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ABSTRACT 

A year-long bench test was undertaken to evaluate anaerobic degradation of tetrachloroethene to 
ethene in soil-groundwater slurries enriched with: 1) fermentable carbon substrate; 2) zero valent 
iron (ZVI) powder; or 3) a mixture of fermentable carbon substrate and ZVI powder.  
Microcosms containing fermentable carbon were augmented after six months with bacteria 
known to sequentially dechlorinate PCE to non-toxic ethene.  Changes in dissolved 
chloroethenes concentrations are compared to changes in ethene, ORP, and pH. 
pH is well recognized as a significant factor that controls rates of many biotic and abiotic 
reactions, including those known to dechlorinate chloroethenes.  Many variables contribute to 
optimum pH for various dechlorinating pathways for chloroethenes; however, current general 
opinion is that biotic reductive dechlorination by Dehalococcoides spp. is stifled below about pH 
6 (and inhibited below about pH 5), and strict abiotic dechlorination by zero valent iron is 
inhibited above about pH 9.   
The results indicate that pH in a poorly-buffered environment can be induced to degradation 
rate-limiting or rate-inhibiting values under conditions of the test; pH too low in the case of 
amending only with fermentable carbon substrate, and pH too high in the case of amending with 
only ZVI.  However, amending fermentable carbon substrate mixed with ZVI prevented pH from 
migrating into degradation rate-inhibiting territories, both low and high.   
Keywords: Chloroethenes, Degradation, Microcosm, Carbon, ZVI, pH Inhibition.  
 
 

1.  INTRODUCTION  

Mixed soil-groundwater slurry microcosm testing was conducted for a Superfund site in Rhode 
Island to evaluate the effectiveness of five (5) injectable reagents to stimulate biotic, abiotic, or 
microbially-mediated abiotic degradation of tetrachloroethene (PCE) and its degradation 
products, especially cis-1,2-dichloroethene, in each of the three types of soil encountered in the 
site’s water-saturated unconsolidated aquifer.   
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Soil types tested were: 
• Peat  
• Silt 
• Sand and Gravel. 

Reagents tested were: 
• ABC: Anaerobic BioChem fermentable carbon substrate by Redox Tech; available 

through Carus. 
• Peerless 50D Iron Powder: meso-sized zero valent iron (ZVI) 
• ABC+: Anaerobic BioChem fermentable carbon substrate Plus meso-sized ZVI by Redox 

Tech; available through Carus. 
• Hepure HCA-325 Iron Powder: micro-sized ZVI 
• EHC-F: Eh Compound - Fine-grind fermentable carbon substrate blended with 

micro-sized ZVI by PeroxyChem (formerly FMC, formerly Adventus). 
CB&I (formerly Shaw Environmental) Biotechnology Development and Applications 
Laboratory (Lawrenceville, NJ), under the direction of Dr. Robert Steffan, constructed, 
maintained, and analyzed the mixed slurry microcosms for 330 days (September 2012 to August 
2013).  DNA-based bacteria content testing was performed at Microbial Insights in Knoxville, 
TN. 

2.  MATERIALS AND PROCEDURE  

Materials and methods used to manufacture and test the mixed slurry microcosms are described 
in the following sub-sections.  

2.1      Soil Feedstock   

Soil feedstock samples were collected at the locations shown on Figure 1.  
Peat and Silt soil cores were collected with a Geoprobe 7822DT direct-push rig with 4.5-inch 
diameter tooling and Geoprobe DT45 Soil Sampling System, which returned nominal 5-foot long 
cores in 3-inch diameter polyvinyl chloride (PVC) liners.  Sand and Gravel soil cores were 
collected with a Geoprobe 7822DT direct-push rig using with 3.5-inch diameter tooling and 
Geoprobe DT35 Soil Sampling System, which returned nominal 5-foot long cores in 1.85-inch 
diameter PVC liners.  
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Figure 1. Soil and Groundwater Feedstock Sample Locations. 

