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EXECUTIVE SUMMARY

Alcohol flushing, also called cosolvent flushing, is a relatively new in-situ remediation technology
that shows promise for widespread application to organic solvent contaminated sites. It has potential
for removing the dense nonaqueous phase (DNAPL) source, located deep within the saturated zone,
which is currently difficult, if not impossible, to remove. Alcohol flushing has the potential for
dramatically decreasing cleanup times and total cleanup costs at DNAPL sites. Because oftheability
to reuse the alcohol, alcohol flushing also has the potential to be highly cost effective.

One of the greatest impediments to any in-situ remediation technique, is subsurface soil
heterogeneities and their effect on fluid flow of both the solvent and aqueous phases, DNAPL
distribution and site characterization. Heterogeneities exist at all scales ranging from the pore scale
to large-scale layering of geologic materials. Clays are of particular interest. At the pore-scale clays
can dramatically ‘affect the size and shape of pores thus affecting macroscopic properties such as
permeability and porosity which influence fluid flow. In addition, these pore-scale changes can
affect DNAPL distribution and trapping. Larger-scale clay layering can result in accumulation and
trapping of DNAPL thus affecting fluid flow.

The overall goal of this project was to evaluate the application of in-situ alcohol flushing for
remediating soils contaminated with dense nonaqueous phase liquids (DNAPLs) using laboratory
studies. The economic, technical and environmental feasibility of this technique was also considered.

Homogeneous, clay-sand mixes and layered soil systems were packed in columns and different
alcohol flushing scenarios were evaluated to determine the effect on DNAPL removal. The specific
project tasks included: 1) characterization of alcohol-DNAPL interactions; 2) characterization of
soils and layering; 3) column studies to evaluate various alcohol concentrations on DNAPL
mobilization; 4) column studies to evaluated the effect of flow rate on DNAPL solubilization, 5)
evaluation of alcohol reuse; 6) determination of process feasibility including economic and
environmental concerns; and 7) recommendations for demonstration and evaluation.

Characterization of alcohol-DNAPL interactions included characterization of ternary phase behavior,
interracial tension, viscosity and density. Six ternary phase diagrams were determined for
alcohol+water+scdvent. The alcohols included isopropyl alcohol (IPA), ethanol, and methanol. The
solvents included tetrachlorethylene (PCE) and trichloroethylene (TCE). Volubility of PCE and
TCE were also determined at low alcohol concentrations. The higher molecular weight alcohol
(IPA) had a much greater effect on the volubility of PCE and TCE than did either ethanol or
methanol as evidenced by the greater single phase or miscible region of the ternary dia@rns. IPA
also had the greatest effect on the reduction of interracial tension of PCE and TCE, and resulted in
swelling of the TCE thus causing a significant decrease in density of TCE at higher alcohol
concentrations. The addition of PCE and TCE at high aqueous phase IPA concentrations also
resulted in decreases in aqueous-phase viscosity.

Characterization of soils and layering included grain size analysis, pressure-saturation relationships,
permeability before and afler establishing residual DNAPL saturation, andporositydeterminations.
Two sandy materials and one clay.soil were used in these studies. The medium-grained sand used ~



was a uniform Ottawa white sand (40-60 mesh). A fine-grained sand was’~btained by sieving a local
sand to a uniform size. Clay soil was obtained from the Savannah River Site. The clay soil after
being crushed and sieved consisted of about 70% red marine clay, primarily kaolinite, and silt. The
sieved portion, henceforth called clay, was then mixed with the Ottawa sand at different clay
fractions. Pressure-saturation relationships were determined forhomogenous materials and for clay-
sand mixtures of increasing clay fraction. A pore size distribution index was determined from the
drainage portion of the pressure-saturation curve. Results showed that as the clay fraction increased
the pore size distribution increased and the residual DNAPL saturation also increased. Residual
DNAPL saturation in sand was on the order of 18?40while that retained in a 20V0clay-sand mix was
close 40°/0. Permeability of the homogeneous media was determined using a falling head or constant
head method.

Layering in the columns was achieved by placing a divider in the middle of the column and slowly
lifting this as different media were placed on either side of the divider. Layers consisted of the
Ottawa white sand, the fine sand, a sand-clay mixture and the SRS clay. In place permeability was
determined using a conservative tracer and the method of moments to determine the average linear
velocity and pressure gradient measurements across the column. Using Darcy’s law the hydraulic
conductivity could be determined and adjusting for fluid viscosity and density the permeability could
be determined. Generally, permeability determinations for each layer were similar to permeability
measurements of the same media in homogeneous cohmms.

The chlorinated solvent displaced the water in homogenously-packed and layered columns. Two
porous plates; one water-saturated and one treated with a hydrophobicizer then DNAPL saturated
were used to displace water with the chlorinated solvent and subsequently imbibe water and drain
the chlorinated solvent leaving a residual DNAPL in the column. This method was especially
important in the layered columns to ensure a uniform residual saturation in the columns. The
residual saturation was quantified in severaI ways. The first was a volumetric determination of the
amount of DNAPL that went in during displacement and the amount that came out during water
imbibition. The second method was to quanti& the area under the breakthrough curve during
alcohol flushing. The third method was used for the layered columns and involved the use of
partitioning and conservative tracers and subsequent analysis of breakthrough curves. Results
indicated that the partitioning tracer method provides reasonable results and is usefil in”this
application.

Alcohol flushing of the columns was performed on homogeneous and layered columns to evaluate
DNAPL mobilization. Trapping numbers were calculated at the onset of mobilization to compare
to results of other researchers. Results showed that increasing amounts of clay in the clay-sand
mixture resulted in increased residual saturation and that this residual was found to begin to mobilze
at a range of trapping numbers below those reported in the literature for homogeneous well-sorted
sand. This suggests that the potential to mobilize is greater in mixed-media and maybe partially
explained by the formation of multi-pore branched ganglia in the clay containing media as opposed
to singlet formation in a well-sorted sand.

Some experiments performed using a two dimensional tank of layered media showed that
mobilization of the DNAI?Ldid occur but that it only mobilized distances on the order ofcentimeters



and then was dissolved in the alcohol flushing solution. These results suggest that mobilization of
DNAPL on a larger scale still needs fhrther investigation and may not be filly~presented by bench-
scale column experimentation.

Layered columns proved to be the greatest challenge of this project. The development of a layered
column system was an evolving process and several different designs were used to gather data on
permeability, residual saturation and alcohol flushing. Initially a system of manometers was used
to measure pressure drops across the column. This was later switched to pressure transducers which
were used for over a year. These were then determined to be too complex and ‘noisy’ for our
purposes and manometers were used again. Determining residual saturation in these cohunns also
went through several iterations. One method involved the destruction of the column and soil
extraction. Another method involved using the area under the effluent curve. A third used the
volumetric displacement of water or DNAPL and the fourth utilized partitioning tracers, All
methods had their strengths and weaknesses. Sampling the layered columns was also difficult.
Effluent from a single endport would mix the solutions from the two column sides so that the
individual solutions could not be determined. The end port was split and had two outlets but there
were flow problems and mixing associated with this method. Finally a system of side ports and side
port sampling was developed and in the end seemed the most successfid. Unfortunately, the project
ran out before this system could be utilized to its fbllest. However, considerable data were gathered
from the various systems and showed that flushing in a layered system is as difficult as was
originally thought. The more permeable layer cleaned out much more quickly than the less
permeable layer because of the much higher flows going through the more permeable side even
though a similar number of pore volumes of fluid was required to clean out the less permeable soil.
Cleaning out the more permeable side resulted in even more flow going through that side due to the
increase in permeability with the removal of the NAPL.

Dissolution of the residual DNAPL was the primary mechanism employed in the majority of the
alcohol flushing experiments. Several different column scenarios were used with the layered
columns to obtain the best representation of what was really happening in the columns. Single outlet
endcaps, dual outlet endcaps and side port sample ports were used. The side port sampling ports
provided the most reliable and informative results although the other methods were also usefid.
Results showed that alcohol flushing can be extremely beneficial in enhancing the removal of
DNAPL due to its high ability for enhancing DNAPL volubility. Alcohol concentrations on the order
of 40 and 50°/0isopropyl alcohol resulted in effluent PCE concentrations in the tens of thousands
resulting in removal of the DNAPL in several pore volumes.

There was clearly evidence of tailing in the more permeable side long after the NAPL should have
been cleaned out. This may be due to some mass transfer from the less permeable side to the more
permeable media but a complete understanding of this was not obtained during the lifetime of this
project.

The column results suggest that remediating DNAPL contaminated media is feasible but low
permeability zones must be considered in determining the time to cleanup. For example, several
pore volumes of alcohol maybe sufficient to remove the contaminant but these several pore volumes
must be experienced in all the media, According to our layered columns results, it took 5 to 10 pore



volumes through the more permeable medium to achieve one pore volume through the fine medium.

Alcohol recovery using activated carbon proved to be very promising in that it was both technically Z-’-
and economically feasible. There was a decrease in PCE adsorption capacity on activated carbon
with increasing alcohol concentrations. This could be compensated for by increasing the mass of
the carbon dose in the recovery system.

In-situ flushing technologies are proving to be accepted technically, economically and by regulators,
as evidenced by the increasing number of fill-scale and demonstration systems. The Ground Water
Remediation Technologies Analysis Center (GWRTAC) maintains a database of in-situ flushing
studies both on-going and completed. The results of this project support the use of alcohol for in-situ
flushing because of its ease of use, and recyclability. Soil heterogeneity is still a concern for the
application of any in-situ technologies and this factor prevents them from working as effectively at
all sites. Some strategies such as recirculation of alcohol and reduced flow rates where feasible may
be helpfid in making alcohol flushing more efficient.
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1 Introduction and Project Objectives

Alcohol flushing, also called cosolvent flushing, is a relatively new in-situ remediation technology
that shows promise for removing organic solvents from the soil and groundwater. Soil and
groundwater contamination from organic solvents and petroleum products is one of the most serious
and widespread environmental problems of our time. Most of the DOE facilities and inactive sites
are experiencing soil and groundwater contamination from organic solvents. These water immiscible
solvents have entered the subsurface from leaking underground storage tanks and piping, and from
past waste handling and disposal practices such as leaking lagoons, holding ponds and landfills. In
many cases, they have traveled hundreds of feet down into the saturated zone. If left in the soil, these
chemicals may pose a significant environmental and human health risk. Alcohol flushing has
potential for application to spilled solvents located deep within the saturated zone which are dil%cult
if not impossible to remove by current remediation strategies, thus, greatly expediting restoration
time, reducing total remediation cost and reducing risk.

Organic solvents and oils that are immiscible with water are commonly referred to as nonaqueous
phase liquids (NAPLs). The NAPLs that have a density greater than groundwater are often
specifically referred to as dense nonaqueous phase liquids (DNAPLs). Common cleaning and
extraction solvents, such as tetrachloroethylene (PCE) and trichloroethylene (TCE) are DNAPLs and
are common contaminants at DOE sites. The Savannah River Site (SRS) may have up to several
million pounds of PCE/TCE located in the subsurface environment (Westinghouse SRC 1992).
Restoration of groundwater systems contaminated with DNAPLs is one of the most significant
technical challenges at DOE sites today.

One current remediation strategy for contaminated groundwater involves pumping the groundwater
and treating it above ground. Pump and treat strategies are generally only effective in removing the
dissolved contaminants not in removing the DNAPL source. Due to the sparingly soluble nature of
DNAPLs, such as PCE, relying on dissolution as a remediation strategy could take many decades,
or much longer to achieve clean up. This will prove to be extremely costly in the long term and
environmentally risky. Clearly a need exists for technologies that offer a faster, safer and cost
effective means for restoring DNAPL sites.

Alcohol flushing or flooding was originally developed by the oil industries as a means to enhance
oil recovery from oil bearing strata. Enhanced oil recovery (EOR) techniques also include: 1) water
flooding, in combination with alkaline chemicals; 2) chemical flooding using surfactants; 3) thermal
flooding; and 4) alcohol (cosolvent) flooding. These flooding processes all act to increase oil
volubility, reduce oil viscosity and reduce oil-water interracial tension in an attempt to enhance oil
extraction. Recently many of the EOR techniques have been considered for environmental
restoration of NAPL and DNAPL contaminated sites.

Chemical flooding using surfactants has been the subject of renewed research interest by the
petroleum industry. Potential application of surfactant flushing for remediating contaminated soils
and aquifers is also being explored (Fountain et al. 1996, Fountain et al. 1997, Pennel et al. 1993,
Abdul et al. 1992). Several potential problems with surfactant flushing for environmental
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restoration are the possible interaction of the surfactants with the soil, difficulty in applying the
correct surfactant dose so as not to cause clogging, and the fate of the surfactants if small amounts
are left in the soil. A major problem with a surfactant flushing technique also seems to be the
difficulty in reusing the surfactant solution which may lead to expensive operating costs,

Alcohol flooding or flushing holds greater potential than surfactant flushing as a widespread
remediation technique for DNAPL contamination. It is also less problematic in the areas of reuse,
concentration and fate in the environment. Either distillation or activated carbon adsorption, air
stripping or some combination of these can be used to separate the DNAPL from the alcohol
solutions. The recovery technique will depend on the mixture, ease and cost of operation. Activated
carbon and air stripping are very common, fairly simple and relatively inexpensive treatment
processes widely used in groundwater treatment. Adapting these for use in alcohol flushing will be
straightforward. A slightly inaccurate calculation of alcohol concentration will not cause problems
as is possible with surfactant flushing. Increasing concentrations of alcohol will only enhance
volubility, thus enhancing DNAPL removal rates. Alcohols, such as ethanol, methanol and isopropyl
alcohol, are also biodegradable. Ethanol, of food grade quality, is currently popular.

Alcohol flooding, however, has been investigated to a lesser extent than surfactant flushing,
although, considerable laborato~ work and pilot-scale studies suggest this to be a promising
technique (Annable 1999, Rao et al. 1997, Hayden and Van der Hoven 1996, Augustijn et al. 1994,
Brandes and Farley 1993, Boyd and Farley 1992). There is also support from various regulatory
agencies in many of these studies which indicates acceptance, which is important for realistic
implementation of this technology.

A general alcohol flushing system for environmental cleanup will have to include both injection and
extraction wells. This is also common for other in-situ groundwater remediation technologies such
as bioremediation or air sparging. Injection and extraction wells maybe situated in a rectangular,
oval or star-shaped patterns. The well depths vary and distance between weILswill be based cm
projected capture zones. Sheet piling and hydraulic barriers have been used at many demonstration
sites to maintain hydraulic control. Figure 1.1 shows a schematic of a in-situ alcohol flush.
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Figure I-l. Schematic representation ofaalcohol flushing strategy.

It is important to realize, that there is no one technology that will cost effectively remediate all our
current contamination problems. Some technologies are better suited for certain applications than
others. Cosolvent flushing has the potential to be another important remediation technology,
especially for DNAPL source removal. It is not, however, appropriate for all remediation situations.

Table 1-1 qualitatively summarizes the advantages and disadvantages of some of the current and
innovative technologies with alcohol flushing for remediating groundwater systems contaminated
with DNAPLs. The summary provided in Table 1.1 supports the idea that different innovative
technologies may be better suited to different situations and more than one technology may be
needed for site remediation.



Table 1-1. Comparison of remediation techniques, both current and innovative (field tested), with
lcohol flushing for]

Technique

Pump & Treat

Bioremediation

Air Sparging

Alcohol Flushing

!movingchlorinated DNAPLs from St

Advantages

Widespread application,proven
technology,relatively low capital
costs.

Can reduce spread of solubleplume;
decreased cleanup time comparedto
pump and treat.

Relies on air to volatilize
contarninants;horizontalwells may be
very efficient thus reducing cleanup
time compared to pump and treat.

Removes DNAPL source thus
decreasing cleanup cost and time,
reuse alcohol solution; alcohol is
biodegradable

:urated soil environments.

Disadvantages

No removal of DNAPLsource, very
long operatingtimes, long-term
pumpingand treatment costs.

No removal of DNA.PLsource
within soil;chlorinated solvents
difficult to degrade; addition of
nutrients, methane,02 and others often
need to be added; need injection and
extraction wells.

Injection and extractionwells needed;
in combinationwith soil vapor
extraction can be most effective but is
expensive;needs to be combinedwith
SVE.

Injection and extraction wells
needed; relatively new and practical
limitations not known,
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2 Research Objectives

This project focused on fbrther expanding the feasibility, application and optimization of a new in-
situ remediation technology (alcohol flushing) for DNAPLs (PCE and TCE) in heterogeneous
saturated soil systems. The primary goal was to determine the efficacy of alcohol flushing to
enhance the removal of DNAPLs Ilom a layered soil system and compare the overall feasibility of
the various scenarios by also considering cost and time.

The specific project tasks included:

1) characterization of alcohol-DNAPL interactions;

2) characterization of soils and layering

3) column studies to evaluate various alcohol concentrations on DNAPL mobilization;

4) column studies to evaluate the effect of flow rate on DNAPL solubilization;

5) evaluation of alcohol reuse;

6) determination of process feasibility including economic and environmental concerns; and

7) recommendations for demonstration and evaluation.
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3 Characterization of Alcohol-DNAPL Interaction

3.1 Introduction

During an alcohol flushing operation the DNAPL and aqueous phases will undergo changes
including volubility, interracial tension, density and viscosity. In order to better understand enhanced
solubilization during alcohol flushing, liquid-liquid equilibria must be characterized. Ternary-phase
diagrams are a standard way of presenting the volubility characteristics of three-fluid phase systems
in this case; water, alcohol and DNAPL. These diagrams have been used by petroleum and chemical
engineers for decades and more recently by researchers investigating methods to remediate
contaminated groundwater (Faha 1998, Imhoff et al. 1995, Broholm and Cherry 1994, Brandes and
Farley 1993).

In the case of a-residual DNAPL, which is trapped in soil pores by capillary forces, a reduction in
the inteflacial tension between the DNAPL and alcohollaqueous phase could resuh in mobilization
of the trapped DNAPL. Because of the large density differences between the two phases, this could
mean a further downward migration of the DNAPL.

The capilkwy (Equation 1) and Bond numbers (Equation 2) are dimensionless numbers that have
traditionally been used to relate the viscous forces (capillary number) and gravitational forces (Bond
number) acting to mobilize a DNAPL blob to the capillary forces acting to trap it. Recently,
researchers have used these in combination with the trapping number to characterize DNAPL
trapping and remobilization during flushing experiments (Dawson and Roberts 1997, Pennell et al.
1996, Morrow et al. 1988). Pennell et al. (1996) develop and present the trapping number by
performing a balance of the forces acting on a trapped spherical DNAPL blob (Equation 3).

%#aqNc=—
UOqcose

~ _ Apgkkw
B OOqcoso

(1)

(2)

(3)

Where: NT= Trapping number
Nc = Capillary number

>



N~ = Bond number
~~ = Darcy flow of the aqueous phase
p,~ = viscosity of the aqueous phase
u = interracial tension between the aqueous and nonaqueous phases
e:= contact angle of the wetting phase
Ap = the difference in density between the nonaqueous and aqueous phases
g = gravitation constant
k = intrinsic permeability of the soil
~ = ratio of the permeability of the soil with a DNAPL residual to the initial

permeability

A reduction in the interracial tension between the aqueous and nonaqueous phases through the use
of an alcohol solution results in a reduction in the capillary forces holding the trapped DNAPL in
place. This corresponds to an increase in Nc and N~which means that the viscous and gravitational
forces could now dominate and result in the remobilization of the blob. The viscosity of the aqueous
solution is an important term in determining the viscous forces and the difference in density between
the aqueous and nonaqueous phases is important in gravitational force term. Most researchers and
environmental professionals believe a flushing approach which enhances volubility without
mobilization of the DNAPL is the best one to utilize thus preventing the unwanted flow of DNAPLs
to other regions of the aquifer. Understanding the forces involved in DNAPL mobilization,
therefore, is important for the application of this technology.

The purpose of this study was to obtain liquid-liquid equilibria data for ternary diagrams and
characterize the volubility enhancement, interracial tension, density and viscosity of PCE and
TCE/alcohol/aqueous systems. The need to characterize the behavior of DNAPLs in contact with
various aqueous-phase solutions is critical for the successfid application of alcohol flushing
technology.

I 3.2 Methods

Chemicals. The chemicals were obtained by VWR Scientific and US Industrial Chemicals, with
the following specifications; PCE and TCE (Reagent grade, 99.9% and 99.8’%pure, respectively),
Methanol and Isopropyl Alcohol (IPA) (HPLC grade, 99.8% pure), Ethanol (Food Grade, 200proof).
Water was distilled using a Coming Mega-Purem System (MP- 11A).
Ternary Phase Diagrams. Ternary phase diagrams were constructed from data collected, using
the methods presented in Sayar (199 1). The synthetic method provided the boundary between the
single and two-phase regions and the analytical method provided the tie-lines. Temperature was held
it 21.5°C * l“C.

(a) Synthetic Method. Water and PCE orTCE mixtures were prepared by mass (* 0.01 mg),
placed in a constant temperature bath and titrated with alcohol until the tsvo phases disappeared.

(b) Analytical Method. Alcohol, water and PCE or TCE mixtures were prepared by mass,
equilibrated using a rotary mixer for greater than 24 hours, and centrifuged to separate the two
phases. The composition of each phase was determined using a gas chromatography and flame
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ionization detector (GCIFID). An automated headspace sampler was used to determine the mass
of alcohol and PCE in the aqueous phase. The solvent phase was directly injected into the GC to
determine the mass of alcohol dissolved in this phase. The water content of the solvent phase was
determined by the Karl-Fischer method using an Accumet 150 coulometric I@ automatic titrator
(Denver J.nstrument Company, Arcada, CA). The mass fraction of immiscible solvent in the solvent
phase and mass fraction of water in the aqueous phase was then determined by difference.

Solubility Enhmcernent:The volubility of PCE and TCE in various alcohol solutions, Oto 50 %
v/v initial alcohol concentration, was determined by placing 2 ml of PCE or TCE in a 20 ml crimp
cap vial containing 10 acid washed glass beads. The aqueous-alcohol solution was filled to the top
to minimize head space, and the vial was crimp capped with a Teflon-lined septum. The solutions
equilibrated on a rotary mixer (2 rpm) for 24 hours, and centrit%ged.Initial studies indicated this was
sufficient time for equilibration. The aqueous phase was sampled and analyzed using a GC/l?ID with
a headspace sampler to determine PCE or TCE concentrations. Five replicate vials were made for
each solution.

Interracial Tension: The interracial tension of TCE and PCE in various aqueous-alcohol solutions
was determined using the pendant drop technique (Ambwani and Fort 1979). The two-phase
solution was allowed to equilibrate using a reciprocating shaker and then separate. A Rame-Hart
model 100 goniometer (Rame-Hart, Inc. Mountain Lakes, NJ) was used to create and photograph
the equilibrated TCE and PCE drops in water/alcohol mixtures. Six replicate drops were
photographed and subsequently measured. Tables and the equation from Ambwani and Fort (1979)
were then used to calculate interracial tension. Temperature was held at 22°C * 2“C.

Density and Viscosity: The aqueous-phase and solvent phase densities were determined
gravimetrically for each phase in an equilibrated two phase mixture. Aqueous-phase viscosity for
different equilibrated solutions was determined using a viscometer (Brookfield Dial Viscometer,
Model LVT with UL Adapter 304 S/S, Stoughton, MA). Temperature was held at 22°C * 1°C.

3.3 Results and Discussion

Ternary phase diagrams. Ternary phase diagrams for the six systems investigated are plotted in
Figures 3.1-3.3. The higher molecular weight alcohol (IPA) has a much greater effect on volubility
of P(2E and TCE than does either ethanol or methanol as evidenced by the greater single phase or
miscible region of the ternary diagrams.

The tie lines in aIl cases, except TCEAPA/waterhave negative slopes. This indicates the preferential
partitioning of the alcohol into the aqueous phase. In the TCE/IPA/water situation, the tie lines
exhibit both positive and negative slopes. The negative sloped tie lines occur up to 55°AIPA, by
mass, and indicate preferential partitioning of IPA into the aqueous phase. Above 550A,the slopes
of the tie lines become positive, an indication of preferential partitioning of IPA into the TCE. This
preferential partitioning by IPA results in a decrease of solvent density and is called swelling.

10
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Ternary diagrams for the TCE/IPA/water and PCE/IPA/water systems are in agreement with those
reported by Brandes and Farley (1993). The ternary diagram of the PCE/methanol/water compare
well with both the experimental and UNIQUAC model predictions reported by Irnhoff et al. (1995).
The ternary diagram for TCE/methanol/water compares well to that produced using an ESP
numerical simulation as reported in 13roholm and Cherry (1994). Ternary phase diagrams for the
TCE/ethanol/water and PCE/ethanol/water systems could not be found in the literature.

Volubility Enhancement. At lower alcohol concentrations, it is impossible to read the volubility
enhancement of PCE and TCE from the ternary diagrams. The enhancement of volubility at these
lower alcohol concentrations (up to 30% v/v), however, are also of interest for environmental
application of this technology and are shown in Figure 3.4. As with the ternary diagrams, IPA had
the greatest effect on enhancing the volubility of PCE at these alcohol concentrations. The relative
increase in volubility enhancement was slightly greater with PCE than for TCE. For example, a
volubility increase of approximately four times was measured for PCE at 30°/0compared to OOA,
while only an increase of 2.6 times was measured for TCE.

n t

$ 1.gg 10000 = t I I -/ —

100 T I Ii 1 1
o% 10% 20’% 30% 40% 50%

InitialAlcohol Concentration(vol %)

_ TCE in IPA — TCE in Ethanol _ TCE in Methanol

_ PCE in IPA +——PCE in Ethanol —.—PCE in Methanol

Figure 3.4 Volubility enhancement for PCE and TCE in various alcohol solutions
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Interracial Tension. Interracial tension of PCE and TCE in aqueous solutions decreased for
increasing alcohol concentrations as shown in Figures 3.5 and 3.6. IPA was the most effective in
reducing interracial tension of the alcohols. This was expected based on the volubility results. TCE
equilibrated with water had an average interracial tension of 39 dynes/cm measured in this study (35
dynes/cm reported by Hunt et al. 1988) and PCE equilibrated with water had an average intefiacial
tension of 43 dynes/cm measured in this study (45.8 dynes/cm measured by Demond and Lindner
1993). Decreases in interracial tension between chlorinated solvents and methanol showed about a
70% decrease at 30% v/v. Interracial tension of the two phases with IPA as the alcohol showed an
exponential decline; with an overall decrease in interracial tension of about an order of magnitude
at 30?40(v/v) IPA.

50

o
0’% 10% 20% 30% 40% 50%

InitialAlcoholConcentration(VOI%)

— IPA _ Ethanol _ Methanol

Figure 3.5 Interracial tension of PCE with changing alcohol concentration.

Density. The changes in density of the DNAPL and the aqueous phase as a function of alcohol
concentration are shown in Figure 3.7. There was very little density change in the PCE/IPA system
even at high IPA concentrations. The density of the PCE phase went form 1.60 g/cm3 to 1.49 g/cm3.
The density change in the TCE was dramatic in the IPA case going from 1.45 g/cm3 to 1.04 g/cm3.
This phenomenon is called swelling and is also reflected in the slope of the tie lines in the ternary
diagram. Minimal changes in TCE or PCE density were noted in the ethanol and methanol cases.
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Figure 3.6 Interracial tension of TCE with changing alcohol concentration.

Density changes of the aqueous phases with increasing alcohol concentrations were very similar for
all alcohol systems. Because of this only one curve is shown.

Viscosity The aqueous-phase viscosity is affected by both its alcohol and chlorinated solvent
concentrations. Viscosity diagrams are presented in Figure 3.8 and show both the effect of alcohol
concentration on viscosity and the effect of the chlorinated solvent on viscosity. The dissolution
of the chlorinated solvent did not affect viscosity until a relatively high alcohol concentration was
reached. The concentration of chlorinated solvent was also high which caused a reduction of
viscosity over that of water-alcohol systems.
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Figure 3.8 Viscosity of aqueous solutions as a function of alcohol concentrations.

3.4 Summary

The purpose of this study was to obtain liquid-liquid equilibria data for ternary diagrams and
characterize the volubility enhancement, interracial tension, viscosity and density of PCE and
TCE/alcohol/aqueous systems for the purpose of using this information in alcohol flushing
applications. An alcohol flushing strategy relies on enhanced solubilization without mobilization
of the DNAPL. The results presented in this paper suggest that alcohol concentrations of 30% (v/v)
or greater are required in order to substantially enhance the volubility of either PCE or TCE. This
corresponds, however, to a significant decrease in the interracial tension between the DNAPL and
aqueous phases which is important from the standpoint of potential mobilization of the trapped
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DNAPL.
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4 Characterization of Soils and Layering

4.1 Introduction

One of the major challenges in the field of groundwater remediation is the principle of heterogeneity.
The variation in hydraulic conductivity(K) or permeability (k) of an aquifer is most often used to
describe the degree of heterogeneity. In homogeneous systems, hydraulic conductivities and,
therefore, permeabilities are independent of location within the aquifer. In heterogeneous systems,
however, these values change with respect to location within the aquifer.

Layered heterogeneous systems are fairly ubiquitous and are commonly found within sedimentary
geological environments and in unconsolidated lacustrine and marine deposits (Freeze and Cherry,
1979). In layered systems, each layer making up the system is considered as being homogeneousand,
therefore having consistent hydraulic conductivity and permeability values throughout. This in itself
is a simplification. However, when the system is considered as a whole, it is thought of as a
heterogeneous system with different permeability values dependent upon location within the system.

Hydraulic conductivity is dependent upon both the soil matrix as well as the aqueous solution
flowing though it. Permeability is understood to be a function solely of the porous media and is thus
independent of aqueous fluid properties such as density and viscosity.

Hydraulic conductivities within actual aquifers in the field are commonIyestimated using drawdowri
pumping tests, slug tests and tracer tests. A soil column perrneameter makes for much more
simplistic estimation of hydraulic conductivities in the laboratory. Essentially however, all methods
for hydraulic conductivity determination utilize a rearrangement of Darcy’s Law:

K=f2dl
A dh

(1)

where: Q is a known or measured flowrate; A is cross sectional area of the soil; dl is the length of
the soil column; and dh is the known or measured diffe~ential pressure (in the field dh/dl would be
the measured hydraulic gradient). The permeability of the soil matrix can then be easily determined
using Equation 2:

(2)

where: p and p are the aqueous phase viscosity and density, respectively, and g is the gravitational
constant.

There are numerous methods for the use of thepermeameterin laboratory determination of hydraulic
conductivity and subsequent permeability. Likewise, there are numerous methods for use in the field
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determination of these aquifer properties. However, because the focus of this researck
estimating permeability values within individual laboratory soil cohmms, on]y the labi
methods will be discussed here. For additional information pertaining to field deterrnina
hydraulic conductivities, references such as Freeze and Cherry ( 1979) and Bedient et al.
provide sufficient overviews.

Simplistic methods such as the constant head and falling head permeameter tests provide ad
results for the hydraulic conductivities of porous media packed within soil columns. Klute
indicates that the constant head test is best suited to soils with hydraulic conductivity values ~
than 0.01 crdmin (0.00017 cmks), while the falling head testis more appropriately suited fo
fine grained media with K values of less than 0.01 cm/min. The constant head test al
calculation of K using Equation 1 by measuring the flowrate through the column (measured
of volume and time) forced through the column under a known hydraulic head. The falling he
uses measured values of time and the change in head in Equation 3 to determine a value of

where: a is the cross sectional area of the water-filled standpipe; L is the length of the colum
the cross sectional area of the column; t is the time; and HOand HI are the initial and final 1
of water within the standpipe.

While the constant and falling head methods have been found to provide accurate data in labc
soil columns, it should be noted that they would require significant human oversight in o]
obtain more than just discrete measurements of hydraulic conductivity and are cons
insufficient in instances where it is desirable to continuously monitor changes in the perme
of a media.

The use of manometers is a potential method for allowing more continuous monitoring
hydraulic conductivities and, therefore, permeabilities within soil columns. Byplacinga mane
at each end of the soil column, a measure of the differential pressure across the soil column ~
made which can then be used in Equation 1 to arrive at a value for K. This method has been!
to provide fairly accurate results. However, similar to the methods of constant and fallirq
testing, the use of manometer for determination of K values requires significant oversight. Ir
to track any changes in K or k, numerous differential pressure readings must be taken at fairly r
intervals.

Pressure transducers can also be used for estimation of K values. Pennel et al. (1996) succe:
used pressure transducers to provide accurate permeability data in their soil columns. The trmx
system is essentially an electronic manometer system, and the subsequent set up of the sys
basically the same. Similar to the estimation of K with manometers, measured values of diffe]
pressure are used in Equation 1 with known values of flowrate, cross sectional area and C(
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length. Themajordifference between thetwomethods isthefactthatthe useofatinsducer system
allows for the collection of a significantly increased amount of data with very little human oversight.z’
The use of pressure transducers can be, therefore, extremely effective in providing continuous
monitoring of changing hydraulic conductivity and permeability data.

Transducers could also be used to determine permeability values for each media within a layered soil
column. This is accomplished by measuring the flowrate through each media and measuring with
transducers the differential pressure across each media. The hydraulic conductivities and
permeabilities within each media of layered soil systems could also be monitored through
modifications of the constant head test. However, as was described above, the problems of
continuous human oversight would indicate that the use of pressure transducers may be more
effective. A comparison of the systems available for permeability measurement in soil columns is
summarized in Table 4.1 below.

Table 41 Comparison of Various Permeability Measurement Systems

System Advantages Disadvantages

ConstantHead ● Fairlyaccuratedata ● Discretemeasurementsonly
● Widespreaduseandacceptance ● Onlygoodforcomsemedia
● Easeof use ● Humanobservationalerror

FallingHead ● Fairlyaccuratedata ● Discretemeasurementsonly
● Widespreaduseandacceptance ● Onlygoodforfmemedia
● Easeof use ● Humanobservationalerror

Manometers ● Fairlyaccuratedata ● Humanobservationalerror
● Easierforcontinualmonitoring “ ● Difllcultfor long-termcontinuous
● Goodfordifferentgrainsizes monitoring

Transducers ● Veryaccuratedata ● Morecomplexset-upand
● Bestforcontinualmonitoring operation
● Goodfordifferentgrainsizes

Bear (I 972) alluded to the importance of ensuring that huninar flow conditions remain within the
soil pores so that Darcy’s Law remains linear and, therefore, valid. This is significant in the use of
all of the methods discussed above for hydraulic conductivity determination.

The nature and degree of layered heterogeneity is most easily observed in differences in values of
hydraulic conductivity and permeability between the different layers. As a result of these
differences, the flowrates of aqueous solutions will be different through each media as well. In
addition, the different permeabilities of the layered geologic environment are significant in terms of
the degree and distribution of entrapped residual DNAPL saturation. The ultimate result of layered
heterogeneity will be difficult in remediation of DNAPL using alcohol flushing once it has been
entrapped as residual contamination. There appears to be an abundance of research in the literature
pertaining to the alcohol flushing of DNAPLs from homogeneousmedia (Boyd, 1991, Boyd and
Farley, 1992, Brandes and Farley, 1993, Augustijin et al., 1994, Hayden and Van der Hoven, 1996,
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Imhoff et al., 1995, Rao et al., 1997). However, there seems to be a void in the literature with regard
to flushing from heterogeneous media, especially that of layered heterogeneous soils. ~’

Non-aqueous phase liquids (NAPLs) are water-immiscible solvents and are classified as light non-
aqueous phase liquids (LNAPLs) or dense non-aqueous phase liquids (DNAPLs) according to their
densities relative to water. Typical DNAPL compounds include pesticides, herbicides and
chlorinated solvents. While the physical and chemical properties of DNAPL compounds are
understood to vary greatly, the principles governing the fate and transport of the DNAPLs are often
similar.

The migration of DNAPL compounds and subsequent formation of a residually trapped separate
phase are complex processes that warrant detailed explanations. When a DNAPL is released in
sufficient quantity into the subsurface, the contaminant travels in a downward direction through the
soil pores and fiaclures under the influences of gravity. If the quantity of DNAPL is especially large,
some of the DNAPL will eventually reach the saturated zone. At this point, the displacement
pressure must be overcome in order for the non-wetting NAPL to enter the water saturated zone and,
therefore, continue migration. If the entrance pressure is exceeded, the release will subsequently
displace water and continue its downward migration through the capillary fringe and water table,
leaving behind a trail of residual contamination.

Residual NAPL contamination is understood to be non-continuous in nature (Wilson et al., 1990,
Conrad et al. 1992). This is the main difference between mobile, bulk DNAPL contamination and
residual phase DNAPL contamination. The entrapment process and the shape of the residual
DNAPL blobs are controlled by capillary phenomena. Under the influence of gravity, the DNAPL
drains the soil pores of water. The DNAPL blobs become discontinuous when the quantity of
DNAPL moving through the soil media diminishes and the capillary forces within the soil pores
become sufficiently strong enough to overcome the viscous and gravity forces of the diminishing
DNAPL.

While the forces of gravity are most significant during the initial spill of DNAPL, forces of
capillarity become very significant in immobilizing the DNAPL as the amount of DNAPL decreases
and, thus, the gravitational force associated with the DNAPL dissipates. Capillary pressure is
commonly defined as the difference between the non-wetting fluid pressure and the wetting fluid
pressure. For a NAPL-water system with water as the wetting phase:

Pc=Pn-Pw (4)

where: P~ is the pressure of the NAPL and PWis the pressure of the water. Capillary pressure
between a pair of immiscible fluids in a porous media is also commonly defined according to the
Laplace Equation illustrated as Equation 5:
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where: o is the interracial tension between the two immiscible fluids and r} and rz are the radii of
curvature in two directions of the interface between the two fluids. The Laplace Equation is oflen ./’
simplified by neglecting both the macroscopic geometry of the pore spaces and the minor
gravitational force which acts to distort the interface shape by considering the porous media to be
similar to a bundle of thin glass tubes of uniform radii. When these simplifications are made, the
Laplace Equation can be simplified as:

P = ~ cos@c r
P

(6)

where: rPis the characteristic pore radius of the media and@ is the water solid contact angle in the
presence of NAPL, indicative of the nettability of the NAPL-water system. (Nettability describes
the preferential-coating of a solid surface in a two-fluid system. The concept of nettability is a rather
complicated one and, as a result, a significant amount of research on this topic can be found in the
literature. However, it should be noted that for the purpose of this research, a completely water-wet
scenario was always assumed. Thus, the value of@ would always be zero, and the final term in
Equation 6 would reduce to a value of 1.0.)

Neglecting the contact angle term in a completely water-wet matrix, Equation 6 indicates that
capillary pressures increase with increasing interracial tensions and decreasing pore radii. Therefore,
a NAPL-water pair with higher interfaciaI tension given the same soil conditions will result in a
greater capillary pressure that will need to be overcome in order for the NAPL to enter the media.
In addition, for particular NAPL-water pairs, a finer media with smaller pore radii will maintain
higher capillary forces that will need to be overcome in order for a non-wetting fluid to enter the
water-saturated media. These two implications of higher interracial tensions and smaller pore radii
will also have effects of increasing the difficulty of removing the NAPL once it infiltrates the porous
media and becomes entrapped by capillary forces.

A significant amount ofresearch has focused on the relationship between capillary pressure and non-
aqueous phase liquid saturation of porous media. Empirical curves have been developed for
numerous two-phase pairs in different soil types to illustrate the degree of saturation of NAPL or
water by noting pressures within laboratory soil columns and volumes of water either displaced or
returned to the column. In addition, numerous models are available which can generate pressure-
saturation curves given various soil and fluid properties (Van Genuchten, 1980; Brooks and Corey,
1964). Atypical pressure saturation curve is shown in Figure 4.1 below:
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Figure 4.1 Hypothetical Pressure Saturation Curve

Figure 4.1 indicates that the initially water-wet soil matrix begins with a water saturation of 100Yo.
Drainage of the water phase occurs when the displacement capillary pressure mentioned above is
overcome. At this point NAPL is allowed to infiltrate into the soil pores and, as a result, water
saturation within the soil diminishes. At a certain point, it becomes increasingly difficult for the
NAPL to displace additional water. This is because the water has been pushed out of all but the
smallest pores and the only remaining water is either in these small pores or along the surfaces of
the soil particles. At a certain point called the residual wetting fluid saturation (SW), fi.uther
increases in capillary pressure will have no effect on decreasing the water content of the soil matrix
(Fetter, 1993). Atthis point, if the pressure from theNAPL is removed, the capilhuypressure within
the soil matrix will cause the wetting fluid to spontaneously imbibe into the matrix, subsequently
displacing the NAPL. This is shown in Figure 4.1 as the lower curve. The imbibition of the wetting
phase will continue until the capillary pressure within the matrix has been reduced to zero. As a
result of hysteresis, the wetting phase saturation of the matrix will not usually return to 10OO/O.This
disparity in final water saturation at zero capillary pressure is known as the irreducible, or residual
NAPL saturation (S~). The quantity of residual saturation is measured as the volume ofNAPL per
unit void volume:
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Srn = =

Vvoid$
(7)

where: V~Wk the volume of non-wetting NAPL remaining in the soil and VvOikis the void volume
of the sample.

As described in the above paragraphs and summarized by Mercer and Cohen (1990), the magnitude
of the residual DNAPL saturation is dependent upon (1) the interracial tension between the two
immiscible fluids; (2) the media pore size; (3) the pore size distribution; (4) nettability (5)
gravitational forces; and, as will be shown later, (6) hydraulic gradients. For specific DNAPL/water
pairs under similar hydraulic scenarios, it is apparent that the soil matrix properties are of principle
importance in estimating the degree of residual saturation.

Different grain-sized soils will maintain different magnitudes of capillary pressure and therefore will
have different values of residual saturation. In addition, the degree of sorting within the soil matrix
will have a great impact upon capillary pressures and consequently, values of residual saturation.
Chatzis et al. (1983) indicated that values of residual saturation increase with increasing pore aspect
ratios (pore to throat size ratio) and increasing pore size distribution, or heterogeneity. Schwille
(1988) indicated residual NAPL saturations measured in field-scale and laboratory experiments to
be typically within the range of 10-35% for saturated unconsolidated media. Mercer and Cohen
(1990) report in their research that values for different NAPLs within saturated media generally
range from 15 to 50°/0.

The trail of residual contamination left behind from the migration of DNAPL is in the form of
trapped NAPL singlets and ganglia, the size and shape of which depend mostly upon soil pore
geometry (Powers et al., 1994). Chatzis et al. (1983) and Wilson and Conrad (1984) found that in
soils with high aspect ratio, NAPL tends to “snap-off’ within singular pore bodies, thus forming
single pore blobs, or singlets. In addition, Powers et al. (1992) also found singlets to be more
prevalent in their uniform, well-sorted homogeneoussoils.

NAPL blobs can also be trapped by a mechanism called by-passing. By-passing occurs when the
flow of NAPL terminates and the subsequent flow of water through the porous medium becomes
diverted into separate pores. Wilson and Conrad (1984) use the pore doublet model to illustrate the
phenomenon of by-passing. The pore doublet model consists of two pores of different size.
According to the definition of Darcy velocity (q=Q/A), the velocity of the imbibing water is greater
within smaller pores. This increased velocity causes the water to more easily displace NAPL in the
smaller pores. The increased imbibition of water and displacement of NAPL in the smaller pores
may cause the NAPL within the larger pores to become trapped. Powers et al. (1992) suggested that
NAPL trapping from by-passing tends to occur more frequently in heterogeneous and”more poorly
sorted soils. When a number of pores are bypassed by the imbibing water, a more complex geometry
of entrapped NAPL occurs. Branched ganglia are NAPL blobs that occupy numerous interconnected
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soil pores which were bypassed when the advancing water front mobilized NAPL from surrounding
smaller pores. Figure 4.2 is provided below as an illustration of both singlets formed by snap-off
and branched ganglia formed by by-passing.

In the layered soil systems that will be studied within this research, two separate homogeneous,well-

Singlets Branched Ganglia

(Homogeneous Media) (Heterogeneous Media)

Figure 4.2 Illustration of Different Types of DNAPL Blobs

sorted soil media are used. The assumption of homogeneity within each layer can be tested through
the use of column tracer tests such as those prescribed by Pickens and Grisak (198 1). As a result of
this supposed homogeneity, the principle of snap-off is most likely to be the dominant mechanism
in terms ofNAPL entrapment. This will have the effect of enabling the enhanced dissolution caused
by the presence of the cosolvent solution to be more effective, as the specific surface area of singlets
formed by snap-off is greater than that of the more complex ganglia which are typically formed by
the mechanism of by-passing.

A significant amount of research has focused on the role of Iayered soil systems on the transient
migration of DNAPL compounds (Schwille, 1988, Kueper et al., 1989, Anderson et al., 1992, Boyd
and Farley, 1992, Tchelepi et al., 1993, Illangwkare et al., 1995, Roy et al., 1995). However, there
appears to be a gap in the literature pertaining to the scenario of the rernediation of DNAPLs horn
layered soil systems after residual entrapment has occurred.

When DNAPLs that are transported through the saturated zone under the force of gravity encounter
lenses of differing permeability, pooling and subsequent longitudinal flow of the DNAPL often
occurs. In the saturated zone, this is primarily due to the requirement of the DNAPL to overcome
displacement capillary pressures in these lenses of diffefig permeability. In his studies, Kueper et
al. (1989) used four different sands within a thin-walled, two-dimensional physical model to
illustrate the implications of the layering of different soils on the transient migration of
trichloroethylene (TCE). The results of the experiment showed that gravitational forces of the TCE
overcame capillary forces in the coarse-grained media, and the NAPL was able to fkeely penetrate
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the coarse-grained soils. However, when the flow of NAPL intersected a lens of less permeable soil,
pooling of the NAPL occurred. Kueper et al. (1989) reasoned that this phenomena was the result
of a necessity of sufficient DNAPL pressure in order to overcome the higher displacement pressure
of the fmer-grained media.

Illangasakare et al. (1995) petiormed similar experiments using a thin-walled, two dimensional
model with a DNAPL of 1,1,1-trichloroethane (TCA). WhiIe achieving similar results to those of
Kueper et al. (1989) for the case of DNAPL flow through a coarse lens that encounters a fine lens,
Illangasakare also show similar pooling for the scenario where a DNAPL migrating through a fine
layer encounters a lens of more coarse-grained material. Again, a displacement, or entrance pressure
needed to be exceeded when the DNAPL reached the previously unimpacted region of coarse
material. However, Illangasakare ( 1995) did show that a lesser degree of pooling took place in the
fine sand above the coarse layer in comparison with the pooling which took place in a coarse layer
above a more fine-grained lens. This was considered indicative of the larger entrance pressure of
the fine sand that needed to be overcome prior to movement of the DNAPL into the fine sand.

The impact of the pooling of migrating DNAPL above lenses of differing permeability presents a
number of interesting implications for the removal of DNAPLs from multi-layered aquifers. As
Brandes and Farley (1993) and Imhoff et al. (1995) indicate, the relatively continuous phase of
DNAPL produced as a result of the pooling will more readily displace the residual droplets in the
downgradient direction of flow in comparison to that of an aqueous phase alone. Thus, the DNAPL
in the upper lens may by more readily displaced, leaving contamination behind in the lower lens.
However, on the other hand, as a result of the pooling, the aqueous phase saturation may remain
higher in the lower lens that has not yet been greatly impacted by the DNAPL. In this case, the
greater aqueous phase relative permeability of the lower lens will allow a seater transmittance of
a remedial solution. Thus a scenario of preferential flow through the lower lens may develop,
leading to an incomplete remedial effort of the DNAPL within the upper lens.

An additional source ofincreasedcomplexity caused by soil Iayenngis thephenomenonof fingeting.
Fingering of a fluid often occurs in a porous medium as a result of density and/or viscosity
differences between a migrating (displacing) fluid and a residual fluid. Heterogeneous layers or
lenses of differing permeability will exacerbate instabilities in the solvent front formed during the
migration of DNAPL. The resulting fingers of DNAPL may have a significant impact upon the
efficiency of an-alcohol flushing procedure. The initial perturbation of the migrating front is often
caused by an isolated non-uniformity or small-scale heterogeneity in the matrix structure (Boyd and
Farley, 1992, Anderson et al., 1992). However, the presence of large scale heterogeneities may
increase the potential for finger development. A commordy used measure of the potential for
fingering is the mobility ratio. For an immiscible fluid pair, the mobility ratio is given as:

(8)
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where: k,~is the relative permeability of the displacing fluid; p~ is the viscosity of the displacing
fluid; kn is the relative permeability of the resident fluid and p, is the viscosity of the resident fluid.
Rearranging Equation 8 yields:

(9)

According toTchelepietal.(1993), stable front movement occurs when the value of M is less than
1.0, while unstable flow which results in fingering will occur at values of M greater than 1.0.
DNAPL pooling above a lens of differing permeability will cause an increase in the relative
permeability of the migrating DNAPL. In this scenario, the DNAPL is the displacing fluid. Thus,
according to the equations above, an increase in the displacing phase relative permeability will affect
an increase in the mobility ratio, thus increasing the likelihood of the occurrence of fingering.

The impact of finger development and the subsequent presence of fingers on the ultimate removaI
of DNAPL is considered to be significant. In a rernediation effort, the flushed aqueous phase is the
displacing fluid, while the DNAPL is the resident fluid. The migratory flow of DNAPL into fingers
will cause a local pore-scale DNAPL saturation scenario. In this case, the aqueous phase wili most
likely by-pass these locally NAPL-saturated fingers and flow through pores principally occupied by
water. Thus, the aqueous solution may never come into contact with a large amount of the DNAPL.
In addition, where the water is abIe to contact the residual DNAPL, the relative permeability of the
aqueous displacing fluid will slowly increase while that of the residual DNAPL will decrease due
to dissolution effects. This results in an increasing value of M, which causes greater instability of
the water front and will result in fi.u-therby-passing of the DNAPL. It can be presumed that the
overall result of the presence of fingering will be a significant difficulty in obtaining sufficiently low
concentrations of DNAPL. Roy et al. (1995) indicate that the presence of fingering generally limits
the economic recovery of oil to 10 to 15% of the total volume present.

The presence of layers that cause pooling and fingering create a scenario where a totally
homogeneous,singlet-dominated residual may never actually be attained in both media of the layered
system. However, the goal of the research is to evaluate the effects of soil layering on the removal
of a residual DNAPL by alcohol flushing. Therefore, in order to effectively study this effect, the
number of variables was reduced by not allowing any pooling or fingering issues to be present within
the soil columns and allowing a homogeneousresidual saturation to develop on either side of the soil
column prior to flushing activities.

4.2 Methods

Various soils were used in the laboratory experiments. One was an Ottawa white sand ranging in
particle size from 0.0025 to 0.0042 millimeter diameter. One was a fine sand. The other was clay
from the Savannah River Site. The clay from the site was received as tight dry clumps of soil. The
clumps were ground by hand with a mortar and pestle, and the material was sieved. Clay material
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passing the 0.149 millimeter (0.0059 inch) screen was mixed with the Ottawa white sand. Mixtures
contained 0,2,5, 10, and 20°/0clay by weight. Hydrometer analysis and x-ray diffraction tests were
performed to fi,uther characterize the clay from the Savannah River Site. In addition microscopic
analysis using a stereomicroscope was used to visualize the structures formed by the sand/clay
mixtures.

