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PROBLEM STATEMENT 
 
Non-aqueous phase liquids (NAPLs) and other hydrocarbon residuals can represent long-term 
sources of ground water plume constituents of interest (COIs). Excavation and disposal often 
represents the most rapid, cost-efficient and effective means of removing these source 
materials from the environment. In many cases, however, these types of remedial actions are 
not possible / cost effective hence in situ source area management strategies are more 
appropriate. 
 
The work described herein has been conducted since 1997 and demonstrates the ability of In 
Situ Biogeochemical Stabilization (ISBS) technology to decrease residual COI mass within a 
suspected source area and to reduce the flux of COI from the stabilized residuals into the 
dissolved phase. As the COI load decreases, a dissolved-phase plume will rapidly contract, 
thereby facilitating enhanced natural attenuation processes; or enhanced passive remediation 
(EPR). The technology will accelerate site closures by mitigating COI rebound observations 
during post-closure monitoring and expand the application of EPR technology so that it may be 
applied safely to a larger number of sites.  
 
TECHNOLOGY DESCRIPTION 
 
A number of in situ chemical oxidation (ISCO) technologies have been used to oxidize 
various organic COI. These ISCO technologies include a variety of Fenton’s-type 
compounds, (activated) persulfate and/or permanganate. In general, the objective of an 
ISCO project is to remove mass which will presumably lead to a shortened remedial action. 
As summarized in Appendix A , however, all of these ISCO-based remedial technologies 
are challenged by similar issues, namely; difficulty in establishing effective distribution and 
reactivity (need to get catalysts, reagents and COI to combine in situ), rather poor 
predictability of performance (rebound; kinetics of reactions), and potentially serious health 
& safety issues. 
 
As defined herein, ISBS represents a means of removing COI mass and reducing flux of 
COI into groundwater thereby accelerating EPR and preventing the phenomenon of post-
treatment rebound. ISBS entails the use of a specifically modified (catalyzed, buffered) 
solution of sodium permanganate (NaMnO4) that is flushed through a targeted source zone 
suspected to contain residual hydrocarbon. As relatively small amounts of oxidant migrate 
horizontally AND vertically through the targeted source area, the various (bio)geochemical 
reactions that occur between the organic COI and the oxidant cause the destruction or 
removal of COI residuals via a two step process: i) oxidation and ii) dissolution. The 
chemical/biological oxidation processes destroy COI present in the dissolved phase. This, in 
turn, increases the release of COI from NAPLs into the aqueous phase. The more water 
soluble, lower-molecular-weight constituents are dissolved and treated/removed at a 
proportionally higher rate, thus leading to a “hardening” or “chemical weathering” of the 
NAPL as it steadily loses its more labile components. This causes a net increase in viscosity 
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of the organic material, which yields a more stable, recalcitrant residual mass.  As such, the 
flux of COI released into the dissolved phase is much reduced, and natural attenuation 
processes are more easily capable of managing associated plumes (MacKinnon and 
Thomson, 2002; Mueller et al, 2003). 
 
In addition to mass destruction, we demonstrated that ISBS using (modified) permanganate 
serves to physically stabilize NAPL residuals.  At a pH range of 3 to 11, MnO4 oxidation 
reactions result in the formation of manganese dioxide (MnO2) as follows: MnO4

- + 4 H+  + 3 
e- ®  2 H2O + MnO2. The MnO2 precipitate is insoluble, has high surface area, is a good 
coagulant, and has high sorptive capacity for divalent cations (Pisarczyk and Rossi, 1996). 
Conventionally, this precipitate is considered problematic because of the potential for the 
MnO2 to cause chemical fouling and reduction in aquifer permeability (Yin and Allen, 1999).  
However, when the technology is viewed as described herein (i.e., as in situ source 
stabilization), then this precipitation or encrustation is actually desired.  As such, we have 
developed modified permanganate solutions that enhance this physical encrustation effect 
(Mueller et al, 2003). The catalyzed MnO2 precipitate will form along the NAPL (R) interface, 
physically coating or entombing it and thereby reducing the flux of dissolved-phase 
constituents into the groundwater. It is important to note that for ISBS application, only a 
small fraction (e.g., 10%) of the total oxidant demand is required. Laboratory and pilot-scale 
field studies conducted in collaboration with Dr. Neil Thomson of the University of Waterloo 
clearly documented this effect (See Photo 1 Appendix B ). 
 
