
 

 

ABSTRACT 

CHA, KI YOUNG. Development of Design Tools for In Situ Remediation Technologies. 

(Under the direction of Dr. Robert C. Borden). 

 

Tools were developed to assist in the design of groundwater remediation systems by in 

situ chemical oxidation with permanganate (MnO4
-
) and in situ bioremediation with soluble 

substrates (SS).  These tools can be used by remediation system designers in developing 

more effective systems for distributing amendments to enhance contaminant degradation.   

Permanganate distribution following injection for in situ chemical oxidation is often 

controlled by the natural oxidant demand (NOD) of the aquifer solids.  Six different models 

of MnO4
-
 consumption by NOD were fit to NOD test data from 50 samples of aquifer 

material.  Representing oxidant consumption as an initial instantaneous reaction with a 

portion of total NOD and as a slow second order reaction between MnO4
-
 and remainder of 

total NOD provided a good match with experimental results without an unnecessary 

computational burden.  Wide variations in total NOD, fraction fast/instantaneous, and second 

order rate coefficients were observed.  Most of the NOD present was slow reacting; 

MnO4
-
 could persist for weeks to months.  The 48-hr NOD measurements were poor 

predictors of total NOD and should not be used to estimate total MnO4 consumption.  Total 

NOD was not correlated with the fraction of fast/instantaneous NOD or the reaction rate 

coefficients, indicating the total amount of NOD is not a good predictor of reactivity.   

The impact of aquifer characteristics and injection system design on aquifer volume 

contact efficiency (EV) and contaminant mass treatment efficiency (EM) following 

MnO4
-
 injection were evaluated.  MnO4

−
 consumption was simulated assuming the 

contaminant and the fraction of NOD react instantaneously and rest of NOD reacts slowly 



 

 

with second order relationship.  The mass of permanganate and volume of water injected has 

the greatest impact on EV.  Several small injection events are not expected to increase EV 

compared to a single large injection.  High groundwater velocities, low NOD reaction rate, 

and low total NOD can increase the EV and the fraction of unreacted MnO4
-
.   

A spreadsheet–based design tool (CDISCO) was developed to simulate the distribution 

of MnO4
-
 in aquifers.  The user enters the aquifer conditions, injection parameters, unit costs 

for labor and materials, and design parameters.  Modeling results of MnO4
−
 transport are 

used to estimate the radius of influence (ROI) and well spacing.  CDISCO then provides a 

preliminary cost estimate for the selected design conditions; and user can perform CDISCO 

repeatedly to have optimum design.  Comparisons with analytical and numerical models 

demonstrate that CDISCO accurately simulates MnO4
−
 transport and consumption.  

Comparison of CDISCO results with the three-dimensional heterogeneous simulations show 

that EV and EM are closely correlated with the ROI overlap factor. 

The effectiveness of different approaches for distributing soluble substrate (SS) to 

enhance in situ anaerobic bioremediation was evaluated in a series of numerical simulations 

where SS consumption by microorganism was represented by the standard form of the 

advection-dispersion equation with a first order decay term.  Contaminant biodegradation 

was assumed to be effective if the SS concentration at a location was greater than a user 

specified value.  The impact of SS injection (CI) and target (CMIN) concentration, travel time 

between rows of wells (TT), SS half-life (TH), reinjection interval (TR) and injection pore 

volume (PV) on steady-state contact efficiency (CESS) were investigated.  In general, CESS is 

highest when TR is low, PV is high, and CI/CMIN is high.  A tool for designing ISB using SS 

was developed.  Users enter information on (1) aquifer characteristics, (2) well, injection, and 



 

 

substrate, (3) treatment zone dimensions, and (4) design parameters to estimate the system 

performance.  Users can then compare alternatives to identify designs with the highest ratio 

of CESS to total costs.  Generally, the highest ratio occurs in the range of 70%~80% of CESS. 
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CHAPTER      1  

Overview 

1.1 Background 

Subsurface pollution is a common problem throughout the United States.  Toxic 

chemicals including tetrachloroethene (TCE) and trichloroethene (PCE) have been 

introduced into the subsurface at many sites, generating a long-term pollution source.  

Common techniques for remediation of contaminated groundwater can be separated into two 

major categories: ex-situ and in-situ remediation.  During ex-situ remediation, the 

contaminant is removed from the subsurface by pumping groundwater or soil excavation and 

treated at another location.  In-situ remediation technologies treat the contaminant without 

removing contaminated media from the subsurface.  In-situ treatment approaches are often 

preferred due to minimal site disturbance, simultaneous treatment of groundwater and 

contaminated soil, minimal human exposure to the contaminants, and lower cost.  USEPA 

(2010) reported that the fraction of sites treated by in-situ technology increased between 

1996 and 2001.  In-situ bioremediation and in-situ chemical oxidation were the most 

common groundwater treatment technologies (USEPA, 2010). 

While in-situ remediation technologies are often preferred, the effectiveness of these 

technologies may be limited.  Typically, in-situ treatment technologies introduce a reagent 

into the subsurface to enhance chemical or biological degradation of the contaminant to an 

innocuous substance.  To be effective, enough reagent must be injected and distributed over 
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the target area to produce the desired chemical or biological reactions.  However, 

hydrogeological and geochemical heterogeneity of the subsurface may limit the effective 

delivery and distribution.  At some sites where remediation technologies have been applied, 

treatment objectives have not been met (ITRC, 2005; Krembs et al., 2010) or contaminant 

concentrations rebound during post-treatment period (Huling and Pivetz, 2006).   

1.2 Remediation Approaches  

Many groundwater remediation approaches have developed and improved to remove 

the contaminant from subsurface and to minimize the threat to human health.  Remediation 

technologies could categorize in three groups: 1) physical, 2) chemical, and 3) biological 

process.  Physical approach is removing contaminants from the site to other location by 

pumping out or excavating.  Chemical process promotes the degradation of harmful 

chemicals to less- or non-harmful products.  Biological process is help microorganism to 

decompose contaminants.  We focused on chemical and biological processes since their 

frequency of use at the field gradually increases.    

In-situ chemical oxidation (ISCO) is a promising technique for destroying various 

subsurface contaminants including volatile organic chemicals (VOCs).  It is based on the 

delivery of chemical oxidants to the contaminated area to convert hazardous material to less 

harmful compounds.  Several different oxidants are capable of degrading contaminants 

including permanganate (MnO4
-
), hydrogen peroxide (H2O2), persulfate (S2O8

-2
), and ozone 

(O3).  This research focused on permanganate as a oxidant with ISCO.  However for ISCO to 
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be effective, the injected reagents must persist in the subsurface and be delivered to the 

contaminated area to contact the contaminants.  A variety of site-specific factors affect the 

delivery of oxidants to the target zone including amount of oxidant injected, volume of water 

injected, aquifer heterogeneity, natural oxidant demand (NOD), and soil type (USEPA, 1998; 

Huling and Pivetz, 2006). 

In-situ bioremediation (ISB) is a technique that manipulates the microbial community 

to enhance biodegradation of contaminants to harmless chemicals.  Electron acceptors, 

donors, organic substrates, and nutrients maybe added to the subsurface to stimulate bacteria.  

The type of amendment depends on the metabolism of the target contaminant.  Our study 

focused on the use of soluble substrate with ISB.  The primary advantages of this technique 

are that contaminants can be degraded to innocuous substances such as carbon dioxide and it 

typically uses the native microorganisms that are well suited to the subsurface environment.  

As with ISCO, delivery of additive to the target zone is critical to achieve the desired 

treatment efficiency.  

1.3 Challenges and Objectives 

In-situ remediation technologies are used at many sites.  However, remediation 

objectives are not achieved at some sites due to geochemical and hydrogeological 

heterogeneity of the treatment zone.  For the successful in-situ treatment, the reagents of 

chemical and/or biological process need to be delivered to the contaminated zone.  However, 

distributing reagents throughout the target area is difficult because of uncertainties in 
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contaminant and sediment distribution (Renholds, 1998).  The overall objective of this 

research was to develop modeling approaches that can be used to assist engineers in 

designing systems for in situ chemical oxidation and in situ bioremediation in heterogeneous 

aquifers. 

1.3.1 ISCO with Permanganate 

Treatment efficiency of ISCO with permanganate could be improved and costs reduced, 

if engineers had a simple and effective tool for design of ISCO systems.  The overall 

objective of this research was to develop a simple tool that can help system designers to 

improve the performance of ISCO with permanganate.  Our study takes three steps to achieve 

the objective.  First, kinetic models for simulating the transport and reaction of permanganate 

with NOD in the subsurface were developed.  Second, the effects of aquifer conditions and 

injection system design variables on both of aquifer volume contact efficiency and 

contaminant mass treatment efficiency were examined.  Third, a simple spreadsheet based 

tool (CDISCO – Conceptual Design of In-Situ Chemical Oxidation) was developed to assist 

designers in evaluating the effect of different variables (well spacing, amount of reagent and 

water, injection rate, etc.) on remediation system performance and cost when MnO4
-
 is 

injected using a grid of uniformly spaced wells.  Chapter 2 to 4 discusses ISCO with 

permanganate. 
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1.3.1.1 NOD Kinetics with Permanganate 

For the first step of research, relationships that can be used to simulate ISCO with 

MnO4
-
 under realistic conditions were identified.  A number of different modeling 

approaches have been applied to describe the kinetics of MnO4
-
 consumption by NOD (Hood 

and Thomson, 2000; Mumford, 2002; Hønning et al., 2007; Urynowicz et al., 2008; Xu and 

Thomson, 2009).  Early work suggested that permanganate consumption by NOD could be 

represented by zero or first order kinetics (Barcelona and Holm, 1991; Zhang and Schwartz, 

2000).  However, more recent work indicated  that NOD is composed of several fractions 

with varying reactivity (Mumford et al., 2005; Xu and Thomson, 2009; Urynowicz et al., 

2008), and Urynowicz et al. (2008) and Xu and Thomson (2009) suggested that 

MnO4
-
consumption by NOD can be reasonably well described assuming NOD is composed 

of fast and slow fractions.  However, there was no consensus on the best approach for 

simulating MnO4
-
 consumption by NOD and kinetic parameters to describe this reaction have 

only been developed for a few sites.  In Chapter 2, six different kinetic formulations 

describing the depletion of MnO4
-
 in the subsurface when reacting with NOD are evaluated.   

1.3.1.2 Sensitivity Analysis 

In Chapter 3, we examine the impact of aquifer conditions and injection system design 

variables on treatment efficiency.  MnO4
-
 consumption is simulated assuming the NOD is 

composed of fractions that react instantaneously and slowly.  The design of many 

MnO4
-
 injection systems is currently based on rules of thumb and prior experience.  However, 

improper injection system design and poor understanding of aquifer conditions can result in 
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less effective of treatment than desired.  The effect of injection system design parameters 

(reinjection frequency, well spacing, injection fluid volume, MnO4
-
 mass, and drift time) and 

site characteristics (total NOD, NOD reaction rate, fraction instantaneous NOD, contaminant 

concentration, retardation factor of contaminant, and the level of heterogeneity) on treatment 

system performance are evaluated. 

1.3.1.3 Conceptual Design of In-Situ Chemical Oxidation (CDISCO) 

In Chapter 4, simple spreadsheet based tool (CDISCO) was developed to assist 

designers in evaluating the effect of different variables on remediation system performance 

and cost when MnO4
-
 is injected using a grid of uniformly spaced wells.  When applying 

ISCO using permanganate for the subsurface remediation, remediation system designer 

should choose design parameters and site characteristics for effective remediation systems.  

Ideally, these parameters would be selected based on the results of advanced numerical 

model that have ability of simulating distribution and reactions of MnO4 under subsurface 

(Heiderscheidt et al., 2008; Henderson et al., 2009; Mundle et al., 2007; Zhang and Schwartz, 

2000).  However they are rarely used due to time, cost, and data limitation.  Using CDISCO, 

designers can quickly compare several alternative designs to help optimize the design.   

1.3.2 In Situ Bioremediation (ISB) with soluble substrate 

If the system designer had a simple and effective tool for helping ISB system design, 

the performance of ISB could also be improved.  The overall objective of this research was to 

develop and validate simple design tool that can be used to simulate the transport and 
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reaction of soluble substrate in the subsurface.  This study takes two steps to achieve the goal.  

First, models for simulating the behavior of injected soluble substrate are developed and used 

to evaluate the effect of different design parameters and site conditions on remediation 

system performance.  Second, a simple design tool is developed that can be used to evaluate 

the design parameters and estimate the system performance and costs.  Chapter 5 and 6 

discusses ISB with soluble substrate.  

1.3.2.1 Model Development and Parameter Evaluation 

In Chapter 5, a model for simulating soluble substrate distribution was developed and 

used to evaluate the effect of important design parameters on substrate contact efficiency was 

conducted.  We assume that if soluble substrate is present above a certain concentration in 

this aquifer, this would enhance contaminant biodegradation.  Substrate consumption was 

simulated as a first order decay process.   

A series of numerical simulations were performed to examine the effect of substrate 

injection concentration (CI), minimum substrate concentration (CMIN), groundwater travel 

time between rows of injection wells (TT), soluble substrate half-life (TH), time period 

between substrate reinjections (TR), and pore volumes of substrate solution injected (PV) on 

substrate contact efficiency.  Results from these simulations were then used to identify 

relationships between contact efficiency and dimensionless parameter groups. 

1.3.2.2 Develop Design Tool to Assist in Bioremediation System Design. 

In Chapter 6, a simple spreadsheet based tool was developed to assist remediation 

system designers in evaluating the effect of different variables on remediation system 
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performance and cost.  The design tool for ISB system provides quick and easy comparison 

of costs and performance between several different alternatives that users designed.   
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CHAPTER      2  

Kinetics of permanganate consumption by 

natural oxidant demand in aquifer solids 

2.1 Introduction 

In-situ chemical oxidation (ISCO) using permanganate (MnO4
-
) can be very effective 

for treatment of chlorinated ethenes including perchloroethene (PCE), trichloroethene (TCE), 

and some aromatic hydrocarbons (naphthalene, phenanthrene, pyrene, and phenols) (Yan and 

Schwartz, 1999; Siegrist et al., 2001).  When MnO4
-
 is injected into the subsurface, 

MnO4
-
 accepts three electrons and is subsequently reduced to MnO2 solids (Siegrist et al., 

2001).  A portion of the electrons consumed are from oxidation of the target contaminant and 

a portion from the aquifer material including natural organic matter (NOM), reduced iron, 

manganese, and sulfur minerals (Yan and Schwartz, 1999; Siegrist et al., 2001; Mumford et 

al., 2005; Hønning et al., 2007; Urynowicz et al., 2008; Urynowicz, 2008).  The amount of 

MnO4
-
 that reacts with non-target chemicals is often referred to as Natural Oxidant Demand 

(NOD) and can vary from less than 1% to over 99% of the total MnO4
-
demand, depending on 

the contaminant concentration and aquifer characteristics.  When NOD is high, contaminant 

treatment efficiency may be less than desired due to non-productive consumption of 

MnO4
-
 (Siegrist et al., 2001; Urynowicz, 2008).   

The reaction between MnO4
-
 and NOD will depend on MnO4

-
 concentration and 

reaction time as some fraction of the NOD may react slowly.  Mumford et al. (2005) found 
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that NOD exerted during short-term column experiments was much lower than that in long-

term batch incubations.  Even after 21 weeks incubation, the natural organic matter in the soil 

was not completely oxidized and MnO4
-
 continued to be depleted.  Several investigators (Yan 

and Schwartz, 1999; Siegrist et al., 2001; Mumford et al., 2005; Urynowicz et al., 2008) have 

reported that the measured NOD varies with the MnO4
-
 concentration and reaction time.  

Higher concentrations of MnO4
-
 commonly result in higher measured values of NOD 

(Siegrist, 2001; Hønning et al., 2007; Urynowicz et al., 2008).  To reflect these observations, 

MnO4
-
 consumption is commonly modeled as a second order reaction between MnO4

-
 and 

NOD (Zhang and Schwartz, 2000; Urynowicz et al., 2008; Xu and Thomson, 2009).   

More recent work has shown that NOD is composed of several components or fractions 

with varying reactivity (Mumford et al., 2005; Hønning et al., 2007; Urynowicz et al., 2008; 

Xu and Thomson, 2009).  Ideally, NOD would be represented with a continuum of reaction 

rates where the less reactive fraction becomes progressively more important as the more 

reactive NOD fraction is depleted.  However, studies by Urynowicz et al. (2008) and Xu and 

Thomson (2009) suggest that MnO4
-
 consumption by NOD can be reasonably well described 

assuming NOD is composed of disparate fast and slow fractions.  In batch experiments 

conducted by Urynowicz et al. (2008), the fast NOD appeared to be consumed within about 

48 hours, followed by slower depletion of MnO4
-
 at rates of 0.024 to 0.13 d

-1
, depending on 

MnO4
-
 dose.  Xu and Thomson (2009) found that a fraction of NOD was depleted in a few 

hours followed by much slower degradation, where the slow NOD reaction rate varied from 

0.014 to 0.72 l/mmol-day with a median value of 0.077 l/mmol-day, in batch experiments.   
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2.2 Objective and Approach 

The performance of ISCO systems can potentially be improved using numerical models 

to simulate ISCO with MnO4
-
 under realistic conditions using spatially heterogeneous, 3-

dimensional flow, transport, and chemical reaction models.  However, simulation of ISCO 

with MnO4
-
 requires constitutive relationships that accurately represent the kinetics of 

MnO4
-
 consumption by NOD for a range of conditions.  Ideally, these kinetic models could 

be applied without imposing an excessive computational burden, using parameters estimated 

from standard NOD test protocols.   

In the work presented here, six different kinetic models were fit to data from batch 

NOD tests on 50 different aquifer samples with varying MnO4
-
 concentrations and/or aquifer 

solid to water ratios following ASTM D7262-07 (2007).  The six models evaluated are 

summarized in Table 2-1.  Subroutines were developed within MS Excel for each model and 

applied to automatically estimate model parameters for each aquifer sample.  Results of this 

work were used to identify the models that best fit the experimental results and to generate a 

database of parameters that can be used in future modeling studies. 

The models examined in this work included simple zero and first order single parameter 

models (1, 2 and 3) and second order models incorporating the effects of oxidant 

concentration and NOD concentration (4, 5 and 6).  For Models 5 and 6, NOD was assumed 

to be composed of slowly reacting and fast/instantaneously reacting components.  This work 

aimed at developing relatively simple models that could accurately represent reaction 
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kinetics without imposing an excessive computational burden and therefore, only terms that 

could be estimated from the standard ASTM test protocol were used in the simulations. 
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Table 2–1 NOD and MnO4
-
 Kinetic Relationships for all Six Models 

Model Equation Description 
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Table 2–1 Continued 

t  Time (d) 

n  Porosity (l of water per l of reactor) 

ρB  Aquifer solids bulk density (kg dry soil per l of reactor) 

MnO4
-
 MnO4

-
 concentration (mmol/l) 

NOD Total NOD concentration (mmol/kg) 

NODF Fast NOD concentration (mmol/kg) 

NODS Slow NOD concentration (mmol/kg) 

NODI  Instantaneous NOD concentration (mmol/kg) 

  Zero order MnO4
-
 consumption rate (mmol/l-d) 

 First order MnO4
-
 consumption rate (d

-1
) 

  First order NOD consumption rate (d
-1

) 

  Second order NOD consumption rate (l/mmol-d) 

  Second order Fast NOD consumption rate (l/mmol-d) 

  Second order Slow NOD consumption rate (l/mmol-d) 

 

 

 

2.3 NOD Measurement and Parameter Estimation Protocol 

A total of 50 samples of aquifer solids were analyzed from twelve different facilities 

located throughout the United States (Table 2-2), where ISCO with MnO4
-
 was being 

 0k

1Mk

1Nk
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2Fk

2Sk
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considered as a possible remedial alternative.  NOD was measured following ASTM D7262-

07 (2007) by reacting air-dried aquifer solids in glass reactor bottles with analytical grade 

KMnO4 (Carus Corporation, Peru, Illinois, USA) and deionized water.  However, the 

reaction period was extended to better characterize the longer-term consumption of MnO4
-
 by 

slowly reacting NOD.  Samples were stored at room temperature and mixed once per day by 

inverting the bottles.  MnO4
-
 concentrations were monitored for up to 41 days by measuring 

absorbance at 525 nm (Crimi and Siegrist, 2005).  Typically, NOD tests were run with low 

(200 to 600 mg/l), medium (1000 to 3000 mg/l), and high (4500 to 10,000 mg/l) KMnO4 

concentrations.  The aquifer solid to water ratio was varied resulting in KMnO4 doses 

ranging from 5.8 to 61 mmol/kg.  The experimental conditions for each sample are listed in 

Table 2-3.  Shorter test periods and/or higher doses were used when MnO4
-
 was rapidly 

consumed. 
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Table 2–2 Site locations and soil texture of aquifer solids 

Soil # Name Site Location Texture 

1 MMR A Cape Cod, MA Sand to Silty Sand 

2 MMR B Cape Cod, MA Sand to Silty Sand 

3 MMR C Cape Cod, MA Sand to Silty Sand 

4 A-3ft Davenport, IA N/A 

5 A-10ft Davenport, IA N/A 

6 A-18ft Davenport, IA N/A 

7 H-B1 Dallas, TX N/A 

8 H-B2 Dallas, TX N/A 

9 PE St. Louis, MO N/A 

10 FR Fort Riley, TX N/A 

11 E-1 Rome, NY N/A 

12 E-2 Rome, NY N/A 

13 E-3 Rome, NY N/A 

14 E-4 Rome, NY N/A 

15 E-5 Rome, NY N/A 

16 W-1 Golden, CO N/A 

17 W-2 Golden, CO N/A 

18 W-3 Golden, CO N/A 

19 L Oxnard, CA N/A 

20 R-1 St. Louis, MO N/A 

21 R-2 St. Louis, MO N/A 

22 CO46-1 Beal AFB, CA N/A 

23 CO46-2 Beal AFB, CA N/A 

24 CO46-3 Beal AFB, CA N/A 

25 CO52-1 Beal AFB, CA N/A 
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Table 2–2 Continued 

Soil # Name Site Location Texture 

26 CO52-2 Beal AFB, CA N/A 

27 CO52-3 Beal AFB, CA N/A 

28 CO52-4 Beal AFB, CA N/A 

29 CO59-1 Beal AFB, CA N/A 

30 CO59-2 Beal AFB, CA N/A 

31 CO62-1 Beal AFB, CA N/A 

32 CO62-2 Beal AFB, CA N/A 

33 CO62-3 Beal AFB, CA N/A 

34 CO62-4 Beal AFB, CA N/A 

35 CO63 Beal AFB, CA N/A 

36 CO64-1 Beal AFB, CA N/A 

37 CO64-2 Beal AFB, CA N/A 

38 CO64-3 Beal AFB, CA N/A 

39 H Hill AFB, UT N/A 

40 YT-9SS1 Yorktown, VA N/A 

41 YT-9SS2 Yorktown, VA N/A 

42 YT-9SS3 Yorktown, VA N/A 

43 YT-10SS1 Yorktown, VA N/A 

44 YT-10SS2 Yorktown, VA N/A 

45 YT-YS1 Yorktown, VA N/A 

46 YT-YS2 Yorktown, VA N/A 

47 YT-YS3 Yorktown, VA N/A 

48 YT-12-1 Yorktown, VA N/A 

49 YT-12-2 Yorktown, VA N/A 

50 YT-12-5 Yorktown, VA N/A 
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Table 2–3 Experimental treatment conditions applied to aquifer solids collected from variety of sites. 