A minimum 6-inch section from each end of each core was severed before immediately capping 
each end with an airtight plastic cap.  These nominal 4-foot long core samples were labeled 
according to target soil type, depth of collection, and a unique identifying number.  Airtight, 
labeled, core samples were immediately placed horizontally in a dark ice-filled marine grade 
chest cooler atop a cushion of bubble wrap to prevent cold-shocking native bacteria.  The intent 
was to quench further microbial activity by slow cooling to approximately 4 degrees Celsius (°C) 
without killing or changing the native bacteria consortium by preserving dark anaerobic 
conditions to which they are accustomed.   
Soil core samples were delivered to the treatability lab by the bench test coordinator.  The bench 
test coordinator assisted the laboratory staff with selecting qualifying materials for 
manufacturing of the mixed slurry microcosms.  Examples of qualifying materials are shown in 
Figure 2.  

 
Figure 2. Typical Qualifying Soil Feedstocks. 
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The clear PVC casing of each soil core was scored (but not penetrated) lengthwise on opposing 
sides with a table saw so that the cores could be fully split in half with a razor knife after 
insertion into in a hydrogen free and anoxic glove box (aka anaerobic chamber).  The top and 
bottom six inches of soil from each core was rejected.  The bench test coordinator selected 
qualifying material in each core.  Qualifying material from each core was placed into individual 
clean sterile glass jars and sealed with a Teflon-lined cap.  Qualifying material for each soil type 
was then composited and homogenized into larger clean and sterile glass jars, sealed, labeled, 
and stored in the dark at 15°C until used to construct the slurried microcosm samples.  

2.2       Groundwater Feedstock   

Ten liters of qualifying groundwater was collected from monitoring well PC-24-PS as feedstock 
to manufacture slurries with Peat.  Ten liters of qualifying groundwater was collected from 
monitoring well PC-24-PS as feedstock to manufacture slurries with Silt.  Ten liters of qualifying 
groundwater was collected from monitoring well PC-28D to manufacture slurries with Sand and 
Gravel. 
Groundwater samples were collected by a peristaltic pump and dedicated polyethylene tubing as 
per the Standard Operating Procedure for low-flow groundwater sampling.  Great care was taken 
to assure that native bacteria in the groundwater were not compromised due to oxygen toxicity or 
by light or temperature shock.  In-well drawdown was constantly measured to assure the level 
never fell below the well’s upper screen level (prevent oxygenation by trickle-down).  Pumped 
water was constantly monitored in a flow-through cell for dissolved oxygen, pH, 
oxidation/reduction potential (ORP), and temperature.  New, clean, and preservative free 1-liter 
amber glass bottles were bottom up purged with nitrogen gas before filling with qualifying 
groundwater from the bottom up.  Completely filled bottles were sealed with Teflon-lined caps, 
labeled, and placed in dark ice filled coolers for shipment to the treatability lab by overnight 
courier.   
Upon receipt, the treatability lab anaerobically blended and homogenized all groundwater 
collected from monitoring well PC-24-PS into a single sterile container, which was stored in the 
dark at 15°C until used to construct the slurried microcosm samples.  Upon receipt, the 
treatability lab anaerobically blended and homogenized all groundwater collected from 
monitoring well PC-28-D into a single sterile contained, which was stored in the dark at 15°C 
until used to construct the slurried microcosm samples. 

2.3      Spiking Groundwater Feedstocks  

Groundwater feedstocks were spiked with target volatile organic compounds (VOCs) because in-
house analysis of preliminary slurries manufactured from raw soil and groundwater feedstocks 
showed their microcosms would produce aqueous target VOC concentrations below relevant 
levels.  Target initial aqueous VOC concentrations for meaningful testing of microcosms were 
determined based on observation of typical magnitude and distribution of VOC compounds in 
relevant site groundwater.  In-house experimentation resulted in a recipe for spiking the 
groundwater feedstocks with target VOCs to achieve relevant initial aqueous concentrations of 
target VOCs in the mixed slurry microcosms when mixed with each soil type. 
Table 1 compares the target initial aqueous concentrations in spiked microcosms with their 
actual initial concentrations after spiking as represented results on Day 0 of the Natural Control 
microcosms.  
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Table 1. Comparison of target initial aqueous concentrations in spiked microcosms with their actual initial concentrations.  

