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EHC™ IN SITU CHEMICAL REDUCTION (ISCR) REAGENT

Jim Mueller, Ravikumar Srirangam, Alan Seech - Adv

entus Americas, Inc

John Vogan, Andrzej Przepiora — EnviroMetal Technolog v, Inc.

Michael Martinson — Delta Environmental, Inc.

1 ISCR - TECHNOLOGY OVERVIEW

Biodegradation via reductive dechlorination processes occurs when microbes directly remove
chlorine atoms from a chemical in order to derive energy from other organic compounds. This
occurs under reducing, anaerobic conditions. A more effective remedial strategy, however,
entails in situ chemical reduction (ISCR) using EHC™ as the reductant. As described herein,
EHC™ is the patented combination of controlled-release carbon plus micro-scale zero valent
iron (ZVI) particles used for stimulating in situ chemical reduction of otherwise persistent organic

compounds in groundwater.

Various formulations of Adventus’ carbon + ZVI materials have been used to treat over
2,500,000 tons of soil/sediment and millions of gallons of groundwater impacted by recalcitrant
compounds. Both EHC (for groundwater) and DARAMEND® (for soils) are proven, established
technologies that have been used at over 150 field sites to date throughout North America and
accepted by many Federal, State, and regional regulatory authorities within the USA/Canada

(Figure 1a) Europe (Figure 1b ) and Asia.

Adventus Field-Scale ISCR
Projects in North America.
160+ Sites December, 2007
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Figure 1b: Adventus Field-Scale
Projects in Europe.
20+ Sites December, 2007
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2. ISCR MODE OF ACTION

Following placement of EHC into the subsurface, a number of physical, chemical and
microbiological processes combine to create very strong reducing conditions that stimulate rapid
and complete dechlorination of organic solvents and other recalcitrant compounds. First, the
organic component of EHC (fibrous organic material) is nutrient rich, hydrophilic and has high
surface area; thus, it is an ideal support for growth of bacteria in the groundwater environment.
As they grow on EHC patrticle surfaces, indigenous heterotrophic bacteria consume dissolved
oxygen thereby reducing the redox potential in groundwater to approximately -250 mV (Figure
2). This is the same general redox level that is obtained when indigenous microflora consume
any other organic substrate, such as petroleum hydrocarbons (BTEX), wood chips, molasses,
corn oil, soybean oil, lactate or sucrose. As the bacteria grow on the organic EHC patrticles,
they ferment carbon and release a variety of volatile fatty acids (acetic, propionic, butyric) which
diffuse from the site of fermentation into the groundwater plume and serve as electron donors
for other bacteria, including dehalogenators and halorespiring species.

Figure 2. Effect of Organic Amendments on Eh With and Without ZVI.
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In addition to carbon sources acting simply as electron donors the ZVI particles (<5 to 45 nm) in
EHC provide substantial reactive surface area that stimulates direct chemical dechlorination and
an additional drop in the redox potential of the groundwater via chemical oxygen scavenging
(Figure 2). These physical, chemical and biological processes combine to create an extremely
reduced environment that stimulates chemical and microbiological dechlorination of otherwise
persistent compounds. Field readings of redox potentials from -300 mV to as —550 mV are
commonly observed in groundwater after EHC application. At these Eh levels, many organic
constituents of interest (COI) are thermodynamically unstable and they will readily degrade via
pathways more typical of physical destruction processes (minimum production and, in most
cases, no accumulation of typically recognized biodegradation intermediates such as DCE for
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TCE). Hence, the ISCR technology is microbiologically based in that it relies on indigenous
microbes to biodegrade the EHC carbon (refined plant materials), but it does not normally
require the presence or activity of special or otherwise unique bacteria for complete and
effective remediation. However, in some cases such as the presence of highly elevated cis-DCE
concentrations due to natural degradation processes or induced via the addition of a carbon-
only substrate, bacterial consortia including the KB-1 inoculum of a specialized anaerobic
consortium (www.Siremlab.com) may be added in conjunction with the EHC in order to expedite
the onset of metabolite degradation.