Soil # Name 
# of MnO4

-
 

Measurements 

MnO4
-
 

Concentration tested  

(mg/L) 

Solid : water  

ratio tested  

(g/mL) 

Incubation 

period 

(day) 

Maximum NOD  

observed  

(mmol/g) 

1 MMR A 192 500 1,500 4,500 0.49 1.23 2.40 28 0.003 

2 MMR B 192 500 1,500 4,500 0.48 1.23 2.40 28 0.005 

3 MMR C 150 500 1,000 5,000 0.53 1.60 4.80 14 0.004 

4 A-3ft 30 1,000 3,000 5,000 0.07 
  

14 0.474 

5 A-10ft 28 1,000 3,000 5,000 0.07 
  

14 0.168 

6 A-18ft 28 1,000 3,000 5,000 0.07 
  

14 0.285 

7 H-B1 23 500 1,500 5,000 0.10 
  

14 0.271 

8 H-B2 21 500 1,500 5,000 0.10 
  

14 0.203 

9 PE 10 250 2,500 
 

0.10 
  

8 0.036 

10 FR 24 200 600 1,000 0.10 
  

14 0.063 

11 E-1 14 250 2,500 
 

0.10 
  

7 0.057 

12 E-2 12 250 2,500 
 

0.10 
  

7 0.036 

13 E-3 10 250 2,500 
 

0.10 
  

11 0.032 

14 E-4 14 250 2,500 
 

0.10 
  

11 0.031 

15 E-5 15 250 2,500 
 

0.10 
  

11 0.073 

16 W-1 12 250 2,500 
 

0.10 
  

7 0.057 

17 W-2 10 250 2,500 
 

0.10 
  

7 0.036 
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Table 2–3 Continued 

Soil # Name 
# of MnO4

-
 

Measurements 

MnO4
-
 

Concentration tested  

(mg/L) 

Solid : water  

ratio tested  

(g/mL) 

Incubation 

period 

(day) 

Maximum NOD  

observed  

(mmol/g) 

18 W-3 9 250 2,500  0.10   7 0.041 

19 L 11 1,250 2,500  0.10   2 0.013 

20 R-1 24 500 1,000 5,000 0.10   14 0.157 

21 R-2 24 500 1,000 5,000 0.10 
  

14 0.121 

22 CO46-1 32 
 

1,000 
 

0.93 
  

41 0.002 

23 CO46-2 32 
 

1,000 
 

0.98 
  

41 0.001 

24 CO46-3 58 
 

1,000 5,000 0.99 
  

32-41 0.001 

25 CO52-1 32 
 

1,000 
 

1.35 
  

41 0.001 

26 CO52-2 132 500 1,000 5,000 1.14 2.56 
 

31-35 0.001 

27 CO52-3 56 500 1,000 
 

0.96 1.85 
 

31-41 0.001 

28 CO52-4 58 
 

1,000 5,000 1.15 2.42 
 

32-41 0.002 

29 CO59-1 132 500 1,000 5,000 0.40 0.99  28-41 0.005 

30 CO59-2 56 500 1,000 
 

1.18 2.59 
 

31-41 0.002 

31 CO62-1 56 
 

1,000 5,000 1.03 2.11 
 

32-41 0.002 

32 CO62-2 32 
 

1,000 
 

1.00 
  

41 0.002 

33 CO62-3 32 
 

1,000 
 

1.12 
  

41 0.001 

34 CO62-4 32 
 

1,000 
 

1.10 
  

41 0.002 
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Table 2–3 Continued 

 

Soil # Name 
# of MnO4

-
 

Measurements 

MnO4
-
 

Concentration tested  

(mg/L) 

Solid : water  

ratio tested  

(g/mL) 

Incubation 

period 

(day) 

Maximum NOD  

observed  

(mmol/g) 

35 CO63 54 500 1,000  0.87   31-41 0.002 

36 CO64-1 32  1,000  0.92   41 0.003 

37 CO64-2 104 500 1,000  0.43 1.14 2.50 28-41 0.002 

38 CO64-3 116  1,000 5,000 0.38 0.96 1.95 30-41 0.006 

39 H 14 10,000   0.71   27 0.038 

40 YT-9SS1 104 1,000 5,000  0.37 0.91  21-22 0.019 

41 YT-9SS2 104 1,000 5,000 5000 0.38 0.94 
 

21-22 0.012 

42 YT-9SS3 104 1,000 5,000 
 

0.40 1.00 
 

21-22 0.079 

43 YT-10SS1 91 1,000 5,000 
 

0.41 1.04 
 

21-22 0.022 

44 YT-10SS2 104 1,000 5,000 
 

0.39 0.97 
 

21-22 0.061 

45 YT-YS1 78 1,000 5,000 
 

0.39 0.97 
 

21-22 0.034 

46 YT-YS2 78 1,000 5,000 
 

0.38 0.95 
 

21-22 0.010 

47 YT-YS3 78 1,000 5,000 
 

0.39 0.97 
 

21-22 0.056 

48 YT-12-1 80 1,500 4,500 
 

0.36 0.89 
 

2-10 0.069 

49 YT-12-2 80 1,500 4,500 
 

0.37 0.90 
 

2-10 0.069 

50 YT-12-5 80 1,500 4,500 
 

0.39 0.98 
 

2-10 0.070 
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For each of the six kinetic models, a MS Excel Visual Basic for Application subroutine 

was developed using a fourth order Runge-Kutta solution of the ordinary differential 

equations.  The computation time step was set to 5% of the experimental time step to 

minimize computational errors.  For each aquifer solid, a single value for each NOD 

parameter was assumed, and the model was used to estimate the change in 

MnO4
-
 concentration with time for every experimental treatment.  The model error was 

defined as the difference between simulated and measured MnO4
-
 concentration.  The global 

root-mean-square error (RMSE) was calculated using the error at every time point for every 

experimental treatment (varying aquifer solid: water ratios and varying aqueous 

MnO4
-
 concentrations) and replicates for each aquifer solid.  The Solver function in MS 

Excel was used to search for the parameter set that minimized the RMSE using a quasi-

Newton search method.  From this procedure, a single set of NOD parameters were generated 

for each aquifer solid that minimized the RMSE in predicted MnO4
-
 concentration for all 

experimental conditions.  Additional details on the numerical solution techniques are 

provided in Borden et al. (2010). 

2.4 Model Evaluation 

Each of the six models were fit to the NOD experimental results for each of the 50 

aquifer solids.  Figure 2-1 shows typical results for a single aquifer solid (YT-YS2).  Aquifer 

sample YT-YS2 was tested in duplicate (Experiment A and Experiment B) with three 

experimental treatments (MnO4
-
 = 30.1, 24.5 or 5.9 mM; solid: water ratio = 0.38 or 0.95 g 
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aquifer solids per ml water) over 22 days resulting in a total of 78 concentration 

measurements.  Over the 22-day experimental period, MnO4
-
 concentration declined by up to 

9 mM as the oxidant was consumed by NOD.  The difference in MnO4
-
 consumption 

between the three different treatments is presumably due to differences in initial 

MnO4
-
 concentration and aquifer solids to water ratio.     

 



 

 

25 

 

Figure 2-1 Comparison of simulated and observed MnO4
-
 concentrations for aquifer 

sample YT-YS2 with (a) 30.1 mmol/l initial MnO4
-
 concentration and 0.38 g 

solids per ml water; (b) 24.5 mmol/l MnO4
-
 and 0.38 g solids/ml; and (c) 5.9 

mmol/l MnO4
-
 and 0.95 g solids/ml  
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The lines shown in Figure 2-1 are simulation results generated using the single set of 

coefficients for each model.  The model coefficients were determined by: (a) calculating the 

error between simulated and observed concentration; (b) calculating the RMSE for the entire 

YT-YS2 data set; and (c) searching for the model coefficients that minimized the RMSE.  

Model 1 and 2 do not follow the overall trends in the data and provide a poor match to the 

experimental results for all three treatments.  Model 3 provides a reasonably good fit to the 

two higher concentration experiments (Figure 2-1a and 2-1b), but significantly 

underestimates the MnO4
-
 concentrations during much of the low concentration experiment 

(Figure 2-1c).  In contrast, Models 4, 5, and 6 provide a reasonably good match with the 

general trends in MnO4
-
 concentration vs. time for all three treatments.   

Data from Figure 2-1 are replotted in Figure 2-2 to better illustrate the performance of 

the different models.  For every experimental measurement, the change in 

MnO4
-
 concentration (ΔMnO4

-
) was computed as the difference between the initial 

concentration and the measured concentration and compared to the simulated ΔMnO4
-
 for 

each model.  Figure 2-2 shows a comparison of simulated and experimental ΔMnO4
-
 for all 

78 measurements made with the YT-YS2 aquifer solids.  Ideally, all the data would plot 

along the solid 45-degree line indicating a perfect match between simulated and observed 

values.  For Models 1 and 2 (Figure 2-2a and 2-2b), the data points show clear trends above 

and below the 1:1 line indicating a very poor match with the experimental results.  For Model 

3 (Figure 2-2c), the data generally plot along the 1:1 line indicating a relatively good match 

to the data.  However, there are areas where groups of points are clustered above or below 
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the 1:1 line indicating some underlying trend that is not captured by the model.  In contrast, 

the data points for Models 4, 5, and 6 plot along the 45-degree line with no obvious trends in 

ΔMnO4
-
.  Model 5 with four calibration parameters provides the lowest MAE and RMSE, 

indicating it provided the best fit to the YT-YS2 experimental results.  However, Model 6, 

with three calibration parameters, provided a relatively good fit to the experimental data with 

both MAE and RMSE less than 5% of the maximum ΔMnO4
-
.    

Figure 2-3 shows cumulative frequency distributions for the MAE and RMSE for each 

model for all 50 aquifer solid samples.  Model 5 (4 parameters), Model 6 (3 parameters) and 

Model 4 (2 parameters) all provide relatively good fits (low MAE and RMSE) to the 

experimental data for over 50% of the aquifer samples.  However for the worst 10-20% of 

the samples (highest MAE and RMSE), the performance of Models 5 and 6 is substantially 

better than Model 4.   
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Figure 2-2 Simulated vs. observed ΔMnO4
-
 for all treatments of YT-YS2: (a) Model 1, (b) 

Model 2, (c) Model 3, (d) Model 4, (e) Model 5, and (f) Model 6.  Solid line 

represents a perfect match between simulated and observed ΔMnO4
-
. 
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Figure 2-3 Cumulative frequency distributions of (a) mean absolute error (MAE) and (b) 

root-mean-square error (RMSE) for models 1-6 using NOD data from 50 

aquifer solids. 
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To provide an overall estimate of model performance, the data on model fit to all 50 

aquifer solids were pooled together (2894 MnO4
-
 measurements) and used to compute the 

global MAE and RMSE (Table 2-4).  Consistent with the prior discussion, Model 5 provided 

the best fit to the data (lowest MAE and RMSE), followed by Model 6, then Model 4, then 

Model 3.  Models 1 and 2 provided a poor fit to the experimental results.  A Kruskal-Wallis 

nonparametric test was conducted to evaluate whether the performance of Model 6 was 

significantly different from Model 5 based on the distribution of absolute error (Ott and 

Longnecker, 2001).  Using the pooled data from all 50 samples, the difference in the 

performance of Model 5 and 6 was significant at the 0.001 level.  However, when applied to 

individual aquifer solids, there was no significant difference between Models 5 and 6 for 39 

of the 50 samples (78%).  This indicates that for the total data set from the 50 aquifer solids, 

Model 5 is superior to Model 6.  However for many individual aquifer solid samples, the 

difference is not significant. 
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Table 2–4 Mean absolute error (MAE) and root-mean-square error (RMSE) for Models 

1-6 using pooled data from 50 aquifer solids. 

Model # of Parameters 
MAE 

(mmol/l) 

RMSE 

(mmol/l) 

1 1 1.31 2.40 

2 1 1.36 2.38 

3 2 0.81 1.46 

4 2 0.70 1.22 

5 4 0.46 0.80 

6 3 0.58 0.98 

 

 

2.5 NOD Parameter Estimates 

Parameter estimates and error statistics for Models 1 to 6 for the 50 aquifer solids are 

provided in Table 2-5.  For Models 5 and 6, we report total NOD (NODT) and the fraction 

fast or instantaneous (f) to simplify comparison between the different models and to be 

consistent with prior studies.  NODS = NODT (1-f) and NODF and NODI = NODT * f.  In 

most cases, parameter values were not normally or log normally distributed at the 0.05 level 

based on the Shapiro-Wilk test (Shapiro and Wilk, 1965).  To provide a better representation 

of the parameter distributions, cumulative frequency plots for each of the Model 5 and 6 

parameters are shown in Figure 2-4.  The 10, 25, 50, 75, and 90 percentile values for every 

model parameter are summarized in Table 2-6. 
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Figure 2-4 Cumulative frequency distributions for Models 5 and 6 kinetic parameters 

generated using NOD data from 50 aquifer solids. 
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Table 2–5 Estimated parameter sets, mean absolute error (MAE) and root-mean-square error (RMSE) from Model 1 to 6 for 

50 aquifer solids. 

Soil # Name 
# of MnO4 

Measurement 
OBS NODMAX  

MODEL 1 
 

MODEL 2 

 
K0 RMSE MAE 

 
K1M RMSE MAE 

1 MMR A 192 0.003 
 

0.182 1.29 0.91 
 

0.024 0.78 0.53 

2 MMR B 192 0.005 
 

0.549 1.50 1.16 
 

0.071 0.92 0.68 

3 MMR C 150 0.004 
 

0.269 1.74 0.86 
 

0.017 1.53 0.71 

4 A-3ft 30 0.474 
 

10.967 3.63 2.56 
 

0.657 3.84 3.09 

5 A-10ft 28 0.168 
 

0.737 3.14 2.68 
 

0.034 3.61 3.28 

6 A-18ft 28 0.285 
 

0.930 3.25 2.65 
 

0.040 4.08 3.33 

7 H-B1 23 0.271 
 

11.612 3.30 1.98 
 

0.732 2.93 1.91 

8 H-B2 21 0.203 
 

1.821 3.73 2.54 
 

0.144 3.29 2.64 

9 PE 10 0.036 
 

0.509 0.71 0.42 
 

0.039 0.73 0.48 

10 FR 24 0.063 
 

2.536 0.50 0.30 
 

0.871 0.56 0.38 

11 E-1 14 0.057 
 

0.925 0.66 0.50 
 

0.075 0.45 0.35 

12 E-2 12 0.036 
 

0.572 0.36 0.25 
 

0.044 0.63 0.49 

13 E-3 10 0.032 
 

0.334 0.65 0.41 
 

0.025 0.79 0.63 

14 E-4 14 0.031 
 

0.345 1.34 0.95 
 

0.027 1.27 0.87 

15 E-5 15 0.073 
 

0.743 1.39 0.82 
 

0.078 1.26 0.87 

16 W-1 12 0.057 
 

0.893 0.53 0.40 
 

0.072 0.37 0.29 

17 W-2 10 0.036 
 

0.562 0.29 0.20 
 

0.043 0.63 0.46 
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Table 2–5 Continued 

 

Soil # Name 
# of MnO4 

Measurement 
OBS NODMAX  

MODEL 1 
 

MODEL 2 

 
K0 RMSE MAE 

 
K1M RMSE MAE 

18 W-3 9 0.041 
 

0.611 0.82 0.59 
 

0.049 0.58 0.36 

19 L 11 0.013 
 

0.524 0.25 0.21 
 

0.046 0.18 0.13 

20 R-1 24 0.157 
 

1.453 4.05 2.90 
 

0.084 4.13 3.38 

21 R-2 24 0.121 
 

1.047 2.21 1.45 
 

0.049 2.51 2.01 

22 CO46-1 32 0.002 
 

0.056 0.79 0.71 
 

0.013 0.75 0.66 

23 CO46-2 32 0.001 
 

0.055 0.79 0.73 
 

0.013 0.75 0.67 

24 CO46-3 58 0.001 
 

0.054 0.69 0.63 
 

0.003 0.80 0.73 

25 CO52-1 32 0.001 
 

0.057 0.84 0.78 
 

0.012 0.80 0.73 

26 CO52-2 132 0.001 
 

0.045 0.56 0.41 
 

0.003 0.59 0.44 

27 CO52-3 56 0.001 
 

0.045 0.55 0.47 
 

0.010 0.54 0.46 

28 CO52-4 58 0.002 
 

0.067 0.87 0.80 
 

0.005 0.93 0.87 

29 CO59-1 132 0.005 
 

0.098 1.11 0.89 
 

0.005 1.17 0.96 

30 CO59-2 56 0.002 
 

0.063 0.89 0.76 
 

0.018 0.83 0.68 

31 CO62-1 56 0.002 
 

0.094 1.27 1.08 
 

0.007 1.27 1.10 

32 CO62-2 32 0.002 
 

0.055 0.77 0.70 
 

0.012 0.74 0.66 

33 CO62-3 32 0.001 
 

0.056 0.72 0.65 
 

0.012 0.68 0.61 

34 CO62-4 32 0.002 
 

0.068 0.98 0.91 
 

0.015 0.94 0.85 
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Table 2–5 Continued 

 

Soil # Name 
# of MnO4 

Measurement 
OBS NODMAX  

MODEL 1 
 

MODEL 2 

 
K0 RMSE MAE 

 
K1M RMSE MAE 

35 CO63 54 0.002 
 

0.048 0.78 0.60 
 

0.016 0.68 0.52 

36 CO64-1 32 0.003 
 

0.101 1.31 1.23 
 

0.029 1.18 1.06 

37 CO64-2 104 0.002 
 

0.052 0.67 0.51 
 

0.016 0.62 0.48 

38 CO64-3 116 0.006 
 

0.262 2.66 1.81 
 

0.011 2.83 2.00 

39 H 14 0.038 
 

1.248 9.04 7.56 
 

0.036 7.79 6.38 

40 YT-9SS1 104 0.019 
 

0.498 2.13 1.55 
 

0.024 2.20 1.68 

41 YT-9SS2 104 0.012 
 

0.519 2.21 1.39 
 

0.026 2.55 1.78 

42 YT-9SS3 104 0.079 
 

7.427 2.37 1.10 
 

0.344 2.37 1.35 

43 YT-10SS1 91 0.022 
 

0.948 3.69 2.13 
 

0.057 3.56 2.15 

44 YT-10SS2 104 0.061 
 

9.505 1.07 0.56 
 

0.734 1.19 0.64 

45 YT-YS1 78 0.034 
 

1.211 5.10 3.49 
 

0.083 4.82 3.44 

46 YT-YS2 78 0.010 
 

0.382 2.16 1.43 
 

0.018 2.15 1.42 

47 YT-YS3 78 0.056 
 

4.634 3.86 2.04 
 

0.285 3.76 2.35 

48 YT-12-1 80 0.069 
 

2.079 3.75 2.25 
 

0.189 3.77 2.42 

49 YT-12-2 80 0.069 
 

2.121 3.75 2.23 
 

0.203 3.93 2.55 

50 YT-12-5 80 0.070 
 

1.936 3.78 2.32 
 

0.142 3.82 2.39 
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Table 2–5 Continued 

 

Soil # Name 
# of MnO4 

Measurement 
OBS NODMAX  

MODEL 3  MODEL 4 

 
NODT K1N RMSE MAE  NODT K2 RMSE MAE 

1 MMR A 192 0.003 
 

0.003 0.115 0.54 0.36  0.003 0.01 0.52 0.38 

2 MMR B 192 0.005 
 

0.005 0.102 0.75 0.56  0.005 0.01 0.95 0.83 

3 MMR C 150 0.004 
 

0.004 0.133 1.33 0.81  0.004 0.01 0.76 0.38 

4 A-3ft 30 0.474 
 

0.474 0.531 3.18 2.31  0.474 0.04 3.31 2.55 

5 A-10ft 28 0.168 
 

0.168 0.353 2.54 1.88  0.168 0.02 2.66 2.11 

6 A-18ft 28 0.285 
 

0.285 0.083 3.07 2.38  0.285 0.00 3.75 2.93 

7 H-B1 23 0.271 
 

0.271 1.032 2.03 1.06  0.271 0.06 1.50 0.94 

8 H-B2 21 0.203 
 

0.203 0.498 1.86 1.25  0.203 0.03 1.57 1.11 

9 PE 10 0.036 
 

0.043 0.249 0.65 0.36  0.036 0.25 0.40 0.26 

10 FR 24 0.063 
 

0.063 0.689 0.36 0.21  0.082 0.20 0.41 0.31 

11 E-1 14 0.057 
 

0.064 0.310 0.53 0.36  0.066 0.02 0.15 0.12 

12 E-2 12 0.036 
 

0.046 0.229 0.37 0.22  0.036 0.04 0.42 0.32 

13 E-3 10 0.032 
 

0.033 0.472 0.34 0.21  0.032 0.05 0.32 0.25 

14 E-4 14 0.031 
 

0.031 6.132 0.75 0.51  0.031 0.34 0.53 0.35 

15 E-5 15 0.073 
 

0.073 0.669 0.51 0.35  0.073 0.06 0.26 0.18 

16 W-1 12 0.057 
 

0.088 0.156 0.47 0.34  0.069 0.02 0.14 0.11 

17 W-2 10 0.036 
 

0.072 0.103 0.27 0.18  0.036 0.04 0.41 0.30 
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Table 2–5 Continued 

 

