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ABSTRACT

Dense Non-Aqueous Phase Liquid (DNAPL) contamination is one of the major 

environmental concerns today. DNAPL can remain in significant quantities as residual 

contaminants in the low permeability zones even after the bulk phase has been removed. 

As the drive fluid sweeps through the aquifer it follows the path of least resistance, which 

is the high permeability zone. Thus the contaminants trapped in the low permeability 

zones remain as residuals and serve as a source for prolonged contamination. 

Conventional remediation techniques are ill-equipped to deal with the heterogeneities of 

the aquifers. Various techniques to enhance the efficiency of the conventional methods 

are tried without significant success.

Reducing the temperature of soil formations can modify aquifer flow paths. The natural 

freezing of soils in winter may be used effectively to modify the flow paths. In summer, 

permeability modification can be accomplished by emplacement of microbial polymer 

gels. In this thesis, we have investigated using a laboratory scale one dimensional column 

experiment, a novel technique to reduce the volume o f residual DNAPL using a 

combination of natural freezing in winter and biopolymer in summer.
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Chapter 1 

INTRODUCTION

Groundwater has been the first casualty of rapid industrialization and the ever increasing 

population. The contamination of the groundwater resources seems to be happening on a 

regular basis and this contamination can be so severe sometimes that it may render the 

aquifer unfit for human and agricultural use; examples are superpermafrost aquifer and 

quaternary alluvium (Anonymous 1). The mobility of our society and the growth and 

sustenance o f industry and agriculture depend on the available supply of clean water. 

Contamination of groundwater thus poses a constant threat to the availability of clean 

water supply in various parts of the world. About 30.9% of the world’s fresh water 

supply comes from groundwater and this percentage is increasing daily. With the 

dwindling surface water resources, groundwater will be a very important resource in the 

future as the world’s population and the industries continue to flourish.

Contamination o f groundwater can be caused by both, natural processes and man-made 

activities. Natural processes cause contamination of groundwater by chemicals leached 

from soils or rocks into solution in percolating water. This contamination occurs usually 

in small amounts but when it exceeds the federal and state drinking water standards, it 

remains unfit for usage. Contamination due to anthropogenic activities (that can occur 

from industrialization, urbanization and increased population) has greatly aggravated the 

problem. The main sources of such contamination are landfills, leaky underground fuel
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storage tanks, industrial and some agricultural activities. One of the major difficulties in 

detecting groundwater contamination is that, unlike surface water it occurs underground 

and out o f sight. The sources of contamination are not easily observed nor are their 

effects seen until damage has actually occurred. Hence, the remediation o f contaminated 

aquifers poses a formidable problem.

Remediation o f groundwater can be defined as the process of removing the contaminants 

such that it can be used safely for human, industrial and agricultural needs. Remediation 

is necessary since our groundwater resources are limited and contamination of 

groundwater seems to occur very regularly.

Contaminants in groundwater can range from naturally occurring metals like arsenic to 

poisonous chlorinated compounds like trichloroethylene. Among these contaminants, 

non-aqueous phase liquids or NAPL as they are popularly called, are one of the primary 

contaminants found in the contaminated aquifers today. They are characterized by low 

solubility and low viscosity (Cherry et al, 1995). NAPL contamination is one of the major 

environmental concerns today. The groundwater contaminated with NAPL needs to be 

remediated if the groundwater has to be restored to drinking water standards.

Until a few years ago, most of the remediation was carried out using conventional 

treatment techniques like pump and treat. Pump and treat technique assumed that the 

heterogeneities of the aquifer would not have an impact on the efficiency of the cleanup.
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The fact that was not taken into consideration during the application of this technique was 

that the NAPL could diffuse both into the high and the low permeability zones of an 

aquifer thus resulting in the failure o f this technique. In this method, drive fluid was sent 

into the aquifer to pump out the contaminated water. The drive fluid used to bypass the 

low permeability zones due to preferential flow. Thus the contaminants in the low 

permeability zones (residual contamination++) remained virtually untouched by the drive 

fluid and served as a source of contamination once the bulk contaminants were removed 

(Bredehoeft, 1992). This resulted in incomplete cleanup of the aquifer. Several 

improvements to Pump and Treat technique such as SEAR (Surfactant Enhanced Aquifer 

Remediation), Pump and Treat Technique with polymers were tried, but without 

satisfactory results (Cartwright, 1991; Agnes, 1996; Darwish et al., 2003).

