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One of the Primary Challenges Facing In Situ One of the Primary Challenges Facing In Situ 
Flushing Technologies is CostFlushing Technologies is Cost

Steps to Reduce Actual and Perceived CostsSteps to Reduce Actual and Perceived Costs
Focus on relatively high permeability sites (Focus on relatively high permeability sites (kkii > 1 X 10> 1 X 10--99 cmcm22) with ) with 
identifiable, localized and highlyidentifiable, localized and highly--contaminated source zones.contaminated source zones.

Select lowSelect low--cost (<$1.50/lb or <$1.00/gal) surfactants/cost (<$1.50/lb or <$1.00/gal) surfactants/cosolventscosolvents, , 
rather than “custom/designer” formulations; limit use of additivrather than “custom/designer” formulations; limit use of additives es 
(e.g., polymers, (e.g., polymers, cosolventscosolvents, salts)., salts).

Minimize the swept volume and corresponding injected volume.  Minimize the swept volume and corresponding injected volume.  

Don’t recycle unless you absolutely have to, instead focus on loDon’t recycle unless you absolutely have to, instead focus on loww--
cost methods to treat/reduce volume of effluent waste stream.cost methods to treat/reduce volume of effluent waste stream.

When comparing costs, consider both mass/volume of DNAPL When comparing costs, consider both mass/volume of DNAPL 
removed and the volume of soil/aquifer ($/ydremoved and the volume of soil/aquifer ($/yd33) treated. Avoid ) treated. Avoid 
“Apples (DNAPL recovered from a localized source) vs. Oranges “Apples (DNAPL recovered from a localized source) vs. Oranges 
(dissolved phase plume)”.(dissolved phase plume)”.
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PostPost--Treatment/Incomplete Mass RemovalTreatment/Incomplete Mass Removal
For coupled treatments to be applied effectively, we For coupled treatments to be applied effectively, we 
need to understand the distribution, configuration and need to understand the distribution, configuration and 
amount of residual DNAPL mass.amount of residual DNAPL mass.

In Situ Flushing: Technical Issues and In Situ Flushing: Technical Issues and 
OpportunitiesOpportunities

Minimize/Counter Downward MobilizationMinimize/Counter Downward Mobilization
Select formulations possessing high Select formulations possessing high solubilizationsolubilization
capacity w/o ultracapacity w/o ultra--low IFT (low IFT (TweenTween 80).80).
In situ density conversion (DNAPLIn situ density conversion (DNAPL LNAPL) followed by LNAPL) followed by 
lowlow--IFT displacement flood (Aerosol/IFT displacement flood (Aerosol/ButanolButanol).   ).   

Surfactant Compatibility (Bioremediation)Surfactant Compatibility (Bioremediation)
NonNon--toxic, minimal inhibition.toxic, minimal inhibition.
Source of reducing equivalents (Source of reducing equivalents (TweenTween 80/Ethanol). 80/Ethanol). 
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Effect of Mass Removal on PCE Saturation Effect of Mass Removal on PCE Saturation 
Distribution and Mass Flux/Discharge: ExperimentalDistribution and Mass Flux/Discharge: Experimental

Source Zone
Plume Region

48 cm

150 cm

1.4 cm

Low Volume Low Volume 
Sampling PortsSampling Ports

Light Transmission Imaging (~0.3 mmLight Transmission Imaging (~0.3 mm22/pixel resolution)/pixel resolution)
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Changes in Source Zone Architecture as a Changes in Source Zone Architecture as a 
Function of Mass RemovalFunction of Mass Removal
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SuchomelSuchomel, E.J. and K.D. Pennell. 2006. Reductions in contaminant mass fl, E.J. and K.D. Pennell. 2006. Reductions in contaminant mass flux following partial mass removal ux following partial mass removal 
from DNAPL source zones. from DNAPL source zones. Environmental Science and TechnologyEnvironmental Science and Technology (revised).(revised).
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Surfactant Flood I (3.5 pv)