Raw Groundwater Well ID PC-24P S PC-24P S PC-28D 
Companion Soil Type Peat Silt Sand & Gravel 
Constituent Units Target Initial 

Aqueous 
Concentration 

Actual Initial 
Aqueous 

Concentration in 
Natural Control 

Target Initial 
Aqueous 

Concentration 

Actual Initial 
Aqueous 

Concentration in 
Natural Control 

Target Initial 
Aqueous 

Concentration  

Actual Initial 
Aqueous 

Concentration in 
Natural Control 

Tetrachloroethylene µg/L 125 58 125 119 250 202 
Trichloroethylene µg/L 200 127 200 195 250 240 

Cis-1,2-Dichloroethylene 
 

µg/L 1,250 1,227 1,250 1,073 2,000 2,180 

Trans-1,2-Dichloroethene µg/L 125 281 125 361 250 308 
Vinyl Chloride µg/L 325 528 325 366 500 349 

1,1,1-Trichloroethane µg/L 125 77 125 115 250 303 
1,1-Dichloroethane µg/L 125 147 125 129 250 315 

Chloroethane µg/L 125 152 125 112 250 245 
        

Total Detected Targets µg/L 2,400 2,597 2,400 2,470 4,000 4,142 
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2.4      Reagent Feedstocks  

Reagents were procured directly from their respective suppliers and stored under nitrogen 
blanket until used to manufacture the microcosms.  Descriptions of the reagent are as follows: 

• Fermentable Carbon Substrate (contains no reducing agent) capable of enhancing 
microbial reductive dechlorination: 
o ABC supplied by Redox Tech: 
 Moniker for Anaerobic BioChem  
 Blend of soluble lactic acid, ethyl lactate, and long lasting C14 to C18 fatty acids 
 Phosphate (essential nutrient and pH buffer)  
 (Redox Tech, LLC, 2012). 

• Zero valent iron (ZVI) in the form of  ZVI powder capable of enhancing abiotic chemical 
reduction and/or microbially-mediated chemical reduction:  
o Peerless 50D (variable meso-sized; 70% 45 to 250 µm, 30% <45 µm); 

(Peerlessmetal.com).   
o Hepure HCA 325 (uniform micro-sized; 90% <45 µm); (Hepure Metals, 2009).  

• Blended Reagent (contains a mixture of fermentable carbon substrate and ZVI reducing 
agent) capable of enhancing synergistic microbial dechlorination, microbially-mediated 
dechlorination, and abiotic dechlorination: 
o ABC+ supplied by Redox Tech:   
 Moniker for Anaerobic BioChem PLUS ZVI  
 Blend of soluble lactic acid, ethyl lactate, long lasting C14 to C18 fatty acids, and 

ZVI powder (consistent with Peerless 50D) 
 Phosphate (essential nutrient and pH buffer) 
 (Redox Tech, LLC, 2012). 

o EHC F supplied by PeroxyChem (formerly FMC, formerly Adventus): 
 Moniker for Eh Compound Fine-grind 
 Blend of cellulose/hemicellulose, ferrous sulfate, and ZVI (consistent with 

Hepure HCA-325) 
 (PeroxyChem, 2014). 

2.5      Microbial Inoculate Feedstocks 

Some of the microcosms were inoculated with dechlorinating bacteria cultures after six months 
of testing.  Inoculates were obtained directly from the treatability lab, which is one of the main 
suppliers of commercially available dechlorinating bacteria consortia.  While these bacterial 
consortia contain a variety of microorganisms, including those that produce vitamin B12-like 
corrinoid cofactors of the type known to be requisite for Dehalolcoccoides spp. to dechlorinate 
chloroethenes to completion, the primary microbial targets were: 

• Dehalococcoides spp. (DHC): supplied as Shaw Dechlorinating Consortium (SDC-9) 
• Dehalobacter spp. (DHB): supplied by CB&I (formerly Shaw) commercial availability 

pending. 
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2.6      Construction of Microcosms 