It is critical to understand that the processes of COI destruction under ISCR conditions are
different from the well-known enzymatic pathways. As an example, if the primary COls in site
groundwater are PCE and/or TCE then the typical pathways and products of anaerobic
reductive dehalogenation reactions are shown in Figure 3. The fact that cis-1,2-DCE and VC
are major dechlorination products is the most significant deficiency in groundwater treatment
processes based on sequential reductive dehalogenation pathways.

Figure 3. PCE /TCE Degradation Schematic — Sequential Reductive Dehalogenation under
Typical Anaerobic Conditions.
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In contrast, under ISCR conditions these pathways are avoided and terminal destruction /
mineralization proceeds along the lines of the recognized beta-elimination pathways (Figure 4).
These differences have been described by various experts in the field of biotransformation
processes (e.g., John Wilson, US EPA as reported in the AFCEE Technology Transfer Seminar,
2003; Mark Ferry, MPCAA; J, Szecsody and J. Fruchter et al., Battelle Pacific Northwest
National Laboratory; Seech et al., 2000).
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Figure 4. PCE /TCE Degradation Schematic — Representative Reactions for Mineralization
under ISCR Conditions.
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3. POTENTIAL ADVANTAGES OF USING EHC ISCR TECHNOLOG Y

The patented combination of controlled-release organic carbon plus ZVI uniquely yields ISCR
conditions which give EHC notable technical advantages over other materials that provide only
carbon (e.g., emulsified oils, molasses, hydrogen releasing compounds, or lactate-based
substrates) or only ZVI. These include:

Health and Safety . Safe handling and easy application with no bulky or hazardous
material disposal issues;

Minimal Methane Production . The presence of ZVI and the complex, controlled-
release carbon source help minimize production of potentially problematic fermentation
end-products, such as methane;

Predictable Performance . EHC uniquely integrates chemical and microbiological
degradation processes which allow treatment to proceed at a predictable rate;

Constructability . EHC is easily and quickly injected using conventional construction
technologies;

No Mobilization of Contaminants.  Optimal volume of EHC slurry is injected without
the need for extensive water flushing , which avoids potential displacement and
mobilization issues;

Accelerated Site Closure due to the ability of the EHC system to rapidly remove COI
mass via a combination of biogeochemical degradation processes without relying on
physical sorption / sequestration as a major “remova I” mechanism (as is the case
with emulsified oil injection);
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ISCR. Combined chemical and biological oxygen scavenging facilitates rapid oxygen
consumption and establishment of reduced Eh conditions; Generating significantly
lowered reducing conditions usually eliminates any requirement for specialty
microorganisms or inoculants;

No Dead-End Intermediates . Rapid COI removal without accumulation of potentially
problematic catabolites, such as cis DCE from TCE or chloroform (CF) from carbon
tetrachloride (CT) (see Dolfing et al, 2008; Liu et al., 2000; Biteman et al, 2006)

Applicability . Demonstrated effective on a wide range of COlI, including chlorinated
solvents, Freons, pesticides, perchlorate and other energetic compounds (explosives);

Longevity with no Rebound . EHC remains active in the environmental for 12 to 60
months hence COI rebound phenomena are not observed (rebound is common when
using readily biodegradable, liquid substrates);

Complete Technology. Being a plant-based, complex carbon source EHC provides
major, minor and micronutrients that are essential to the activity of fastidious anaerobic
bacteria involved in recognized dechlorination reactions;

Buffering Capacity . Substantial pH buffering capacity (i.e., different EHC products are
designed to release alkalinity, acidity or to maintain a neutral pH). In contrast, the
addition of carbon-only amendments (e.g., emulsified oils, molasses or lactate-based
materials) to promote COI biodegradation can lead to aquifer acidification;

Facilitates Natural Attenuation Processes . For the reasons summarized above, EHC
enhances the natural biological processes. Other technologies such as emulsified oils
may offer short term COI reduction via sorption reactions, etc. but they can alter the
environmental conditions such that natural attenuation mechanisms are adversely
influenced (i.e., reduced pH); and

Simultaneous Immobilization of Heavy Metals. EHC will not mobilize arsenic, and
EHC-M will simultaneously immobilize many other heavy metals, which may be present
as other potential COls.