Soil # Name 
# of MnO4 

Measurement 
OBS NODMAX  

MODEL 3  MODEL 4 

 
NODT K1N RMSE MAE  NODT K2 RMSE MAE 

18 W-3 9 0.041 
 

0.041 0.626 0.80 0.54  0.044 0.03 0.34 0.20 

19 L 11 0.013 
 

0.013 0.757 0.23 0.18  0.014 0.06 0.16 0.12 

20 R-1 24 0.157 
 

0.157 2.175 1.61 0.91  0.157 0.15 1.69 1.10 

21 R-2 24 0.121 
 

0.121 0.549 1.42 0.95  0.121 0.04 1.05 0.72 

22 CO46-1 32 0.002 
 

0.002 0.910 0.32 0.25  0.002 0.16 0.31 0.25 

23 CO46-2 32 0.001 
 

0.001 7.528 0.24 0.18  0.001 1.36 0.24 0.18 

24 CO46-3 58 0.001 
 

0.001 0.397 0.36 0.29  0.001 0.13 0.39 0.30 

25 CO52-1 32 0.001 
 

0.001 10.121 0.22 0.18  0.001 2.09 0.22 0.18 

26 CO52-2 132 0.001 
 

0.001 0.063 0.45 0.32  0.001 0.01 0.32 0.23 

27 CO52-3 56 0.001 
 

0.001 0.049 0.56 0.46  0.001 0.03 0.38 0.28 

28 CO52-4 58 0.002 
 

0.002 0.139 0.68 0.59  0.002 0.02 0.59 0.50 

29 CO59-1 132 0.005 
 

0.005 0.083 0.88 0.68  0.005 0.01 0.66 0.51 

30 CO59-2 56 0.002 
 

0.002 0.138 0.86 0.67  0.002 0.03 0.68 0.51 

31 CO62-1 56 0.002 
 

0.002 0.280 0.85 0.63  0.002 0.02 0.95 0.76 

32 CO62-2 32 0.002 
 

0.002 3.482 0.42 0.36  0.002 0.12 0.42 0.34 

33 CO62-3 32 0.001 
 

0.001 0.367 0.38 0.30  0.001 0.06 0.37 0.29 

34 CO62-4 32 0.002 
 

0.002 7.224 0.33 0.28  0.002 1.20 0.32 0.28 
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Table 2–5 Continued 

 

Soil # Name 
# of MnO4 

Measurement 
OBS NODMAX  

MODEL 3  MODEL 4 

 
NODT K1N RMSE MAE  NODT K2 RMSE MAE 

35 CO63 54 0.002 
 

0.002 0.152 0.65 0.50  0.002 0.03 0.53 0.40 

36 CO64-1 32 0.003 
 

0.003 0.446 0.65 0.49  0.003 0.13 0.61 0.49 

37 CO64-2 104 0.002 
 

0.002 0.063 0.65 0.49  0.002 0.03 0.49 0.36 

38 CO64-3 116 0.006 
 

0.006 0.176 1.45 1.02  0.006 0.01 1.06 0.72 

39 H 14 0.038 
 

0.038 0.302 4.01 3.22  0.038 0.01 3.49 2.75 

40 YT-9SS1 104 0.019 
 

0.019 0.076 1.73 1.34  0.019 0.00 1.44 1.14 

41 YT-9SS2 104 0.012 
 

0.012 0.233 0.74 0.49  0.012 0.02 0.74 0.55 

42 YT-9SS3 104 0.079 
 

0.079 0.271 1.18 0.56  0.079 0.02 1.16 0.69 

43 YT-10SS1 91 0.022 
 

0.022 0.130 2.11 1.33  0.022 0.01 1.55 1.03 

44 YT-10SS2 104 0.061 
 

0.061 0.607 0.63 0.31  0.087 0.03 0.81 0.42 

45 YT-YS1 78 0.034 
 

0.034 0.177 2.35 1.79  0.034 0.01 1.56 1.19 

46 YT-YS2 78 0.010 
 

0.010 0.267 0.73 0.51  0.010 0.01 0.49 0.36 

47 YT-YS3 78 0.056 
 

0.056 0.279 1.01 0.52  0.056 0.02 1.17 0.76 

48 YT-12-1 80 0.069 
 

0.069 0.106 1.81 1.16  0.069 0.01 2.01 1.33 

49 YT-12-2 80 0.069 
 

0.069 0.128 1.97 1.18  0.069 0.01 2.24 1.45 

50 YT-12-5 80 0.070 
 

0.070 0.086 2.19 1.44  0.070 0.01 2.10 1.37 
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Table 2–5 Continued 

 

Soil # Name 
# of MnO4 

Measurement 
OBS NODMAX  

MODEL 5 
 

MODEL 6 

 
NODF K2F NODS K2S RMSE MAE 

 
NODT FRAC K2S RMSE MAE 

1 MMR A 192 0.003 
 

0.001 0.05 0.004 0.001 0.43 0.30 
 

0.003 0.12 0.01 0.45 0.33 

2 MMR B 192 0.005 
 

0.002 0.10 0.003 0.007 0.74 0.60 
 

0.005 0.11 0.01 0.84 0.70 

3 MMR C 150 0.004 
 

0.002 0.02 0.001 0.001 0.63 0.37 
 

0.004 0.01 0.01 0.76 0.39 

4 A-3ft 30 0.474 
 

0.100 13.63 0.849 0.007 1.35 1.08 
 

0.949 0.10 0.01 1.26 0.90 

5 A-10ft 28 0.168 
 

0.075 1.77 0.093 0.002 1.30 0.82 
 

0.168 0.36 0.00 1.37 0.93 

6 A-18ft 28 0.285 
 

0.055 11.80 0.230 0.002 2.84 1.66 
 

0.285 0.19 0.00 2.81 1.62 

7 H-B1 23 0.271 
 

0.169 0.20 0.373 0.003 0.68 0.47 
 

0.271 0.07 0.05 1.22 0.65 

8 H-B2 21 0.203 
 

0.034 8.72 0.172 0.020 0.46 0.35 
 

0.203 0.14 0.02 0.59 0.44 

9 PE 10 0.036 
 

0.022 0.44 0.050 0.003 0.35 0.21 
 

0.036 0.01 0.24 0.40 0.26 

10 FR 24 0.063 
 

0.010 6.03 0.110 0.062 0.40 0.26 
 

0.077 0.07 0.13 0.42 0.29 

11 E-1 14 0.057 
 

0.012 0.20 0.103 0.007 0.08 0.07 
 

0.070 0.03 0.02 0.09 0.08 

12 E-2 12 0.036 
 

0.013 0.48 0.060 0.005 0.20 0.15 
 

0.044 0.14 0.02 0.32 0.22 

13 E-3 10 0.032 
 

0.016 0.49 0.049 0.003 0.09 0.06 
 

0.032 0.14 0.04 0.23 0.18 

14 E-4 14 0.031 
 

0.029 0.40 0.003 0.034 0.53 0.33 
 

0.031 0.07 0.30 0.53 0.35 

15 E-5 15 0.073 
 

0.019 0.29 0.058 0.033 0.14 0.11 
 

0.073 0.04 0.05 0.21 0.14 

16 W-1 12 0.057 
 

0.008 0.33 0.106 0.008 0.06 0.04 
 

0.073 0.03 0.02 0.08 0.07 

17 W-2 10 0.036 
 

0.014 0.45 0.058 0.005 0.21 0.16 
 

0.039 0.14 0.02 0.34 0.25 
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Table 2–5 Continued 

 

Soil # Name 
# of MnO4 

Measurement 
OBS NODMAX  

MODEL 5 
 

MODEL 6 

 
NODF K2F NODS K2S RMSE MAE 

 
NODT FRAC K2S RMSE MAE 

18 W-3 9 0.041 
 

0.003 6.29 0.043 0.029 0.32 0.23 
 

0.044 0.04 0.03 0.32 0.23 

19 L 11 0.013   0.002 6.56 0.023 0.018 0.10 0.08   0.025 0.09 0.02 0.10 0.08 

20 R-1 24 0.157   0.065 1.71 0.092 0.021 0.50 0.30   0.157 0.27 0.03 1.01 0.67 

21 R-2 24 0.121   0.067 0.15 0.175 0.001 0.45 0.34   0.121 0.11 0.02 0.76 0.48 

22 CO46-1 32 0.002   0.001 8.17 0.001 0.050 0.19 0.14   0.002 0.21 0.79 0.35 0.27 

23 CO46-2 32 0.001   0.001 3.44 0.002 0.001 0.16 0.11   0.003 0.36 0.00 0.18 0.13 

24 CO46-3 58 0.001   0.001 21.27 0.001 0.007 0.25 0.21   0.001 0.31 0.39 0.40 0.32 

25 CO52-1 32 0.001   0.001 6.13 0.001 0.001 0.09 0.07   0.002 0.38 0.00 0.10 0.08 

26 CO52-2 132 0.001   0.000 1.08 0.001 0.006 0.23 0.17   0.001 0.17 0.01 0.25 0.18 

27 CO52-3 56 0.001   0.000 6.34 0.001 0.020 0.32 0.27   0.001 0.16 0.02 0.33 0.27 

28 CO52-4 58 0.002   0.001 5.02 0.001 0.003 0.22 0.17   0.002 0.67 0.46 1.04 0.93 

29 CO59-1 132 0.005   0.001 5.38 0.004 0.004 0.43 0.32   0.005 0.21 0.00 0.44 0.34 

30 CO59-2 56 0.002   0.000 10.17 0.001 0.017 0.59 0.50   0.002 0.16 0.02 0.61 0.50 

31 CO62-1 56 0.002   0.001 5.59 0.001 0.002 0.74 0.66   0.002 0.37 0.20 1.21 0.83 

32 CO62-2 32 0.002   0.001 7.87 0.001 0.014 0.20 0.17   0.002 0.27 1.88 0.44 0.36 

33 CO62-3 32 0.001   0.001 4.99 0.001 0.018 0.20 0.16   0.001 0.29 0.99 0.47 0.40 

34 CO62-4 32 0.002   0.001 6.79 0.001 0.028 0.14 0.11   0.002 0.18 1.91 0.32 0.27 
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Table 2–5 Continued 

 

Soil # Name 
# of MnO4 

Measurement 
OBS NODMAX  

MODEL 5 
 

MODEL 6 

 
NODF K2F NODS K2S RMSE MAE 

 
NODT FRAC K2S RMSE MAE 

35 CO63 54 0.002   0.001 8.19 0.002 0.017 0.46 0.38   0.002 0.25 0.02 0.47 0.39 

36 CO64-1 32 0.003   0.002 7.06 0.001 0.028 0.13 0.10   0.003 0.53 0.03 0.14 0.10 

37 CO64-2 104 0.002   0.000 6.83 0.001 0.018 0.43 0.33   0.002 0.13 0.02 0.44 0.34 

38 CO64-3 116 0.006   0.003 0.08 0.010 0.001 0.77 0.54   0.006 0.14 0.01 0.93 0.64 

39 H 14 0.038   0.018 0.81 0.024 0.002 1.09 0.81   0.042 0.44 0.00 1.10 0.85 

40 YT-9SS1 104 0.019   0.004 0.14 0.015 0.003 1.06 0.81   0.019 0.10 0.00 1.18 0.93 

41 YT-9SS2 104 0.012   0.006 0.07 0.007 0.006 0.51 0.35   0.012 0.05 0.02 0.71 0.53 

42 YT-9SS3 104 0.079   0.006 0.53 0.101 0.009 0.92 0.53   0.086 0.03 0.01 0.98 0.61 

43 YT-10SS1 91 0.022   0.010 0.03 0.034 0.001 1.39 0.92   0.022 0.03 0.01 1.52 1.00 

44 YT-10SS2 104 0.061   0.003 5.27 0.120 0.017 0.59 0.32   0.123 0.02 0.02 0.58 0.31 

45 YT-YS1 78 0.034   0.014 0.09 0.055 0.001 0.87 0.62   0.034 0.11 0.01 0.99 0.75 

46 YT-YS2 78 0.010   0.006 0.04 0.005 0.004 0.30 0.23   0.010 0.03 0.01 0.48 0.37 

47 YT-YS3 78 0.056   0.032 0.04 0.081 0.002 0.85 0.59   0.056 0.01 0.02 1.15 0.76 

48 YT-12-1 80 0.069   0.019 0.08 0.120 0.001 0.87 0.63   0.069 0.03 0.01 1.84 1.20 

49 YT-12-2 80 0.069   0.021 0.10 0.117 0.001 0.92 0.63   0.069 0.06 0.01 1.94 1.40 

50 YT-12-5 80 0.070   0.018 0.05 0.051 0.001 0.72 0.50   0.070 0.03 0.00 1.92 1.30 
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Table 2–6 Statistical characteristics of kinetic parameter distributions for Models 1-6 

generated using NOD data from 50 aquifer solids. 

Model Parameter Unit 
Percentile 

10% 25% 50% 75% 90% 

1 k0 mmol/l-d 0.055 0.074 0.521 1.170 2.746 

2 k1M 1/d 0.010 0.015 0.035 0.077 0.290 

3 
NODT mmol/g 0.001 0.002 0.027 0.069 0.158 

k1N 1/d 0.083 0.131 0.275 0.592 2.306 

4 
NODT mmol/g 0.001 0.002 0.027 0.069 0.158 

k2 l/mmol-d 0.009 0.014 0.030 0.062 0.202 

5 

NODT mmol/g 0.002 0.002 0.037 0.114 0.172 

Fraction 

Instantaneous 
- 0.087 0.181 0.248 0.424 0.553 

k2F l/mmol-d 0.053 0.143 0.944 6.329 8.245 

K2S l/mmol-d 0.001 0.002 0.006 0.017 0.028 

6 

NODT mmol/g 0.002 0.002 0.028 0.070 0.158 

Fraction 

Instantaneous 
- 0.028 0.046 0.126 0.208 0.361 

k2S l/mmol-d 0.003 0.008 0.018 0.036 0.395 

 

 

Previous studies have reported large variations in the total amount of NOD. However, 

there is much less information on the fraction of fast/instantaneous NOD and reaction rate 

coefficients.  In the 50 samples examined in this study, large variations in each of the 

parameters were observed reflecting the wide variations in both the amount and reactivity of 

NOD in natural aquifer solids.  Total NOD varied from 0.0013 to 0.95 mmol/g (equivalent to 

0.2 to 150 g KMnO4 /kg ), similar to previously reported ranges(Siegrist et al., 2001; 

Mumford et al., 2005; Hønning et al., 2007; Urynowicz, 2008; Xu and Thomson, 2009).  The 
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fraction fast/instantaneous varied from 1% to 67% with a median of 13%.  The search 

procedure had a constraint that fraction fast/instantaneous ≥ 1%.  However, this constraint 

only influenced one out of the 50 samples.  For Model 5, fast reaction rates varied from 0.02 

to over 10 l/mmol-day while the slow reaction rates were typically 1 to 2 orders of magnitude 

lower.  Model 6 reaction rates were typically intermediate between the Model 5 fast and slow 

rates.   

 

 

 

Figure 2-5 Cumulative frequency distributions showing ratio of best fit Total NOD to 48-

hr NOD for models 5 and 6 using NOD data from 50 aquifer solids. 
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Some practitioners estimate the aquifer NOD based on the amount of MnO4
-
 consumed 

over 48 hrs as a screening test for potential ISCO sites (ASTM D7262-07).  Figure 2-5 shows 

the ratio of the best fit value of total NOD for Models 5 and 6 to the 48-hr value.  This ratio 

varied widely indicating there is a very poor correlation between the best fit values of Total 

NOD to the 48-hr NOD.  This indicates that 48-hr test results should not be used to estimate 

the amount of MnO4
-
 that may be consumed during extended incubation periods and should 

not be used to simulate MnO4
-
 consumption in transport models. 

2.6 Discussion 

Some remediation practitioners estimate the amount of MnO4
-
 required for in situ 

chemical oxidation (ISCO) based on a few short-term NOD measurements.  Once injected, 

the MnO4
-
 concentration will vary in time and space due to advection, dispersion and 

consumption by the contaminant and NOD.  Prior studies have shown that 

MnO4
-
 consumption varies with time, that higher MnO4

-
 concentrations often result in greater 

demand, and that NOD may be composed of several components or fractions with varying 

reactivity (Siegrist, 2001; Mumford et al., 2005; Hønning et al., 2007; Urynowicz et al., 2008; 

Xu and Thomson, 2009).  Given this prior work, there is no simple way to estimate the 

required injection concentration and volume from a few simple measurements.  To reduce 

remediation system costs and improve performance, a simple, easy to implement approach is 

needed for estimating MnO4
-
 distribution and longevity.   
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In this work, a simple procedure was developed and applied to estimate NOD kinetic 

parameters for six different models for 50 different samples of aquifer material.  Consistent 

with prior work (Urynowicz, 2008; Xu and Thomson, 2009), simulation of 

MnO4
-
 consumption as a second order reaction with separate fast and slow NOD fractions 

provided the best fit to the experimental data.  For the 50 samples examined in this study, the 

median half-life (T½ ) for NODF was 0.02 days (range = 10
-4

 to 2 d) and median T½  for NODS 

was 9.4 days (range = 10
-2

 to 84 d).  These results indicate that: (a) the fast NOD fraction will 

be rapidly consumed; and (b) once the fast fraction is depleted, remaining MnO4
-
 may persist 

for weeks to months, diffusing into lower permeability zones where contaminants may reside.  

However, accurate simulation of MnO4
-
 consumption by the fast fraction (Model 5) will 

require very short time steps with a proportionate increase in computer run times.  In contrast, 

if the fast fraction is assumed to react instantaneously (Model 6), the computational time step 

will be controlled by NODS (median T½  for NODS = 0.3 d, range 0.01 to 64 days), resulting 

in an order of magnitude reduction in run times.  Given the good performance of Model 6 in 

representing NOD kinetics in batch studies and the long residence time of MnO4
-
 in aquifers, 

use of Model 6 should allow accurate simulation of ISCO without imposing an unnecessary 

computational burden.  

Wide variations in NOD parameters were observed including total NOD, fraction 

fast/instantaneous, and second order rate coefficients.  In about one third of 50 samples, total 

NOD was greater than 0.06 mmol/g (10 g KMnO4 /kg soil) and therefore ISCO with 

MnO4
-
 may not be practical due to the large amounts of oxidant required.  The fraction 
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fast/instantaneous (f) typically varied between 0.05 and 0.2, indicating most of the NOD 

exhibited behavior characteristic of the slow fraction.  In general, these parameters were not 

normally or log normally distributed.  Total NOD was not correlated (r
2
 < 0.2) with the 

fraction of fast/instantaneous NOD or the reaction rate coefficients for both Models 5 and 6, 

indicating the total amount of NOD is not a good predictor of reactivity.   

Given the large variations observed and poor correlation between these parameters, the 

kinetic model parameters should be measured for each site and/or aquifer material to be 

treated with MnO4
-
.  The batch NOD tests should be run for the range of 

MnO4
-
 concentrations and durations expected to occur in the field.  NOD kinetic parameters 

can be estimated following the procedures described above using the CDISCO (Conceptual 

Design of In-Situ Chemical Oxidation) tool (Borden et al., 2010; download at http://serdp-

estcp.org) and then used to design ISCO systems using MnO4
-
. 

  

http://serdp-estcp.org/
http://serdp-estcp.org/
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CHAPTER      3  

Impact of Injection System Design on ISCO 

Performance with Permanganate – 

Mathematical Modeling Results 

3.1 Introduction 

In-situ chemical oxidation (ISCO) using permanganate (MnO4
-
) is commonly employed 

to treat aquifers contaminated with chlorinated ethenes including perchloroethene (PCE), 

trichloroethene (TCE), dichloroethene (DCE) and vinyl chloride (VC) (Schnarr et al., 1998; 

Siegrist et al., 2001; Yan and Schwartz, 1996).  At neutral pH, PCE (C2Cl4) oxidation by 

potassium permanganate (KMnO4) can be described by the reaction (ITRC, 2005): 

PCE: 4KMnO4 + 3C2Cl4 + 4H2O   2CO2 + 4MnO2(s) + 4K
+
+ 12Cl

-
 + 8H

+
 

In well mixed batch systems, these reactions are rapid resulting in essentially complete 

destruction of the target contaminants.  However, treatment performance in the field has been 

mixed with some sites failing to meet treatment objectives (ITRC, 2005; Krembs et al., 2010) 

or contaminant concentrations may rebound after ISCO treatment ends (Huling and Pivetz, 

2006).   

In a review of source depletion technologies for sites contaminated with Dense Non-

Aqueous Phase Liquids (DNAPLs), McGuire et al. (2006) reported a median decline of 72% 

in the geometric mean concentration in source area monitoring wells at 23 sites where ISCO 

was used for source area treatment.  At seven sites where there was sufficient data to assess 
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rebound effects, the median concentration reduction declined from 90% immediately after 

treatment to 78% at least one year later.  At four of the seven sites, concentrations increased 

in over half the monitoring wells.   

Krembs et al. (2010) conducted an extensive review of 242 ISCO case studies including 

83 sites where MnO4
-
 was used for treatment of chloroethenes.  The median reduction in 

contaminant concentration using MnO4
-
 was 51% with contaminant rebound observed at 78% 

of the sites.  The relatively low treatment efficacy and rebound effects observed at some sites 

have been attributed to poor delivery of the oxidant to the target zone and slow release / 

dissolution of contaminants from low permeability zones and DNAPLs (Huling and Pivetz, 

2006). 

A number of different mathematical models are available to simulate ISCO using 

MnO4
-
 including models developed by Zhang and Schwartz (2000), Mundle et al. (2007), 

Heiderscheidt et al. (2008), and Henderson et al. (2009).  With these models, users can 

evaluate alternative injection approaches and identify the ‘best’ design based on site-specific 

conditions including aquifer permeability and heterogeneity, contaminant distribution and 

natural oxidant demand (NOD).  Unfortunately, these powerful models are rarely used for the 

design of ISCO systems due to cost and data limitations.  In most cases, injection systems are 

designed based on rules of thumb and prior experience.   

In this research, we apply a model for simulating MnO4
-
 transport and consumption to 

examine the effects of aquifer conditions (aquifer heterogeneity, total NOD, reaction rate, 

fraction instantaneous NOD, velocity, contaminant concentration, and retardation factor) and 
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injection system design variables (reagent concentration, injection volume, well spacing, and 

reinjection pattern) on aquifer volume contact efficiency and contaminant mass treatment 

efficiency.  Results are presented as a series of performance curves relating changes in a 

design variable to anticipated changes in contact or treatment efficiency.  We examine the 

relatively simple case where contaminants are uniformly distributed throughout the aquifer in 

the aqueous and sorbed phases (no DNAPL).  The impacts of fluid density on reagent 

distribution are not considered.  