In recent years, remediation techniques employing chemical sealants/polymers have 

been used to modify the soil permeabilities to address the problem of residual dense non- 

aqueous phase liquids (DNAPL). The sealants are used to clog the regions of high 

permeability after the bulk phase is removed, thus providing a conduit for the drive fluid 

through the low permeability zones to remove the residual contaminants.

The use o f these chemical sealants might have several disadvantages. These gels at times 

might disintegrate to form toxic byproducts (Messner et ah, 1999) that could further 

contaminate the aquifer being remediated. Some sealants might change the aquifer 

permeabilities permanently (Pearlman et al, 1999). Others might be costly to remove after

++ Residual contamination has been defined by Mercer and Cohen (1990) as ‘‘When DNAPLs become discontinuous 
and is immobilized by capillary forces under ambient groundwater conditions" But, we define residual contamination 
as the contaminants trapped in the low permeability zones o f a contaminated aquifer which serves as a source of  
contamination once the bulk contamination has been removed
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the remediation process is accomplished (Darwish et al., 2003). Use of such chemicals at 

times might require adherence to regulatory policy.

Alternately, microbial gel sealants have been considered for permeability modification in 

remediation of DNAPLs from aquifers. These sealants can be used as effectively as other 

sealants to block pore channels. Microbially based gel sealants are non-toxic and easily 

biodegradable. They do not run the risk of contaminating the groundwater if they are not 

completely removed from the aquifer after remediation because these could be degraded 

in-situ. Thus, biodegradable nature of the microbial polymer gel sealants offers one of the 

biggest advantages over the chemical sealants for modifying permeability.

Besides using sealants, one could reduce the temperature o f soil formations to modify 

aquifer flow paths. Pore ice formation in soils due to reduction o f temperature affects the 

permeability. It has been proved by Burt & Williams (1976) that ice formation was faster 

in high permeability soils as compared to low permeability soils. Thus the natural 

freezing process modifies the permeability of soils by blocking the high permeability 

zones due to the faster formation of pore ice in these zones. The drive fluid in such cases 

may then be diverted into the low permeability zones to remove any residual 

contaminants. Hence the natural freezing of soils in winter can be used effectively to 

remediate the residual contaminants in the low permeability zones.
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The microbial gel sealants as discussed before, pose a definite advantage in modifying 

flow paths during warm temperatures. For cold regions such modification is possible in 

winter simply by freezing the soils (either naturally or by some artificial means). The 

overall goal of this thesis is to investigate microbial sealants in combination with natural 

or artificially induced freezing processes to remove residual DNAPL. The following 

hypothesis was tested:

A combination o f  natural freezing/thawing and microbial gel sealant in layered 

heterogeneous porous media along with a conventional remediation technique can be 

used effectively to reduce the volume o f residual DNAPL in cold regions.

A series o f one dimensional laboratory scale column experiments were used to test this 

hypothesis. We divided the experiments into two stages -  (1) Introduction of natural or 

induced freezing for permeability modification, and (2) Introduction o f biopolymer gel 

sealants for permeability modification.

The objective of the first stage was to verify whether freezing would actually modify the 

permeability o f soils. This stage also included the investigation of the volume of 

contaminant removal with variation in temperature.

In the second stage we conducted a series of experiments to investigate the applications 

of curdlan biopolymer in permeability modification. There was no well-defined method 

for injection o f the biopolymer and we had to investigate several injection procedures. 