4, COMPARING ISCR TO ALTERNATIVE TECHNOLOGIES

Various efforts have been made to comparatively evaluate EHC to seemingly similar remedial
technologies including:

HRC®, HRC+, HRC-Advanced, and other HRC-based technology modifications
Lactate based carbon sources

Molasses and other sugars

SRS™ Slow Release Substrates

EOS™ emulsified soybean oils

Newman Zone™ emulsified oils

Some recent comparisons have focused on carbon and hydrogen equivalents of the various
amendments in an attempt to normalize them and estimate efficacy. In our experience,
however, it remains very difficult to properly evaluate these technologies because the
formulations seem to frequently change and much of the data needed to properly calculate
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these values are either proprietary or not quantified. Nevertheless, direct comparisons can help
environmental scientists to properly select the most effective, cost-efficient remedial solution for
a given site; hence, the following calculations have been made based on information available
to Adventus at the time of writing.

Hydrogen Equivalents — Fallacy of the “Hydrogen Swee  t-Spot” Concept

Given the proper physiochemical conditions halogenated aromatics and aliphatics can be good
electron acceptors in anaerobic environments based on their redox potentials. Reductive
dechlorination reactions are thermodynamically possible even if the concentration of electron
donor such as molecular hydrogen (H,) in the anaerobic environment is much below the
standard conditions. The minimum hydrogen concentration that can be consumed is inversely
correlated with changes in Gibbs free energy and the redox potential of the hydrogen
consuming reaction (Dolfing et al, 2008). Therefore, dehalorespiring anaerobes can consume
hydrogen to levels below the threshold concentrations observed for sulfidogens, acetogens or
nitrate reducers (Quensen et al., 1997). Biological reductive dechlorination is a two-electron
transfer process in which hydrogen is assumed to be directly or indirectly the electron donor
(Quensen et al., 1990). Lake sediments contain hydrogen producers and usually a variety of
competing H»-utilizers with different affinities for hydrogen (Wiegel et al., 2000). The successful
competition for hydrogen by a microorganism depends not only on the availability of hydrogen
and the affinity of the microorganism for hydrogen but also on the presence of utilizable carbon
sources and electron acceptors. Hydrogen, depending on its partial pressure, can stimulate or
inhibit this microbial dechlorination process (Wu et al., 1997).

Excessive methane generation, which is often considered undesirable, is regulated primarily by
site-specific environmental conditions (Eh, pH) and by the relative biodegradability of the
available carbon substrate. In general, the optimum concentration of dissolved hydrogen for
conventional reductive dehalogenation (via action of various dehalococcoides species and
related microbes) is around 2 to 11 nmol/L. As summarized in Tablel below, however, the
concept of liberating H at very low rates to selectively stimulate dehalogenation and avoid
methanogenesis is misleading, because the significant overlap in hydrogen concentration range
is difficult, if not impossible, to avoid in the field.
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Tablel- Hydrogen Concentration ranges

TERMINAL ELECTRON- DISSOLVED HYDROGEN CONCENTRATION
ACCEPTING PROCESS (nmol/L) (atm )* (ug/L)
Demitrification and =0.1 =13x107 =20x 10"
Manganese Reduction

Iron (III) Reduction 0.2t00.8 026-10x10°¢ 04-16x107
Sulfate Reduction 1to4 13-50x10° 20-80x107°
Methanogenesis Sto 20 63 -250x 10° 1.0-4.0x 107
Optimum for Anaerobic 2toll 2.6-125x10° 4.0x10%-22x107

Reductive Dechlorination

Adapted from Lovley et al., 1994; Chapelle et al., 1995; and Yang and McCarty, 1998
* In gas phase in equilibrium with water containing dissolved hydrogen.

Table SourcePrinciples and Practices dEnhanced Anaerobic Bioremediatiof Chlorinated Solventir Force
Center for Environmental Excellence, 2004

Theoretical Calculation of H , Production by EHC

Despite the fallacy of the “H sweet spot” concept, theoretical H, production has been used by
some environmental remediation practitioners to normalize various non-ISCR carbon sources,
and attempts have been made to include EHC into these matrices. One major limitation to such
efforts is the uncertainty in values assigned to various carbon sources, and the rates of
hydrogen release which is dependent on the site-specific conditions and groundwater quality. If
these matrices are to be effective then an open, honest analysis should be conducted. To
facilitate a more accurate analysis, the following calculations are presented to the industry (and
we encourage all other vendors to openly reciprocate the effort).