Technology Maturity.  In 1997, we conceptualized ISBS for source area treatment as an 
alternative to NAPL removal/destruction. Through a variety of laboratory studies conducted in 
collaboration with the University of Waterloo, we subsequently developed solutions of 
permanganate that were very effective in reducing aquifer permeability and were quick to 
physically encrust NAPL residuals yielding effective in situ source management and flux 
reduction.  
 
In 1998, we initiated controlled pilot-scale studies at the Air Base Borden, Canada in association 
with the University of Waterloo. These data showed that the ISBS of previously buried creosote 
NAPL sources resulted in rapid and significant retraction of the COI plume (Dr. Thomson, 
University of Waterloo). 
 
In 2002, we initiated pilot-scale field studies at an operating wood-treatment facility in Denver, 
Colorado (Kopper’s Inc., Superfund Site) where 24,050 gallons of 3% aqueous potassium 
permanganate (KMnO4) solution (no catalysts; no buffers) were injected into 13 locations within 
a defined test area (75 x 95 x 10 ft deep). Performance monitoring was conducted for 6 months 
to evaluate the ability of ISBS to stabilize the free-phase NAPL residuals and enhance the 
natural attenuation processes by: i) mitigating the migration of NAPL; ii) reducing the 
concentration of COI in the dissolved-phase; iii) decreasing the mass of NAPL residuals (source 
reduction); and iv) reducing the flux of COI from NAPL residuals (especially true with MnO2 
precipitate). Field data showed rapid and complete stabilization of NAPL. In addition, mass was 
reduced by 10 to 79% (Table 1; Appendix B ), and the flux of COI was reduced by 56 to 99% 
(Table 2; Appendix B ).   
 
In December 2003, full-scale application of ISBS technology at the Denver Site was approved 
by State of Colorado (CDPHE) and Federal (US EPA Region VIII) regulators, following their 
rigorous peer-review (EPA Research Laboratories) of all existing data. The project was 
completed in May 2004 where a total of 82,553 gal of KMnO4 @ 30 g/L Solution (3%) was 
added to 44 injection points and 9,789 gal were applied two three trenches (90 gal / LF trench) 
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yielding a total 10,495 kg KMnO4 for 4.5 g KMnO4 / Kg soil. Subsequent monitoring data 
showed effective stabilization of NAPL. Continued monitoring will be used to demonstrate the 
EPR effects.   
 
From 2004 through 2007 we refined the ISBS composition to include reagents required for 
effective performance at other sites and developed a commercial formulation of the ISBS 
solution named RemOX® EC. In January 2008, we initiated pilot-scale field studies at an 
operating wood-treatment facility in Gainesville, Florida (Cabot Carbon/Koppers Superfund Site) 
where 62,850 pounds of 4.5% RemOX EC solution were injected through 16 direct push points 
from ca. 9 to 20 feet bgs on approximately 15 foot centers. In addition, 542 gallons of 10% 
RemOX EC solution were injected into one temporary well location. Performance monitoring 
data for this pilot test have shown: i) a 50% reduction in total soil PAHs, ii) soil leachate 
reductions of 95%, and iii) 27 to 81% occlusion of the pre-injection pore space. It was noted that 
field aquifer permeability reductions were likely even greater than 81%. This is consistent with 
the bench-scale column testing work conducted previously, which showed >90% reduction in 
permeability / transmissivity within 8 days of ISBS treatment.  
 
In addition to the above affects, optical microscopy, electron probe microscopy, Scanning 
Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) studies conducted by 
Dr. Tom Al (University of New Brunswick; UNB) showed that the ISBS precipitates rapidly 
formed uniform and environmentally stable coatings around aquifer grains and NAPL droplets 
(Figure 1 ).  The coatings were composed of crystalline aluminum silicate hydroxides that were 
not representative of conventional manganese oxyhydroxides that would typically form with the 
use of standard permanganate.  Unlike the manganese oxyhydroxide coatings, the Remox EC 
coatings are not expected to be affected by changes in the redox potential of the aquifer and are 
therefore considered to be stable and persistent with time.  
 