40% PCE Recovery

0% PCE Recovery

75% PCE Recovery

Surfactant Flood II (5.5 pv)

Surfactant Flood I (3.5 pv)

40% PCE Recovery

0% PCE Recovery

75% PCE Recovery

Surfactant Flood II (5.5 pv)
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Concentration Profiles (Concentration Profiles (““HighHigh”” GTP Case)GTP Case)

Suchomel, E.J. and K.D. Pennell. 2006. Reductions in contaminant mass flux following partial mass removal 
from DNAPL source zones. Environmental Science and Technology (revised).
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Mass Flux/Mass Removal CorrelationsMass Flux/Mass Removal Correlations

Input: Initial GTP ratio and Input: Initial GTP ratio and 
fluxflux--averaged conc.averaged conc.

Christ et al., 2006 (revised)

Input: GTP included in gamma Input: GTP included in gamma 
exponentexponent

Falta et al., 2005

SuchomelSuchomel, E.J. and K.D. Pennell. 2006. Reductions in contaminant mass fl, E.J. and K.D. Pennell. 2006. Reductions in contaminant mass flux following partial mass removal ux following partial mass removal 
from DNAPL source zones. from DNAPL source zones. Environmental Science and TechnologyEnvironmental Science and Technology (revised).(revised).
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Uncontrolled DNAPL MobilizationUncontrolled DNAPL Mobilization

F-70 Ottawa Sand

20-30 mesh Ottawa Sand

Downward Flow of  PCE

Surfactant Plume Containing 
Solubilized PCE

θσ
µ
cosow

Ca
qN =
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ρ
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rw
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gkkN ∆
=

22 sin2 BBCaCaT NNNNN ++= α

Capillary Number: Bond Number:

Total Trapping Number:
> 1X10-4 Complete 
Mobilization of Residual 

BCaT NNN +=Vertical: BCaT NNN +=Horizontal:

Pennell, K.D., L.M. Pennell, K.D., L.M. AbriolaAbriola, and G.A. Pope. 1996. Influence of viscous and buoyancy forces , and G.A. Pope. 1996. Influence of viscous and buoyancy forces on the on the 
mobilization of residual mobilization of residual tetrachloroethylenetetrachloroethylene during surfactant flushing. during surfactant flushing. Environmental Science and Environmental Science and 
TechnologyTechnology, 30:1328, 30:1328--1335.1335.



99

In Situ DNAPL Density Modification (TCE or PCE) In Situ DNAPL Density Modification (TCE or PCE) 

NAPL XBuOH
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UNIQUAC (n-butanol, water, PCE) Ramsburg et al. 2004, JCH
experimental data (n-butanol, water, PCE) Ramsburg et al. 2004, JCH
experimental data (n-hexanol, water) Filippov et al. 1977, Zh. Prikl. Khim. + Hill and White 1974, Aust. J. Chem.
experimental data (n-butyl acetate, water) Krupatkin and Bodin, 1947, Zh. Obshch. Khim.

RamsburgRamsburg, C.A. and K.D. Pennell. 2002. Density, C.A. and K.D. Pennell. 2002. Density--modified displacement for DNAPL source zone modified displacement for DNAPL source zone 
remediation: Density conversion and recovery in heterogeneous aqremediation: Density conversion and recovery in heterogeneous aquifer cells. uifer cells. Environmental Science Environmental Science 
and Technologyand Technology, 36:3176, 36:3176--3187.3187.
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MacroemulsionMacroemulsion PrefloodPreflood--TCE (15% TCE (15% butanolbutanol))

