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ABSTRACT

Hydrogen Release Compound (HRC®) isasimple, passive, low-cost, and long-term option for the
anaerobic bioremediation of chlorinated hydrocarbons (CHs) viareductive dehalogenation. Applicationsto the
remediation of other compounds, such as M TBE and perchlorate, that are anaerobically degradable by other
reductive mechanisms, arein progress. HRC should be viewed as atool for the enhancement of natural attenua-
tion at sitesthat would otherwise require high levels of capital investment and operating expense. HRCisa
proprietary, food quality, polylactate ester that, upon being deposited into the subsurface, slowly degrades to
lactic acid. Lactic acid isthen metabolized to hydrogen, which in turn drives the reductive dechlorination of
CHs. This has been demonstrated effectively in the laboratory and in the field. HRC can be manufactured asa
moderately flowable, injectable material, or asathicker, implantable hard gel, to facilitate |ocalized treatment and
passive barrier designs. HRC isbest utilized for the remediation of dissolved-phase plumes and the associated
hydrophobically sorbed contaminant. The use of HRC is contraindicated for free-phase DNAPL unless the total
mass to be remediated is within the scope of economic feasibility in comparison to alternative treatments.
Evidence suggests there is competition between reductive dehal ogenators and methanogens in which the
methanogens compete for the use of hydrogen in the conversion of carbon dioxide to methane. Some research-
ers believe that alow concentration of hydrogen favors the reductive dehal ogenators and starves out the
methanogens. The objective, therefore, isto keep hydrogen concentrationslow. Thetime-rel ease feature of
HRC, which is based on the hydrolysis rate of lactic acid from the ester and the subsequent lag time to hydro-
gen conversion, facilitates this objective. HRC, therefore, becomes a passive form of enhanced natural attenua-
tion in contrast to the more capital - and management-intensive aternatives now available. Laboratory and field
results will be presented, the latter expanding on the first uses of HRC by various members of the engineering
and consulting firm community.
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INTRODUCTION
Hydrogen Rel ease Compound (HRC) offersapassive, low-cost treatment optionfor in

Situ anaerobi ¢ bioremediation of chlorinated hydrocarbons (CHs). HRCisaproprietary, environ-
mentally safe, food quality, polylactate ester specialy formulated for thes ow release of lactic acid
upon hydration. Bioremediationwith HRCisamulti-step process. Indigenousanaerobic microbes
metabolizethelactic acid generated by HRC, into several other organic acidsand produce hydro-
gen along theway. Theresulting hydrogen can be used by reductive deha ogenatorswhich are
capableof dechlorinating CHs. Major target compoundsinthisgroup include PCE, TCE, TCA,
andtheir derivatives.

HRC can be manufactured asamoderately flowable, injectable material liquid that can be
pressureinjected using variousdirect-push technologies. Thismaterial can facilitate anaerobic
remediation for about six monthsto oneyear or more depending on site conditions. When manu-
factured asathicker, hard gel, it can be applied towellsin canistersor be used to implant borings.
Thelatter option may offer many yearsof continuousrel ease depending on site conditions. Ineither
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venue, HRC providesalong-lasting, time-released hydrogen sourceto enhancethereduction of a
variety of contaminants. Thefollowing summarizesthekey advantagesof HRC:

1) Low maintenance, low cost and non-invasive—Unlike actively engineered systems, con-
tinuousmechanica operation and maintenanceiseliminated, dramatically reducing overd| operations
and maintenancecosts. Injection applicationsarerdatively non-invasiveallowing undisturbed
operation of commercia facilitiesduring trestment installation and offering lack of visibility duringthe
working phase.

2) Constant and persistent hydrogen source—Asafunction of the controllableviscosity, HRC
will remain whereemplaced and generate highly diffusible organic acidsand hydrogen dowly over
time. Since CH plumesaredifficult tolocate, acontinuous, highly diffusible seriesof substrates
increasestheeffectiveness of contact, containment, and remediation,

3) Enhance desorption of CHs—The continuous hydrogen source provided by HRC can
reduce dissolved-phase CH concentrations. Thiscreatesalarger concentration gradient whichin
turnfacilitates desorption of hydrophobically sorbed CHsfrom the soil matrix.