Five (5) replicate mixed slurry microcosms were anaerobically constructed in sterile 
160-milliliter (mL) serum bottles for each of the three soil types and their respective designated 
spiked groundwater for each of the five test reagents.  Seven (7) replicate un-amended natural 
control mixed slurry microcosms were anaerobically constructed in 160-mL serum bottles for 
each of the three soil types and their respective designated spiked groundwater.  Five (5) 
replicate un-amended sterilized (“killed”) control mixed slurry microcosms were anaerobically 
constructed in 160-mL serum bottles for each of the three soil types and their respective 
designated spiked groundwater, where the killed control microcosms were serialized by triplicate 
autoclaving.  The general microcosm recipes were: 

• 10 grams (g) of qualifying soil (drained but moist) 
• 130 mL of qualifying groundwater 
• Reagent (0.3 grams of fermentable carbon substrate and/or 0.2 grams ZVI; except 

controls) 
• Sterile glass beads as filler where needed to achieve total volume of 160 mL 
• Minute headspace is nitrogen gas 
• Dechlorinating bacteria inoculate after six months in ABC, ABC+, and EHC-F 

microcosms 
• Repeat reagent dosing after six months (except Peerless 50D in peat microcosms and 

Hepure HCA-325 in peat microcosms). 
The microcosm construction site and typical finished microcosms are shown in Figure 3. 
Summaries of microcosm construction for each soil type are presented in Table 2, Table 3, and 
Table 4. 

 

Figure 3. Typical microcosm construction site and finished microcosms. 
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Table 2. Peat microcosm construction recipes. 

Peat Microcosms Construction Summary 
Date September 19, 2012 March 20, 2013 

Elapsed Time (Days) 0 183 
Microcosm ID Peat 

(grams) 
VOC-Spiked 
Groundwater 

(mL) 

Regent (grams) Microbial 
Inoculate (cells/mL of 

slurry) 

Reagent 
(grams) 

Microbial Inoculate  
(cells/mL of slurry) 

Fermentable 
Substrate 

Zero 
Valent 
Iron 

DHC2 

(SDC-9) 
DHC2 

(SDC-9) 
Fermentable 

Substrate 
Zero 

Valent 
Iron 

DHC2 

(SDC-9) 
DHC2 

(SDC-9) 

Natural Control 10 130 0 0 0 0 0 0 0 0 
Killed Control 10 130 0 0 0 0 0 0 0 0 

ABC 10 130 0.3 0 0 0 0.3 0 28,000 18,000 
Peerless 50D 10 130 0 0.2 0 0 0 0 0 0 

ABC + 10 130 0.3 0.2 0 0 0.3 0.2 28,000 18,000 
Hepure HCA-325 10 130 0 0.2 0 0 0 0 0 0 

EHC-F 10 130 0.3 0.2 0 0 0.3 0.2 28,000 18,000 
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Table 3. Silt microcosm construction recipes. 

Silt Microcosms Construction Summary 

Date September 26, 2012 March 21, 2013 
Elapsed Time (Days) 0 176 

Microcosm ID Silt 
(grams) 

VOC-Spiked 
Groundwater 

(mL) 

Regent (grams) Microbial 
Inoculate  

(cells/mL of slurry) 

Reagent 
(grams) 

Microbial Inoculate  
(cells/mL of slurry) 

Fermentable 
Substrate 

Zero 
Valent 
Iron 

DHC2 

(SDC-9) 
DHC2 

(SDC-9) 
Fermentable 

Substrate 
Zero 

Valent 
Iron 

DHC2 

(SDC-9) 
DHC2 

(SDC-9) 

Natural Control 10 130 0 0 0 0 0 0 0 0 
Killed Control 10 130 0 0 0 0 0 0 0 0 

ABC 
 

10 130 0.3 0 0 0 0.3 0 28,000 18,000 

Peerless 50D 10 130 0 0.2 0 0 0 0.2 0 0 
ABC + 10 130 0.3 0.2 0 0 0.3 0.2 28,000 18,000 

Hepure HCA-325 10 130 0 0.2 0 0 0 0.2 0 0 
EHC-F 10 130 0.3 0.2 0 0 0.3 0.2 28,000 18,000 
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Table 4. Sand & Gravel microcosm construction recipes. 