3.2 Mathematical Model Development 

The transport and consumption of MnO4
-
 (M) and the target groundwater contaminant 

(C) were simulated using the standard forms of the advection-dispersion equations. 
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where M is the MnO4
-
 concentration (mol/l), C is aqueous contaminant concentration 

(mol/l), t is time (d), xi is distance (m), Dij is the hydrodynamic dispersion tensor (m
2
/d), vi is 

the average linear ground water velocity (m/d), θ is water filled porosity, RC is the linear 

equilibrium retardation factor of the contaminant, YM/C is the ratio of MnO4
-
 to contaminant 
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consumed, and C  and NOD  are sink terms representing loss of contaminant by reaction 

with MnO4
-
 and loss of MnO4

-
 by reaction with natural oxidant demand. 

3.2.1 Contaminant Degradation by Permanganate 

The rate of chloroethene degradation per time by MnO4
-
 can be described by the 

following reaction. 

MCkCC           (3-3) 

where kC is the second order rate of reaction between MnO4
-
 and the contaminant.  kC is 

in the range of 0.03 - 0.04 1/M-s for PCE (Hood et al., 2000; Huang et al., 2001; Waldemer 

and Tratnyek, 2006; Yan and Schwartz, 1999) and 0.5 to 0.8 1/M-s for TCE (Huang et al., 

2001; Waldemer and Tratnyek, 2006; Yan and Schwartz, 1999).  These reaction rates are 

high resulting in rapid contaminant degradation in the presence of excess MnO4
-
.  For 

example, in the presence of 10 mM of MnO4
-
 (1580 mg/l KMnO4), the PCE half-life is ~0.5 

hr.   

Accurate simulation of the reaction between chloroethenes and MnO4
-
 using the second 

order kinetic approach shown in Equation 3-3 would require a very short time step, which 

would significantly increase the computation times for 3D heterogeneous simulations.  In this 

work, we have chosen to represent the reaction between M and C as an instantaneous 

reaction where 
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/

/

/

When concentration of * *

* * 0

otherwise

0 / *

C M C

C M C

M C

M C R Y

M M C R Y and C

M and C C M R Y



  

  

 

Given the rapid reaction between chloroethenes and MnO4
-
, this simplification has 

minimal impact on the simulation results while substantially reducing computation times. 

3.2.2 Permanganate Consumption by Aquifer Material 

When MnO4
-
 is injected into the subsurface, a portion of the material reacts with the 

target contaminant and a portion reacts with the aquifer material including natural organic 

matter and reduced iron, manganese and sulfur minerals referred to as the Natural Oxidant 

Demand (NOD) .  When NOD is high, only a small fraction of the MnO4
-
 injected may 

actually react with the contaminant and the large majority may be consumed through reaction 

with NOD (Siegrist et al., 2001).  If the NOD is not considered, the MnO4
-
 will be depleted 

more rapidly than expected and treatment efficiency may be less than desired.  

The most common approach for simulating the reaction between MnO4
-
 and NOD has 

been to model the process as a second order relationship (Zhang and Schwartz, 2000) with 

NOD composed of fast and slowly reacting fractions (Urynowicz et al., 2008; Xu and 

Thomson, 2009).  In Chapter 2, we evaluated the ability of six different kinetic models to 

simulate MnO4
-
loss in experimental incubations using 50 different soils from a variety of 

sites and found that MnO4
-
consumption can be accurately simulated using the commonly 

employed second order fast/slow model.  However, a somewhat simpler approach that 

assumes NOD is composed of one fraction that reacts instantaneously with MnO4
-
 and a slow 
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NOD component that reacts with MnO4
-
 by a second order relationship also provided good 

results, with much shorter computation times.   

In this work, we have simulated MnO4
-
 consumption by NOD using instantaneous/slow 

reaction approach proposed in Chapter 2 where NOD is assumed to be composed of two 

fractions – instantaneous NOD (NI) and slow NOD (NS).  The instantaneous reaction 

between M and the NI is computed  

When concentration of * /

* / 0

Otherwise

0 * /

I B

B I I

I I B

M N

M M N and N

M and N N M

 

 

 



  

  

 

The second order reaction between M and NS is represented 

2 /B S S

dM
k N M

dt
    

2
S

S S

dN
k N M

dt
 

 

and, 

NI =   Instantaneous NOD (mol/kg) 

NS =   Slow NOD (mol/kg)  

ρB =   bulk density (kg/l)  

YM/C =  molar ratio of M to C consumed (mol/mol) 

k2S =   second order Slow NOD consumption rate (l/mol-d) 
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Hønning et al. (2007), Urynowicz (2008), and Xu and Thomson (2009) have reported 

that the initial consumption of MnO4
-
 by NOD is not actually instantaneous and occurs at 

measureable rates in laboratory studies (0.02 to 0.5 h
-1

).  However in the context of ground 

water flow, these rates are very rapid, resulting in essentially complete depletion of the ‘fast’ 

fraction of NOD within 48 hours when MnO4
-
 is present in excess.  Accurate simulation of 

the initial consumption of MnO4
-
 by both fast and slow NOD would significantly increase the 

computation times for realistic field simulations, without a significant impact on simulation 

results. 

In Chapter 2, we provide cumulative frequency distributions for each model parameter.  

Large variations in each of the parameters were observed reflecting the wide variations in 

amount and reactivity of NOD in natural soils.  Total NOD varied from 0.2 to over 150 g 

KMnO4/kg (0.0013 to 0.95 mol/kg) similar to previous ranges reported (Hønning et al., 2007; 

Mumford et al., 2005; Siegrist et al., 2001; Urynowicz, 2008; Xu and Thomson, 2009).  The 

fraction fast/instantaneous varied from 1% to 67% with median of 13%.  The slow NOD 

reaction rate varied between 0.001 and 1 l/mmol-d with a median of 0.02 l/mmol-d.  Since 

we employed a slightly different equation formulation than in prior studies, kinetic 

parameters cannot be directly compared.  However, the overall trends in MnO4
-
 consumption 

with time were similar to those observed by Hønning et al. (2007), Urynowicz (2008), and 

Xu and Thomson (2009).   
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3.2.3 Numerical Implementation 

Groundwater flow and solute transport were simulated using the MODFLOW 

(Harbaugh et al., 2000), and RT3D (Clement, 1997) engines within GMS (Aquaveo, 2008).  

Contaminant and MnO4
-
 transport were simulated with the Third order TVD scheme 

(ULTIMATE) within the RT3D numerical model.  Dispersion was simulated with the GCG 

Package including the full dispersion tensor.  The chemical reactions between M, C, NI, and 

NS were implemented through a FORTRAN 90 code compiled using Visual FORTRAN 

compiler in dynamic link libraries (rxns.dll) and formatted to fit the user-defined reaction 

package in RT3D.  Chemical reaction terms were solved using the general Gear solver.  

3.2.4 Model Assumptions 

The modeling approach employed in this work assumes: (a) contaminants are not 

present as non-aqueous phase liquids; (b) partitioning of contaminants between the dissolved 

and sorbed phases can be approximated by a linear – equilibrium isotherm; (c) precipitation 

of manganese oxides does not significantly influence the permeability distribution; and (d) 

the higher density of the MnO4
-
 injection solution does not significantly influence flow. 

While ISCO can be used to treat NAPL impacted aquifers, MnO4
-
 is also commonly 

used to treat sites that only contain aqueous and sorbed contaminants without NAPLs.  In an 

extensive review of ISCO cases studies, Krembs et al. (2010) found that DNAPLs was 

reported at only half of the chloroethene impacted sites.  At lower concentration sites without 

DNAPLs, MnO4
-
 will be primarily consumed by NOD and manganese dioxide precipitates 
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(represented as MnO2) will be distributed throughout the aquifer.  The median MnO4
-
 dose 

reported by Krembs et al. (2010) would result in the formation of 0.3 g MnO2/kg of aquifer.  

Assuming a density of 1 g/ml, the MnO2 would occupy approximately 0.3% of the aquifer 

pore space suggesting that MnO2 clogging may not be a major concern at sites without 

DNAPLs.  

Ibaraki and Schwartz (2001) showed that density effects significantly reduced sweep 

efficiency in a homogeneous aquifer when the ratio of the Grashof number (Gr) to Reynolds 

number (Re) was greater than 3.  However, density effects were less important in 

heterogeneous aquifers.  Gr/Re can be calculated as  

Gr/Re = (gk/ υq) Δρ/ρ 

where q is the Darcy flux, k the intrinsic permeability, υ is the kinematic viscosity of 

the fluid, Δρ/ρ is the relative density difference between the injected and host fluids.  

Replacing the Darcy flux, q, with [(gk/υ) (dh/dl)], 

Gr/Re = Δρ/ρ / (dh/dl) 

Δρ/ρ can be estimated by the relationship                where       is 

reported to vary between 0.65 and 0.68 (Henderson et al., 2009).  For most of the simulations 

presented in this study (base case with SFV = SFM defined below), the MnO4
-
 concentration 

(M) was 0.055 mol/l (0.009 g/cm
3
) resulting in a value of Δρ/ρ = 0.006.  For the simulations 

presented below, the ambient (background) dh/dl varied from 0.04 for high heterogeneity to 

0.004 for low heterogeneity conditions causing Gr/Re to varying from 0.14 to 1.4.  This 

indicates that density effects are not expected to significantly impact MnO4
-
 distribution in 
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these simulations.  During the injection phase, hydraulic gradients are much higher and 

Gr/Re was much lower throughout the target treatment zone for all simulations.  

These results indicate that for the conditions of this study, aquifer clogging with 

precipitated MnO2 and density effects were unlikely to have a major impact on 

MnO4
-
 distribution.  The results presented below are expected to be reasonably representative 

of performance in source areas that do not contain significant amounts of DNAPLs.   

3.3 Base Case Simulation Results 

Dissolved MnO4
-
 can be distributed using recirculation or injection only systems.  

Recirculation systems can be effective in distributing reagents significant distances through 

the subsurface and are particularly useful where drilling costs are high or site access 

limitations restrict injection point installation.  Injection only systems require periodic 

injection of a MnO4
-
 solution through a grid of temporary or permanent injection points.  

Permanent wells allow injection of larger volumes of MnO4
-
 solution with a larger well 

spacing.  The volume of fluid injected through individual direct-push injection points is 

typically lower, requiring closer injection point spacing.  The location of direct-push 

injection points can be easily shifted over time to reduce the size of untreated zones.   

In this section, a series of numerical model simulations are conducted to evaluate the 

effect of the design variables and aquifer characteristics on the performance of injection only 

ISCO systems using dissolved MnO4
-
 as the oxidant. 
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3.3.1 Model Setup and Base Case Conditions 

Figure 3-1 shows a hypothetical injection grid for area treatment of a 12 m x 13 m 

source area.  The injection system consists of five rows of injection wells.  Wells in each row 

are spaced 3.25 m on-center and rows are spaced 3 m apart.  Alternating rows are offset with 

the objective of improving reagent distribution.  A subsection of the treatment area shown by 

the dashed rectangle near the center of Figure 3-1 was simulated with a 3D spatially 

heterogeneous permeability distribution to evaluate the potential impacts of spatial 

heterogeneity on reagent distribution and resulting treatment efficiency.  For a uniform well 

spacing, this subsection (Figure 3-2) can be repeated over and over again to evaluate 

performance of the overall treatment system.  The background hydraulic gradient was 

established using constant head cells along the up-gradient and down-gradient boundaries of 

the grid.  No flow boundaries are placed to simulate a recurring pattern of injection wells 

perpendicular to groundwater flow. 

The permeability field was represented as a spatially correlated random field where the 

variance of natural log of permeability K (Ln σ
2
) was varied from 0.25 for low heterogeneity, 

1.0 for medium heterogeneity, to 4.0 for high heterogeneity aquifers (Table 3-1).  These 

values were selected to represent the range of values that have been observed in prior field 

studies.  For example, reported values of Ln σ
2
 for ‘low heterogeneity aquifers’ include 0.29 

for the Borden aquifer (Sudicky, 1986) and 0.24 for the Cape Cod aquifer (Hess et al., 1992).  

In contrast, the Columbus Air Force Base aquifer is reported to have a Ln σ
2
 value of 4.5 

(Rehfeldt et al., 1992) and was assumed to be representative of ‘high heterogeneity’ aquifers.  
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‘Medium’ heterogeneity aquifers might include Fanshawe (Ln σ
2
 = 0.42, Oldenborger et al., 

2002), Bemidji (Ln σ
2
 = 0.86, Dillard et al., 1997), and Aefligen aquifers (Ln σ

2
 = 2.15, 

Hufschmied, 1986).  The realizations were generated using the turning bands method 

(Tompson et al., 1989) with a horizontal correlation length (λH) of 2 m and a vertical 

correlation length (λZ) of 0.2 m.  Five realizations of the permeability distribution were 

simulated for each level of heterogeneity to evaluate whether differences in the spatial 

arrangement of the high and low permeability zones would have a significant impact on 

performance when the variance of natural log of permeability K (Ln σ
2
) remained constant. 

 

 

 

Figure 3-1 Hypothetical injection grid showing target treatment zone 
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Table 3–1 Aquifer characteristics for low, medium, and high levels of heterogeneity 

Parameter 
Low 

Heterogeneity 

Medium 

Heterogeneity 

High 

Heterogeneity 

Average permeability (m/d) (Kave) 5 0.50 0.05 

Variance of Ln K (σ
2
) 0.25 1.0 4.0 

Horizontal correlation length (m) (λH) 2.0 2.0 2.0 

Vertical correlation length (m)(λz) 0.2 0.2 0.2 

Background gradient (dh/dL) 0.004 0.01 0.04 

Average velocity (m/d) (Vave) 0.1 0.025 0.01 

 

 

For the base case simulations presented below, an injection well spacing of 3 m to 3.25 

m was selected or approximately 150% of the horizontal correlation length.  This well 

spacing is commonly used at many remediation sites and it represents a 'worst case' condition.  

In preliminary work, heterogeneity effects were found to be less important when well spacing 

was much greater than λH, since impacts on reagent transport are averaged out over multiple 

high and low K zones.  When well spacing is much less than λH, a well will be within a 

single high or low K zone and the aquifer will behave as homogeneous.   

Standard base case conditions for the simulations are summarized in Table 3-2.  Overall 

dimensions for the simulation grid are 18 m * 3.25 m * 3 m vertical thickness with Δx = 0.25, 

Δy = 0.25 m, and Δz = 0.05 m resulting in a 13 * 73 * 60 grid containing 56,160 cells.  The 

effective injection rate was 4 L/min (5.76 m
3
/d) for each well.  For the base case simulations, 

the initial contaminant (PCE) concentration = 0.0761 mmol/l (12,620 µg/L), RC = 10, NODI 

=0.00025 mol/kg, NODS = 0.00475 mol/kg, and k2S=0.02 l/mol-d.  The NOD kinetic 
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parameters are representative of a typical site with moderately low NOD that would be a 

reasonably good candidate for treatment with permanganate (in Chapter 2).  The injection 

rate for wells located on the treatment zone boundary (wells 1-4) were reduced by 50%, since 

half of oxidant and fluid injected into these wells would migrate outside of the target area 

(white area in Figure 3-2).  

 

 

Table 3–2 Base case conditions for 3D simulations 

Parameter Value Units 

Well spacing perpendicular to flow (Sx) 3.25 m 

Well spacing parallel to flow (Sy) 3 M 

Vertical thickness of treatment zone (Z) 3 M 

Effective porosity (ne) 0.2 - 

Bulk Density 2000 kg/m
3
 

Longitudinal Dispersivity (αL) 0.01 M 

Transverse Dispersivity (αT) 0.001 M 

Vertical Dispersivity (αV) 0.0002 M 

Molecular diffusion coefficient 8.64E-05 m
2
/d 

Stoichiometric coefficient (YM/C) 1.33 mol/mol 

Slow NOD reaction rate (k2S) 0.02 l/mol-d 

Initial Contaminant Concentration 7.61E-05 mol PCE/l 

Contaminant Retardation Factor (RC) 10 - 

Injection flow rate per well (Q) 5.76 m
3
/d 

Total NOD (NI  + NS) 0.005 mol/kg 

Ratio Instantaneous NOD to Total NOD 0.05 - 

Permanganate Injection Concentration (MI) 0.055 mol/l 
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Figure 3-2 Model domain for small grid numerical simulations. 

 

 

3.3.2 Simulation Domain and Boundary Conditions 

A series of simulations were conducted to examine the effect of the simulation domain 

and boundary conditions on treatment efficiency.  Simulations were conducted for the large 

2D simulation grid (Figure 3-3) and small simulation grid (Figure 3-4) for both 2D 

homogeneous and 3D heterogeneous conditions.  All model parameters were identical to the 

base case conditions in Table 3-2.   

Figure 3-3 shows the MnO4, NODI, NODS, and contaminant distributions in plan-view 

at 10, 90 and 180 days after the start of MnO4
-
 injection (injection duration = 0.25 days) for 

SFV = SFM = 0.25 for the large scale homogeneous 2D simulations.  The dark red indicates 

higher values for that parameter, while light pink or white indicates lower values.  In this 

simulation, the wells are injected sequentially.  For SFV = SFM =0.25, 0.25 pore volumes of 
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water are injected with sufficient MnO4 to consume 25% of the ultimate oxidant demand 

within the treatment zone.   
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Figure 3-3 Simulation results for 2D homogeneous aquifer showing MnO4
-
, NODI, and 

NODS, and contaminant distributions at 10, 90, and 180 days after injection 

for SFV = SFM = 0.25. 
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Immediately after injection, MnO4 concentrations are highest immediately adjoining 

the injection points.  Over the next 180 days, the dissolved MnO4 migrates down-gradient 

and is eventually consumed by reaction with NODI, NODS, and the contaminant.  NODI is 

depleted (indicated by white) in any area contacted by MnO4.  The areas were NODS is 

depleted are somewhat smaller than the NODI depleted areas, indicating substantial amounts 

of NODS remain in areas that were temporarily contacted by MnO4.  Prior to injection, the 

contaminant concentration was 0.0761 mmol/L (12,620 µg/L) throughout the simulation 

domain.  Displacement of contaminant outside the box was limited by sorption to the aquifer 

matrix (RC=10 in this simulation).  In these 2D homogeneous simulations, the longitudinal 

dispersivity was low (αL = 0.01 m), limiting mixing between MnO4
-
 and the contaminant 

resulting in incomplete contaminant degradation.  However if a larger dispersivity is used (αL 

= 0.50 m), MnO4 is rapidly dispersed throughout the treatment zone resulting in much more 

extensive contaminant degradation within 30 days (Figure 3-4).  Clearly, mixing of MnO4
-
 

throughout the target treatment zone can have a major impact on treatment efficiency.   
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Figure 3-4 Simulation results for 2D homogeneous aquifer showing contaminant 

distribution at 30 days after injection for SFV = SFM = 0.25 and longitudinal 

dispersivity (αL) = 0.01 m and 0.05 m. 

 

 

3.3.3 Scaling Factor 

To allow easy comparison between different simulations, the mass of reagent injected 

and volume of fluid injected are presented as dimensionless scaling factors.  The volume 

scaling factor (SFV) is the ratio of fluid (reagent plus water) injected to the pore volume of 

the target treatment zone where  

SFV = volume of water injected / pore volume of target treatment zone 

The mass scaling factor (SFM) is the ratio of reagent injected to the ultimate oxidant 

demand (UOD) of the target treatment zone where 

SFM = MnO4
-
 mass injected / (UOD * sediment mass in target treatment zone) 
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UOD = NODI + NODS + CI * RC* YM/C * θ /ρB 

and, 

NODI =  Instantaneous NOD (mol/kg) 

NODS =  Slow NOD (mol/kg)  

CI =   Initial contaminant concentration in treatment zone (mol/l)  

RC =   linear equilibrium retardation factor of the contaminant 

YM/C =  molar ratio of M to C consumed (mol/mol) 

The ratio of SFM / SFV is an indicator of relative concentration.  For example, when 

SFM / SFV = 1, the injected MnO4
-
 concentration is 0.055 mol/l (8,700 mg/l KMnO4) and 

when SFM / SFV = 5, the injection concentration is 0.275 mol/l.  The reaction with PCE will 

be very rapid at these and much lower MnO4
-
 concentrations indicating the instantaneous 

reaction assumption is valid.  

3.3.4 Typical Simulation Results 

Figure 3-5 and 3-6 show simulated permeability, MnO4
-
, NODI, NODS, and 

contaminant distributions in both plan (Figure 3-5) and longitudinal cross-section (Figure 3-6) 

for the treatment zone subsection shown in Figure 3-2 at 120 days after the start of 

MnO4
-
 injection with SFV = SFM = 0.25 (injection duration = 0.25 d).  In these simulations, 

the wells are injected sequentially (from 1 to 5) and the aquifer was assumed to have medium 

heterogeneity (permeability realization #3).  For SFV = SFM =0.25, sufficient 0.055 mol/l 

MnO4
-
 solution is injected to fully saturate 25% of the pore space and consume 25% of the 

ultimate oxidant demand within the treatment zone.  The dark red indicates higher values for 
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that parameter, while light pink or white indicates lower values.  Immediately after injection, 

MnO4
-
 concentrations are highest immediately adjoining the injection points.  By 120 days, 

the dissolved MnO4
-
 has migrated down-gradient and is almost completely consumed by 

reaction with NODI, NODS, and the contaminant.  Immediately adjoining the injection wells, 

both the contaminant and NODI are completely depleted (indicated by white) by contact with 

MnO4
-
.  The areas were NODS is depleted are somewhat smaller than the NODI depleted 

areas, indicating substantial amounts of NODS remain in areas that were temporarily 

contacted by MnO4
-
.  Zones where the contaminant is partially depleted (indicated by pink) 

are slightly larger than for NODI due to transport of dissolved contaminants by groundwater 

flow.  In profile view (Figure 3-6), the effects of a heterogeneous permeability distribution on 

MnO4
-
 transport are more apparent.  In high permeability layers, MnO4

-
 migrates rapidly 

down-gradient resulting in more extensive depletion of NODI, NODS, and the contaminant 

from these layers.  However, substantial amounts of contaminant remain in the lower K 

zones that were not contacted by MnO4
-
.   
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Figure 3-5 Horizontal permeability, MnO4
-
, NODI, NODS, and contaminant distributions 

in top layer of aquifer (see Figure 3-6) at 120 days after injection for medium, 

heterogeneity aquifer (realization #3) when wells 1-5 are injected with SFV 

=SFM = 0.25.  Deep red indicates a very high concentration or value, white 

indicates very low or zero. 
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Figure 3-6 Vertical distribution in permeability, MnO4
-
, NODI, NODS, and contaminant 

in last row of aquifer (bottom row of Figure 3-5) at 120 days after injection 

(with medium heterogeneity aquifer (realization #1), wells 1-5 are injected 

with SFV = SFM = 0.25). 
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3.4 Sensitivity Analyses 

The numerical model simulations presented above indicate that MnO4
-
 injection can be 

effective in destroying contaminants in substantial portions of the simulation domain.  