Carbon Moiety: The hydrophilic organic component of EHC, which is composed of cellulose and
hemicellulose, may be treated during the manufacturing process so that the components more
easily undergo hydrolysis to glucose while maintaining an overall longevity of 3 to 5 years.
Hydrogen gas is produced during glucose fermentation via several enzymatic pathways,
depending on site conditions and microbial assemblages:

Glucose + 6H,O 6CO, + 12H, D
Glucose + 2H,0  2Acetate + 2CO, + 4H, + 2H" 2)

ZVI Component: EHC also contains ZVI, which, as it corrodes, also serves as a source of
hydrogen. Water corrosion of granular iron produces hydrogen and hydroxide resulting in an
increase in pH and decline in redox potential (Eh):

Fe® + 2H,0 ® Fe? + Hygg + 20H (3)
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Hydrogen gas evolution from ZVI will occur independently of the presence of organic
compounds in the site water. The water corrosion rate depends on the iron type, dissolved
inorganic species and temperature. Tests conducted with different types of zero-valent iron
materials resulted in water corrosion rates on the order of 0.1 to 0.6 mmol/kg Fe/day, with a
value of 0.3 mmol/kg Fe/day measured for granular irons typically used in PRBs (Reardon, 1995
and Adventus/ETI — internal data).

The rate of release of hydrogen is often more important than the total mass of hydrogen
released when it comes to cost-effective remediation. EHC, by design, will last in the
environment at least 3 to 5 years and is optimized for the rate of hydrogen release. Initially,
when the demand is high, the organic carbon fraction provides the higher release rate and later
(as contaminant concentrations decrease); when the demand is low, the slower corrosion rate of
ZVI provides a long-term supply of relatively low concentration hydrogen.

For example, Sorel et al. (2000; 2001) found that dissolved hydrogen concentrations
approached saturation.in groundwater at a granular iron PRB in Sunnyvale, CA, 7 years after
installation, indicating continued water corrosion. The hydrogen concentrations decline from as
high as 0.67 mmol/L within the PRB to about 0.000002 mmol/L more than 150 ft downgradient
of the PRB. While the mass of iron in an EHC treatment zone will be a lot less than in a PRB,
this clearly indicates the long-term hydrogen generating potential of EHC.

Calculation of H , Production* per 1 g EHC (20% ZVI) = of 0.12 g/g enc

A typical ratio of organic to Fe® material in EHC is about 80%/20%j, Which gives a total H,
production of 0.12 g/genc based on the following Stoichiometric calculations:

Organic: Mol. wgt = 180 g/mol (C¢H;,06), so 0.8 g would produce 0.11 g H, (assumed
the first fermentation pathway)
Fe: Mol. wgt = 56 g/mol, so 0.2 g would produce 0.01 g H,

These calculations are based on the total consumption of the organic and iron components in
EHC. This is a bit lower than the estimate for soybean oil only, mainly because of ZVI
component of EHC (Table 2). However, it is important to note that EHC is designed to yield
ISCR conditions which will remain effective for 3-5 years and longer to provide a slow release,
long lasting source of electron donor for the indigenous microbial populations.
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Table 2. Comparison of Hydrogen Generation among Va  rious Electron Donors.

Compound Average MW Moles of H , per mole g of H , per g substrate
Lactate 90 6 0.07
Emulsified
Soybean Oils 873 156 0.18*
HRC® +
unknowns 956 212 0.22**

ZVI =56 1
EHC® C component = 0.12

180 24

*  Assumes suspension of 50% oll

** As reported by vendor but we could not substanti ate via the scientific literature.

Carbon and Nitrogen Equivalents

It is now well known that the addition of carbon-only to an aquifer environment will stimulate
conventional anaerobic metabolic processes, such as sequential reductive dehalogenation,
which often leads to accumulation of catabolites, such as DCE and VC. Nevertheless, the
relevant abundance of carbon in various amendments has been used by some vendors and
practitioners to guide or select one amendment over another. As detailed above, such an
analysis misses completely the significance of what we have termed ISCR. But for the benefit of
those in the industry who are confronted with such a comparison, the data in Table 3 are
presented in order to facilitate a more direct and fair analysis.