EElapsedlapsed Time: StartTime: Start Volume: StartVolume: StartEElapsedlapsed Time: 40 minTime: 40 min Volume: 160 mLVolume: 160 mLEElapsedlapsed Time: 70 minTime: 70 min Volume: 280 mLVolume: 280 mLEElapsedlapsed Time: 90 minTime: 90 min Volume: 360 mLVolume: 360 mLEElapsedlapsed Time: 110 minTime: 110 min Volume: 440 mLVolume: 440 mLEElapsedlapsed Time: 140 minTime: 140 min Volume: 560 mLVolume: 560 mLEElapsedlapsed Time: 180 minTime: 180 min Volume: 720 mLVolume: 720 mLEElapsedlapsed Time: 220 minTime: 220 min Volume: 880 mLVolume: 880 mLEElapsedlapsed Time: 260 minTime: 260 min Volume: 1040 mLVolume: 1040 mLEElapsedlapsed Time: 300 minTime: 300 min Volume: 1200 mLVolume: 1200 mLEElapsedlapsed Time: 320 minTime: 320 min Volume: 1280 mLVolume: 1280 mL

RamsburgRamsburg, C.A., K.D. Pennell, T.C.G. , C.A., K.D. Pennell, T.C.G. KibbeyKibbey and K.F. Hayes. 2003. Use of a surfactantand K.F. Hayes. 2003. Use of a surfactant--stabilized stabilized 
macroemulsionmacroemulsion to deliver nto deliver n--butanolbutanol for densityfor density--modified displacement modified displacement trichloroethenetrichloroethene--NAPL. NAPL. 
Environmental Science and TechnologyEnvironmental Science and Technology, 37:4246, 37:4246--4253.4253.
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LowLow--IFT Displacement FloodIFT Displacement Flood--TCETCE
((ButanolButanol+Aerosol MA)+Aerosol MA)

EElapsedlapsed Time: StartTime: Start Volume: StartVolume: StartEElapsedlapsed Time: 60 minTime: 60 min Volume: 216 mLVolume: 216 mLEElapsedlapsed Time: 100 minTime: 100 min Volume: 360 mLVolume: 360 mLEElapsedlapsed Time: 140 minTime: 140 min Volume: 504 mLVolume: 504 mLEElapsedlapsed Time: 180 minTime: 180 min Volume: 648 mLVolume: 648 mLEElapsedlapsed Time: 200 minTime: 200 min Volume: 720 mLVolume: 720 mLEElapsedlapsed Time: 240 minTime: 240 min Volume: 864 mLVolume: 864 mLEElapsedlapsed Time: 280 minTime: 280 min Volume: 1008 mLVolume: 1008 mLEElapsedlapsed Time: 300 minTime: 300 min Volume: 1080 mLVolume: 1080 mLEElapsedlapsed Time: 380 minTime: 380 min Volume: 1368 mLVolume: 1368 mLEElapsedlapsed Time: 460 minTime: 460 min Volume: 1656 mLVolume: 1656 mLEElapsedlapsed Time: 580 minTime: 580 min Volume: 2088 mLVolume: 2088 mL

RamsburgRamsburg, C.A., K.D. Pennell, T.C.G. , C.A., K.D. Pennell, T.C.G. KibbeyKibbey and K.F. Hayes. 2003. Use of a surfactantand K.F. Hayes. 2003. Use of a surfactant--stabilized stabilized 
macroemulsionmacroemulsion to deliver nto deliver n--butanolbutanol for densityfor density--modified displacement modified displacement trichloroethenetrichloroethene--NAPL. NAPL. 
Environmental Science and TechnologyEnvironmental Science and Technology, 37:4246, 37:4246--4253.4253.
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4% 4% TweenTween 80 Flushing of TCE80 Flushing of TCE--DNAPLDNAPL
(Solubility=63,000 mg/L; WSR=1.9; IFT=5.0 dyne/cm; N(Solubility=63,000 mg/L; WSR=1.9; IFT=5.0 dyne/cm; NTT=2.0X10=2.0X10--55))