Four centimeter glass columns with stainless steel screens and endcaps were used in this study.
Plexiglass sleeves provided support for the column endcaps, however the plexiglass did not contact
any material inside the column. The glass column, screens, and endcaps were sealed with Viton o-
rings.

Three columns were packed for each of the percent clay mixtures used. Columns were packed to
a bulk density of 1.80 g/cm3. The sand and clay mixture was packed into the column using a fi.umel
and attached tube. The fimnel and tube set-up reduced the likelihood of separation of grain sizes
due to differences in settling velocities. Separation of grain size is often visible in heterogeneous
media if special packing methods are not employed. The packing material was carefidlypoured into
the fimnel, then the tube was placed in the bottom of the column. The tube was completely filled
during packing of the column, to avoid material falling through the tube and separating by grain size.
The tube was slowly lifted while packing the column, allowing the media to fill the column. Excess
media mounded appreciably at the top of the column to achieve a bulk density of 1.80 g/cm3.
Therefore, the column was vibrated gently allowing the excess soil to evenly settle into the column.

After packing and sealing the column, carbon dioxide was introduced to the bottom of the column.
Carbon dioxide replaces air present in the pore spaces. Carbon dioxide dissolves in water much
more readily than air, therefore decreasing the amount of air entrapment during saturation of the
column. Carbon dioxide was flushed through the columns at a pressure of 5 psi for approximately
30 minutes. After this, de-aired, distilled water was injected into the column from the bottom at a
flowrate at or above 10 ml/min. As soon as the column was saturated, the column was capped and
stored overnight, allowing carbon dioxide to dissolve into the water and water to complete] y wet
the soil grains. Ten to twelve hours later the cohmm was flushed with de-aire~ distilled water. This
method appeared to provide an adequate saturation, with virtually no visible air pockets.

The pertinent information gathered on each column at this stage was bulk density and porosity. The
bulk density, pb, of the final packing was determined by weighing the column before packing,
w

. . .
~OIM~,and we@mg the column after packing with media but before saturating with water, WCOl+~~nd.

The volume of the column, VCo,wn,was determined by measuring the diameter with calipers, and
measuring the depth of the column with a ruler. Bulk density is given by Equation, 10. The
porosity, q, can then be calculated using the density, p, of the soil. Specifications for the Ottawa
white sand indicate a density of 2.65 g/cm3. This density is also assumed for all other porous aterials
used in this study. The equation used to determine porosity is given in Equation 11.

w - Wco,umn
(-)b = col+sand

v
(lo)

column
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Afler packing and saturating the column, hydraulic conductivity tests were completed to determine
the permeability of the media. Two methods, constant head tests and manometers, were used to
determine the hydraulic conductivities of most columns. Hydraulic conductivity tests were
pefiormed on all columns both before and after emplacement of a PCE residual providing values

~=J3!
P

(11)

used in calculating the trapping numbers of the samples. However, only the results of the manometer
tests were used in these calculations. The measurements required in the constant head test were
difficult to obtain due to the set-up of the experiment and are, therefore, considered to have more
error associated with them than the measurements taken for the manometer test. The constant head
tests were perflorrned in an effort to verify the results from the manometer tests.

Hydraulic conductivities determined by the manometer tests are based on Darcy’s law of flow
through porous media. Darcy’s law states that the flow through a porous media is controlled by the
conductivity of that media and the gradient of flow through the media. In this test of hydraulic
conductivity, water flowed through the column at a predescribed flowrate, Q, and the gradient across
the media was measured by manometers. The manometers were located at the bottom and top of the
column and measured the difference in head, dh, across the length of media, dL. Equation 12
provides the calculation used to
gathered by the manometer test.

determine the hydraulic conductivity based on the information

K=GW——
A dh

(12)

The permeability of the media was calculated from the hydraulic conductivity determined by the
manometer test. Using the density, p, and kinematic viscosity, v, of water, hydraulic conductivity
can be converted to permeability. This is shown in Equation 13. Permeabilities before and after
NAPL emplacement were calculated in this reamer.

(13)

Column Set-u~ for enhanced dissolution studies
A soil column design that allowed for flexibility and interchangeableness as well as the prevention
of leakage at elevated pressures was required. In addition, the use of glass columns was desired in
order to be able to visually monitor the column at various stages of the experiment. The soil
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columns used in the homogeneous column experiments were glass tubes 10 cm long and 5.4 cm in
diameter. Figure 4.3 provided below is an illustration of the homogeneous soil columns used for
alcohol flushing experiments.

The glass columns were sealed atone end by a stainless steel end-cap and at the other end by either
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Figure 4.3 Homogeneous Column Set-up

another stainless steel end cap or a specially constructed double-sided aluminum endcap. The two
endcaps were connected to each other via threaded rods. Viton O-rings were used at all connections
between the column, stainless steel screens and end-caps. The end caps were tapped to permit
attachment of Swage-lokm pressure fittings that connected the soil columns to syringe pumps and
cosolvent solution reservoirs.

Several different column designs were used for the heterogeneous column experiments, constructed
double-outlet aluminum endcap. Initially specially constructed doubieoutlet aluminum endcap was
used. This design was later replaced with a dual side port aluminum column. However, a majority
of the experiments were done with the dual outlet system and this will be discussed.

The special endcap had two tapped outlet ports to which Swagelokmpressure fittings were attached.
The cap also had a small ridge which equally ciividedthe cross sectional area and essentially allowed
for the flow through the two different soil media to be separated. A schematic of the specially
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constructed endcap is provided as Figure 4.4.
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Figure 4.4 Schematic of Specially Constructed Double-Sided Aluminum Endcap

Figure 4.5 is an early version of the heterogeneous soil columns used for alcohol flushing
experiments with a dual endcap. The later version used a single port endcap and two side ports and
is shown in Figure 4.6. Sampling was petiorrned at the side ports.
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Figure 4.5 Heterogeneous Column Set-up
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Homo~enous Columns For Solubilization
The two media- used for experimentation were a uniform medium white sand (Accusand 40/60,
Unimin Corporation, Le Sueur, MN) and a u~iform fine brown sand. The medium sand had an
approximate grain size of 350pm, with 98.0% by weight finer than 420 pm and 0.3°Afiner than 250
pm. The uniformity index of the medium sand was determined to be 1.25. The fine sand was found
to have an approximate grain size of 100 ym. The sieve analysis performed on the fine sand
indicated 99.2’%was finer than 150 ~m and 8.5% was finer than 53 ~m. The uniformity index of
the fine sand was 1.75. These sizes were selected to represent materials firmly within the
classification of sand according to ASTM (ASTM, 1980). According to the ASTM standard, both
soils fall within the fine sand classification, with the medium sand at the upper end and the brown
sand at the lower end of the classification. It was considered important that each was well sorted and
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homogeneous with relatively no fines.

Homogeneous columns were packed with sand under pressure using flexible rubber tubing attached
to a catchrnent fimnel to avoid the formation of horizontal striations that may have developed fiorn
grains of differing density being allowed to fall into the column under gravitational force. The sand
was placed in the fimnel and allowed to fill the entire length of the tubing, Sand was then filled into
the column from the bottom to the top by continually lifting the fimnelhubing apparatus out of the
column and allowing the sand to migrate as a continuum. After the majority of each sand had flowed
into the column, the column was either tapped with a mallet or shaken using a high frequency
vibrational shaker (Vortex Genie, Scientific Industries, Inc.) until the desired amount of sand was
in place in the column. The use of these packing techniques resulted in consistent bulk density and
porosity values for the homogeneous columns. Following the packing of the sand, additional sand
was placed in the column until a slight crown just above the level of the glass column was appw”ent.
After a sufficient quantity of the media had been packed into the column, the column was capped
with a fine stairdess steel screen and a standard stainless steel endcap. The total mass of each
medium actually placed into the column was then measured gravimetrically and recorded.

Soil parameters such as porosity, bulk density and pore volume were determined for each soil
column. The bulk density of the soil within the column was determined by Equation 18:

M,
pb=y (14)

T

where: M, is the mass of soil in the column and VT is the total volume of the column. The pore
volume, or void volume, was then determined by the following formula:

(15)

where: V, is the volume of sand occupying the column. V, was calculated by dividing the mass of
soil (M,) within the column by the density of sand, 2.65 g/cm3. Finally, the porosity (q) could be
calculated by using Equation 20:

~=; (16)
T

Heterogeneous Columns For Solubilization
In the layered column experiments, the two sand media were packed so that each media occupied
50% of the available column volume. The packing technique for the layered columns with the
specially constructed endcaps described above and the side port columns was similar to that
described for

Y
homogeneous columns, with the following exceptions. Two sets of fhnnelhubing

apparati were used so that the column could be filled with both media simultaneously. A thin
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aluminum plate was placed into the column to divide the column into two equal lengthwise volumes.
The plate was sized to forma seal along the column walls and along the ridge of the double-sided
endcap at the bottom of the column. A calculation was petiormed prior to placing the sand into each
fimnel in order to determine the mass of sand required to attain similar bulk densities of each media
with those in the homogeneouscolumns. The fbnnelhubing apparati were then slowly raised so that
both sand media flowed as a continuum into each half of the column. After the majority of each sand
had flowed into the column, the thin aluminum plate was slowly removed and the sands were packed
by tapping the column continuously until a slight crown was formed above the glass rim of the
Cohun.n. (Packing with the vibrational shaker was attempted on one heterogeneous column,
however, the high frequency vibration caused the sands to rotate about the column and slightly
distort the line of division between the two sands. Thus the vibrational packing method was deemed
unsatisfactory for the remainder of the heterogeneous columns.) The cohunns were then sealed with
fine stainless steel screens and standard stainless steel endcaps. The total masses of each media
actually placed into each side of the column were measured. Similar to the homogeneous columns,
bulk soil parameters were then calculated using the actual masses of each media in the layered
column. All parameters were calculated under the assumption that each media occupied exactly 50°/0
of the column volume. Discrepancies from this assumption were noted in the fact that calculated
porosity and bulk density values for the layered columns were observed to deviate slightly from those
of the homogeneous columns.

Dispersion Analysis
A series of dispersion tests were run on both homogeneousand heterogeneous columns in order to
compare dispersivity values between the media within the homogeneouscolumns and the relatively
homogeneousmaterial on each side of the layered columns. The tests were run on one homogeneous
column of each material and one heterogeneous column with the thought that a comparison of the
results for dispersivity between the two homogeneous and one heterogeneous column would provide
a good indication of the degree of homogeneity actually within each media.

The method outlined by Pickens and Grisak (1981) for laboratory column testing of dispersivity was
followed. In this method, a continuous injection of tracer was performed and the effluent
concentrations are monitored until completion of the breakthrough curve was obtained. The method
used a rearrangement of the one-dimensional advective dispersion equation written as:

c— = 0.5[er-c ( l-U )]
co 2( UDL/v@n

(17)

where: U is the number of pore volumes; D~is the coefficient of hydrodynamic dispersion; VXis the
linear velocity; L is the length of the column; C is the concentration of traceq and COis the initial
concentration of tracer. All parameters were known except the concentration (C), which was
measured, and the coefficient of hydrodynamic dispersion (D~, which was the variable to be
determined. The concentration of tracer in the effluent, C, was measured at numerous pore volumes’
and the value of C/COwas plotted as a fbnction of [(U- I)/U’n] on a linear probability axis. If the data
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plot as a straight line, they maybe assumed to be normally distributed and, thus, the form of the
advective-dispersion equation above is valid. The value of D~is related to the slope of the straight
line and can be found using Equation 18 below:

(18)

where: J0,*4is the value of [(U- 1)/U”2]when C/COis 0.84 and J().16is the value of [(U- 1)/U1’2]when
C/COis 0.16. From the definition of the coefficient of hydrodynamic dispersion, the value of D~was
then used to determine the value of dispersivity

D~ = (X~VX+D’ (19)

or,

where: D* is the effective diffision coefficient and ct~is the value of dispersivity. The effective
difision coefficient is the product of the molecular diffusion coefficient of the tracer and a tortuosity
factor (o). In these experiments, bromide was used as the tracer. The molecular diffision
coefficient was found to be 1.9E-5cm2/sec (CRC Handbook, 60th Edition, 1980) while the tortuosity
factor was assumed to be 0.7, a value found by Perkins and Johnson (1963) to be applicable for soil
column studies where uniform sands are used.

Bromide was chosen as the tracer because of its availability, its nonreactive nature and its ease of
detection using an ion-selective probe device. Saturated 10 cm columns were injected with a
continuous source of bromide at a concentration of 1000 mg/L in an upflow direction at 10 ml/hr
using a calibrated syringe pump. This concentration was selected in order to maximize the accuracy
of the ion selective probe while minimizing the effects of density and viscosity gradients. The
upflow flush also assisted in minimizing the development of unstable flow as a result of density and
viscosity gradients. The homogeneouscolumns were equipped with double-sided endcaps on the top
of the column in order to remain consistent with the tracer experiment conducted on the
heterogeneous column. Effluent samples were collected from each port using a 2-ml dedicated
syringe which was attached to a three way tee. The effluent was forced into the syringe by switching
the direction of the tee during sample collection. Approximately 1.5 ml of effluent was collected
every 15 minutes in each syringe from both sides of the column. Exactly 1.0 m~of sample was then
diluted with distilled water to 25 ml using a volumetric flask. The diluted sample was then analyzed
for bromide con entration using an ion selective probe (Beckman Instruments (f)12 pH./ISE Meter,

tFullerton, CA), All column tracer tests and effluent analyses were performed at21 *1 “C.
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Permeability Measurements
Following packing activities (and actually before dispersion analyses), the cohunns were saturated
in order to simulate water-wet saturated porous media. The columns were first flushed in an upflow
direction with carbon dioxide (COZ). The C02 flowed into the column at a pressure of approximately
6 pounds per square inch @i) for a duration of 30 minutes. Following C02 flushing, the column
was saturated with de-aired water. The de-aired water was flushed upward into the column at a
flowrate of 10 ml/min using a calibrated syringe pump (Harvard Apparatus, Model 22). Flushing
continued until complete saturation was obtained, noted by the breakthrough of water from the upper
endcap. The column was then left to equilibrate overnight, allowing any trapped COZleft behind
after the flush to dissolve into the water.

Once all of the air had been vacated and the column had been adequately saturated with water, initial
permeability tests were performed. Initial permeability measurements were conducted using three
different methods on the first two columns. Constant head and falling head permeability tests were
run for comparison with the results obtained with a newly designed permeability measurement
system. The newly designed method utilized differential pressure transducers to continuously
monitor the differential pressures across the columns. After about 1 year of use, we went back to
the older version because it proved reliable and easier to use.

Two wet-wet O-5 inch differential pressure transducers (Model PX-154-005DI, Omega Engineering,
Stamford, CT) were used to experimentally determine differential pressures across the soil columns.
For four of the six homogeneous columns, water was injected into the top of the column in a
downflow direction using the calibrated syringe pump, and the differential pressure was monitored
with a single transducer. (Aqueous solutions were always passed through the columns in a
downflow direction). This method was employed as these four columns used single-port endcaps
on both sides.

During conductivity testing for the two homogeneouscolumns that had double sided endcaps on the
bottom of each column, water was pulled downward through both ports of the double sided endcap
simultaneously using a syringe pump operating in withdrawal mode. For these columns, both
transducers were employed to monitor the differential pressures across both sides of the homogeneous
column. The main advantage with using transducers was the ability to continuously monitor the
differential pressure in the columns throughout the alcohol flushing experiments. While this feature
was not entirely necessary for initial or final conductivity measurements, the use of transducers was
advantageous during the flushing experiments, as it was postulated that the differential pressures
across the soil columns would diminish with flushing time as a result of the continual removal of
residual phase DNAPL. Therefore, it was possible to show that hydraulic conductivities and
therefore permeabilities of the porous media increased throughout the alcohol flush. Other
advantages of the use of differential pressure transducers include the lack of observational error and
increased accuracy of the instruments over manometers and constant or falling head methods or
manometers. For these reasons, it was concluded that a more accurate differential pressure /

measurement system using transducers should.be developed.
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Initial Svstem Desire and Configuration for Solubilization Ext)eriments
A system using two O-5 inch wet-wet differential pressure transducers were excited with 24 volt
direct current (VDC) power transformers. Fluctuations in the excitation source were minimized
through the use of a power protection strip, although minor variations in the magnitude of input
voltage were considered to be insignificant due to the fact that the units are capable of being powered
by voltages of between 18 and 30 VDC. The transducers output a current of between 4 and 20
milliamperes (mA) depending upon the magnitude of difference in pressure being monitored on each
side of the transducer membrane. A 12-bit analog to digital converter (A/D) was used to convert the
output signal of the transducers into an appropriate range of bits so that the data could be input into
a computer file. Since the A/D board converts voltage to bits, the current output of each transducer
was converted to voltage using a 250 ohm resistor. Thus, in accordance with Ohm’s Law, the output
range of the transducers being sent to the WD was between one and five volts. A computer program
was used to calculate the value of differential pressure in inches of water at specified intervals based
on the number of bits being sent fi-omthe A/D. The data was subsequently stored in a file which
could be imported into a spreadsheet for graphing and data analysis purposes. Table 4.2 summarizes
the data conversion process from actual pressure difference across the transducer membrane to the
data being stored in the appropriate file within the computer.

Table 4.2 Summary of Dati C+mvetiiOn from Tysdicer to Ch@put.~iie
I I 1 I

Actual Pressure Transducer Input to A/D Output from 12- Value of Diff.
Across Membrane Current Output Converter bit A/D Converter Pressure in File

(in H20) (W) (volts) (bits) (in H20)

0.0 4.0 1.0 819.0 0.0

1.0 I 7.2 I 1.8 I 1474.4 I 1.0 I

2.0 I 10.4 I 2.6 I 2129.8 I 2.0 I

I 3.0 I 13.6 1 3.4 I 2785.2 I 3.0 I

4.0 16.8 4.2 3440.6 4.0

5.0 20.0 5.0 4096.0 5.0

The transducers were connected at each end of the column as shown in Figure 4.7.
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Figure 4.6 Transducer System Set-up
(A) System for Checking Zero
(B) System for Checking Gain

Figure 4.7 illustrates the differential monitoring system being used on a heterogeneous column. For
the homogeneous column experiments, ordy one transducer was employed, essentially employed as
shown on either side of Figure 4.7. The high pressure port of each transducer was connected to a
4-way cross or three-way tee fitting on the upper endcap of the columns. The low pressure ports
were connected to the lower endcaps byway of three-way tees. This connection scheme was done
because water flushing was performed in a downflow direction through the column. All connections
were made with SwagelokTMpressure fittings.

“A single buret was connected to the high and low pressure ends of each transducer by way of a tee
for zeroing purposes. Transducers are known to drill slightly overtime and occasionally need to be
recalibrated, or re-zeroed. As is shown in Figure 4.7(A), the buret was connected to each end of the
transducers by two-direction tee valves. During calibration, water runs continuously from the buret
to each side of the transducer membrane. If necessary, the zeroing potentiometer in the transducer
was adjusted until a reading of 1.0 volts or 4 milliamperes is read on a volt.lcurrent meter which is
attached to the transducer output terminal. The transducers were checked at least once daily during
flushing activities in order to ensure that the units stayed properly zeroed.

At the initiation of flushing activity for each test, the gain of the transducers was checked. This was
done in order to ensure that the zero to five inch range of the units remained consistent. In order to
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accomplish this task, a second buret was used on each transducer. The first buret remained
connected to the high pressure port, while the second buret was connected to the low pressure port
(Figure 4.7(B)). Water was placed in the second buret to a level exactly five inches below that of
the buret connected to the high pressure port. If necessary, the gain potentiometer in the transducer
was then slightly adjusted until a reading of 5 volts or 20 milliamperes is recorded on the
voltage/current meter. The second buret was then unattached from the system and the low pressure
port was reconnected to the tee and, thus, the original single buret. The voltage or current of the
zeroed system was then rechecked to ensure that the unit was still properly zeroed. Following
zeroing and calibration activities, the positions of the upper and lower two-way tee valves are
changed so that the transducer is connected to the soil column (see Figure 4.7). This system was
finally abandoned in the final year because of complexity and noise in the data.

The data collected by the transducers at prescribed intervals over the course of the alcohol flushing
period was written to a computer print file. The file was then imported into a spreadsheet program
for subsequent plotting. The data were plotted on each graph and illustrated differential pressure on
the ordinate and the number of pore volumes of cosolvent flushed through the column on the
abscissa. With the known flowrate imposed by the syringe pump, a simple manipulation of Darcy’s
Law allowed an easy calculation of the hydraulic conductivity of the soil:

~=Qdl
A dh

(21)

where: Q is the known flowrate; dl is the length of the soil colunuq A is cross sectional area of the
soil; and dh is the experimentally measured differential pressure. At least three different flow rates
were imposed on the column and an average value of initial hydraulic conductivity was determined.
The permeability of the soil matrix was then determined using Equation (below):

(22)

where p and p are the aqueous phase viscosity and density, respectively, and g is the gravitational
constant.

It should be noted that during alcohol flushing experiments, the values of viscosity and density had
to be altered in order to represent values for the appropriate alcohol flushing solution. A dial
viscometer (13rookfield Engineering Laboratories, Inc., Stoughton, MA) was used to perform
experiments to determine values of viscosity for various percent IPA solutions and effluent solutions
containing PCE. The results of studies performed by Hayden and Noyes ( 1995) were used to provide
indication of density changes due to the alcohol/PCE/water solution. All experiments were
performed at 22 * 2“C.

It should also be noted that as the results generated by the constant and falling head methods were
found to be consistent with those of the transducer method, the use of transducers was considered
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appropriate for use on all subsequent columns and analysis of hydraulic conductivity by constant and
falling head methods was discontinued.

Establishment of Residual PCE Saturation
Following initial permeability testing, the process for attaining residual PCE saturation was
commenced. Figure 4.8 provides an illustration of the apparatus used for the establishment of
residual PCE saturation within the soil columns.

In order to attain a more uniform residual saturation, 1-bar maximum pressure (air-water) porous
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Figure 4.8 Schematic of System Used for Establishment of Residual Saturation

ceramic plates (Sod Moisture Equipment Corporation, Goleta, CA) were placed at each end of the
column. On each column, one hydrophobic and one hydrophilic plate was used. A portion of the
ceramic plates were made hydrophobic by coating the plates with a hydrophobicizing agent
(Glassclad 18, United Chemical Technologies, Inc., Bristol, PA) prior to using them in the column
experiments.

During the initial drainage cycle, PCE was flushed into the column from the bottom through the
hydrophobic porous plate. The upward flush was performed in order to minimize the effects of
viscous fingering. The PCE flowed upward through the column under pressures ranging from 105
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to 250 millibar. Water was subsequently displaced from the soil pores by the migrating PCE and
was allowed to flow through the hydrophilic ceramic plate and into a vacuum flask. The
hydrophilic plate also prevented any PCE from migrating out of the column and, thus, allowed for
a more complete PCE displacement. This was especially helpfi,d in the case of the layered soil
columns, where the PCE entrance pressure was much lower in the larger-grained medium sand. The
lower entrance pressure caused the medium sand layer to be more rapidly saturated with PCE. The
presence of the hydrophilic plate prevented breakthrough and by-passing, and a uniform PCE
saturation of the fine sand layer was eventually obtained.

The water drainage cycle was run for a period of 48 hours in the 10-cm homogeneous columns.
Following completion of the drainage cycle, the amount of water collected in the catchrnent flask
(See Figure 4.8) was measured gravimetrically as well as volumetrically. As shown in Figure 4.8,
a two-way tee valve was placed in the outlet tubing. The tee valve was used to switch the connection
of the column with the collection flask to the constant head water reservoir. The water reservoir and
associated tubing was filled with a known amount of de-aired water prior to the drainage cycle so
that no air would be allowed to migrate into the soil column upon commencement of imbibition.
Once the tee was switched, spontaneous imbibition occurred in a downward direction through the
column, as the soil pores within the column were under a significant capillary pressure. Because the
goal of the imbibition process was to return the system to a state of zero (gage) pressure, a pressure
head was not used during the imbibition process, and the water reservoir was placed at an equal
height with respect to the middle of the soil column. During the imbibition cycle, the hydrophobic
plate was responsible for the creation of a uniform residual saturation within the soil media, as only
PCE was allowed to pass through the plate and out of the column. After a period of 48 hours, the
total amount of water imbibed back into the column was noted by monitoring the level of water in
the syringe reservoir.

quantification of Residual Saturation

The first method for estimating the residual saturation of each homogeneouscolumn was performed
by noting the volumes of water drained from and then subsequently imbibed into the column. This
method is valid provided there are no losses from the system. Losses may have been the result of
evaporation, slight leakages in the column or possibly the infiltration of water into the hydrophobic
plate and PCE into the hydrophilic plate, although attempts were made to minimized these losses.
Equation 23 shown below was used to estimate the amount of PCE entrapped in the column.

Vrmidual= Vdrain- qmbibe (23)

Equation 23 simply states that the residual volume of PCE within the column is equal to the
difference between the amount of water drained from the coh.mm and the amount of water imbibed
into the column. The residual saturation was then calculated using Equation 24:

v
Sr = residual

v,
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where Vvis the void volume of the sod within the coh.mm.

Another method of estimating residual saturaticmbased on volumetric measurements was performed
by analyzing the effluent PCE concentrations during alcohol flushing activities. Effluent samples
were analyzed during the course of the alcohol flushing experiments to measure PCE concentration,
as will be described in greater detail in subsequent sections. The total mass of PCE in the effluent
was determined by integrating the effluent concentrations over flushing time (or number of pore
volumes flushed). The mass value was converted to a volume of PCE by dividing by the density of
PCE. Equation 24 was used to estimate the residual saturation. The success of this method in
providing an accurate measure of the residual saturation is dependent upon the removal of PCE by
the process of dissolution. Therefore, the mass of any PCE that is mobilized or lefi in the soil
following flushing activities had to be accounted for. Any mobilization which took place during the
flush was quantified volumetrically with micro syringes. In columns where contamination was
known to persist following completion of flushing activities, extraction tests were petiormed in order
to quantifi the remaining contamination. For these extraction tests, soil was transferred to a 1-liter
Erlenmeyer flask. Following transfer of the soil, 500 ml of isopropyl alcohol (IPA) was immediately
placed in the flask with the soil. The flask was then stoppered and the solution was shaken for a
period of 30 minutes using a mechanical vibrational shaker (Eberbach Corp., Ann Arbor, MI). At
least three samples were taken from the supernatant liquid after the sand had been allowed to settle
in the flask. The samples were diluted by placing either 10, 50 or 100 p 1of sample into 5 ml of
distilled water, depending upon the expected concentration of PCE in the IPA solution. The diluted
samples were then analyzed for headspace concentration on a calibrated gas chromatography.
Following sample collection, the supematant was carefully poured off and the remaining liquid
within the flask was evaporated at 105 ‘V. The dry sand was then weighed and the ratio of mass of
PCE per mass of soil was calculated. The total amount of PCE Ieft within the soil was then
determined by calculating the product of the mass ratio and the original mass of soil used within the
column.

Similar to the method outlined previously, the overall residual saturation of each soil column was
quickly and easily estimated by noting the volumes of water drained out of and then subsequently
imbibed back into the column. However, while this method was usefil in providing an estimation
of the total amount ofNAPL within the soil column, it was not suitable for estimating the individual
NAPL saturations within each layer of the column.

An analysis of the residual saturation within the heterogeneous columns was also performed by
analyzing the effluent PCE concentrations during alcohol flushing activities. The total mass of PCE
collected via the enhanced dissolution from the alcohol flush was then determined by integrating the
effluent concentrations over flushing times (or number of pore volumes flushed), and the residual
saturation was determined for each media by converting the mass of PCE to an equivalent volume
and dividing that volume by the calculated pore volume within each media.

Soil leaching studies were performed on two heterogeneous columns (H-7 and H-8) prior to any
alcohol flushing in order to better understanci the actual residual saturation within each separate
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media. In this study, two soil sampies were collected from each media at one centimeter intervals-~”
over the 10-cm length of the column. A total number of 40 samples (20 from each media) were
placed in 20-ml headspace vials and 10 ml of IPA was placed in the vial with the soil in order to
extract the PCE from the soil. The vials were immediately crimp-capped and rotated overnight at
1 revolution per minute (RPM) using a small, specially constructed rotisserie. The samples were
then centrifuged at 1500 RPM (International Equipment Corporation, Model HN-SII, Needham
Heights, MA) for 12minutes in order to separate the soil from the supematant liquid containing the
PCE. Aqueous samples were then diluted and analyzed using the gas chromatographyto estimate the
mass of PCE associated with the appropriate mass of soil. Saturation values were estimated for each
sample by multiplying the mass to mass ratio by the total mass of soil on each side of the column,
dividing the result by the density of PCE to obtain a volumetric estimation of PCE, and then finally
dividing the volume of PCE by the estimation of pore volume within each media to arrive at an
estimation of the percent saturation of PCE. A weighted average of all of the 20 samples collected
from each media was then calculated to provide the estimation of the total residual saturation of each
media.

The partitioning tracer test was also petiormed in order to obtain a better understanding of the
different saturations within each media of the heterogeneous columns. Partitioning tracer tests were
performed on three of the heterogeneous columns. The tests consisted of injecting a tracer solution
that contained one non-reactive, or conservative tracer, and two reactive tracers into the column
containing PCE at residual saturation. The theory of the partitioning tracer test indicates that the
conservative tracer will flow through the column unencumbered while the two reactive tracers will
partition into the trapped PCE. When water containing low or no concentrations of the tracer follows
the tracer through the column, the tracer will begin to partition back into the aqueous phase in an
effort to satis~ the equilibrium condition specified by the equilibrium coefficient. The partitioning
tracers will continue to move between the NAPL and aqueous phases, resulting in a lower net rate
of flow in comparison with that of the non-reactive tracer. The magnitude of the delay in
breakthrough for the reactive tracer is a fimction of the partition coefficient and the saturation of
PCE. Thus, a comparison of the breakthrough curves for the reactive and non-reactive tracers allows
for an estimation of the amount of residual PCE trapped in the soil.

During the test, a slug of tracer with known masses of reactive and non-reactive tracers was injected
into the soil colu~. Effluent samples were collected at fairly regular intervals in order to determine
the concentration of each tracer exiting the column. Breakthrough curves were subsequently
constructed with the effluent information, and the method of moments was used to determine the
centroid of the breakthrough curve, or the mean residence time of the tracer in the column. The
mean residence times of the reactive and non-reactive tracers were then used along with the
partitioning coefficient in Equation 25 to arrive at an estimation of the residual PCE saturation
within a particular soil.

tp-tn
Sn=

(K- l)tn+tp
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In Equation 25, Sn is the residual saturation, tP is the mean residence time of the partitioning, or
reactive tracer, t. is the mean residence time of the non-reactive, or conservative tracer and K is the
partition coefficient for PCE. Theoretical development and applicability information pertaining to
the use of Equation 25 is found in Jin et al. (1995) and Linnemeyer (1997).

The partitioning tests were attempted in two different fashions. Bromide was used as the
conservative tracer and 4-methyl 2-pentanol and 2,4-dimethyl 3-pentanol were both used as reactive
tracers for each method. In the first trial, the tracers were injected into the bottom of Column H-7
and allowed to flow upward through the column. Two single port endcaps were used for this test
and a single effluent sample was collected tom the top of the column. A 0.5 ml portion of the
sample was collected and diluted 10:1 in distilled water for headspace analysis of the two reactive
tracers using the gas chromatography(Hewlett-Packard 5890 Series II). The remainder of the sample
(usually between 0.5 and 2 ml) was diluted up to 25 ml with distilled water and analyzed for bromide
ion concentrations using an ion-selective electrode meter (~ 12 pI-MSE Meter, Beckman
Instruments, Inc., Fullerton, CA). It was theoretically expected that the breakthrough curves for all
of the tracers would exhibit secondary peaks, denoting both the initial breakthrough of each tracer
from the medium sand and then the secondary breakthrough from the fine sand. This method, while
more simple to execute, was found to provide in concise results with respect to the saturation values
for each media. Therefore, a second method was attempted for Columns H-9 and H-10.

In the second round of partitioning tracer tests, the tracers were flushed in a downflow direction
under a hydraulic head and effluent samples were collected from below the double-sided endcap at
the bottom of the column. Initially, the outlets of the double-sided endcap were both desaturated at
a pressure of 5 millibar (below the drainage pressure of both media) so that an equal condition of
zero pressure would be present at the terminus of each soil at the screen. This was performed to
avoid any preferential flows that might develop as a result of siphon effects. The ports were then
sealed off to produce a static condition within tie column. The water in the dead space of the single
port endcap at the top of the column was then vacated and replaced with an equal volume of tracer.
The column was then attached to a constant head perrnearneter tank. The differential head was
adjusted to provide an optimal flowrate that was high enough to transmit flow through each media
yet low enough to provide a maximum detention time for the tracers to be in the column. An
adequate detention time was considered important so that the tracers would have sufficient contact
time with the NAPL. The tracer solution contained a bromide concentration of 500 mg5. The 4-
methyl 2-pentanol and 2,4 dimethyl 3-pentanol concentrations were 320.8 and 331.6 mg/L,
respectively. Effluent samples were collected throughout the test in separate vials and analyzed for
tracer concentrations in the same manner as that described above. This method appeared to provide
more accurate results in terms of the saturation found within each media of the layered columns.

4.3 Results and Discussion

Sieve analyses were completed for the sand used in these experiments. The sieve analysis indicated
that soil grains were distributed between 0.25 mm and 0.50 mm with a uniformity coefficient of
1.28. Figure 4.9 graphically shows the results of the sieve analysis for the Ottawa white sand.

46



The clay soil used in these experiments was obtained from the Savannah River Site. The clay was
delivered in large clumps, with approximate dimensions of 2 to 4 cm. The clay was crushed using
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Figure 4.9 Grain size distribution for Ottawa white sand.

a morter and pestle and the portion passing the No. 100 sieve (or less than 0.149 mm) was used in
the experiments. Characterization of this clay soil was pefiormed using x-ray diffraction and
hydrometer analyses. The x-ray diffraction analysis indicated that material obtained flom the
Savannah River Site was predominantly kaolinite. Shrinking and swelling are not as likely to occur
in this clay as in a montmorillonite or even an illite clay. The hydrometer analysis results are
presented in Figure 4.10 and indicate that approximately 80’?40of the SRS clay soils were finer than
0.01 mm and approximately 73% were finer than 0.002 mm. Therefore, approximately 27% of the
clay soil used was not clay by definition. However, this soil is called “clay” or “clay soil” to
differentiate it from sand. The data from the hydrometer analyses were combined with the sand sieve
analysis to develop the grain size distribution for each soil mixture used in the experiments. Results
of these combinations are presented in Figure 4.11.

The grain size distributions of the different mixtures appear very similar in these graphs, however,
at the pore level varying clay content from 0°/0 to 20°/0 results in visible differences. These
differences were evident by viewing and photographing soil mixtures using a stereomicroscope.
It is noticeable that only a few pores are present in this slide, it is conceivable that some of the pore
space is occupied by clay and the an
distribution throughout the media.

uneven distribution of clay could result in a varied pore size
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Figure 4.10 Results of hydrometer analysis of SRS clay.

Microscopic observation of the soil mixtures provided valuable information regarding the structure
and possible behavior of the clay mixtures. The clay particles appeared to cling or clump at the sand
surface in all of the mixtures. For low clay content mixtures, such as the 2% and 5°Aclay soils, the
clay particles were less well-distributed on the sand particles. At the higher clay contents of 10°/0
and 20°/0,the clay appeared to coat the sand grains. This type of attachment to soil grains has been
observed by previous researchers (wan and Wilson, 1992, Wilson and Mace, 1992). Samples of wet
soil taken from a cohmm indicated that the clay particles were contained in clumps at various
locations on the soil grains, instead of uniformly coating the sand grain. The change in clay
distribution seems to indicate that clay particles are migrating in the column with the movement of
water, and perhaps PCE through the soil. When water was applied to dry soil mixtures, some of the
clay appeared to move horn the sand grain surface to the air-water interface, and travel along this
interface. In addition, a few clay particles appeared to be spinning, or moving rapidly. This type of
behavior has also been observed by researchers examining colloidal particle behavior in porous
media. Wan and Wilson (1992) observed that colloidal particles adhered to interface between
DNAPL and water. If this phenomena is occurring in our soils, then the interaction of clay at the
interface of trapped DNAPL blobs could affect the trapping mechanisms as well as mobilization of
those blobs. Further research investigating the effect of clay on the PCE-water interface could
provide vahuible information for predicting behavior of PCE in clay-containing porous media.
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In addition to the clay-sand mixtures used in this study, a set of experiments was completed on a fine
sand-coarse sand mixture column. This column contained 5°Afine sand passing the No. 100 sieve,
similar to the clay separation technique, and the same Ottowa white sand as in the clay columns. The
results of this column, F5- 1, are presented with the 5°/0clay column results. The behavior of this
column is compared to the 5°/0clay columns later in this chapter.

Hydraulic conductivity was determined for the packed soil columns both before and after the PCE
residual was established. Prior to introducing PCE to the column, the hydraulic conductivities
appeared fairly consistent for the same soil mixtures. Table 4.4 provides the results of the hydraulic
conductivity measurements as well as the porosity and bulk density measurements for the columns.
Figure 4.12 graphically shows the relationship between the percent clay and hydraulic conductivity.
Hydraulic conductivity was found to decrease with increasing clay content. This is to be expected
because as the amount of clay increases in the soil, the soil pores become smaller and movement of
water through the soil is more difficult. The values of hydraulic conductivity obtained from the soil
packings were higher than the values of conductivity reported for clay soils at SRS (Looney et al.,
1992). However, the difiicuhies of working with high percent clay soils prevented experimentation
of columns containing SRS clay soils only. Instead, by using lower percent clay soils, we hope to
understand the effect of percent clay on the behavior of PCE and perhaps extrapolate PCE behavior
for sites like the Savannah River Site.
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4.11 Grain size distributions for all sand-clay mixtures.
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Table 4.4 ‘Results of Hydmulic Conductivity Tests

Cohunn Media Porosity BulkDensity HydraulicConductivity
(g/cm’) (cm/s)

co-1 whitesand 0.322 1.80 1.61X 102

co-2 whitesand 0.320 1.80 1.46 X 10-2

co-3 whitesand 0.320 1.80 1.46X 10”2

C2-1 2%clay 0.320 1.80 1.32X 10-2

C2-2 2% clay 0.320 1.80 1.69X 10-2

C2-3 2%clay 0.325 1.79 1.14X10-2

C5-1 - 5%clay 0.321 1.80 1.29X 10-2

C5-2 5%clay 0.321 1.80 9.38X10-3

C5-3 5’%clay 0.321 1.80 8.32X103

Clo-1 10%clay 0.322 1.80 9.13x 10-3

C1O-2 10%clay 0.321 1.80 7.19X10-3

C1O-3 10%clay 0.321 1.80 4.50x 10-3

C1O-4 10%clay 0.308 1.83 7.42X10-3

C20-1 20%clay 0.321 1.81 8.09X104

C20a-2 20%clay 0.321 1.80 5.87x103

C20a-3 20%clay 0.321 1.80 5.45x 10-3

F5-1 57. fmesand 0.321 1,80 1.43x 10-2
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Figure 4.12 Effect of clay on the hydraulic conductivity of all packed columns.

The values of hydraulic conductivity appear to vary consistently with percent clay, as shown in
Figure 4.12. The decrease in hydraulic conductivity between O?40clay and20% clay is approximately
1.5 orders of magnitude. For hydraulic conductivity, this change is not significant, however, it
indicates that some structural difference may exist at the pore scale. This pore scale difference is
likely to affect the behavior of PCE in the system.

It should be noted that the 20% clay columns contain two different types of packings, and therefore,
represent two different situations. The 20’%0clay column with a lower permeability was packed
similarly to the lower percent clay columns, with clay passing the 100 sieve or particles less than
0.149 mm. The other two 20% clay columns were packed with crushed clay, but not sieved clay,
and therefore, contained larger clay clumps. These clumps acted differently than the smaller clay
particles. This difference will be visible again when viewing the capillary pressure-saturation curves.

Columns Used in Solubilzation Experiment /

The medium sand columns were packed to bulk densities of approximately 1.8 g/cm3while the finer
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brown sandcolums w~packedto amaximu ofapproximately l.65~cm3. Theporosities of the
medium sand columns were found to be 0.33, 0.33 and 0.34, respectively, while those of the fine
sand columns were found to be 0.38, 0.39 and 0.40, respectively.

Table 4.5 is provided below as a summary of the various soil parameters, packing techniques and
column configurations used during experimentation with the homogeneouscolumns.

Table 4.5 $urnm~ of Experimental Homogeneous Columns

Column Sand Compaction Bulk Density Porosity Endcap Type
Type Technique

w-1 medium tap 1.77 0.33 Stainlesssteelsingle
portendcap

w-2 medium tap 1.76 0.33 Stainlesssteelsingle
portendcap

w-3 medium vibration 1.75 0.34 Aluminumdouble-
sidedendcap

F-2 tine tap 1.62 0.39 Stainlesssteelsingle
portendcap

F-3 fme tap 1.63 0.38 Stainlesssteelsingle
portendcap

F-4 fme vibration 1.58 0.40 Aluminumdouble-
sidedendcap

Heterogeneous Columns

Similar to the homogeneous columns, bulk soil parameters were then calculated using the actual
masses of each media in the layered column. All parameters were calculated under the assumption
that each media occupied exactly 50°Aof the column volume. Discrepancies from this assumption
were noted in the fact that calculated porosity and bulk density values for the layered columns were
observed to deviate slightly from those of the homogeneouscolumns. Table 4.6 is provided below
as a summary of the various soil parameters, packing techniques and column configurations used
during experimentation.

,,

Table 4.6 ‘Surnrn&6fExpe@eri@ Heterogeneous Column?..:, ,,, [~ . .... >.. ... .,..,. . 1

Bulk Density Porosity

Column Compaction ,!
TechniqueMedium sand Fine Sand Medium sand /
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H-6 vibration 1.75 1.55 0.34 0.41

H-7 tap 1.78 1.58 0.33 0.40

H-8 tap 1.78 1.55 0.34 0.42

H-9 tap 1.78 1.60 0.33 0.40

H-10 tap 1.84 1.61 0.30 0.40

H-1 tap 1.80 1.6 0.34 0.40

H-4 tap 1.80 1.810’?4oclay 0.32 0.32

Therelativesuccess ofthelayeredmedia packing was shownbytheresults ofadispersiontest which
was pefionned on two homogeneous columns and one heterogeneous cohurm. The results of the
dispersion tests were compared in an attempt to see how closely the dispersion and, thus, the
homogeneity, of each media within the layered columns compared to the value for that media in
homogeneous columns. The tests were petiormed on homogeneous columns W-3, F-4 and
heterogeneous column H-6. All columns were equipped with double port endcaps at the top and,
thus, effluent tracer samples were collected in duplicate for all columns. Therefore, two values of
dispersivity were determined for each homogenous column, one from the left side of the column and
one from the right side of the column.

The data on linear probability scale plot sufficiently as straight lines, indicating the advection-
dispersion equation to be correct. The results for the calculated values of hydrodynamic dispersion
(DJ and dispersivity (c@ for the three coh.mms are summarized in Table 4.7.

.,. ,“.:.... ..,.,.,.,’.:,c,,:,v,,t,. .’; ,. ’-’ ,~”’- ‘“’?. :.+.,.,L”Y:.,..: ,’~.,:..,..” ::;i~,.~.<:..: ~....’ ,> :..: ,. ..-,.: :

“”Tabie’#i7j~ydro~&&cfi~e&on .&id ‘Di@ek&it#hlties:””’””:’: ‘
.... ..: ..., . .... . .. . . .... ’.: . .....-. . .. .“.:.“-,,i,,---,.. . ....

... .“

column Left Side Right Side Average D~ Letl Side aX Right Side Average aX
D~ D~ (cm21sec) (cm) aX (cm)

w-3 4.12E-5 3.13E-5 3.63E-5 0.080 0.052 0.066

F-4 2.52ES 3.35E5 2.94E-S 0.040 0.068 0.054

H-6* 7.89ES 8.40E5 8.15ES 0.093 0.121 0.107

* Let?Side= Finesand,RightSide= MediumSand

The results appear to be relatively accurate in comparison with the dispersivity value of
approximately 0.035 cm obtained by Pickens and Grisak (1981) for a fine sand with a mean grain
size of 0.20 mm (a value between the sizes of the two media used in this research) and a uniformity
coefllcient of 2.3, However, the values obtained here and by Pickens and Grisak (1981) were both
found to be much lower than the dispersivity values for two fine sands reported by K.lotz et al.
(1979). Dispersivities reported there for sands ofmean grain sizes of 0.17 and 0.35 (fairly consistent
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with the fine and’”mediumsands) were found to be 0.205 and 1.01 cm, respectively. The reason for
these higher dispersivities was not one of a significantly higher uniformity coefficient, as each media
reported by Klotz et al. (1979) had uniformity coefficients of 1.81 and 1.13, respectively. Klotz et
al. (1979) used a different tracer test method in which a slug of tracer was injected and centroid
methods were used to estimate a center of gravity for the concentration-time distribution. Since
these results correspond fairly well with the values indicated by the literature in which the methods
for the study were obtained, the data seem reasonable.

The results indicate that the values of hydrodynamic dispersion and dispersivityof each media in the
heterogeneous column were slightly higher than their respective dispersivities when packed alone
in homogeneouscolumns. This maybe due to some mixing at the boundary of the two layers during
packing ardor some mixing at the each end of the column during saturation activities. The mixing
at the endcaps was the result of one of the two sands basically spreading into the other half and
occurred when the plates and screens were switched during saturation processes. The mixing along
the boundary of the two media occurred during packing activities as small amounts of each media
may have swept around the removable divider plate upon emplacement of the dry sands into each
side of the column.

Perrneabilitv Monitorkw System
A system for continuous monitoring of differential pressure in order to determine permeability was
designed using differential pressure transducers. The integrity of the system was initially proven in
a comparison of permeability results using the transducer system with constant and falling head
permeability methods. The results of the permeability tests for the first two homogeneous columns
are summarized in Table 4.8 below.

ColumnF-2 ~ohmn F-3

Transducer System 1.39E-8 1.29E-8

Constant Head 1.58E8 1.14E8

Falling Head 1.49E-8 nfa

Average 1.49E-8 1.22E*

n/a= notattempted

The relatively consistent permeability values shown in Table 4.8 provide an indication of the
integrity of permeability data obtained through the use of the transducer system.

In addition to illustrating the benefit of using the transducer system for determining intrinsic
pemneability, it was considered important that the system provide accurate permeability data on a
continuous basis during alcohol flushing experiments. While the transducer system was successful
in providing continuous, unattended data, it was also observed to be extremely sensitive. Figure 4.13
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illustrates the continuously monitored differential pressure during an alcohoI flushing experiment.

The continuous differential pressure data appear in Figure 4.13 to be very noisy and disjointed. In
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Figure 4.13 Differential Pressures During Column F-2 Flush

an attempt to try to smooth the somewhat noisy data, a moving average of 500 points is included on
Figure 4.12. However, despite the 500-point moving average, the data still fluctuate. The reason
for the fluctuations was observed to be attributed to the changing of syringes every 12 to 14 hours
(approximately every 1.5 pore volumes). The reattachment of the syringes seemed to cause a
pressurization of the column, resulting in a drastic change in differential pressure across the column.
This pressurization appeared to have two different results, in that at times the overall differential
pressure across the column would be observed to increase after the syringe change while at other
times the effect would be a decrease in differential pressure.

The final differential pressure values shown in Figure 4.12 provide further illustration of the
reliability of the transducer system for permeability measurement. The back calculated differential
pressure values corresponding to the intrinsic permeability of the media in Column F-2 were attained
when the flushing solution was changed back to water at the end of the flushing experiment. In
addition, while the data do appear to be somewhat disjointed, the apparent overall downward trend
in differential pressure indicates the success of the continuous differential pressure (and, therefore,
permeability) monitoring in illustrating the removal of residual DNAPL.

Table 4.9 provides a summary of the intrinsic (before residual DNAPL saturation) permeability
values for the experimental columns.
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Table 4.9 Surnmaw”of Permeability Values

1
Column Sand Type k Sand Type k

(cmz) (cmz)

F-2 fine 1.49E-8

F-3 fme I 1.22E-8

F-4 fme 2.24E-8

Average jine 1.65L@

w-1 medium 2.45E7

w-2 medium 2.75E7

w-3 medium 2.34E-7

Average medium 2.51E7

H-6 fme 1.23E7 medium 2.85E7

H-9 fme 1.601Y8 medium 3.33E-8

H-10 fme 1.60E-8 medium 3.35E-8
1

Average jine 1.60P* medium 3.34P*

*=DisregardingflawedH-6permeabilityvalues

Limitations of the initial layered column and flow system became apparent during the heterogeneous
column study. Theperrneability data for Column H-6 illustrate this fact. The intrinsic penneabilities
of the two media were shown during the homogeneous column experiments to differ by
approximately one order of magnitude. While the mixing issue might have been partly responsible
for more similar intrinsic permeability values between each media in the layered Column H-6, the
extremely elevated permeability data for the fine sand indicated that a certain degree of by passing
of the fine material within the layered column must have occurred. In other words, a smaller
percentage of the flow was actually moving through the fine sand in comparison to that within the
medium sand.

As a result of the difficulty in determining an exact amount of total flow through each media, a
separate flushing method was devised for the final two heterogeneous columns, H-9 and H-10. For
these columns, the effluent was allowed to drip out each side of the column under a forced hydraulic
head. The downflow drip method allowed the actual amount of flow through each media to be
quantified by collecting effluent from each side of the column separately. Thus, a more accurate
measure of the permeability was made because both the differential head and the flowrate were
known.
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The results of the intrinsic permeability data for Columns H-9 and H-1Oindicate the presence of the
previously-mentioned soil mixing issue. The permeability data for the fine sand are fairly consistent
with that of the homogeneouscolumns. However, the permeabilities of the medium sand are slightly
lower as the result of the slight intrusion of the fine media.



While the permeability data for Columns H-9 and H-1O were considered accurate, the efflue t
/concentration data generated through the use of this drip method suggested that there were Iosse due

to volatilization which took place during sample collection. As briefly mentioned earlier, because
of the difficulties with these columns, the system with side ports was developed.

Quantification of Residual Saturation

The results of the two different methods for quantifying residual PCE saturation in the homogeneous
columns are summarized in Table 4.10.

Table 4.10 Residud”Sa~@ion ~alu~ for Eomogenous Columns,: !.:.:.
I

column - Sand Type Volumetric Estimationby
Estimation Effluent Analysis*

F-2 fme 17.8?40 17.5%

F-3 fme 22.8% 19.5%

F-4 fme 15.8% 12.8%

w-1 white 10.5?/0 14.2%

w-2 white 18.6% 22.5%

w-3 white 9.6% 9.8%
*=EstimationforColumnsF-4andW-3includeextractiontestdataforPCEleftk column

The saturation estimates are observed to be fkirly consistent between the two methods. Error can
be attributed to both methods of estimation. Emor in the data from the volumetric method of
estimation can be found in the volumetric measurements of water, evaporation losses over the course
of drainage and imbibition and the possibility of water entering the hydrophobic plate or PCE being
forced into the hydrophilic plate. Error associated with the estimation of residual PCE by effluent
analysis can be attributed to slight volatilization of effluent upon sampling, sample handling and
preparation error and the analytical error (<1OYO)associated with the headspace sampler and gas
chromatography.