We also investigated the various properties of the curdlan gel such as gel time formation, 

and gel strength, based on the concentration of curdlan to water solution ratio. This
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knowledge would help in designing a cost-effective remediation technique using the 

biopolymer. In order to test our hypothesis, we measured the volume of effluent DNAPL 

with variation in temperature when curdlan was used to modify the permeability.
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Chapter 2

2.0 Literature Review

2.1 Groundwater Contamination

Office of Technology Assessment, USA (1984), has class,fled six mechanisms, which 

can change the chemical composition of groundwater. These can be defined as follows: 

Category 1: Sources designed to discharge substances, e.g. subsurface percolation (septic

tanks, cesspools), injection wells.

Category 2: Sources designed to store, treat and/or dispose off substances; discharge 

through unplanned release, e.g. landfills, waste dumps, waste tailings.

Category 3: Sources designed to retain substances during transport or transmission, e.g. 

pipelines, materials transport and transfer operations of hazardous waste.

Category 4: Sources discharging substances as a consequence of other planned activities, 

e.g. irrigation practices, pesticide applications, animal feeding operations.

Category 5: Sources providing conduit or including discharge through altered flow 

patterns, e.g. production wells, oil and gas wells, exploration wells.

Category 6: Naturally occurring sources whose discharge is created and or/exacerbated 

by human activity, e.g. ground water-surface water interactions, natural leaching, salt

water intrusion.

Contaminants in groundwater can vary from naturally present metals such

human caused contamination such as non-aqueous phase liquids (NAPL). NAPL are one

of the main contaminants found in groundwater (Sabatini et al. 1995) and the most
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difficult ones to clean up (Darwish et al. 2003). In an informal literature review 

conducted by The University of Michigan (2003), they found that, there was not a single 

documented successful clean up of a groundwater source contaminated with NAPL.

Pankow et al. (1995) have classified NAPL into two types: Light non-aqueous phase 

liquids and Dense non-aqueous phase liquids.

2.1.1 Light Non Aqueous Phase Liquids (LNAPL):

LNAPLs (e.g. petroleum products such as gasoline and diesel) have a specific gravity of 

less than one and hence float on water. Due to this reason they are located above the 

water table. Figure 2.1 shows a schematic representation of the development of an 

LNAPL spill. On release of the LNAPL to the subsurface environment, it migrates 

downwards to the water table or until it reaches a low permeability zone. Once it reaches 

the water table, the LNAPL moves laterally as a free phase along the surface of the water 

table. The migration will generally be in the direction of the groundwater gradient.

2.1.2 Dense Non Aqueous Phase Liquids (DNAPL):

DNAPLs (e.g. trichloroethylene, perchloroethylene) have a specific gravity greater than 

one and hence sink through the phreatic zone of the groundwater. This causes the 

DNAPL plume to be located as far below as the bedrock, which results in deep 

groundwater contamination. Figure 2.2 illustrates the development o f a DNAPL spill. 

The DNAPL due to its high density migrates vertically until it encounters a low 

permeability zone. The low permeability causes the DNAPL to form a pool just above the 

low permeability zone. As the pool increases in volume, it reaches a point when it has
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Figure 2.1 Phenomenological Characteristics of an LNAPL spill (Pankow et al.

1995)
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Figure 2.2 Phenomenological Characteristics of a DNAPL spill (Pankow et al, 1995)
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sufficient pressure to force the DNAPL into the low permeability zones. Thereafter the 

DNAPL further migrates below until it encounters a very low permeability barrier (Ferry 

et al., 1986; Cherry et al., 1995; Domenico & Schwartz, 1997). This characteristic 

migration of DNAPL increases the difficulty involved in its remediation.

2.1.3 Status of Current Remediation Techniques

There are several methods of remediation available today. According to McMurty and 

Elton (1995), most of the methods are not equipped to fully remove the contaminants and 

rarely are the aquifers restored to health-based standards. The reasons for the failure of 

such remediation method laid in the inherent assumption that the contamination existed 

as a free phase and once the shallow source of contamination was removed by 

excavation, the aquifer could be remediated using the appropriate methods. The 

contaminants that were trapped in the low permeability zones could be removed easily by 

pumping out more water. In other words, heterogeneity of the formation would have little 

impact on the removal o f residual contaminants and hence would not affect the efficiency 

of the remediation technique (Bredehoeft, 1992).