At wood treating site in Louisiana, engineering optimization studies showed that after 14 days of 
treatment under laboratory conditions, there was no “significant” reduction of SVOC 
concentrations in soil (as noted above, significant mass removal is not often observed as a 
result of the ISBS treatment). However, ISBS treatment of NAPL impacted Site soil with 10% 
RemOx EC resulted in a 96% reduction of SVOC in the test Column leachate. Similarly a 99% 
reduction in leachable dioxins and furans was supported in the 10% RemOx EC treatment 
(Figure 2 ). There was a slight, likely insignificant reduction in soil concentrations of 
dioxin/furans post ISBS treatment. 
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Figure 1. Gainesville, FL Site Photo-Micrograph 
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Figure 2.  Winnfield, LA Site Leachability Results 
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To date (October 2008), the ISBS technology has been evaluated at the following sites: 
 

Site / Location / Client COI / Environmental 
Setting 

ISBS Approach / Status 

Wood Treating Site, 
Denver CO, Beazer East, 
Inc. (Mike Tischuk 412 
208-8809) 

Phase separated 
creosote (PAHs) and 
penta 
(pentachlorophenol). 
Consolidated shallow 
alluvium. 

KMnO4 (no catalysts; no 
buffer) successful  bench 
and pilot studies 
completed; full-scale 
application completed 
2004. 

Wood Treating Site, 
Gainesville FL. Beazer 
East, Inc. (Mike Slenska 
and Mitchell Brourman 
412 208-8805) 

Phase separated 
creosote (PAHs). Sand 
silt environment, 5 to 22 
ft bgs. 

NaMnO4 (catalyzed, 
buffered) completed 
bench-scale engineering 
optimization tests; Pilot-
scale technology 
validation conducted in 
January of 2008. 

Manufacture Gas Plant 
(confidential client and 
location) 

Phase separated coal 
tars; goal is to reduce 
COI flux and facilitate 
EPR. 

Engineering optimization 
bench work conducted 

Manufactured Gas Plant, 
Indiana (confidential 
client) 

Phase separated coal 
tars; goal is to reduce 
COI flux and facilitate 
EPR. 

Engineering optimization 
bench work conducted 

University of Waterloo, 
Dr. Neil Thomson 

Chlorinated solvents in 
various media 

Laboratory proof of 
concept and technology 
validation experiments, 
as published. 

Plastics Manufacturing 
Site, (confidential client 
and location) 

Chlorinated ethanes, 
ethanes and minor BTEX 
impacts 

Bench scale proof-of-
concept studies 
conducted. 

Former Wood Treating 
Site, Montgomery AL 

Phase separated 
creosote (PAHs) 

Field Scale application 
planned for 2009. 

Former Wood Treating 
Site, Cape Fear, NC 

Phase separated 
creosote (PAHs) 

Conceptual design 
completed. 

Former American 
Creosote Works, 
Winnfield, Louisiana 

Phase separated 
creosote (PAHs) 

Bench scale proof-of-
concept studies 
conducted August 2008. 
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 WHY USE ADVENTUS’ ISBS TECHNOLOGY? 
 
Conventional ISCO efforts are targeted at mass removal.  In some cases, however, the ability to 
achieve this objective is difficult because the technology is so dependent upon accurate source 
area delineation, both vertically and horizontally) and in situ distribution. Conversely, ISBS tends 
to better recognize the limitations inherent to most in situ projects and has been developed 
accordingly.   
 
For example, we have learned throughout the years that potassium permanganate can be 
problematic, whereas catalyzed, buffered sodium permanganate is usually much more reactive 
and effective (see Mueller et al, 2005). Data from these activities along with our continued 
research and development efforts (10+ years in technology development) demonstrate the 
significant advantages of the catalyzed ISBS technology provided exclusively by Adventus:  
 
Permeability Reduction : Soils permeability can be reduced >98% after only 8 days incubation 
with catalyzed ISBS reagents (Figure 3 ).   
 