With the exception of the residual saturation data for Column W-2, which will be discussed below,
the residual saturations of the fine sand were shown to be slightly greater than those of the medium
sand. This conclusion appears appropriate considering the larger pore volumes and smaller pore
sizes of the fine sand columns as well as the greater capillary forces acting to trap the NAPL blobs.

Column W-2 exhibited higher residual saturations than would be expected based on the other two
medium sand columns. PCE was observed within small pockets along the glass column wall. These
voids developed as a result of the flipping of the column during saturation activities. These pockets
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appeared to have had larger pore sizes than the remainder of the column and, as a result, the column
looked as if some areas had trapped a greater amount of NAPL than others. It appears as if there was
in fact a larger residual saturation in Column W-2, but that it was attributed to the formation of void -“
spaces in the column which were formed during column set-up activities and not present in any of
the other homogeneouscolumns.

Without considering the data of Column W-2, the average residual saturation values for the fine sand
and medium sand were found to be approximately 18% and 110/0,respectively. These values for
residual saturation appear to be reasonable in consideration of the previous work of Chatzis et al.
(1983), Schwille (1988), Mercer and Cohen ( 1990). However, it should be noted that the two soils
selected for use in this research were both very homogeneousand not that greatly different in terms
of grain size (350pm and 10O~m average grain size, respectively).

Heterogeneous Columns

Residual saturations were attained in five heterogeneous columns according to the methods outlined
earlier, Similar to the results of the homogeneouscolumn study, a slightly different amount of NAPL
is entrapped by each different soil type. Thus, the initial step of the heterogeneous column study was
to accurately quantify the actual amount of PCE in each media within the layered soil column. The
volumetric method of estimation which was described in detail as part of the homogeneous column
study was ineffective in providing information as to the different NAPL saturations on each side of
the column. The method of effluent analysis provided adequate results for Columns H-9 and H-1O
where cosolvent flow through each media was effectively separated. However, in Column H-6,
where issues of short-circuiting were apparent, the effluent data was not especially accurate. The
soil leachate tests petiormed on Columns H-7 and H-8 provided a fairly accurate indication of the
amount and distribution of the residual NAPL, but the columns had to be sacrificed in order to obtain
these data. The partitioning tracer tests (PTT) performed on Columns H-9 and H-1 Owere also found
to provide mostly accurate NAPL saturations in each media within the layered columns. The method
was considered effective as it was non-intrusive, however, as with the other methods it had
limitations, including its apparent sensitivity. The results of the different analyses for quantification
of residual saturation in the heterogeneous columns are summarized in Table 4.11 below.

Column Estimation Estimation Estimation
by PCE by PTT by

Removed Extraction
Test

H-6 14.93% da ala

H-7 nla nla 15.8ti%
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Medium sand Data I

IIEstimation Estimation Estimation
by PCE by PTT by

Removed Extraction
Test

5.40% nla n/a

da I da I 15.06V0 I



H-8 nla n/a 18.73?4. rda nla 14.32?40

H-9 17.6% 16.02% n/a 14.30% 14.54% nla /“”

H-10 17.39% 9.33% nfa 13.26’% 13.89% nla
da= notapplicable

As shown in Table 4.11, the saturation values were observed to be slightly greater in the fine sand
compared to that of the medium sand. Similar to the homogeneouscolumn results, some curious
results were observed in the heterogeneous column data. The apparent outlying values of residual
saturation in the medium sand of Column H-6 estimated by effluent analysis and the fine sand of
Column H-10 estimated by partitioning tracer tests. Without considering these curious values, mean
values for the fine sand and medium sand residual saturations were found to be approximately 17°/0
and 14Y0,respectively.

Of interest is the apparent increase in the mean residual saturation value of 14% for the medium sand
in the heterogeneous columns in comparison with the mean residual saturation valueof110/0 found
in the homogeneouscolumns. This increase is most likely the result of the previously described soil
mixing issues within the white sand of the heterogeneous columns.

Saturation estimates were observed to be ftirly consistent between the three methods, with the
exception of the aforementioned problems with Columns H-6 and H-1O. Error can be attributed to
all three methods of estimation and will be discussed in each of the following sections.

An attempt to quanti~ the residual saturation within the two media of the heterogeneous cohmms
was petiormed by analyzing the effluent from each side of the column for Columns H-6, H-9 and
H-10. For all of these columns with the exception of H-6, in which the PCE was able to be removed
completely by the alcohol flush, the effluent sample analysis was used in conjunction with an
extraction test to determine the total amount of PCE flushed out and the amount remaining following
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completion of flushing. These data were combined with the efiluent data to arrive at total masses
of PCE originally within each media.

Columns H-7 and H-8 were packed, brought to residual PCE saturation and then sacrificed by
pefiorming soil extraction tests in order to obtain additional information on the degree of residual
saturation within each media. The results pertaining to the total residual PCE saturations for each
media within Columns H-7 and H-8 are included in Table 4.11. The distribution of residual NAPL
within each column is summarized in Figures 4.14 and 4.15.

As shown in Figure 4.14, a number of samples for Column H-7 were lost as the result of over-
dilution of the aqueous samples. This problem was rectified for the remainder of the samples and
for the remainder of the extraction tests on other cohmms. The data in Figures 4.14 and 4.15 do,
however, still appear to illustrate a trend. It appears from the results of each media with the possible
exception of the fine sand in Column H-8 that some degree of loss occurred near the ends of the
columns. This loss was most likely attributable to volatilization of the PCE when the porous plates
and screens were switched and, thus, the soil was exposed to the atmosphere.

Partitioning tracer tests were performed on Columns H-9 and H- 10 to firther evaluate the residual
saturations within each media. The PTT was considered for use as it has been described by previous
researchers (Jin et al., 1995, Linnemeyer, 1997) as fairly accurate in determining saturations of
nonaqueous phase liquids and it is also a non-invasive and non-destructive method. Thus, following
determination of the residual within each medi~ the column was still in adequate condition to allow
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for alcohol flushing experiments. The principles involved in the PTT are summarized earlier. A
detailed sensitivity analysis for the PTT method can be found inLinnemeyer(1997). The results of
the test for Column H-9 are provided in Figure 4.16.
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Figure 4,16 Column H-9 Partitioning Tracer Test Results

The method of moments was used to calculate the center of mass times indicated for each tracer on
Figure 4.16. The centers of mass, or the mean residence times for the conservative tracer (bromide)
and the reactive tracer (4-methyl 2-pentanol), were then used in Equation 29 along with the
equilibrium partition coefficient for PCE to calculate the value of residual saturation in each media.
As shown in Figure 4.16, this method appears to be more accurate for the medium sand, as the
breakthrough curves for each tracer are much more narrow and well defined. However, it should
also be noted that as a result of these narrow curves, the average retention times are much closer
together, thus making a slight deviation in either value more significant to the overall saturation
value. The data for the fine sand appear to be somewhat variable. The main aspect of the fine sand
data that appears to be different fkom that of the medium sand is the fact that double peaks are noted
for each tracer. This is most likely the result of interference with the breakthrough curve of the
medium sand. While the interference peaks are certainly apparent for the fine sands, it is interesting
to note the very minor secondaxy peaks for the medium sand shown on Figures 4.16. These slight
secondary humps are probably the result again of intefierence, this time in the medium sand by the
fine sand.

It should also be noted that data obtained for the 2,4 dimethyl 3 pentanol reactive tracer was not used
in estimation of residual saturation. This was due to the fact that over the course of the test (greater
than 16 hours) the breakthrough curve for 2,4 dimethyl 3 pentanol was never able to be completed
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for the fine sand. {’

Fi@re4.16illustrates thepotential forenor inestimation ofresidual sa~ration using the PTT. It
can be seen that the breakthrough curve for each tracer is delineated by a somewhat limited amount
of data. in addition, the flowrates through each media had to be somewhat elevated in order to
effectively obtain all of the tracer mass within one approximate 18 hour period. This may have
resulted in an insufficient contact time for each tracer with the NAPL. As a result of these sources,
a slight degree of error was attributed to the overall estimation of residual saturation by the PTT.

The data for the PTT for Column H-1Oare provided on Figure 4.17.
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Figure 4.17 Column H-10 Partitioning Tracer Results

The breakthrough curves for Column H-10 appear to be somewhat smoother than those of Column
H-9. It is also interesting to note that the secondary peaks for the fine sand within Column H-10 are
lower than those for Column H-9, Furthermore, the secondary peaks are not the locations where
C/C.aXreaches values of 1.0. This indicates that the majority of the tracers came through under the
influence of the medium sand and that only a minor amount actually came through the fine sand
later. This is most likely due to the slightly f~ter flow rates recorded during the PTT for H-10.
Average flow rates of 27.4 and 9.5 mlhr were recorded for the white and fine sands in column H-
10, respectively. These were higher than the flow rates of 22.9 and 5.8 mlhr for each media of
Column H-9. The result of these expedited rates in Column H-1Owas most likely an insufficient
contact time for the tracers, especially that within the fine sand, where the majority of the tracers
were flushed through with the medium sand. This insul%cient contact time most likely led to a
significant amount of enror in the estimation of residual saturation for the fine sand in Column H-1O.
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This fact is shown clearly on Table 4.11, as the estimation of residual saturation in the fine sand of
Column H-1 Owas found to be much lower than would be expected. ~-

Figure 4.18 shows the PTT results from H-4 with the side ports.
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Figure 4.18. Column H-4 partitioning tracer results from side port sampling.

4.4 Summary

A system to continuously monitor permeabilities in soil columns was initially designed and
developed. The system consisted of two wet-wet differential pressure transducers which transmitted
differential pressure data to a computer file. Pressure data in the file was converted to permeability
using Darcy’s law and a consideration of the aqueous properties of the solution flowing through the
columns. This method was found to be complex and sensitive to syringe changes on the pump ans
therefore was discontinued. A side prot method of sampling with manometers to determine the
prssure drop across columns was used.

The degree of homogeneity within each medium of the columns packed in layered fashion was
evaluated by comparing dispersivity results of homogeneousand layered heterogeneous columns. The
results of the dispersion tests indicated that a slight degree of mixing occurred in the layered columns
during preparatory activities. These findings were bolstered by (1) the apparent lower permeabiiities
of the medium sand in the layered columns as compared to those of the homogeneouscohmms and
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(2) direct observations made upon decommissioning of the layered columns,

Differences in the amount of residual saturation within each medium were noted. Residual
saturations for the medium and fine sands in the homogeneous columns were 11.O’%0and 17.7°/0,
respectively. Residual saturations of these same media in the layered heterogeneous columns were
found to be 14.3% and 17.1%, respectively. The difference in residual saturation values for the
medium sand between homogeneous and layered columns was attributed to the slight degree of
heterogeneity in the layered columns. Estimations of residual saturation were made in the
homogeneous columns with volumetric measurements of the amount of water drained and
subsequently imbibed and integration of effluent data during the course of flushing. Integration of
effluent data, partitioning tracer tests, and soil extraction tests were performed in order to provide
sufficient indication of the residual saturation on each side of the layered cohunns. All of these
methods were found to provide reasonable indications of residual saturation and all were found to
compare favorably with one another, indicating that each method was satisfactory.

Investigation into the degree of reduction in perrneabilities due to the residual PCE saturation was
performed. Perrneabilities were found to decrease by one half order of magnitude in the fine sand
and by only a factor of two in the medium sand. The minimal decrease in permeability in the
medium sand illustrates the shortcomings of its use in later flushing experiments where increases in
permeability were expected. Permeability values were then used in calculations of the total trapping
number (NT),which provides indication of the degree of residual entrapment. The trapping number
gave an indication of the optimal concentration of alcohol flushing solution that could be used in
order to maximize the solubilization of the PCE while avoiding unwanted mobilization of the
residual. Trapping number calculations indicated that a maximum 40°/0IPA solution could be used
on the medium sand in order to minimize the likelihood of mobilization. Due to the lower
permeabilities of the fine sand, mobilization was never a possibility at the IPA concentrations used
during this research.

Evaluation of the degree of residual PCE removal from homogeneous columns was successfully
illustrated using permeability data in the homogeneousfme sand columns. Permeabilities were shown
to increase from values shown for residual saturation up to initial intrinsic values as the result of the
removal of residual DNAPL by alcohol flushing. This upward trend in permeability data was more
difficult to visualize in the medium sand homogeneous columns due to the minimal change in
permeability. The use of a finer medium or a medium of known heterogeneity (5 or 10% clay) may
have caused a greater change in permeability that would have more accurately illustrated the degree
of remediation with permeability data. Data from the final two homogeneouscolumns indicated the
need for continuous differential pressure monitoring, as the discreetly collected data was found to
be insufllcient in eliminating the effects of the inherent noise in the bench-scale system.
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5 Effect of AIcohol Concentration on DNAPL Mobilization

5.1 Introduction and Background

As a NAPL spill flows from the surface to the subsurface, it travels as a separate liquid phase in the
vadose and saturated zones resulting in multi-phase flow. Multi-phase flow is dependent on many
variables including the pressures, densities, viscosities, and interracial tensions of the fluids present
in the system. In the case of LNAPLs, the NAPL generally moves as thin films in the vadose zone
with a some portion generally residing on the water table surface. The floating NAPL may move
with the prevailing groundwater flow. DNAPLs, which move in the same fashions as LNAPLs in
the vados zone, differ in that they will continue to move downward into the saturated zone and are
not impeded by the water table. As they migrate downward by gravitational forces, a ku-geenough
pressure may exist to overcome the entry pressure of a pore and displace the water from the pore.

Depending on the size of the spill, the DNAPL may dissipate as a residual saturation or pool on an
impermeable soil layer. It is important to nc]te that the direction of DNAPL flow is generally
governed by gravity and may differ significantly from the prevailing direction of ground water flow.
This research is specifically concerned with the situation where a DNAPL has penetrated and
established a residual saturation in the saturated zone.

The three major forces controlling the behavior of DNAPL in the saturated zone are capilla~ forces,
viscous forces, and buoyancy or gravity forces. The capillary force is defined as the difference in
cohesive forces within a liquid phase and the adhesive forces between two adjoining fluid phases
(Adamson, 1990). In a soil matrix, this is expressed as the pressure difference between the
advancing fluid and the receding fluid. The maximum capillary force in porous media is usually
found in pore throats, where the radius of curvature of the fluid is minimized. The capillary pressure
is a fi.mctionof the interracial tension, CJ,between the two adjoining fluids, the wetting characteristics
of the soil, and the geometry of the pore as represented by Equation 1. This equation is based on
Young’s equation and represents the general case for a capillary tube where the radii of curvature
are the same in all directions (Adamson, 1990).

~ . Zocose
c rt (1)

where PCis capillary pressure
o is interracial tension
0 is the contact angle
r~is the pore throat radius
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In Equation 1, 0 describes the contact angle between the solid and wetting fluid, and is a measure
of the aftlnity of the liquid for the solid. Considering a two-phase system where PCE is present in
the saturated zone, the wetting fluid is water and the non-wetting fluid is PCE. Three general
wetting conditions exist for such a two-phase system; a fluid is either wetting, intermediate wetting,
or non-wetting. The specific condition is defined by the angle of contact that the fluid makes with
the solid surface of the porous media. Small contact angles, less than 90 degrees indicate a water
wet condition, where as contact angles greater than 90 degrees indicate a non-wetting fluid
(Adamson, 1990). When the contact angle is zero degrees, the surface is completely coated by the
wetting fluid. This condition prevails in the saturated zone, where pore spaces are completel y water-
filled. When a DNAPL, such as PCE, enters the pore space, displacing water, a din film of water
remains between the DNAPL and the soil grain.

One reason the wetting condition of contaminated aquifers is assumed to completely water wet is
the initial water-wet condition before the invasion of NAPL. The soil grains are coated with water
before the NAPL enters the pore, and to break the water film surrounding soil grains requires a
highly hydrophobic NAPL, such as coal tar (Powers and Tarnblin et al., 1995). Work conducted by
Wilson et al. ( 1990) indicates that soils containing residual DNAPL saturations remain completely
water-wet.

Another reason that the water-wet condition can be considered a good assumption is the effect of the
rough soil surface on the wetting characteristics of the soil. The rough surfaces of soil grains can
have an effect on the contact angle (Adamson, 1990) and hence the nettability of a liquid in a two-
phase system. When the contact angle is less than 90 degr~es, roughened surfaces result in an even
lower contact angle. However, when the contact angle is greater than 90 degrees, a roughened
sufiace will cause an even higher contact angle. The contact angle of a smooth surface and a rough
surface have been related by surface area, where r is the ratio of the real surface area to the smooth
surface area. This ratio is always greater than 1. The contact angle of the roughened surface is then
given by the following equation:

CosOrough= r Cose~mooth (2)

Therefore, a water-wet soil grain with a contact angle close to but slightly greater than Odegrees is
likely to behave as a completely water-wet surface with a contact angle equal to Odegrees.

The DNAPL blobs, therefore, which are trapped in pores remain completely separated from the soil
grain by a water film. The existence of this water film throughout the porous media, insures that the
aqueous phase is continuous everywhere. Conversely, trapped DNAPL in porous media exists in
discontinuous blobs which are formed by the interplay of forces acting on the DNAPL as it flows
through the soil.

As DNAPL travels through the saturated portion of the aquifer, it enters pore bodies and displaces
the majority of the water contained in the pore. However, before entering the pore body, the DNAPL
must overcome the pore entry pressure, P~,caused by the interracial tension of the two phases. Due
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to the three dimensionality of the soil system, the advancing fluid may find multiple pathways into
one pore. Each of these pathways into the pore represents a pore throat leading to or from the pore
body. The capillary pressure is determined by the largest throat radius associated with that pore.
From Equation 1, the pressure acting on the water is inversely proportional to the radius of the pore.
Therefore, larger pores require less pressure for DNAPLs to enter. When pressure imposed by the
DNAPL at the fluid-fluid interface is greater than the pore entry pressure, water is displaced and
DNAPL enters the pore. It is possible, therefore, that small pores are not invaded when larger pores
are available for entry. This can lead to selective pathways or fingering within the media.

The DNAPL continues its downward migration in the saturated zone by entering pores in this
manner. An impermeable layer can impede or halt DNAPL migration and cause a pool to develop.
An impermeable layer would constitute a layer of soil whose pore throats are sufficiently small to
prevent the DNAPL from overcoming the Peand entering the pores. If an impermeable layer is not
encountered and the release of DNAPL is discontinued, the DNAPL will disperse through the soil
in trapped blobs.

As a DNAPL flows through porous media the geometry of the pore spaces can cause dissociation
of the flow in the DNAPL resulting in discontinuous trapped blobs of DNAPL. Entrapment of
DNAPLs is complex and is dependent on properties of the soil matrix, the aqueous phase, and the
DNAPL itself Two major mechanisms can be used to explain trapping of a DNAPL in porous
media. These are snap-off and by-passing (Chatzis et al., 1983, Wilson et al., 1990).

Snap-off occurs when the DNAPL exits a pore throat which is much smaller than the preceding pore
body. At the pore throat a blob of NAPL is pinched off and separated fi-omthe continuous DNAPL
flow (Chatzis et al., 1983, Wilson et al., 1990). Snap-off occurs in pores with a high pore body-to-
throat size ratio, called the pore aspect ratio. Snap-off tends to create single pore blobs or singlets
(Chatzis et al., 1983, Wilson et al., 1990) as opposed to larger blobs that comprise many pores.
Powers et al. (1992) found that singlets were more prevalent in their uniform soils which contained
pores of similar size with similar pore aspect ratios. Having adjacent pores that are similar in size
prevents large fluctuations in pore velocity and hence, prevents the formation of blobs occupying
multiple pores.

The by-passing mechanism of trapping occurs when the flow of DNAPL is diverted through two
adjacent pores of varying size. When the DNAPL recedes from the pores, water imbibes into them
with a higher velocity in the smaller pore. This faster flow causes water to rapidly displace DNAPL
in the small pore, and cut-off or by-pass the larger pore. This by-passing action traps DNAPL in the
larger pore (Chatzis et al., 1983, Wilson et al., 1990). By-passing is more likely to occur in large
pores of heterogeneous soils because heterogeneous soils often have adjacent pores of differing
sizes. By-passing can also occur on a larger scale in heterogeneous soils, encompassing multiple
pores or lenses of soil, forming blobs referred to as branched ganglia. Powers et al. ( 1992) found
that multi-pore size ganglia tend to form in rmn-uniform or poorly-sorted soils.

- Entrapment of a DNAPL in the aquifer material reduces the pore space available for ground water

72



flow. The volume of DNAPL trapped in the pores spaces expressed as a percentage of the total pore
volume is generally referred to as the residual DNAPL saturation. Residual DNAPL saturations can
range from one or two percent to as high as fifty or sixty percent. The amount of DNAPL trapped
and the distribution of the DNAPL are dependant on a variety of factors. The composition of soil
and its pore structure appear to greatly influence the residual DNAPL saturation. Wilson et al.
(1990) indicate that porosity can affect residual saturation, however, thepermeability of the soil does
not affect the residual saturation providing that the groundwater velocity is low. This means that at
low groundwater velocities soils with similar geometry but different permeabilities will have a
similar residual saturation. This is reasonable considering that a high porosity is indicative of small
pore structures, inciudingthe pore throats which affects the capilkwypressure or main trapping force.

Pore-scale Heterogeneities Caused bv Clav

Based on the relationship between soil pore geometry and blob geometry, it appears that soil.
heterogeneities caused by clay content will affkct the establishment and distribution of the residual
DNAPL saturation. Unfortunately, to date little research exists on the effect of clay on the formation
and distribution of a residual DNAPL saturation. Considering the unique properties of clay such as
clay-organic interactions and the colloidal nature of clay particles, it is diftlcult to postulate the
effect of heterogeneities caused by clay solely on studies where heterogeneous sands were used.

The presence of non-polar, hydrophobic solvents has been shown to cause slight shrinkage in clays
used for landfill liners (Green et al., 1983). The slight shrinkage of clays can cause cracking in the
clay soil, and may be attributed to migration of water out of the clay lattice and into the surrounding
bulk liquid (Green et al., 1983). Cracking caused by clay shrinkage leads to dramatic increases in
the hydraulic conductivity of the clay. Storey and Pierce (1988) determined that increasing
concentrations of a liquid hydrocarbon, methanol, increased the attraction of the clay particles, thus
increasing hydraulic conductivity. From these studies, it seems that the complex electrostatic and
structural properties of clays cause clay particles in the presence of organic contaminants to behave
differently than fine sands or silts.

The colloidal nature of clay particles introduces another way in which clays in the aquifer may affect
the behavior of DNAPLs in the porous media. Wan and Wilson (1994) showed that colloidal clay
particles can adhere to the gas-water interface in glass micromodels. They noted that some unknown
attractive force exists between a hydrophilic particle, such as clay, and the gas interface. In their
experiments, they were able to dislodge colloids attached to the solid-liquid interface of the pore
walls, but were unable to dislodge most particles attached to the gas-water interface. This result is
not as easily explained and Wan and Wilson (1994) present two hypotheses. One hypothesis is that
the solvation or hydration force between the gas bubble and the hydrophilic particle is attractive.
Solvation explains the special molecular structure that develops in the first few layers of molecules
surrounding the gas-water interface, in the case of hydration, the molecules and the bulk liquid are
water. Another hypothesis developed by Wan and Wilson (1994) is that the combination of kinetic
energy and the force attracting particles to the gas interface causes the particles to rupture the
interface and become held by interracial forces. If this same effect occurs with other NAPLs, it is
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possible that the adherence of colloids at the interface will change its interracial properties, hence
affecting DNAPL trapping, dissolution, and mobilization. Wan and Wilson (1994) demonstrated
the complex colloidal interactions with various phases in the subsurface. This coupled with the
general lack of research into the effects colloids and clay interactions on DNAPL behavior prevent
fill understanding of the effects that clay will have on the mobilization of DNAPL in the saturated
zone during an alcohol flush.

Pore Size Distribution

It is anticipated that the clay content of a soil can significantly affect the pore sizes and the
distribution of pore sizes in a porous medium. The heterogeneity of the soil will change with varying
clay content. The level of heterogeneity could potentially affect the pore size distribution. As the
amount of clay in the soil increases more smaller pores are present which leads to an overall change
in pore size. Characterization of the pore sizes and pore size distribution is required to assess the
effects of clay on DNAPL behavior. Depending on the specific clay species, little interaction
between the clay and DNAPL may indicate that concepts applying to heterogeneoussand media are
applicable when considering DNAPL behavoir, In which case, characterization of the pore sizes and
the pore size distribution will provide knowledge about the topology and distribution of DNAPL
blobs.

Capillary pressure-saturation relationships provide one method for determining pore size
distribution. A two-phase capillary pressure-saturation test must be conducted on the soil of concern.
The two phases used in the test are not important as long as the densities and interracial tension
between the two fluids are known. The test is completed by introducing a non-wetting fluid to a
water-wet porous media with positive pressure on the non-wetting fluid, or a negative pressure on
the wetting fluid. The non-wetting fluid, for example a DNAPL, acting under pressure enters the
soil by displacing some pore water. This stage of the testis called drainage. Afler some maximum
pressure is appIied where little or no additional pore water exits the soils, the pressure is decreased
and water re-enters the pores displacing the DNAPL. This stage of the test is called imbibition.
During imbibition of water back into the porous media and the retreat of the DNAPL, snap-off and
by-passing cause the formation of discontinuous DNAPL blobs, thus creating a residual saturation
in the soil.

By slowly increasing the pressure applied to the system, discrete measurements of capillary pressure
and its corresponding change in saturation can be obtained. These measurements combine on a
graph of capillazypressure versus saturation to :formthe capilliuypressure-saturation cume. The test
of the relationship of capillary pressure and saturation is conducted in a soil column, where capillary
pressure is measured using Equation 3.

Pc =Pnw -Pw (3)
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As the capillary pressure applied to the DNAPL-water interface increases, smaller pores with higher
entry pressures are invaded. Therefore, as the capillary pressure increases, the overall water
saturation decreases in the region. The largest pores have the lowest entry pressure and are
desaturated first. No drainage occurs until the entry pressure of the largest pore is applied to the
DNAPL-water interface. This minimum entry pressure is referred to as the bubbling pressure.
Water saturation will decrease as increases in capillary pressure cause smaller pores to drain. This
continues until no more water exits the system and the remaining water is contained in tiny pores or
in the small water films which exist between the DNAPL and soil grains. The saturation at this point
is called the irreducible water saturation. The thin film of water is interconnected and allows water
to continue to flow through the soil at a greatly reduced hydraulic conductivity. Generally, soils with
smaller pores exhibit larger irreducible water saturations due to the relative amount of water in thin
films compared with the volume of water drained from the pore.

The soil column now contains non-wetting fluid and an irreducible saturation of wetting fluid. In
order to establish a residual saturation of non-wetting fluid, or examine the hystersis properties of
the media, the pressure applied to the interface of the two fluids is decreased to obtain the imbibition
curve. The imbibition curve describes the influx of water back into the pores. The imbibition
mimics the drainage curve but is slightly offset due to hystersis in the system. Hystersis is caused
by the residual DNAPL blobs trapped in the pores preventing the water saturation from completely
recovering to its initial state.

The drainage portion of the capillary pressure-saturation relationship is used to indicate the pore size
distribution of soils. In the case of a soil with uniform pore sizes, the entry pressure for all the pores
is very similar. Therefore, the pressure required to drain the pores to the irreducible water saturation
is just slightly higher than the entry pressure. In a soil with non-uniform pore sizes, as the pressure
increases, smaller pores desaturate only slightly change the overall saturation of the soil. In this case,
a large pressure difference exists between initial desaturation, or entry pressure, and the pressure
required to achieve an irreducible water saturation. One difference between these curves is the slope
of the middle portion or straight-line portion of the graph. This difference is due to the distribution
of pore sizes, therefore, the straight-line portion of the graph can be used to describe the pore size
distribution of the soil.

Researchers such as Brooks and Corey (1966) and van Genuchten (1980) have developed
mathematical models to fit data from a capillary pressure-saturation test. The models yield fitting
parameters that in some cases can be used to describe properties of the soil. Brooks and Corey
(1966) developed a method ofexarnining the pore size distribution of a soil using a transformed plot
of the data. In this method, the log of the water content, 6 is plotted versus the log of the capillary
pressure, PC.The negative of the slope of the straight line portion of this graph is called the pore size
distribution index, l.. As the value of 1.increases, the pore size distribution becomes increasingly
smaller. Brooks and Corey (1966) show that homogeneous sands have Avalues of approximately
2, while more heterogeneous media have values of k closer to 0.5. The equation relating water
content to the capillary pressure developed by Brooks and Corey is presented in Equation 4 along
with the expression for effective saturation in Equation 5.
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(4)

where:
@ = volumetric water content
Cl$ = volumetric water contentatsaturation

0, = irreducible watercontent

~ = matricpotential, orcapillarypressure
= bubblingpressure

J.b= experimentally determinedporesize distribution index

van Genuchten (1980) developed fitting parameters to describe the capillary pressure-
saturation cme. From these parameters, n is dependent on the slope of the straight-line portion of
the pressure-saturation curve. As the slope of the straight-line portion of the curve increases, n
increases indicating a larger pore size distribution. The equations presented in Equations 5-9
represent the van Genuchten estimation of pressure-saturation curves. In these equations, 0, and 0,
are soil moisture properties, and m is estimated from the slope of the pressure-saturation curve, SP.

Sw-e,
se =

1 -er

where:
se =

Sw =

effectivesaturation

saturation ratio, or@l@~

for (O~Ps 1) m= 1 -exp(-0.8SP)

for (S,>1)
~ = ~,_0.5755 + 0.1 + 0.025

s ~ S3
P P P

(5)

(6)

1

n = (l-m)
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(8)

(9)

These models are usefil in this application because they provide a reproducible and reliable method
of determining pore size distribution. When applying these models to characterize the pore size
distribution, the method developed by Brooks and Corey (1966) provides a quantifiable value
representing pore size distribution. This quantity, J,, can be used to compare the pore size
distributions of a variety of soils, and perhaps to relate the characteristics of DNAPL trapping and
mobilization in those soils. As stated earlier, little research exists relating grain size distribution and
hence pore size distribution to DNAPL mobilization in the saturated zone. Currently existing
predictive models for the mobilization of DNAPL were developed considering a homogeneous
media. The addition of heterogeneity, especially clay, is likely to affect the manner in which these
models are used.

Mobilization of DNAPL

Predictive models for mobilization of NAPLs in the subsurface have been used for many years by
the petroleum industry. Recently, Pennell et al. (1996) and Dawson and Roberts (1997) deveioped
models specifically for the mobilization of DNAPLs in the saturated zone. In addition, Hunt et al.
(1988a) developed a method for determining the critical blob length where mobilization will occur
in homogeneous media. These models are based on the models previously developed by petroleum
engineers for mobilization and recovery crude oil, an LNAPL.

A reduction in NAPL saturation by mobilization has been predicted for crude oil in a sandstone
aquifer using a dimensionless number called the Capillary Number, Nc. The Capillary Number is
defined as the ratio of the viscous forces to the capillary forces (Perry and Chilton, 1972), and is
given in Equation 10.

Nc = ‘aqpaq
Uaqcose
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In this equation, q,~is the darcy velocity, p,~ is the viscosity of the aqueous solution phase, u,~ is the
interracial tension between the aqueous and non-aqueous phases, and 0 is the contact angle which
is considered to be 180° for a water-wet system. Water flooding studies conducted by the petroleum
industry have determined that NAPL saturation is strongly dependent on the interracial tension
between the two fluids and the nettability of the solids with respect to the NAPL, as measured by
the contact angle (Batycky, 1981, Helm, 1986). Generally, these studies determined that water
floods can not attain Capillary Numbers large enough to greatly decrease NAPL saturation. NAPL
desaturation generally occur at values of Nc greater than 1 x 10-5. Therefore, without chemically
altering the Capillary Number, it is not feasible to mobilize NAPLs at a residual saturation.

Few studies in the petroleum industry studied the movement of DNAPLs in the subsurface due to
gravitational forces (Morrow and Songkran, 1981; Morrow et al. 1988). In these studies,
gravitational forces became more significant in movement of DNAPLs when the Capillary Number
(or effect of viscous forces) is low. The gravitational force is compared to the viscous force by using
a dimensionless number called the Bond Number. The Bond Number is the ratio of gravitational
forces to capillary forces (Perry and Chilton, 1973), and is given in Equation 11.

NB = Apgr2
a

Qq

(11)

In this equation, Ap is the difference in density between the two phases ie. (p~w~ - p~~),g is the
gravitational constant, and r is the particle radius.

In their analysis of oil entrapment in glass bead columns, Morrow et al. (1988) used this form of the
Bond Number containing the radius of packing material rather than the permeability. However,
because this form of the Bond Number is derived on a microscopic scale, and the capillary number
is derived on a macroscopic scale, Morrow et al. (1988) found it necessary to multiply the Bond
Number by 0.001412 in order to compare the two numbers. Others have been able to derive the
Bond Number on a macroscopic scale using permeability instead of using the particle radius. These
forms of the Bond Number are presented in Equation 12 (derived by Dawson and Roberts, 1997) and
Equationl 3 (derived by Pennell et al., 1996). In these equations k is permeability, ~ is the ratio of
the permeability with a NAPL residual to the original permeability, and n is porosity.

~ = Apg(kJn)
B

u
aq
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The residual saturation of NAPL will likely affect both the porosity and permeability. Because
Equation 2-13 addresses the condition of the soil after NAPL emplacement it is attractive with this
application and was chosen to be used in this work.

Apgkkm
NB =

uaqCos e
(13)

The same three forces, capillary, viscous, and gravity forces, that act on flowing DNAPL influence
the trapped DNAPL blob. Unlike the case where the DNAPL is flowing, the forces acting on a
trapped DNAPL blob keep the system in static equilibrium. This means that for every force acting
on the blob, there is an equal and opposite force.

Pennell et al. (1996) neglected viscous forces in their development of a model to describe trapping
because shear forces are not substantial compared to the other forces acting in this system. Hence
the main forces considered are the capillary forces at the pore throats and the gravitational force. The
force balance is presented in analytical terms in Equation 14. In this equation, the capillary pressures
acting at the top and bottom of the blob are fbnctions of the interracial tension between the DNAPL
and the aqueous phase.

o = ~cJ@r*2) - PCA(n rb2) - pOg(nr~2)Alsina

P CR= receding capillarypressure

Pc~ =advancingcapillarypressure

n r~2= area ofDNAPL blob normalto vectorl

PO=density oforganicorDNAPL

g =gravitationalconstant

n r~2Al =approximatedDA?4PL blob volume

a =angle between thehorizontalaxis andthedirection offlow

(14)

Using this relationship in conjunction with the force balance and Darcy’s law of flow,
PenneIl et al. (1996) developed a theoretical model for a total trapping number, NT The trapping
number is a dimensionless number that describes the potential for DNAPL mobilization in the pore.
Assumptions made while developing this model include similar advancing and receding contact
angles, and isotropic medium. Considering the cument applications of this model are mostly
laboratory columns, these assumptions appear valid. However, in an aquifer it is unlikely that no
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hystersis will occur or that the aquifer will be isotropic.

The model developed for mobilization incorporates the Capilla~ Number, Nc, and the Bond
Number, N~. The trapping number equation is given in Equation 15 using the dimensionless
Capillary and Bond Numbers. Simplifications of the trapping number made by assuming horizontal
and vertical flow are given in Equations 16 and 17.

NT = ~l?c= +2iVcN~sina +N~2 (15)

When flow is horizontal and u = O:

NT = {NC2+NB2

Then flow is vertical and a = 90°, in the direction of the buoyancy force:

Nr = NC +NBl

(16)

(17)

The capillary number, Nc, in the above equations explains the viscosity forces acting on the blob in
relation to the capillary forces. Viscous force enters into the trapping number model when Darcy’s
law is used to explain the change in pressure across the blob. Therefore, the viscous force acting on
the blob is dependent on Darcy’s flow, qW,and hence, the media permeability and the system
pressure gradient. The viscosity force describes the force on the blob due to the flowing aqueous
phase. The capillrny number is therefore an indicator of the magnitude of the force due to flow
versus the forces holding the blob in place. Essentially, the viscosity force attempts to move the blob
while the capillary force attempts to hold it in place. The bond number, N~, explains the
gravitational force on the blob in relation to the capillary force. The buoyancy force or gravitational
force is a function of the density difference between the two fluids. The gravitational force attempts
to pull the DNAPL blob vertically down while the capillary force resists and attempts to hold the
blob in place.

Pennell et al. (1996) found mobilization ofPCE inhomogenous Ottawa white sand during surfactant
flushing at values of trapping number greater than 2 X10-5. The results yielded large changes in
saturation for four groups of homogeneoussand varying in grain size. This indicates that grain size
does not appear to affect the trapping number at mobilization for sands, as long as the material is
fairly homogeneous. Both vertical and horizontal displacements were observed in their study.
Horizontal displacement studies indicated that particle size distribution affected PCE mobilization.
PCE continued to mobilize at trapping numbers greater than 2 x 10-5,however, the result of the
mobilization was different in the well-graded material. In a well-graded material, Pennell et al.
(1996) observed PCE migration on a 45° angle, where as in the well-sorted material, the PCE
migrated directly downward appearing to pool at the bottom of the column. Pemell et al. (1996)
concluded that the trapping number model developed using permeability in the Bond Number
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worked well and may be appropriate for general application aller fiuther laboratory and field-scale
studies.

Pennell et al. (1996) used three different surfactants in their flushing experiments to vary interracial
tensions. Our work considers the effect of alcohol on mobilization of PCE at a residual saturation.
The results obtained byPennelletal.(1996) are likely similar to what is expected to be observed for
alcohol since the mobilization mechanisms are similar. The only difference is the development of
micelhdar solutes. However, micellular solubilization is expected to affect dissolution more than
mobilization. Also, in their study, Pennell et al. ( 1996) minimized formation of micelles by injecting
less than 2 pore volumes of each surfactant solution into the columns.

A similar model to the Pennell et al. (1996) model is presented by Dawson and Roberts (1997).
These models for mobilization are based on the specific situation where the DNAPL residual is
present in the media as singlets. This assumption appears valid for homogeneous media, however,
studies discussed earlier indicate that heterogeneous media may contain a DNAPL residual in the
form of multi-pore blobs or ganglia. It appears that the previously presented models may not be
appropriate for predicting mobilization in heterogeneous media.

Hunt et al. (1988a) developed a model to predict the critical DNAPL length required to enter a pore
(overcome the pore entry pressure) fora continuous DNAPLphase or a multi-pore blob. The length
term is important here because DNAPL can have an appreciable pressure contribution due to head.
For example, a ganglia that is vertically oriented may have a pressure head at the bottom of the
ganglia where the trapping is occurring that is many pore lengths long. This situation is represented
in Figure 5.1. The critical blob length is dependent on the pore geometry, the DNAPL density, and
the interracial tension between the two phases. The equation for critical blob length is given in
Equation 18.

2 Oow
L=max where rt =radius ofpore throat

rt@P
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The equation for critical blob length appears to be a ratio of the capillary forces to the gravitational
forces, or the inverse of the Bond Number. However, this form of the Bond Number is slightly
different than the Bond Number presented in Morrow et al. (1988) because the radius used here is
the pore throat radius, not the particle radius. Using Equation 2-16, it is possible to determine the
maximum blob length trapped by a pore with a pore throat radius, rl. The actual length of the ganglia
trapped by the pore throat is likely to be less than the maximum length calculated with Equation 16.
However, a range and distribution of blob sizes can be determined based on the distribution of pore
throat sizes. A variety of methods can be used to determine the average pore throat radii or
distribution of pore throat radii in a porous media. The pore throat can be estimated from grain size
as 0.077 times the particle diameter assuming a rhombohedrd packing of spherical media (Berg,
1975). Using this estimation of pore throat size, Hunt et al. (1988a) determined that for
trichloroethylene (TCE) in soil, the critical length decreased an order of magnitude for an order of
magnitude increase in particle size. Therefore, it seems that knowledge of the porous media pore
size distribution could be critical to understanding and predicting mobilization.

The models developed by the petroleum industry and refined by Pennell et al. (1996) and Hunt et
al. (1988a) have been used to predict mobilization of DNAPL in porous media. By changing the
system, however, the potential for mobilization is also changed. The initial subsurface conditions
of pore topology, pore size distribution, grain size, aqueous phase and DNAPL properties, and
groundwater flow patterns create a specific trapping number that is indicative of the residual
saturation achieved in that media. To mobilize the blobs trapped by the initial subsurface system,
the system must be changed. It is possible to change the subsurface system by imposing a
groundwater gradient, hence changing the flowrate and velocity, or altering the aqueous phase and
changing the interracial tension between the two phases. These are the most common and easily
implemented methods for mobilizing trapped DNAPL.
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Figure 5.1 Multi-pore ganglia with head component of force at the interface.
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Alcohol Flushing

Alcohol flushing is considered a possible DNAPL remediation technique due to its ability to lower
interracial tension between the DNAPL and the aqueous phase (Boyd and Farley, 1990). Lowering
interracial tension between the DNAPL and aqueous phase also means a significant increase in
dissolution of the DNAPL into the surrounding aqueous phase. However, it may cause the DNAPL
to mobilize. Generally, the goal of an alcohol remediation scheme in treating a DNAPL residual is
to enhance dissolution without mobilizing the DNAPL. Mobilization of a significant portion of the
DNAPL could cause it to migrate to an undesirable or unknown location.

Understanding the magnitude of the enhanced dissolution by alcohol flushing explains why this
technology is considered important and viable for DNAPL remediation. An intetiacial tension (IFT)
of 43.5 dynes/cm between water and PCE with an aqueous phase volubility of 162 mglL, and an IFT
of 1.32 dynes/cm at a 50’%0isopropyl alcohol solution was determined. The aqueous phase volubility
of PCE in this solution must be characterized using a ternary diagram because the system has entered
the one phase flow regime. However, the volubility could be as high as 100,000 mg/L. This
represents a 97°Adecrease in interracial tension and almost a 200 fold increase in volubility. Based
on this, sites that were estimated to take 100 years to clean up by dissolution could take less than one

year to remediate using alcohol flushing. However, other factors that may limit the effectiveness of
an alcohol flush must also be considered when evaluating this technology.

A major consideration in alcohol flushing is adequate contact between the NAPL blobs and the
alcohol solution. When a NAPL blob is occupying the majority of space in a pore, only the thin
aqueous phase films along the soil grains are available for dissolution. Both equilibrium and non-
equilibnum mass transfer can occur across these films depending on the flowrate of the aqueous
phase [Powers et al., 1991; Powers et al., 1992; Hunt et al., 1988b). Flow in the films surrounding
DNAPL blobs can be significant especially considering the hydraulic gradient imposed during a
flushing scheme.

Powers et al. (1992) developed a phenomenological model for the steady state mass transfer of
contaminant from the DNAPL to the aqueous phase. Using column experiments they found that the
rate of dissolution was dependent on the distribution of entrapped NAPL and the aqueous phase
velocity. The mass transfer model was developed using the grain size and grain size distribution of
the media to estimate the distribution of the entrapped NAPL. Some laboratory-scale studies support
the local equilibrium assumption (Miller et al., 1990; Fried et al., 1979). However, other
experimental and field studies indicate that mass transfer horn the DNAPL to the aqueous phase is
anon-equilibrium process (Hunt et al., 1988b; Powers et al., 1991). Several hypotheses of the rate
limiting condition have been suggested. These hypotheses include:

1. rate limited mass transfer between the films;
2. physically-passing of the contaminated region on both macroscopic and microscopic

scales due to the low aqueous phase permeability; or,
3. non-uniform flow of the aqueous phase due to soil heterogeneities.
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Rate-limited mass transfer from the DNAPLs to the aqueous phase will decrease the effectiveness
of alcohol flushing schemes. Some of the hypotheses affecting the dissolution of a trapped DNAPL
blob may also affect the potential to mobilize the blob. By-passing of the contaminated regions of
the aquifer will prevent enhanced dissolution and mobilization.

Overall, it appears that alcohol flushing is a promising technology for NAPL remediation (Boyd and
Farley, 1990; Brandes and Farley, 1993; Irnhoff et al., 1995; Hayden and Van der Hoven, 1996).
However, mobilization of DNAPLs pose the risk of spreading contamination and reducing the
effectiveness of this technology. Understanding and characterizing this factor is necessary prior to
widespread use of alcohol flushing as a DNAPL remediation scheme.

5.3 Methods

Capillary pressure-saturation relationships were determined for at least three columns of each
sa.rdclay mixture studied. The main purpose was to characterize the pore size distribution of the
porous media in the column. The second fimction of the capillary pressure-saturation test was to
establish a residual saturation of PCE in the column media, although a complete PC-S test is not
required to establish a residual.

The methodology for the tests was based on the Tempe cell pressure-saturation test but with some
modifications, incIuding the glasskt.sinless steel columns and ceramic pressure plates on both sides.
A pressurized reservoir provided PCE to the system, and draining water was collected in a burette.
The PCE flowed into and out of the bottom of the column, while the water flowed into and out of
the top of the column. A schematic of the capilkrypress~e-saturation setup is shown in Figure 5.2.

The test was performed by applying increasing increments of air pressure to the PCE reservoir. The
air pressure was supplied at 110 psi by the building air compressor. Two pressure regulators were
used to control the pressure delivered to the column. The first regulator dropped the pressure to 10
psi, the second regulator provided variable air pressure to the PCE reservoir. The pressure applied
to the reservoir varied from Ombars to 250 mbars.

Transducer
Q!!I?w:

%

$y{

Air Pressure .

h 1...;/water
Figure 5.2 Set-up of capillary pressure-saturation
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For each pressure applied, water was allowed to drain out of the column, and then was measured in
the burette. The pore water drained from the column indicated the reduction in water saturation at
the applied capillary pressure. The saturation, S, was determined using Equation 20. This equation
is based on the pore volume of the column, PV, and the assumption that initially all the pores are
filled with water. The capillary pressure is then plotted versus the saturation to give the capilla~
pressure-saturation curve.

v-drained
s=(l- PV )*1OO (20)

In standard capiHary pressure-saturation tests, a test cell requires 12 to 24 hours to come to
equilibrium with the applied pressure. To speed up the test, some capillary pressure-saturation tests
were completed using transducers (PX 170 Series from Omega). The transducers were placed on the
water drainage line from the column to the burette, and measured the pressure observed by the pore
water. Once the majority of the pore water had drained, or the change in the volume drained from
the cohunn was less than O.I milliliter per hour, the burette was closed, and the pressure was
measured by the transducers. This pressure indicated the pressure of the pore water or PCE/water
interface at that time, which was usually slightly below the applied pressure.

The ceramic plates were used on both sides of the column to assure that all pores were subjected to
the applied pressure. Use of plates on both sides of the column has not been done by other
researchers, but it allows establishment of the better residual saturation. The ceramic plates have an
entry pressure much lower than the soil entry pressures and thus prevents breakthrough of PCE when
water is draining or breakthrough of water when the PCE is draining. The ceramic plates had a rated
entry pressure of 1 bar for air entry into water saturated plates. For entry of PCE, the entry pressure
into the plate is lower due to the difference in interracial tensions between water-PCE and water-air.
The interracial tension of PCE/water is about 60% the intefiacial tension of air/water, therefore, the
maximum pressure that could be applied to the PCE in the system was about 0.6 bars or 600 mbars.
The soils appeared to approach an irreducible water saturation at 250 mbars for all media.

The ceramic plate”used to pass PCE into and out of the column was hydrophobized using Glassclad
18manufactured by United Chemical Technologies, Inc. The Glassclad 18was applied to both sides
of each ceramic plate used for PCE. The plates were only treated once, unless water breakthrough
occurred. Before placing the plates on the columns, they were soaked in PCE for 12 to 24 hours to
wet the sufiaces. The combination of hydrophobizing and wetting the plate with PCE rendered the
plate effective for excluding water from flowing completely through the column.

Although some problems occurred, overall, the methodology used to determine capillary pressure-
saturation relationships worked well. Some columns developed leaks on the water end of the
column, leading to some overestimation of the water saturation in the column. Occasionally,
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breakthrough of the ceramic plate would occur, meaning that PCE would flow through the plate and
hence through the column. When possible, in these instances, data points up to breakthrough were
used to determine a capillary pressure-saturation relationship. The main reason for breakthrough
seemed to be inadequate wetting of the plates prior to introduction of the other fluid. Therefore,
water plates were allowed to sit on the columns, attached to a water reservoir, for twelve to twenty-
four hours prior to the introduction of PCE.

Determining Pore Size Distribution

The pore size distribution of a media can be determined using direct methods or indirect
measurement techniques. An example of a direct method is a scanning eiectron microscope where
a cross-section of the media is photographed and pores sizes are measured from the photograph.
Using data from a capillary pressure-saturation test is an indirect method of measuring pore size
distribution and was used to understand the pore size distribution of these soils. The slope of the
middle or straight-line portion of the capillary pressure-saturation curve indicates the distribution
of pores. A uniform pore size distribution has a shallow slope or horizontal line. This indicates that
the entry pressure of all the pores is the same. A well distributed population of pore sizes is
indicated by a steep or vertical line. Figure 5.3 provides a sample of a uniform and non-uniform pore
size distribution.

A pore size distribution index can be used to numerically quanti$ the pore size distribution using
capillary pressure-saturation data. Brooks and Corey (1966) developed the pore size distribution
index, A, as the negative slope of the straight line portion of the graph of the log of the capillary
pressure versus the log of saturation. As the value of the index increases, the pore size distribution
becomes more uniform. Values of 2 are typical for sands and media with non-uniform pore sizes
can have values of Aas low as 0.5. This index was calculated for alI capillary pressure-saturation
tests completed in this study.
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Figure 5.3 PC-Scurves for (a) broad pore size distribution and (b) narrow pore
size distribution.
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Establishing a Residual

A discontinuous, residual PCE saturation was established in all of the columns as a result of the
capillary pressure-saturation tests. The goal of all the tests was to apply PCE to the column at a
pressure of 250 mbars. This was not always achieved because the seals on either side of the PCE
plate leaked. If the leak was sufficient, no PCE would enter the column. Leaks usually developed
three to five days into the test at the higher pressures. All tests achieved a pressure of at least 100
mbars. After completely draining at a pressure of 250 mbars, the pressure on the PCE reservoir was
removed and the PCE was allowed to drain while water imbibed into the column. The PCE drained
for 1 to 2 days until no more water entered the column. The remaining PCE was assumed to exist
as discontinuous blobs in the media. At this point the plates were removed and screens were placed
back on the ends of the columns. Water was flushed downward through the soil column to assure
that the PCE was discontinuous and trapped. A second hydraulic conductivity test was then
performed and the column was flushed with an alcohol solution.