Although conventional remediation techniques were designed with the above 

assumptions, however they failed to remove the NAPL contaminants trapped in the low 

permeability zones even though the contaminated water was treated for a number of 

years. The drive fluid pumped into the aquifer took the path of the high permeability 

zones due to the preferential flow caused by the aquifer heterogeneities. The remediation 

techniques did not account for the aquifer heterogeneities and despite continuous 

pumping, the low permeability zones were always bypassed by the drive fluid. The



12

residual NAPL thus served as a source of continuous contamination to the rest of the 

aquifer and hence rendered the remediation practically useless (Ferry et al., 1986; Palmer 

& Fish, 1994; Page, 1996).

The remediation technique applied to a contaminated aquifer depended on several factors 

such as the degree of cleanup required, the type of contaminant, the volume of 

contaminant and the effects of the contamination on the aquifer. Based on the above 

factors, remediation techniques could be classified into 3 categories: containment, 

degradation and extraction.

Containment technologies include processes used for stabilization of the contaminant, 

solidification of the contaminated soil mass and decreasing its solubility. Treatment of 

the contaminants by degradation use biological or chemical reactions to transform 

contaminants to innocuous or less harmful products. Biological processes rely on 

microorganisms to mediate the contaminant transformation reaction and degrade the 

compounds. Temperature, pH and toxicity of the contaminant can impact the 

effectiveness of this method. Extraction techniques involve separation of the 

contaminants from geologic materials in the subsurface, mobilize them into groundwater 

or air in soil pores and extract them to the subsurface (Grubb & Sitar, 1994; Muhra,

1996).

The above classification of remediation techniques is common to both LNAPL and 

DNAPL. But, according to Cherry et al. (1995), techniques for remediating soil and 

groundwater contaminated with LNAPL may be different from those used for aquifers 

contaminated with DNAPL. LNAPL being lighter than water are located mostly above
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the contaminated water table. Hence, simple excavation technique may be conveniently 

used mostly to achieve the target cleanup (Page, 1996). In the cases where significant 

mass extends all the way down to the water table, excavation becomes very expensive 

and containment techniques become less effective. Most of the LNAPL being comprised 

of petroleum hydrocarbons are subjected to natural biodegradation and have a gradual but 

effective destruction of the plume. As a result of biodegradation, the remediated LNAPL 

plume hardly extends to a few tens of meters given the right conditions. Hence, it can be 

conveniently remediated using enhanced techniques like soil vapor extraction, pump and 

treat technique, bioslurping and air sparging (Gierke et al., 1989; Rees, 1992, Lang et al., 

1996; Bames & McWhorter, 2000a; Barnes & McWhorter, 2000b; Cohen & Mercer, 

2000; Gupta et al. 2001).

DNAPL sites differ from the LNAPL sites because the contaminants have a density 

higher than water and they can move into the deeper subsurface independent of the 

natural hydraulic gradients. Hence, even a small volume of DNAPL can contaminate 

large volumes of water and the area of contamination can extend to several hundreds of 

meters in depth from the water table (Ferry et al. 1986). Such extensive contamination 

calls for a significantly different remediation technology as compared to the LNAPL 

remediation methods.

Pump and treat technique has been one of the most widely used method among the 

remediation methods to treat DNAPL (Lang et al. 1995). In a conventional pump and 

treat system (Figure 2.3), contaminated groundwater is pumped to the surface into a 

treatment column using pressure or drive fluid. In the treatment column, the water is
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stripped off all its contaminants. The treated water is then either re-injected back into the 

aquifer or disposed off to contained ponds for further bacterial degradation, if necessary, 

depending on the degree of cleanup obtained. Pump and treat technique involves locating 

the groundwater contaminant plume or DNAPL in three-dimensional space, determining 

the aquifer and chemical properties, designing a capture system and installing capture

wells.