COI Flux Reduction : The catalyzed, buffered ISBS reagents yield significant reductions in the 
amount of PAHs leached from the soils after only 8 days of treatment (Figure 4).  Similar results 
were observed with pentachlorophenol (penta) (Figure 5).    
 
Soil Data and COI Removal:  The buffered ISBS reagents caused little change in PAH mass 
removal between treatments.   
 
Figure 3. Cumulative volume of solution leached thr ough site soil after 7 and 8 days 
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Figure 4:  Changes in PAHs in Leachate 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5:  Changes in Penta in Leachate 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
EXPECTED BENEFITS 
 
Use of ISBS for source area management represents an effective, sustainable way to address 
NAPL issues and accelerate closure of challenging sites. It also allows for EPR processes to be 
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applied to areas where conventional MNA approaches are currently not considered to be 
applicable or appropriate. Our experience suggests that a single round of injections into a 
targeted source area will rapidly (e.g., 2 months) remove contaminant mass and significantly 
reduce the flux of COI into the dissolved phase. Positive effects of EPR (contaminant 
concentrations decrease; plumes contract) follow immediately.  
 
COST 
 
At a site in Denver, CO KMnO4 (non buffered; non-catalyzed) was applied at a rate of 4.5 g 
KMnO4/kg soil at a total project cost of approximately $45/m3. At a site in Gainesville, FL, full-
scale ISBS using an application rate of 4.5% RemOx EC at 5% pore volume has an estimated 
product cost of $21.75/cubic yard and a total  product plus installation cost of $25.60/cubic yard.    
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APPENDIX A  
 

ISCR vs. ISCO? 
THE CHOICE IS USUALLY CLEAR   

_______________________________________________________ 
 
Many chlorinated hydrocarbon compounds (CHCs) can be degraded via oxidative or reductive processes 
(http://umbbd.ahc.umn.edu). Accordingly, various in situ chemical oxidation (ISCO) technologies using 
oxidizing agents such as Fenton’s chemistry, permanganate and persulfate have been developed to 
remediate impacted environments. Each of these oxidants and their activators offer seemingly unique 
features and they can be very effective on a varying range of CHCs (ISBS technology described at 
http://www.adventusgroup.com/products/isbs.shtml). However, an equally or perhaps more effective 
remedial strategy may entail in situ chemical reduction (ISCR) using EHCTM (www.adventusgroup.com) or 
granular iron (zero-valent metal) (www.eti.ca) as the reductant. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
So – which technology is more appropriate for a giv en site ?  
 
In general, if the targeted environment is hypoxic (low Eh; oxygen limited), it seems intuitive to employ an 
ISCR strategy using EHCTM or ZVI technology.  Conversely, an ISCO strategy would likely be more 
effective in an oxic environment. Iron permeable reactive barriers (PRBs) are extremely robust and can 
be deployed in both anoxic and oxic environments. 
 
A number of other important factors should be considered when selecting between an ISCR or ISCO 
approach for a specific site.  As summarized in the following table, these include: targeted treatment area 
(source removal, plume control or both), contaminant characteristics, presence of free product, residuals 
or phase-separated hydrocarbons (e.g., NAPL), desired clean-up time, chemical recalcitrance and 
degradation kinetics, longevity of the added reagents in the subsurface, environmental impacts 
(secondary plumes) and health & safety issues. 
 

Contact us at 888 295-8661 or  www.adventusgroup.,com for a free situation analysis and an 
independent assessment of various ISCO, ISBS or ISCR remedial alternatives. 

 

ISCR / ISCO / ISBS 
Source area 
treatment options 

Granular Iron  
Permeable 
Reactive Barrier 

Contaminated 
Groundwater 

EHC 
Treatment  

Treated 
Groundwater 
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COMPARATIVE ANALYSIS OF ISCR vs. ISCO REMEDIAL TECH NOLOGIES 

 
 

 
 

The Adventus Group exclusively offers EHCTM and ZVI technologies along with ISBS in situ stabilization 
technology.   Other ISCO technologies are available from various other vendors and suppliers.   

 
Please contact us for more information on any of these technologies. 

Factor 

 
ISCR 

(EHCTM) 
 

Granular Iron 
(Zero-Valent Iron) 

 

ISCO 
(Fenton’s, Peroxide, 

Persulfate, Permanganates) 

Existing redox conditions More appropriate for reduced 
environments (ORP < 0 mV; DO < 
1 mg/L). 
 