Due to small but significant leaks and losses, the residual saturation of the columns could not be
determined using either the volume of water that entered and exited the column, or the volume of
PCE that entered and exited the column. The water volumes were not accurate because it appeared
that even though the hydrophobicized plate prevented water breakthrough, they may have absorbed
some water. Therefore, it appeared that more water entered the cohurm during imbibition than
exited the column during drainage. The PCE volumes could not be used because the seals at the
hydrophobicized plate inevitably leaked slightly and prevented accurate measurement of the PCE
entering the column. It is important to note that even small errors in the volumetric amounts of water
or PCE entering/exiting the column could lead to high percent errors. An error of 1milliliter in PCE
in the column could translatetoa330/0 error in the residual saturation. The volumetric methods work
better on large columns where small errors in volume measurement do not translate to large errors
in estimation of residual saturation.

Because the residual saturation could not be determined using the volumes, it was determined by
quantification of the column effluent during alcohol flushing. IrI the two-phase region of flow, it
seemed reasonable to assume that the effluent contained a saturated PCE concentration. According
to the ternary diagram for PCE, water and isopropyl alcohol, given in Figure 3-, one phase flow can
occur at approximately 45*AIPA. The ternary diagram describes the state of a one-phase or two-
phase solution containing isopropyl alcohol, PCE and water. The area above the curved line in the
diagarm represents the area of a one phase solution. Therefore, for alcohol flushing solutions of 40
to 100 percent gas chromatography (GC) analysis was required to determine the concentration of
PCE in the effluent. The GC samples were analyzed using a Hewlett Packard Model 19395
headspace sampler and Hewlett Packard Model 5890 Series II Gas Chromatography with flame
ionization detector.

The residual saturation of each column was estimated based on a combination of volubility data,
concentration data, and the volume flushed through the column. The values of PCE volubility in
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various solutions of isopropyl alcohol presented in Chapter 3 (Figure 3.4) were used.

Alcohol Flush

The flow rate used in the alcohol flushing experiments was 10 cm~ku-.Lnthe columns, this flowrate
translated to a linear velocity of 1.146 fl/day. This exceeds the reported veIocity of 0.225 IVday in
the M-area of the Savannah River Site by a factor of five (Looney et al., 1992), however, an
increased flowrate and hence linear velocity would be anticipated in the field due to the induced
gradient created during flushing between wells.

After determining permeability by flushing water up through the column, the trapping number for
the column was determined based on the pmrneabilities and percent alcohol to be used. An
appropriate alcohol solution was chosen so that no mobilization would occur (N#2 x 10-5). This
alcohol solution was usually 30 percent isopropyl alcohol by volume. To begin the alcohol flush,
at least three pore volumes of water were flushed down the column, in the direction of gravity, using
a Harvard Apparatus syringe pump set at 10 cm3/hour. This initial water flush insured that the PCE
saturation was trapped at the viscosity forces imposed by the 10 cm3/hour flowrate. Then a syringe
containing the isopropyl alcohol solution to be used, based on the trapping number, was placed in
the pump and connected to the column. At least three pore volumes of the alcohol mixture passed
through the column at 10cm3/hour. If anymobi,lization occurred, the volume of mobilized PCE was
measured for that alcohol treatment. Column e~ffluentwas collected in 100ml vials. The mobilized
PCE blobs were extracted from the vials and measured using a 100 microliter syringe.

After mobilization of PCE for that alcohol treatment ceased, or at least three pore volumes were
pumped through with no mobilization evident, de-aired, distilled water was re-introduced to the
column for at least three pore volumes before the next alcohol treatment. This ensured that no
interaction between the tail of the previous treatment and the front of the current treatment interfered
with mobilization observations. The amount of dispersion along the front through the 4 cm column
was considered to be very low based on other studies conducted using similar soils and the same
flowrates (Farrell, 1998). The next alcohol treatment used was usually 10%greater than the previous
flush. This increase in percent alcohol continued until appreciable mobilization had occurred in the
column. Each flush was completed with approximately three pore volumes of 100’%isopropyl
alcohol to completely clean out the cokmm. This final effluent was sampled as were all other
effluents at 40% or greater alcohol concentration to determine the amount of PCE originall y in the
column.

5.3 Results and Discussion

Capillary Pressure-Saturation Relationships

Capillary pressure-saturation relationships were determined for the majority of the columns. The
data obtained from the tests were plotted and are shown in Figures 5.4-5.8 for each soil mixture used.
A fitted line based on the model developed by van Genuchtan (1980) is also provided in these graphs
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. The data are easily modeled using this well-established technique, and are considered to provide
reasonable information about the capillary pressure-saturation relationships of these soils.

Problems occurring at the end of some of the tests contributed to emors in determining the
irreducible water saturation, Elras shown in Figures 5.4, 5.5 and 5.6. Leaks on the drainage side of
the experiment caused water to escape the system instead of being measured as part of the saturation.
Many of these leaks occurred in the early experiments and were due to failure of previously used o-
rings. When the source of the problems was determined, new o-rings were used for each capillary
pressure-saturation test. However, the important part of thecapilkwypressure-saturation relationship
for determining the pore size distribution index is the straight-line portion of the curve. Therefore,
the errors at the high capillary pressure were not as much of a concern, if the data still provided
information about the pore size distribution.
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Figure 5.4 Capillary pressure-saturation relationships (PCE-water) for columns containing
Ottowa white sand.
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89



50

0

0
C5-2

0
C5-3

V.G. Model

o 20 40 60 80 100

Figure 5.6

Saturation(%)

Capillary pressure-saturation relationships (PCE-water) for the columns
containing 5% clay-sand mixture and 5’%0fine sand-sand mixture (F5-1).

250

150

100

50

0

Figure 5.7

0 20 40 60 80 100
Saturation(%)

m

Clo-1

A
c10-2

0
c1o-3

v
CIO-4

V.G. Model

Capillary pressure-saturation relationships (PCE-water) for the columns
containing 10°/0clay-sand mixture.

90



Note that columns C20a-1 and C20a-2 shown in Figure 5.8 are packed differently, and hence, yield
a different PC-S relationship. It is also interesting to note that the entry pressure of the soils was
generally similar regardless of clay content. This indicates that some pores are not changed by the
presence of clay, or that the clay is not evenly distributed throughout the media. However, it does
appear that the presence of the clay increases the irreducible water saturation of the media, increasing
from about 10% in the O%material to about 40’?40in the 20% clay material. One possible explanation
for this is the thicker water films that develop as a result of the clay in the pores. Another
explanation is that colloidal clay particles may move and clump in pore throats increasing the
capillary pressure and making drainage of pores more difficult. Clay is also highly hydrophilic, even
kaolinite clay, which may increase the adsorptionketention of water.

The capilla~pressure-saturation curves also indicate that the pore size distributions vary for the soil
mixtures. The pore size distribution is determined based on the slope of the straight-line portion of
the curve. -

Pore Size Distribution

The pore size distribution index, k, developed by Brooks and Corey (1966) was determined for each
capillary pressure-saturation relationship. The index is defined as the negative slope of the straight
line portion of the log capillarypressure versus saturation curve. Values of the pore size distribution
index are presented in Table 5.1. Typically materials with a homogeneouspore size distribution have
a Avalue of 2.0, while more heterogeneouspore size distributions have Avalues closer to 0.5 (Corey,
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Figure 5.8 Capillary pressure-saturation relationships (PCE-water) for the columns
containing 20°Aclay-sand mixture.
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1994).

I Table 5.1 Pore Size DistributionIndex

column Media PoreSizeDistributionIndex

I co-1 ! whitesand ! 1.97

I CO-2 ] whitesand I 1.91

I CO-3 ] whitesand I ND

1.73

I C2-2 I 2%clay I 3.1

I C2-3 I 2%clay I ND

I C5-2 !
5% clay

!
0.94

I C5-3 I 5% clay 1 1.50

j Clo-1 I lo%clay I ND
■

I C1O-2 I 10%clay I 0.6

I CIO-3 I 10%clay I 0.61

C1O-4 10’%0clay 0.55

C20-1 20V0clay 0.5

C20a-2 20?40clay 0,43

C20a-3 20’%0clay 0.73

I F5-1 I 5%fmesand I 1.06
ND-NotDetermined

The pore size distribution of the media changed with the clayhnd mixture. As the clay content in
the medium increased, the variety pore sizes also increased. This was the expected result based on
the earlier discussion of the clay distribution and its effect on the soil pore structure. It is likely that
the clay coats the sand grains and decreases the size of some pores. This leads to an increased pore
size distribution and hence lower value of A Figure 5.9 provides a graph showing the relationship
between I values and the percent clay. The data here generally behave as expected with decreasing
values of A as the percent clay increased. Some scatter is likely due to the small number of points
available to determine 1. Using only a few points, 3-5 in this case, causes a higher likelihood of
enor in determining A

After fitting the capillary pressure-saturation data with the van Genuchtan model, the line generated
from the model was used to determine a value of Afor each media tested. In Figure 5.10, these five
values of Awere plotted against percent clay. These data are also indicative of the expected trend

92

.
—



that as the percent clay increases, the value of Adecreases.
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Figure 5.9 Effect of percent clay on the experimentally determined pore size
distribution index.

The actual pore throat sizes can be estimated for each percent clay fi-omthe specific pressure values
associated with saturation. Based on the sizes of the pore throats, blob sizes of trapped PCE can also
be estimated. This will be fiwther discussed in the next section.
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Figure 5.10 Effect of percent clay on the pore size distribution as determined by
the van Genuchten model.

Properties of Media With PCE Residual

A PCE residual was established in the columns as a result of the capillary pressure-saturation tests.
The presence, size, and shape of trapped PCE in the pores considerably affects hydraulic
conductivity of the aqueous phase through the soi~. In addition, the size and shape of the blobs will
affect viscosity forces on the blob and the contact between the PCE phase and aqueous phase
possibly limiting mobilization of the blob or the effectiveness of an alcohol flush. Characterization
of the residual saturation, including size and shape of the trapped PCE blobs is, therefore, critical
when considering hydraulic conductivity, mobilization, and the effectiveness of alcohol flushing.

Table 5.2 provides the residual saturation values determined for each column. These results are
based on the assumption of equilibrium dissolution for the two-phase flow region and GC analysis
of column effluent during alcohol flushing in the one-phase flow region.

I Table 5.2 Residual Saturation

I column I Media I ResidualSaturation

I co-1 I whitesand I 17.88
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Table 5.2 ResiduaI Saturation

1column Media I ResidualSaturation

I co-2 I 15.90
B I

I co-3 ! whitesand ! 13.43
I

I C2-1 ! 2’%0clay ! 14.29
I

I C2-2 ! 2!Z0clay [ 5.28
I

I C2-3 I 2V0clay I 28.91
I

I C5-1 I 5V0clay 1 43.75
I

I C5-2 I 570clay ! 24.70
I

I C5-3 [ 5%clay I 37.51 I
Clo-1 10%Ciay 40.46

c 10-2 10’?40clay 20.91

C1O-3 10VOclay 30.85

C1O-4 10’XOclay 43.90

C20-I 20%clay 44.62

C20a-2 20% clay 28.76

C20a-3 20%clay 33.73

F5-1 I 5%fmesand I 15.33 1

Figure 5.11 provides information about the affect of the amount of clay on the residual PCE
saturation. It seems that as the amount of clay in the media increases, the residual PCE saturation
also increases. Mace and Wilson (1992) also observed this in their studies of 3°/0montmorillonite
clay in a Selvitta sand. They noted an increase in the residual saturation of the organic liquid,
Soltrol, from 16.9% in 0% clay Selvitta Sand to 30.3?40in 3?40clay in Selvitta Sand. Based on their
results, Mace and Wilson (1992) postulated that clay particles detach from the sand surface and
adhere to the NAPL-water interface. The colloidal clay particles then travel along this interface with
the moving liquids and become compressed into pore throats. This causes an increase in capillary
pressure and hence an increase in bypassing (Mace and Wilson, 1992). An increase in the incidence
of by-passing may also affect the blob sizes and shapes formed in the media. More multi-pore
ganglia could affect the potential to mobilize the blobs. This will be discussed fh-ther when
mobilization of blobs is considered.

When viewing the graph ofresidual saturation versus percent clay provided in Figure 5.11, it appears
that each of the clay mixtures has a wide range of residual saturations. This could be due to errors
during experimentation. However, this large variation was not observed for the O% clay columns.
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It seems feasible that the clay in the media is reacting or interacting with the PCE NAPL causing a
large variation in residual saturation. Based on work completed by Wan and Wilson (1992) and
Mace and Wilson (1992), it seems plausible that interactions between the clay and NAPL could
affect NAPL behavior and, hence, the residual saturation and the distribution, ie. size and shape, of
the residual PCE established in the column.

50

a.*

o

o 5 10 15 20
Percent Clay

Figure 5.11 Residual saturation of PCE in the soil as a finction of percent clay.

The size of PCE blobs is considered to affect mobilization according to work completed by Hunt et
al. (1988a). In addition, the shape of the PCE blob could alter the affect of viscosity forces on the
blob. To find correlationbetween blob size and shape, and mobilization, there must be some method
of characterizing blob size and shape. Blob size and shape can be infmed by grain size and pore
size distribution. Direct methods of measuring blob size and shape were too involved and too costly
for this project.

The capillary pressure-saturation tests provided values of pore sizes by calculating a pore throat
radius assuming the cross-section of the pore throat was circular. PCE blob size was calculated
using the critical trapping length developed by Hunt et al. (1988a). In their study, Hunt et al. (1988a)
determined a critical length which describes the maximum length of the trapped blobs. Therefore,
for a specific capillary pressure, a maximum length of blob can exist. The saturation that coincides
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with that capillary pressure is an indicator of the number of pores that can contain blobs of that
critical length. The actual number of blobs of that length is lower, and can be estimated based on
the residual saturation. This method of attempting to quantifi blob sizes is admittedly crude, but
does provide some characterization of the PCE blobs in the columns. Figures 5.12 through 5.15
provide graphs of pore throat size distribution and blob size distribution for each of the percent clay
mixtures.

These estimations of blob size and pore size are based on the interracial tension of PCE and water.
Wan and Wilson (1992) suggest that clay particles adhered to the interface of NAPL blobs may
affect the interracial properties of the NAPL. If this is the case in these columns, the above analysis
of pore size and blob size maybe invaiid. However, it is unclear whether these interactions are
actually occurring. Further analysis is required to determine if any appreciable change in interracial
tension occurs as a result of clay particles adhering to the interface of NAPL and water.
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Figure 5.12 Pore throat radius and blob size distributions for 2% clay.
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Figure 5.13 Pore throat radius and blob size distributions for 5% clay.
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Figure 5.14 Pore throat radius and blob size distribution for 10VOclay.
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Figure 5.15 Pore throat radius and blob size distributions for 20?40clay.

Another method of determining pore sizes and hence blob sizes is to use grain size analysis data.
Berg (1975) determined that the distribution of pore throat radii can be estimated as 0.077 times the
particle diameter, assuming a rhombohedral packing of spherical media. Using this information,
along with the grain size analysis completed for the soils used in this study, the pore throat radii can
be estimated along with the resulting blob sizes. It appears that Berg’s method underestimates the
pore sizes, or that the capikypressure-saturation data overestimates the pore sizes. Because Berg’s
method is an idealized model based on spherical grains and a rhombohedral packing is likely less
indicative of this soil than the experimentally determined pore sizes based on the capillary pressure-
saturation relationship.

As previously stated, the size and shape of PCE blobs will affect the hydraulic conductivity of the
soil. Therefore, hydraulic conductivity tests were conducted after PCE emplacement, KPC-. These
tests determined that the hydraulic conductivity changed in most of the columns. The results are
presented in Table 5.4, along with K values for the clean soil and the relative ratio of Kw~ to K.
Statistical analysis (non-parametric Wilcoxon rank test) showed that for the white sand alone, or O%
clay, the hydraulic conductivities before and after PCE emplacement were equal. We know that is
not true theoretically, but the limitations or errors present in the experiment were greater than the
diffience in hydraulic conductivities, The otherclay/white sand mixtures behaved as expected, with
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a lower hydraulic conductivity in the column when a PCE residual saturation was present. As
percent clay increased, both K and KPc~decreased. The difference in K values in the presence of a
residual PCE between different media seems to decrease with increasing clay content.

Table 5.4 Results of Hydraulic Conductivity Tests

column Media Hydraulic Hydraulic KPc#
Conductivity Conductivity

(cm/s) wIPCE
(cm/s)

co-1 whitesand 1.61x.10-2 5.53x 103 0.343

co-2 whitesand 1.46X10-2 1.21x 102 0.824

. co-3 whitesand 1.46X10-2 1.32X10-2 0.903

C2-1 270clay 1.32x 102 7.23X10-3 0.547

C2-2 2%clay 1.69X102 9.60X103 0.567

C2-3 2’%0 clay 1.14x.10-2 3.50X103 0.306

C5-1 5%clay 1.29x.10-2 1.19X103 0.092

C5-2 5%clay 9.38X10-3 3.23X10-3 0.344

C5-3 5%clay 8.32x 10-3 3.42X10-3 0.412

Clo-1 10%clay 9.13x.10-3 2.25X104 0.025

C1O-2 10%clay 7.19x 10-3 2.31X10-3 0.322

C1O-3 1O%clay 4.50x 10-3 1.42X 10-3 0.315

“Clo+ 10%clay 7.42x.10-3 1.07x 10-3 0.144

C20-1 20%clay 8.09X104 4.15x 10-5 0.051

C20a-2 20%clay 5.87X10-3 1.05x 10-3 0.178

C20a-3 20%clay 5.45x.10-3 7.51x 104 0.138

F5-1 5’%. fmesand 1.43x.10-2 3.13x 10-3 0.218

Figure 5.16 provides a graphical representation of this phenomena. Figure 5.16 also indicates that
the difference in Kvalues before and afterPCE emplacement within each media increases as the clay
content increases. Meaning that as the clay content increases, the change in K with the introduction
of PCE into the column increases.
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Figure 5.16 Effect of clay content on the relative permeability of the soil with a PCE
residual.

Mobilization

Mobilization of the residual PCE was achieved in all of the columns by flushing with alcohol
solutions of varying concentrations. The alcohol concentration where significant mobilization was
noted was used to determine the trapping number at mobilization. Significant mobilization indicates
that more than a few microliters of PCE NAPL were observed in the effluent. Occasionally, a few
rnicroliters of NAPL located somewhere other than the soil, such as on the screen or port, would
mobilize. Little to none of this “excess” PCE NAPL is considered to have come from the soil due
to the effective residual saturation established by using two ceramic plates during PCE imbibition
and drainage. By considering the trapping number, the results observed fi-omthese experiments can
be compared to previous work. Deviations noted in these results are explained by the structure of
the soil and the presence of the clay.
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Trapping Number

Mobilization wasnotedforawide vtietyoftrapping numbers. This factcounters earlierhopes that
one trapping number value may be used to characterize the potential for mobilization of a residual
PCE saturation. Aquifer material is often heterogeneous, and most work completed on mobilization
of DNAPLs to date deals with homogeneous material (Pennell et al., 1996, Dawson and Roberts,
1997). In this study, the degree of heterogeneity was shown to affect mobilization in media
containing a clayhmd mixture. Figure 5.17 provides a graph depicting the trapping number at
mobilization for mixtures of O,2, 5, 10, and 20 percent clay in homogeneouswhite sand. Note that
as the percent clay increases, the change in trapping number for mobilization decreases or appears
to approach some minimal trapping number. Therefore, designing a remediation scheme where the
trapping number does not exceed this “safe” trapping number is appealing. However at this low
trapping number, generally the interracial tension is similar to that of water and PCE so the alcohol
flushing scheme may not provide adequate remediation incentive. Meaning that the dissolution may
not increase significantly at an interracial tension where mobilization will not occur. Therefore, it
appears that site specific information is necessary to achieve optimal remediation without promoting
mobilization. Because of this fact, a new model accounting for heterogeneity and other soil
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Figure 5.17 Mobilization as a iimction of percent clay.

properties seems necessary to predict mobilization. The dashed lines below the data points indicate
the highest trapping number measured where mobilization did not occur. Therefore, mobilization
could have occurred at any alcohol concentration between the one that resulted in the dash and the
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one that resulted in mobilization.

Based on the necessity to fi,uther characterize mobilization, trapping number was plotted against a
variety of soil properties. The soil properties used were hydraulic conductivity, and hence
permeability, both before and afler PCE emplacement, residual PCE saturation, and pore size
distribution.

The hydraulic conductivity of the media with a PCE residual appeared to impact the trapping number
at which mobilization would occur. HydrauIic conductivities before and after PCE emplacement are
used to determine the trapping number, hence trapping number is dependant on soil permeability and
residual saturation. As the hydraulic conductivity of the media with a PCE residual decreases, the
likelihood for mobilization increases, or the trapping number at mobilization decreases. This is
illustrated in Figure 5.18. These data appear to be fairly linear and a regression analysis of the data
provided a correlation coefficient of 0.95.

Pennell et al. (1996) reported permeability values for one of the homogeneous sands used in their
study, 100-120 mesh (O.125 mm -0.149 mm) Ottawa sand. These permeability values result in
hydraulic conductivities with PCE residual of 0.00194 cm/s. Using this value, one would predict
mobilization at approximately 1 x 10-5. However, Pennell et al. (1996) reported mobilization
occurring at a trapping number closer to 2 x 10-5. This discrepancy could be due to a variety of
factors. The most likely reasons include colloidal interactions of the clay particles in the media used,
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Figure 5.18 Mobilization as a function .of the hydraulic conductivity with a PCE residual.
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differences in using surfactants as opposed to iso-propyl alcohol, or the method of establishing a
residual. Comparing the results reported in Pennell et al. (1996) based on the change in
permeability, or relative permeability appeared to provide abetter correlation.

The relationship between the change in hydraulic conductivity, or relative K, and mobilization is
shown in Figure 5.19. The relationship appears fairly linear below a relative K of approximately 0.5
or 500A. A regression analysis of this data was performed and the obtained correlation coefficient
was 0.75 indicating a linear relationship may exist. Above a relative K of 0.5, the value of the
trapping number at mobilization is approximately 3.0x 10-5to 4.0 x 10-5. By plotting the trapping
number on a log scale, a slightly better correlation coefficient of 0.80 is obtained for data points
below a KPc~/Kratio of 0.50. A graph of this is provided in Figure 5.20.

The data reported by Pennell et al. (1996) fit nicely on Figures 5.19. This is understandable, because
the relative permeability is less dependant on soil type than using only a hydraulic conductivity
value. Pennell et al. (1996) reported a relative permeability for 100-120 mesh Ottawa white sand
of 0.37. With this value of relative permeability and Figure 5.19, the trapping number where
mobilization would be expected is just below 2 x 10-5. This correlates with the reported findings.
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Figure 5.19 Mobilization as a fi.mction of relative permeability.
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Considering Figures 5.19 and 5.20 it seems that a larger difference in hydraulic conductivities before
and after PCE contamination is indicative of a greater potential for mobilization. However, without
knowledge of the hydraulic conductivity prior to contamination, Figures 5.19 and 5.20 may not
provide applicable information, therefore, when applying to a specific site Figure 5.18 relating
hydraulic conductivity and onset of mobilization maybe more usefi.d. The hydraulic conductivity
data appear to provide information that can easily be modeled using a linear fit model. This indicates
that the hydraulic conductivity may provide adequate information to determine the likelihood for
mobilization in these soils. However, other parameters may provide a more accurate predication of
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Figure 5.20 Log of the trapping number as a ti.mction of relative permeability.

mobilization in these soils.

Figure 5.21 shows that the residual saturation of PCE in the soil column negatively correlates with
the trapping number at mobilization. In other words, as the residual saturation increases, the trapping
number at mobilization decreases or the potential for mobilization increases. It can be surmised that
this result is due to the soil mixture. Soil mixtures containing a higher percent of clay are more
heterogenous, and hence may contain more multi-pore ganglia PCE blobs. Hunt et al. (1988b)
showed that these blobs are easier to mobilize in a one dimensional column flush than singlets due
to the added head component of the PCE ganglia.

105



6.OE-05

= 5.OE-05
“EaN.-
“=4.OE-05
z

~ 3.OE-05
s
z
& 2.OE-05
a
n.

; 1.OE-05

O.OE+OO

o 10 :20 30 40 50
Residual Saturation (%)

m 0?’0 ~ 2% - 5% A 101%X 20% = F5-1

Figure 5.21 Effect of residual saturation on mobilization of PCE.
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At the higher values of residual saturation, it appears that the data indicate a linear relationship
between residual saturation and the trapping number mobilization. At lower values of trapping
number, it appears that a range of trapping numbers may suffice to predict mobilization. As seen
before when comparing hydraulic conductivity data and mobilization, the range is 3.0x 10-5to 4.0
x 10-5. It appears that some of the 5°/0clay columns maybe outliers if a linear relationship in fact
exists. Errors in determining residual saturation may account for scatter observed here, or again, clay
interactions may make it difficult to establish similar residual saturations in columns containing the
same media. The residual saturations reported in the work completed by Pennell et al. ( 1996) ranged
from 10% to 24%. From Figure 5.21, mobilization would be expected at trapping numbers of 1.5
x 10-5to 3.5 x 10-5. Again, this comelates fairly nicely with the values of trapping number where
mobilization was noted by Pennell et al. (1996).

Effect of Clay on Mobilization

The actual length of the blob ganglia were estimated for this study born pressure saturation data.
Based on these data, the higher percent clay mixtures contained longer blobs. Considering a head
component when predicting mobilization, it seems a slight change in interracial tension would be
more likely to mobilize these longer blobs. This situation is not accounted for in current predictive
models.

Current mobilization models consider a homogeneous media therefore, the models are based on
mobilization of a singlet. The potential presence of multi-pore ganglia would, therefore, require a
new model. However, by applying the trapping number model, the effect of the ganglia on
mobilization can be examined. As previously discussed, one method of characterizing blob sizes
is to use pore size distribution. Therefore, the trapping number at mobilization was plotted against
the pore size distribution index in Figure 5.22. Although an overall trend of decreased mobilization
was noted with a decrease in pore size distribution, the data appear too scattered to develop any type
of predictive model. The general trend noted here was expected considering that a more
homogeneous or decreased pore size distribution (higher Avalue) is less likely to have multi-pore
ganglia and more likely to have singlets. Another possible explanation for the scatter is the clay
interaction. If clay particles move during the PCE imbibition and drainage, the pore size distribution
values determined by the capillary pressure-saturation curve may not be indicative of the final pore
structure of the media. Another possibility is that the capillary pressure-saturation relationship is
indicative of the pore structure but as Wan and Wilson (1992) postulated more by-passing can occur
in the presence of colloidal clay particles. So, the potential for mobilization due more multi-pore
ganglia may increase regardless of the pore structure. Also, as previously mentioned, the potential
for clay particles to affect the interracial tension between the two phases could affect mobilization
results.

Tnthe interest of understanding whether the results seen here are due to clay chemistry and structure,
or just due to the particle size, a So/Ofine sand column was analyzed. The results of this column have
been presented with the clay mixture columns. It appears that this column reacted fairly consistently
with the clay mixture columns. Some variation did exist in places, however, it is difficult to
conclude whether variation was due to the presence of sand or experimental error. However, it is
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clear that the 5% fine sand column did not react similarly to the O’%0clay column, indicating that
particle size, and perhaps colloids, can at least partially explain the phenomena noted in these
experiments. This stands to reason considering that the clay used was kaolinite, which tends to be
less chemically reactive than other clays. A montmorillonite clay, which is highly reactive, may
cause very different results than the kaolinite clay. A study using montmorillonite clay would be
interesting and would provide a basis for comparison of clay reactivity and structure on the behavior
of PCE in clay containing porous media. Green et al. (1983) found that dissolved chlorinated
compounds in landfill leachate caused collapse of the clay interlayer precipitating cracking of clay
liners. If this similar type of phenomena occurs in naturally-occurnng montmorillonite clays,
movement of contaminants may be governed by cracks in the clay as in fractured flow through
bedrock.

5.4 Summary

The main objective of this portion of the research was to determine the effect of the SRS clay on
mobilization of PCE at a residual saturation while flushing with an isopropyl alcohol solution.
Based on the results of the experiments, it is evident that the presence of clay does affect
mobilization. Using the trapping number to quanti@ the potential for mobilization, it was noted that
the potential to mobilize increased with increasing clay content. This means that for the SRS site,
where these clays are found, alcohol flushing may pose a greater risk of mobilization of residual PCE
than in homogeneoussand aquifers. However, t..e soils studied here contained 20V0clay or less; the
SRS site soils may contain considerably higher amounts of clay.

Mobilization of residual PCE in clay-containing soils was due to the change in interracial tension
during alcohol flushing. It is unclear why a positive correlation exists between the potential to
mobilize and the amount of clay, however, it could be due to either one or both of the following
reasons:

1) the presence of clay causes a more heterogeneous pore structure leading to more multi-pore
ganglia and, hence, a head component that would aid mobilization in the vertical direction; or,
2) colloidal clay particles adhere to the PCE-water interface and alter the interracial properties
causing mobilization to occur more readily.

The first reason.was examined by determining the effect of percent clay on the pore size distribution.
It appears that soils containing higher amounts of clay contained a broad range of pore sizes. As
previously discussed, this causes more by-passing than in a media with a narrow pore size
distribution. It also, therefore, causes the formation of multi-pore ganglia. A narrow pore size
distribution favors formation of small blobs, such as singlets or doublets. The clay affect other soil
properties, such as permeability, however, the affect on the pore size distribution seemed most
interesting fkom the perspective of mobilization of a PCE residual.

Another interesting relationship was shown between the amount of clay in the media and the residual
saturation established in that media. It appeared that as the percent of clay in the media increased,
the residual saturation increased. However, the data indicated a much greater variability in the
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residual of the clay containing columns than in the residual of the white sand only column. This
could be due to clay interactions at the PCE-water intex%ace. Additional experiments would be
necessary to determine if a difference in variability really exists between the columns that contain
clay and those that do not contain clay.

Another objective of this research was to address development of a model to predict mobilization
of a PCE residual in a media containing SRS clay. Based on the data obtained it seems that one of
the current predictive models, the trapping number, can be used with a modification in interpretation.
To date, a trapping number of 2 x 10-Shas been used to indicate mobilization in homogeneous soils.
Using a media containing less than 20% SRS clay along the hydraulic conductivity of the soil with
the PCE residual, a trapping number where mobilization will occur can be predicted. Prediction of
the trapping number at mobilization then provides the critical interracial tension where mobilization
will likely occur. From this information a remediation scheme can be designed so that the interracial
tension of the system is maintaing above the critical interracial tension.

This research indicated that the presence of SRS clay in the media increased the likelihood for
mobilization of residual PCE. It is hypothesized that the pore size distribution of the clay-containing
media favored formation of multi-pore blobs that mobilize at higher interracial tensions than singlets
due to the head component. Additionally, interactions of the clay at the interface of the PCE and
water may have caused or enhanced mobilization in these soils.

5.5 References

Adamson, A.W. 1990. Physical Chemistry of Surfaces. Wiley, Inc. New York.

Berg, R.R. 1975. Capillary pressures in stratigraphic traps. American Association
Geology Bulletin. v. 59, pp. 939-956.

of Petroleum

Brandes, D., and K.J. Farley. 1993. Importance of phase behavior on the removal of residual
DNAPLs from porous media by alcohol flooding. Water Environment Research. v. 65,
no. 7, pp. 869-878.

Boyd, G.R., and K.J. Farley. 1990 Factors influencing nonaqueous phase liquid removal from
groundwater by the alcohol flooding technique. Summary Report:Concepts in
Manipulation of Groundwater Colloid for Environmental Resonation. Manteo, North
Carolina.

Brooks, R.H., and A.T. Corey. 1966. Properties of porous meida affecting fluid flow. Journal of
Irrigation and Drainage Division, Proceedings ASCE., v. 92, Ill 2, pp. 61-88.

Chatzis, 1.,N.R. Morrow, and H.T. Lim. 1983. Magnitude and detailed structure of residual oil
saturation. SPE Journal. v. 23, no. 2, pp. 311-325.

Corey, A.T. 1994. Mechanics of Immiscible Fluids in Porous Media. Water Resources
Publications. Colorado.

Dawson, H. E., and P.V. Roberts. 1997. Influence of viscous, gravitational, and capillary forces
on DNAPL saturation. Ground Water. v. 35, no.2,pp.261 -269.

Freeze, R.A., and D.B. McWhorter. 1997. A Framework for Assessing Risk Reduction Due to
DNAPL Mass Removal from Low-Permeability Soils. Ground Water. v. 35, no. 1, pp.

109



111-123.
Fried, J.J., P. Muntzer, and L. Zilliox. 1979. Ground-water pollution by transfer of oil

hydrocarbons. Ground Water. v. 17, no. 6, pp. 1921-1925.
Green, W.J., G.F. Lee, R.A. Jones, and T. Palit. 1983. Interaction of clay soils with water and

organic solvents: implications for the disposal of hazardous wastes. Environmental
Science and Technology. v. 17, pp. 278-282.

Hayden, N.J, and E.J. Van der Hoven. 1996. .Alcohol flushing for enhanced removal of coal tar
from contaminated soils. Water Environment Research. v. 69, no. 7, pp.] 165-1171.

Hayden, N.J. 1997. Monthly Report to Department of Energy. Project no.??
Hunt, J.R., N. Sitar, K.S. Udell. 1988a. Nonaqueous Phase Liquid Transport and Cleanup 1.

Analysis of Mechanisms. Water Resources Research. v. 24, no. 8, pp. 1247-1258.
Hunt, J.R., N. Sitar, K.S. Udell. 1988b. Nonaqueous Phase Liquid Transport and Cleanup 1.

Experimental Studies. Water Resources Research. v. 24, no. 8, pp. 1259-1269.
Imhoff, P.T., S.N. Gleyzer, J. F. McBride, L.A. Vancho, I. Okuda, and C.T. Miller. 1995.

Cosolvent-enhanced remediation of residual dense nonaqueous phase liquids:
experimental investigation. Environmental Science and Technology. v. 29, no. 8,
pp. 1966-1976.

Looney, B.B., J. Rossabi, and D.M. Tuck. 1992. Assessing DNAPL Contamination, A/M-Area,
Savannah River Site: Phase I Results. Westinghouse Savannah River Company. Aiken,
South Carolina.

Mackay, D.M., and J.A. Cherry. 1989. Groun.dwater contamination: pump and treat remediation.
Environmental Science and Technology. v. 23, no. 6, pp. 2017-2029.

Miller, C.T., M.M. Poirier-McNeill, and A.S. Mayer. 1990. Dissolution of trapped nonaqueous
phase liquids: mass transfer characteristics. Water Resources Research. v. 26, no. 11, pp.
2783-2796.

Morrow, N.R., I. Chatzis, and J.J. Taber. 1988. Entrapment and mobilization of residual oil in
bead packs. SPE Reservoir Engineering, Society of Petroleum Engineers. August. pp.
927-934.

Morrow, N.R., and B. Songkran. 1981. Effect of vkcous and buoyancy forces on nonwetting
phase trapping k porous media. In: Surfactant Phenomena in Enhanced Oil Recovery.
Plenum Press. New York. pp. 387-411.

Pennell, K.D., G.A. Pope, and L.M. Abriola. 1996. Influence of vkocous and bouyancy forces
on the mobilization of residual tetracldoroethylene during surfactant flushing.
Environmental Science and Technology. v. 30, no. 4, pp. 1328-1335.

Perry, P.H. and C.H. Chilton. 1973. Chemical Engineer’s Handbook. McGraw-Hill.
Powers, S.E., L.M. Abriola, and W.J, Weber. 1992. An experimental investigation of

nonaqueous phase liquid dissolution in saturation substiace system: steady state mass
transfer rates. Water Resources Research. v. 28, no. 10, pp. 2691-2705.

Powers, S.E., C.O. Loureko, L.M. Abriola, and W.J. Weber. 1991. Theoretical study of the
significance of nonequilibrium dissolution of nonaqueous phase liquids in subsurface
systems. Water Resources Research. v. 27, no. 4, pp. 463-477.

Powers, S.E., M.E. Tamblin. 1995. Nettability of porous media after exposure to synthetic
gasolines. Journal of Contaminant Hydrology. v. 19, pp. 105-125.

110



Storey, J.M, and J.J. Pierce. 1989. Influence of changes in methanol concentration on clay
particle interactions. Canadian Geotechnical Journal. v. 26, pp. 57-63.

Van Genuchtan, M.T. 1980. A closed-form equation for predicting the hydraulic conductivity of
unsaturated soils. Soil Science Society of America Journal. v. 44, pp.892-898.

Wan, J., and J.L. Wilson. 1994. Visualization of the role of the gas-water interface on the fate
and transport of colloids in porous media. v. 30, no. 1, pp. 11-23.

Wilson, J.L., S.H. Conrad, W.R. Mason, W. PepIinski, and E. Hagan. 1990. Laboratory
Investigation of Residual Liquid Organics from Spills, Leaks, and the Disposal of
Hazardous Wastes in Groundwater. U.S. Environmental Protection Agency. EPA/60016-
90/004.

111



6 Effect of Alcohol Flushing on DNAPL Solubilization

6.1 Introduction and Background

There are three principal mechanisms for the removal of residual phase DNAPLs: enhanced
dissolution; mobilization by reduction of interracial tensions; and mobilization by selective alcohol
partitioning into the ~APL. In a remedial flushing scheme, dissolution is considered more
advantageous than either form of mobilization, as unwanted downward mobilization that could
potentially move the contaminant out of the remedial capture zone wouid not be a factor. Therefore,
it appears that optimal remedial alcohol flushing scenarios would strive to maximize enhancements
in dissolution while ensuring against the effects of mobilization.

A significant amount of research has focused on the dissolution that occurs as the result of the
interphase mass transfer between immiscible aqueous solutions and organic liquids at residual
saturation in porous media (Miller et al., 1990, Powers et al., 1991, Powers et al., 1992, Powers et
al., 1994, Imhoff et al., 1996). The most common concept pertaining to the mass transfer between
two immiscible phases is that the rate of interphase mass transfer is a function of a concentration
gradient driving force and an intetiacial area between the two phases. The general form of the mass
flux equation can be written as an approximation of Fick’s first law:

J= K(C, -C) (1)

where: J is the soIute mass flux between a solid, vapor or immiscible liquid phase to the aqueous
phase; K is a mass transfer coefficient; C, is the aqueous phase concentration when the aqueous
phase is in thermodynamic equilibrium with the immiscible phase; and C is the aqueous phase solute
concentration in bulk solution.

The result of the addition of an alcohol or cosolvent to the aqueous solution is an increase in the
value of C~ in the equation for Fick’s Law. Thus, the concentration gradient driving force is
increased by the presence of the cosolvent, that results in an increased rate of mass transfer from the
NAPL to the aqueous phase.

Certain authors indicate the importance of the interracial area between the two fluids by
incorporating a specific surface area term in the interphase mass transfer equation. Powers et al.
(1994) indicate that the total mass transferred across the interface is the product of the flux of the
species (as approximated by the product of the mass transfer coefficient and the concentration
gradient between the bulk aqueous phase and the concentration which would be in thermodynamic
equilibrium with the organic phase) and the specific interfaciaI area across which mass transfer can
occur:

s = Kao(c, - c)
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where: S is the solute mass transfened between phases per unit time and volume of the medium and
aOis the specific surface area, or the NAPL-water intefiacial area per unit volume of the medium.

Equation 2 indicates the relative importance of the NAPL blob size and shape. Because a NAPL
singIet would have a significantly higher specific surface area than a NAPL ganglion, the more
spherical NAPL singlet found within a homogeneous media would be more readily removed by
dissolution processes in comparison with a branched ganglia found in a more heterogeneous media.

Experimental work performed by Miller et al. (1990) using toluene as a representative NAPL in
several different porous media indicated that the mass transfer between the NAPL and aqueous
phases is strongly related to both the aqueous phase velocity and the NAPL saturation. These
findings illustrate the impomce of sufficient contact time and intetiacial area for adequate mass
transfer to occur. More specifically, Powers et al. (1992) outlined that the rate coefficients and,
therefore, overall mass transfer will be limited when (1) aqueous phase velocities are high (short
contact times), (2) NAPL saturations are low,(3) NAPL is distributed as large, multi-pore blobs with
relatively small specific surface areas and (4) when the mass fraction of soluble species within the
NAPL is relatively small. Thus, it is apparent that as the result of the differing pore sizes and
geometries in layered soil systems, the rate of mass transfer and therefore, the amount of time
required for successfid clean-up of the residual NAPL by enhanced dissolution maybe quite variable
among the different layers. Additional problems for complete remediation may develop with regard
to the development of preferential flow paths during flushing. For instance, if one specific lens of
soil material is cleaned out by more rapidly dissolving away the residual, the alcohol may continue
to more easily flow through that media, thereby leaving the other media to remain contaminated with
NAPL.

There has been considerable research into the actual applicability of the assumption of equilibrium
between two immiscible phases and, therefore, the use of simplistic models such as the
approximation of Fick’s first law. Field data from contaminated NAPL sites frequently indicate that
contaminant concentrations in groundwater are lower than their corresponding equilibrium values
(Mackay et al., 1985; Mercer and Cohen, 1990). Explanations used to support these field
observations include the presence of a rate-limited mass transfer, physical by-passing of
contaminated regions due to relative permeability effects ardor aquifer heterogeneities, and the
presence of multiple components in some NAPLs. However, it is important to note that numerous
authors have supported the validity of the local equilibrium assumption for single component NAPLs
in homogeneousmedia in laboratory scale experimental studies, such as those being performed in this
research (Fried et al., 1979; Miller et al., 1990; Anderson et al., 1992). As an example, Miller et al.
(1990) showed mass transfer rates for toluene-water systems within numerous one-dimensional soil
columns packed with different sized glass beads to range from 179 to 6604 d-l. These relatively high
coefilcients indicated that equilibrium in these systems was reached very quickly (in Miller’s (1990)
work, equilibrium was reached between 0.00015 and 0.00559 days, or between 0.2 and 8.0 minutes).
From these results, it appears that interphase mass transfer maybe successfidly represented using
simplistic models such as the modified Fick’s Law in laboratory column investigations where the
passage of one pore volume of solution may take a number of hours.
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The work of Imhoff et al. (1995) illustrated the volubility of a certain solute to be dependent upon
the amount of cosolvent present in solution. At sufficiently high cosolvent concentrations, a NAPL
may even become completely miscible with the solvent mixture. The use of ternary diagrams aids
in the estimation of solubilities and therefore the degree of dissolution enhancement for different
solute-solvent-cosolvent mixtures. Ternary diagrams are commonly used in the petroleum
engineering field to illustrate two-phase systems consisting of oil, water and a particular cosolvent
(or in some cases, a surfactant). Ternary diagrams are also used by the chemical engineering field
to represent two phase systems of water, water-miscible solvent and water-immiscible solvent in
solvent recovexy processes.

Figure 6.1 is provided
alcohol (IPA) system.

below as an illustration of a ternary diagam for a PCE-water-isopropyl
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Figure 6.1 Typical Ternary Diagram

Each apex of the triangle shown in Figure 6.1 represents a pure component. All possible ternary
compositions fall within the interior regions of the ternary diagram. The sides of the ternary diagram
represent binary mixtures in which the component at the opposite apex is not present. For example,
Point A on Figure 6.1 indicates a composition of 66V0(by mass) water, 10% solvent, and 24%
alcohol. The volubility curve on the inside of the diagram represents aboundarybetween the regions
of one single and two separate phases. As is shown in Figure 6.1, a single phase will exist above the
volubility curve, while the ternary system willlcontain two separate phases in the region below the
volubility curve. Because two separate phases are present for Point A, two different compositions
are possible. These two compositions are represented by the endpoints of the tie line which passes
through Point A. For example, for Point A shown on Figure 6.1, there are two endpoints illustrated
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for the tie line. The composition of the aqueous phase for Point A is indicated by the endpoint of
the tie line to the lefl of the ternary diagram and, thus, closer to 100’%water. The endpoint of the
tie line toward the 10OOAsolvent point at the right side of the ternary diagram illustrates the oleic
composition for Point A.

The degree of dissolution of DNAPL into the aqueous phase is shown on the ternary diagram by the
distance of the volubility curve from the alcohol/water side of the triangle. Where the volubility
curve is close to the alcohol/waterside of the triangle, the volubility of DNAPL in the aqueous phase
is small. Larger aqueous phase solubilities can be obtained as the volubility curve diverges from the
alcohol/water side of the ternary diagram. This is the desired location within which to operate during
a remedial operation where enhanced dissolution is sought to be maximized. In practice, however,
care must be taken not to operate at a iocation on the ternary diagram that is too close to the
volubility curve, as dispersive mixing at the alcohol front may cause the alcohol concentration to
diminish which could result in the existence of two separate phases when the overall composition
falls below the volubility curve (Brandes and Farley, 1993).

As shown in Figure 6.1, the tie lines are shown to have a negative slope for the particular ternary
diagram which was used for illustrative purposes. Alcohols such as IPA which have negatively
sloping tie lines will more readily partition into the aqueous phase rather than the oleic, or non-
aqueous phase. Larger, higher molecular weight alcohols which are less polar will be shown in a
ternary diagram to have positively sloping tie lines. These aIcohols will partition into the oil phase
and have the effect of swelling the NAPL.

Alcohols such as IPA, which favor partitioning into the aqueous phase, will more effectively enhance
the dissolution of the trapped NAPL blobs. This is due to the fact that the alcohol concentration
remains high in the aqueous phase, and the NAPL blobs do not swell but rather diminish in size,
thereby increasing the specific surface area required for enhanced dissolution. The nature of IPA as
an alcohol which more effectively dissolves residual NAPL was one of the reasons that it was
selected for use in the research herein.

Emulsification Issues
As a result of the often complex phase behavior of the ternary system of cosolvent, DNAPL and
water, NAPL removal cannot be solely attributed to dissolution and mobilization processes. A third,
and often significant mechanism is that of the transport of NAPL in water-based macro emulsions.

Okuda et al., (1996) defined macro emulsions as smaIl droplets of NAPL which are suspended in
the aqueous phase which do not coalesce rapidly. They provide definitions of three forms of NAPL
in typical water-NAPL-surfactant systems. The first form is that of the mobilized NAPL, which is
in the form of coalescible droplets of NAPL and released from the soil media when capillary forces
acting on the residual NAPL are overcome by viscous andlor gravitational forces. The second form
of NAPL within the ternary system is that of solubilized NAPL. The solubilized NAPL is defined
by Okuda et al. (1996) as either dissolved NAPL in the aqueous phase or micro emulsions that are
transparent and easily transported in the aqueous phase due to their relatively small sizes of less than
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1 ym. Finally, Okuda et al. (1996) provide information pertaining to the third form of NAPL in a
ternary mixture. Macro-emulsified NAP]. are described as thermodynamically unstable
polydispersed NAPL droplets of greater than 1 pm in size whose transport behavior can be
significantly different from the bulk fluid.

In general, macro emulsions are considered thermodynamically unstable because they will eventually
separate into two phases. However, this separation may take weeks or months and, therefore, they
can often be considered as existing in pseudo-equilibrium with the aqueous phase, or as being stable.
In addition, the presence of surfactants andlor cosolvents aids in achieving emulsion stability as a
result of the reduction in interracial tensions and the formation of rigid films on the surface of the
droplets (Kokal et al., 1996).

The formation of these macro emulsions during surfactant or cosolvent flushing is important
because: (i) macro emulsions may have an effect upon the permeability of the aquifer media (ii)
macro emulsions are mobile and, therefore, their movement should be controlled during a
remediation exercise and (iii) the formation of the macro emulsions may affect the solubilization
kinetics of the DNAPL.

McAuliffe (1973) was the first researcher to propose the concept of a permeability reduction in
porous media as a result of emulsion flow. He postulated that since the macro emulsions were
typically of similar size to that of the pore throat radii, the emulsion droplets would eventually plug
many of the throats, leading to a permeability reduction. Soo and Radke (1984) confirmed that a
significant permeability reduction in porous media is derived from the retention of emulsion drops
by the soil pores in a process they termed straining capture of the oil droplets. They also observed
that emulsion droplets smaller than the pore throats were also trapped by crevices and pockets and
sometimes on the surface of the porous media. Kokal et al. (1996) summarize that two factors
control the permeability reduction in porous media from macro emulsions: (i) the total volume of
droplets retained by the soil and (ii) the effectiveness
is most directly the result of droplet size.

6.2 Methods

Alcohol Flushing Experiments

of the droplets in restricting the flow, which

Following the establishment of an adequate residual saturation in each column and the quantification
thereot the columns were prepared to be flushed with an alcohol solution. The major objective of
this research was to evaluate the efficacy of alcohol flushing in removing DNAPLs from each
layered soil. A secondary objective was to investigate the effect of alcohol flushing on the
permeability of the soil matrix to aqueous solution as an indicator of the degree of clean-up within
the soil media as a result of flushing. In other words, it was proposed that as the NAPL was flushed
fi-omthe soil, the permeability could be shown to increase. Thus, experiments were conducted to
monitor both the degree of PCE removal as well as the degree of permeability increase in the soil
columns. These objectives were completed by analyzing effluent PCE concentrations and
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monitoring differential pressures across the soil columns throughout the duration of the experiments.

The alcohol used for this research was iso-propyl alcohol (IPA). IPA was chosen over methanol and
ethanol primarily because of its greater impact on the dissolution of PCE. In addition, IPA will not
preferentially partition from the water into the PCE. Thus, swelling of the nonaqueous phase is not
an issue with IPA.

The methods of Pennell et al. (1996) were followed in order to estimate the maximum percent
alcohol solution that could be used with each soil media so as to maximize the enhancement of PCE
dissolution while avoiding the effk.ctsofmobilization. Following this method, the permeabilities of
the soil media to aqueous solution both prior to and following residual saturation with PCE were
used in an estimation of the total trapping number, (NT). In the case of the two media employed
during this work; an IPA concentration of 40% volumetrically was initially used in all but one
homogeneous column. In that one column, an initial IPA concentration of 30’?40was used in ah
attempt to totally avoid mobilization. An initial IPA concentration of 40% was used for all
heterogeneous columns. The IPA concentration was typically increased to 50% after a significant
amount of PCE had been dissolved from the soil media in order to expedite the completion of
flushing activities.

In four of the homogeneouscolumn experiments, the alcohol solution was injected into the column
in a downflow direction from the top of the column using the syringe pump. As siphon effects
would have been a problem if this injection technique had been used for the heterogeneous columns,
a special syringe pump with withdrawal capability was initially used to pump the solution from a
reservoir down through the column and into the two syringes for the first heterogeneous column.
In order to generate data using consistent methods with this heterogeneous column, two additional
homogeneous columns were flushed in a downward direction using the special syringe pump with
withdrawal capability. For these three columns, the cosolvent solution was essentially puiled
through the column and through the double sided endcaps.