However, significant portions of the model domain were not contacted with MnO4
-
 and 

consequently, large amounts of contaminant remain untreated.  Over time, this untreated 

contaminant will migrate down-gradient resulting in an apparent rebound in contaminant 

concentrations.  However, very high contact efficiencies are required to reach target cleanup 

standards at many sites.  In this section, sensitivity analysis results are presented illustrating 

the effect of site characteristics and design parameters on contact efficiency.   

In this work, three different measures of contact and treatment efficiency were 

examined.  The first is the Aquifer Volume Contact Efficiency (EV) where  

I
V

volume of treatment zone where NOD  is reduced by over 90%
E =

total volume of treatment zone  

The second is the Contaminant Mass Treatment Efficiency (EM) 

M

volume of treatment zone where over 90% of contaminant is removed
E =

total volume of treatment zone
 

The third is the un-reacted (U) fraction of injected MnO4
-
 

-

4

-

4

mass of injected MnO  - UOD
U=

mass of injected MnO


 

EV, EM, and U were typically evaluated at 120 or 180 days after injection for the target 

treatment zone, defined as the region between the first and third rows of injection wells 
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(shaded area) in Figure 3-2.  A MATLAB procedure was developed to query to model 

simulation results and generate statistics for EV, EM, and U. 

For the base case conditions, there is very little MnO4
-
 remaining within the treatment 

zone after 120 days due to consumption by the contaminant and NOD or is un-reacted 

MnO4
-
 that has migrated down-gradient out of the treatment zone.  This un-reacted MnO4

-
 (U) 

is essentially wasted, increasing costs without a significant benefit.  Equally important, un-

reacted MnO4
-
 that migrates down-gradient will turn the groundwater a bright purple color 

making it unacceptable for other uses.  In a small area, release of some un-reacted MnO4
-
 will 

not be a significant issue since the oxidant would be quickly consumed by NOD.  However, 

if MnO4
-
 is injected throughout a large grid with multiple rows of wells, the un-reacted 

MnO4
-
 from one cell will migrate down-gradient into another cell, increasing the oxidant 

loading and generating a cascading effect where additional MnO4
-
 is released down-gradient. 

3.4.1 Effect of Fluid Volume, Permanganate Mass and Time on Treatment Efficiency 

A series of simulations were conducted to examine the effect of injection fluid volume, 

MnO4
-
 mass, and time on treatment efficiency for 3D heterogeneous conditions.  Figure 3-7 

shows the variation in EV and EM as a function of MnO4
-
 mass injected (represented by 

variations in SFM) and time for SFV = 0.25.  This is equivalent to varying the 

MnO4
-
 concentration while keeping the injection volume constant at 0.25 pore volumes. 

MnO4
-
 concentrations varied from 0.022 mol/l (3.5 g/L KMnO4) for SFM = 0.1 to 0.22 mol/l 

(35 g/L) for SFM = 1.0. 
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For small amounts of MnO4
-
 injected (SFM < 0.25), MnO4

-
 is rapidly consumed and EV 

remains approximately constant over time.  The calculated value for EM is a maximum 

shortly after injection and then declines as contaminant from up-gradient migrates into the 

down-gradient target treatment zone.  When greater amounts of MnO4
-
 are injected (SFM ≥ 

0.5), EV and EM increase gradually with time, due to down-gradient migration and dispersion 

of dissolved MnO4
-
.  The increase in EV and EM with time is greatest for the highest values of 

SFM, since larger amounts of MnO4
-
 would last the longest, allowing for the greatest 

drift/dispersion.  The overall trends in EV and EM shown in Figure 3-7 are similar, suggesting 

that tracking both EV and EM is unnecessary.  In later figures, only results for EV will be 

presented when the impact on EV and EM is similar.  However if model results indicate 

substantial differences in EV and EM, both performance measures will be presented. 
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Figure 3-7 Variation in aquifer volume contact efficiency and contaminant mass 

treatment efficiency (EM) with time where fluid injection volume is held 

constant (SFV = 0.25) and permanganate mass varies (SFM varies from 0.1 to 

1.0). 
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Figure 3-8 shows the effect of varying MnO4
-
 mass (varying SFM) and varying fluid 

volume (varying SFV) on EV and U at 180 days.  For relatively small amounts of 

MnO4
-
 injected (constant SFM = 0.1 to 0.25), diluting the MnO4

-
 with more water (increasing 

SFV) results in a substantial improvement in EV.  However, it also results in a substantial 

increase in the amount of un-reacted MnO4
-
 carried down-gradient out of the target treatment 

zone.  For larger masses of MnO4
-
 injected (SFM = 0.5 to 0.75), injecting large amounts of 

water provides less benefit in terms of improved contact efficiency (EV), but also less 

negative impacts associated with migration of MnO4
-
 out of the target treatment zone.  For 

relatively small injection volumes (SFV = 0.1 to 0.25), increasing MnO4
-
 mass injected 

(increasing SFM) results in a substantial increase in both EV and U.  This trend is due to 

down-gradient drift/dispersion of MnO4
-
 when larger amounts of reagent are injected.  The 

highest volume contact (EV) occurs when both SFV and SFM are increased, but also results in 

the release of MnO4
-
 outside of the target treatment zone (U).  Injecting larger amounts of 

water (increasing SFV) result in more rapid distribution of the MnO4
-
 before it is consumed 

by reaction with NODS.  Injecting more MnO4
-
 (increasing SFM) allows the MnO4

-
 to last 

longer, contacting a greater portion of the aquifer.  Lower SFM / SFV ratios are equivalent to 

lower MnO4
-
 concentrations and result is slower oxidant consumption by NODS.  The 

optimum values for SFM and SFV will depend on a variety of factors including site specific 

conditions and costs for drilling, labor, and MnO4
-
. 

Treatment efficiency is generally good when SFM = SFV since the mass of 

MnO4
-
 injected is equal to the ultimate oxidant demand (UOD) of that portion of the aquifer 
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immediately contacted by the injection solution.  A SFM / SFV ratio = 1.0 will be used in 

subsequent analyses examining the effect of different parameters on EV.   

 

 

 

Figure 3-8 Variation in aquifer volume contact efficiency (EV) and fraction un-reacted 

MnO4
-
 (U) at 180 days after injection with mass and volume scaling factors. 
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3.4.2 Effect of Simulation Grid 

Figure 3-9 shows how the simulated aquifer volume contact efficiency (EV) varies as a 

function of fluid volume and MnO4
-
 mass injected (represented by variations in SFV and 

SFM) and simulation grid/boundary conditions.  For all the simulation results presented in 

Figure 3-9, SFM = SFV which is equivalent to varying the volume of injection solution while 

keeping the MnO4 concentration constant.  For each of the three simulation grid / boundary 

condition combinations, increasing the volume of MnO4 solution injected results in a similar 

increase in aquifer volume contact efficiency (EV), indicating the small injection grid 

adequately reproduces results from the larger grid.   

 

 

 

Figure 3-9 Effect of simulation grid on (a) aquifer volume contact efficiency (EV) for 

varying amount of permanganate solution injected (SFM = SFV).  EV and EM 

are computed at 120 days after injection. 
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3.4.3 Effect of Injection Design Parameters on Performance 

Figure 3-10 shows the effects of varying the injection well spacing on EV and U at 180 

days when the well spacing in a row is 3.25 m or 6.25 m, and the spacing between rows of 

injection wells is 3, 6, 9, or 12 m.  In these simulations, the amount of solution injected per 

well is varied so that the total volume of fluid and mass of MnO4
-
 injected per volume of 

treatment zone (SFV and SFM) remained constant for different well and row spacings.  For 

both 3.25 and 6.25 m well spacing, increasing the row spacing had a modest impact on 

volume contact efficiency (EV) and fraction un-reacted MnO4
-
 (U) when SFV = SFM was less 

than 0.25.  However for larger values of SFV = SFM (>0.5), increasing the row spacing had a 

substantial negative impact, reducing volume contact efficiency and increasing the amount of 

un-reacted MnO4
-
 released down-gradient. 
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Figure 3-10 Effect of well spacing on EV and U at 180 days for SFV = SFM in a medium 

heterogeneity aquifer. 

 

 

Figure 3-11 shows the effects of performing multiple injections when the total fluid and 

mass of MnO4
-
 is held constant.  Results are presented for EV at 180 days after the first 

injection.  In these simulations, the volume of injection solution was split into multiple 

injection events while the total volume of material injected remained constant.  For a single 
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injection and SFV = SFM=1, 5.8 m
3
 of 0.055 M MnO4

-
 solution (100% injection) was injected 

into each well from Day 0 to 10.  For the four injections and SFV = SFM = 1, 1.45 m
3
 of 0.055 

M MnO4
-
 solution (25% injection) was injected into each well on Days 0, 45, 90, and 135.   

 

 

 

Figure 3-11 Effect of reinjection on EV and U at 180 days for SFV= SFM in a medium 

heterogeneity aquifer. 

 

 

MnO4
-
 is often injected through multiple injection events in an effort to increase contact 

efficiency.  Results presented in Figure 3-11 indicate that, if the total volume of fluid injected 

and mass of reagent is held constant, multiple injection events through the same wells will 

not increase contact efficiency compared to a single large injection event, and can increase 
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the amount of un-reacted MnO4
-
 released down-gradient.  This occurs because several small 

injections through the same wells repeatedly treat the same area around the wells, with little 

increase in the fraction of aquifer contacted.  Similar results are obtained when the 

groundwater flow velocity is increased by a factor of ten or reduced by a factor of ten (Figure 

3-14).  However if the injection wells or points are relocated after each injection, multiple 

injections will improve contact since this would be similar to using a smaller well spacing. 

3.4.4 Effect of Site Characteristics on Performance 

A series of sensitivity analyses were conducted to examine the effect of the following 

model input parameters on contact efficiency (EV): (1) the Slow NOD reaction rate (k2S); (2) 

the Total NOD (NI + NS); (3) the ratio of NODI to Total NOD; (4) groundwater flow velocity; 

(5) the initial contaminant concentration; (6) the contaminant retardation factor (R); and (7) 

the level of heterogeneity.  Model parameters for each simulation are listed in Table 3–3.  In 

all simulations, there was a single MnO4
-
 injection with SFV = SFM.   
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Table 3–3 Input parameters used in sensitivity analyses. 

   
Ratio to 

Base 

Initial C 

(mmol/L) 

Total NOD 

(mol/kg) 
NODI (mol/kg) 

k2S  

(L/mol-day) 

Fraction NODI  

(%) 

Slow reaction rate 

0.1 0.0761 0.005 0.00025 0.002 5 

1 0.0761 0.005 0.00025 0.02 5 

2.5 0.0761 0.005 0.00025 0.05 5 

Total NOD 

0.2 0.0761 0.001 5E-05 0.02 5 

1 0.0761 0.005 0.00025 0.02 5 

4 0.0761 0.02 0.001 0.02 5 

Fraction Instantaneous 

NOD 

0.2 0.0761 0.005 5E-05 0.02 1 

1 0.0761 0.005 0.00025 0.02 5 

2 0.0761 0.005 0.0005 0.02 10 

Initial Contaminant 

Concentration 

0.1 0.00761 0.005 0.00025 0.02 5 

1 0.0761 0.005 0.00025 0.02 5 

10 0.761 0.005 0.00025 0.02 5 

Retardation Factor 

0.1 0.0761 0.005 0.00025 0.02 5 

1 0.0761 0.005 0.00025 0.02 5 

10 0.0761 0.005 0.00025 0.02 5 

Groundwater Velocity 

0.1 0.0761 0.005 0.00025 0.02 5 

1 0.0761 0.005 0.00025 0.02 5 

10 0.0761 0.005 0.00025 0.02 5 

Heterogeneity Level 

LOW 0.0761 0.005 0.00025 0.02 5 

MID 0.0761 0.005 0.00025 0.02 5 

HIGH 0.0761 0.005 0.00025 0.02 5 
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Table 3–3 Continued 

   R 

MnO4
- 

Injection Conc. 

(mol/L) 

kave  

(m/day) 
Ln σ

2
 

Back-ground 

Gradient (dh/dL) 

Vave  

(m/day) 

Slow reaction rate 

10 0.055 0.5 1 0.01 0.025 

10 0.055 0.5 1 0.01 0.025 

10 0.055 0.5 1 0.01 0.025 

Total NOD 

10 0.015 0.5 1 0.01 0.025 

10 0.055 0.5 1 0.01 0.025 

10 0.205 0.5 1 0.01 0.025 

Fraction Instantaneous 

NOD 

10 0.055 0.5 1 0.01 0.025 

10 0.055 0.5 1 0.01 0.025 

10 0.055 0.5 1 0.01 0.025 

Initial Contaminant 

Concentration 

10 0.051 0.5 1 0.01 0.025 

10 0.055 0.5 1 0.01 0.025 

10 0.101 0.5 1 0.01 0.025 

Retardation Factor 

1 0.051 0.5 1 0.01 0.025 

10 0.055 0.5 1 0.01 0.025 

100 0.101 0.5 1 0.01 0.025 

Groundwater Velocity 

10 0.055 0.5 1 0.001 0.0025 

10 0.055 0.5 1 0.01 0.025 

10 0.055 0.5 1 0.1 0.25 

Heterogeneity Level 

10 0.055 5 0.25 0.004 0.1 

10 0.055 0.5 1 0.01 0.025 

10 0.055 0.05 4 0.04 0.01 
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Figure 3-12a shows the effect of varying the slow NOD reaction rate (k2S) from 0.002 

to 0.05 L/mol-day.  This parameter range was selected based on the results in Chapter 2 that 

found that 80% of the observed k2S values were between 0.003 and 0.4 L/mmol-d.  Lower 

values of k2S of result in an increase in both EV and U due to slow consumption of 

MnO4
-
allowing greater oxidant distribution and down-gradient migration.  However, 

increasing the observed k2S above the base value of 0.02 L/mmol-d did not have a major 

impact because the reaction is already relatively fast compared to groundwater flow. 

Figure 3-12b shows the effect of varying the total NOD from 0.001 to 0.02 mmol/g.  In 

Chapter 2, we found that 80% of the total NOD values were between 0.002 and 0.158 

mmol/g with a median value of 0.028 mmol/g.  In these simulations, we simulate the lower 

range of total NOD values, since ISCO with MnO4
-
 is not practical for aquifer material with 

very high NOD.  Lower values of total NOD result in an increase in both EV and U, even 

though the actual mass of MnO4
-
 was reduced proportionately to maintain a constant value of 

SFM.  The increase in EV and U is likely due to the slower rate of MnO4
-
consumption by 

NODS.  For example, a factor of 5 reduction in total NOD (and NODS) could result in up to a 

factor of 5 drop in injected MnO4
-
 concentration (for constant SFM) and a factor of 25 drop in 

the initial consumption rate.  However, increasing Total NOD by a similar amount does not 

result in a similar change in EV and U since the NODS consumption rate is relatively fast for 

the base case conditions. 

 

 



 

 

86 

 

Figure 3-12 Effect of (a) slow NOD reaction rate (KS), (b) total NOD, and (c) fraction 

NODI on EVand U at 180 days for SFV=SFM: 
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The fraction instantaneous NOD (Figure 3-12c), initial contaminant concentration, and 

contaminant retardation factor (Figure 3-13b and 3-13c) had minimal impact on EV when the 

amount of MnO4
-
 injected was varied to maintain a constant SFM.  This indicates that the 

mass scaling factor approach can provide an effective method of estimating the amount of 

MnO4
-
 required when reactions are fast or instantaneous.  In contrast, increasing the 

groundwater velocity from the base value of 0.025 to 0.25 m/day, increased EV and U due to 

the more rapid transport of MnO4
-
 compared to consumption by NODS (Figure 3-13a).  

Higher values of initial contaminant concentration and retardation factor increased fraction of 

MnO4
-
 released down-gradient (U) due to slow the larger mass of MnO4

-
 injected for constant 

SFM. 

Figure 3-14 shows how the ambient groundwater velocity difference changes the 

effects of multiple injection events on aquifer volume contact efficiency (Ev) and unreacted 

MnO4
 
(U).  The result presented in Figure 3-14 is compliant with the result of Figure 3-11 

that, if the total volume of fluid injected and mass of reagent is held constant, multiple 

injection events through the same wells will not increase contact efficiency compared to a 

single large injection event, and can increase the amount of un-reacted MnO4 released down-

gradient.   
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Figure 3-13 Effect of (a) groundwater velocity, (b) initial contaminant concentration (C), 

and (c) contaminant retardation factor (R) on EV and U at 180 days for SFV = 

SFM. 
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Figure 3-14 Effect of groundwater velocity with reinjection on aquifer volume contact 

efficiency (EV) and un-reacted MnO4
-
(U) at 180 days for SFV = SFM in a 

medium heterogeneity aquifer. 
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Figure 3-15 shows the effect of varying the level of aquifer heterogeneity on EV, EM, 

and U.  The error bars represent the standard deviation of these values obtained for the five 

different realizations simulated for each level of heterogeneity.  For a given volume of 

MnO4
-
 solution injected, aquifer volume contact efficiency (EV) is highest and U is lowest for 

the low heterogeneity permeability distribution.  EV decreases and U increases as the level of 

heterogeneity increases.  This is due to flow bypassing around lower permeability zones, 

causing these zones to remain un-contacted.   
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Figure 3-15 Effect of low, medium and high aquifer heterogeneity on EV, EM, and U at 180 

days (SFV = SFM) (error bars show the standard deviation observed in five 

permeability realizations for each level of heterogeneity). 
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Aquifer heterogeneity appears to have a complex interaction with contaminant mass 

removal.  For volume and mass scaling factors (SFV and SFM) less than 0.75, the medium and 

high heterogeneity distributions result in a somewhat higher treatment efficiency than the low 

heterogeneity distribution.  However, for SFV = SFM = 1, EM is lower for the high 

heterogeneity simulations than the medium and low heterogeneity simulations.  The presence 

of higher permeability channels in the medium and high heterogeneity simulations may allow 

more rapid transport of MnO4
-
 away from the injection well when only a small amount of 

fluid is injected.  Once MnO4
-
 is distributed throughout the treatment zone, contaminants can 

diffuse out of lower permeability layers and come in contact with MnO4
-
, somewhat 

increasing EM.  However, high levels of heterogeneity limit the maximum EM that can be 

achieved since the MnO4
-
 will migrate down-gradient, out of the treatment zone, before it has 

time to completely penetrate lower permeability zones.   

3.5 Discussion and Conclusions 

A total of 75 numerical simulations were performed to examine the effect of injection 

system design and aquifer characteristics on MnO4
-
 transport and contaminant removal in 3D 

heterogeneous aquifers.  Model simulation results indicate that the two parameters with the 

greatest impact on aquifer contact efficiency and contaminant treatment efficiency are: (1) 

the mass of permanganate injected; and (2) the volume of water injected.  To allow easy 

comparison between different simulations, the mass of permanganate injected and volume of 

fluid injected were represented as dimensionless scaling factors.  The volume scaling factor 
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(SFV) is equivalent to the pore volume of fluid injected.  The mass scaling factor (SFM) is the 

ratio of reagent injected to the ultimate oxidant demand (UOD) of the target treatment zone.  

When small amounts of permanganate are injected, the reagent is rapidly consumed and 

contaminant removal efficiency does not increase with time after the first 30 days.  However, 

when larger amounts of permanganate are injected, the reagent can persist for several months 

resulting in a gradual increase in treatment efficiency with time.  For constant permanganate 

mass, increasing fluid volume injected initially results in an improvement in treatment 

efficiency.  However, further increases in fluid volume injected result in little additional 

benefit.  Conversely, when fluid volume is held constant and permanganate mass is increased, 

treatment efficiency steadily increases, due to down-gradient drift/dispersion of 

permanganate when larger amounts of reagent are injected.  However, increasing mass of 

MnO4
-
 injected, also increases the amount of MnO4

-
 that migrates out of the target treatment 

zone (indicated by increasing fraction un-reacted MnO4
-
).   

Common approaches for improving remediation system performance include: (a) 

reducing the injection well spacing; and (b) performing multiple MnO4
-
 injections in the 

same well.  Numerical model simulations indicate that for moderately heterogeneous aquifers, 

well spacing within a row and row spacing have a modest impact on volume contact 

efficiency (EV) and fraction un-reacted MnO4
-
 (U) for small amounts of MnO4

-
 and fluid 

injected (SFV and SFM< 0.25).  However for larger amounts of reagent and fluid injected, 

increasing row spacing has a substantial negative impact, reducing volume contact efficiency 

and increasing the amount of un-reacted MnO4
-
 released down-gradient. 
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Simulation results indicate that, if the total volume of fluid injected and mass of reagent 

are held constant, multiple injection events do not increase contact efficiency compared to a 

single large injection event, and can increase the amount of un-reacted MnO4
-
 released down-

gradient.  This occurs because several small injections through the same wells repeatedly 

treat the same high permeability channels down-gradient of the injection wells.  However at 

many sites, it may not be practical to inject a large amount of water in a single injection due 

to pressure buildup in the aquifer and multiple injections are required.  In these cases, several 

small injections can significantly improve performance compared to just one small injection. 

The site characteristic sensitivity analysis indicate that high groundwater flow 

velocities can increase volume contact efficiency, but can also increase the mass of 

MnO4
-
 released downgradient.  Initial contaminant concentration has only a minor impact on 

remediation system performance, but can have a large impact on the fraction of 

MnO4
-
 released down-gradient.  Lower values of k2S and total NOD result in an increase in 

both EV and U due to slow consumption of MnO4
-
.  In contrast, the fraction of NODI has a 

negligible impact on EV and U. 

Aquifer heterogeneity has a complex relationship with remediation system performance.  

Increasing levels of heterogeneity have a negative effect on aquifer volume contact efficiency 

(EV) and fraction of MnO4
-
 released down-gradient (U).  However, medium and high levels 

of heterogeneity appear to increase contaminant mass treatment efficiency (EM) when only 

small amounts of MnO4
-
 solution are injected.  However, when large amounts of 

MnO4
-
 solution are injected, EM is lower for high heterogeneity simulations.  The presence of 
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higher permeability channels in the medium and high heterogeneity simulations may allow 

more rapid transport of MnO4
-
 away from the injection well when only a small amount of 

fluid is injected, improving contaminant treatment.  However, permanganate cannot penetrate 

the lower permeability zones in highly heterogeneous formations, reducing the maximum 

level of treatment that can be achieved.   
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CHAPTER      4  

Spreadsheet Based Modeling of ISCO with 

Permanganate 

4.1 Introduction 

In situ chemical oxidation (ISCO) using potassium permanganate (KMnO4) and sodium 

permanganate (NaMnO4) has been applied at hundreds (possibly thousands) of sites to 

chemically oxidize chlorinated ethenes, including perchloroethene (PCE), trichloroethene 

(TCE), dichloroethene (DCE), and vinyl chloride.  In most cases, a permanganate (MnO4
-
) 

solution is distributed throughout the treatment zone using a system of temporary injection 

points or permanent wells.  For ISCO to be effective, sufficient reagent (MnO4
-
) must be 

brought into contact with the contaminant to be treated.  This ends up being the critical 

challenge – effectively distributing treatment reagents in a heterogeneous aquifer is difficult 

and can be expensive.  An easy to apply tool is needed to improve the performance and cost 

effectiveness of ISCO.  CDISCO (Conceptual Design of In-Situ Chemical Oxidation) was 

developed to meet this need, allowing the designer to quickly compare the cost and potential 

performance of different conceptual designs.   