Table 3 Comparison of Potentially Available C in Am  endments in Various Electron

Donors.
Compound Weight %C  Weight %N  \WWeight %H Notes
Na Lactate 32 0 4.5 NaC;Hs03
Soybean Oils 77 0 11 Standard Agricultural formulas
HRC® 41 0 4.8 C39Hs56039 (AFCEE report)
EHC™ 36 to 40 0.08t00.8 |[5to6 80% C + 20% ZVI
EHC carbon only 45 to 50 01to1 6to7 100% C only

Methane Generation Potential

Essentially all commercial sources of fermentable C will enhance the activity of all H-utilizing
microbes. This is evidenced by the fact that vendors of such slow-release H compounds, or
hydrogen releasing compounds (HRCs), routinely add a readily degradable source of carbon
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such as lactate or oil as a “booster”. However, EHC contains ZVI to uniquely elicit ISCR
reactions, and it is composed of a hydrophilic, solid and complex carbon source hence it should
generate little or no methane (< 5 mg/L). EHC will last in the subsurface for at least 3 to 5
years, and there is some speculation that the pH buffering from iron on EHC likely also
decreases the probability of methane generation by suppressing the activity of methanogens
that are perhaps more active at the more acidic pHs resulting from various fermentation
processes. Other key differences and potential benefits of using EHC ISCR compound versus
and other carbon-only amendments have been summarized above in Section 3.

In summary, a simple analysis of hydrogen equivalence is of some academic interest but has
limited practical relevance because it fails to consider many elements of ISCR, including Eh
potentials, release profile, buffering capacity/pH control, electron transfer facilitation, et cetera. It
is important to have a product that can deliver large quantities of H but it is even more important
to have a product that can create the optimal conditions under which molecular hydrogen can
function as the electron donor and can be utilized in these reactions. EHC is capable of doing this
by taking advantages of multiple mechanisms, balancing pH and creating low Eh.

Independent Comparative Cost Analysis

An independent, third party comparative analysis of EHC versus other possible amendments
concluded that EHC was the most cost-effective technology at a Site in the USA (Table 4).
Giving further consideration to longevity, confidence in technology supported by our unique
warranty of performance and many other factors, EHC was the clear choice for this major
consultancy and their very important, international client.

5 EHC IMPLEMENTATION

EHC is available as a solid or liquid material that can be easily injected into the subsurface
environment in a variety of ways based on site-specific designs. Application methods include
direct mixing, hydraulic fracturing, pneumatic fracturing, and injection of slurries or liquids. Direct
placement in trenches and excavations are also reliable application methods. The type of EHC
used for a given site depends, in part, on the construction method employed to emplace the
material into the subsurface. If a direct mixing or direct placement method is used, the standard
slow release, solid EHC material would likely be utilized. If an injection method is used,
however, a combination of fast and slow release EHC may be preferred. If the material is to be
placed through an existing well network, then a water-soluble, aqueous formulation, EHC-A,
may be utilized.

In either event, the fibrous organic carbon and ZVI or other reduced metal that comprises the
slow release EHC will remain in the location where it is injected. It will not only treat COI that
migrates into the treated area, but it will also have a ‘halo’ or ‘zone of influence’ of low redox
conditions that will extend beyond its physical space, greatly increasing its effectiveness. Figure
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5 provides an example of how a small fracture of EHC creates a wide zone of influence outside
of its immediate location. The native soil color is the yellow visible on the right hand side of the
core. The orange discoloration is due to the low redox conditions created by the EHC in the
saturated soil, which became apparent after exposure to the air for 2 hours. In our opinion, none
of the organic electron donor products is a true ISCR product, as they do not support these
different reaction mechanisms that EHC supports.

Figure 5. Photograph of a soil core, from 30 ft to 33 ft bgs, showing a 1-inch fracture.

Figure 6 presents a conceptualized image of the various processes associated with ISCR as
uniquely induced via EHC.

1. Direct reduction (primarily elimination) due to contact with ZVI;

2. Faster rates of In Situ Chemical Reduction (ISCR) due to lowered redox potential (Eh<550
mV) engendered by carbon and iron combination (Dolfing et al., 2008).