However, the downflow pumping method was observed to have flaws, as the short circuiting of the
fine material was observed through overly rapid clean-up times of the medium sand and unrealistic
permeability results for both the fine and the medium sands. This short circuiting effect will be
described in detail later. As a result, a different method was attempted in order to obtain more
accurate measurements of permeability and effluent PCE concentrations. A gravity-induced
downflow system was used. In this system, a state of zero pressure was maintained at the very
bottom of the column, where the soil media was in contact with the screen on the double-sided
endcap. A differential head driving force was imposed on the system through the use of a constant
head reservoir. The rate of flow through each media was then measured by allowing the effluent to
flow into separate collection vials over a prescribed time interval. The previously encountered
siphon effect problem was avoided by drilling out the ports on the double-sided endcap to sizes such
that the formation of a droplet would not clog the port. Thus, the location of zero pressure was at
equal heights on each side of the endcap.
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A summary of the flushing scenarios and the methods of IPA solution introduction into each column
is provided in Table 6.1 below.

Table 6.1 Summary of AIcohol Flushing Scenarios

I I I I

Column Method of Introducing IPA Initial ?4. IPA Final % IPA
Solution

*
w-1 downflowsyringeinjection 40 50

w-2 downflowsyringeinjection 40 50

w-3 downflowsyringewMdrawal 30 40r

I F-2 . I downflowsyringeinjection I 40 I 50 I

I F-3 I downflowsyringeinjection I 40 I 50 I

I F-4 I downflowsyringewMxkawal I 40 I 40
I

H-6 downflowsyringewithdrawal 40 50

H-9 gravity-drivendownflowinjection 40 50

I H-10 gravity-drivendownflowinjection 40 I 50 I

Effluent Samtie Collection

Effluent samples were collected throughout the column flushing experiments from stainless steel
two-way tee valves which were located immediately below the column in the effluent tubing
apparatus. The tubing apparatus either ran directly into an effluent catchment vessel in instances
where the alcohol solution was injected from the top of the column or the withdrawal syringe pumps
in the cases where the alcohol solution was pumped through the column. Figure 6.2 is provided
below to illustrate the effluent sample collection procedure for the homogeneouscolumns.
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Figure 6.2 Schematic Illustrating HomogeneousColumn Flushing Scenarios
(A) Columns with Single Port Lower Endcaps
(B) Columns with Double Port Lower Endcaps

At the time of sample collection, the stop-cock on the two way tee was switched so that the ternary
alcohoL/PCE/water solution was able to flow to the edge of the valve outlet. In columns W-1, W-2,
F-2 and F-3, this was accomplished by allowing the syringe pump to pump the effluent to the outlet
afier switching the valve. In the case of columns W-3 and F-4, the withdrawal syringe pumps were
temporarily shut off immediately before the valve was switched. The valve was carefblly opened
and the effluent solution was allowed to flow by gravity toward the edge of the outlet portion of the
valve. The stop-cock was shut immediately when the effluent solution was apparent at the edge of
the valve. This was done to avoid against solution being lost from the system. In all columns, once
the effluent reached the edge of the valve opening, the sample was collected. Microliter syringes
(10, 50 and 100 pl) were used to collect the effluent samples from the inner reaches of the valve
outlet. Samples were collected from this inner location in order to minimize PCE losses due to
volatilization. Different volumes of sample were collected depending upon the expected
concentration of PCE in the effluent. The collected sample was
containing 5 ml of distilled water. The vial was subsequently
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refrigerator at *4” C prior to headspace analysis. Following sample collection, the stop-cock on the
valve was manipulated so that the solution within the open portion of the valve would be flushed out
of the effluent line, thus allowing the sample port to be dry until the time of the next sample.

Following the termination of flushing activities, the soil was analyzed for any remaining PCE.
Remaining PCE within the homogeneouscolumns was quantified following the procedures outlined.
All sampling procedures were conducted at 22 *2 “C.

Hetero~eneous Columns
Effluent samples were collected in two different fashions for the heterogeneous columns of the
earlier column design and through side ports in the later design. For Column H-6, effluent samples
were collected fi-omstainless steel two-way tee valves which were located immediately below the
column in the effluent tubing apparatus which ran directly into the withdrawal syringe pumps. For
Columns H-9 and H-1O,the eflluent was allowed to drip out of each side of the column and into a
catchment vessel. Figure 6.3 is provided below to illustrate each effluent sample collection
procedure.
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Figure 6.3 Schematic Illustrating Heterogeneous Column Flushing Scenarios
(A) Columns H-9 and H-10
(B) Cohmm H-6
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The method used for sample collection for Column H-6 was exactly the same as that described for
Columns W-3 and F-4 above. For Columns H-9 and H-10, the effluent flowed under gravitational
head through each media and into tsvo separate catchment beakers below the column. This method
was employed so that a more accurate measure of the flowrate through each media could be
obtained. For consistency purposes, the sample effluent was allowed to drip for exactly one minute
from each media. Microliter syringes (20 and 50 pl) were then used to collect the effluent samples
from the catchment vessels. Different volumes of sample were collected depending upon the
expected concentration of PCE in the effluent. The collected sampIe was then injected into a 20 mI
vial containing 5 ml of distilled water. The vial was subsequently crimp-capped and placed in a
refrigerator at*40 C prior to headspace analysis.

The soil was again analyzed for any remaining PCE following the termination of flushing activities.
Each media from Column H-6 was extracted, prepared and analyzed in the same fashion as that
described for Cohnnns F-4 and W-3 and described in detail in Section 3.6. lb. This use of this
method aIlowed each media to be totally cleaned out. The soils within Columns H-9 and H- 10 were
analyzed using the same incremental sampling technique that was used to determine residual
saturations in Columns H-7 and H-8. This method was used for Columns H-9 and H- 10 because of
the fact that flushing was terminated afler the medium sand had been cleaned out and before
complete remediation of the fine sand. Thus, the use of this method allowed estimations of both the
total amount of PCE left in each media as well as the remaining distributions of NAPL.

Gas Chromatomim h %.nmle Analvsis

The analysis of the effluent samples and the soil leachate samples was conducted with a gas
chromatography (Hewlett Packard Model 5890 Series II) with a flame ionization detector (FID) and
a 30 meter DB624 glass capiilary cohmm (J&W Scientific). An automated headspace sampler
(Hewlett Packard 19395A) was used in conjunction with the gas chromatography for all sample
analysis. The gas chromatographyutilized helium as the carrier gas at a flowrate of 16 ml/min. The
injector temperature was 2000 C and the detector temperature was 3000C. The method developed
to analyze the PCE content of the headspace above each sample is summarized in Table 6.2 below:

~‘ Table 62” $timmary o@ @e@od forHeadspace Amdysis i,..
,.. .,.$.:. . . ,.. . ...

I

Parameter Value

InitialTemperature 60”C

Hold 2mirl

1- 45 “chin

FinalTemperature 180 “C

Hold 2rnin
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Calibration stock standards were prepared according to the procedure outlined in United States
Environmental Protection Agency (USEPA) Method 602 (USEPA, 1986). Reagent grade methanol
was used as the solvent for the stock standards. A glass-ground 10 ml volumetric flask was filled
with approximately 9.8 ml of methanol using a 10 ml glass syringe. The flask was then capped and
weighed on a five place balance. Approximately 100 pl of PCE was then added to the volumetric
flask using a 100 pl glass syringe. The flask was then recapped and weighed again to determine the
mass of PCE injected into the flask. Finally, the 10 ml flask was filled to volume. The solution was
mixed by inverting the flask several times and the contents were then poured into a 10 ml headspace
vial. The headspace vial was immediately crimp capped with a Teflon-coated septum, covered with
white adhesive tape to mitigate light infiltration, and stored in darkness at 0° C. Secondary stock
solutions of 10:1 and 100:1 dilutions were prepared from the initial stock solutions. All stock
solutions were prepared monthly and checked against the old stock solutions. The new stock
solutions were considered acceptable if they were found to be within 5°/0of the old stock solutions.

A calibration curve was generated on a daily basis during GC use. At least five calibration standards
were generated by taking known volumes of the stock standard solutions and placing them in 5 ml
of distilled water. The standards were generated to bracket the expected range of PCE
concentrations in the actual samples. At least cmelinear regression was performed on the calibration
points, with PCE concentration as the independent variable and response as the dependent variable.
The percent error of each calibration point from the least squares estimate of the regression line was
calculated. The calibration was considered appropriate if the majority of the least squares estimates
of concentration of the calibration standards were within 10’%0and none were of by more than 15°/0
of the known values. Check standards were run after every ten samples. Again, if the majority of
the regression-calculated check standard concentrations were within 10VOand no greater than 15V0
of their actual values, the analytical run was considered acceptable.

6.3 Results

It was important to fully characterize columns prior to flushing to understand both the amount of
residual DNAPL trapped in each media as well as the degree to which the NAPL is trapped. The
magnitude of trapping will have a significant effect upon the removal of the DNAPL by alcohol
flushing. The methods of Pennel et al. (1996) were employed in order to quanti~ the degree of
trapping and, therefore, to develop a flushing scenario that would maximize mass removal rates
while avoiding NAPL mobilization.

The theory behind the trapping number (NT) method was previously discussed. If the intrinsic
permeability of a specific media and the effective permeability of that media at residual saturation
to the aqueous phase are known, a calculation of the trapping number and, thus a quantification of
the degree of NAPL entrapment can be made (assuming that parameters intrinsic to the NAPL-water
pair such as interracial tension, density and viscosity are also known). Intrinsic permeabilities (k)
and permeabilities after NAPL saturation (Q were calculated and the results are provided in Table
6.3.
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Table 6.3 Permeability %hIes for All Experimental Columns

I

Column Sand Type k k Sand Type k k“
(cm*) (cmz) (cm*) (cm2)

F:2 fme 1.49E-8 5.74E-9

F-3 fme 1.22E8 5.71E-9

F-4 fne 2.24ES 6.08E9

w-1 medium 2.45F7 8.53E8

w-2 medium 2.75E-’ 1.22E7

w-3 medium 2.34E-7 1.12E7I
H-6 fme 1.23E-7 1.10E7 medium 2.85E-7 1.77E7

H-9 fme 1,60E8 7.64E-9 medium 3.33E-g 2.90Eg

H-10 fme 1.60E8 6.06E-9 medium 3.35E-8 1.64E-8,
k = intrinsicpermeability
k~= effectivepermeabilityat residualNAPLsaturation

Figure 6.4 provides a graphical illustration of the differences in permeability values as a result of the
residual NAPL saturation. In Figure 6.4, fine sand permeability data are illustrated in the bars on
the left side of the graph. Data from the medium sand are presented on the right side of the graph.
The data from Column H-6 were not included in Figure 6.4 due to a lack of confidence in
permeability values as a result of the by-passing issue.
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Permeabilities Before and After Residual PCE Saturation

As shown in both Table 6.3 and Figure 6.4, the result of the residual saturation in the fine sand is a
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lowering of the permeability by near]y one half order of magnitude. The effect is observed to be
slightly less in the medium sand.

The permeabilities of the medium sand media of the heterogeneous columns are lower both before
and after NAPL saturation in comparison with the values in the homogeneouscolumns. This is most
likely due to the previously mentioned soil mixing issue in the layered columns. There does not
appear to be a similar effect in the fine media of the heterogeneous columns.

The experimentally determined permeabilities before and after residual NAPL saturation were used
with experimentally measured values for viscosity, density and interracial tension in the calculation
of the trapping number. The trapping number provides an estimation of the degree to which the
residual NAPL is held within the soil pores. The trapping number was used to determine the
maximum percent IPA solution that could be used in order to remediate the residual DNAPL by
dissolution while avoiding unwanted mobilization. According to theresearchofPennel et ai. (1996),
the critical range of trapping numbers required to initiate mobilization falls within the range of 2E-5
to 5E-5in homogeneous sand.

Homogeneous Columns
Effluent PCE concentrations provided an indication as to the degree of PCE remediation within the
column and also served as a secondary indicator of the total mass of PCE actually entrapped at
residual saturation. Three homogeneous coluImns of each soil media were initially studied. The
effluent concentration data for Column F-2 is provided here as an illustration of the typical results
from the flushing of the homogeneouscolumns.
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Figure 6.5 Column F-2 Effluent PCE Concentrations

Figure 6.4 illustrates the benefit of using alcohol flushing in the remediation of residual phase
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DNAPLs. The effluent PCE concentration data show the PCE to be removed down to a
concentration of 1 mg/L after approximately 30 pore volumes of a 40°%and then 50°AIPA solution
was flushed through the column. In comparison, the removal of this amount of DNAPL by water
flooding alone would have required approximately 1,400 pore volumes. Thus, the remediation time
was reduced by a factor of nearly 50 through the use of dissolution-enhancing alcohols. The benefit
of the use of alcohol flushing can also be seen in the effluent PCE concentrations. At 40% IPA, the
effluent concentrations of PCE are approximately 10,000 mg/L, or 50 times greater than the
volubility value of 200 mg/L for PCE in water. A 50% IPA solution can increase volubility values
by a factor of greater than 150.

For consistency with other experimental columns, Column F-2 was initially flushed with a 40%
alcohol solution. In order to expedite the remediation process, the IPA solution was switched to a
50% solution ailer approximately 16.5 pore volumes. The effluent PCE concentrations appear to
be consistent in consideration of the ternary diagram for the PCE/IPA/water system.

An IPA/water ratio of around 40/60 corresponds to a PCE content of around 1.5 to 2?40by mass in
the single-phase region. The PCE content would vary, depending upon the exact makeup of the
ternary mixture. For example, the makeup could be 39.0% IPA, 59.5.% water, 1.5’%0PCE or 39.0%
IPA, 59.0% water, 2’%0PCE, etc. A 1.5% PCE content by mass within the aqueous phase would
correspond to an aqueous phase concentration of slightly less than 10,000 mg/L, considering the
density of PCE of 1.63 #ml. A 2’%0PCE content by mass would result in an aqueous phase
concentration of slightly more than 12,000 mg/L. Likewise, the PCE concentrations resulting from
the flush of 50% IPA solution appear to be reasonable as well. The ternary diagram illustrated in
Chapter 3 indicates that PCE amounts of up around 7 percent would be plausible. Thus, dilute
aqueous PCE concentrations of up to approximately 40,000 mg/L would appear to be appropriate
for the 50?J0IPA flushing scenario. However, ternary phase diagrams from Chapter 3 indicate the
volubility curve between the single and two-phase regions to be slightly further away from the
alcohol/water leg of the triangle. This means there area greater number of possible ternary mixtures
and thus aqueous phase PCE concentrations.

Each of the remaining columns was flushed in a similar fashion. The resuits of alI but two coh.unns
appeared to be consistent with each other and with the concentrations that would have been expected
inconsideration of the ternary diagram. The effluent concentrations from Column W-3 and F-4 were
found to be slightly lower than those of the other four homogeneous columns. The reason for this
discrepancy was not clear, but there were differences in endcaps between Columns W-3 and F-4 and
the remainder of the homogeneous columns. These two columns used the specially constructed
aluminum endcaps while the other four columns had stainless steel endcaps at each end of the
column, perhaps resulting in some slight variation. Silicone was used to hold the screens and divider
plate in place on the double-sided endcap and may have contributed to the apparent minor losses due
to adsorption. It appeared to take longer for the column to reach equilibrium eflluent concentrations
at the initiation of flushing, and effluent concentrations were observed to tail off at a more gradual
rate at the conclusion of flushing for Cohmms W-3 and F-4. The gradual tailing shown in these data
may have been indicative of the resorption of PCE from the silicone into the passing aqueous
solution.
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Heterogeneous Columns

Column H-6 was flushed in the same way as Columns W-3 and F-4, via withdrawal syringe pumps.
As a result of the problems of by-passing with this method, the final two heterogeneous columns,
H-9 and H-1O(H-7 and H-8 were sacrificed), were flushed by allowing the alcohol solution to flow
downward through each media under a natural hydraulic gradient.

While syringe withdrawal method was successful incompletely removing all of the residual DNAPL
from each media, the issue of by-passing that could not be quantified was again apparent upon
analysis of the effluent results (see Figure 6.5). The effluent concentration data for each media
within Column H-6 is shown in Figure 6.5.
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Figure 6.5 Column H-6 Effluent PCE Concentrations

On a normalized pore volume scale, both media should have been observed to be cleaned out within
approximately the same number of pore volumes if the flow through each media was actually the
same. Thus, it appears that a greater flowrate passed through the medium sand. Additional support
for the bypassing issue is shown in the nature of the down slope of the effluent concentration curve
for the medium sand. In homogeneous systems, when all of the NAPL was removed, the effluent
concentrations dropped precipitously. The effluent concentrations curve for the medium sand in
Figure 6.5 seems to indicate some sort of interference with the fine material, as it is shown to slope
very gradually. The possibility of the resorption of PCE from the silicone on the lower endcap was
brought to attention in the discussion of the results from Columns F-4 and W-3. This may have also
been a slight factor in Column H-6, but it is more likely that the majority of the tailing can be
attributed to an influence with the fine media.

The distribution of DNAPL within the medium sand of the layered columns may also have an
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inffuence on the tail of the effluent concentration curve for the medium sand shown in Figure 6.5.
The medium sand was shown by dispersion analyses, permeability data and direct observation to be
slightly mixed with some of the fine grained media. This mixing may have also been exacerbated
by the vibrational packing technique used for Column H-6. As a result of the mixing between sand
layers, some of the DNAPL within this media may have been trapped as branched ganglia. This type
of NAPL distribution is quite different than the singlet-dominated distribution thought to be
prevalent within the homogeneous columns and the fine media within the layered columns.
Branched ganglia would be more resistant to remediation by dissolution-enhanced IPA flushing, as
the specific surface area of the branched ganglia is much lower than that of singlets.

Eftluent concentrations for each media during the 40% IPA flush at the beginning of the experiment
appear to be appropriate in consideration of the ternary diagram at the beginning of the treatment.
It should be noted, however, that the concentrations of PCE are slightly lower than those of the
homogeneous columns with stainless steel endcaps. The initial PCE concentrations are more similar
to those of Columns W-3 and F-4 as Column H-6 had the specially constructed endcap which
contained silicone caulking. The concentrations are lower than would be expected for a 50°AIPA
flush. The reason for thk maybe due to the fact that the medium sand is completely cleaned out of
PCE and the effluent is effectively being diIuted.

While the method used for flushing Column H-6 had problems, the method used for Columns H-9
and H-1 Owas also found to be problematic with regard to the effluent analysis. The effluent results
of Column H-9 are shown in Figure 6.6.

I
3+

100.0

10.0 -

---m==

1.0 Switchto 50% IPA

0.1 t
o 5 10 15 20 25 30 35 40

Pore Volumes

[
- Medium Sand T FineSand

J

Column H-9 Effluent PCE Concentrations

The method of sample collection that was used caused the effluent to be exposed to volatilization
and therefore, caused the concentration data to be much lower than that shown in previous
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experiments is illustrated on Figure 6.6. Typical values for effluent PCE concentrations during a
flush with 40?40IPA are around 10,000 mg/L. Typical effluent concentrations for a 50% IPA flush
are approximately 40,000 mg/L. .

A volatilization test was pefiormed during the alcohol flushing activities for Column H-9. During
this test, a saturated ternary solution of IPA, water and PCE was allowed to drip from a constant head
source at the same rate as effluent from the column. The flowrate, height of fall, and time for sample
collection were identical to those of the flushing experiment. Additionally, the effluent samples were
diluted in the exact same manner and analyzed on the gas chromatographyduring sample analysis for
the actual alcohol flush effluent samples. In order to quantify the volatilization loss, a sample was
collected from inside the constant head reservoir containing the ternary solution and two effluent
samples were collected after the solution had been allowed to drip into a catchrnent vessel for a
period of one minute. This process was repeated ten times during the experiment. The results of the
study indicated a volatilization loss of approximately 45°/0.

The loss was used in the estimation of the residual saturation by effluent analysis. In other words,
the integration for the mass of PCE removed from the column was performed and the resultant value
was corrected for volatilization loss. These values compared favorably to the values obtained via
the partitioning tracer test (PTT). However, a closer analysis of the corrected individual effluent data
indicated that some additional source of loss remained, as the corrected concentration values were
still observed to be slightly low.

The flowrate during the flush of Column H-9 had to be somewhat elevated to both complete the test
within one long day and obtain adequately sized samples from each media in minimal time fiarnes.
(Flushing could not be intermittently discontinued because of problems which may have arisen as
a result of diffision from zones of higher contamination to zones of lower contamination within the
column.) It was postulated that this elevated flowrate may not have allowed equilibrium
concentrations to develop during the flush. In order to check this postulation, a homogeneouscolumn
was packed and brought to residual PCE saturation following the methods outlined earlier. The
column was a 10 cm glass column with stainless steel endcaps, exactly the same as Columns W-1
and W-2. The column was flushed with a 4096 IPA solution at a flowrate of 30 mllhr, which was
the approximate flowrate for the alcohol flush of Column H-9. Eight effluent samples were collected
atone hour increments after approximately one pore volume of solution had been flushed through
the column. The effluent concentrations were slightly lower than those of Columns W-1 and W-2,
indicating that the elevated flowrate may, in fact, have contributed to a loss of mass during the
alcohol flush. The loss was found to be approximately 10O/O.

While the effluent data of Columns H-9 and H- 10 may not be representative of the actual effluent
concentrations exiting the column, the overall trend of the data is very interesting. Similar to
Column H-6, the gradual slope of the data is different than results shown for homogeneouscolumns,
where effluent data declines sharply upon remcwal of the last bit of NAPL. The gradual slope of the
medium sand data in Figure 6.6 suggests an influence fkom the fme media. As the medium sand
becomes cle~ contamination from the fine sand appears to be migrating into the medium sand side.
Thus, the effluent data seem to be indicating that in layered heterogeneous columns it might be

128



possible to obtain the complete remediation of both media if enough time is allowed and a sufficient
amount of alcohol solution is used.

The effluent data for Columns H-9 and H-10 indicate that the fine media in each column was never
successfidly cleaned of residual PCE. Of interest are the extremely low effluent concentrations for
40% and 50% IPA flushes. As the flowrate through the fine sand only averaged approximately 5
ml/hr, the reason for the low effluent concentrations could not have possibly been one of insufficient
time for adequate mass transfer between the NAPL and aqueous phases. The reason must have been
an increased rate of volatilization in comparison with the medium sand effluent, which was most
likely due to the lower flowrate. The lack of enhanced removal from the fine material of each
layered column was partly the result of an increased ratio of flow through the medium sand to that
in the fine sand (Q~/Q~). The increase in this ratio was due to the expedited clean-up of the medium
sand which caused more of the flushing solution to flow through the medium sand. Data supporting
preferential flow is shown by the data in Figure 6-7.

In order to quantifi the amount of PCE remaining in the fine media as well as to check on the
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Figure 6-7 Flowrate Ratio for Column H-9

possibility of anyPCE remaining in the medium sand, extraction tests were performed following the
conclusion of the alcohol flushes of Columns H-9 and H-1O. The method was the same as that
described for the extraction tests of Columns H-7 and H-8 which were performed to quanti~ the
residual PCE saturation within those two columns. The only exception to the method was that for
the extraction tests for Columns H-9 and H-1O,three soil samples of each medium (instead of two)
were coIlected for each one-centimeter lift. The results of the extraction tests indicated both the total
amount of residual saturation remaining in each medium as well as the final distribution of the
NAPL. The tests indicate that residual saturations of 17.26% and 17.32%, or nearly all of the PCE
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initially thought to be within the fine media of H-9 and H-10, respectively (see Table 4.6) was still
located in the columns. The distribution of the NAPL in the fine sand of Column H-9 is indicated
in the bar graph of Figure 6.8.

0% 5% 1o% 15% 20% 25%
Residual Saturation

Figure 6.8 Residual Saturation Remaining in Column H-9 Fine Sand After Flush

As shown by Figure 6.8, there appears to be a much lower amount of PCE in the upper one-
centimeter lifi in comparison with the other depths. This is most likely due to the fact that the small
amount of PCE that was removed from the column would have been removed form the upper portion
of the medium due to the downflow method of column flushing.

As was stated above, an extraction test was also performed for the medium sand. The results of this
test indicated that an overall residual saturation of O.16°/0remained in the medium sand. Thus, it was
concluded that the medium sand was effectively cleaned of residual PCE contamination.

The results of the final extraction tests performed for Column H- 10 indicated that the medium sand
contained only 0.36°/0saturation at the conclusion of flushing activities. Thus, it appears that the
medium sand in Column H- 10 was also successfidly cleaned by the IPA flush. The results of the
final distribution of PCE within the fine media of Column H-10, however, appear to be contradictory
to those of Column H-9 and, therefore, warrant discussion. The distribution of residual NAPL in
the fine media of Column H-10 is shown in Figure 6.9.
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Figure 6.9 Residual Saturation Remaining in Column H-10 Fine Sand After Flush

The smaller remaining residual saturation in the lower regions of Column H-10 is most likely the
result of breakthrough of the water plate by PCE which was observed during drainage processes.
This unintended breakthrough most likely caused portions of the soils near the water plate to not
become totally saturated with PCE. As a result, much less NAPL was lefl in residual form following
imbibition processes. The water plate was located at the lower portion of the column in Figure 6.9.

Permeability Analvses Durhw Flushing

Differential pressures across the soil column were also monitored throughout the duration of the
alcohol flushing experiments using transducers. The differential pressure data were used to estimate
hydraulic conductivities through a rearrangement of Darcy’s Law. Subsequent permeability values
were calculated from hydraulic conductivity values using Equation 9:

Kp
k=—

P$7
(3)

where: k is the perrneabili~, K is the hydraulic conductivity p and p are the viscosity and density
of the aqueous phase, respectively, and g is the gravitational constant. Equation 30 indicates the fact
that the permeability of a matrix is contingent solely on the soil media itself, as it considers the
viscosities and densities of different solutions being passed through the media. Table 6-6 provides
experimental data indicating values of viscosity and density used in calculation of effective
permeability values.
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Table 6-6 Viscosity and Density Values for Various Aqueous Solutions

Solution

Water 1.1 1.00

IPA 2.4 0.79

30%IPA 2.8 0.96

40?40IPA 3.2 0.95

50%IPA 3.5 0.93

PCE 1.’7 1.63

3070IPAW/ PCE 3.0 0.96

40%IPAWIPCE 3.3 0.94

50%lPAW/PCE 3.(6 0.93
n/a= notavailable
* = fromHayden(1998)

It was anticipated that the permeability data would provide a secondary indication as to the degree
of remediation of the residual NAPL. The effective permeabilities of the media should continuously
increase until being returned to initial, intrinsic values upon complete removal of the NAPL. The
data fi-omColumn F-2 provide a good illustration of the permeability data collected during alcohol
flushing.

As shown in Figure 6.10 and was indicated in Table 6-6, the initial permeability(k) value for the fine
sand in Column F-2 was 1.49E-8cm2 while the permeability of the column at residual saturation (~
or k(n)) was found to be 5.74E-9cm2. The permeability data presented in Figure 6.10 show that the
column was eventually returned to its original intrinsic permeability value as a result of alcohol
flushing.

The permeability data are shown to be somewhat noisy. The main reason for this noisiness is the
sensitivity of the pressure transducers. As was discussed, the differential pressure transducers were
found to be highly sensitive. Issues such as the slight pressurization of the cohmms upon syringe
changing may have caused slight alterations to overall differential pressure across the soil column.

Another reason for the varying differential pressure data may have been the formation of macro
emulsions. The potential for permeability reduction as a result of the formation of macro-emulsions
has been well documented (McAuliffe, 1973, Soo and Radke, 1984, Kokal et al., 1996). Essentially,
these smaller intermediate-phase droplets become mobilized by the aqueous solution and act to clog
pore throats and potential pathways of flow fcx the cosolvent solution, thus causing elevated values
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Figure 6.10 Column F-2 Permeabilities and Concentrations vs. Remaining S~

of differential pressure. Pink-colored macro emulsions were first noted in the effluent stream from
F-2 at approximately 3 pore volumes. However, it is most probable that these emulsions developed
previous to their observation at 3 pore volumes. In most columns, the macro-emulsions were
observed throughout the duration of the alcohol flush.

Figure 6.10 is included as a final indication of the effect of the removal of DNAPL on the
permeability of the media. Figure 6.10 illustrates the permeabilities and PCE concentrations as
fi.mctions of the remaining residual saturation within the column.

As the remaining residual saturation within the column was calculated with effluent PCE
concentration data, only perrneabilities which corresponded to those effluent sarnpiing times could
be plotted. However, data from a regression which was run on all of the permeability data were
included in order to illustrate more clearly the apparent upward trend in permeability values over the
course of the alcohol flushing. Similar to Figure 6.10, the data indicate an increase in permeability
from the ~ value-of approximately 5E9 cm2to the original k value of approximately lE-8 cm2. Of
significant interest is the fact that the data shown on Figure 6.11 indicate that the greatest increase
in permeability appears to occur at the beginning of the flush, as the slope of the permeability versus
saturation curve is shown to be slightly greater at the beginning of the test before becoming more
gradual toward the end. Figure 6.11 also indicates the advantage of using a higher percent alcohol
solution whenever possible, as half of the initial saturation was observed to be removed during the
50’%0IPA flush over 12 pore volumes compared to 17 pore volumes for the 40% flush.

Column F-3 was the second fine sand column analyzed. Similar to Column F-2, it can be seen by
the permeability data presented in Figure 6.11 that Column F-3 was eventually returned to its
original intrinsic permeability value as a result of alcohol flushing. Similar to the data for Column
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F-2, the data are shown to be somewhat noisy. The most likely cause of this fluctuating data was
the pressurization of the column during syringe changing. Additional reasons for the noisy data may
have included the presence of macro emulsions.

Figvre 6.11 is provided as a final indication of the effect of the removal of DNAPL on the
permeability of the media within Column F-3 and is an illustration of the changes in permeability
with decreasing residual saturation.

Similar to Figure 6.10, the data in Figure 6.11 indicate an increase in permeability from the ~ value
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Figure 6.11 Column F-3 Permeabilities and Effluent Concentrations

of approximately 5E-9cm2 to the original k value of approximately 1E-8cm2. Again, there appears
to be a greater increase in permeability at the beginning of the flush, as the largest increase in
permeability is shown to occur between the initial residual saturation value of 19.5% to
approximately 15°/0residual saturation. The permeabilities are shown to level off during the latter
portions of the test. Figure 6.11 again indicates the advantage of using a higher percent alcohol
solution whenever possible, as greater than 60°/0of the initial saturation was obsemed to be removed
during the initial 50% IPA flush. This is of interest as the 50% flush was only run for approximately
45’?40of the total number of pore volumes.

The permeability data for Column F-4 indicate the advantage of continuous monitoring of
differential pressures during alcohol flushing. The differential pressures within Column F-4 were
only monitored with the transducer setup on an intermittent basis, as Columns F-4 and W-3 (both
with double sided end-caps) were run simultaneously. In order to minimize the amount of
differential pressure data and because four pressure transducers were not available, the intermittent
readings were attempted. The results of the flushing of Column F-4 are shown Figure 6.12:
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It appeared that the flushing of this cohunn was terminated before total cleanup had been achieved.
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Figure 6.12 Column F-4 Permeabilities and Effluent Concentrations During Flushing

This is evidenced by the lack of a steep downward slope on the effluent concentration curve. (The
last two effluent concentrations shown on Figure 6.12 were collected during the final water flood,
Therefore, these two concentrations should be considered inaccurate.) An extraction test was
performed on this column at the conclusion of flushing activities. It is interesting to note that while
the effluent concentrations still appear a bit high at the end of the flush, nearly all of the PCE was
removed by flushing. This conclusion is substantiated by the fact that only 0.04 grams of PCE were
found to remain in the column as a result of the extraction test. It is likely that this last bit of
contamination persisted near the outlet port at the bottom of the column and thus, caused the effluent
concentrations to remain high. Column F-4 was flushed solely with a 40°/0IPA solution, which is
the main reason that after 35 pore volumes, a slight amount of PCE still persisted within the column,

The original permeability value for the fine sand in Column F-4 was 2.24E-8 cm2 while the
permeability of the column at residual saturation was found to be 6.08E-9cm2. Permeability values
are shown on Figure 6.12 to consistently lay between these two values without illustrating any kind
of definite trend. If anything is shown by the permeability data in Figure 6.12, it is that the
permeabilities seem to immediately jump to original intrinsic values (2,24E-8 cm2). Even if a
preferential flow path did develop, it would certainly not occur before the transmittance of one pore
volume of flushing solution. Thus, the permeability data of Column F-4 illustrate the need for
continual and abundant differential pressure monitoring during flushing activities. When the
changes between k and lq are fairly slight (one half order of magnitude for the fine sand columns),
it is important to collect a significant amount of data in order to illustrate a trend. In doing so,
outlying data points will be more apparent in comparison with the remainder of the data.
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The initial permeability value for the Ottawa medium white sand in Column W- 1 was 2.45E-7cmz,
while the permeability of the column at residual saturation was found to be 8.53E-8 cm2. The
permeability data of Column W- 1 illustrate the short comings of the use of this particular sand in
these experiments. Firstiy, the magnitude of the reduction in permeability as a result of NAPL
entrapment was shown to be only a factor of two. This reduction was considered minimal in
comparison with the half order of magnitude reduction in permeabilities for the fine sand columns.
Secondly, the permeability data appears to be a bit more noisy for the medium sand than for the fine
sand. Of interest is the fact that the noise appears to increase at higher values of permeability. While
all of the data appear noisy for the reasons of ccdumn pressurization during syringe changes and the
possible formation of macro-emulsions, the noise at the end of the testis considered to have a greater
impact upon the permeability data. This is due to the same problem that plagued the latter portions
of the permeability data for Column F-3. Slight variations at low values of differential pressure have
a more significant impact on percent error than they would at greater values. As the values of
differential pressure were observed to stay fairly low throughout the alcohol flushing of the medium
sand columns, this type of medium white sand was probably too coarse for use in these experiments.

The permeability data for Column W-1 do not provide an indication that the column was returned
to its original intrinsic permeability value as a result of alcohol flushing. A potential explanation for
this lies in the fact that a low level of confidence is attributed to all values of permeability calculated
with the differential pressure data. This is due to the fact that low values of differential pressure
were used in all cases for the medium sand data, and that slight errors in these low differential
pressure values would result in a miscalculation of permeability. Therefore, the true initial
permeability may well have been 7 to 9E-8cmz, and not the value of 2.45E-7 cmzcalculated initially.

While there are problems with the exact permeability values of the medium sand columns, the data
indicate an overall upward trend in permeability values. As a final indication of the effect of the
removal of DNAPL on the permeability of the media within Column W- 1, perrneabilities and PCE
concentrations were plotted versus the remaining residual saturation within the column. Figure 6.13
is provided as an illustration of the changes in permeability with decreasing residual saturation.
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Figure 6.13 Column W-1 Permeabilities and Effluent Concentrations vs. S~

This data shown on Figure 6-14 appear to be fairly linear. However, data from a regression that was
run on all of the permeability data was included in order to illustrate more clearly the apparent
upward trend in permeability values over the course of the alcohol flushing. Column W-2 provided
similar data to that of Column W-1.

Run simultaneously with Column F-4, Column W-3 also used an aluminum double-sided endcap
at the bottom in order to be consistent with the layered columns that would be run in the
heterogeneous column study. The results of the alcohol flushing of Column W-3 indicated (1) the
shortcomings of the use of this medium-gained sand as the difference between intrinsic and residual
NAPL permeabilities was too slight and (2) the issue of not obtaining a sufficient amount of
@inferentialpressure data to buffer outlying data points.

Heterogeneous Columns

Similar to the results of the effluent concentration study, the results of the permeability analyses for
Column H-6 provide indication of the method used in flushing Column H-6. As was done with
Columns W-3 and F-4, differential pressures were not continuously monitored during the flush of
Column H-6. The discreet pressure monitoring was performed in order to minimize the amount of
data. It was also done in an attempt to minimize the error associated with the low differential
pressure measurements of the medium sand. Thus, while the column flush was run at 5 mlhr on
each side, the flowrate was increased to 1 mlhnin, or 60 mlhr for approximate y 2 to 4 minutes for
differential pressure measurement. In running at these slightly elevated flowrates, it was anticipated
that the differential pressure data would be higher and therefore slightly more accurate than that
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shown for the homogeneousmedium sand columns. However, the problems of sparse data associated
with incremental differential pressure monitoring that were discussed for Columns W-3 and F-4 were
also observed in the permeability data for Column H-6. The results of the flushing of the medium
sand within Column H-6 is shown as Figure 6.14 while the results for the fine sand are provided in
Figure 6.15.
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Figure 6.14 Cohmm H-6 Medium Sand Permeabilities and Effluent Concentrations
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The data for the medium sand appear to illustrate a slight upward trend throughout the flush. This
conclusion is weakened, however, by the apparent lack of a sufficient amount of data. More
troubling are the permeability data for the fine sand. lf anything, the data shown on Figure 6-16
seem to indicate a downward trend in permeability throughout the flush.

The actual initial and final permeability values for each medium within Column H-6 are not
completely understood. This is due to the issue of by passing and the fact that the actual flowrates
through each media were not exactly known. The values are skeptical because the calculations
assumed that exactly 5 mllh.rwas being pumped through each media. The somewhat suspect results
produced from experimentation with Column H-6 indicated that a different method had to be
developed in order to more accurately draw conclusions as to the behavior of the layered columns
upon subjection to remediation by dissolution-dominated alcohol flushing.

Columns H-9 and H-10 were packed in 4 cm columns instead of the 10 cm models used previously
for all other columns. The shorter columns were used in order to expedite clean-up times from a few
weeks down to a day. This switch was possible as transducers were no longer being used to monitor
differential pressure. Therefore, a maximum column length was not required in order to increase
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differential pressure values. As was reported above, Columns H-9 and H-10 were flushed in a
downflow direction by allowing the alcohol solution to flow through the column under a hydraulic
head. The flowrate of effluent from both media was measured and used in con@nction with the
known head to calculate hydraulic conductivities and, thus, penneabilities. These values were found
to be slightly greater in accuracy as they were derived from raw data that was not manipulated in any
way. The results of the permeability values before and after NAPL entrapment in each media were
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presented earlier.

While the effluent concentration data was negatively affected by the use of the drip method for
flushing Columns H-9 and H-10, the permeability data was found to be fairly accurate. The
permeability data for the medium sand within Column H-9 are provided in Figure 6.16 and illustrate
a slight yet definite upward trend in permeability values during the course of the flush. Furthermore,
the values of permeability appear to increase from values of approximately 2x10-* cm2 to
approximately 4x10-8cm2. In order to better view the trend, Figure 6.17 is included with a smaller
permeability scale.
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to Figures 6.16 and 6.17, the upward trend in pwrneabilities seems to end at approximately 25 pore
volumes, at which point the permeabilities appear to remain fairly constant. At this point most all
of the NAPL has been dissolved away from the medium sand. In addition, the greatest increase in
permeability values appears to occur within the first 10 pore volumes. This is consistent with data
from the homogeneouscolumns which showed the greatest increase in permeability at the initiation
of the experiment.

The data pertaining to the permeabilities within the fine media of Column H-9 are presented in
Figure 6.18. Similar to the effluent data, the permeability data in Figure 6.18 indicate that the fine
media within Column H-9 was never successfully cleaned. These data remain fairly low after
approximately two pore volumes. Furthermore, these permeabilities appear to be relatively close
to the ~ value of approximately 8x 10-9cmz for the fine sand within Column H-9. However, close
inspection of the permeability data indicates a very slight upward trend. While it doesn’t appear
from the effluent data that much NAPL is being removed from the fine media, the very slight
increase in permeability maybe attributed to the apparent removal of NAPL from the fine media by
the alcohol solution flowing through the medium sand. It should be noted, however, that the amount
of permeability data able to be collected for the fine media within Cohunn H-9 may not be sufficient
enough to provide firm conclusions as to increasing trends. It should also be noted that the slightly
elevated values ofpermeability for the data points between one and two pore volumes are the result
transition issues between an aqueous phase of all water and one of 40% IPA.

The permeability data for each media within Column H-1Owas also found to be much more reliable
as a result of the use of the drip method of alcohol flushing. The permeability values for the medium
sand in Column H- 10 appear to show a more rapid increase to the value of intrinsic permeability in
comparison with that of CohImn H-9. This is likely the result of the development of preferential
pathways within the medium sand. In addition, the fact that such a large increase in permeability
appears to occur at the initiation of the experiment is consistent with data from the homogeneous
columns which showed the greatest increase in permeability at the initiation of the experiment.

Similar to the results for the fine media in Column H-9, the fine media within Column H-10 was also
never successfidly cleaned. The permeability data is shown to again remain fairly constant and
relatively close to the k~ value of approximately 6E-9after approximately two pore volumes.

Results from columns with the two side ports is shown in Figure 6.19.
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Column H-4, Both Soils
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Figure 6.19 Results from two layer column with sampling from side ports.

6.4 Summary

Effluent concentration data were found to provide a good indication of the degree of PCE removal
from the homogeneouscolumns. Expedited removal of PCE due to enhanced dissolution was shown
in all columns as mass removal times were decreased by nearly two orders of magnitude.
Volatilization issues were not apparent in the majority of the homogeneous columns and effluent
concentrations were found to be consistent with those expected in consideration of the ternary
system of alcohol, water and PCE. Minor losses were apparent in two of the homogeneouscolumns
as the result of the presence of silicone on the specially constructed endcap.

The results of the heterogeneous column study provided experimental illustration of the difficulty
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of achieving complete remediation of layered soil systems, as the medium sand within each column
was consistently cleaned of residual PCE contamination while the PCE within the finer material was
observed to be substantially more difllcult to remove. Permeability data collected during
experimentation with heterogeneous soil columns indicated this difficulty, as increasingperrneability
values were observed within the medium sand and stagnant, consistently low permeability values
were seen in the finer sand. Effluent concentration data and flowrate ratio data provided fbrther
indication of the preferential cleanup of the more coarse-grained media within the layered systems.
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7 Evaluation of Alcohol Reuse

7.1 Introduction

Reuse of the alcohol solution is important for reducing the overall cost of the remediation
scheme and well as reducing the volume of hazardous waste generated from the remediation
process. Some typical liquid separation technologies for volatile organic compounds include
solvent extraction, distillation, reducing volubility so that the contaminant becomes a separated
immiscible phase and adsorption. The feasibility of these technologies depends on the
characteristics of the compounds of interest. Table 7-1 shows various properties for PCE, TCE
and alcohols (based onVerschueren(1983)).

Table 7-1 Properties of PCE, TCE, IPA, ethanol and water
Properly PCE TCE IPA Ethanol Water

1
I I I I 1

MolecularFormula c*c14 HC2C4 H7CjOH H~CzOH H20
1

, ,
MolecularWeight 165.83 131.5 60.1 I 46.07 I 18

I
1

MoleculeSize small small small small Small

MeltingPoint(@ latm)“C -22.7 -87 -861-89 -114/-117 o
I 1 # I I

BoilingPoint(@ latm)“C I 121.4 86.7 I 82.4 I 78.4 I 100 I
Polarity Nonpolar Nonpolar Polar Polar Polar

Densky(g/ml@latrnj20 ‘C) 1.626 1.46 0.785 0.789 0.999
I t 1 I 1

WaterVolubility(mg/1@ Iatm)25 I 160 1100 Miscible Miscible I _ i

Solvent extraction is a process in which an immiscible solvent, such as petroleum ether, benzene,
hexane or some other organic solvents are used to recover the constituents of interest (Sawyer et.
al., 1994). Even though solvent extraction may be an effective and economical means to recover
organic solutes from inorganic solvents like water, it is much more difficult and less feasible to
separate PCE from an alcohol solution.

Distillation is a process of separation based on the difference in composition between a liquid
and the vapor formed. Simple distillation is effective in the separation of liquids from
nonvolatile solids, as in the distillation of pure water from salt water, or recovery of an organic
solvent from mixtures with nonvolatile substances. Due to the fact that the components of the
alcohol flushing extraction solution (alcohol, PCE and TCE) are volatile and that the boiling
points for the compounds are similar, it maybe difficult to separate them into their pure phases.
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Perry and Weissberger ( 1965) reported that an azeotrope occurs during the distillation process of
a ternary system composed of alcohol, water and PCE. An azeotrope is a point at which the
system forms a maximum or minimum boiling point of the mixture. The distillates, therefore,
will remain in the same fraction ratio mixture and hence will not undergo fbrther separation.
Many binary and a few ternary systems have been studied in terms of the azeotrope of those
systems, and information is available from many general sources. An example of a binary system
of interest is IPA and water. This system forms an azeotrope and boils at 80.3°C at atmospheric
pressure. The distillate remain in the mixture of 87.8 ‘?40IPA and 12.6 YOwater. The ternary
system of IPA/water/PCE was not found in the literature but the related ternary system of
propanol/PCE/water forms an azeotrope and boils at 81“C. The distillates remain in the ratio of
12.5 VOwater, 20.8 % propanol, and 66.7 YOPCE. The property of propanol/PCE/water ternary
system implies that: (1) the azeotrope boiling point of the system is very close to 83°C, the
boiling point of propanol, the alcohol component of the ternary system; and (2) a PCE
concentration of 66.7°A is much higher than that will be encountered in waste from alcohol
flushing SRS and even from any other real practice. As a result, there is no possibility for PCE or
propanol to be separated from this ternary system by simple distillation. A much more
complicated scheme would be needed to ‘%reak” the azeotrope if distillation is used. This may
not be practical because of the high cost and complexity of such a system.

As stated earlier, PCE volubility increases dramatically when the alcohol volumetric
concentration is greater than 30°A in solution. Therefore, changing the mixture composition
leading PCE to be a separate phase may be a way to partially separate PCE from an alcohol
solution. For example, adding water to bring a solution IPA concentration from 60°A down to
50% or 30% may reduce the corresponding PCE volubility from about 132,000 mglL down to
about 30,000m#L or 1,600 m@.+ almost 4.4 or 82.5 times reduction, respectively. Then extra
PCE forms a separate phase and sink to the bottom of the solution due to its higher density. The
leftover solution with a much lower PCE concentration can then undergo fiuther treatment.
Although this method enlarges the total waste volume, it reduces the PCE strength in solution
dramatically and eases the further PCE separation. The overall process of this method, therefore,
may be cost-effective.

Granular activated carbon adsorption is one of the best available technologies for removing target
synthetic organic- chemicals from the polluted drinking water sources (US EPA, 1986). Two
market research organizations, Freedonia Group and SRI International, assert that the demand for
activated carbon will increase by 5°/0per year between 1995 and 2000, to a total 400 million
pounds, due to increases in water treatment and solvent recovery uses (Chemical and Engineering
News 1996).

The essence of carbon treatment of contaminated fluids is to utilize activated carbon’s superb
adsorptive capacity to remove adsorbable impurities from the fluids. This can be achieved using
an activated carbon bed or other activated carbon configurations. Organic compounds with low
volubility and low or non- polarity, such as PCE and TCE, can be adsorbed by activated carbon,
and those with high volubility and polarity, such as ethanol, IPA, are usually not highly adsorbed.
The partition coeftlcient (K) was used by Luehrs et al. (1996) as limiting adsorption coefficient
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1 Activated carbon adsorption uses activated carbon as the adsorbent to accumulate the molecules
of other materials onto its surface. Activated carbon adsorption has a wide application in
environmental engineering. Cohesion and adhesion forces, ranging from strong valence bonds to
the van der Wads forces are responsible for adsorption. These forces can be loosely classified
into three categories: (1) chemical forces, such as the covalent forces in molecules of H2 and
H20; (2) electrostatic forces; and (3) physical forces. Based on the adsorption forces, adsorption
can generally be classified into the following three patterns.

. Chemical adsorption or chemisorption, adsorption in which the adsorbate undergoes a
chemical reaction with the adsorbent. Chemical adsorption processes exhibit a high energy of
adsorption, and thus are favored by high temperatures.
. Exchange or electrostatic adsorption, adsorption results from the electrostatic attraction to
charged sites at the interface. The valence and the molecular size of the adsorbate are important
in determining-the order of the preference for electrostatic adsorption by a ptiicular adsorbent.
Electrostatic adsorption dominates in activated carbon adsorption of metal ions.
● Physical adsorption occurs as a result of’van der Waals forces. In physical adsorption, the
adsorbed molecules are not affixed to a specific site at the sutiace but are free to undergo
transitional movement at the interface. Hence, the molecules adsorbed in this way can easily be
desorbed. Adsorption of this type is sometimes referred to as “ideal” adsorption. It is usually
predominant at low temperatures. The adsorption of organic compounds, particularly nonploar
organic compounds, by activated carbon is atypical example of physical adsorption.

Activated carbon is a common adsorbent using in many water and wastewater treatment systems.
The distinctive feature of activated carbon is its high internal porosity and associated large
specific surface area. This is a critical factor in the adsorption process. The surface area of
macropores and micropores of the activated carbon granules contribute to the total surface area,
however, the system of macropores generally contributes little to the total surface area. The
macropores I%nction mainly as channels through which solute molecules diffise or pass into the
system of micropores. The specific surface area of activated carbon typically ranges from 500-
1400 m2/g, and some carbons have been known to have a specific surface area up to 2500 m2/g
providing a large amount of adsorption sites.

A diagrammatic conception of an activated carbon granule and its adsorption of impurities fi-om
a passing liquid are shown in Figure 7-1. Figure 7-2 shows an expanded view of an internal pore
(micropore) of an activated carbon granule.
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Figure 7-1 Diagrammatic conception of an activated carbon granule
and its adsorption
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Figure 7-2 Diagrammatic conception of an activated carbon internal pore

The primary driving force for adsorption may be a consequence of Iyophobic (solvent dislike)
character of the solute relative to the particular solvent, or of a high affhhy of the solute for the
solid. For the majority of systems encountered in water and wastewater treatment practice,
adsorption results fkom the combined action of these two forces, i. e., hydrophobicity (water
dislike) of the solute, and the afftity of the solute for the adsorbent. The degree of volubility is
by fiir the most significant factor in determining the intensity of the first of the two driving
forces. In this context, the “degree” of the volubility can be thought of as the extent of chemical
compatibility between the solvent and the solute.
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Lin et al. (1995) demonstrated that volubility, polarity and molecular weight of the adsorbate play
a very important role in the adsorption process. The affinity of an adsorbate, which is strongly
associated with the polarity of the adsorbate and the adsorbent, is the same physical item as
previously explained between absorbent (activated carbon) and adsorbate. Generally, the affinity
of organic compounds for activated carbon is proportional to their molecular weight, and the
carbon portion of the compounds.

Volubility reflects the compatibility between the solute and the solvent. A solute with a higher
volubility usually has a higher attraction for or compatibility with the solvent and is harder to be
separated from the solvent. Weber et al. (1983) pointed out that an inverse relationship can be
anticipated between the extent of adsorption of a solute and its volubility fiorn which adsorption
occurs. This trend has been shown h many early experiments (Holmes and Mckelvey 1928,
Hanson and Craig 1954).

Lin et al. (1995) demonstrated that the adsorption of organic compounds by activated carbon is
complicated by the interaction and complex phenomena of molecular weight, polarity and
volubility. Their study showed that the adsorption capacity of activated carbon for four organic
materials, acetone, IPA, phenol, and tetrahydrofiu-an, follows the order of tetrahydrotian >
acetone > phenol > IPA. It can be found that, among the four, acetone, miscible with water and
with the smallest molecular weight and highest polarity, has a higher adsorption capacity than
that of phenol, which has the lowest polarity and largest molecular weight. On the other hand,
E?A has a higher polarity and a smaller molecular weight than phenol, but has a lower adsorption
capacity.