MnO4
-
 is most commonly applied to the subsurface for ISCO using grids of temporary 

injection points or permanent wells.  Using either approach, the primary design variables are: 

(1) the injection point spacing; (2) mass of MnO4
-
 to inject; and (3) volume of injected water 

to distribute the MnO4
-
 throughout the target treatment zone.  Ideally, these parameters would 
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be selected based on the results of a series of simulations using an advanced numerical model 

capable of simulating MnO4
-
distribution and contaminant treatment in a heterogeneous 

aquifer (Heiderscheidt et al., 2008; Henderson et al., 2009; Mundle et al., 2007; Zhang and 

Schwartz, 2000).  However, these advanced models are rarely used for most remediation sites 

due to limitations on time, cost, and available data.   

4.2 CDISCO Model 

CDISCO is a Microsoft Excel spreadsheet based tool, developed to assist designers in 

evaluating the effect of different design variables (well spacing, amount of reagent and water, 

injection rate, etc.) and site conditions (e.g. NOD) on remediation system performance and 

cost when MnO4
-
 is injected using a grid of uniformly spaced wells or injection points.  The 

user first enters information on aquifer characteristics (porosity, hydraulic conductivity, 

effective treatment zone thickness, longitudinal dispersivity, and effective aquifer thickness), 

natural oxidant demand (NOD) kinetic parameters, contaminant characteristics (initial 

concentration, retardation factor, and molar ratio of contaminant to MnO4
-
 consumed), 

injection conditions (MnO4
-
 concentration, flow rate, and duration), and target conditions 

(minimum oxidant concentration and duration to calculate the radius of influence [ROI]).  

The solute transport model then computes the spatial distribution of MnO4
-
, instantaneous 

NOD (NODI), slow NOD (NODS), and contaminant concentration as a function of radial 

distance at various times.  A numerical solution procedure is used to simulate 

MnO4
-
 transport away from the injection wells and reaction with the contaminant and the 
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NOD of the aquifer.  The effective ROI is determined based on a user specified contact time 

(CT) and minimum permanganate concentration (MinOx).  These are the concentrations of 

permanganate that the user would like to exist after a specific period of time.  The selection 

of these parameters is based on judgment and experience, and may vary based on the site 

conditions.  For more heterogeneous sites or where there may be significant sorbed or 

residual non-aqueous phase liquid (NAPL), the user may desire higher concentrations to 

persist for longer periods of time.   

The ROI and overlap factor (OF) are then used to determine required well spacing, and 

generate preliminary cost estimates.  Injection parameters can be quickly changed allowing 

designers to easily evaluate multiple alternatives and quickly identify lower cost, more 

effective designs.  The MnO4
-
 transport model was first validated by comparison with 

published analytical solutions and a previously developed 3D model (Chapter 3).  

Performance of the spreadsheet based model was then compared to results from 3D 

heterogeneous simulations for the same injection pattern, and used to identify an OF that can 

be used to guide the injection system design. 

4.2.1 NOD Kinetic Parameter Estimation 

Required NOD kinetic parameters for CDISCO include: (1) Total NOD (NODT); (2) 

fraction instantaneous NOD (f), and (3) second order slow NOD consumption rate (k2).  The 

NOD parameters can be measured in the laboratory by reacting aquifer material with a 

permanganate solution and measuring the change in permanganate concentration over time 

(ASTM, 2007).  Ideally, several replicate tests are run with a range of soil to MnO4
-
 mass 
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ratios to determine the effect of oxidant concentration on reaction kinetics.  Using 

experimental data generated from this procedure, CDISCO can be used to estimate NOD 

kinetic parameters.  For each aquifer material sample, an initial value for each model 

coefficient is assumed and the change in MnO4
-
 concentration with time is computed using a 

Visual Basic for Application (VBA) subroutine in CDISCO.  The global Root Mean Squared 

Error (RMSE) is then calculated by comparing simulation to experimental results for all 

treatments and replicates.  Finally, the Solver function in Excel searches for the parameter set 

that minimizes RMSE using a quasi-Newton search. 

When laboratory measurements of NOD are not available, kinetic parameters can be 

estimated from a database of kinetic parameters measured on 50 different aquifer material 

samples (from Chapter 2).  Cumulative frequency distributions are presented for the three 

required NOD parameters: (1) total NOD; (2) fraction instantaneous NOD; and (3) second 

order NOD reaction rate.  Chapter 2 discussed large variations in each of the parameters 

reflecting the wide variability in the amount and reactivity of NOD in natural aquifer 

materials.  Users should be aware that approximately half the aquifer material samples had a 

high total NOD such that ISCO with MnO4
-
 would probably not be cost effective at these 

sites so that the statics from this data set should be used with caution. 

4.2.2 Permanganate Transport Model 

Advective-dispersive transport of MnO4
-
 and the contaminant is simulated in CDISCO 

by representing the aquifer as a series of continuously stirred tank reactors (CSTRs).  The 

decline in velocity during radial flow away from the injection well is represented by 
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increasing the volume of each CSTR reactor outward from the injection well where the 

volume of reactor N (VN) is calculated as  

VN = Be n π [(αL + 2 (N-1) αL)
2
 - (αL + 2 (N-2) αL)

2
]    (4-1) 

where Be is the effective saturated thickness, n is porosity, αL is longitudinal 

dispersivity, and N is the reactor number.  Formally, this approach is a special case of the 

fully upwinded finite difference solution corrected for numerical dispersion presented by Van 

Genuchten and Wierenga (1974).  Numerical dispersion associated with evaluation of the 

time derivative is negligible (Van Genuchten and Wierenga, 1974), so longitudinal 

dispersion is simulated by setting the length of each reactor to 2 * αL.  The actual 

computations are performed in a Visual Basic Macro embedded in the CDISCO spreadsheet.  

The time step for each computation is automatically determined within Excel to minimize 

computational error. 

Model parameters are: 

C  Contaminant concentration  

M  Permanganate concentration  

Q  Reagent injection rate 

NT  Total NOD  

f  Fraction instantaneous NOD 

NI  Instantaneous NOD = f * NT 

NS  Slow NOD = (1-f) * NT 

YM/C  Molar ratio of contaminant to oxidant consumed  
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R  Contaminant retardation factor 

ρb  Aquifer bulk density  

n  Aquifer porosity  

kS  second order slow NOD consumption rate  

αL  Longitudinal dispersivity  

Be  Effective saturated thickness  

Consumption of MnO4
-
 by reaction with the target contaminant, NI, and NS are 

simulated using the model developed in Chapter 2 and 3.  The model computations are 

performed as follows. 

Step 1: Advective-Dispersive Transport of Oxidant and Contaminant 

The change in MnO4
-
 concentration (M) and contaminant concentration (C) are 

calculated for each reactor as 

  /I

dM
M M Q V

dt
         (4-2) 

   /I

dC
C C Q V R

dt
          (4-3) 

where MI and CI are influent concentrations entering the reactor from upgradient.  

CDISCO does not simulate slow mass transfer of contaminants from sorbed or non-aqueous 

phases, so in some cases, it may over estimate contaminant removal efficiency. 

Step 2: Instantaneous Reaction of Oxidant with Contaminant 

When excess oxidant is present, the contaminant concentration is set to zero and the 

oxidant concentration is reduced by an amount equal to C * YM/C * R.  When excess 
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contaminant is present, the oxidant concentration is set to zero and the contaminant 

concentration is reduced by an amount equal to M / (YM/C * R).  Mathematically, this is 

expressed as: 

1 1

/ /

1 1

/

, 0

/ 0

i i i i i i

M C M C

i i i i

M C

If M C RY then M M C RY and C

else C C M RY and M

 

 

     

    

  (4-4) 

where i is the current calculation step and i+1 is the succeeding step.  The approach is 

based on prior laboratory studies which have shown that PCE, TCE, and other chlorinated 

ethenes are rapidly degraded in the presence of excess MnO4
-
 (Huang et al., 2001; Waldemer 

and Tratnyek, 2006; Yan and Schwartz, 1999).  For example, in the presence of 5 mM of 

MnO4
-
 (800 mg/L KMnO4), PCE has a half-life of approximately 1 hour.   

Step 3: Instantaneous Reaction of Permanganate with Soil and Groundwater NOD 

When excess oxidant is present, the NI concentration is set to zero and the oxidant 

concentration is reduced by an amount equal to * /I BN n .  When excess NI is present, the 

oxidant concentration is set to zero and the NI is reduced by an amount equal to * / BM n  .  

Mathematically, this is expressed as: 

1 1

1 1

/ , / 0

/ 0

i i i i i i

I B I B I

i i i i

I I B

If M N n then M M N n and N

else N N M n and M

 



 

 

     

    

  (4-5) 

Step 4: Slow Consumption of Oxidant with NODS 

The permanganate concentration is further reduced by consumption of NS where the 

rate of oxidant loss with time is proportional to M * NS.  The amount of NOD undergoing this 

slower reaction is also reduced by this same reaction.  Bulk density and water filled porosity 
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are included in the equations to convert from aqueous concentrations to soil concentrations.  

Mathematically, this is expressed as: 

/S S B

dM
k N M n

dt
          (4-6) 

S
S S

dN
k N M

dt
          (4-7) 

Figure 4-1 shows typical output from the MnO4
-
 transport simulations.  The graph 

shows the variation in permanganate concentration versus distance at several different times 

(4, 8, 14, and 20 days for this simulation).  The table at the bottom shows input parameters 

for a series of prior simulations.  The effective ROI is computed based on a user specified 

minimum CT and MinOx. 
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Figure 4-1 Typical output from CDISCO transport model (screen shot). 

 

 

4.2.3 Cost Estimation 

CDISCO includes a simplified procedure to generate preliminary cost estimates based 

on the user specified treatment area dimensions, overlap factor, number of injection events 

planned, fixed cost (design, permitting, mobilization and other costs that are independent of 

the alternative selected), and unit costs for injection point installation, chemical reagents, and 

injection labor.  Two injection approaches are available with the model – injection through 
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direct push rods or through wells.  Cost factors are included for mobilization, labor, materials, 

equipment rental, travel, and subcontractor costs. 

Figure 4-2 shows typical output from a sensitivity analysis evaluating the effect of 

varying total NOD on costs.  Aquifer parameters, treatment area dimensions (61 m x 61 m), 

ROI overlap (25 percent), time to calculate ROI (8 days), minimum oxidant concentration 

(500 mg/L), and number of injection events (3) are constant for all alternatives.  For total 

NOD = 1 g/Kg (alternatives 1 and 2), increasing the injection concentration from 10,000 to 

20,000 mg/L results in a small increase in total cost.  However for NOD = 2 g/Kg 

(alternatives 3 and 4), increasing the injection concentration from 10,000 to 20,000 results in 

a significant cost savings by reducing the number of injection points required.   
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Figure 4-2 Typical output from injection scenario cost comparison (screen shot). 

 

 

4.3 Transport and Reaction Model Validation 

The CSTR transport model within CDISCO was validated by comparing the CSTR 

simulation results with: (1) analytical and numerical simulations of non-reactive radial flow 

in a 2D homogeneous aquifer; and (2) numerical simulations of reactive transport using the 

ISCO module developed in Chapter 3.  The numerical simulations were performed using 

RT3D (Clement, 1997), a 3-dimensional multispecies reactive transport model.  The reaction 



 

 

111 

kinetics incorporated into the RT3D reaction module were identical to the reaction kinetics in 

CDISCO (equations 4-2 to 4-7); therefore, the simulation results should be very similar.  

Input parameters for the non-reactive and reactive simulations are shown in Table 4-1.  For 

the non-reactive RT3D simulations, NI, NS, and initial contaminant concentration were all set 

to zero so MnO4
-
 would transport as a conservative tracer.  The analytical solution used for 

comparison with CDISCO was developed by Gelhar and Collins (1971). 

 

 

Table 4–1 Base model parameters for comparison of CDISCO, analytical and RT3D 

simulations. 

Parameter CDISCO Analytical 
RT3D -

Reactive 

Vertical thickness of treatment zone (m) 1.0 1.0 1.0 

Porosity (n) 0.2 1.0 0.2 

Bulk Density (Kg/m
3
) 2000 na 2000 

Longitudinal Dispersivity (m) 0.1 0.1 0.1 

Total NOD (mmol/Kg) 50 na 50 

Fraction Instantaneous NOD 0.1 na 0.1 

2
nd

 order Slow NOD  

Consomption Rate (L / mmol-d) 
0.02 na 0.02 

MnO4
-
 Molecular Weight (g/mol) 118.94 na 118.94 

MnO4
-
 Injection Concentration (mg/L) 5000 5000 5000 

Injection rate per well (m
3
/d) 20 120 20 

Injection duration (d) 1.0 1.0 1.0 

na – not applicable 
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Figure 4-3 shows simulated solute concentrations with radial distance from the 

injection well for longitudinal dispersivity (αL) equal to 0.1 and 1.0 m at one day after 

injection for a 2D homogeneous aquifer.  The transport model in CDISCO provides a very 

close match with the analytical and RT3D simulation for both values of αL.  However, there 

are far fewer data points for comparison with αL equal to 1.0 m because CDISCO 

automatically sets the reactor cell size equal to 2 * αL.  Overall, CDISCO provides an 

excellent match to the RT3D simulation results.  The match with the analytical solution is not 

as good, especially for large values of αL.  This discrepancy may be due to a limitation in the 

analytical solution when the value of αL approaches the radial transport distance.  For 

example, the analytical solution computes a concentration of 4,635 mg/L at the injection well 

when 5,000 mg/L is injected indicating a significant error in the analytical solution. 

Figure 4-4 shows simulated MnO4
-
, NODI, NODS, and contaminant concentrations 

versus radial distance from the injection well at 10 days after injection for a 2D 

homogeneous aquifer.  The transport model in CDISCO provides an excellent match with the 

RT3D simulation for MnO4
-
, NODI, and NODS.  There is a slight difference in the two 

simulations of contaminant distribution, presumably due to upgradient diffusion of 

contaminant in the RT3D simulation which does not occur in the CDISCO simulation.  

Overall, CDISCO closely matches the RT3D results.  This should not be surprising since the 

same kinetic expressions are incorporated into both models. 
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Figure 4-3 Comparison of CDISCO, RT3D, and 1D analytical solutions of non-reactive 

solute transport away from a single injection well at 1 day after injection. 
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Figure 4-4 Comparison of CDISCO and RT3D simulations of MnO4
-
, NODI, 

contaminant, and NODS concentration at 10 days after injection for αL = 0.1 m. 

 

 

4.4 Comparison with 3D Heterogeneous Simulation Results 

Aquifer heterogeneity can have a major impact on the ability to effectively distribute 

treatment reagents in the subsurface and resulting remediation system performance.  

CDISCO was developed to assist in the design of remediation systems at actual sites, which 
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are inherently heterogeneous.  As a result, it is important to understand how well or how 

poorly CDISCO will simulate reagent distribution in a heterogeneous aquifer.   

To evaluate the ability of CDISCO to represent ISCO in a 3D heterogeneous aquifer, 

the MODFLOW (Harbaugh et al., 2000) - RT3D model (Clement, 1997) previously applied 

in Chapter 3 was used to simulate radial flow from a single injection well in 1 m thick, 

medium heterogeneity aquifer.  The permeability field was represented as a spatially 

correlated random field using the turning bands method (Tompson et al., 1989) with mean 

permeability (K) = 0.5 m/d, variance of Ln K = 1.0, horizontal correlation length = 2 m, and 

vertical correlation length = 0.2 m (in Chapter 3).  The grid discretization was Δx = 0.1, Δy = 

0.1 m, and Δz = 0.1 m.  All other parameters were the same as for the CDISCO simulation 

(Table 4-1). 

MODFLOW and RT3D were first used to simulate transport of a non-reactive tracer in 

a 3D spatially heterogeneous aquifer.  A small dispersivity (αL = 0.01 m) was used in these 

simulations to more accurately represent the limited mixing that occurs in aquifers.  Figure 4-

5 shows the simulated permeability and non-reactive tracer distributions at 10 days after 

injection in plan view.  The aquifer was represented as a quarter circle (20 m by 20 m) with 

the injection well located in the upper left corner of the simulation.  No-flow boundaries are 

present on the left and upper edges, while a constant head boundary is present on the circle 

located 20 m away from the injection well.  The area with high tracer concentrations has 

migrated from 4 to 10 m away from the injection well, with the greatest migration to the right 

through the higher permeability zones. 
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Figure 4-5 Permeability and non-reactive tracer distribution at 10 days after injection for 

moderately heterogeneous aquifer when a single well is injected (upper left 

corner) migrating outward towards the circle of constant head cells.  Deep red 

indicates a very high concentration or value, white indicates very low or zero. 

 

 

Figure 4-6 shows the concentration of non-reactive tracer in each cell generated in the 

3D heterogeneous simulation versus radial distance from the injection well.  The cloud of 

concentration values between 4 and 10 m illustrates the variability in simulated solute 

concentrations generated by the 3D - RT3D model.  While there is tremendous variability in 

tracer concentrations in individual cells, the average tracer concentration follows a relatively 

smooth curve (red line).  CDISCO was calibrated to match the spatially averaged tracer 

concentrations by adjusting longitudinal dispersivity (αL) until a good fit was obtained.  

Figure 4-6 shows a comparison of the spatially averaged concentrations generated by RT3D 

with the non-reactive solute breakthrough curve generated by CDISCO using the best fit 
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value of αL (1.5 m).  The best fit value of αL is in good agreement with the asymptotical value 

(αL approaching 2.0 m) expected to occur at large transport distances (Gelhar and Axness, 

1983). 

 

 

 

Figure 4-6 Non-reactive tracer concentrations versus radial distance from injection well 

generated in 3D heterogeneous RT3D simulation and CDISCO simulation 

(αL= 1.5 m).  + symbols are concentrations in individual model cells generated 

by RT3D.  Red line is spatially averaged concentration (3 m radial 

increments). 
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Figure 4-7 shows a comparison of the spatial distribution of MnO4
-
, NODI, NODS, and 

contaminant generated by CDISCO and RT3D.  CDISCO was run with αL = 1.5 m.  RT3D 

was run with αL = 0.01 m and a spatially heterogeneous permeability distribution.  All other 

parameters were the same for the CDISCO and RT3D simulations (see Table 4-1).  CDISCO 

provided a reasonable match to the leading edge of the zone of partially depleted NODI and 

accurately matched the general shape and mid-point of the MnO4
-
 and NODS distributions.  

However, CDISCO did a poor job of simulating the contaminant distribution.  The RT3D 

simulation indicates that substantial amounts of contaminant will persist in lower 

permeability zones between 4 and 7 m from the injection well, even though MnO4
-
 migrated 

over 8 m from the injection well in higher permeability zones.  These results illustrate the 

challenge of effectively distributing reagents in a heterogeneous aquifer. 
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Figure 4-7 Comparison of model results at 10 days after injection for 1-D homogeneous 

CDISCO simulation and 3-D spatially heterogeneous RT3D simulation for 

MnO4
-
, NODI, contaminant, and NODS.  + symbols are concentrations in 

individual model cells generated by RT3D. 

 

 

The poor match between simulated contaminant concentrations generated by the RT3D 

heterogeneous simulations and CDISCO is believed to be due to the method of 

approximating longitudinal dispersion.  The heterogeneous permeability distribution used in 

the 3D simulation resulted in a relatively broad MnO4
-
 front migrating out away from the 
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injection well.  However, the low dispersivity (αL = 0.01 m) used in the RT3D simulations 

resulted in little mixing between the MnO4
-
 and the contaminant and little contaminant 

degradation.  The high effective dispersivity (αL = 1.5 m) used in CDISCO transport 

simulations matches the average distribution of a non-reactive tracer, but results in much 

greater mixing between MnO4
-
 and the contaminant and much more extensive contaminant 

degradation.  This indicates that CDISCO cannot be used to directly predict contaminant 

degradation in spatially heterogeneous aquifers. 

4.4.1 Effect of Overlap Factor on Remediation System Efficiency 

While CDISCO cannot be used to directly estimate contaminant degradation, it may be 

possible to develop a correlation between CDISCO predictions and the 3D heterogeneous 

model simulation results.  In Chapter 3, an extensive sensitivity analysis was performed to 

determine the effect of injection conditions and aquifer characteristics on remediation system 

performance in spatially heterogeneous aquifers.  Results from 75 separate 3D simulations 

showed remediation system performance is influenced by a wide variety of factors including 

injection volume, oxidant concentration, injection well spacing, reinjection frequency, NODI, 

NODS, and ks.   

This section reviews a statistical analysis conducted to determine if the results 

generated by CDISCO can be correlated with estimates of aquifer volume contact efficiency 

(EV) and pollutant mass treatment efficiency (EM) generated in Chapter 3 for a 3D 

heterogeneous aquifer using the RT3D module described above.  These simulations were 

conducted using the same base set of model parameters shown in Table 4-1.  EV was defined 
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as the volume fraction of aquifer contacted by permanganate which results in an over 90 

percent reduction in NODI.  EM was the volume fraction of the aquifer where contaminant 

concentration is reduced by over 90 percent.  The procedure used to compare the CDISCO 

and 3D heterogeneous model simulations is described below. 

1. For each of the 75 heterogeneous simulations completed in Chapter 3, CDISCO is 

used to simulate MnO4
-
 distribution using identical injection conditions and 

aquifer parameters. 

2. The effective ROI for each of the 75 CDISCO simulations was computed based 

on a defined MinOx and CT.   

3. The OF for each of the 75 simulation pairs was computed as 

OF = 2*ROI computed by CDISCO divided by the well spacing used in the 

heterogeneous model. 