Sand & Gravel Microcosms Construction Summary 

Date September 12, 2012 March 19, 2013 
Elapsed Time (Days) 0 188 

Microcosm ID Sand & 
Gravel 
(grams) 

VOC-Spiked 
Groundwater 

(mL) 

Regent (grams) Microbial 
Inoculate (cells/mL of 

slurry) 

Reagent 
(grams) 

Microbial Inoculate  
(cells/mL of slurry) 

Fermentable 
Substrate 

Zero 
Valent 
Iron 

DHC2 

(SDC-9) 
DHC2 

(SDC-9) 
Fermentable 

Substrate 
Zero 

Valent 
Iron 

DHC2 

(SDC-9) 
DHC2 

(SDC-9) 

Natural Control 10 130 0 0 0 0 0 0 0 0 
Killed Control 10 130 0 0 0 0 0 0 0 0 

ABC 
 

10 130 0.3 0 0 0 0.3 0 28,000 18,000 

Peerless 50D 10 130 0 0.2 0 0 0 0.2 0 0 
ABC + 10 130 0.3 0.2 0 0 0.3 0.2 28,000 18,000 

Hepure HCA-325 10 130 0 0.2 0 0 0 0.2 0 0 
EHC-F 10 130 0.3 0.2 0 0 0.3 0.2 28,000 18,000 
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3. RESULTS 

The analytical schedule is shown in Table 5.   

Table 5. Microcosm analytical schedule. 
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3.1      Destruction of Total Chloroethenes   

The net loss of aqueous chloroethenes is shown in Figure 3.  

 
Figure 4. Total chloroethenes behavior as a function of test duration. 

In general, degradation of chloroethenes was not observed in the microcosms amended with 
fermentable substrate only (ABC).  Degradation of chloroethenes was observed in the ZVI and 
blended reagents (ZVI and fermentable substrate) in all soil types, with the most significant 
changes observed in the blended reagents microcosms after bioaugmentation. 

3.2      Fermentable Carbon Reagent ABC 

Figure 5 shows chloroethenes dechlorination behavior inspired by fermentable carbon substrate 
reagent ABC.  Figure 6 shows changes in aqueous ORP; the green line represents conditions 
inspired by reagent ABC.  Figure 7 shows changes in pH behavior; the green line represents 
conditions inspired by reagent ABC. 
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Figure 5. Chloroethenes dechlorination behavior with 
fermentable carbon substrate reagent ABC. 

 
Figure 6. ORP behavior as a function of test duration. 

The green line represents the behavior inspired by 
fermentable carbon substrate ABC.
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Figure 7. pH behavior as a function of test duration. The green line represents the behavior inspired by fermentable 

carbon substrate ABC. 

Dechlorination of the chloroethenes suite of target compounds was not effectively enhanced by 
the fermentable carbon substrate reagent ABC in any of the soil types.  As shown in the Figure 5, 
concentrations of both parent and degradation daughter compounds remained generally constant 
during the ABC test.        
Failure of fermentable carbon substrate ABC to effectively enhance dechlorination in any of the 
microcosms under test conditions may be attributable to its inability to induce sufficient reducing 
conditions at which reductive dechlorination can occur at meaningful rates (i.e. ORP less than  -
200 mV).  As shown in Figure 6, the ABC reagent microcosms remained above the -200 mV 
threshold throughout the entire test.   
Failure of fermentable carbon substrate ABC to effectively enhance dechlorination in any of the 
microcosms under test conditions may also be attributable to its proclivity to drive pH into the 
suboptimum range for dechlorinating bacteria (i.e. pH <6 s.u.), as shown in Figure 7. ABC 
inspired the Peat and Silt microcosms to achieve a pH condition of close to 5 s.u., which is 
inhibitory to the activity of essential Dehalococcoides (DHC) bacteria.  The data are 
inconclusive regarding prospect for future pH to rebound back up to agreeable levels after the 
initial ABC-inspired depletion. 

50



Chloroethenes Degradation in Microcosms 
 

 

3.3      Zero Valent Iron (ZVI) Reagents (Peerless 50D and Hepure HCA-325) 

Figure 8 shows chloroethenes dechlorination behavior inspired by ZVI reagents Peerless 50D 
and Hepure HCA-325. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Chloroethenes dechlorination behavior with ZVI reagents. 
 