In a single water system, most nonpolar organic compounds including PCE and TCE are
immiscible with water and termed hydrophobic. Thus there is a strong adsorption driving force
dispelling PCE and TCE molecules away from water molecules and making them susceptible for
adsorption to an appropriate adsorbent, such as activated carbon.

Adsorption is inversely proportional to solute volubility and directly proportional to the solute
concentration. In other words, a higher solute concentration results in a higher adsorption driving
force, adsorption rate and adsorption capacity.

A competition usually exists in a system of multiple solutes. The adsorption capacity of a
component is typically proportional to its single partial adsorption capacity, yielding less
adsorption capacity for this component in a multiple solute system. But in some cases, the
interaction between the solutes may result in an environment that is favorable for adsorption of
one or all components in the system yielding a higher adsorption capacity than in a single solute
system.

Liquid adsorption systems may be classified into four systems; (1) single sorbate and single
solvent, (2) multiple sorbates and single solvent, (3) single sorbate and mixed solvents, and (4)
multiple sorbates and mixed solvents. Type (3) and (4) represent the adsorption involved in the
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separation of PCE from an alcohol solution. The existing theories, and engineering aspects of
carbon adsorption of organic chemicals come from the recent practical application of this
technology. However, these applications have treated trace or low concentration of chemicals in a
single solvent of water, wastewater and gases. The cosolvent system, such as water and alcohol
solution may dramatically enhance the affinity of the organic solute for the solvent. Thus a high
affinity makes the organic solute much more soluble in the water and alcohol solution than in
water alone. Simple extrapolation of existing data and theories for adsorption from single
aqueous system to an alcohol and water solution system maybe neither feasible nor desirable.

The impact of solvent on the adsorption could be caused by (1) adsorbability of the solvent for
activated carbon, (2) affinity of the solvent for the solute, (3) other factors such as temperature,
pH and the dissolved oxygen of the solvent.

The essence of tlie separation of PCE from its alcohol solution using activated carbon relies on
the adsorptive capacity differential between the PCE and alcohol in the adsorption system. Thus
alcohol, even if not very adsorbable, can compete with the PCE for adsorption sites on the
activated carbon.

As mentioned previously, in a water, alcohol and PCE system, the presence of alcohol enhances
the compatibility between PCE and water-alcohol phases. This may reduce the PCE adsorption
capacity depending on the alcohol concentration. The enhanced compatibility, however, may
result in a higher PCE concentration, which forms a higher adsorption driving force for PCE
molecules onto the adsorbent.

The increase in viscosity of the solution as a result of the presence of IPA could reduce the
mobility of solute molecules in the internal pores of the activated carbon and thus decreases the
adsorption rate.

IPA and ethanol are typical usefil alcohols for alcohol flushing. IPA may have several technical
merits over ethanol such as IPA solution has a higher PCE volubility. Ethanol, however, also has
some other practical advantages over IPA.

The extraction solution horn an alcohol flushing a PCE or TCE contaminated site like SRS
would contain polar compounds (water and alcohol), non-polar compounds (PCE and TCE),
trace metal ions ( M~, Ca2+and Fe*+) and some dissolved oxygen. The typical temperature for
the extracted flushing solution would be in the range of 15 to 20*C, which is equal to the typical
temperature for the groundwater. The pH for the flushing extraction solution would be on the
order of 6 to 8. These parameters of the flushing extraction solution may also have some effect
on adsorption.

Adsorption equilibrium is typically described using the adsorption isotherm, which shows the
distribution of adsorbate between solid (qe) and solution phases (C ) at equilibrium. Figure 7-3
shows three typical adsorption isotherms ---- favorable, linear and unfavorable adsorptions.
When the q. reaches a value of QO(adsorption capacity), C reaches Cs (saturation concentration)
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and no more adsorption occurs. Most carbon adsorptions of organics from water are favorable or
the type I adsorption shown h Figure 7-3.

QO

...

.---”’”’;ype I ---Favomble Adsorption ...... . ““’...
/~’ Type11---Linear AcIso@on

.....

Cs
L

Concentration in solution, C

Figure 7-3 Diagram of typical equilibrium isotherms

Typical adsorption models describing the adsorption isotherm include the Freundlich, Langmuir,
and Brunauer, Emmett, Teller (BET) models. Each of these models has different assumptions.

For a very high solute concentration solid-liquid system, the multilayer adsorption may occur,
therefore the isotherm can be expressed by BET.

The Langmuir adsorption isotherm (describing the type I adsorption shown h Figure 7-3) and its

linear form could be expressed in Equations (“1)and (2).

QObC

~’=(l+bc) (1)

1——
++(;&)(+)qe— Q (2)

Where . =solute concentration in adsorbent (m#g)
%Q = the mass of solute adsorbed per unit of weight of adsorbent in forming a

complete monolayer on the suriiace
b = a constant related to the energy or net enthalpy, AH, of adsorption,

(boce-AwRT),b also determines the shape of the adsorption curve
C = aqueous solute concentration at equilibrium (m#l).

The Freundlich isotherm model is an empirical isotherm model and has the advantage of
simplicity and preciseness (Weber 1972). It has also been found to be extremely usefi.d in most
treatment applications. The Freundlich isotherm model and its logarithmic equation form are
expressed in Equations (3) and (4). The logarithmic form of the Freundlich isotherm model could
also be termed the linear Freundlich isotherm and is typically depicted in Figure 7-4. The linear
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Freundlich isotherm is ofien used in practice because it can greatly simplifi the data processing.
Thus this model was used to process the adsorption data involved in this research.

~,= K~C 11” (3)

log q.= log KF+ l/n log C (4)
Where: KF=Constant (y intercept of line shown in Figure 7-4), related to

adsorption capacity, QO
l/n = Constant (the slope of the line shown in Figure 7-4), related

adsorption intensity similar to b in the Langmuir adsorption
model

qe (wig) and C (rnti) = the same meanings as indicated above

A stronger adsorption with a higher adsorption capacity, QO,has a higher value of KF. Adsorption
capacity might be defined as the adsorption level at which no more adsorption occurs. l/n
determines the type and the shape of an adsorption isotherm. In Figure 7-4, it could be found that
the l/n has a value of less than 1 for a favorable adsorption and that the smaller the l/n, the
stronger the adsorption at a certain C and the steeper the shape of the isotherm at the lower C
zone.

An isotherm is typically determined using batch studies and can be used to determine the
adsorption capacity, as well as other adsorption characteristics. With the carbon adsorption
parameters and the required effluent solute concentration predetermined, an estimation of how
much contaminated solution could be treated with a carbon batch reactor or column bed could be
estimated, although this is not a simple extrapolation. Cooper and Alley (1990) found that the
activated carbon bed capacity for adsorption of gaseous fluid would seldom exceed 30-40 ‘A of
that indicated by an equilibrium isotherm. Therefore, the bed capacity for the liquid solute may
be less than 30% of that determined by an equilibrium isotherm due to the solvent effect.

I

Log c

Figure 7-4 A hypothetical linear Freundlich isotherm

Weber andBemardin(1983) described that the activated carbon adsorption of organic chemicals
is comprised of four consecutive significant steps: (1) bulk transport, (2) film transport, (3)
intrapore transport, and (4) adsorption attachment. These four steps are depicted in Figure 7-5.
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Among the four steps, the second and/or the third steps may exert major resistance to the solute
molecule movement, and therefore are considered to be adsorptive rate-limiting steps.

The first step is a process in which solute or adsorbate molecules transport through the bulk
solution to the surface of an activated carbon granule. This step usually occurs quickly and is
considered to be a rapid step and not a rate-limiting step.

The second step or film-diflbsion step is when the adsorbate molecule transfers through the
adsorbate “film” surrounding the outer surface of the activated carbon particle. The third step or
pore diffbsion step is the diffksion of solute molecules within the internal pore of an activated
carbon particle. The time for accomplishing these two steps and determining which one is the
rate-limiting step largely depends on the flow conditions of the solution in contact with activated
carbon. In a batch reactor with a high degree of agitation or mixing, turbulent flow predominates
and prevents the formation of thick adsorbate film. In this case, film difision is not the rate-
limiting step. Conversely, for a continuous flow system, such as a fixed bed of activated carbon,
the film diffhsion step will be the rate-limiting step for most normal flow rates (Weber, 1972).

Upon reaching an available site on the activated carbon surface, the adsorbate molecule binds
itself there. Compared to the previous three steps, this step occurs almost instantaneously.

/ I I

/ “.-

/
//

Adsorbate molucule
Bulk traqjort Film transport I ]ntraparticle transport

Adsorption attachment
in solution Jast)m“-

(Fast) I (slow)

Surface film

Figure 7-5 Schematic of the significant mass transfer steps in adsorption

The effluent solute breakthrough curve is generally applied to describe the adsorption occurring
in a column adsorber. Solute breakthrough curves are defined as a profile of aqueous solute
concentration with time or the solution passing through a column adsorber. One of the important
parameters that could be determined from the solute breakthrough curve is the mass transfer
zone. The mass transfer zone is defined as a length of the column adsorber bed over which
adsorption occurs and the adsorbate concentration in the effluent varies from the influent
concentration to zero or a some specific value:,which is called breakpoint concentration.

As the column carbon bed continues to operate, the mass transfer zone moves down the column.
Figure 7-6 shows a typical adsorption breakthrough pattern for column bed adsorption associated
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with a steady flow in the column. When a predetennined concentration appears in the eflluent,
breakthrough has occurred. This predetermined concentration is also called breakpoint
concentration --- Cb. At this point, the effluent quality no longer meets treatment objectives. Then
the carbon in the column typically needs replacing with new or reactivated carbon. The spent
activated carbon can either be regenerated or disposed of. When the carbon becomes so saturated
with the contaminants that they can no longer be adsorbed, the carbon is said to be spent (C.=CO).

An adequate contact time for batch reactor is also needed for column carbon bed to reach the
adsorption equilibrium. The contact time is closely related to empty bed contact time, which has
value of the ratio of the effective volume of the mass transfer zone to its hydraulic loading rate.
This contact time is usually less than the contact time needed for a batch reactor to treat the
solution with the same initial adsorbate concentration. This is because the activated carbon in the
activated carbon bed is in contact with the feed solution, which has high concentration. This
results in a higher driving force for adsorption, which produces a shorter period of time required
to reach the adso~tion equilibrium in the column bed. Hassler (1974) pointed out that the
supeflcial contact time (contact time) should be on the order of 20 to 60 minutes.
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Figure 7-6 Schematic representation of the movement of the mass transfer zone
and the resulting breakthrough curve

Another particular aspect of the carbon bed is the linear velocity of the liquid passing the bed. A
bed passed by a flow at a higher linear velocity typically treats more solution at the same contact
time. Typical linear velocity ranges from 1.25 to 5 m/’hr (0.5 to 2.0 gpm/ft2). The activated
carbon bed needs to contain at least one mass transfer zone, otherwise the activated carbon in the
cohunn adsorber operates less effectively and efficiently.
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In column reactors, the carbon at the inlet of the carbon bed is continuously in contact with the
concentrated influent solution. The concentration in the solution in contact with a given layer of
carbon in a column changes very slowly under this condition. Thus high uptake levels of
adsorbate by the carbon could be achieved. Therefore carbon column is wildly used in the real
practice in environmental engineering. Granular activated carbon is used in conjunction with the
column bed because of its low hydraulic head loss.

The amount of the extraction solution from an alcohol flushing remediation practice may not be
very large. Thus the fixed column carbon bed may be more cost effective than pulsed carbon
beds because the pulsed carbon beds are more complicated and higher in capital cost, even
though they are a little bit more efficient. Typical patterns of the fixed carbon beds are
schematically shown in Figure 7-7.

Because of the smalI flow rate of the extraction solution from an alcohol flushing remediation,
two carbon beds in series would be a good choice. Each bed could operate individually to treat
the solution adequately. The operation of this carbon bed configuration could be: (1) The influent
is completely treated in the first carbon bed and then flows out of the system. (2) When first
carbon bed is exhausted, the influent is shifted to the second carbon bed. The first carbon bed
would be disconnected and replaced with fresh carbon, and then restored back to the operation
line.
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Figure 7-7 Schematic of the fixed carbon bed
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7*4 Methods

The representative materials used in this study were water, IPA, PCE and activated carbon. The
research was implemented through a three-stage investigation including isotherm studies, column
studies and an economical evaluation for the practical application of this technology.

The activated carbon used in this research was Filtrasorb-400, which is a granular activated
manufactured by Calgon, Corporation, Pittsburgh, PA. The physical properties of Filtrasorb-400,
as provided by the supplier (Fuller, 1998), are listed in Table 7-3.

Table 7-3 Activated carbon physical properties

Parameter Value
Surface area 1050-1200 m2/g
Pore volume 0.94 mllg

Particle density 1.82 g/ml
Uniformity coefficient (Max) 1.9

Effective size 0.55 to 0.75 mm
Sieve size, US Sieve Series, Weight ‘%0

Larger than No. 12 (opening of 1.4,mm or 0.056 inches) (Max) 5
Smaller than No. 40 (opening of 0.42 mm or 0.0165 inches) A 4 4

The Filtrosorb-400 granular activated carbon was produced through activation in natural water at
room temperature, and it is a neutral or nonpolar activated carbon.

Chemicals used in this study are listed in Table 7-4.

Table 7-4 Description of chemicals used in this research
Chemicals Parameters Supplier

Tetrachloroethylene Baker lmalyzedq MallinckrodtBaker,Inc.,Phillipsburg,NJ08865
(PCE) Reagent, Assay 99.9’%

Trichloroethylene Safemom, 8633, Assay MallinckrodtBaker,Inc.,Paris,Kentucky40361
(TCE) 99.8Y0,

Isopropanol(IPA) AR@,Analytical MallinckrodtBaker,lqc.,Paris,Kentucky40361

reagent, Assay 100°/0
Ethanol Dehydated-200 Proof PackagedbyMcCormickDistillingCo.,DSP-CT-

18BrooHleld,ConnecticutDistributedby
McCormickDistillingCo.,Inc.,DSP-MO-5Weston,

Missouri64098
Methanol MX 0485-7, GR, EMScience,ADivisionofEMIndustries,Inc.,480

Anlydrous, Assay S.DemocratRoad,Gibbstow NJ08027

99.8%
Distilled water Produced by a distiller Coming,Mega-PureTMSystem
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The isotherm studies were conducted using batch experiments. The impact of the IPA
concentration, PCE concentration, activated carbon dose and the combination of these three
variables on adsorption were investigated. The experimental data were analyzed using the linear
Freundlich isotherm model. Adsorption parameters were determined based on this model. The
adsorption parameters were used to estimate solution volume treatment capacity for the amount
of the activated carbon packed in a carbon column for the column experiments.

TCE, another common chlorinated contaminant, was also studied to estimate its batch adsorption
parameter in an IPA and water solvent system. Ethanol, another possible alcohol, was used to
estimate the batch adsorption parameters of PCE from an ethanol-waters ystem.

A range of alcohol and PCE concentrations was used to conduct the isotherm studies to simulate
a range of possible solution scenarios in the field. The variables of interest in the study were
alcohol (IPA or ethanol) and chlorinated compounds (PCE and TCE), and activated carbon. The
overall summary for these studies are listed below:
(1) The IPA concentrations used were O, 15, 30 and 60 % (volumetric concentration), ethanol
concentration used was 300/o;
(2) The maximum PCE or TCE concentration used was slightly less than the volubility in its
respective alcohol solution. The maximum PCE and TCE concentrations used are shown in
Table 7-5.

Table 7-5 Maximum PCE and TCE concentration
Maximum PCE Maximum TCE

Alcohol (VO1.YO) concentration (mg/L) concentration (m@L)
IPA O% 120 I

IPA 15?40 240 I

IPA 30% 1,000 3,000

IPA 60% 100,000 /

Ethanol 30% 500 I

(3) The activated carbon dose was determined from previous tests such that the isotherm curve
covers the equilibrium solution PCE concentration from 0.1 up to 0.8 of its initial solution
concentration.
(4) A contact time of more than 3-week was generally used for the isotherm studies except those
were indicated to determine the appropriate time for these experiments.

The “bottle point” method was used to conduct the isotherm studies, and it is depicted in Figure
7-7.
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Figure 7-7 Schematic of batch reactors

A total of 8 bottles, each with a volume of 60mL, were used for each batch test. Six bottles were
used as activated carbon reactors while the other 2 bottles were used as blanks to check any
losses that might be occur. One blank bottle was filled with solution before the filling of the 6
activated carbon bottle reactors. The second blank bottle was filled last among the 8 bottles.
Bottle No. 5 was a duplicate for the bottle No. 6. The activated carbon dose in the activated
carbon reactors increased in the order of No. 2 to No. 7. Each bottle was filly filled with
solution. All eight bottles were capped with aluminum caps in conjunction with rubber septum
with Teflon coating.

The activated carbon as received from supplier was sieved with a No # 40 sieve (with opening of
0.42 mm or 0.0165 inches). The activated carbon retained by the No # 40 sieve was washed with
distilled water. The washed carbon was placed into a glass beaker. The glass beaker with washed
carbon was dried in an oven set at 110°C for 24 hours. The dry carbon was stored in a dessicator
until use.

The PCE solution for each experiment was mixed in a 1,000-mL glass volumetric flask. 24 hours
was tested necessary for the PCE solution to get thoroughly mixed. A sample was taken from the
thoroughly mixed parent solution in the 1,000mL flask and was saved in a headspace vial
(borosillicate glass vial with aluminum cap. in conjunction with rubber septum with Teflon
coating) for determining the initial concentration. The rest of solution in the flask was delivered
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into the blank bottles and bottles containing activated carbon. The loaded bottles were wrapped
with opaque paper to reduce light penetration and the light effect that may have on the reaction.
Then those bottles were mounted on a rotary shaker rotating at 6 revolutions per minute. The
mixing time or contact time was from about 2 to 30 days. Since normal temperature variations
generally have only minor effects on adsorption, the ambient temperature for isotherm studies
was21°CA10C.

After mixing, the bottles were placed on a counter for at least 5 hours to allow the fine carbon
particles to settle. Solution samples from each bottle and blank were taken and measured with a
gas chromatography.
3.2.1.1
Adsorption systems of different combinations of the three primary variables of IPA, PCE and
carbon dose may yield different adsorption isotherms and adsorption parameters. Therefore
isotherm studies were conducted over a series of batch experiments.

(1) The effect of IPA on the adsorption
The effect of alcohol (IPA) was investigated using 4-batch isotherm tests. The initial PCE
concentration and carbon doses were held the same and the IPA concentration varied. The value
of the three constituents is shown in Table 7-6. All isotherm studies were conducted using the
“bottle point” method, and the volume of the glass bottle is of 60 ml.

Table 7-6 Parameters of adsorption system for alcohol effect on adso~tion
Parameter I Value

(2) Determination of the carbon dose
The linear Freundlich isotherm, which expresses the relationship between the PCE concentration
in the adsorbent and the solution phases, assumes that an appropriate carbon dose is used. The
appropriate carbon dose, an important factor, was investigated using two tests. In the first test,
an adsorption solution with a 60% IPA and a PCE concentration of 120mg/L was used. In the
second, the adsorption was conducted with a solution at an IPA of 30°/0and a PCE concentration
of 7.05 mg/L. The parameters of the two systems are listed in Table 7-7.

Table 7-7 Parameters of the adsorption system for determining carbon dose

--

(3) Effect of initial PCE concentration
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The effect of the initial PCE was investigated using three tests in which the 60% IPA and the
carbon dose range were held the same. A different PCE concentration was used for each of the
tests. The parameters of the adsorption systems are shown in Table 7-8.

Table 7-8 Parameters of the adsorption for the effect of initial PCE concentration
Parameter Value Value Value

IPA concentration (Yo) 60 60 60
Initial PCE concentration 1000 10000 100000

Q@L)
Activated carbon dose (mg) 1260,3000, 1260,3000, 1260,3000,

6000,9000, 6000,9000, 6000,9000,
9000,13200 9000, 13200 9000, 13200

(4) Effect of varied initial PCE and IPA concentrations
The effect of varied initial PCE and IPA concentrations was investigated using a set of tests, in
which IPA and its corresponding PCE concentrations varied and the range of carbon dose was
chosen such that the equilibrium PCE concentration ranged from 0.1 to 0.8 times the initial PCE
concentration. The values of those parameters are shown in Table 7-9.

Table 7-9 Experimental factors
Parameter Value Value

IPA (%) o 15

PCE (mg/L) 100 70 I 110 j 65 240 1 160 I 160

Carbon (mg) 4,6,11 15,15, 19 6,20 51,88 88, 122

Contact time 28 hr 12 d 22 d 30 d 28 hr I 12 d 30 d

,

Parameter I Value I Value I
IPA (’%0) 30 60

PCE (mg/L) 1000 950 I 760 99000 I 101000 I 108000

Carbon (mg) 22, 207, 389, 1254, 6005, 9065,
103, 389, 540 2962 9069, 13167

Contact time 40 hr 19 d I 30 d 40 hr I 12 d I 30 d

(5) Effect of the contact time
The effect of contact time on adsorption was incorporated in the previous part of the batch
experiments. The contact time used varied from 30 hours to 30 days. This effect was

investigated by holding the IPA and the range of carbon dose the same and varying the contact
time. The parameters for the experiments for this purpose are also shown in Table 7-10. There
was a small variation in initial PCE concentration of the solution because of the difficulty in
keeping it constant among different trials.

(6) PCE adsorption from ethanol
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This adsorption was conducted over a system composed of 30% ethanol, 360mg/L PCE (less
than its volubility of 700 mgl in 30% ethanol solution), and the range of the carbon dose of 3.7
to 540 mg.

(7) TCE adsorption from IPA solution
TCE adsorption was conducted over a system composed of 30% IPA, initial TCE concentration
of 2503 mg/L (less than its volubility of 3000 mgiL in 30% IPA solution), and the range of the
activated carbon dose of 3.5 to 630mg.

Column studies
In the column experiments, the influent solution with different IPA and initial PCE
concentrations was applied to pass the carbon column. The breakthrough curve for each column
study was determined based on the batch study data. The breakthrough curves were used to
determine the impact of alcohol and PCE concentration on the adsorption, which occurred in the
carbon column. The carbon column capacity for recovery of IPA was determined based on the
column experimental results.

Column tests were used to investigate: (a) the mass transfer zone; (b) the effect of the presence of
IPA on adsorption of PCE onto activated carbon and the PCE migration in the mass transfer
zone; and (c) the activated carbon treatment capacity of PCE or alcohol recovery capacity as an
estimate for the operation of a scale-up column activated carbon adsorber.

The column systems are shown in Figures 7-8 and 7-9. Figure 7-8 shows the details of the
column setup, which is composed of a glass column with 3.1 cm inside diameter; two aluminum
end-caps; two O-rings (Vitono, Small Parts, Inc., Miami Lakes, FL 33014-0650); tubings (Teflon
q Small Parts, Inc., Miami lakes, FL 33014-0650); stainless fittings (Swagelockq Crawford
Fitting Company, Solon, Ohio 441 39). In order to reduce the column end effect, 1 cm of the
column was lefl carbon-free between the carbon bed and the fitting connectors at both of the inlet
and outlet of the column. The total glass column was 10 cm in length and the effective activated
bed length in the column was 8 cm, which was 2.58 times the column inside diameter of 3.1 cm.
The overall column underwent a 2-day PCE adsorption test beforehand and the results showed
that the column did not adsorb PCE. ,
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Figure 7-9 Schematic of the Column System Setup

Figure 7-9 shows the overall column system, which consisted of the following: (1) an upper
reservoir with a movable plunger in to prevent PCE and IPA fi-om evaporating. The plunger was
made of a glass bottle wrapped with aluminum foil; (2) a lower glass reservoir for collecting the
effluent; (3) a peristaltic pump for injecting the solution into the carbon column bed; (4) an
activated carbon bed column setup shown in Figure 7-8; and (5) a three-way stainless steel valve
and a stainless steel two-way valve (Popper& Sons, Inc., Hyde Park, New York) installed at the
inlet and outlet of the activated carbon column setup for sampling the influent and effluent,
respectively.

The sampling program, such as sampling time interval, the ratio for influent sample to the
effluent samples was determined in a test conducted beforehand. The detailed information is
described in the column study procedure.

The activated carbon as received from the supplier was sieved with a No #40 sieve. The carbon
retained on the No # 40 sieve was gathered and soaked in distilled water for at least 48 hours in
order to dispel the air trapped in the intrapores of the carbon. The soaked activated carbon was
packed into a glass column fidly under distilled water. The packed column was flushed with
distilled water upward for at least 24 hours. The PCE solution flow rate into column bed was set
with the peristaltic pump during this distilled water flushing step. Column tests were conducted
in an ambient temperatureof21 A 1“C.
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The volume of the influent solution for the column test was estimated based on the amount of
activated carbon packed in the column bed and the adsorption capacity of the activated carbon
determined in batch isotherm studies for this kind of solution. The influent solution was mixed in
4-L amber glass bottles. From the previously tests, a mixing time of 24-hour was found to be
needed to mix the influent solution thoroghly. Once the influent solution was prepared, a 10-mL
sample was first taken into a 10-mL headspace vial. This sample was then stored in a refi-igerator
until measured with a gas chromatography. The rest of the mixed solution was poured into the
upper reservoir, fi-omwhich the solution was pumped into activated carbon column in a upflow.

Effluent samples and influent samples (about 1/3 of effluent samples) were taken with a 10-mL
syringe and stored in 10-mL headspace vials. The vials were stored in a refrigerator until
measured. The column test for each solution case was terminated when the effluent concentration
was approximate y equal to or larger than the exhaust concentration CX,which was set to be
about 90°/0of the average column influent concentration.

The timefor eflluentsamplingand the flowrate wererecordedso that thevolumeof solutionpassingthroughthe
columncouldbe calculated. Column experiments were mainly conducted using 30°/0and 60°/0 IPA
solution. The parameters of the solution for the column experiments are listed in Table 7-10.

Table 7-10 Parameters of the COIW experiments
PCE Empty bed

concentration Flow rate Superilcial retention time
(v?%) (mg/L) (ml/min) velocity (m/hr) (rein)

30 300 2.5 0.199 24

30 1,000 2.5 0.199 24

30 1,000 6 0.477 10

60 100,000 1 0.079 60

60 100,000 4 0.318 15

The value of the superficial velocity or hydraulic loading rate listed in Table 7-10 was set based
on criteria of, (a)”the arrival of the adsorption equilibrium in the column, (b) the similar values
used by the early researchers, and (c) the specific situation involved in this experiment.

Analytical method

All samples taken from the experiments were measured using a gas chromatography (GC),
Hewlett Packard Model 5890 Series II, which is connected with a 30-meter DB624 glass
capillary column (J&W Scientific) and a flame ionization detector (FID) or a 75-meter DB-VRX
glass capillary column (J&W Scientific) and a photo ionization detector (PID), 4430, 0
Copyright 1988 OoIsCorporation, at a lamp intensity of 5. An automated headspace sampler
(Hewlett Packard 19395) was used in conjunction with the GC for all sample analysis.
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Calibration stock standards were prepared according to the procedure outlined in US EPA
Method 602 (US EPA, 1986). Several duplicate original stocks were made. Several identical
samples were taken from each duplicate, and then measured by a GC. The stocks were accepted
when each response for a duplicate fell within 5 ‘%oto their average. Stocks were updated monthly
and they were checked against the previous ones at the same strength.

Prior to the sample concentration measurement, a calibration curve with concentrations
bracketing the entire sample concentrations was generated by plotting the GC measured
responses of stock solution samples of known volumes against their concentrations or masses
involved. At least five points were used for generation of a calibration curve. Least square
regression over a part of or the whole calibration range was conducted to determine the
calibration parameters. Check standards were run about every ten samples. The maximum
holding time for samples in the retligerator was 2-day for isotherm studies and 3-day for column
study.

7.5 Results

Batch isotherm study

The PCE concentration in solution was measured with a gas chromotograph, and the
concentration in carbon phase was calculated by the difference method shown in Equation (5).

v
Bottle

(c
initial -~finol)

!7, =
MAC (5)

Where: q. = PCE concentration in solid activated carbon
V~ttl.= Volume of the bottle
Ci.itii.l= Initial solution concentration corrected for the blank concentration
Cfi..l = Finial aqueous concentration in each carbon bottle
MAC= Mass of activated carbon in bc)ttles

The PCE concentration in carbon and solution phases were modeled using the linear Freundlich
isotherm. The linear Freundlich isotherm uses a least square regression method to determine the
adsorption parameters. The adsorption parameters were considered acceptable when the
regression coefficient R2 had a value equal to or greater than 0.81 ensuring a good likelihood
between the two regression variables, aqueous concentration C and solid concentration q. at
adsorption equilibrium.

Statistical analysis (T test) was applied to compare the linear Freundlich isotherm parameters for
a set of the same or similar adsorptions with different contact times for an IPA concentration case
associated. The statistical analysis was conducted using the slope (l/n) and intercept (KF) of the
linear FreundIich isotherm, The statistical identity between any two data sets of an IPA
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concentration case was tested by meeting the criterion that both slope (Un) and intercept (KF) are
statistical] y equal to each other. The confidence interval used for the statistical analysis was 95oA.

If all data sets for experiments of one IPA concentration case were statistically identical, the
average of all those adsorption parameters was taken to be final adsorption parameters. If the data
sets were not statistically identical, a review of the data sets and experimental processes was
conducted to determine the appropriate data set to determine the final adsorption parameters.

Adsorption parameters were used to investigate the alcohol concentration, activated carbon dose,
adsorbate concentration and the combination of the three factors’ effect on the adsorption
capacity of the activated carbon. Based on the adsorption parameters determined by isotherm
studies, the treatment capacity of activated is expressed in Equation (6) for the linear Freundlich
isotherm: Because the PCE concentration in solution passing the carbon above adsorption mass
transfer zone in a column bed, Co instead of cb was plugged into the right side of the Equation
(2).

v
KFCb”n—

– (c~-c~) XM

Where: M = the amount of the activated carbon,

CO= initial adsorbate concentration,
cb = adsorbate concentration at break point, which was determined in column

test to be 10 mg/L for 30°/0IPA and 1000mg/L for 60°/01’PAsolutions,
V = the volume of solution whose solute (adsorbate) concentration drops

from Co to cb by M of activated carbon, and all other items stand for
the same as those described earlier.

(6)

Batch isotherm studies were conducted to investigate the effect of varying IPA concentration on
PCE adsorption. Isotherm results for solutions with an initial PCE concentration of
approximately 130mg/L and O, 15, 30 and 60°/0 IPA are shown in Figure 7-11. The x-axis of
Figure 7-11 was normalized to the initial PCE concentration, Co, so that all the isotherms could
be visually compared.

Figure 7-11 shows that favorable adsorption patterns occurred in the O and 15?40IPA solutions.
An unfavorable adsorption pattern occurred in the 30% IPA solution, and almost no adsorption
trend could be found for the adsorption which occurred in the 60’% IPA solution. The PCE
concentration in the carbon phase, q~, ranges from 300 to 700 mg/g for the adsorption which
occurred in the 0°/0IPA solution and qc decreases with the IPA concentration in the adsorption
solution.
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Figure 7-11 Adsorption isotherms for different IPA concentrations

In the four adsorption solutions, the carbon dose range and the initial PCE concentration were
kept the same and only the IPA concentration varied. Thus it could be indicated that the PCE
adsorption deereasing with the IPA concentration was caused by the presence of IPA. The
presence of II?A enhanced the PCE volubility in the solution and thereafter enhanced the
compatibility between the PCE molecules and the solvent phase. This enhanced compatibility
made the PCE molecules harder to be adsorbed by activated carbon molecules.

Figure 7-11 also shows that the adsorption, which occurred in the O% IPA solution, is relatively
stronger than that in the 15°AIPA solution. This indicates that the negative effect of the 15% IPA
concentration on PCE adsorption is not adequate to alter the PCE adsorption pattern from a
favorable pattern to an unfavorable pattern in this solution. This is because the PCE volubility of
280mg/L in a 15% IPA solution is not much higher than that of 160mg/L in water alone. In the
30% IPA solution, the PCE volubility is 1,600 mg7L, which reduced the adsorbability of the PCE
for carbon dramatically. Thus an unfavorable and weak PCE adsorption was observed in this
solution.

The PCE of volubility of 132,000 m@ in 60% IPA solution is 825 times the PCE volubility in
water. This super high PCE volubility in 60°/0IPA solution may give rise to a “disappearance” in
PCE adsorbability for the carbon and “no PCE adsorption” was observed in this solution. Other
factors possibly for this “no PCE adsorption” also exist. The competition of IPA molecules due
to its high concentration for adsorption sites may interfere with the PCE adsorption. The
involvement of a small PCE concentration and the difficulty in measurement of the PCE
concentration in this solution subject the final results to a high possibility in large error due to
even a slight experimental emor. The low activated carbon dose was also of concern. If a much
higher carbon dose had been used in such a solution, this may have offset the reduction in PCE
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adsorbility due to the high IPA concentration. As a result, PCE adsorption maybe observed. This
will be further discussed in the next section.

The Freundlich model was used to fit the data from experiments and is shown in Figure 7-12
using the linear transformation of the raw adsorption isotherm. This involved taking the
logarithmic value of the PCE concentrations in both the carbon and solution phases.
Transformation of the Freundlich isotherm was previously discussed. The linear regression was
performed on the data shown in Figure 7-12 to determine model parameters and these are shown
in Figure 7-13 and also listed in Table 7-11.

3.

3 ● –- -.*– – --- -+’–““–”-+-––*--- : .;: m

2- J
a $x
z2-
3

1 $

1-

0+
0.0 0.5 I.0 1.5 2.0 2.5

LQgc

● IPAO’ZO■ IPA ]5?’o A lpA30~0 x1p.460% !

Figure 7-13 Linear Freundlich isotherms for different IPA concentrations

Table 7-11 Adsorption parameters of the Freundlich isc?thenns

IPA (YO) Value

Log KF KF l/n

o 2.40 249 0.22

15 1.63 42 0.52

30 -5.34 4.56x 10-6 3.73

60 23.76 5.75X1023 -10.37

Figure 7-13 shows that the PCE adsorption occurring in the 0% and 15% IPA solutions cotild be
modeled very well using the Iinear Freundlich isotherm. The PCE adsorption in the 30’%0IPA
solution also seems to be modeled well using the linear Freundlich isotherm. The fitness of the
linear Freundlich isotherms for these adsorption data are supported by the fact that those
isotherms have very high regression R2 value of greater than 0.81. The R2 of 0.138 for the PCE
adsorption at 60’%0IPA solution implies that .Jhese adsorption data could not be modeled well
using the linear Freundlich isotherm due to the reasons discussed above.
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Table 7-11 quantitatively shows the effect of IPA on the PCE adsorption using the parameters of
the linear Freundlich isotherms. The relationships between KF and adsorption lh and IPA
concentration (up to 30°/0because “no PCE adsorption” occurred in the 60°/0IPA solution) are
shown in Figures 7-13 and 7-14.
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Figure 7-13 Relationship between KF and IPA concentration
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Figure 7-14 Relationship between l/n and IPA concentration

For a solution with no greater than 30% IPA, the KFdecreases exponentially from a KF of 250 for
the 0?401PAsolution to almost Ofor the 30% IPA solution. A higher decreasing rate in KF could
be observed in the low IPA solutions than in the high IPA solutions as shown in Figure 7-13. As
indicated before, KF is proportional to the adsorption capacity. Thus an inverse relationship
between the adsorption capacity and the IPA (concentration could be concluded. The tremendous
KF value for the 60% IPA solution was resulted purely fkom the mathematical regression and
does not reflect the true adsorption occurred. The adsorption constant I/n increases exponentially
with the IPA concentration. This indicates that the adsorption intensity becomes weaker in the
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higher IPA solution because a high value of lh is associated with a weak adsorption. The I/n of
-10.37 also does not reflect the true PCE adsorption intensity observed in the 60% IPA solution.

Summarizing the effect of IPA on the adsorption of PCE ends up with a conclusion that the
adsorption of PCE by carbon is affected negatively by the IPA concentration.

The previous results of PCE isotherm at 60% IPA suggested that the activated carbon dose was
not appropriate in this study. If the increase in IPA concentration does affect PCE adsorption,
then a higher carbon dose maybe needed to obtain a strong adsorption. This was investigated by
varying the activated carbon dose range using 60°A IPA solution with a PCE concentration of
approximately 120mg/L.

The relationship between the equilibrium PCE concentration normalized to Co and the mass of
the activated carbon is shown in Figure 7-15.
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Figure 7-15 C/C. versus mass of AC for 60?40IPA solutions

The square dots in Figure 7-15 are those data shown in Figure 7-11 for the 60% IPA case. Figure
7-15 shows that the curve could be divided into three distinct zones, an upper flat zone, an
effective adso@ion zone (the linearly sloped part of the curve between mass of AC of about 18
to 800mg), and a.low flat zone.

When the carbon dose is very small, for example less than 18mg in 60ml solution or 0.30mg
carbon per liter solution, the corresponding part of the curve is horizontal. This upper flat part of
the curve seems to indicate that “no PCE adsorption occurs”, which was discussed in the
previous section. On the contrary, the PCE adsorption should occur strongly, which could be
illustrated by the subsequent effective adsorption zone. The sloped region of the graph shows that
it was the small carbon dose that caused an “imperceptible” change in PCE concentration in the
earlier 60% IPA results. This “imperceptible” change in PCE concentration could be corrected by
using the logarithmic value of y-axis of Figure 7-15 and shown in Figure 7-16.
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Figure 7-16 C/C. versus mass of AC for 60% IPA solutions (modified)

Compared with Figure 7-15, Figure 7-16 has a more slurred reading in the C/C. at its higher
value zone (CICOgreater than 0.1), and a more distinct reading in the zone with C/C. of less than
0.1. The typical interest from the curve shown in Figure 7-15 probably lies in the investigation of
the PCE concentration varying from C/C. of I to 0.1. Thus the type shown in Figure 7-15 rather
than that in Figure 7-16 was for this research.

The effective adsorption zone may imply that the negative effect of the JJ?A concentration on
PCE adsorption could be corrected by a larger carbon dose which provides with more adsorption
sites. Under this scenario, although the carbon may not be very efficient, the sul%cient amount of
carbon adsorption sites could adsorb a significant amount of PCE molecules yielding a noticeable
change in the PCE concentration in the solution phase.

The relationship curve shown in Figure 7-15 becomes horizontal again when the carbon dose is
greater than 2000 mg. This is probably due to the fact that almost all of the PCE molecules have
been adsorbed onto the carbon surface when the carbon dose is greater than 2000 mg. Then the
firther adsorption becomes weaker and weaker because of the very low PCE concentration and if
any adsorption, no noticeable change in PCE concentration, C, could be observed because of the
further extremely small adsorption. This feature also explains the overlap of the tail part of the
relationship with the x-axis shown in Figure 7-15. The amount of activated carbon in excess of
2000 mg could only exert a small part of its adsorption function and capacity. Thus from an
economical point of view, it may not be cost-effective for the activated carbon dose to be above a
certain value. However, an overdose maybe needed to meet an extremely high requirement in the
allowable effluent concentration.

Figure 7-17 shows that the adsorption isotherm over the effective adsorption zone is favorable
and strong. Comparing Figure 7-17 with Figure 7-11 shows that the negative effect of IPA on the
PCE adsorption can be comected by increasing the carbon dose.
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Figure 7-17 Adsorption isotherm for a 60% IPA solution

The linear Freundlich isotherm over the effective adsorption zone was developed and is shown in
Figure 7-18. The effective adsorption can be modeled well using the linear Freundlich isotherm,
which is supported by the high R*of 0.9932 also shown in Figure 7-18. The KFand l/n values are
2.14 and 0.457, respectively. Comparing those adsorption parameters with those of the previous
PCE adsorptions, this PCE adsorption is weaker than the adsoprtions in O% and 15’% II?A
solutions but stronger than that in the 30°A IPA solution. This suggests that an optimal carbon
dose for the 30% IPA solution should also be explored.
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Figure 7-18 Linear Freundlich isotherm for a 60V0 IPA solution

Figures 7-19 to 7-21 show that a similar adsorption feature could be obtained for the 30% IPA
solution as that for the 60°/0IPA solution. Figure 7-19 shows that the effective adsorption zone
occurs over the carbon dose range of about 3 to 80 mg. Figure 7-20 shows that a favorable and
strong adsorption occurs over the effective adsorption zone. Figure 7-21 shows that KF and 1/n
values are 10.59 and 0.473, respectively. Even this solution has an initial PCE concentration of
7.05 mg/L, which is lower than that of previous 30% IPA solution with an initial PCE
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concentration of 130 mg/’L, the former solution has higher adsorption parameters, KF and 1/n,
than the later solution. This is because the previous 30’%0IPA solution involved a lower and
inappropriate carbon dose resulting in a weak adsorption, which may not be modeled well using
the linear Freundlich isotherm.
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Figure 7-19 C/C. versus mass of AC for a 30% IPA solution
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Figure 7-20 Adsorption isotherm for a 30°A IPA solution
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Figure 7-21 Linear Freundlich isotherm for a 30?40IPA solution

Other conclusions from these two tests could also be drawn. An eff=tive adso@ion could be
obtained even from a solution with a very high IPA concentration, 60°/0,or in a 30°/0IPA solution
with a very low initial PCE concentration, 7.05 mg/L, if an appropriate activated carbon dose is
used for the adsorption. This is supported by the maximum PCE q~of about 20rng/g shown in
Figure 7-18, or 25mg/g shown in Figure 7-20. The value of q, of 20mg/g is relatively low but still
in the range of 2 to 1183 mg/g for practical value of q~ surveyed by Cheremisinoff and Morresi
(1978). The linear Freundlich isotherm might be used to modeI adso@ion over a solution with
an appropriate ratio among its IPA concentration, initial PCE concentration and the carbon dose.
This is a little different from the traditional statement about the linear Freundlich isotherm, which
states that the Freundlich model, as an empirical model, is valid over moderate solute
concentrations.

The effect of the initial PCE concentration was examined using an additional three batch
experiments. The relationship between the relative equilibrium solution concentration and the
activated carbon dose for each of the additional experiments is shown in Figures 7-22. In order to
have a clear view of CICOat the zone of C/CO<0.1, a modified Figure 7-22 is shown in Figure 7-
23.
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Figure 7-23 C/C. versus mass of AC for three PCE concentrations (Modified)
These results show that the ratio of the carbon dose, CAC,to the initial PCE concentration CO,
over the effective adsorption zone ranges from 0.1 to 111 mg/mg and this ratio decreases with the
PCE concentration, which indicated that a lees carbon dose is needed for an adsorption occurring
in solution with a higher the initial PCE concentration.

Table 7-12 Effective activated carbon dose range
PCE Effective AC Effective AC Concentration

(Co ) (mg/L) (MAC) (mg) (CAc) (m~) C*c/CO (mg/mg)

120 18 tO800 333 to 13,333 2.78 to 111
1,000 70 to 3,000 1,167 to 50,000 1.2 to 50

10,000 250 to 9000 4,167 to 150,000 0.42 to 15
100,000 600 to 20,000 10,000 to 333,333 o.lto3
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Figure -7-24 Transformed Ratio of CAc/Co versus Coin 60°A IPA solutions
The four highest and lowest ratios of CAc/Co listed in last column of Table 7-12 and the initial
PCE concentrations, Co, were transformed into logarithmic values. The relationship between the
highest log CAc/Co and lowest log CAc/Co for each solution and its respective log Co were
developed and shown in Figure 7-24. An inverse linear relationship was found between the ratio
of the Log CAc/Co versus the Log Co shown in Figure 7-24. This linear relationship was
supported by the high R2 value greater than 0.9. The closeness between the two-regression slopes
of-0.49 13 and -0.5367 reveals that there is a parallelism between the two linear trends, and that
indicates that all effective adsorption doses fall in the band formed by the two straight lines
shown in Figure 7-24.
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Figure 7-25 Adsorption isotherms within a range of initial PCE concentrations

The adsorption isotherms over the effective adsorption zones for the three tests are shown in
Figure 7-25, which shows that these adsorptions are favorable and strong. The linear Freundlich
isotherms for these cases are shown in Figure 7-26. The linear Freundlich isotherm for each of
four cases has a very high R2 (>0.97), which indicates those adsorptions are well modeled using
the linear Feundlich model.
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Figure 7-26 Linear Freundlich isotherms three PCE concentrations

Table 7-13 KFand l/n from the Freurdich model for the 60V0IPA solutions

I PCE Co (m@L) I Log KF I KF I lln I
I 120 I 0.331 I 2.14 I 0.457 I

The KFand l/n listed in Table 7-13 shows that the adsorption parameters are quite close to each
other for the solutions with a COof less than 10,000 mg/L. In the 60°/0IPA solution, the KF has a
much higher value and a lower I/n. Statistical analysis over the parameters listed in Table 7-13
shows that there is no significant statistical deference among the KFand 1/n for three low initial
PCE concentration cases. The KF and l/n for the case at PCE Co of 100,000 mglL are
significantly different horn the previous three low initial PCE concentration cases. These features
in KF and l/n indicate that: (a) the effect of CO on the adsorption parameters is not very
significant when it is less than 10,000 mgL; and (b) much higher adsorption parameters were
observed in a solution with CO=100,000 mgll..
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Figure 7-27 Overall linear Freundiich isotherm for 60V0 IPA experiments

The linear Freundilich isotherm was also used to fit the all data for 60’ZOIPA case and the results
is shown in Figure 7-27. A high R* of 0.99 indicates that the linear Freundlich isotherm seems to
fit the all adsorption data regardless of the initial PCE concentration involved. However, cautions
need to be taken when applying these regression parameters. This could be seen from the fact that
a q~of about 200mg/L could be calculated based on these regression parameters. This q~seems to
be irrational, because a q. of about 700mg/L was obtained from three batch experiments shown in
next section and from the two column tests. Thus it maybe wise to use the adsorption parameters
obtained from regression over the data for the high initial PCE concentration solutions.

The batch experiments were repeated for each alcohol concentration for.several different contact
times (equilibrium retention time). Part of the reasons for this experimental scenario was to
investigate if there was a difference in adsorption results due to different solution mixing and
part of the reasons for this experimental scenario was to investigate if the adsorption results
could be repeated for similar adsorption systems.

The adsorption isotherms over the effective adsorption zones for the four IPA concentration
cases are shown in Figures 7-28 through 7-31. All of these isotherms show that the adsorption is
strong and favorable. These results also show that there is generally good reproducibility among
the experiments and that a period of time of 1 or 2 days is a sufficient contact time for
equilibrium to take place.
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Figure 7-30 Adsorption isotherms for 30% IPA
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Figure 7-31 Adsorption isotherms for 60% IPA
The detailed statistical analysis and comparison results are shown in Appendix A. The statistical
analysis showed that no significant differences exist among the isotherms at a confidence level of
95% except for the 60?40IPA case. The reasons for those occurred in the 60% IPA case are not
clear but several ideas come to mind and they will be discussed in detail later. Because no
significant differences exist among isotherms for cases with less than or equal to 30°/0IPA, an
overall linear Freundlich isotherm was used to modeI the adsorption over all data points for each
of those IPA cases. The overall linear Freundlich isotherms for those adsorptions were developed
and are shown in Figures 7-32 through 7-35.
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Figure 7-32 Overall linear Freundlich isotherm for O% IPA
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Figure 7-33 Overall linear Freundlich isotherm for 15% IPA
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Figure 7-34 Overall linear Freundlich isotherm for 30% IPA
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Figure 7-35 Overall linear Freundlich isotherm for 60V0 IPA

Figures 7-32,7-33 and 7-34 show that all the three adsorptions are modeled well using the linear
Freundlich isotherm, though the regression R2 of 0.714 for the O%IPA solution case is a little bit
low. This is due to a greater variability stemmed from the low PCE concentration involved in the
experiments. This variability made the experimental results more vulnerable and sensible to the
experimental errors. However, these parameters determined from the Freundlich isotherm model
could be applicable for fiture similar PCEiadsorption.

Figure 7-35 shows a slight curvilinear isotherm pattern occurred when combining all the data for
the 60’340IPA solution case. This slight curvilinear isotherm pattern may echo the simple
curvilinear isotherm pattern shown in Figure 7-31. This slight curvilinear isotherm pattern may
also be the cause for the statistical analysis results that there are significant differences among the
isotherms for the 60°/0IPA case. There are some possible reasons for this kind adsorption. The
linear Freundlich isotherm may not be applicable to a solution with a very high initial solute
concentration like the PCE concentration of 100,000 mgL involved in this study. This is because
the Freundlich model, as an empirical model, was developed o~er the adsorption occurred in
solutions with moderate solute concentration, which consists with the statement indicated by
Weber (1972) that the Freundlich isotherm model is valid in a solution with a moderate solute
solution. A more likely explanation is the error associated with the data at the ends of the
isotherms. The tail of the isotherm at high log q~ and high log C corresponds to the lowest
amount of carbon and the smallest amount of change of concentration in the bottle. Therefore any
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small measurement error in either of the mass of carbon or the initial or final concentration of
PCE can have a significant impact on the outcome. The low log q, and low log C points on the
isotherm correspond to the largest amount of carbon and the Iargest amount of change of
concentration in the bottle. Therefore the outcome at this end of the isotherm is also more
vulnerable to the experimental errors. There is also a slightly greater analytical error associated
with low solution concentrations which may have contributed to the greater data variability in
this region. Because of the rare occurrence of this type of adsorption in actual system and
because of the high R2of 0.82 for these data, the parameters resulting from this linear Freundlich
isotherm was tentatively used to estimate and predict the PCE adsorption in the 60°A IPA
solution for the column tests.

The adsorption parameters from the linear Freundlich isotherms for all of the four IPA cases are
summarized in Table 7-14. The relationships between adsorption parameters of KF and l/n and
IPA concentration were developed and shown in Figures 7-36 and 7-37.