Figure 4-8 shows the relationship between EV, EM, and the OF calculated using MinOx 

= 100 mg/L and CT = 60 days.  OF is positively correlated with both EV and EM (p-value less 

than 10
-44

) indicating CDISCO simulation results can be used to guide the design of 

remediation systems for more realistic, heterogeneous aquifers.  As shown in Figure 4-8, 

values of OF between 0.8 and 1.2 generally result in good remediation system performance 

with relatively high EV and EM.   
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Figure 4-8 Correlation between overlap factor (OF) computed by CDISCO and aquifer 

volume contact efficiency (EV) and contaminant mass treatment efficiency 

(EM) calculated with 3D heterogeneous model. 

 



 

 

123 

ROI and OF were also computed for each simulation using MinOx = 20 and 10 mg/L; 

and CT = 180, 120, and 90 days.  Overall, changes in MinOx and CT had modest impact on 

the ROI computed by CDISCO.  As a result, the correlation coefficient (r
2
) between OF and 

both EV and EM was greater than 0.9 for all values of MinOx and CT examined.  This 

indicates that the final design selected will be relatively insensitive to the value of MinOx 

and CT entered into CDISCO.  Remediation system designers should use their experience 

and judgment in selecting these parameters based on the site conditions.  At more 

heterogeneous sites or where significant sorbed or residual NAPL is present, the designer 

may want the oxidant to persist for longer periods of time at higher concentrations. 

4.5 Summary and Conclusions 

A Microsoft Excel spreadsheet based model, CDISCO, was developed to simulate the 

injection and radial distribution of MnO4
-
 in aquifers for treatment by ISCO.  Comparisons 

with analytical and numerical models of non-reactive and reactive transport demonstrated 

that the transport model in CDISCO accurately simulates MnO4
-
 transport and consumption.  

Comparisons with 3D heterogeneous RT3D simulations indicates CDISCO provides 

reasonably good estimates of the average MnO4
-
 transport distance in heterogeneous aquifers.  

However, CDISCO cannot accurately estimate treatment efficiency and is not appropriate for 

sites where a large portion of the contaminant is present as non-aqueous phase liquid. 

CDISCO can be used in the conceptual design of MnO4
-
 injection systems.  The 

primary model inputs are the aquifer characteristics (porosity, hydraulic conductivity, 
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effective aquifer thickness, NOD kinetic parameters, contaminant concentrations, etc.), 

injection conditions (permanganate injection concentration, flow rate, and duration), and unit 

costs for reagent, drilling, and labor.  However, CDISCO also requires the user to specify: (a) 

the minimum oxidant concentration (MinOx) for effective treatment; (b) minimum contact 

time (CT) for effective treatment; and ROI overlap factor (OF).  Comparisons of CDISCO 

results with prior 3D heterogeneous simulations indicate that aquifer volume contact 

efficiency and contaminant mass treatment efficiency were sensitive to OF.  Values of OF 

between 0.8 and 1.2 generally resulted in good remediation system performance. 
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CHAPTER      5  

Optimizing Contact Efficiency of Soluble 

Substrate Injection Systems 

5.1 Introduction 

Anaerobic bioremediation using soluble organic substrate can be an effective approach 

for in situ treatment of a variety of groundwater contaminants includes chlorinated solvents 

(Gibson and Sewell, 1992; Gossett and Zinder, 1996; Harkness et al., 1999; Holliger et al., 

1993; Smatlak et al., 1996; Suthersan et al., 2002), nitrate (Earth Tech,2001; Hunter,2001), 

perchlorate (Borden, 2007; Hatzinger, 2005; Waller et al., 2004; Wu et al., 2001),and high 

explosives (Adrian et al., 2003; Kwon et al., 2011).  In this process, a water soluble 

fermentable organic substrate is diluted with water and distributed throughout the target 

treatment zone. The soluble substrate is fermented to molecular hydrogen (H2) and acetate by 

common subsurface microorganisms that are then used as electron donors for anaerobic 

biodegradation of the target pollutants (Ballapragada et al., 1997; Hoelen and Reinhard, 2004; 

Smatlak et al., 1996).  Advantages of using soluble substrates for anaerobic bioremediation 

include: 1) low substrate cost; 2) many substrates can be purchased as food grade materials; 

and 3) simple injection and distribution.  However, anaerobic bioremediation is a relatively 

slow process and effective treatment requires that sufficient soluble substrate remain in 

contact with the contaminant for months to years.  Some investigators recommend 

maintaining dissolved organic carbon concentrations above 50 mg/L for effective treatment 
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(AFCEE, 2004; Suthersan et al., 2002).  However, distribution of the substrate can be limited 

by biofouling near injection wells (AFCEE, 2004; Taylor and Jaffé, 1990; Taylor et al., 1997) 

and spatial variations in aquifer permeability.  Since soluble substrates can be depleted by 

subsurface microorganisms or transported out of the target treatment zone by groundwater 

flow, periodic reinjection of soluble substrates is required to maintain treatment performance. 

5.1.1 Soluble Substrate Delivery Methods 

Recirculation systems containing networks of injection and pumping wells are used in 

some projects to distribute soluble substrates (ITRC, 1998; Johnson et al., 1999; Leigh, 2000). 

Advantages of this approach include flexible equipment for various site situations, minimal 

disturbance of on-going activities, and active mixing of groundwater and substrate (Alvarez, 

2006).  These systems can be effective in distributing soluble substrate with fewer injection 

wells by locally increasing the groundwater flow velocity and are particularly useful where 

drilling costs are high, site access limitations restrict well installation, and/or a low 

background hydraulic gradient limits substrate distribution.  However, disadvantages include 

clogging around recirculation wells, regulatory restrictions on reinjection of contaminated 

groundwater, and the relative high capital and operating costs of these complex systems 

(Alvarez, 2006). 

There is increased interest in injection only approaches where the soluble substrate is 

injected through a grid of wells and is transported throughout the aquifer by the natural 

hydraulic gradient.  Advantages of this approach include relatively simple design and 

implementation, and lower capital and operating costs at some sites.  Injection system 
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designers can vary a range of parameters to reduce costs, including: 1) the spacing between 

wells in a row perpendicular to groundwater flow; 2) spacing of injection well rows parallel 

to groundwater flow; 3) concentration of substrate in the injection solution; 4) volume of 

injection solution injected into each well; and 5) time period between substrate reinjections.  

However, if the organic substrate is not effectively distributed throughout the target treatment 

zone, contaminant treatment efficiency will be reduced.   

In this project, a series of numerical model simulations were conducted to evaluate the 

effect of important design parameters on remediation system performance.  Model 

simulations were performed using MODFLOW (Harbaugh et al., 2000) and MT3D (Zheng 

and Wang, 1999) within GMS (Aquaveo, 2011). Degradation of soluble substrate was 

represented using first order irreversible kinetic reaction. 

5.2 Model Equations and Development 

Previous work in simulating in situ bioremediation processes has ranged from very 

simple first order decay (Newell et al., 2002; Rifia et al., 2011) and instantaneous reaction 

(Borden and Bedient, 1986) approximations to much more complicated models that 

incorporated Monod kinetics with growth and decay of microorganisms (Borden and Bedient, 

1986), multiple electron acceptors and contaminants (Newell et al., 1995; Clement et al., 

2000), competition for hydrogen (Bagley, 1998; Fennell and Gossett, 1998), pH inhibition 

(Brovelli et al., 2012; Kouznetsova et al., 2010), toxic inhibition by chloroethenes (Amos et 

al., 2007), biofouling (Chu et al., 2004), and the architecture of the dense non-aqueous phase 
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(DNAPL) source area (Christ and Abriola, 2007).  These studies have generated useful 

insights into a wide range of factors that can limit anaerobic bioremediation.  However, they 

do not provide guidance on how to actually inject and distribute organic substrates in aquifers 

to stimulate bioremediation processes. 

In this work, the focus is on identifying efficient methods for distributing soluble 

organic substrates in heterogeneous aquifers.  Contaminant biodegradation is assumed to be 

enhanced when the concentration of the organic substrate is greater than a user defined 

minimum concentration (CMIN).  There are numerous other factors that can lead to poor 

treatment including improper substrate selection, unfavorable environmental conditions (pH, 

temperature, nutrients, etc.), absence of required bacteria to facilitate the reaction, and 

chemical or biological inhibitors.  Given that the focus of our work is on identifying 

appropriate methods to inject dissolved substrates in spatially heterogeneous aquifers, a 

simple first order decay approach was chosen to simulate substrate consumption.   
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where:  

C: aqueous phase concentration (ML
-3

); 

t: time (T); 

x: distance (L); 

D: dispersion coefficient (L
2
T

-1
); 

v: pore water velocity (LT
-1

); 

k: effective first order decay rate (T
-1

); 
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5.2.1 Model Setup and Base Case Simulations 

Figure 5-1 shows a hypothetical injection grid for target treatment area.  The injection 

system consists of five rows of injection wells.  Alternating rows are offset with the objective 

of improving reagent distribution.  It is not practical to simulate this large area with 3-

dimensional heterogeneous permeability distribution.  Thus, a subsection of the treatment 

area (Figure 5-2) shown by the dashed rectangle near the center of Figure 5-1 was simulated 

to reduce the computational burden. For a uniform grid, this subsection can be repeated over 

and over to simulate the overall treatment area.  
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Figure 5-1 Hypothetical injection grid showing model domain subarea 

 

 

Figure 5-2 shows an enlarged view of the model domain subsection. Overall 

dimensions of the simulation grid were 17.8 m (SR= 6.0 m) by 3.0 m (SW) with an effective 

saturated thickness (Z) of 1.2 m.  Grid discretization was Δx = 0.2 m, Δy = 0.2 m, and Δz = 

0.05 m resulting in a 15 * 89 * 24 grid containing 32,040 cells.  For the row spacing ratio, 1 

to 1 of row spacing perpendicular to groundwater flow (SW) and row spacing along the 

direction of groundwater flow (SR) is used as base condition.  In addition to flow induced by 

the injection wells, constant head cells along the upgradient and down-gradient boundaries of 

the grid located to produce a background hydraulic gradient through the treatment zone.  

Hydraulic gradient was used to control residence time of injected substrate within target zone.  

No flow boundaries were located to simulate recurring pattern of injection wells 

perpendicular to groundwater flow.  The injection rate was 1.08 m
3
/d per well for wells 1-4 
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and 2.16 m
3
/d for well 5. The effective porosity (n) was 0.2, bulk density was 2000 kg/m

3
, 

longitudinal dispersivity (αL) was 0.01 m, transverse dispersivity (αT) was 0.001 m, and 

vertical dispersivity (αv) was 0.0002 m.  All simulations have used a spatially heterogeneous 

3-dimensional permeability distribution represented as a spatially correlated random field.  

The random field was generated using turning bands method (Tompson et al., 1989) with a 

horizontal correlation length of 2 m and a vertical correlation length of 0.2 m.  These values 

were selected based on a literature review of aquifer characteristics and are consistent with 

prior studies of emulsified oil distribution (Clayton and Borden, 2009) and permanganate 

distribution (Chapter 4) in heterogeneous aquifers.  The permeability distribution was 

designed to have 0.5 m/d of average hydraulic conductivity.  The average groundwater 

velocity was varied from 0.2 to 0.013 m/d by altering the flow field boundary conditions. 

 

 

 

Figure 5-2 Model domain for small grid numerical simulations 
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5.2.2 Pore Volumes of Injection Fluid 

To allow easy comparison between different simulations, the volume of fluid injected 

are presented as the fraction of the total pore volumes of fluid in the target treatment zone 

where  

PV = Volume of water injected / (n SW SR Z) 

n is the total porosity and Z is the effective saturated thickness. The total mass of 

substrate injected is equal to the injection concentration times PV.  

5.2.3 Contact Efficiency 

For good treatment, the soluble substrate should be distributed throughout the target 

treatment zone.  This section describes the approach used to calculate contact efficiency from 

the numerical model simulation results.  Figure 5-3a below shows a hypothetical treatment 

area with a single injection well (yellow dot) and three monitoring locations (MW 1, 2, and 3) 

at single moment in time.  The dark red areas have high substrate concentrations, while the 

white areas have very low substrate concentrations.  Figure 5-3b shows the simulated 

substrate concentration versus time at the three monitoring wells (MW 1, 2 and 3).  Substrate 

concentrations in MW 1 spike immediately after substrate injection, then decline with time 

due to down-gradient transport, dilution, and first order decay.  Since MW 1 is close to the 

injection well, the majority of the time, the substrate concentration is greater than the 

minimum required for effective treatment.  However at MW 3, concentrations are frequently 

less than the minimum level required for effective treatment. 
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In this work, effective treatment is assumed to occur when the substrate concentration 

is greater than a user defined minimum concentration (CMIN).  In the Figure 5-3b, the 

substrate concentration at MW 1 at 140 days is greater than the minimum required and MW 1 

is counted as contacted. However at MW 3, the TOC concentration at 140 days is below the 

minimum concentration and MW 3 is counted as‘not contacted’.  At each time step, the 

fraction of the treatment area that is ‘contacted’ is calculated to determine the volume 

average contact efficiency (CE).  
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Figure 5-3 (a) Target treatment area with a single injection well (yellow dot) and three 

monitoring locations (MW 1, 2, and 3) at single time step, (b) Variation in 

soluble substrate concentration with time at each monitoring locations 

downgradient of the substrate injection well 

 

 

Since substrate is continually consumed and flushed from the system, CE will vary with 

time (Figure 5-4).  Immediately after the start of injections, CE increases steadily with time 

as more and more of the treatment zone becomes contacted.  However, CE eventually 

reaches a quasi-steady-state value when the amount of substrate injected is balanced by the 
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loss of substrate due to decay and downgradient transport.  This steady-state value is defined 

as the steady-state, volume average contact efficiency (CESS).  In the simulations presented 

below, CESS is used as the primary measure of treatment performance. 

 

 

 

Figure 5-4 Variation of treatment zone contact efficiency with time 
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5.2.4 Typical Simulation Results 

Figures 5-5 and 5-6 show the hydraulic conductivity and residual soluble substrate 

distribution in both plan (Figure 5-5) and longitudinal cross-section (Figure 5-6) for the 

treatment zone subsection shown in Figure 5-2 after 12 repeated injections at 30 day intervals 

(360 days total time).  The substrate half-life is 30 days, and PV = 0.05, 0.50, and 1.00 of 

dissolved substrate are injected.  In these simulations, the wells were injected sequentially 

(from 1 to 5) and the aquifer was assumed to be moderately heterogeneous. 

In plan view (Figure 5-5), the distribution of soluble substrate appears to be controlled 

by the location of injection wells, permeability distribution, and ambient groundwater flow.  

Initially the highest soluble substrate concentrations develop near the injection wells.  Once 

injection is complete, soluble substrate migrates with ambient groundwater, preferentially 

migrating through the higher permeability zones.  Injecting additional fluid (PV = 0.50) 

enhances the distribution of soluble substrate.  
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Figure 5-5 Horizontal hydraulic conductivity and soluble substrate distribution in top 

layer of aquifer (see Figure 5-6) at 360 days after injection for moderately 

heterogeneous aquifer when wells 1-5 were injected with PV=0.05, 0.50 and 

1.00, time period between substrate reinjection = 30 days, and half-life of 30 

days.  Deep red indicates a very high concentration or value, white indicates 

very low or zero. 

 

 

In profile view (Figure 5-6), the effects of the heterogeneous permeability distribution 

on soluble substrate transport were very apparent.  The soluble substrate migrates rapidly 

downgradient in higher permeability layers and is much more limited in lower permeability 
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layers.  However, injection with large volume of fluid results in stagnation zone in the middle 

of the injection grid between each pair of wells (1, 3 and 2, 4), driving soluble substrate away 

from target treatment zone. 

The numerical model simulations indicate that soluble substrate can be effectively 

distributed throughout the target treatment zone.  Under appropriate conditions (neutral pH, 

presence of appropriate microorganisms, etc.), distributed substrate will enhance contaminant 

biodegradation.  However, significant portions of the model domain may not be contacted 

with soluble substrate and consequently, microbial activity may be limited, reducing 

contaminant destruction.  In subsequent sections, results from series of sensitivity analyses 

are presented illustrating the effect of different design parameters on contact efficiency.  This 

information can be used to generate improved designs with higher contact efficiencies. 



 

 

141 

 

 

Figure 5-6 Vertical hydraulic conductivity and soluble substrate distribution in last row of aquifer (bottom row of Figure 5-5) 

at 360 days after injection for moderately heterogeneous aquifer when wells 1-5 were injected with PV=0.05, 0.50 

and 1.00, time period between substrate reinjection = 30 days, and half-life of 30 days.  Deep red indicates a very 

high concentration or value, white indicates very low or zero. 
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5.3 Effect of Design Parameters on Steady State Contact Efficiency 

An extensive series of sensitivity analyses were conducted to examine the impact of 

substrate injection concentration (CI), minimum substrate concentration (CMIN), groundwater 

travel time between rows of injection wells (TT), soluble substrate half-life (TH), time period 

between substrate reinjections (TR), pore volumes of substrate solution injected (PV), and 3-

D heterogeneity conditions for steady-state contact efficiency (CESS).  Figure 5-7 shows the 

effect of injection volume on CESS for different values of the time period between substrate 

reinjections (TR) and soluble substrate half-life (TH).  All the curves follow the same trend, 

where increasing the injection volume initially results in a significant improvement in contact 

efficiency, then further increases in fluid injection result in progressively less benefit.  As 

expected, CESS is highest when a long-lived substrate is frequently injected.  Other factors 

that were important were the ratio of injection concentration to minimum substrate 

concentration (CI/CMIN) and the travel time (TT) between rows of injection wells (data are not 

shown). 
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Figure 5-7 Effect of injection fluid volume to CESS for different values of time period 

between substrate reinjection (half-life 15 day) and substrate half-life 

(reinjection 60 day) with 120 days travel time.  The ratio of CI to CMIN is used 

as 100. 

 

 

Analysis of these results revealed that CESS can be accurately predicted based on four 

dimensionless variables: 1) CI/CMIN; 2) PV; 3) TR/TT; and 4) TR/TH.  Figure 5-8 shows the 

effect of the dimensionless variables CI/CMIN, PV, TR/TT, and TR/TH on steady-state contact 

efficiency (CESS).  The highest contact efficiencies are indicated by the dark red or maroon 
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color while the lowest contact efficiencies are indicated by the blue color.  As expected, CESS 

can be increased by injecting larger volumes of water (higher PV) containing higher 

concentrations of organic substrate (higher CI/CMIN).  In general, increasing injection volume 

(PV) and the ratio of TOC injection to minimum concentration (CI/CMIN) increases contact 

efficiency (CESS).  For the same PV and CI/CMIN, higher CESS can be obtained by decreasing 

substrate reinjection interval (TR), increasing substrate half-life (TH), and/or increasing travel 

time between rows of injection wells (TT).   

More frequent substrate injection (lower TR value) increases CESS under most 

conditions.  For a constant value of TR, CESS is highest along the 45-degree slope or when TH 

~ TT.  In the area above the 45-degree line (zone 1), TH > TT and CESS increases rapidly with 

increasing TH.  In the area below the 45-degree line (zone 2), TH < TT and CESS increases 

rapidly with increasing TT. 

Overall, the most effective approach to increasing CESS is to use substrates that 

biodegrade more slowly (larger TR).  However, longer lived substrates may not be available.  

For a constant value of TR, CESS can be increased by using more closely spaced wells and 

reinjecting more frequently.    



 

 

145 

 

Figure 5-8 Effect of dimensionless variables CI/CMIN, PV, TR/TT, and TR/TH on the 

steady-state contact efficiency (CESS).  
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5.4 Contact Efficiency Correlations 

A nonlinear regression analysis was performed to develop relationships that could be 

used to predict steady-state contact efficiency (CESS) based on the design parameters 

previously identified (CI/CMIN, PV, TR/TT, and TR/TH).  Preliminary results showed that PV 

had the greatest effect on CESS with 

CESS = PV / (PV + A
-1

) 

where A is an empirical coefficient that is a function of CI/CMIN, TR (days), TT (days), 

and TH (days).  As the first step in the analysis, the Solver function in MS Excel was used to 

search the coefficient ‘A’ that minimize the RMSE between estimated and simulated CESS 

using a quasi-Newton search method when CI/CMIN, TR, TT, and TH are held constant.  Once 

a series ‘A’ values had been identified, a non-linear regression analysis was performed using 

MATLAB (Mathworks, 2008) to identify the best fit values of C1 to C13 in the following 

relationship. 
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Analysis of these results revealed that better fits to the data were obtained when the 

data set was separated into two groups: (a) 2 * travel time between rows is greater than the 

time required for substrate to degraded to below CMIN (1.39 TT > TH*Ln(CI/CMIN)); and (b) 2 
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* travel time between rows is less than the time required for substrate to degraded to below 

CMIN (1.39 TT < TH*Ln(CI/CMIN)).  Table 5-1 presents regression coefficients for these two 

groups of data for two different ratios of well spacing (within a row) to row spacing.  

 

 

Table 5–1 Contact Efficiency Regression Coefficients 

Coefficient 

Row Spacing = Well Spacing Row Spacing = 2 * Well Spacing 

1.39 TT> 

TH*Ln(CI/CMIN) 

1.39 TT< 

TH*Ln(CI/CMIN) 

1.39 TT> 

TH*Ln(CI/CMIN) 

1.39 TT< 

TH*Ln(CI/CMIN) 

C1 -0.056 -0.292 -0.398 -0.298 

C2 0.551 0.200 0.783 0.148 

C3 -1.650 -1.700 -2.089 -1.558 

C4 -0.137 
 

-0.166 
 

C5 -0.644 
 

0.472 
 

C6 -0.144 -0.275 -0.258 -0.186 

C7  
   

C8  -0.021 
 

-0.022 

C9  1.288 1.475 1.253 

C10  0.012 0.007 0.007 

C11  
 

 
 

C12  0.031  0.024 

C13 0.435 
 

 
 

 

 

Overall, the regression model provides a good fit with high correlation coefficient (R
2
 

=0.968) and low normalized root mean squared error (RMSE = 0.6).  Normalized RMSE was 

calculated using the normalized error = (regression CESS – numerical model CESS)/numerical 
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model CESS.  Figure 5-9 shows a comparison between the CESS computed for each 

simulation and the CESS estimated from the regression equation.   

 

 

 

Figure 5-9 Comparison of CESS determined from individual numerical simulations and 

the multiple regression equation. 

 

 

These regression equations have been incorporated into a spreadsheet tool to allow 

injection system designers to easily evaluate the effect of different alternatives on capital and 

operating costs and CESS (Borden et al., 2012).  Chapter 6 will discuss details of a 

spreadsheet design tool. 