4) Favored reductive dechl orination over possible competing methanogenic activity—Results
from several university studiessuggest that thereiscompetition for hydrogen between thereductive
dechlorinatorsand methanogens. While methanogen surviva isfavored under elevated hydrogen
conditions, reductive dechlorinators may be best supported in conditions of more moderate hydro-
gen concentration.

METHODSAND RESULTS

HRC Microcosm Studies with TCE

Theuse of HRC for remediation of TCE wasstudied in 200 ml test tube experimentsinwhich
therelease of lactic acid from HRC was measured asafunction of bacterial concentration and HRC
concentration. Intheexperiments, 10 gramsof sterilized sand were added to each test tubefol -
lowed by asolution of TCE with aconcentration upto 140 mg/L. Variousquantitiesof bacteria,
capable of metabolizing TCE, werethen added. Finally, 0.5 or 1.5 gramsof HRC were added to
eachtest tube. Eachday, 6 mL samplesweretaken and analyzed for TCE and lactic acid.

Resultsindicatethat TCE wasremediated under al conditions. Resultsfrom onerepresenta
tive experiment are presented in Figure 1, which showsthat reductionin TCE followsanincreasein
lacticacidrelease. Itisimportant to notethat most of theinitial dropin TCE (within thefirst hour)
wasdueto adsorption of TCE onthesand. ThisTCE eventually desorbed from the soil asthe
dissolved-phase TCE wasremediated during the progression of the experiment.

Aquifer Simulation Vessel (ASV) Studies
The Aquifer Smulation Vessdl (ASV) isused to establish theinfluence of important field-scale
parametersontheefficacy of HRC. The ASV consstsof ahorizontal six-inch diameter/six-foot
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length pipe. The ASVsaredesigned to allow measurement at six-inchintervalsaong the pipe.
Each pipeispacked with actual contaminated soil fromthefield. HRCisplacedinthesystemat the
“CH-water” inlet sde, such that theflowing water will passthrough the HRC and then move
through thepipe. Thewater can be added with variouslevelsof CHsand remediation ratesmea-
sured. Thedistribution of lactic acid and its breakdown products can a so be measured.

Intheinitia studies, the ability of HRC to facilitate the reductive dechl orination of TCE was
measured. Intheexperiments, an ASV wasfilled with soil. Then, the TCE wasadded to the soil at
the CH-water inlet Side at aconcentration of approximately 6 mg/L. The ASV wasallowed to
acclimate over aperiod of six daysduring which baseline TCE-concentration profileswere devel -
oped. Findly, a“dug” of HRC wasadded to theinlet sideand the system wasrun at aflow rate of
0.5ft/day for aperiod of ninedays. Resultsfrom oneexperiment, inwhich TCE levelswere
measured at daysone, Six, and nineat each six-inchinterval dongthe ASV, arepresentedin Figure 2.

These studiesevolved from fundamenta bioreactor work undertaken by Dr. William Farone of
Applied Power Concepts, Inc. with the guidance and enrichment cultures of Dr. Joseph Hughes of
RiceUniversity. TheFaronestudiesultimately led to the devel opment of a“ Chemical Dynamics
Model” for CH remediation with polylactate esters, as described bel ow.

A Chemical Dynamics Model for CH Remediation with Polylactate Esters

A chemica mechanisticmode of al of thereactionsinvolved in CH remediation with
polylactate esters, including absorption and desorption of all the chemical species, ispostulated
based on coupled elementary rate equations. Theequationsare solved simultaneoudy to match
laboratory remediation datain closed systemsusing solutionscontaininginitia concentrations of
TCEupto100mg/L. A key feature of themode formulation that wasrequired to smulatethe
laboratory dataistheimportance of microbia populationsin controlling therate of biotransformation
of the CHsaswell ascontrolling therate of hydrolysisof the estersand therate of production of
hydrogen fromthelactic acid. Theresultssupport the hypothesisthat thewidevariationinrate
constantsfor CH degradation isrelated to microbia populationsand hydrogen availability.

Thetest systeminvolvestwo 200 ml test tubes containing 10 gramsof soil and 160 ml of liquid
with 10 and 25 mg/L of TCE (concentrationsashigh as 100 mg/L have been used). An aternative
systemusingthe ASV devicewasa so employed. Numerical analysisof the coupled differentia
equationswas carried out by the Runga-K utta-Gill algorithm. Themoded wasprogrammedin
Visud Basicfor Applicationsasaseriesof macrosinan Excel spreadsheet. Thefull model is
availableat www.regenesis.com, inapaper entitled “ A Chemica DynamicsModel for CH
Remediation with Polylactate Esters’ (W.A. Farone, S.S. Koenigsberg and J. Hughes, 1999).