Table 7-14 Adsorption parameters for PCE in various ‘%0alcohol solutions
IPA (’%0) Log (K~) KF Un

o 2.23 170 0.27

15 1.26 18.2 0.76

30 0.89 7.8 0.63

60 1.29 19.5 0.31

Figures 7-36 and 7-37 show that the KFvalue decreases with the IPA concentration of not greater
than 30’%0in a solution. This trend is similar to that revealed by the earlier tests investigating the
effect of IPA concentration. This seems reasonable because a higher IPA concentration results in
a higher PCE volubility and a lower adsorbability. A larger KF was observed for the 60V0IPA
case than that for the 30’% IPA case. This could be the result of the much higher initial PCE
concentration was involved in the 60°A IPA case and this high initial PCE concentration
enhances the adsorbability. This enhanced adsorbability outdoes the negative effect from the high
IPA concentratio~ thus a higher KF or higher adsorption capacity was obtained. The Un value
increases with II?A concentration up to 15% IPA greatly, and then it decreases with the IPA
concentration at a much more gentle slope. This trend differs from that revealed earlier. The
possible reasons for this trend in I/n are the adsorption in this solution was less sensitive than
that in 0% IPA solution because of the IPA effect. In the solutions with IPA greater than 15Y0,
the negative effect of IPA was outdone by the increase in initial PCE concentration, thus a more
sensitive adsorption to initial PCE concentration occurred in the 30°/0 and 60°/0 solutions.
Likewise a most sensitive adsorption occurred in the 60’%IPA solution.
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Figure 7-37 I/n versus IPA concentration for varied IPA and PCE concentrations

Adsorption of TCE, another common chlorinated contaminant, from IPA solution was briefly
investigated to approximately estimate its adsorption parameters. Compared to PCE, TCE has a
volubility of1100 mg/L, which is higher than PCE of 160mg/L, in water, and it also has a higher—
volubility in a alcohol solution. The experimental results are shown in Figures 7-38 through 7-40.
Figure 7-38 shows that an effective afisorption zone existed for the TCE adsorption onto
activated carbon from 30°/0 ITA solution. Over this effective adsorption zone a strong and
favorable adsorption pattern was revealed and shown in Figure 7-39.
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Figure 7-38 C/COversus mass of AC for TCE from 30% IPA solution
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Figure 7-39 Adsorption isotherm for TCE from 30% IPA solution
The TCE conce~tration in carbon (q.) ranges from about 120 to 400 mg/g, which is also very

high. Figures 7-40 shows that the linear Freundlich isotherm modeled the TCE adsorption data
over the effective adsorption zone very well, which implies that carbon adso@ion of TCE from
another similar IPA concentration solution could be predicted by the parameters from the linear
Freundlich isotherm revealed by this test.
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Figure 7-40 Linear Freundlich isotherm for TCE from 30% IPA solution

The KF of 4.49 for TCE is less than the KFof 7.8 for PCE from 30% IPA solution listed earlier in
Table 7-11, even though the PCE concentration of about 1000 m@L in its solution is less than the
half concentration of TCE of 2500 mg/L in this soIution. This trend reflects that TCE, having a
higher volubility than PCE, has a lower adsorbability than PCE for carbon. The l/n of 0.6536 is
close to the value of 0.63 for PCE adsorption shown in Table 7-14. Due to the fact that there is a
sort of molecular polar similarity between TCE and PCE, the adsorption of TCE and PCE from
the same alcohol concentration solution may have a similar feature. Thus the adsorption of TCE
by activated carbon from other IPA concentration solutions might be projected approximately
from the PCE adsorption from IPA solution discussed previously.

The use of ethanol flushing solution has several advantages over IPA. The primary advantage is
that there is less environmental concern about using it as exhibited by a much higher MCL for
ethanol. A batch study was conducted to briefly investigate the PCE adsorption parameters from
30% ethanol solution with an initial PCE concentration of 360mgiL. The effective PCE
adsorption zone was found in Figure 7-41, the strong and favorable PCE adsorption pattern was
shown in Figure 7-42, and the linear Freundlich isotherm over the effective adsorption zone is
shown in Figure 7-43.
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Figure 7-42 Adsorption isotherm for PCE from a 30% ethanol solution
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Figure 7-43 Linear Freundtich isotherm for PCE from a 30°A ethanol solution

The PCE concentration in carbon ranges from about 40 to 430 mg/g, which is also very high. The
linear Freundlich isotherm modeled the PCE adsorption over the effitive adsorption zone very
well.

The KF of 20.8 for this adsorption is higher than that of 7.8 for the PCE adsorption horn a 30’?40
IPA solution, which is listed in Table 7-14. The reason for this higher KF value is due to the
lower PCE volubility of 500mg/L in 30’?40ethanol solution, though this 30% ethanol solution has
a lower initiai PCE concentration of 360r@L than that of about 1,000mg/L in the previous 30°A
IPA solution. The l/n of 0.5789 for this solution is slightly less than that of 0.62 for the PCE
from the 30% IPA solution.
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The linear Freundlich isotherms for various solutions are summarized in Figure 7-44, which
shows the value of log qe for all of the linear Freundlich isotherms ranges from 1.5 to 2.8 or q~
ranges from 31.6 to 631 mg/g, a high adsorption q~ . The isotherm for 30°/0IPA solution has the
lea~t diversity in data point; while the isotherm for 0’%IPA has the greatest diversity.
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Fi@re 7-44 Summary of the Linear Freundlich isotherms of isotherm studies

One of the purposes of batch isotherm studies is to determine the parameters for carbon column
studies, which were conducted using solutions composed of PCE and 30°/0or 60°/0IPA solvent.
The treatment capacity of carbon for PCE from30% and 60?40IPA solutions were estimated based
on the batch study results and the equation (2). The treatment capacities are listed in Table 7-15.
The mass of activated carbon loaded in the column was about of 34 g. The feed PCE
concentrations were assumed and are also listed in Table 7-15 too. Table 7-15 shows that a very
high treatment capacity for PCE from a solution with a less than 30% IPA concentration, and that
a low capacity for solution with 60°/0IPA and an initial PCE concentration of 100,000 mg/L were
found.
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Table 7-15 Feed PCE concentrations and the treatment capacities
IPA (%)

30

Feed PCE Designeci effluent Volume of solution (L)
(mg/L) PCE (mg/L)

0.2 26.939

750 0,1 23.946

0.05 22.685

0.01 21.769

60

0)2 0.277

100000 0.1 0.246

-t%

0.233

0.224

Column tests
Column tests were conducted using 30’% and 60% IPA solutions. Column tests were used to
determine the IPA effect on the carbon adsorption of PCE in a carbon column bed, and to
determine the column bed operating parameters for guidance to the operation of a scale-up
adsorber. The total volume of the PCE solution for the column tests was estimated based on the
value listed Table 7-15 for each IPA concentration solution.

Breakthrough curves were used to obtain or determine; (1) mass transfer zone, (2) the unit
activated carbon treatment capacity for solution or alcohol recovery capacity, and (3) the effect of
the presence of IPA on adsorption of PCE on activated carbon.

As outlined previously, the activated carbon column bed needs to contain at least one mass
transfer zone in order to operate carbon bed effectively and efficiently. Practically it is possible to
reduce the PCE concentration in the effluent solution using activated carbon down to a very low
level. From the view point of recovery ~andreuse of alcohol for alcohol flushing remediation,
seeking a very low colw effluent PCE concentration, such as 5 pg/’L, as the carbon column
effluent breakpoint concentration cb may not be cost-effkctive. on the other hand, a reasonable_=
Cb,such as a value less than PCE volubility of 160mg/L in water, could be a good option. For this
research, the eb was chosen to be 10mg/L, which is typical PCE concentration in the PCE
contaminated ground water. As to IPA 60V0 solution flushing case, because the feed PCE
concentration of about 100,000 mg/L is such high that a relative concentration of 0.1 and 10/0of
the feed concentration (100 and 1,000 m@L) used in these experiments were considered to be the
breakpoint concentration (Cb).

Typically the breakthrough curve plotted from the experiment data has a long tail at the high
effluent concentration zone. Thus the column test was terminated when the CX(exhaustion
concentration) was equal to or above 90 0/0percent of Co (feed PCE concentration). Therefore,
the primary adsorption zone, which is almost the same as the mass transfw zone, was utilized to
determine the breakthrough curve parameters and to estimate the length of the mass transfer
zone. The primary adsorption zone is defined as that part of the bed over which there is a
concentration increase from eb to CX.The primary adsorption zone was assumed to be of constant

189



length, & The method to calculate
Equation (6).

Two experiments at flow rates of 1

the two parameters was presented in

mUmin and 4 ml/min were conducted.

Equations (5) and

The breakthrough
curves for the two experiments are shown in Figure 7-45. The concentration normalized to the
average influent feed PCE concentration (CO)was used as y-variable. The x-variable represents
the solution volume passing through the carbon column per gram carbon in the column. The
influent concentration is also shown in Figure 7-45.

The influent concentrations throughout both experiments are quite close to the feed PCE
concentration of 100,000 mg/L. Losses of PCE were minimized by the experimental setup and
the sampling procedure, although some variation in influent concentration does exist. When
comparing the two curves, there is a greater spread of the data at the high rate flow. This is
expected because of main transfer issues that occurred in the column. At higher flow rate, the
PCE does not have time to diffuse into the carbon before it is swept to further down the column.
This increases the active zone of adsorption and this is reflected in higher concentration, the
earlier in the effluent, and the longer time to reach breakthrough. As a result, the length of the
adsorption zone increases and a breakthrough curve with a smalIer slope wouId be observer.
When C/C. = 1 was reached, the solution volume is 12mLlg for the low rate flow and 17mL/g for
the high rate flow.
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Figure 7-45 Breakthrough curves for 60’?40IPA flow
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The points of C/CO=0.5 for the two curves occurred roughly at 7.8 mLlg for the high rate flow
and 8.3mL/g for the low rate flow. Because the carbon bed pore volume of about 0.1mLlg is
small compared to about 7.8 mL/g at C/CO=0.5, the hydraulic dispersion has a very small effect
on these adsorption breakthrough curves. The difference of 0.5mLjg between the two points of
CICO=0.5is very smalI compared to the total solution volume of more than 12mL/g at the point
of C/Co=l. This difference of 0.5mL/g may be attributed to the experiment error or it might be
related, to some extent, to the contact time or retention time of the experiments, because the high
rate flow has a smaller retention time.

The mass transfer zone definition and the method to calculate the length of the mass transfer
zone are shown in Chapter 2. The length c~fthe mass transfer zone was calculated using Equation
(2-3) and (2-4) and the results are listed in Table 7-16. The cb and q,@ EP as shown in Table 7-
16 denote the PCE concentration in solution at the breakpoint (BP) and in carbon at exhaustion
point (EP) on the breakthrough curve shown in Figure 7-6. The qe” denotes the PCE
concentration in carbon when the PCE concentration is equal to the feed PCE concentration of
100,0OOmg/Land it was calculated using Equation (1) based on the batch study results.

As shown in Table 7-16, the mass transfer zone and the alcohol recovery capacity are affected by
the breakpoint concentration, cb, of the solution. The higher the C$, the shorter the mass transfer
zone, and the higher the alcohol recovery capacity. This is because the higher Cb, the smaller
amount of PCE that needs adsorbing, and a smaller amount of the carbon needed. It looks a high
value of cb of 100 and 10OOmg/Lused in Table 7-16. Their relative value (C/Co) of O.103°/0and
1.03% of the feed PCE concentration might be adequate for this study to estimate the mass
transfer zone. Table 7-16 also shows that a longer mass transfer zone was formed in the carbon
column with a higher rate flow. This could be seen by looking up Figme 7-45 that the
breakthrough curve with a higher flow rate corresponds to a smaller solution volume at a certain
Cb.

Table 7-16 Mass transfer zone for breakthrough5 curves for 60V0IPA solution
Length of Length of

“Cb CdCo column MTZ WA recovery q.@ EP q.”?Iow
‘ate

:ml/min]

1

4

T(mg/L) (%)

100 0.103

1000 1.031

T

capacity
~ (cm) (L/lb) (%) (%)

7.82 0.18 68 70

8 4.88 2.39 68 70

15 0.034 61 70

14 0.40 61 70
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The experimental results show that the mass transfer zone were shorter than the carbon bed for
the low flow rate column and longer than the carbon bed for the high rate flow. This reason for
this is that the PCE has more time to diffuse into carbon relative to the bulk movement of fluid.
Because the column bed with a low rate flow meets the criterion for a typical carbon column
configuration that a carbon bed needs to contain at least one mass transfer zone. Thus the results
from this test is applicable to the fkture scale-up bed operation. In the column with a high flow
rate, a possible inadequate time appears for the carbon to adsorb the PCE molecules and to form
a complete mass transfer zone. Thus the effluent from this column reached the breakpoint much
quicker and a lower carbon adsorption capacity of 61% for this flow than that of 68% for the low
rate flow was observed. The results from this study may not be applicable to the fiture scale-up
bed operation. However, these two qes indicate that the overall adsorption capacity of the
activated carbon for PCE from such a high IPA (60°/0)solution is very high, compared to the q~
of 5°/0obtained from a real activated carbon adsorber operated in IBM, Essex Junction, Vermont
(Cambio, 1998). However, an initial PCE concentration of less than 5m@L in the solution
involved in this operation is a major factor for this low q~of 5°/0.

The q.” of 70’?ZOis slightly higher than the q. for the two experiments. This indicates that even the
high rate of 6ml/min used is small and that allows a “true” adsorption equilibrium in the column
to arrive. Thus a q. close to q.* was observed.

The general alcohol recovery capacity of a 60% IPA solution is less than 1 L per pound activated
carbon, which is very low. This low capacity might imply that carbon adsorption is not an
economical means to recover alcohol from a solution with a high P,CE concentration, such as
100,000 mg/L. If the allowable Cb has a more stringent value of 10 mg/L, typical PCE
concentration in the contaminated ground water, the amount of alcoho~ solution, which couId be
recovered by this 8 cm long activated carbon column bed, would be almost zero based on the
experimental results. The reason for this low capacity probably lies in the fact that there is a
tremendous amount of PCE particles in the solution that demands a huge amount of adsorption
sites on the surface of the activated carbon. Thus the amount of activated carbon needed is very
large if used to recover a certain amount of such a solution. Other methods, such as water
dilution may be considered to deal with this type of solution. Addition of water to such a solution
may drop the PCE concentration dramatically due to the much smaller PCE volubility in a lower
IPA solution. Then the diluted solution could be overflowed and treated with activated carbon.

The column experiments with a 30% IPA solution were conducted at two flow rates, 2.4 ml/min
and 6 mllmin, and three influent concentrations, of about 640, 710 and 328 mg/L, respectively.
The breakthrough cwwes were plotted and are shown in Figure 7-46, which shows that influent
concentration C/C. for all of the three cases generally remains constant throughout the
experiments. The three breakthrough curves have a typical s-shape, although a part of the
breakthrough curve from the experiment with Co of 640mg/L and flow rate of 2.4rriL/min has an
irregular shape at high effhent concentration zone. The reason for this is not clear, although
possible that some unaccountable losses of PCE in the effluent could have occurred,

t is
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The solution volume at C/CO= 0.5 and 1.0 are estimated and listed in TabIe 7-17,which shows
that the points of C/CO=O.5appear almost at the same place for the experiments with similar feed
concentration. This phenomenon agrees with the typical feature of the breakthrough curve. The
point of CiCO=O.5has been delayed for the case with a low feed PCE concentration and a low
flow rate. This is because a larger volume of the low concentration flow could be treated by the
same amount of the activated carbon.

Table 7-17 Solution volume at the C/Co= 0.5 and 1.0.

Flow rate Volume at Volume at
Effluent Curve co (q) (ml/min) c/c*=o.5 (ml/g) C/Co =1.0 (ml/g)

In diamond 710 6 500 800

In square 640 ;!.4 520 900

In triangle 328 2.4 840 1050

1.2

1.0

0.8

I
@ ().fj

v

0.4

0.2

0.0

:+

d*
+*

+B
4

A
A

A

A

o 200 400 600 800 1000 1200 1400
SolutionvolwmpergramofAC(mUg)

+ Effluent,710mgL,6mL/min HEffl~nt,640m#L,2.4mL/minAEffluent,328m@L,2.4mL/min
+ lnfl&nt,710m#L,6mL/min x Influent,6~iOm~, 2.4 mUmin . Influent, 328m#L, 2.4mUmin

Figure 7-46 Breakthrough curves for 30?40IPA case
The breakthrough curve at the low rate flc)w has a steeper slope than does the breakthrough curve
at the high rate flow, This feature agrees with the general trend of the breakthrough curve; that is

193

.



the higher the flow rate or supex%cial velocity of the solution passing through the column bed,
the flatter the breakthrough curve appears. However, there is some portion of the curve for the
solution with feed concentration of 640mgL at high effluent concentration zone. The reasons
could be the errors involved in the experiment or the flow rate variation resulting from the
irregular pumping rate.

The length of the mass transfer zones for a~l the three cases were calculated and are listed in
Table 7-18, in which the Cb, q. @EP and q.” have the same meanings as described for the case of
60?40IPA case. As shown in Table 7-18, the alcohol recovery capacity and mass transfer zone in
the carbon bed are affected by the breakpoint concentration cb and flow rate, which is the same
as observed in the experiments for 60°/0IPA case.

The carbon bed in the two low flow rate experiments are longer than the calculated mass transfer
zone. Therefore these two carbon beds exerted their fill adsorption capacities, and the results
from these experiments are applicable to the scale-up adsorber. Because the carbon bed is shorter
by 20% than the mass transfer zone for the highest rate flow of 6 rnl/min, some adjustment might
need to made to the results from this carbon column test if applied to the fiture scale-up
adsorber.

Table 7-18 Mass transfer zone for 30% IPA solution
Length of Length of

Flow Feed C cb cb/co col- MTZ EA recovery qe@EP q.*
rate capacity
(ml/min) (mg/L) (mgiL) (%) (cm) (cm) (Lllb) (%) (%)

2.4 328 10 1.563 4.64 133 25,8 30
2.4 640 10 1.563 8 8.00 43 37 46

6 710 10 1.408 9.6 24 26.1 49

The alcohol recovery capacities of above 24 L of alcohol IPA per pound of activated carbon
shown in Table 7-18 indicates that carbon adsorption could be an effective and economical way
of recovering IPA fi-oma PCE contaminated solution.

Table 7-18 shows that the q=has a value above 25.8Y0,which is a very high adsorption value. It is
also found that the value in q~ is proportion to the feed concentration. However, the qe for the
highest feed concentration of 71Omg/L is quite lower than that for the solution with a lower feed
concentration of 640mg/L and is almost close to the solution with a lowest solution of 328mg5.
The reason for this is due to fact that no complete mass transfer zone was formed in this column
bed. This phenomenon also demonstrates quantitatively how important for a carbon bed to
contain a entire mass transfer zone.

Table 7-18 also shows that
Cooper and Alley (1990).

q,” is greater than the respective q.. This makes sense based on
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Compared with the 60’%0IPA case, the 30% IPA case has a lower q, because it has a much lower
feed concentration. It could be found that the ratio of about 2 in q. of the 60% IPA solution to
30% IPA solution was much lower than the ratio of about 150 in the initial PCE concentrations
for the two solutions. This feature indicates that the IPA concentration has a negative effect on
the PCE adsorption onto activated carbon, which is the same as that observed in the batch
isotherm studies.

Similar to the way introduced previously, the volume of solution treated by 34 g activated carbon
in batch reactors were estimated and listecl in Table 7-18. The q~was calculated by assuming that
all PCE in this treated solution was adsorbed onto carbon.

The IPA concentration was tracked throughout one experiment for a 30% IPA case. The results
are shown in Figure 7-47. The results show that: (1) The average concentration of the influent
and effluent is quite close to the feed IPA concentration of about of 237,000 mg/L of a 30°AIPA
solution. The closeness in influent and effluent concentrations to the feed concentration indicates
that there was no noticeable change in IPA concentration as a result of activated carbon
adsorption, (2) The influent and effluent IPA concentrations reach the feed IPA concentration
almost immediately after starting the experiment, which indicates that the IPA adsorption onto
the carbon was weak and could be neglected. As a result, it could be predicted that IPA could be
recovered effectively by activated carbon adsorption from PCE contaminated solution.

~ 250000
g

.. . . . . . . . . .

g 200000
.-

o 5000 1000O 15000 20000 25000 30000
Volum(ml)

~ Influent-,. A-- Effluent------ Average

Figure 7-47 IPA concentration profile

The experimental results show that IPA recovery capacity by activated carbon adsorption is very
low from a solution of 60% IPA solution, with a very high PCE concentration of 100,000mg/L,
and that other methods need to be considered to separate IPA from such a PCE contaminated
solution. Therefore this economical consideration briefly focuses on the activated carbon
recovery of IPA tiom 30°/0IPA solution.

The carbon capacity for the recovery of IPA was used to estimate the cost for the carbon and the
savings by reuse of IPA. The cost for the scale-up carbon column adsorber and the cost for
conventional treatment of the alcohol flushing extraction solution composed of IPA, water and
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PCE was also estimated based on the information obtained by surveying recent market.
Thereafter cost savings from IPA recovery and reuse using activated carbon over the
conventional treatment method was calculated. This cost savings was used to evaluate the overall
feasibility of the carbon to recover and reuse IPA for alcohol flushing the PCE contaminated
sites.

Due to the lack of the knowledge in the yielding rate of the flushing extraction solution from
alcohol remediation practice, the economical consideration of this technology was briefly
conducted based on the following assumptions:

Items for cost consideration are listed in Table 7-19. Items (4), (5), and (6) in Table 7-19 are
quoted from the information provided by Calgon Corporation, Pittsburgh, PA. This cost is
estimated for a formal adsorber and its operation, thus it is overestimate for a much simpler
apparatus needed for treatment of the solution from a site alcohol flushing remediation.

Table 7-19 Maior cost items

Number I I Item

1 + Cost for purchase of IPA

2 + Cost for disposal of waste in conventional way

3 Cost for activated carbon

4 Cost for equipment (Capital cost)

5 Annual operating cost

6 Maintenance (5% of the cost for equipment)

Cost savings from the alcohol recovery and reuse was calculated by Equation:

Cost savings = (1)+ (2) -(3) - (4) - (5) - (6)
Where: Items (1) to (6) are defined in Table 7-19.

Price for equipment and materials, which are listed in Table 7-20.

Table 7-20 Price information
Item Price ($) Source

Equipment 285/gpm

Annual Operating Cost 17fgpm Calgon Corporation, Pittsburgh, PA

Activated Carbon 2.4 /lb

IBM, Corp
IPA V-L
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Conventional disposal 0.5 /L Heritage Environmental, Inc., Burlington,
of PCE solution if not ** Vermont (1998)
recovered using carbon

The flow rate was estimated to be 3QOgallons/perminute (gPm),
(1) The operation period was considered to be 2 years,
(2) Cost for activated carbon was determined based on the column test results.

The cost for the amount of IPA for the initiation of alcohol flushing remediation process was not
taken into consideration. The mass of contaminant PCE was used as an independent variable to
conduct the calculation. A 30°/0 IPA solution was considered. The detailed calculation is
described as follows:
The mass of PCE was assumed first, then the demand of IPA for flushing this amount of PCE
and the total flushing extraction solution were determined. The mass of the activated carbon
needed was calculated based on the flushing extraction solution size and the contaminant
treatment capacity of the activated carbon, which was determined in the column tests. With the
known value of the variables listed above, the cost or savings for each variabIe was calculated.
Finally Equation (7) was applied to find the respective and resultant cost savings. A critical
amount “ofPCE mass at which the cost savings is equal to zero was also determined. Based on
the economical consideration, the economical feasibility or soundness of this method was
announced.

Based on the above price discussion, the capital cost, maintenance and operating fee were
estimated as follows:
(1) Capital cost: $85,500 this is for a large scale permanent system (55 gallon drums of carbon
are available for small systems)
(2) Maintenance (5% of capital cost): $8,600
(3) Operating fee: $10,200
Sum of the above three items: $104,300
The cost for IPA and the conventional disposal of the alcohol flushing extraction solution are
proportional to the amount of PCE to be removed from the ground by the IPA flushing solution.
The economical consideration of this IPA recovery and reuse using activated carbon adsorption
was conducted as follows.

The mass of PCE was used as the key variable to conduct this economical consideration. The
minimum IPA recovery capacity of 24 liters IPA per pound activated carbon revealed by the
column tests and a PCE concentration of 710mg/L in solution was used for this consideration.
The cost savings resulting from activated carbon adsorption was calculated and is listed in Table
7-21.

Table 7-21 Cost savings
PCE (lb) PCE (mg) Waste IPA (L] $ for IPA $ for waste Ca&n $ for S for $ Savings

Volume(L) ([b) carbon Equip. etc.

10 4.54EW06 6394 1918 1918 3197 87 209 108300 -103394
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50 2.27E+07 31972 9592 9592 i5986 436 i046 I08300 -83769

100 4,54E+07 63944 19183 19183 31972 872 2093 108300 -59238

220.8 1.00E+08 141188 42356 42356 70594 1925 462 I 108300 29

1000 4.54E+08 639436.6 19183} 191831 319718 8720 20927 108300 382322

10000 4.54E+09 6394366 2E+06 2E+Q6 3197183 87196 209270 108300 4797923

Table 7-21 shows that thecost forequipment isoffset bythesavings incostfiom the reuse of
IPA and conventional disposal of IPA flushing extraction solution when 221 pounds is to be
removed from the ground by the IPA solution. The volume of221 pounds PCE is 12 gallons,
which is very tiny in quantity compared with the estimation of several million gallons of PCE
contaminant at SRS. Therefore activated carbon adsorption to recover and reuse alcohol is
definitely cost-effective and promising. At lower PCE recovery rates 55 gallon drums of
activated carbon could be used which would put the capital cost at virtually zero and a
considerable cost savings would also be realized. The analysis above was for a large system like
one that might be employed at SRS.

Based on the research by Taylor et al. (1998), the research by Pennell et al. (1996) and the
telephone communication with Linnemeyer (1998), the scenario of the surfactant flushing
method is assumed as follows:
Contaminant: PCE and its concentration averages at 800mg/L in solution
Surilactant solution: Stiactant: $ 1.25/lb and 8’%by the weight of the solution

LPA:$3.75/L and 8’%0by the weight of the solution
NaCl: $Ulb and 15000m@L

Surfactant recoveqn not considered
The cost for surfactant flushing remediation was estimated and tabulated in Table 7-22. The
comparison of the two methods was conducted and is listed Table 7-23. Table 7-23 shows that
when the amount of PCE contaminant reaches above the quantity of 374 pounds, the alcohol
flushing and alcohol recovery and reuse method is prior to the surfactant flushing method fi-om
the economical point of view.

Table 7-22 cost estimation for surfactant flushing remediation
PCE I Mixture I Mixture(lb) I Surfactant(lb) I IPA(L) I NaCl(lb) I cost
(lb) (1/454lb/&i3) (8%bywei~t) (8%by (15000rn&) ($)

(80&)~) weight)

1 567.5 1250 I 100 57 19 201
I 1 I I I t

10 5675 12500 1000 573 188 2011
1 1 I I I I

100 56750 125000 10000 5732 1875 20107
I I I I 1 I

1000 567500 1250000 100000 57323 18750 201073
, J , ,

10000[ 5675000 12500000 I 1000000 I 573232 187500 I 2010732
I I I I I I

100000 56750000 125000000 10000000 5732323 1875000 20107323
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Table 7-23 Comparison between the alcohol flushing and the surfactant flushing

Savings for Cost for Savings of
PCE (lb) alcohol ($) surfactant alcohol over

($) surtlactant($)

10 -103394 201.1 -105405

50 -83769 10054 -93823

100 -59238 20107 -79345

374 75193 75201 -9

1000 382322 201073 181249

7.6 Summary

The main objective of this research was to investigate the separation of IPA from cldorinated
compound contaminated solution at various IPA concentrations using activated carbon
adsorption. Batch and cofumn studies were used for this investigation. PCE, II?A and FiItrosorb-
400 activated carbon were used as the representatives for the contaminant, alcohol and activated
carbon to conduct the experiments. The technical and economical feasibility of recovery and
reuse of alcohol using activated carbon for alcohol flushing remediation of the chlorinated
compounds contaminated ground water and sites was also investigated.

The batch and column studies show that the presence of IPA in solution definitely complicates
the adsorption of PCE onto activated carbon primary by enhancing the PCE volubility in the
solution. The general parameters of the adsorption of PCE from an IPA and water system by
activated carbon are summarized below:
1. An increase in IPA concentration decreases the adsorption capacity of activated carbon for
PCE or TCE from an alcohol and water scdution.
2. The activated carbon dose needs to be in a certain range in order to have high adsorption
efficiency and economical utilization of activated carbon adsorption capacity.
3. The linear Freundlich isotherm is applied to model the experimental data and the results
show that the linear Freundlich isotherm is valid over the adsorption systems if the activated
carbon dose is in a certain range associated with the IPA concentration and initial PCE
concentration of the solution.
4. Even though IPA increases PCE volubility and decreases the adsorption capacity, the higher
volubility resulting from the high IPA concentration enables the solution to dissolve more PCE.
As a result, a high PCE concentration ‘would be obtained and the higher PCE concentration
somewhat enhances the adsorption capacity.
5. An appropriate activated carbon needs to be selected for a specific contaminant in order to
have an overall high adsorption efilcacy i~d efilciency. For adsorption of PCE from an IPA and
water system, Filtrosorb-400 activated carbon is a good adsorbent.

The column experimental results also show that the activated carbon adsorption to recover and
reuse alcohol has merits of reliability, simplicity and low cost of the operation. High alcohol
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recovery capacity and a reduction of subsequent waste problems are also likely. The
breakthrough curve of an adsorption column is not only subjected to the influent flow rate but
maybe also to the solute concentration as well as the adsorption intensity which occurs in the
carbon column.

Due to the fact that the activated carbon in the column is almost constantly in contact with the
fresh solution, a higher adsorption capacity of the activated carbon would be reached than that
would in a batch carbon reactor. It is one of the technical advantages of the column bed
configuration for treatment of solution. It was estimated that the cost for the column adsorber
recovery system and the associated operating fee could be saved by reuse of IPA needed to flush
and remediatea221 pounds of PCE at a site. With the consideration of several million pounds of
PCE at SRS, more IPA could be recovered using activated carbon. The recovered IPA could be
reused for flushing the site and as a result, the cost and waste of this remediation strategy would
be minimized.
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Appendix A Statistical Analysis of the Isotherm Parameters

The purpose of this statistical analysis was to determine if the scatter in the data was due to
experimental variability or a true difference due to the different contact time used. The linear
regression parameters (intercept of log (KF) and slope of l/n) over all adsorption data sets were
used to conduct this analysis. The analysis follows the method listed from page of 266 to 267
(Kleinbaum et al., 1988).

For M data set and F data set of one IPA concentration case, the intercepts are Log (KF)Mand
Log (KF)F,and the slopes are (1/n)M and (1/’n)F.Based on the two raw adsorption data sets, the
test statistics TI and To were calculated and P-value associated with the number of the data of the
two data sets was determined by consulting Table A-2 (Kleinbaum et al., 1988). The analysis
was conducted stepwise. The criteria for the statistical analysis are listed in Table App.- 1. The
confidence interval for determination of P value is 95°/0.

Table App.-1 Criteria for statistical analysis
Condition Conclusion Implication

ITJ 2P Log (K~)~+Log K~~ Nonexistenceof statistical identity in adsorptioncapacity

IToI<P Log (K,)~ =Log ~,], Existenceof statistical identity in adsorptioncapacity
lT1l~ (1/n)M#(1/n)F Nonexistenceof statistical identity in adsorptionintensity
IT,I<P (1/n)M‘(1/n)F Existenceof statistical identity in adsorptionintensity

If there is an existence in both adsorption capacity and the adsorption intensity, a conclusion
would be made that the two contact times of the two experiments M and F are statically the same
in terms of the arrival of adsorption equilibrium.

The statistical analysis results for investigating the effect of contact time are listed in Table App.-
2, and the statistical analysis results for comparison among the adsorption data for 60% IPA
concentration solutions are listed in Table App.-3.

Tak

o

15

,2 Statistical analysis results for different contact time
Contact co

Try Time (rng/L) StatisticalAnalysisResults
1 I I

I 28 hr ] 100 IKF, =KF2;KF1=KF3;KF}>KFJI/nl <1/n2;l/n I=1/n3;l/nj c L’u
~ 12 d 70 .KFZ=KF3;KFZ=KF~: lh2=l/ri3; lln2=l/n5

3 22d 110 KF3>KFi: l/n3=l/n~
4 30d 65
1 28hr 240 KF1=KFZ;KF,=KF3: linl=llnl ;llnl=lln J
~ 12d 160 KFn=KFw: llnk=l/nG
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3 30 d 160
I 40hr 1000 KF1=KFz;KF,=KFj: l/n, =l/nz; lin[=i/nj

30 2 12d 950 KFZ=KF3: l/nz=l/n J

3 30 d 760

I 40hr 99000KF1<KFj; KF1=KFl: l/nl>n~t~;MI=linj

60 2 12d 1E+05KFZ=KF3: l/n2=i/nJ

3 30 d 1E+05

Table App.-2 shows that: (1) there is an existence of statistical identity in both KF(Log (KF) and
l/n generally for O% IPA case and for 15 % and 30% IPA cases. (2) This is partial existence of
statistical identity in KF(Log (KF)and l/n for 60°/0IPA case.

Table App.-3 Statistical analysis results for all data for 60% IPA solutions

Try CO(mgiL) StatisticalAnalysisResults

1 1000 K~ ~=KF2;KF1<KF3:l/nl=l/n2; l/nl>l/n3
?.- 10000 KF2<K~~: l/n2>lin3
3 100000

Table App.-3 shows that the adsorption parameters are statistical identical for solutions with an
initial PCE concentration not greater than 10,000mg/L. The KF and l/n over all three tests in
solutions with an initial PCE concentration about 100,000 mg/L were calculated. The statistical
comparison between these two parameters and those for solutions with initial concentrations of
1000 and 10OOOmg/Lwas also conducted. The conclusion is similar to that discussed above.
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8 Process Feasibility
8.1 Introduction

Numerous laboratory, modeling and field studies of in-situ flushing technologies for remediation of
NAPLs have been reported in the literature. The Ground Water Remediation Technologies Analysis
Center (GWRTAC) maintains a database of in-situ flushing studies both on-going and completed,
including field studies. GWRTAC (1998) summarizes 84 case studies and found that 24°/0were
laboratory/bench scale, 50% were pilotificld demonstration and 26% were fill-scale/commercial
flushing projects. As of November 1998, 57?40have been completed, 25?40are in-progress, and the
remaining are in various stages of design. A summary of the field-scale projects is provided in
Table 1 (GWRTAC 1998). Of these field studies, several that have been reported in the literature
were reviewed and are presented in this section. A variety of flushing solutions, including
surfactants, cosolvents and a combination of surfactants and cosolvents have been investigated in
recent years. Of the 84 studies reviewed by GWRTAC (1998), 9°/0were cosolvents, 54°/0 were
surfactants, 17% were water and the remaining 20’%0were other methods. The design of the field
studies are generally based on laboratory and modeling studies. Sabatini et al. (1997), for example,
investigated the use of surfactants to enhance remediation using an vertical circulation well.
According to Sabatini et al. (1997), laboratory experiments and model simulations were crucial for
obtaining regulatory approval to conduct the field test.

This section presents a review of various field studies of cosolvent and surfactant flushing at various
stages of implementation. In addition, a~simple groundwater model was developed using the
Princeton Transport Code (PTC) and used to compare various flushing scenarios for an in-situ
flushing scheme.

8.2 Field Studies

Field application of in-situ flushing has only been on-going for the past decade and has included
surfactants, cosolvents, foams or combinations of these. One of the earliest in-situ field studies
considered surfactant flushing of soils contaminated with oils and PCBS. It was conducted in the
early 1990s by Abdul et al. (1992) and Abdul and Ang ( 1994). Within the past few years several
more field applications have been conducted on LNAPLs and DNAPLs in the saturated zone. Table
8.2 contains a summary ofthese studies reviewed including site location, NAPL of concern, flushing
details, and flush efficiency. Table 8.3 provides a plan view of the pumping scenarios used in the
various studies.

Two recent in-situ cosolvent flushing field applications using ethanol as the cosolvent to remove
PCE have been conducted by researchers at the University of Florida (Annable 1999). At the time
of this report, however, the details of these projects had not been published and are not include.
However, the results showed that alcohol flushing is very effective at removing PCE and that it
offers a simple and effective means of removing DNAPL from the saturated zone (Amiable 1999).

A summary of several of the in-situ flush[ng research studies reviewed is provided below. These
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LablBench-Scale Proje&s) ‘-
Total Number of Case Studies = 64

GWRTAC PrOjecl Geology of MabsTarget Geology of TargetTreatment

ID Name Treatment Zone Zone Clarification

FLSIW066 Aluminum CompanySde Lfnconsol Sed$. . PoorlySorled Heterogeneous,silty backfdt

Pfedom. Fine-Grained

FLSH0602 Bog Creek Farm. Howell Unsoacihed

To&ship, NJ

FLSHO039 Camp Lejeune Unconsol. Seals. - Predom. Well Sorted Fine 10 veiy fine sand underlain by cla~

SanrUGravel aqudard

FLSHOO03 Canadian AFB 8orden, Aflishm, Unconsol, Seals. . Predorw Well Sorled Unconsolldaled sand aqutfer, S1,

Onlano, Caneda SandfGravel Lawrence Lowlands - beach sand

deposit undertain by glacial (Ill

FLSHO047 Cape Canaveral Lodge Unconsol.Seals.. PooiIy Sorted &rriir island aedimenle

Complex 34 Pradom, Coerae Grained

FLSHOO04 Chem-Dyne, Hamillon, OH Unconscd Seals. - Poorly Sorted

Predom. Coarse Grained

FLSHCW77 Coast Guard Facilily, Elizabelh Unapecifmd NA (Lab SIwfy)

City, NC

FI.SH0620 Confidential UnconsoL Seals. - Poorly Sorted Coaslal Plain - The Surfical Aqu!fer

Predom. Coame Grained [silly fine eand)

FLSHOO05 Cornell Univemily - Surfactant Unconsol, Seals.. Predrrm, ClaylSdl

Enhance Efiodegfadalion

1 1 I
FLSHOO06 [Corpus Chriski Duponl, Corpus lUnconsol. Seals.. Predom. Well Sorted!Gulf Coasl. well-sorled fine sand

]Chnsh, TX Sand/Gravel irrl.wbedded wllh clay

FLSHOO07 Cross Brolhem Pall, Pemb(oke,l Uncone.ol. Seals. - Predom. Well Sorted]Very well soried hne-gramed sand

IL Wnd@avel underlain by clay confumg layer al 45.

50 feel bgs

FLSHO062 Dover AFff, Dover. DE Unconwrl. Seals.. Poorly Sorled Lynch Heights and Columbla Fins.

[Cosolveral Mobtiizahon) Predorm Coarae Grained unconfinedaquifer - silly, pomfy soreed

sands. potential for discontinuous clay

lenses and gravely sand lenses

I I I
FLSHD063 Dover AFB, Dover, DE Unconsol, Seals.. Poorly Sorted Lynch Heights and Columbia Fins.

(Mactomoleculaf Sohdifizafion) Predern. Coarse Grairrad unconfinedaquifer. silty, PoorfY sorted

I I I Isands, potenlial for discontinuous clay

lenses and gravely sand Iensee

1 1 I
FLSHO064 Dover AFE, Dover, DE (Single- ILfncoosol. Seals. - Poorly Sorted lLynch Heighla and Columbia Fms

II
phase Microamulsion)

I
Predom Coarse Grained unconfined aquifer - siuy, poofly smied

sands, potential for dmcordmuous clay

lerW3eSand gravely sand lenses

1 I I
Dover AFB, Dover. DE (Ted Unconsol Seals. - Poorly SCuked Lynch Heights and Columbia Fms
Cell 2, Surfaclanl Solubitizalnrn Predom Coarse Gramed unconfined aquifer - SIIIY. ooorlv SOiled

I I I
. .

sands, potenhal for dmconlmuous clay

lenses and gravely sand lenses

I Maximum Areal I Pore Volume
I

Volume of

I

Extent of Main Contained in

Contaminated Ground-water Main Ground-water Scale of

Soil (Vadose Zone) Contaminant Plume Contaminant Plume Project

)60 m3 (about 1,300 yd3) Full-

Scale/Commercial

full.
I I lScale/Cmrrmerc,al

volume m test zone Dem0nstrat80n

I (conlamed 87 gal

DNAPL befo!e SEAR) I
9.a x 9.8 fOOI (96 f12) 2,400 gallons PMIFleld

tesl cell Demonsltahon

50x 75 fool Iesl area Pdol/Fleki

Demonsl~ahon

FuIl-

I 1 IScale

25x 35 foot (a75 f12) Pdol/Field

lest area Demoostrabon

106 acre extenl source Full-

rea I I [Scale/Comme,cai

Pllol/Field

Demonskahon

PJoI/Fteld

Demcmstratmn

PdowFleld

13emonslralmn

P!lorlfaeld

Demonstrahon

Gtound.Waler Remedlalion Technologies Amdyws Center
GWRTAC 1998
. . ..’..,,7,6’



T $-1 insituFltfsh[w-GeologyOf Treatment Zone I SiZ6f of Contaminated Zone or Test Area Size (Pilot/Field Demos and Fu[l-Scale/Commercia[ projects On[Y; this Table Excludes

.

Lab/Bench-Scale Projects)
Total Number of Case Studies = 64

IGWRTAC I Project I Geologyof Main Target I Geology of Target Treatment

ID I Namo I Treatment Zone I Zone Clarification

FLSHOO09 10over AF8, f30ver, DE (Tesl jLfnconsoL Seals. - Poorfy Sorled lLynch Heights and Columbia Fins.

\

Cell 3, Cosolverd Solublllzafion Predom Coarse Grained unconfined aquifer. silly, poorly sorted

sands. potential for diaconfimrous clay

lenses and gfavely sand lenses

FLSHOOIO Eckenfefder, Inc. - Surfactanl Unspecibed Lab shzdy - soil tesl bed

Recycling

FLSHO073 Envirogen - Effecls of Emulsion Unspecibed

Vlscoslly

NA (Lab Study)

FLSHO072 Enwrogen - Surfactanl Unspecified NA (Lab SIudy)

FoamfBjoaugmerdalion

FLSHOO11 Esbie Region Machine Shop, Unconsol. Sed$. . Predom. Well Sorted SI. Lawrence Lowlands. Fme sana wit

Quebec, CA Sand/Gravel 10-1 24A silt

FLSHO021 Formef Dry Cleaning FacNy, Unconsol Seals .- Predom, Well Sorfed Sandy alluvium

Jacksonville, FL SandlGravel

FLSHO059 Fredncksburg, VA Wood Unconsol. Seals .- PooIly Sorled Clay-sit! affuwurn, cresole perched on

Trealing She Preaom Fine.Grained CiSy ienses

FLSHO012 Gene(al MO1OM NAO Research Unconsol Seals. . bstelbedded Cenlral Glacialed Plains -10 to 13 feel

& Development Cerder, Sediments of sandy fill overfying fme-grained

Warren, Ml alluvial and sandy glacial outwash

FLSHO084 Georessources. Aquder Unspectif8ed NA (Lab SIudy)

Washing by Micellar Sohdions

:LSHO013 GHEA Associates, New Jersey Uncorwol, Seals. - Predom. Clay/Sill

I ‘----
Clayey soils

Operating FaciUy of Major U.S.

COmOrafiOn , I
‘LSHO014 lGoose Farm. Piumsled Twp, jLfnconsoL Seals - Poorly Sorled lCoaslaf Plain. tbrkwood Aqutfel

lt4J Pfedom Coarse GraineQ I
‘LSHO050 lGulf Power. Lynn Haven, FL lLfnconsoL Seals. - PoorfY Sorfed iCoaslal Plain - The Surflcal Aawfer

Predom. Coarse Gramad (silly fme sand)

‘LSHO0517 Hlaleah County, FL ftedtock. Carbonate - Karsl SE Coastal Plain Cly org rich sand ove

solution cavity fimestone

‘LSHO056 HIU AIr Force Base (CeU 4. OU Unconsol. Seals, - Poorfy Sorted Greal Basin - Poerfy sorfed alluvial

1- Cyclodexlrin Solubifizafion) Predom. Coarse Grained sand and gravel underfain by Iacuslria/

clay

‘LSHO055 Hill Air Force Base (OU 2- Unconsol.Seals. - PoorlySorfed Greal Basin - Poorly soried alluwal

Foam Fload) Predom. Coarse Grained aand and gravel underfain by Iacuslriaf

I I clay

‘LSHO057 lHiU Aif Force Base @f2 115 ]Unconsol. Seals. . Poorfy Sorfed [Great Basin - Poorly sorted alluwal

lFdlSc.aleSuriactard Flcod) lPredorn. Coarse Grained !sand and gravel “~erlai” bylacustriar
cfay

‘LSHO015 HIU Air Force Base, UT (Cell 3, Unconsrj. Seda. . poorly.$wled Great Basin- Pearly sorted alluvial sam

OU1 - Coscdvenl Mobifizalion) Predom. Coarse Grained and gravel underlain by kicuslnao clay

I I I
‘LSHO016 HIII Air Force Base, UT (Cell 5, UnCOnsol. Seda. - Peerly Sorted Greal Basin . Poorly sorled alluvial

OU1 - Surfaclanl Motahzahon) Predoon. Coarse Gramed sand and gravel underlain by Iacustnai

1 I clay

ffSf0017 HIU Au Force Base, UT (Cell 6. Unconsef Seals. - PoodySorlad G{eal Ffasm- Poorly sorted alluvial
Oul - Surfaclard Solubihzahon) PrerJom Coarse Gramed sand and gravel underlain byIXUSI,IW

Maximum Areal Pare Volume

Volume of Extenl of Main Contained h

Contaminated Ground-water Main Ground-water Scale of

Soil (Vadose Zone) Contaminant Plume Contaminant Plurnel Project

t } lPJoUFleld I

Demonshabon

PdoflF[eld

DemOnshatlOn

Laf)ofalory/L3ench

Scale

Labo(alorylf3ench

Scale

1,800 m3 (aboul 63,575 f12) Full.

Scale/COmmercfial

PkwF!ela

Oernonshahon

P)lot/F@d

Oemonshahon

10 fool diameter x 5 foot PkWF8eld

ieep led plot Oemonshahon

I I
lf.abO(alOrv/8encl] 1
Scale

Pdot/FlelU

I I lDernonshahon ]

=EEE==!3 x 5 m (9.8x 16.4 II) o 1,000 to 2,5oo gallons Pdol/Flela

Iabod 160 f12 test cell I 10amonskaliorr I

I I ]Derncmshahon ]

I I
—..

ScalelCOmmerctal I
3x5m(98x16.4flor 1,500 gallons PdollFleld

aboul 160 f12) lest Cell Oemonshahon

3x5m(9,6x164flor 1,500 to 2,500 gallons Pdol/Field

aboul 160 112)Iesl ceU Demons! rahon

I I 1
13x 5 m (9.6x 16.4 fi ori PioffField I
labo”l 160 f12) lest C.?,! I lDemonsl(ahcm I



>
)
>

~ a‘/ In SKu FlUS~ln9- Geology of Treatment Zone I Size of Contaminated Zone or Test Area Size (Pilot/Field Demos and Full-ScalelCommerclal Projects OIIly; this Table Excludes
LablBench-Scale Projects)
Total Number of Case Studies= 64

Maximum Areal Pore Volume

Volume of

GWRTAC

Extenl of Main Contained in

Project Geology of Main Target Geology of Target Treatment Contamhsaled Ground-water Main Ground.water Scale of

ID Name Treatment Zone Zone Clarification Soil [Vadose Zone) Contaminant Plume Contaminant Pltwne Project

FLSHCY318 Hdt Air Force Base, UT (Cell 8, LJnconsol. Seals. . Poorly Sorted Greal Basin - Poody So(ted alluwal

OU1 - SurfactenUCOsOlvent

3 x 5 m (9.8x 16.4 tl ar 1,000102,500 gallons PdoltFteld

Predom. Coarse Gramed sand and gravel underlain by Iacuslrian about 160 lt2) Iesl cell - DemOnWahOn

So:ubihzation) clay

FLSHO019 HIII Ab Force Base, UT (OU2 - Unconsol, Seals .- Poorly Soried Great Basin - Poorly sorted alluviai

Micellar Flood)

6 x 9 m (19.7 x 29.5 II o 15,000 gallons

Pmdom. Coarse Grained

PlloUF,eld

sand and gravel underlain by Iacuslrian aboul 580 f12) lest area Demonskahon

clay

FLSHO022 Hdt Atir Force Base+ UT (TesJl, Unconsol Seals. . Poorly Sorted Greal Basin. Poody sorled alluvial 3x5m(98x16.4ffor 4,000 L (aboul 1,057 Pllol/Flelcf

OU1 - COsOlvenl SOlubifizaftOn) Predom, Coarse Grained sand and gravel underlain by Iacustnan about 160 1!2) lest cell gal) Demonstcahon

clay

FLSHO023 Hooker Chemica!lRuco Unconsol. Seals, . Predom, Well Sorled Upper Glacial Formation

Polymer, NY

Full-

Sand/Gravel ScalelCOmmerilal

FJSHO024 Howard University, Unapecifwwf Lab Study Laboratory/Bench

Washington, 13C - Treatment of

PCBS wilts Surfactants

Scale

FLSHO025 JADCO.Hughes, 8efrrsord, NC Unspecified PIlollFIrdd

Oemonslfabon

FLSHOOOI Koppem Co. Inc., Seaboafd Unconsol. Seals. . Poorly Sorted Fill unit Pdol/Fwld

Planl, Kearny, NJ Predom. Coarse Grained Oemonsbahon

FLSHO026 Latamle, WY, Private wood UnconaoL Seals. . Poorly Sork?d Gradualed born fine sands. sills and >500,000 yd3 total [27 x 27 (27 x 270 (729 f12) lest 5,000 galJons wdhm 27 PdoUField

beating site Predom. Coarse Grained clays al surface 10 coarse sands and Iesl cell apd 130 x 130 II lesl cell and 130 x 130 If x 27 fl tesl cell Oemonstrahon

(me gravels at base cell) (16.900 112) test cell)

FLSHO027 Lee Chemical. Ltberfy. MO Unccmsol. Seals. . Predorn, Wetl Sorted Missouri Rwer bottom alluwal Full-

Sand/Gravel sedmtenls Scale/C Ornnlercial

FLSH6Q26 Llpari Landhll, Pilman, NJ Unspecdtied Cofransey Aqwfer Full-

FLSHO071

Scale/Commercial

Louisiana Stale Universdy - Unspecdwxl NA (Lab Sludy) LalmralwylBeoch

Colloldal Gas Aphron from Scale

Naluraily-Oerived Surfaclant

FL SHO029 Mlch@an Stale Unwersdy - Unspecdled Lab $Iudms

Surfactard Research and Soils

La f10ia10ryli3ench

ModibcalIon wilh Surfactanls

Scale

FLSHO030 Monlana Pole& Trealmg, Butl e Ursconsol. Seals, . Predom. Well %rfed Sandy alluvial malenal

MT
209,000 yd3 total sire Full-

SendfGravel (50,000 1060,000 yd3 may Scale/Commercial

be femedlated wa in SIIU

flushing)

FLSHO070 National Tsing Hua University. Un.specif!ed NA (Lab Sludy)

13fecls of Suriaclants of
LaboratorylBench

SorpfionfMlcellar Solubifizafion
Scale

FLSHO060 Nabonal Water Res Inst. Env Unspec8fwd Medmm 10 coarse-gramed sand

Canada - Humw Acid Flushing
Laboralofy/8ench

Scale

FLSHO031 Nmlh Avenue Dump. Gary, IN Unconsol. $eds. . Pcsody Sorted %rsdfwasle (Mostly aand bul m!xetf f Fuil-
Pfedom, Coarse Grained wdh debris (timbers, elc, ), Originally ScalelCOmmerctial

was welland (Dune and Swale)

formation parilcular 10 northern Indiana

Gmund.Water Remediafion Technologies ArralysIs Cenler GwRTAC 1998
A. nl ,,{,7mc



~ 8- I In Situ Flushing - Geology OfTreatment Zone I Size of Contaminated Zone or Test Area Size (PiloUField Demos and Full-Scale/Commercial projects omy; this Table Excludes
Lab/Bench-Scale Projects)
Total Number of Case Studies = 64

GWRTAC Project Geology of Main Target Geologyof Target Treatment

m Name Treatment Zone Zone Clarification

SHO040 OK Tool Area al Savage WeU Unconsoi. Seda. - Poorly %rled Oulwash plain overlying metamorphic

Site Predom. Coarse Grained bedfock (al 100 fool depth) No hue

conlmmg layer present

-SHO032 Orrnel Corp., Hanmbal, OH Uncorrsol Seda, - Predom. Well Sorted Faidy porous, well-soiled aand wdh

Sand/Gravel some sill,

LSHO033 Pab.rxenl Naval Air Tes.1 Center Unspecd,ed Lab study

.SHO034 Peak 011 Co./Bay Drum Co., Unconsol. Seals. - Ptedom. Well Sorted Silly sand

Tampa, FL SandfGravel

.SHO065 Pead Harbor Unspeclfted

LSHO067 Pelroleium Company (Bulk Unconsof Seals. - Poorly Sorled Sand with boulders

Planf) Predom. Coarse Grained

LsHm68 Pelmleum Company UnccmsoL Seals. . Predom. Clay/Silf Organic serf (peal moss)

(Residential .SiIe

Contaminafien)

LSHO035 Picafinny Arsenal, NJ UnconsoL Seals. - Predom. Well Sorfed Atlanl! Coasfal Plain - Sand and graw

SandfGravel aquifer, camhnmg lateral 60 feel bgs

f I 1

LSHO078 PPG Plant, Lake Chartes, fA Unconsol, Seals. . Pfedom. Well Sorted “1O II sand”. wilhin Interbedded Clays

SandfGtavel and Thin Sands (8eaumont or Prarie

Soil (Vadose Zone) Contaminant Plume

Dissolved plume IS

approx. 1 mile m Ienglh

t
.000 m3 (about 11,800 yd3

,000 m3 [aboul 1,300 yd3)

20 x 60 teet ii20C ff2j

treatment area

Full.