Time: Initial Volume: 0 mL Time: 60 min Volume: 260 mL Time: 120 min Volume: 520 mL Time: 180 min Volume: 770 mL Time: 240 min Volume: 1030 mL Time: 300 min Volume: 1290 mL Time: 360 min Volume: 1550 mL Time: 420 min Volume: 1810 mL Time: 480 min Volume: 2060 mL Time: 540 min Volume: 2320 mL Time: 600 min Volume: 2580 mL Time: 660 min Volume: 2840 mL Time: 720 min Volume: 3100 mL Time: 780 min Volume: 3350 mL Time: 840 min Volume: 3610 mL Time: 900 min Volume: 3870 mL Time: 960 min Volume: 4130 mL Time: 1020 min Volume: 4390 mL Time: 1140 min Volume: 4900 mL Time: 1200 min Volume: 5160 mL 

SuchomelSuchomel, E.J., , E.J., RamsburgRamsburg, C.A. and K.D. Pennell. 2006. Efficient recovery of , C.A. and K.D. Pennell. 2006. Efficient recovery of trichloroethenetrichloroethene using a using a 
biodegradable nonionic surfactant. biodegradable nonionic surfactant. Environmental Science and TechnologyEnvironmental Science and Technology (in prep).(in prep).
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Bachman Road Down Gradient Monitoring Well Data:Bachman Road Down Gradient Monitoring Well Data:
450 days after treatment450 days after treatment

Conc. (mg/L)Conc. (mg/L) ML1ML1--B B 
4.9m4.9m ML1ML1--E 6.8mE 6.8m ML3ML3--E  6.8mE  6.8m ML5ML5--A A 

2.9m2.9m
ML5ML5--B B 

4.1m4.1m

PCEPCE 5.205.20 0.130.13 2.602.60 0.020.02 0.170.17

TCETCE 0.560.56 NQ<0.001NQ<0.001 4.004.00 0.120.12 0.050.05

ciscis--DCEDCE 0.270.27 25.025.0 100100 0.470.47 0.570.57

transtrans--DCEDCE NQ<0.001NQ<0.001 0.0840.084 0.5400.540 NQ<0.001NQ<0.001 NQ<0.001NQ<0.001

VCVC NQ<0.001NQ<0.001 0.0790.079 0.4100.410 NQ<0.001NQ<0.001 NQ<0.001NQ<0.001

Tween 80Tween 80 NQ<50.0NQ<50.0 52.152.1 27502750 NQ<50.0NQ<50.0 NQ<50.0NQ<50.0

Acetate (mM)Acetate (mM) NQ<0.10NQ<0.10 1.821.82 4.604.60 NQ<0.10NQ<0.10 0.490.49

PCE concentrations reduced by approximately 2 ordersPCE concentrations reduced by approximately 2 orders--
ofof--magnitude in source zone.magnitude in source zone.

No concentration rebound observed 1 yr after test; No concentration rebound observed 1 yr after test; 
attributed to postattributed to post--treatment microbial activity.treatment microbial activity.

RamsburgRamsburg, C.A., L.M. , C.A., L.M. AbriolaAbriola, K.D. Pennell, F.E. , K.D. Pennell, F.E. LLööfflerffler, M. , M. GamacheGamache, and B.K. Amos. 2004.   , and B.K. Amos. 2004.   
Stimulated microbial reductive Stimulated microbial reductive dechlorinationdechlorination following surfactant treatment at the Bachman road following surfactant treatment at the Bachman road 
site. site. Environmental Science and Technology, Environmental Science and Technology, 38:590238:5902--5914. 5914. 
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Mathematical Modeling of Source Longevity:Mathematical Modeling of Source Longevity:
Potential Benefits of Combined RemediesPotential Benefits of Combined Remedies
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Christ, J.A., C.A. Christ, J.A., C.A. RamsburgRamsburg, L.M. , L.M. AbriolaAbriola, K.D. Pennell, and F.E. , K.D. Pennell, and F.E. LöfflerLöffler (2005). Coupling aggressive m(2005). Coupling aggressive m
removal with microbial reductive removal with microbial reductive dechlorinationdechlorination for remediation of DNAPL source zones: A review and for remediation of DNAPL source zones: A review and 
assessment. assessment. Environ. Health Perspectives, Environ. Health Perspectives, 113:465113:465--477. 477. 
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