Can be applied in any Eh 
condition. 

More appropriate for oxidized 
environments (ORP > 0; DO > 1 
mg/L). 

Material handling safety Non-hazardous; Minor dust 
consideration. 
 

Environmentally friendly 
materials. 
 

Some require significant health and 
safety precautions during 
installation. 

Treatable Constituents of 
interest (COI) 

Active towards a wide range of COIs, including ethenes and 
ethanes.  Can reduce and immobilize / adsorb certain metals; 

Not effective on BTEX and other refined petroleum 
hydrocarbons. 

 

Active towards a wide range of 
COIs, including chlorinated and 
non-chlorinated compounds; 
Reactivity sometimes variable and 
dependent upon activators; Active 
on BTEX and related COIs. 

PRB applicability 
Very applicable to PRBs for plume 
control - an estimated lifetime of 3 
to 5 years for EHC. 

Very applicable to PRBs 
for plume control - an 
estimated lifetime of 20+ 
years for iron PRBs. 

Not applicable for PRBs due to 
liquid nature of products;  Usually 
too expensive for treatment of larger 
plumes or situations where the 
source cannot be treated. 

NAPL applicability 

 
Not widely considered applicable 
for NAPL situations. 
 

Iron or iron/ clay can be 
mixed into NAPL zones. 

Some technologies have shown 
success on NAPL; ISBS technology 
demonstrated for flux reduction. 

Non-NAPL source 
applicability 

Potentially applicable to non-NAPL sources, if reagents are appropriately distributed and source is 
accurately delineated. 

COI concentrations in 
groundwater plumes 

 
More cost efficient at lower COI 
concentrations. 
 

Particularly effective at 
reducing large 
concentrations in a short 
period of time. 

Effective at various COI 
concentrations. 

Organic content of soils 

 
 
Applicable to soils of high or low 
organic content. 
 
 

Application independent 
of soil organic content. 

Best suited to oxic soils with low 
organic content due to increased 
reagent loading requirements for 
soils high in organic content. 

 
High concentrations of competing 
electron acceptors such as 
oxygen, sulfate and nitrate will 
increase EHC loading 
requirements. 
 

Nitrate will increase rate 
of iron passivation. 

Usually difficult to accurately assess 
Total Oxidant Demand (TOD); May 
need to repeat applications. 
 

Other factors influencing 
application rate 
 
 Field performance highly 

dependent upon effective 
construction techniques; Field 
performance usually adheres to 
engineered variables. 

Predictable performance. 

Field performance highly dependent 
upon effective construction 
techniques; Field performance does 
not always adhere to engineered 
variables.  
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APPENDIX B – SUPPORTING TECHNICAL INFORMATION . 
 
Photo 1 .  Sections of a sand (white) TCE NAPL (dyed red) interface treated with KMnO4 

(dark purple/brown) and encrusted with precipitated MnO2 (Black).  From 
MacKinnon and Thomson, 2002. 

 
 
 

Table 1. Mass Reduction after Single ISBS Treatment – Denver CO Field Demonstration 
 
 
 
 
 
 
 
 
 
 

Table 2. Flux Reduction after Single ISBS Treatment – Denver CO Field Demonstration. 
 
 
 
 
 
 
 
 
 
 
Table 1 and 2 summarize the results from pilot-scale field testing of ISBS technology at the 
Kopper’s Inc. Superfund Site in Denver, CO where an area ca. 75,000 ft3 was treated with 
modified per ISBS yielded a 53% reduction in the residual mass of chlorinated phenols (from 
285.4 to 133.8 mg/kg) and a 19% reduction in the mass of total PAHs (from 9,595 to 7,771 
mg/kg). Decrease in Leachable Constituents: Comparisons between the treated and 
background samples indicated a 76% decrease in the total PAH leachable (from the treated 
soils). In the treated soils, the amount of lower-molecular-weight (LMW) PAHs present in the 
leachate was reduced by 73%; higher-molecular-weight (HMW) PAHS were reduced by 
more than 99% (percent flux reduction).   
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