ScalelCOmmercfial

LaberatoryifJench

Scale

FuII-

Scale/Commercial

EsL 580 gallons PMIFtield

Demarrslmhon

Full.

ScalelCOmmerclal

Full-

ScalelCommerckal

PJo:!?:elc!

Oemonshauon

I
1,250 gallons = IWO P1lol/Field

“ellechve pore Demonslrahon

Formalion)

FLSHO046

volumes”

Purdue Umversily. Unspecified NA (Lab Sluriy) LaboralorylBench

Phetolransfotma ftons of PCFIS Scale

in Mkellar Sobdions

FLSHO036 Rasmussen’s Dump, Brighton. Unconsof Seals. - Predom, Well Softed Sand and gravel Areal exlenl of

Ml

Full-

SandfGravel mflllrahon galleries Iwo ScalelCommercjal

acres

FLSHO06Q SEAR for LNAPL Mibgabon m Unspecified PdoUFleld

Capillary Fringe

FLSHO037

Demonslrahon

SerrenerNarwco Consormrm, Unconsol Seals. . Pootiy Sorled Low permeability 1111covered wdh a 1 m Study area 52o m3
CA Predom Fme.Gfained

Pllol/F!eld

[aboul 3.3 ff) ttdck Iayef of fjfl (grafkilaf (approx. 680 @3) Demons ltahcm
material m silly matrix), fledmck IS

abouf 3 m (abouf @,8 fl) deep.

FLSHO038 Sindelfingen, Germany Unspecdled full.

Scale/Commercial

FLSHO074 SW Tank Fafm, Tinker Air Unspeclbed

Force Base, OK
Pdol/Field

DemOnsl(ahOn
FLSHO041 Texas Easlern Tcansmissum Bedrock . Sandstone - Highly Fraclured Fractured and weathered bedrock Pilot/Field

Facddy, Delmont, PA (Inlerbedded sandslone, shale. clay, Demonslrahon
hrneslone. and coal of the

Pennsylvaman age Conemaugh Grciup]

FLSHOQ42 Thoum Sand Cluarry, C)uebec, Unconsol. Seals. . poorly Sorted S1. Lawrence Lowlands. 2 m silly sand
CA Pfedom. Coarse Gralned

6m3(212f130r 1585 PJoUFteld
over 30 m clay I

FLSHO053 U.S. Au Force Planl 4, ForI
gal) Demonstrahon

Central nonglacialed p)ams PdoUF#e[d
Worlh, TX Demonslrahon

FLSHO051 U.S. Coast Guacd, Traverse Unconscrl, Seals. . Predom. Well Sorled O.,., ,C. ...A



~ a-l In Situ Flushing - Geology of Treatment Zone/ Size of Contaminated Zone or Test Area Size (PiloUField Demos and Full-Scale/Commercial Projects Only; this Table Excludes
Lab/Bench-Scale Proje&s) ‘-

Total Number of Case Studies =64

Maximum Areal Pore Volume

Volume of

GWUAC

Extent of Main Contained in

Project Geology of Main Target Geologyof Target Treatment Contaminated Ground-water Main Ground-water Scale of

ID Name Treatment Zone Zone Clarification Soil (Vadose Zone) Contaminant Plume Contaminant Plume Project

FLSHO054 U.S. DOE Gaseous Oiffuslors UnconsoL Seals. - Predom. Well Sorted Appalachian Plaleau Gravelly Fme 10 PMdlFwdd

Pint, Paducah. KY SandfGravel Medwm Sand Oemorsshahon

FLSHO075 u.S~OE Paducah Gaseous Unspeciluid

Oiffusion Plant

LalzoralorylFSt? nch

FLSHOO08

Scale

U.S. 00E Podamouth Gaseous Unwnscd Seals. - Pfadom. Well So(led Nonglac@ted Central Plain - Basal 16.4 x 66 feet (108 112) 3,700 gallons Pdol/Field

OIffusmn Sale, Pike(on. Of+ San4/Gravel ahnal gravel (Galfia Fo:mahrm) Oemonslrahon

FLSHO043 Umablla Army Oepol Unconsol. Seals. . predom. Well Sorled Sandy alluvium WI low orgamc content 46,400 yd3 350 acres Full-

(Lagoons), Hermislon, OR Sand/Grevel overlyingsolid ba.sail confining layer Scale/COmmercml

FLSHO044 Umlecf Chrome Products. Unconsol. Seda. - Predom. Clay/Sdl Uppef waler-bear zone [sifl),ovef silly 2.6 MM gallons P,lot/F@d

Corvalfis. OR clay

FLSHO083

OemOnslrahon

Unwemity of titzona - HC Unspeciheef NA (Lab Study) Labofalo@ench

Solubilzation and Mobifizafiin Scale

by Slosurfactant
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studies were chosen because they had an interesting remediation set up, similar contaminants or
similar flushing solutions:

Sabatini et al. (1997)

The researchers in this field trial used a vertical circulation well (VCW) for injection and extraction.
The location of the trial was in the shallow, unconfined aquifer of the Coast Guard Station in
Traverse City, Michigan. This system was tested i?or its efficacy in controlling the chemical
extractants added to the subsurface. The objective of the study was to evaluate the behavior of the
flushing solution, 3.6 wt. ‘XODowf= 8390 surfactant, and to recover 100% of the surfactant. The
surfactant, Dowfax 8390 was supplied by Dow Chemical Company and is classified as a hexadecyl
(C16) diphenyl oxide disulfonate (DPDS). A secondary objective was to demonstrate enhanced
removal of PCE through the use of this in-situ flushing technique. The injection rate was
approximately 1 gallon per minute (gpm) with a total of 540 gallons injected. Five hours after
surfactant injection had begun, fresh water was pumped into the two nearest down gradient
monitoring wells to for a hydraulic ridge. Once injection was complete (after approximately 20
hours), fresh water was pumped through the VCW. The results of the study showed that there was
nearly 95°/0surfactant recovery with little retardation but a high degree of dilution.

The researchers were able to make the following recommendations based on this field demonstration.
1. Characterization of flow regime and contaminant distribution is essentiaL

a. Laboratory batch and column studies using native materials to assess fate and
transport mechanisms were extremely valuable.

b. Laboratory data may be used in a computer model, one as simple as a conservative
travel time model or one using more complex multi-dimensional transport equations
to estimate flow paths and contaminant distribution.

2. CompIete recovery of the flushing solution is not possible but appropriate hydraulic controls
can aid in approaching this goal. ‘Therefore, any risks associated with the unrecoverable
mass need to be addressed.

3. Facility infrastructure was invaluable to the successfid implementation of the remediation
scheme. When selecting a site for field trials specific consideration should be given to
shelter, power, water, heat and location of ancillary services.

McCray and 13russeau (1998)

This field trial involved the use of cyclodextrin, a sugar, as the active component of the flushing
solution, creating what is known as a complex sugar flush (CSF). Using sugar addressed two issues,
additional chemicals pumped into the ground and uncontrolled mobilization, which are often
considered disadvantages for in-situ flushing techniques to remove DNAPLs. The innocuous nature
of the sugar alleviates the concern of unrecoverable mass and with regard to migration of the
contaminant, the cyclodextrin solution operates primarily by increasing its volubility without
significantly altering interracial tension.
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The target compound at the site, Operable Unit 1 at Hill Air Force Base, Utah, was a multi-
component LNAPL. The LNAPL was found in the unsaturated zone and upper portion of the
saturated zone due to smearing caused by seasonal fluctuations in the groundwater elevation. The
study was restricted to an area within a hydraulically controlled enclosed cell, 3m x 5m to reduce the
possibility of migration. Four injection wells and three extraction well were employed. The
cyclodextrin was shown to increase the volubility of the more hydrophobic components to a greater
extent compared to the less hydrophobic compounds. However, the less hydrophobic components
had a greater relative mass removed during the test due to their higher initial solubilities.

The hydraulic conductivity in the saturated zone was 4.5 X10-2cm/s and the effective porosity was
approximately 20V0.A confining layer of clay was located 8-8.5 meters below ground surface (bgs)
and its hydraulic conductivity was measured to be between 10-5to 104 crnls in the horizontal
direction but only 10-7crds in the vertical direction. To begin the test, 19 pore volumes (PV) of
water were injected and pumped from the cell. A flushing solution containing 10wt 0/0cyclodextrin
was then injected for 8 PV yielding a total of 64500 L over 10 days. After the 10 days of CSF, the
researchers paused the system for 1day to evaluate mass transfer limitations followed by 2 final days
of CSF. Finally, 5 PV of water was flushed through the cell. The results showed that approximately
41-44%of the initial NAPL and 100A 5% of the cyclodextrin were recovered.

Hirasaki (1997)

This field study was conducted at Hill Air Force Base, Utah. The specific location at the base was
Operable Unit 2 where the subsurface consists of a heterogeneous alluvial aquifer contaminated with
a residual of a multi-component DNAPL. A combination of a sufiactant solution and foam were
injected through 3 injection wells and 3 extraction wells. Hydraulic control wells were placed
upgradient and downgradient of the flushed zone and were used to reduce migration of the flushing
solution and the contaminant. The foam was injected into areas of high permeability for the pu~ose
of diverting the surfactant into the lower permeability areas, where the DNAPL was located. A
simple technique of increasing the injection pressure was used to produce the foam at a single well.
Each well was used at two hour intervals for foam injection on a rotating basis.

An initial partitioning interwell tracer tests (PITT) indicated that there was 21 i 7 gallons of DNAPL
within the test area. A solution of 3.5 wt VOsurfactant was injected for 3.2 days at 1 PV/day. NaCl
was also injected to condition the groundwater and optimize conditions for dissolution. The
injection wells operated at 2gpm each while the upgradient hydraulic control well (HC 2) injected
1 gpm and the down gradient hydraulic control well (HC 1) injected 3 gpm. Each extraction well
removed 3.3 gpm from the aquifer to balance the total in and out of the test area at 10 gpm. The foam
reduced the swept volume of the flushing solution by an estimated 50°/0. Water flooding was
employed subsequent to the stiactant flush to help remove any residual surfactant, NaCl and foam.
When completed, 99% of the surfactant and 96% NaCl were recovered. The amount of DNAPL
removed (37 gallons) was greater than the initial measured volume. This discrepancy was explained
by the likelihood that DNAPL migrated into the test area fi-ombeyond the injection wells. Despite
this apparent influx of DNAPL, a final PITT indicated that there was only 1.6 to 2.6 gallons
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remaining in the subsurface within the test zone.

Jawitz et al. (1998)

The test site for this field demonstration was Hill Air Force Base, Utah. The NAPL of concern was
an extremely complex, multiple component NAPL. A Winsor type 1alcoholh-factant mixture was
employed as the flushing solution. Solubilization was the primary mode of NAPL removal due to
the formation of a single phase microemulsion between the contaminants and flushing solution. The
solution was composed of 5.5 wt ‘?40surfactant and alcohol in water. Soil cores, PITTs and NAPL
constituent breakthrough curves (BTC) were used to evaluate initial and final conditions at the test
site. The researchers employed sheetpiles to construct a hydraulically isolated test cell 2.8 m x 4.6
m. The sheetpiles were driven into the clay confining layer approximately 3.7 m below ground
surface (bgs). Three extraction wells and four injection wells were located within the cell. The
effective pore volume of the media within the cell was measured to be 6.9 kL with a porosity of 14%
and a hydraulic conductivity of 0.1 cm/s. Saturation and spatial distribution of the contaminants were
characterized with tracers.

Lab work indicated that five pore volumes were required to elute all available NAPL from the soil.
Lnthe field, this figure was nearly doubled by the researchers to account for higher hydrodynamic
dispersion due to field scale heterogeneities. The flushing scheme involved 9 PV of precursor
solution (surfactant, alcohol and water) followed by one pore volume of surfactant only and finally
6.5 PV of water. The results from the pre- and post-flush PITTs indicated that 72% of the NAPL
was removed. The BTC, run after the flush, showed that 55 to 75°/0of the NAPL was removed when
the pre-flush PITT was used for the initial condition and 60-175’%removal using the soil core data
for initial conditions. The soil core data have extremely large standard deviations and therefore the
PITT was emphasized in reporting pre-flush conditions.

Londergan et al. (1997)

This field trial involved the use of surfactants in the flushing solution. The location of the trial was
Hill Air Force Base, Utah, and specifically OperabIe Unit 2. The hydraulic conductivity at the site
was measured between 10-3and 10-2ends with the water table at 25 feet bgs. The aquifer was
approximately 19 feet bgs and there was a :zoneof residual DNAPL 4 feet thick at the bottom of the
aquifer (42-46 feet bgs) where saturation averaged 22°/0. The injection and extraction wells were
drilled into the zone of contamination.

Phase 1 of the project involved a preliminary PITT to establish the initial DNAPL volume (346
gallons). The DNAPL consisted of approximately70?4 trichloroethene, 10%tetrachloroethene, 10%
1,1,1-trichloroethane, and 10% other constituents. A pilot scale flood was employed during this
phase to evaluate the efilcacy of the surfactant mixture and insure that the hydraulic conductivity
remained relatively constant over the course of the test and to assess the treatability of the effluent.
The flushing solution was composed of 7.7 wt YO surfactant (sodium dihexyl sulfosuccinate) and was
injected at an average rate of 2 gpm for 0.6 days. The total flow rate for the extraction wells
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averaged 7.8 gpm. The hydraulic control well operated at 6 gpm during this phase. The flushing
solution was followed by 8.5 day flood of water only. The volume of contaminant removed during
the pilot scale flood was 185 gallons and was composed of both free phase and dissolved phase
DNAPL. Only 71YOof the surfactant and 85 YOof the tracers were removed. These low figures were
explained by the possibility that high level of dilution caused the surfactant and tracer concentrations
to be below equipment detection limits.

Phase II of the project also employed a preliminary PITT which indicated that 148 gallons of
DNAPL remained in the aquifer. The flushing solution used in this phase was composed of 7.75 wt
YOsurfactant (sodium dihexyl sulfosuccinate) and 4.47 wt ‘%0alcohol (isopropanol). A concentration
of 7000 ppm of NaCl was also used to precondition the groundwater to maximize the potential for
dilution. The flushing mixture was injected for 3.4 days at a rate of 2.5 gpm. The hydraulic control
well maintained an average rate of 7.0 gpm and a total of 9.3 gpm was extracted during this phase.
The flushing solution was followed by 11 days of water only. The final results indicated that 98.5?40
of the DNAPL was removed and only 5 gallons remained in the subsurface within the test area.

The major problem encountered during this field trial was a buildup of IPA in the air stripper used
to treat the effluent. This buildup produced operating temperatures that were too high for optimal
stripper performance. There was also a build up of sediment in the treatment system. It was
believed that the sediment was mobilized by the addition of sodium into the flushing solution. The
system was not designed with and therefore did not contain any filters to prevent the sediment
clogging problem.

Fountain (1997)

This paper compared two field trials and each employed solubilization as its contaminant removal
approach. The first site described in this paper was the Canadian Forces Base Borden site operated
by the University of Waterloo Centre for Groundwater research. The aquifer in the test area was
nearly isotropic, composed of generally homogeneous media with a relatively high hydraulic
conductivity. The aquifer was contaminated with tetrachloroethylene (PCE), a single component
DNAPL. These conditions made the field situation close to ideaI.

The hydraulically isolated test cell was constructed using sheet piles driven 4 m into the underlying
clay unit. The cell was 3 m x 3 m in plan view with a secondary 5 m x 5 m cell. The wells were
contained in the inner cell and consisted of 5 injection and 5 extraction wells. The water level was
kept near the ground surface and a controlled release of PCE was initiated. A total of 231 L of PCE
was injected into the test cell. The top meter was excavated to evaluate the PCE distribution and
subsequently replaced with bentonite to cap the bottom 3 m. The mobile DNAPL was extracted
using a water flood with a hydraulic gradient of 0.3. Approximately 50°/0of the initial release was
removed in the excavation of the top meter and during the water flood.

Once a residual was established, the surfactant flushing
ethoxylate and phosphate nonylphenol ethoxylate) was
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volumes for a total of 130,000 L from November 10, 1990to May 30, 1991. Pumping was not
continuous because the system required constant attention, therefore it was shutdown if an operator
was unavailable. A 2°/0surfactant solution was injected into the aquifer, extracted at the extraction
wells and passed through an air stripper. The treated effluent was reused by adding surfactant to a
concentration of 2°/0and then re-inj ecting the solution into the aquifer. Therefore, the system was
run as a continuous loop.

The volubility limit of the PCE in solution was determined in the lab to be approximately 11,000
mg/L. Some of the effluent samples were higher than 10,000 mglL PCE, illustrating the ability to

use laboratory obtained parameters in the tield. A water flood followed the surfactant circulation.
A total of 65 L of PCE was removed as dissolved phase during the flush portion of this trial. Data
from this site illustrated that the limiting factor in cleanup was the solubilizing capability of the
surfactant. The surfactants chosen for the Borden site degraded significantly during the 6 months
atlerpumping fi-oman assumed combination of hydrolysis and biodegradation. Both of these results
emphasize carefi,d selection of suriiactants for in-situ flush strategies.

The second site described in the paper ww located in Corpus Christi, Texas at the Du Pent Plant.
This was an actual contaminated site as opposed to a controlled release. The DNAPL in the aquifer
was composed primarily of carbon tetrachioride. The geology of the test area was a fine-grained,
well sorted sand approximately 3.6 m bgs and 3.5 m thick. Beneath this sandy layer, a thick clay
layer confined the DNAPL. Rather than sheet piling, hydraulic control was used at this site.
Originally, the test area was 6 m x 10 m but after an examination of the contaminant location and
groundwater levels, the area was reduced to 6 m x 5 m. Both configurations utilized three injection
wells and three extraction wells.

Prior to the site layout adjustment, a flush was conducted in the 6 m x 10m area. Four pore volumes
(367,000 L) were injected over a period of 76 days at a dh/dl of 1. Biodegradation problems with
the surfactant selected and biofouling difficulties at the injection wells made analysis of this flush
difficult. A second flush was pefiormed in the smaller area when 6 PV (320,000 L) were pumped
through the test section at a dh/dl of 2. Sclil cores and monitoring well samples were collected to
evaluate the results of the two tests. The hydraulic conductivity for the area was estimated to be 5
x 10-3cm/s. The researchers found that the concentration of contaminant in the effluent was well
below the volubility limit for the compounds. The intermittent nature of the initial flush did not
provide increased concentrations after rest periods indicating that the dissolution was not mass
transfer limited. The results of this trial concluded that DNAPL can be effectively removed using
a surfactant flush. Virtually all of the DNAPL was removed within the test area after approximately
10 pore volumes of flushing solution. The researchers also found that the rate of DNAPL removal
was related to the geology since layers with higher clay contents took longer than layers with lower
percentages of clay. It was concluded that along with site heterogeneities, well configuration is
important. The flow paths at the Corpus Christi site were non-uniform and the veloci~ varied in
different areas.

Both trials illustrated that the performance in me lab maybe directly translated to the field. They
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also identified the evalua~on of solubilization and sorption of surfactants onto clay minerals as a
critical step toward optimlzmg surfactant flushing solution pefiormance.

Abdul et al. (1992)
This paper described soil washing using a sutiactant solution to remove PCBSand oils. The test plot
was 10 feet in diameter and 15 feet deep. Real time data was used to adjust the surfactant
application rate to minimize mobilization beyond the capture zone. Samples included both soil cores
and recovery well effluent. Over a period of 70days, 5375 gallons (5.7 pore volumes) of a 0.75 0/0
aqueous surfactant (Witconol SN70) solution was injected into the test zone at an average rate of 77
gpd. The amount of leachate recovered totaled 10,981 gallons at an average rate of 157 gpd.
Mathematical modeIing was used to optimize both the injection, to minimize lateral spreading, and
the extraction rate, to keep the water table depressed but limit the amount of uncontaminated
groundwater intercepted. The initial contaminant amounts in the test area were 15 kg PCBSand 157
kg oils. At the end of the test, the researchers determined that they had recovered 1.6 kg PCBS and
16.9 oils or approximately 10% of the original mass.

Abdul and Ang (1994)

This paper describes Phase II of the project reported in Abdul et al. (1992). The objective of this
phase was to confirm technical viability of the technology. The surfactant solution (0.75 wt %) was
applied with a sprinkler system for 90 days followed by 24 days of water only (500 gallons). Both
Phase I and II illustrate the utility of lab scale studies. In Phase I the researchers flushed for 5.7 pore
volumes and removed 7°/0of the contaminants in the laboratory which was close to the 10°/0removed
in the field scale experiment. In the laboratory, 19°Aof the original contaminant mass was removed
in Phase II after 8 pore volumes and in the field an 8 pore volume flush extracted 24°/0of the initial
contaminant mass. Soil cores taken before phases I and II and after phase II were used to quantifi
mass reduction and evaluate the redistribution of contaminants before and after the surfactant
flushes. To quantifi the volume required to remove a majority of the contaminant mass, the
researchers injected 105pore volumes in the laboratory and recorded an 85% reduction in PCBSand
oil (90°/0oil only). Phase II supported the conclusions of Phase I, that in-situ surfactant flushing is
a promising strategy for the remediation of site contaminated with NAPLs.

Summary of Field Studies

The field studies reviewed suggest that in-situ flushing techniques can significantly reduce
remediation times. Some important points extracted from the field studies are listed below:

1. The type, concentration, and biochemical properties of the chosen flushing solutions
are important.

2. Site characterization is critical to design an effective remediation scheme.
3. Laboratory studies and modeling exercises can aid in the design of an effective

flushing remediation scheme.
4. Although heterogeneities can slow down the clean up process, they do not appear to

prevent some acceleration in rernediation of an entire aquifer (Fountain et al. 1997-
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Corpus Christi).

Based on these field studies, it seems that both cosolvent flushing and surfactant flushing are
technically feasible remediation technologies for the remediation of DNAPL contaminated aquifers.
The successes of these studies provide incentive for more widespread use of in-situ flushing
technologies. However, besides technical feasibility, implementation of cosolvent flushing is also
dependant on economic and regulatory factors.

8.3 Modeling

Computer models are usefi.dtools when trying to understand groundwater flow and contaminant fate
and transport. When used in conjunction with lab and/or pilot tests, computer models can help
design an optimal system allowing quick accurate comparison of different remediation scenarios.
Several designs can be compared to one another in minutes rather than the weeks, months or
sometimes years required to produce laboratory data. Computer models are not a panacea, however,
as their limitations can sometimes outweigh their advantages. Simulation results are only as reliable
as their input data and governing equations. Heterogeneities characteristic of most geologic
formations can render a model employing average or general input data useless. The output must
be kept in context with the results of physical experiments. The most value can be gained from these
tools when there is a continual exchange between computer and physical models.

The modeling program used during the investigation for this section was the Princeton Transport
Code (PTC), a three dimensional flow and contaminant transport simulator (Badu et al., 1997). The
code was first developed at Princeton University, Princeton, New Jersey, and was written in
FORTIL4N-77. The user interface for PTC is MeshMaker (ARGUSOne, 1997). The MeshMaker -
PTC intefiace was developed to provide the user with a relatively simple way to define a problem
that can be solved by the more powerful and complex PTC code. The general program,
MeshMaker, was inspired by the need to have a blank canvas to perform various complex
mathematical modeling procedures and is used to create the finite difference grids and finite element
meshes graphically. PTC uses these meshes or grids and the different variables or properties
assigned to each element or node within Meshmaker. The user allocates aquifer and contaminant
characteristics to individual nodes, regions or globally (to the entire mesh). The characteristics that
are input into the program include permeability, concentration, bounda~ conditions such as flow
rate and head and initial conditions for flow and/or concentration. MeshMaker allows the import
of digitized maps for direct input into the model as well as other types of graphical information,
which can be placed in the background and referred to as needed during the modeling process. The
software allows for more than one layer in the cross-section making it three-dimensional. The finite
difference method of analyses is employed in the x and y planes while the finite element method is
used for the z plane. The preceding description briefly discusses the intricacies of PTC and
Meshmaker but for firther information and detail please refer to Badu et al. (1997).
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Methods for modeling study

The goal ofthisportion of the study was to evaluate and compare published in-situ flushing
scenarios with alternative designs. This was accomplished given a single set of input parameters
(site characteristics) from a hypothetical site that was not generated byanyactual field data but rather
represents an ideal and relatively simple, homogeneoussituation. A hypothetical site was used to try
to equally compare previously used remediation schemes (well configurations) with each other and
with our ideas.

Our standard site employed two homogeneous,anisotropic geologic layers having different values of
hydraulic conductivity (K). The lateral K value for the upper level was 17.28 r-old( 10-2crds) and
for the lower level it was an order of magnitude less at 1.728 rrdd (10-3cmls). The vertical hydraulic
conductivity for each layer was assumed to be 10OAof the lateral value, a common characteristic of
in-situ porous media. These particular values were used because they are similar to those of the soils
used in the alcohol flushing experiments conducted in the laboratory study part of this research.

The well configurations and the pumping rates were taken directly from the literature for use within
the model. The wells screened in the bottom layer only. Each layer was 25 m thick for the sites
employing sheetpiling and 5 m for the others. The layer depths were different because the scenarios
employing sheetpiling experienced flow significantly above ground level. The size of the test cell
and the pumping scheme were taken directly from the literature, however, and the researchers did
not report such difficulties. This indicates that the geology of the standard site is quite different from
that of the actual field study. Increasing the depth of the layers and sheetpiling remedied this
problem. The media within the model does not possess any heterogeneities which means that the
results of the simulations do not adequately describe the behavior of the groundwater if there were
any anomalies in either of the strata (lenses of more or less porous media, boulders with cracks or
fissures, etc.).

The success and accuracy of a computer model designed to generate actual past, present and/or
future conditions, depend heavily on the quality of the data flom the field or laborato~ experiment
upon which it is based. For this section, the soil types, stratigraphy, hydraulic conductivities,
hydraulic gradient, porosity, dispersivity and hydraulic gradient are important input parameters that
must reflect experimental data for the PTC model to be usefid. The field studies explored for this

evaluation did not provide this information in the literature.

The simulations were run for the published scenarios in order to compare the well configurations.
The results of these modeling efforts reveal that the top layer experienced generally even gradients
or no gradients without any apparent influence from the wells. The lower layers were influenced,
however. The discrepancy between the upper and lower layer was caused by the different values of
hydraulic conductivity, both lateral and vertical, entered for each layer. Also the wells were only
screened in the lower layer. The ability of water to move between the two layers is limited by the
104 magnitude vertical hydraulic conductivity of the lower layer. For the purposes of this section,
the focus will be upon the lower layers since the.contours illustrated within them result directly from
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the pumping scheme. Also, given a site with more conductive layers, these same general results are
expected for the aquifer as a whole. A breakdown of the results follows. Please refer to the previous
section (Field Studies) for a more in-depth discussion of the background for each study.

Model Resuits

Scenario 1 (Fountain (1997)- Borden):
The output for this scenario is illustrated in Figure 8.1, On each of the output graphs there are
vertical and horizontal scales in meters. The total depth of the aquifer in this simulation is 50 m.

In this figure it is shown that the injection wells are pumping at a head only slightly above the
extraction wells. A larger difference is not necessary because the pumping rates are the same and
there is not a hydraulic gradient to compete with the flow direction. The sheetpiling constrains the
flow so that it traveis only from the injection wells to the extraction welIs. Within the model, all
sides of the field study were deemed ‘no flow’ boundaries. This designation does not allow for
possible by-passing above or below the sheets or for any leakage into or out of the test cell.

Scenario 2 (Hirasaki et al. (1997)):
The output for this scenario is shown in Figure 8.2. Hydraulic control (HC) wells are employed in
this simulation. The upstream HC appears to be of limited help keeping the injected fluid from
migrating off-site. The downstream HC seems to work as it was intended, to ensure capture, but
does not appear to be necessary given the setup used in the model. The extraction wells have an
adequate radius of influence as determined. horn the figure indicating that they have the capacity to
recover most, if not all, of the injected solution. Perhaps the upstream HC well would seine the
configuration better if it were at a higher pumping rate since it seems to be overcome by the injection
wells here.

Scenario 3 (Jawitz et al. (1998)):
The results of this simulation are illustrated in Figure 8.3. This output is of another setup employing
sheetpiling (50m deep) for hydraulic control of the study. The results are quite similar to those for
Scenario 1 where the injected fluid is forced to flow directly into the extraction wells exclusively.
The pump rates are much Iower here than in any of the other studies evaluated, most likeIy due to
the geology of the site used in the original experiment.

Scenario 4 (Londergan et al. (1997):
The output for this scenario is shown in Figure 8.4. This design employs hydraulic control wells to
limit off-site migration of injected solution and contaminant. The upstream HC appears to work but
as stated for Scenario 2, it does not seem to be necessary given the contour lines illustrated in the
figure. The capture efficiency with and without the HC would likely be high either way. The money
saved by not employing HC could perhaps be used more effectively elsewhere in the project.

Scenario 5 (McCray and Brusseau (1998)):
The results of this simulation are illustrated in Figure 8.5. The output of this scenario is roughly the
same as that for Scenario 3. The differences are that this design uses 3 extraction wells rather than
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four and the pumping rates are approximately twice asmuch as those for Scenario 3. The reduction
in extraction wells does”not appear to make a difference in the capture efficiency since the
researchers used sheetpiling around the study area. The problem associated with using fewer
extraction wells is the possibility of forming dead zones or pockets of solution and contaminant that
remain caught in a comer of the test cell and are not extracted.

Scenario 6 (Fountain (1997)):
The output for this scenario is illustrated in Figures 8.6 and 8.7. The results in Figure 8.6 are for a
change in head across the site of 0.5m while the change is only 0.1 m in Figure 8.7. With 0.5 m as
the change in head, there does not appear to be a significant amount of capture but once the value
is changed more of the injected fluid is able to reach the extraction wells. The poor design illustrated
in Figure 6 compared to the more promising shown in Figure 8.7 illustrates the importance of
incorporating the proper input values into the model. The soils in the lower layer of the model are
similar to those at the actual site with regard to hydraulic conductivity and the low pumping rates
indicate that there is not a significant graciient at the test site but other than that, there is no other
information available. As discussed in a later section, the groundwater flow direction can
significantly change the results of these simulations and if the direction were left to right instead of
top to bottom, the output for this scenario would be quite different.

Alternative Scenarios
In an effort to evaluate different well configurations for a given hydrogeologic condition, five
designs, each slightly different from those found in the literature, were constructed and tested within
PTC. Table 8.4 describes the well configuration for each scenario. All had the following
components in common:

“ 2 layers of sand, with each layer 5 m thick
. bottom layer hydraulic conductivity = 1.728 m/d (10-3 cm/s) with vertical

hydraulic conductivity = 0.1728 m/d (10-2crds)
. top layer hydraulic conductivity = 17.28 m/d (10-2cm/s) with vertical hydraulic

conductivity = 1.728 rrdd (10-2cm/s)
constant head bouncMes on two opposite sides and no flow boundaries at the
other two sides

. pumping rates (combined): injection= 5 gpm, extraction = 6 g-pm
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Table 8.4: Alternative Remedial Desias

Design 1
5 wells: 1

extraction (E)l
4 injection (I)

Plan View

z z

E

z~

Design 2

5 wells: 3
extraction (E),
2 injection (I)

Plan View

~Ec

Design 3
8 wells: 2

extraction (E),
6 injection (I)

Plan View

I
>~s

Design 4 Design 5
8 wells: 2 8 wells: 2

extraction (E), I extraction (E), I
6 injection (I) I 6 injection (I) I

Plan View Plan View

Alternative Scenario Model Results
With the alternative designs, as illustrated with the simulation results of the literature-derived
scenarios, the pumping scheme did not appear to influence the top layers. Again, this is due to the
different hydraulic conductivity values (both lateral and vertical) of the two layers in the system and
the fact that the wells are only screened in the lower aquifer. As with the published scenarios, the
lower Iayerresults are considered generally reliable for the scope ofthis papeq to compare difference
scenarios given a set of constant site parameters. The results for the lower layers are discussed
below.

Design 1, ‘5-Spot’:
The output for this setup is shown in Figure 8.8. This design appears to be effective for the site
selected, as determined by its deep cone of depression and large percentage of injected fluid being
captured at the extraction wells. This specific injection/extraction approach is commonly used in
the oil industry during enhanced oil recovery,

Design 2:
The output for this model run is illustrated in Figure 8.9. This setup captures most of the injected
fluid with very little migration off-site. This is the only design, both horn the literature and this
group of alternatives, employing more extraction wells than injection wells.

Design 3, ‘Oval’:.
The results of this simulation are revealed in Figure 8.10. There appear to be some downstream
losses with this design. The contour lines here and in Figure 8.8 show the difference in having an
injection/extraction ration of 3:1 versus 4:1. The pumps are not working nearly as hard in this
oval design as they were in the 5-spot. The efficiency of this setup maybe improved if oriented
lengthwise along the groundwater flow direction. The designs having injection wells on both the
upstream and downstream sides of the extraction wells, such as this, would likely perform better at
sites with low hydraulic gradients to limit migration off-site due to downstream injection.
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Design 4:
Figure 8.11shows the outcome of the modeled scenario. This Figure and the following, Figure 8.12,
are basically the same, just oriented differently to the groundwater flow direction. The results of this
design are that there are significant losses due to the downstream injection wells. As mentioned
previously, a location with a shallow hydraulic gradient maybe more appropriate for this design.
Other options include lowering the rates of the downstream injection wells and/or increasing the
rates at the extraction wells.

Design 5, ‘Dual 5-Spot’:
The output for this run is illustrated in Figure 8.12. This orientation, when compared to that in
Figure 8.11 (Design 4) appears to be more effective with much less off-site migration.

The computer model was completed for each of the new designs, compared to one another as well
as to the published scenarios. In using the model, it is evident that proper soil and groundwater
characteristics must be known for a site for it to be properly simulated. It is difficult tocompare the
new configurations with the published designs in any detail due to the limited information in the
literature for necessary for accurate modeling. Yet, general comparisons can be made. It appears
that hydaulic control, whether using sheetpiling or wells, is not normally necessary. Proper well
placement and pumping schemes should limit any off-site migration. The key is gathering sufficient
data for the development of an appropriate design for the site conditions and contaminant
characteristics. A computer model can be a tremendous enhancement in that the designer can run
a number of simulations over a range of values to help produce an effective and efficient plan.

Comparisons made between the two 5-well configurations, Designs 1 and 2 (Figures 8.8 and 8.9),
revealed that hydraulic control wells are not needed for this standard site, that each setup is able to
capture most, if not all of the injected fluid. The large cone of depression in Figure 8.8 (Design 1)
is due to the extraction well working to pull fluid from 4 injection wells. The cones in Figure 9 are
much smaller since there are three working on two injection wells. Of the two, Design 2 seems to
be the better from an economic standpoint, with regard to mechanical load on the wells, and from
a capture standpoint. The quality that may make the 5-spot more desirable is that it can be built upon
in any direction depending on plume migration.

The three 8-well scenarios, Designs 3,4 and 5 (Figures 8.10,8.11 and 8.12) were compared to one
another. The highest capture el%ciency appears to occur with the dual 5-spot (Design 5, Figure
8.12). This is thti most desirable of the three for the standard site used in the model with the oval
setup next. Design 4 (Figure 8.11) should not be used on this hypothetical site due to the significant
loss of injected fluid. A 5-well design would obviously be less expensive to construct but such cost
savings would not materialize if it were an adequate. For the standard site employed for this model
and out of all alternative designs, Design 2 seems to be the most appropriate because of its high
capture efficiency economic benefit of having more than one extraction well. However, the best of
the 8-well designs, Design 5, is simply an expanded 5-spot (Design 1). In the case where expansion
of the flushing study is likely, it would be prudent to begin with Design 1 rather than Design 2.
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fL4 Summary

Computer modeling cansi@ificantly efiance thedesi~process forin-si~ flushing stidies. Used
correctly, they can decrease the time and the costs associated with developing an efficient strategy
for the site and contaminant in question. It is important to be aware of the fact that appropriate input
values are essential for adequate representation of the geologic and hydrologic characteristics of the
site. A continual information exchange between the field and/or laboratory results and the modeler
will yield the most efficient design outcome. The program used in the modeling process should also
be understood with regard to its abilities and perhaps more importantly, its limitations. Models can
be powerfhl tools, to be used in conjuncticm with field work and professional judgment, but must
be empIoyed within their range of its appli.cabiIity.

The computer model used for evaluating the field studies from the literature and five alternatives to
those published designs was the Princeton Transport Code (PTC). The program is a three-
dimensional flow and transport simulator with MeshMaker as the user interface. The outcome of
the simulations revealed that more information is required to model the published data adequately.
To simulate and evaluate the published scenarios using the model, it is necessary to collect the
relevant’geologic and hydrologic details of the particular sites at which it was employed. However,
the model was usefil in the evaluation of the alternative designs. From the alternatives, it was found
that for a standard site a system of two upstream injection wells and three downstream extraction
wells is the most effective with regard to recovery of the injected fluid. If expansion of the remedial
design is likely then a 5-spot conilguration would be the most appropriate due to the ease at which
it can be built upon.

8.5 Economic Feasibility

Many factors need to be considered to assess the economic feasibility of cosolvent flushing.
Although extensive site characterization is necessary for this technology, it is assumed that much
characterization is already completed at sites or would also be necessary for other in-situ remediation
technologies. The following is a general cost comparison of a conventional pump and treat system
with a hypothetical cosolvent flush at a DNAPL-contarninated manufacturing site in Vermont.

The simple cost comparison of a long term pump and treat operation (at a local manufacturing
facility in Vermont) is compared to a shorter pump and treat scheme with a hypothetical alcohol
flushing system added in Table 8.5.

Table 8.5. Comparison of long-term pump and treat system (at a local manufacturing facility) with
a shorter pump and treat system with additional alcohol flushing for this same site.

# Wells Time Cost of WelNs Recovery O&M Costs: Pump,
of Trtmt. Installation System Cost Treat, Sampling, Sal.

Pump and Treat Alone
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$600,000 (s7 shallow wells,

20-40’ plus piping) $500,000 $l,500,000/yr
40 50+ys $200,000(3bedrock wells)

(20 yr life)

$800,000 total

Initial Capital Costs: $1.3 million
Total Cost of Project in Today’s Dollars (Capita~ O&M): $0.8 m(x3) + $0,5rn(x3) +

$1.5m(x50)= $78.9 million

Pump and Treat Plus Alcohol Flushing

Pump and Treat (as above)

40 15yrs $600,000
$200,000 $500,000 $l,500,000/yr

Alcohol Flushing System

20 1-2yrs $300,000 $300,000 $500,000/yr
+$50,000(~Q

Initial Capital Costs: $1.85 million
Totai Cost of Project in Today’s DolIars (Capital, O&M): $1. I m+ $0.85 m + $1.5 m (x15)

+ $0.5 m (x2)= $25.45million

Approximately, forty wells have been installed at this Vermont site for plume containment; 37
shallow wells at 20 to 40 feet and 3 bedrock aquifer wells at about 400 R. The costs for the initial
installation of the wells and recovery system as well as yearly operation and maintenance costs have
been estimated by the site engineer and are shown in Table 8.5. The operation and maintenance
costs include pumping, recovery system maintenance, hazardous waste disposal, sampling, salaries
for 2.5 site personnel related to remediation, and other standard O&M costs. The design life for the
wells and recovery system is twenty years, therefore, additional capital costs for replacement of wells
and the treatment system have been added. Estimates of cleanup time vary ilom 10-15 years at the
chemical distribution center (CDC) and fire training areas to several hundred years in the area under
one of the main manufacturing buildings. An optimistic pump and treat time of 50 years has been
used in this cost inalysis.

There are believed to be two to three source areas (high DNAPL concentrations in soil, and some
separate phase during initial pumping) that would be amenable to alcohol flushing near the main
manufacturing building. The hypothetical alcohol flushing system would be used in these locations.
The shorter pump and treat scenario (with alcohol flushing) assumes that the alcohol flushing would
remove the DNAPL source but a small amount of PCE would remain at levels equivalent to those
currently found at the CDC and, therefore, 10-15 years of pump and treat may still be needed at this
location. A 10-15 year follow up is a worst case scenario.
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The cost comparison (Table 8.5) raises a very important issue; that the capital costs are generally
insignificant for a lengthy pump and treat operation as compared to operation and maintenance costs.
Any substantial reduction in overall pump and treat time through source removal, therefore, will
dramatically reduce the overall cost of the :project. For example, the initial capital costs for the site
used in Table 8.5, is about the same as the operation and maintenance costs for one year. In terms
of present dollars, the total cost of this pump and treat system for 50 years of operation is about 80
million dollars. Cutting down the time of pumping and treating to 15 years, as an estimate of what
the additional alcohol flushing system might do, results in a total present day cost of about 25 million
dollars. In this case, the initial capital costs for the system with alcohol flushing, would not be that
much more since the source areas are located at about 20-40 fl and some of the pump and treat
system features would only need to be expanded and modified for the alcohol flushing system.

The above cost analysis is very general and does not contain all the complexity necessary for a
thorough cost analysis. A complete cost analysis would be necessary for each site and each specific
system designed for that site and was beyond the scope of this project. For example, one viable
method to reduce the recovery system cost in a cosolvent flushing system is to reuse the alcohol
solution. Experiments have demonstrated that activated carbon treatment removes the majority of
dissolved contaminate (PCE, in this case) without being greatly affected by the presence of alcohol
(IPA, in this case) in the aqueous solution. This type of treatment is quite standard for water but
some understanding of the concentration of PCE and alcohol on recovery would need to be used in
designing the system. Results of our research presented in Chapter 7 were provided to Michael
Annable at the University of Florida and were applied to their test site in Dover Air Force Base
(Hayden et al. 1999). This recovery system and other specifics of a remediation design lend to the
complexity of accurate, general cost analyses for field projects. In addition, the limited number of
sites where cost information has been gathered and reported make it difficult to accuratel y determine
general costs for in-situ flushing technologies.

Because so many of the field studies conducted to date have been for research and demonstration
purposes, little has been reported in the literature regarding cost analysis of in-situ flushing
remediation. However, a November 1998Ground Water Remediation Technologies Analysis Center
(GWRTAC) report provides a compilation of economic information from those sites where
economics has been considered and is summarized in Table 8.6..

8.5 Regulatory Feasibility

In-situ flushing generally uses injection wells to deliver the flushing solution to the contaminated
aquifer. Injection wells are regulated by the Underground Injection Control (UIC) program under
the Federal Safe Drinking Water Act. An EPA report (March 1996) indicated that 35 States have
completely or partially delegated UIC programs. In the remaining 15 States the UIC programs are
administered by EPA regional offices. While the federal UIC program does not require a permit for
or inhibit use of injection wells, delegated State programs may do both. Summarizing from the
conclusions of the EPA report, the use of injectants for in-situ aquifer remediation appears possible
in most states. No state has a direct regulatory prohibition of such remediation technologies. Only
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a few states have rejected most or all of the proposals received based on policy or technical merits.
Also, most states rely on the technical merits of the proposal and decide on issuance of a permit or
project approval on a case-by-case basis. Many of the sites where in-situ flushing has been
demonstrated are located on military bases and are associated with reseaich institutions with partial
involvement by the environmental remediation industry. It should be noted that at the time this EPA
report was written, 15 states had not received any in-situ flushing remediation proposals to review.

Many state regulators have had little or no exposure to the risks and benefits of in-situ flushing
techniques and may be hesitant to implement such measures at appropriate sites. However, many
states do have the regulatory system (UIC programs) that allow for underground injection for the
purposes of aquifer remediation. With these programs in place it maybe possible to obtain permits
for underground injection. Education and understanding of the remediation process will be
necessary before many state regulators understand the benefits of this type of underground injection.

The other major obstacle to implementation of in-situ flushing techniques is the lack of control that
these technologies appear to provide. Many researchers fear that mobilization of DNAPLs will be
severe enough to cause the NAPL to travel to unaffected portions of the aquifer and perhaps
contaminate yet unaffected sensitive receptors. Mobilization has not been characterized well enough
to discount this possibility. However, some two dimensional tank experiments conducted in our
laboratory suggested that although mobilization can be noted during an alcohol flush, mobilized
portions of the DNAPL (PCE in this case) only moved a few centimeters. The tank contained
approximately 15 cm of saturated aquifer and was comprised of various layers. The mobilization
that was noted did not cross into other layers and seemed to move only a few pore lengths. This
suggested that although portions of the DNAPL may move they are likely to become re-trapped.
Field situations may be different, and problems adjusting scale from this type of two dimensional
bench scale system to the field make it impossible to determine how DNAPLs will respond in the
field. However, this idea of pore scale movement and re-trappment may also occur at the field scale.
It is interesting to note that none of the field studies reviewed seemed concerned with mobilization
and none of them reported “losing” a significant portion of the DNAPL. However, before regulatory
acceptance of in-situ flushing as a viable remediation technique, additional field work and additional
characterization of physical phenomena such as mobilization at the field scale maybe necessary.

Another obstacle that may be difficult to overcome is public acceptance of introducing more
anthropogenic substances to the subsurface. Here, as with regulators, education and proving the
success of this technology at test sites will be critical to overcoming this obstacle. Also, the public
needs to understand that conventional pump and treat remediation systems are highly ineffective
when trying to remediate aquifers contaminated with DNAPLs. With no other alternatives, approval
of more innovative technologies at highly contaminated sites is necessary before these technologies
can be applied to sites where groundwater reuse is the ultimate goal.
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9 Recommendations for Demonstration and Evaluation

The results of this research coupled with results of others presented in the previous section indicate
that alcohol flushing is a viable technique for many sites contaminated with DNAPLs. Results of
alcohol reuse also indicate that alcohol flushing may be cost effective. Alcohol flushing offers a
remediation option for DNAPLs located deep within the saturated zone which are difficult if not
impossible to remove by current remediation strategies, thus greatly expediting restoration time,
reducing total remediation cost and reducing human and environmental risk.

Several alcohol flushing demonstration studies have been implemented in the past few years. These
include one at Hill Air Force Base, a dry cleaner in Florida and Dover Air Force base. All of these
have been successful in enhancing the removal of the DNAPL. Recently at Dover Air Force Base,
eight pore volumes of alcohol removed approximately 65% of the amount that had been intentionally
spilled at the spot (Brooks et al. 1999). Eight pore volumes refers to the overall pore vohune of the
test cell. It does not refer to individual zones of low permeable media. Annable (1999) expressed
concern that they could not remove all of what was spilled within 8 pore volumes. Our research
presented in this report suggests that a flush of eight pore volumes would not suffkiently address
the low permeable layers and areas where DNAPL may also reside. This is an important point that
must be considered when applying this technology. Zones of varying permeability within an aquifer
will always exist within a natural aquifer. To successfidly remove the DNAPL from these zones
several pore volumes of flushing solution must be swept through them. This may mean that dozens
of pore volumes are swept through the more permeable zones. Our research shows that the alcohol
solution can be recycled which makes a flushing strategy that may takes months to complete
economically feasible.

A longer term cosolvent flushing study with alcohol recycling would seem a logical next choice for
the demonstration of this technology at a site where media layering exists. Alcohol offers several
unique advantages over surfactants and should be given greater attention in the coming year.
Specifically it is much less complicated than surfactants in terms of the chemistry involved. While
surfactants can be taiIor made for any situation, most environmental applications do not require this
level of complexity. Surfactants can also interact with the aquifer material fiu-thercomplicating the
remediation. Surfactants also appear to be more difficult to reuse and thus maybe more costly in
the long run. The reason for the slightly greater interest in surfactants over alcohols, appears to be
a carry over horn. the oil industry and not necessarily due to their greater applicability.

Specific design recommendations for an alcohol flushing system are beyond the scope of this report
and depend on the specific site, however, some general recommendations can be made. In a highly
layered system, a lower flow rate would be desired to enhance mass transfer of contaminants from
lower permeable regions to the more permeable regions thus enhancing the eftlciency of the system.
However, a high enough flow rate is required to ensure that hydraulic control could be maintained
throughout the site. While ethanol has been the alcohol of choice due to regulatory concerns, IPA
is more effective at enhancing volubility and is also less expensive. Application of IPA in a field
demonstration would seem the next logical choice in the application of this technology. Due to the
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pumping of groundwater with the alcohol solution some dilution will occur so a system that can
recover or reconstitute the alcohol for reinfection should also be considered.

In evaluating the application of this technology some effort must be made to determine the
permeability variations within the media tested and appropriate calculations performed to determine
if these low permeable zones have been swept with the alcohol solution. In systems with extremely
low permeable zones, such as clay, the time to achieve one pore volume may not be feasible. The
time to sweep these should be determined for areas above these low permeable layers which may
have larger saturations of DNAPL. Because of the density difference between the flushing solution
and the initial groundwater present in the pores, some attention also needs to be given to density
override issues. Adjusting the density of the alcohol solution to approximate water may need to be
considered.

Alcohol flushing has recently been shown to be a viable technique for DNAPL remediation at some
sites. A key issue in the application of this technology to additional sites, including sites which may
have considerable layering of the aquifer materials, is recognizing that it will take time for the
flushing solution to access the least permeable layers. This may mean a considerable number of pore
volumes of solution to be flushed through the media. The ability to reuse the alcohol solution in
these situations promises to enhance the economic attractiveness of this technology.
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