Presence of N O M ’ Block:

Oxidant Demand = 67.51 + 43.53(Oxidant Concentration) + 17.99(DNAPL Type)

-  25.37(NOM*Oxidant concentration)

kox = 0.0021 - 0.0012(DNAPL Type) + 0.0007(0xidant Concentration)

Relative Treatment Efficiency = 0.534 + 0.083(DNAPL Type) 

koNAPL = 0.0046 - 0.003(DNAPL Type)

% DNAPL Degraded = 45.9% + 16.9%(NOM*Oxidant Concentration)

K  = 0.000025 -  0.000009(DNAPL Type)

k2 = 0.0039 -  0.0027(0xidant Concentration) -  0.0029(DNAPL Type) + 0.0022(0xidant 

Concentration*DNAPL Type)

Regression equations derived for potassium permanganate oxidation in multi-phase batch 
experiments using Minitab for the ‘solid phase content’ Block:

Oxidant Demand = 50.33 + 26.58(Oxidant Concentration)

ko* = 0.0019 - 0.0007(DNAPL Type) - 0.0002(0xidant Concentration)

- 0.0004(NOM*Oxidant Concentration) + 0.0005(Oxidant 

Concentration*DNAPL Type)

Relative Treatment Efficiency = 0.589 + 0.064(DNAPL Type) + 0.076(NOM) 

koNAPL = 0.0035 - 0.0017(DNAPL Type) + 0.0008(0xidant Concentration*DNAPL 

Type)

% DNAPL Degraded = 53.4% + 13.4%(NOM) -1 3 .6%(NOM*Oxidant Concentration)

K  = 0.000023 -  0.000006(DNAPL Type) -  0.000002(NOM*Oxidant Concentration) -  

0.000003(0xidant Concentration*DNAPL Type) 

kz = 0.0039 -  0.0033(Oxidant Concentration) -  0.0025(DNAPL Type) + 0.0023(Oxidant 

Concentration*DNAPL Type)

Regression equations derived for catalyzed hydrogen peroxide oxidation in multi-phase 
batch experiments using Minitab for the ‘Presence of N O M ’ Block:
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Oxidant Demand = 6965 + 6427(Oxidant Concentration)

ko* = 0.0077 + 0.0002(DNAPL Type) - 0.0002(0xidant Concentration*DNAPL Type) 

Relative Treatment Efficiency = 1.14 - 0.65 (Oxidant Concentration) 

koNAPL = 0.0297 + 0.0257(0xidant Concentration) + 0.0042(NOM) - 0.0021(DNAPL 

Type) + 0.0029(0xidant Concentration*NOM) -  0.0024(0xidant 

Concentration*DNAPL Type) + 0.019(NOM*DNAPL Type)

% DNAPL Degraded = 32.1%

K  = 0.000057 + 0.000032(Oxidant Concentration) + 0.000007(NOM)

-  0.000004(DNAPL Type)- 0.000005(0xidant Concentration*DNAPL Type)

+ 0.00002(NOM*DNAPL Type)

k2 = 0.0002 -  0.0001 (Oxidant Concentration)

Regression equations derived for catalyzed hydrogen peroxide oxidation in multi-phase 
batch experiments using Minitab for the ‘solid phase content’ Block:

Oxidant Demand = 3848 + 3397(Oxidant Concentration) + 500(NOM) + 1525(DNAPL 

Type) + 443(Oxidant Concentration*NOM) + 1512(Oxidant 

Concentration*DNAPL Type) + 364(NOM*DNAPL Type) 

kox -  0.0078 + 0.0003(DNAPL Type) + 0.0017(Oxidant Concentration)

Relative Treatment Efficiency = 0.793

koNAPL = 0.0248 + 0.013(DNAPL Type) + 0.0168(0xidant Concentration)

-  0.0091 (NOM) -  0.0118(Oxidant Concentration*NOM) + 0.0092(0xidant 

Concentration*DNAPL Type) -  0.0039(NOM*DNAPL Type)

% DNAPL Degraded = 38.5%

K = 0.000056 + 0.000022(0xidant Concentration) - 0.000008(NOM)

+ 0.000016(DNAPL Type) -  0.000013(NOM*Oxidant Concentration)

+ 0.000007(Oxidant Concentration*DNAPL Type) 

k2 = 0.0002 -  0.0001 (Oxidant Concentration)
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Sample Main effects and Interaction plots for multi-phase batch experiments: 
KMn04 MVR kox Main Effects Plot
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0.0025

0.0020

0.0015

0.0010

KMn04 MVR Oxidant Demand Interactions Plot

OxLoad

NOM

DNAPL

Fenton’s MVR K Main Effects Plot

OxLoad NOM DNAPL

0.00007

000006

0.00005

0.00004



132

Fenton’s MVR k2 Main Effects Plot
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