 

 

149 

5.5 Summary and Conclusions 

Anaerobic biodegradation processes in groundwater can be stimulated by injecting 

solutions of soluble substrates through grids of wells, followed by downgradient transport 

under the natural hydraulic gradient.  However, the soluble substrates must be distributed 

throughout the target treatment zone, and remain in contact with the contaminant for months 

to years for effective treatment.  Since the soluble substrate are consumed by microorganisms 

or transported downgradient by the ambient groundwater flow, additional soluble substrates 

must be periodically injected to maintain treatment performance, increasing costs.  Injection 

system designers can reduce costs by varying the injection well spacing within a row, 

spacing between rows, volume and concentration of soluble substrate solution injected, and 

time period between reinjection events.  However, varying these parameters can also reduce 

contact efficiency and resulting treatment performance. 

A series of numerical simulations were conducted to identify the impact of different 

design parameters on the steady-state contact efficiency (CESS) in a 3D heterogeneous 

aquifer.  Analysis of these results revealed that CESS is controlled by the SS injection 

concentration (CI), minimum substrate concentration (CMIN), groundwater travel time 

between rows of injection wells (TT), soluble substrate half-life (TH), time period between 

substrate reinjections (TR), and pore volumes of substrate solution injected (PV).  As 

expected, CESS can be increased by injecting larger volumes of water (higher PV) containing 

higher concentrations of organic substrate (higher CI/CMIN).  In general, CESS is highest when 

substrate reinjection interval (TR) is low.  Frequent substrate injection will increase CESS 
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under most conditions.  CESS will also increase when substrate half-life (TH) and/or travel 

time between rows of injection wells (TT) is increased.   
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CHAPTER      6  

Spreadsheet Based Design Tool for In Situ 

Anaerobic Bioremediation using Soluble 

Substrate 

6.1 Introduction 

Anaerobic bioremediation using soluble organic substrate has been applied at many 

sites to remediate a variety of groundwater contaminants.  However to be effective, the 

soluble substrate must come in close contact with the target contaminant.  There are a variety 

of different approaches that can be used to distribute soluble substrate in the subsurface 

including: (a) injection only using grids of wells; and (b) recirculation using systems of 

injection and pumping wells.  Both approaches have advantages and disadvantages with the 

‘best’ approach dependent on site-specific conditions.  For each approach, cost and 

effectiveness are a function of the well layout and injection sequence.  Consequently, there 

will be an ‘optimum design’ that will include a specific arrangement of injection and 

extraction wells, injection volumes and rates, and amount of substrate.  AFCEE (2004) and 

ITRC (2008) provide general information on how the remediation process works and factors 

to consider when planning an injection system.  However, these documents do not provide 

specific information on how actually design an injection system to provide good amendment 

distribution at a reasonable cost. 
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A number of computer modeling packages have been developed that can be used to 

simulated dissolved substrate transport under reasonably realistic (i.e. heterogeneous, 

inhibition by pH, toxicity, etc.) conditions.  With these tools, user can evaluate alternative 

injection approaches and identify the ‘best’ design based on site-specific conditions including 

aquifer permeability and heterogeneity, contaminant distribution, site access limitations, 

drilling, labor, and material costs, etc.   

Unfortunately, these models are only rarely used because of time, cost, and data 

limitation.  In most cases, remediation systems are designed by based on rules of thumb and 

prior experiences.  Sometimes this approach results in good and efficient design.  However, 

in some cases, designs are less effective than desired and more expensive than required.  To 

improve remediation system effectiveness and reduce costs, simple tools are needed that 

allow designers to quickly identify an optimum design for the specific conditions at their site 

without extensive site characterization and a high level of modeling expertise. 

6.2 Overview of Design Tool 

A Microsoft Excel spreadsheet based design tool was developed to assist remediation 

professionals with the design injection only systems for distribution soluble substrate for 

enhancing the anaerobic bioremediation of groundwater.  More specifically, this tool allows 

users to evaluate the use of soluble substrate applied in area treatments.  The user provides 

site data, design parameters, and unit cost information, the model evaluates the costs and 

remediation performance of various designs with these values.  As shown in Figure 6-1 
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below, the design tool assumes several rows of injection wells are installed across the source 

area perpendicular to groundwater flow.  The width of the treatment zone is perpendicular to 

groundwater flow and treatment zone length is parallel to groundwater flow.  

 

 

 

Figure 6-1 Soluble Substrate Area Treatment Design Schematic 

 

 

6.3 Design Process 

Figure 6-2 presents the flow chart of the design process used with this tool.  The design 

tool consists of several worksheets broken into five sections entitled as aquifer description, 

well and injection information, substrate information, design remediation system, and design 



 

 

159 

parameter archive.  Each section is composed of several subsections for data entry and design 

calculations.  Each worksheet has buttons that allows navigate directly to different sections, 

and input cells are white and outlined in red, and non-input cells are shaded light gray. 

1) In the Aquifer Description section, users enter the name and location of target site, 

hydraulic conditions such as permeability, groundwater velocity, and porosity.   

2) In the Well and Injection Information section, users enter injection well 

information, unit costs for well installation, injection, and labor.   

3) In the Substrate Information section, users enter information on the type and 

characteristics of soluble substrate, unit cost, and injection and target 

concentration of soluble substrate.   

4) In the Remediation Design Section, users enter dimension of the target treatment 

area, well layout, design life, reinjection interval, and injection pore volume.  The 

design tool estimates the steady state contact efficiency (CESS) using the 

regression equations identified in Chapter 5 and estimates project cost based on 

the unit costs entered in section 2.   

5) In the Design Parameter Archive, a summary of information on each alternative 

evaluated is saved, allowing users to easily compare multiple alternatives.   
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Figure 6-2 Flow chart of the Design Process for Distributing Substrate 

 

 

Using this tool, remediation system designers can easily evaluate multiple alternatives 

to identify the most cost effective design for their specific site.  Figure 6-3 illustrates the 

benefits of comparing several different alternatives to reduce costs and maximize contact 



 

 

161 

efficiency.  Detailed information on data entry and calibration procedures are provided in the 

design tool technical report (Borden et al., 2012). 

 

 

 

Figure 6-3 Graphs of Contact Efficiency and Project Life NPV for multiple alternatives 
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6.4 Sensitivity Analysis 

A series of sensitivity analyses were conducted using the design tool to identify factors 

that had a major influence on costs and performance.  In all analyses, results are presented as 

Net Present Value (NPV) assuming a 5-year operating period.  Results are compared to a 

base case condition intended to represent a typical site.   

The base case site used in these analyses is a shallow aquifer is comprised of silty sand 

and gravel with a 75 ft x 75 ft source area.  The water table aquifer extends from 10 to 40 ft 

below ground surface and has an average hydraulic conductivity (permeability or K) of 5.65 

ft/day with a porosity of 25%, and seepage velocity of 33 ft/yr.  The pore volume of 0.05 was 

reinjected once every 18 weeks for 5 years to enhance anaerobic biodegradation processes.  

The soluble substrate used in analyses is molasses (36% organic carbon) with a unit cost of 

$0.5/lb delivered and half-life of 60 days.  The injection concentration is 5,000 mg/L of TOC 

and the minimum TOC concentration for effective bioremediation is 50 mg/L.  Injection 

wells are installed by DPT with 15 ft of well and row spacing.  Under these conditions, the 

estimated CESS is approximately 46%. 

6.4.1 Effect of Site Characteristics on Costs 

Table 6-1 shows the range of conditions that were examined to evaluate the impact site 

characteristics on costs for a soluble substrate bioremediation system and identify factors 

having a significant influence on costs for each site condition.  Unit costs were calculated as 
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total cost of treatment divided by the cost per unit volume of the area treatment zone (width x 

length x saturated thickness). 

In general, 5-yr costs were relatively insensitive to site conditions.  As expected, total 

costs were higher for deep groundwater, large saturated thickness, and large treatment areas.  

Conversely, the cost per cubic foot of aquifer treated was the highest for small areas low 

saturated thickness due to large contribution of the fixed costs.   
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Table 6–1 Summary of 5 year costs (NPV) for a range of site conditions 

Scenario Base Case 
HSA Drilling 

Method 

Deep 

GW 

Low Sat. 

Thick. 

High Sat. 

Thick 

Small 

Area 

Large 

Area 

Drilling Method DPT
1
 HSA

2
 HSA DPT DPT DPT DPT 

Points/Wells Installed per Day 6 2 2 6 6 6 6 

Injection Rate per well (gpm) 2 7 7 2 2 2 2 

Depth to Water Table (ft) 10 10 100 10 10 10 10 

Saturated Thickness (ft) 30 30 30 10 50 30 30 

Treatment Length (ft) 50 50 50 50 50 25 100 

Treatment Width (ft) 50 50 50 50 50 25 100 

5 Year Life Cycle Treatment Costs in $1,000 

Initial Fixed Costs 83 83 83 83 83 83 83 

Inject Point Installation 20 41 84 20 20 5 62 

Substrate 5 5 5 2 9 1 22 

Labor, Equipment & Fixed Costs 

associated with each Injection 
213 213 213 213 213 213 328 

Total Costs  321 342 385 317 325 302 495 

Total Cost ($/ft
3
) 4.3 4.6 5.1 12.7 2.6 16.1 1.6 

1
 DPT – Direct Push Technology 

2
 HSA – Hollow Stem Auger 
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6.4.2 Effect of Design Parameters on Cost and Performance 

When using the design tool, the designer is free to vary substrate injection 

concentration (CI), pore volumes of substrate solution injected (PV), time period between 

substrate reinjections (TR), and travel time between rows of injection wells (TT) based on 

prior experience and remediation objectives.  In some cases, the designer may search for 

combinations of these parameters that result in the highest contact efficiency at the lowest 

cost.  In the sections below, sensitivity analyses were conducted to examine the effect of 

these design variables on CESS and 5-yr costs.   

6.4.2.1 Effect of Time Period between Substrate Reinjection on Cost and Performance 

Figure 6-4 presents the effect of time period between substrate reinjections on CESS and 

NPV costs over a 5-yr operating period for the base case site conditions.  Initially, increasing 

the time between substrate injections results in a modest decline in CESS with a rapid decline 

in costs due to the decline in labor, substrate and fixed costs for each injection event.  

However, when the time between substrate reinjections is greater than 15 weeks, CESS 

declines significantly, while the cost savings are minimal since total costs are dominated by 

the initial costs for planning, design, permitting and well installation.  For the base case site 

conditions and a substrate half-life of 60 days, a time between substrate reinjection of 10 to 

15 weeks results in the highest ratio of CESS to 5-yr costs.  Note that this analysis does not 

consider the potential benefits of increasing CESS in reducing the project operating period. 
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Figure 6-4 Effect of time period between substrate reinjection on 5-yr costs (NPV) and 

steady state contact efficiency (CESS) 

 

 

6.4.2.2 Effect of Injection Pore Volume on Cost and Performance 

Figure 6-5 shows the effect of increasing the pore volumes (PV) of substrate injected 

on CESS and NPV costs over a 5-yr operating period for the base case site conditions.  

Initially, increasing the PV of substrate injected results in a large increase in CESS.  However, 

the benefits of increased CESS decline rapidly with increasing injection volumes.  In contrast, 

increasing PV of substrate injected results in an almost linear increase in costs since injecting 
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larger amounts of substrate solution increase the time and associated labor costs for each 

injection.  For the base case site conditions, 0.1 to 0.2 PV of substrate injection results in the 

highest ratio of CESS to 5-yr costs, assuming project operating period is independent of CESS. 

 

 

 

Figure 6-5 Effect of injection pore volumes on 5-yr costs (NPV) and steady state contact 
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6.4.2.3 Effect of Target Contact Efficiency on Cost 

The examples presented above, two different parameters (time period between substrate 

reinjections (TR) and injection pore volumes (PV)) were varied to examine the effect on CESS 

and 5-yr costs.  When just a single design parameter is varied, increasing CESS always results 

in an increase in costs, with some middle range where the ratio of CESS to 5-yr costs highest.  

A critical flaw in this approach is that it neglects the interactions of the different design 

parameters (CI, CMIN, TT, TH, TR, and PV) on cost and CESS.  To achieve the best 

performance at the lowest costs, designer should examine a range of different design 

parameters to identify alternatives with a higher contact efficiency and lower cost.  To 

illustrate the benefits of varying several different parameters simultaneously, an analysis was 

conducted where injection pore volume (PV), time period between substrate reinjections (TR), 

and well spacing (controls TT) were varied while searching for an alternative that generates 

the lowest 5-yr cost for a specified CESS.  The following parameter ranges were evaluated: 

PV between 0.05 and 0.95, TR between 2 and 52 weeks, and well spacing between 3 and 37 ft.   

Figure 6-6 shows the relationship between CESS and optimized cost (lowest cost when 

PV, TR, and TT are allowed to vary) for the base case.  Costs increase roughly linearly with 

CESS up to about 50%, then increase more rapidly.  However, the highest ratio of CESS to 

cost occurs for CESS = 80% (blue line is farthest below black line).  If higher CESS results in 

more rapid cleanup, it may be desirable to aim for higher contact efficiencies to reduce total 

life cycle costs. 
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Figure 6-6 Effect of steady-state contact efficiency (CESS) on 5-yr costs for an optimized 

injection system design for the base case 

 

 

Figure 6-7 shows the normalized 5-yr cost versus CESS for the different site conditions 

listed in Table 6-1.  Normalized 5-yr cost is defined as the optimized 5-yr cost for that value 

of CESS divided by the optimized 5-yr cost for a 50% contact efficiency.  The relationship 

between normalized 5-yr cost and contact efficiency follow a similar relationship with costs 

increasing more slowly than CESS up until around 70 -80% CESS when costs begin to 

increase rapidly. 
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Figure 6-7 Effect of steady-state contact efficiency (CESS) on normalized 5-yr costs for 

an optimized injection system design for a range of site conditions (Table 6-1) 

 

 

6.5 Summary and Conclusions 

A simple Microsoft Excel spreadsheet-based tool was developed to assist remediation 

system designers in developing systems for efficient distribution of soluble substrate for 

anaerobic bioremediation.  This tool allows users to compare the remediation cost and 

performace of multiple injection alternatives and to identify the optimum design that best fit 

the site-conditions.  When applying the tool, users: (1) enter information on general site 
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conditions (depth to water table, porosity, permeability, etc.), (2) unit costs for wells, 

injection labor, and organic substrates, (3) select a drilling method and target treatment zone, 

(4) select well spacing and layout, design life, reinjection interval, and injection pore volume.  

The design tool then  estimates steady state contact efficiency (CESS) and project life NPV.  

CESS is estimated using the regression equation developed in Chapter 5 and the ratio of 

injection to minimum TOC concentration (CI/CMIN), groundwater travel time between rows 

of injection wells (TT), soluble substrate half-life (TH), time period between substrate 

reinjections (TR), and pore volumes of substrate solution injected (PV).  The system designer 

could repeat this process until they have optimum design.   

Sensitivity analysis results indicates that total costs to treat a site for 5-yr using soluble 

substrate is relatively insensitive to site conditions.  Howver, unit costs will be higher for 

smaller sites due to the proportionalely higher fixed costs associated with planning, design, 

and permitting.  Estimated steady state contact efficiency (CESS) can be increased by varying 

different design parameters including substrate injection concentration (CI), minimum 

substrate concentration (CMIN), groundwater travel time between rows of injection wells (TT), 

soluble substrate half-life (TH), time period between substrate reinjections (TR), and pore 

volumes of substrate solution injected (PV).  In most cases, increasing CESS results in 

increasing costs.  For many parameters, there is some middle range where the ratio of CESS 

to 5-yr costs highest.  Optimized designs can be developed by simultaneously varying several 

different design parameters to generate alternatives that result in the lowest cost for a 

specified value of CESS.  In many cases, the highest ratio of CESS to cost occurs for CESS in 
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the range of 70% - 80%.  If higher CESS results in more rapid cleanup, it may be desirable to 

aim for higher contact efficiencies to reduce total life cycle costs. 
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CHAPTER      7  

Summary and Conclusion 

In depth research was conducted to assist remediation system designers in developing 

effective systems for remediating contaminated groundwater with In Situ Chemical 

Oxidation (ISCO) using permanganate (MnO4
-
) and In Situ Bioremediation (ISB) using 

soluble substrate.  The research was separated in three parts for each remediation approach: 

(1) investigate and evaluate the reaction kinetics that represent real world conditions, (2) 

analyze the impact of site conditions and design parameters on treatment efficiency, and (3) 

develop simple design support tools.  

The performance of ISCO using MnO4
-
can potentially be improved using numerical 

models to simulate reagent distribution under realistic conditions.  However, these 

simulations require constitutive relationships that accurately represent the kinetics of 

MnO4
-
 consumption by NOD for a range of conditions.  Six different kinetic models were fit 

to data from batch NOD tests on 50 different aquifer samples with varying 

MnO4
-
 concentrations and/or aquifer solid to water ratios.  Representing oxidant consumption 

as an initial instantaneous reaction with a portion of the total NOD and as a second order 

reaction between MnO4
-
and the remainder of the NOD provided a good match with 

experimental results from the batch studies, without imposing an unnecessary computational 

burden.  Wide variations in NOD parameters were observed including total NOD, fraction 

fast/instantaneous, and second order rate coefficients.  Most of the NOD present was slow 

reacting, so MnO4
-
 could persist for weeks to months once the fast reacting fraction is 
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depleted.  Total NOD was not correlated with the fraction of fast/instantaneous NOD or the 

reaction rate coefficients, indicating NOD reactivity is independent of the total amount of 

NOD.  Results from 48-h NOD measurements were also shown to be poor predictors of total 

NOD and should not be used to estimate long-term MnO4
-
 consumption. 

Numerical simulations incorporating these reaction kinetics were used to evaluate the 

effect of aquifer characteristics (aquifer heterogeneity, total NOD, reaction rate, fraction 

instantaneous NOD, groundwater velocity, contaminant concentration, and retardation factor) 

and injection system design variables (reagent concentration, injection volume, well spacing, 

and pattern of reinjection) on contact and treatment efficiency.  Simulation results indicate 

that the mass of permanganate and volume of water injected has the greatest impact on 

aquifer contact efficiency and contaminant treatment efficiency.  Several small injection 

events are not expected to increase contact efficiency compared to a single large injection 

event, and can increase the amount of un-reacted MnO4
-
 released down-gradient.  High 

groundwater flow velocities can increase the fraction of aquifer contacted.  Initial 

contaminant concentration and contaminant retardation factor have only a minor impact on 

volume contact efficiency.  Aquifer heterogeneity can have both positive and negative 

impacts on remediation system performance, depending on the injection system design. 

CDISCO (Conceptual Design of ISCO), a Microsoft Excel spreadsheet based tool, was 

developed to assist with the design of ISCO systems using MnO4
-
.  The model inputs are the 

aquifer characteristics (porosity, hydraulic conductivity, effective aquifer thickness, natural 

oxidant demand, kinetic parameters, contaminant concentrations, etc.), injection conditions 
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(permanganate injection concentration, flow rate, and duration), and unit costs for reagent, 

drilling, and labor.  MnO4
-
transport in the aquifer is simulated and used to estimate the 

effective radius of influence (ROI) and required injection point spacing.  CDISCO then 

provides a preliminary cost estimate for the selected design conditions.  The user can perform 

multiple runs of CDISCO to optimize the cost of the ISCO design.  Comparisons with 

analytical and numerical models of nonreactive and reactive transport demonstrate that 

CDISCO accurately simulates MnO4
-
 transport and consumption.  Comparison of CDISCO 

results with the three-dimensional heterogeneous simulations show that aquifer volume 

contact efficiency and contaminant mass treatment efficiency are closely correlated with the 

ROI overlap factor. 

In situ bioremediation (ISB) processes can be stimulated by injecting soluble substrate 

(SS) through grids of wells.  The performance of ISB can be optimized with numerical 

modeling to simulate the distribution of injected SS in aquifers.  Substrate transport and 

consumption by bacteria was represented by the standard form of the advection-dispersion 

equation with a first order decay term.  The model was then used for a series of numerical 

simulations to examine the impact of different design variables on steady-state contact 

efficiency (CESS) in a 3 dimensional heterogeneous aquifer.  Design variables examined 

included SS injection concentration (CI), minimum substrate concentration (CMIN), 

groundwater travel time between rows of injection wells (TT), soluble substrate half-life (TH), 

time period between substrate reinjections (TR), and pore volumes of substrate solution 

injected (PV).  Injecting larger volumes of water (higher PV) containing higher 
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concentrations of organic substrate (higher CI/CMIN) will increase CESS.  In general, CESS is 

highest when TR is low and TH and TT are high.  However, the impact on CESS from 

changing one of TR or TT was limited by other parameters value.  Regression equations are 

developed to allow designers to estimate CESS based on four dimensionless parameters -- 

CI/CMIN, PV, TR/TT, and TR/TH. 

A simple design tool was developed to assist ISB system designers in developing 

injection systems to effectively distribute SS.  When applying the tool, users : (1) enter 

information on general site conditions (depth to water table, porosity, permeability, etc.), (2) 

enter unit costs for wells, injection labor, and organic substrates, (3) select a drilling method 

and target treatment zone, (4) select well spacing and layout, design life, reinjection interval, 

and injection pore volume.  The design tool then estimates steady state contact efficiency 

(CESS) and project life NPV.  Sensitivity analysis results indicate that total costs to treat a site 

for 5-yr using soluble substrate is relatively insensitive to site conditions.  However, unit 

costs will be higher for smaller sites due to proportionally higher fixed costs.  CESS can be 

increased by varying design parameters, and increasing CESS results in increasing costs.  For 

many parameters, there is some middle range where the ratio of CESS to 5-yr costs highest.  

Optimized designs can be developed by simultaneously varying several design parameters to 

generate a specific target CESS with the lowest cost.  In most cases, the highest ratio of CESS 

to cost occurs for CESS in the range of 70%~80%.  
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CHAPTER      8  

Future Work 

Research presented in this dissertation assumed that contaminant treatment efficiency 

could be increased by effectively distributing treatment reagents (MnO4
-
 and SS) throughout 

the target treatment zone.  However at many sites, a large portion of the contaminant mass 

may be present as Dense Non-Aqueous Phase Liquids (DNAPLs), diffused into low 

permeability zones and sorbed in aquifer materials.  At many sites treated by ISCO, 

contaminant concentrations have rebounded following treatment, presumably due to 

continued dissolution of DNAPLs and/or back diffusion from low permeability zones.  

Methods that are more efficient are needed to define the spatial distribution of DNAPLs and 

dissolved contaminants in aquifers and use this information to design more effective and 

efficient remediation systems.  Methods are also needed to evaluate the combined use of 

several technologies for aquifer remediation.  For example, ISCO could be used for source 

removal followed by anaerobic bioremediation for plume and residual treatment.     

 

 