In conclusion, standard chemical kinetic formulationsare useful in predicting concentrations
of chemical speciesin activedechl orinating systemsusing apolylactate ester that rel easeslactic acid.
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Modeling the effect of bacterial concentration asacatayst with the order determined by thedata
appearsto provide areasonabl e understanding of the experimental data.

Field Study—Single Well Application

Theeffectsof HRC-containing canistersinasinglewel werestudied at asitein Florida.
Eleven, 4 long and 4” wide canisterswith small holes, each containing about 25 pounds of sorbitol
polylactateester (SPL) hard gdl, were placed in afive-inch monitoring well containing moderate
concentrationsof TCE, cis-1,2-DCE, andVC. Thecontaminant plume, containedinafine- to
medium-grained sand aguifer, measured 120 feet in length by 60 feet inwidth. Dueto aflat gradi-
ent, groundwater velocity isestimated to belessthan 0.1 foot per day. Reductionsin contaminant
concentrationsinthewell arepresented in Figure5. Following three monthsof treatment, reduc-
tionsin TCE, cis-1,2-DCE, and V C were 96%, 98%, and 99%, respectively. Absenceof DO and
highly negativeredox levelsconfirmed that ahighly reduced environment had been created.

Field Study—Recirculating Well System

Asasupplementary trial toaUSEPA SITE demonstration program, Maureen Dooley and
other staff at Harding Lawson Associatestested the efficacy of HRC inremediating CHsina
recirculatingwell system. Inthefield cell, groundwater isextracted from thethree downgradient
wellsandinjected into thethreewells 17 feet upgradient. Five, 2-inch PV C monitoringwellsare
positioned between theinjection and extractionwells. Three, 4’ longand 4” wide canisterswith
small holes, each containing about 25 pounds of sorbitol polylactateester (SPL) hard gel, were
placed into each of thethreeinjection wells. Thecanisterswereexposedto avertical flow rate of
.25 ga/minfor 250 days, at which timethe pump was shut down; about 20% of the HRC wastill
present and leftin place.

Resultsthrough day 206 indicate significant reductionsin the concentration of all cVOCs.
TCE concentrationsat the beginning of the study averaged 9,900 ug/L and werereduced to <10
ug/L inlessthan seven months. Initial PCE concentrationsof approximately 740 ug/L werereduced
to<lug/L. Average DCE levelsof 2,500 ug/L decreasedto<100ug/L. Vinyl chloridelevelsrose
froman average of 250 ug/L to 3,000 ug/L (astrongindication of enhanced biological reductive
activity) and then decreased to <100 ug/L. Total massreductionwas cal cul ated to be 97% based
onthe average concentration of cVOCsinthetreatment cell. After 50 daysupon HRC application,
redox level sdropped from +100mv to lessthan -50mv acrosstheentirecell. Redox levelswere
maintai ned within arange of -150to -50mv over theremaining duration of the study. Datacollected
two monthsfollowing shutdown of therecirculation pump at day 310 showed that therewasonly a
limited rebound in the concentration of ¢V OCswithin thetreatment cell. ChangesincVOC con-
centrationsat well EPA-2, whichisinthe center of thetest cell between theinjection and extraction
wells, through day 310 of the study are graphically presented in Figure6.
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Based on theseresults, Harding L awson A ssociates concluded thefollowing: 1) complete
biodegradation of PCE, TCE, and daughter productswas demonstrated; 2) DCE and V C biodeg-
radation rateswererapid under HRC-enhanced anaerobic conditions; 3) sulfate-reducing andiron-
reducing conditions appeared to be the predominant microbiol ogical conditionsacrossthetreatment
cell; 4) enhanced biodegradati on was observed 17 feet downgradient of theinjection pointsindicat-
ing HRC affected conditions beyond the areaimmediately surrounding theinjectionwell; and 5)
therewaslittlerebound observed within thetreatment cell after therecirculating system was shut
down, suggesting significant reduction of residual cVOCs.