3. Indirect chemical reduction via reduced metals, i.e. reactive surface areas due to dissolved
iron and precipitates; and

4. EHC fermentation produces volatile fatty acids (VFAs) and hydrogen to stimulate
dehalogenators downgradient of injection locations.

These pathways are synergistic, thus individual mechanisms are not always quantifiable on a
site-specific basis. For example, maintaining near-neutral pH via the first two pathways makes
dehalogenation more efficient, and lowered Eh due to the combined effects of iron and carbon,
increases the rate of dehalogenation.
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Figure 6. Elements of EHC Action In Situ
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EHC Mass Requirements

Calculation of EHC mass requirements based only on hydrogen demand are strongly
dependent on poorly-known factors such as f,,, and do not take into account non-uniform
injection distribution, and most often under-estimate actual requirements. Therefore, EHC
requirements are based on data from successful bench, pilot and field-scale studies.

EHC mass requirements for solvent sites typically range from 0.05% to 1% to soil mass (non-
PRB applications), and up to 10% to soil mass in PRB applications.
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6. EHC CASE STUDIES

EHC treatment has effectively mineralized several CVOCs under full-scale field conditions
mostly without the generation / accumulation of potentially problematic catabolites (Appendix
A):

EHC-M for treatment of TCE and Cr(VI) hot-spot, NW USA

EHC for source area mass reduction (TCE, TCA and catabolites), Cherry Point, North
Carolina

EHC PRB for plume management (CT), Confidential site, Kansas

EHC mixed CVOC plume treatment (CF and TCE), Confidential site, SE USA

EHC PRB for plume management (PCE, DCE ), Confidential site, Ohio

EHC PRB for plume management (PCE and catabolites), Confidential site, Texas

EHC has been accepted by the Florida Department of Environmental Protection
(http://www.dep.state.fl.us/waste/cateqories/pcp/pages/bio.htm) and many other regulatory
agencies. The product is supplied in 50 Ib bags as a powder which can be mixed with soil or
slurried in water. Installation techniques vary widely depending on the application. For example,
the powder can be mixed with soil and placed at the bottom of an excavation where prior soil
removal had been conducted. A slurry can be made and the mixture can be injected into the
subsurface using techniques such as direct injection through GeoProbe rods or hydraulic
fracturing (Appendix B) .
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Table 4. Independent Comparison of EHC ISCR Reagent

and Various C-Only Products

cocC Injected Ibs Cost per Volume of
: Cost per Cost per
Treatment Total Ibs of | per Pilot- b total Ibs Aquifer Product
Anaerobic Effectiveness Product Test Product b 2D Solution to
Amendment . . Product . (ft ) .
Amendment . & Amendment Injected Aquifer Iniected Injected Treated Inject
Properties Longevity (ft3)? J (gallonsy
Hydrophilic; 10-100x
EHC™ complex carbon; | o gy ction; 225 0.09 $2.00 | $ 450 $0.15 500
inorganic nutrients;
iron 1-2 years
Lactate & glycerin 10-100x
HRC™ _ carbon; reduction; 840 0.27 $1.16 | $ 975 $0.32 75
no inorganic nutrientg
1-2 years
Lactate & soybean 10-100x
EOS™ ofl carbon; macfo & | o gy ction; 420 $3.50 | $1,470 $0.48 1,000
micronutrients;
surfactants 1-3+ years 0.14
Lactate & soybean 10-100x
Newman Zone™ | ©' S&/om INIaNE] ey ction; 720 0.23 $1.75 | $1,260 $0.41 2,000
1-2 years

2Amendment mass and costs are normalized againsattilated ft volume of aquifer expected to be contacted byirtfeeted materials. One pilot-test injection point
is specified with an injection screened interval0ffeet, an assumed 7-foot radius of injectiotugrice, and an effective porosity of 0.2, for agptial total of 3,079
ft* of aquifer volume contacted by injected amendments

PEstimated costs presented are for injection relatederials only. Shipping costs to the site exgknts to exceed $500. Long-term groundwater mdnigocosts are

not included.

°The related pore-volume occupied by injected farie as follows: EHC 9%, HRC 1.6%, EOS 22%, Newmanez43%.
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