The microcosm tests showed little differences in dechlorination performance between the two 
ZVI reagents tested, which indicates that overall dechlorination of chloroethenes is independent 
of ZVI particle size.  The smaller-sized Hepure HCA-325 ZVI appeared promote more rapid 
onset of reactivity than the larger-sized Peerless 50D ZVI.  It is reasonably expected that the 
smaller ZVI particles in Hepure HCA-325 provide higher reactivity and lower longevity than the 
larger particles in Peerless 50D.  ZVI longevity and passivation as a function of ZVI particle 
size, or as a function of soil type, were inconclusive based solely on these data.  Further, no 
benefit (additional concentrations declines) was garnered by redosing the microcosms with ZVI, 
which indicates that passivation of the ZVI had not occurred and degradation was limited by 
other processes. 
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Figure 9. ORP behavior as a function of test duration. 

The purple line represents the behavior inspired by 
Peerless 50D ZVI powder. The orange line represents 

the behavior inspired by Hepure HCA-325 ZVI 
powder. 

 

 

 

 

 
 
 
 
 

 
Figure 10. pH behavior as a function of test duration. 

The purple line represents the behavior inspired by 
Peerless 50D ZVI powder. The orange line represents 

the behavior inspired by Hepure HCA-325 ZVI 
powder. 

 

 
Change in ORP induced by the ZVI reagents were reasonably parallel in all microcosms.  The 
smaller-sized Hepure HCA-325 ZVI lowered ORPs significantly more than the larger-sized 
Peerless 50D ZVI.  The smaller-sized Hepure HCA-325 ZVI appears to be able to promote 
reducing conditions below -300 mV in all soil types. 
 

Figure 9 shows changes in aqueous ORP; the purple line represents the behavior inspired by 
Peerless 50D ZVI powder; the orange line represents behavior inspired by Hepure HCA-325 ZVI 
powder.   
Figure 10 shows changes in pH behavior; the purple line represents the behavior inspired by 
Peerless 50D ZVI powder; the orange line represents behavior inspired by Hepure HCA-325 ZVI 
powder. 
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Figure 11. Chloroethenes dechlorination behavior with blended reagents (fermentable carbon 
substrate plus ZVI). 

ZVI reagents increased pH in all microcosms; reaching or approaching high pH inhibitory 
levels greater than 9 s.u. permanently in Silt microcosms and temporarily in Sand and Gravel 
microcosms.  ZVI in peat microcosms caused pH to rise and remain at circumneutral levels 
slightly greater than 7 s.u.  However, the impact of ZVI on pH is somewhat inconclusive 
because similar pH behaviors were observed in both natural and killed controls. 

3.4      Blended (Fermentable Carbon Substrate + ZVI) Reagents (ABC+ and 
EHC-F) 

Figure 11 shows chloroethenes dechlorination behavior inspired by blended reagents ABC+ 
and EHC-F  
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Relatively low dechlorination rates (prior to bioaugmentation) were observed in the first 180 
days of the test for the Peat and Sand and Gravel microcosms, which is plausibly attributable 
mostly to ZVI-inspired abiotic mechanisms.  Higher pre-bioaugmented dechlorination rates 
observed in the Silt microcosms suggests that some dechlorination may be attributable to 
biodegradation.   
Figure 12 shows changes in aqueous ORP; the blue line represents the behavior inspired by 
ABC+; the red line represents the behavior inspired by EHC-F.  Figure 13 shows changes in pH 
behavior; the blue line represents the behavior inspired by ABC+; the red line represents the 
behavior inspired by EHC-F.  

 
Figure 12. ORP behavior as a function of test duration. The blue line represents the behavior inspired by ABC+. The 

red line represents the behavior inspired by EHC-F. 
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Figure 13. pH behavior as a function of test duration. The blue line represents the behavior inspired by ABC+. The 

red line represents the behavior inspired by EHC-F. 

4.  DISCUSSION/CONCLUSIONS 

The results show that pH, in a poorly-buffered environment, can be induced to degradation 
rate-limiting or rate-inhibiting values under conditions of the test: 

• pH too low in the case of amending only with fermentable carbon substrate  
• pH too high in the case of amending with only ZVI. 

However, amending fermentable carbon substrate mixed with ZVI attenuated pH migration into 
degradation rate-inhibiting territories, both low and high.   
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