Field Study—Full-Scale Injection TCE Remediation in New York

A sitein New York was contaminated with TCE at concentrationsreaching 26,000 ppbina
clay aguifer; depth to groundwater was about fivefeet bgs. Under the management of Susan Boyle
and staff at Haley and Aldrich, approximately 500 poundsof glycerol polylactate ester (GPL) HRC
wereinjected into borings spaced five feet on center in a560-square-foot grid. Following 166
daysof treatment with HRC, total TCE masswasreduced by 66%. Initial increasesincis-1,2-
DCE andvinyl chloridemass, in additionto an overall 69% reduction in sulfate mass, a292%
increasein dissolved iron, and the appearance of ethene, support the occurrence of enhanced
biological reductive dechlorination of TCE. TCE, cis-1,2-DCE, and V C overall masschangesare
presented inFigure7. Thecost of the HRC and itsinjectionwas $10,500 for thisrelatively tight
spacing.
Field Study—Full-Scale I njection PCE Remediation in Orlando, Florida

A commercid dry cleaning facility released PCE into groundwater underlying ashopping
center complex. PCE and TCE concentrationsranged from 4 - 8,784 ug/L withinthetarget aquifer.
Thetarget “ surface” aquifer is composed of silty-clayey fine-grained sand and clay andisdivided
into an upper and lower zoneby aclay unit. Theupper aquifer sectionisapproximately 12-30 feet
below ground surface (bgs) and thelower aguifer sectionis35-45feet bgs. Groundwater flow
directionisto thenortheast at avelocity of 0.04 foot per day. Under the management of Duane
Graves, MikeLodato, and steff at I T Corporation, approximately 6,810 pounds of the GPL-HRC
wereinjected into a14,600-square-foot areavia 145 direct-push points spaced 10 feet on center.
Concentration contour plotsdepicting changesin PCE, TCE, and cis-1,2-DCE following 43 days
of treatment with HRC are presented in Figure 8. Dataindicatesoverall reductionsin PCE, TCE,
and cis-1,2-DCE mass of 98%, 77%, and 54%, respectively. The cost of theHRC and itsinjection
was $60,400 for thismore common spacing.

Field Study—Full-Scale I njection PCE Remediation in Hurlburt Field, Florida
Atamajor military baseinthe Southeast, PCE and TCE wererel eased over along period of

time. Thesereeasesweretheresult of fueling and maintenance operationsat thefacility’sPOL fuel

yard and contaminated the aguifer underlying thefacility. Withinthetarget “intermediate’ aquifer,
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thereleasesresulted inaco-mingled plumeof PCE, TCE, DCE, and VC. Concentrationsof these
congtituentsrange up to 500-600ug/L.. Theintermediate aquifer extendsfrom 40-50 feet below
ground surface and consistsof layersof sand, silty sand, and clay lenses. Groundwater flow
directionisto the south-southwest at an estimated vel ocity of approximately 0.35foot per day.
Under the management of Will Harmsand staff at URS Greiner, approximately 6,000 pounds of the
GPL-HRC wereinjected into the contaminated saturated zone via 25 direct-push points spaced 5
feet on center within a500-sgquare-foot area.

Changesin PCE, TCE, cis-1,2-DCE, and V C massesfollowing 55 days of treatment with
HRC aregraphically presented in Figure9. A dightincreasein PCE isanimportant indicator of a
continual PCE sourceonthesite. Insupport of the effectivenessof HRC, overal TCE masswas
reduced by 72% despite the continual PCE source. TCE biodegradation daughter productscis-
1,2-DCE, VC, and ethene massesincreased by 227%, 1,957%, and 343%, respectively, further
supporting the effectiveness of HRC in enhancing biodegradation of PCE and TCE onthesite.
Treatment and monitoring are ongoing. The cost of the HRC and itsinjection was $42,000for this
relatively tight spacing.

Field Study—Full-Scale Injection TCE Remediation in New Jersey

An East Coast manufacturing facility released TCE into the groundwater underlying thefecility.
TCE and degradation daughter product concentrationsranged from 140t0 6,200 ug/L withinthe
medium-coarse-grained sandy aquifer. HRC wasapplied within aninterval extending from approxi-
mately 5to 20 feet below ground surface. Groundwater flow directionisto thennorth-northeast at a
velocity of approximately onefoot per day. Approximately 500 poundsof HRC were applied via
15 direct-push pointsin abarrier array. Spacing between barrier pointswas 5 feet on center.

Overal PCE, TCE, and cis-1,2-DCE mass changesfollowing 128 days of treatment with
HRC arepresented in Figure 10. PCE, TCE, and cis-1,2-DCE masseswere reduced by 41%,
53%, and 67%, respectively.

Field Study-—The Original Pilot-Scale I njection for PCE Remediation in Wisconsin

Atadry cleaner sitein Wisconsin, Jack Sheldon and staff at M ontgomery Watson, performed
thefirss HRC injection study. Thesitewas contaminated with highlevelsof PCE and 240 pounds
of GPL-HRC wereinjected at 12 delivery pointsin a60-square-foot areaasdepicted in Figure 11.
Thegroundwater velocity wason the order of .1 ft./per day.

Approximately eight monthsfollowing theinstallation of HRC, PCE masswasreduced 126
grams, representing areduction of 80%. PCE degradation ratesin the HRC-injected zonewere
11.5timesfaster than background rates at day 70 and 4.9 timesfaster at day 120. Theseratesare
conservative asthey comparethe changein activity at thewell most proximal tothe HRC injection
(MWS8) tothewell most distal (MW1). Therateswould beat |east an order of magnitude higher if
MW 8 were compared to various natural attenuation rates acrossthe site—rather than MW1 that
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may have beeninfluenced by hydrogen.

Concurrent increasesin PCE-degradation daughter products, TCE, DCE, and VC, werea so
documented aswasfurther sequentia degradation through someof the daughter productsthem-
selvesat different times. Thesetotal changesin massover timefor all the CAHsare presentedin
Figure 12. Concentration contour plots showing changes PCE, TCE, and DCE at days0, 120, and
253 arepresented in Figure 13. The continued effects of asingle cost-effective application of HRC
aredemonstrated to be present for at least 253 days. Thisstudy had ahigher cost duetoits
research nature; however, the cost of HRC and injection wasonly $4,400in thislimited areawith
tight spacing.

Although not shown, there were mass bal ances between parent and daughter products of
between 27% and 46%, an important indicator that the HRC injectionsfacilitated contaminant
removal by biodegradation. Thereweresevera other indicatorsthat the proper conditionsfor
facilitating reductive dechl orination were established, including: highly negetiveredox levels, sgnifi-
cant reductionsin sulfate and nitrate, increased dissolved hydrogen level s, and asubstantial increase
intotal plate countsfor anaerobic bacteria. Notethat the dissolved hydrogen levelsas presented at
Day 149 (Figure 11) areinthe 2-10 nM rangethat is considered by someto be optimal for reduc-
tivedechlorination at the expense of methanogenesis.

CONCLUSIONS

Hydrogen Release Compound (HRC™) has been demonstrated to beasimple, passive,
low-cost, and long-term option for the anaerobic bioremediation of chlorinated hydrocarbons
(CHs) viareductive deha ogenation. HRC should beviewed asatool for the enhancement of
natural attenuation at Sitesthat would otherwiserequirehighlevelsof capital investment and operat-
ing expense.

HRC isbest utilized for the remediation of dissolved-phase plumes and the associated
hydrophobically sorbed contaminant. Theuse of HRC iscontraindicated for free-phase DNAPL
unlessthetotal massto beremediated iswithin the scope of economic feasibility in comparisonto
aternativetreatments. Resultsof ongoing and futureresearch aswell astheresultsof commercial
applications, where permissionisgranted, can be accessed on the Web at www.regenesis.com.
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TCE Metabolism with HRC
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FIGURE 1. HRC microcosm study resultscomparing rate of release of lactic acidfromHRCto

rate of TCE degradation.
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Model TCE Reduction
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FIGURE 3. Resultsof TCE reduction model vs. experiment.
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Reduction in TCE, DCE, and VC
HRC Canister Study in a Single Well in FL
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TCE, DCE, and VC Mass Changes
HRC Injection in New York
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PCE, TCE, DCE and VC Changes in Mass
HRC Injection at Hurlburt Field, FL.
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Figure9. Changein PCE, TCE, cis-1,2-DCE, and VC at Hurlburt Field, Florida.
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