The pump and treat technique suffered from a few shortcomings. Sometimes, the high 

density of the DNAPL caused it to migrate deep underground outside the catchment area 

of the extracting wells. Such migration of DNAPL reduced the efficiency of this method 

significantly. Furthermore, difference in the soil permeabilities caused preferential flow 

of the drive fluid and resulted in bypassing of the low permeability zones. As a result, 

residual contamination served as a source of continuous contamination after the bulk 

phase was removed. Due to the significant volume of water being pumped out of the 

large area of contamination, soil settlement occurred at times. Since the time required for 

clean up was more, this technique proved to be expensive at times (Cartwright, 1991, 

Norris et al., 1993; Moyers et al. 1998; Nyer et al., 2000).

The main cause for the failure of pump and treat technique was that, it was not adequate 

for the heterogeneous aquifers from which the bulk DNAPL phase could be removed 

leaving behind the residual phase that was bypassed by the drive fluid. To address this 

shortcoming, enhanced treatment techniques such as the use of surfactants have been

attempted.
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2.2 Enhanced Remediation Techniques

2.2.1 Surfactant Enhanced Aquifer Remediation

Surfactant Enhanced Aquifer Remediation (SEAR) is a chemical method designed to 

enhance the removal of DNAPL from the subsurface. Surfactants improve efficiency of 

remediation by solubilization and mobilization. Solubilization significantly increases the 

aqueous concentration o f the contaminant via micellar partitioning, thereby reducing the 

number of pore volumes which must be pumped out to extract the DNAPL. Mobilization 

utilizes ultra-low interfacial tensions to significantly reduce the capillarity forces trapping 

the DNAPL, thereby allowing the DNAPL to be readily extracted with the water. 

Surfactant solution is injected into the aquifer formation and water is removed at the 

same time to maintain the hydraulic control over the movement of the surfactant solution 

and the mobilized contaminants. Surfactant flooding is then followed by water flooding 

to remove the contaminants along with the surfactant. The effluent can then be treated 

using conventional wastewater remediation technologies (Gao & Burchfield, 1993; 

Borling et al.,1994; Chen et al., 1995, Imhoff et al., 1995, Kostareles, 1998 Jafvet, 2002) 

Surfactants are a class of molecules, which form aggregates called micelles. Micelles are 

formed at a certain characteristic concentration called critical micelle concentration 

(CMC). The hydrophobic DNAPL are solubilized inside the micelle assemblage of the 

surfactant and transported through the groundwater. This method is quite expensive and 

requires the surfactant to be recovered and reused (Wilson et al, 1990; Wunderlmh et al., 

1990; Penell et al., 1993; Rouse et al., 1993; Pope & Wade, 1994; Chen et al., 1995;



Figure 2.3. Schematic Diagram of a Pump and Treat Technique 

(G.Mahinthakumar, 1991)
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Shiau et al., 1996, Misra et al., 1999, Mayer et al, 1999; Gupta et al 2001, Zhong et al 

2003).

Heterogeneities in the subsurface may cause the surfactant to flow in the high 

permeability zones causing preferential flow, thus seriously affecting the performance of 

SEAR. The surfactants are chemical based and can have toxic effects if not fully 

recovered from the aquifer. Due to the chemical nature of the surfactant, strict adherence 

Recovery of the surfactant is often difficult and would increase costs. The increased 

mobility o f the DNAPL caused by the surfactant might result in a discontinuous DNAPL 

phase and promote vertical migration into the low permeability layers (Pope & Wade, 

1 9 9 4 ; West, 1994; Darwish et al., 2003).

Efficiency of SEAR was affected significantly by the heterogeneities of the aquifer. To 

overcome this shortcoming, enhanced techniques using permeability modification were 

attempted. We have made a review of methods, which use permeability modification to 

address the heterogeneities of aquifers (Agnes, 1996).

2.3 Permeability Modification for Remediation Techniques

The contaminant cleanup rate using conventional techniques is initially high due to their 

removal from the high permeability zones. But as the bulk of the contaminants are 

removed, the removal rate slows down, due to the heterogeneity of soils. This 

phenomenon is called tailing. It greatly increases the time and cost necessary to achieve 

the desired degree of cleanup. Cost and time effective recovery of contaminants requires 

an approach that addresses clean up of the residual contamination that is left behind due
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to the result of preferential flow paths. This could be achieved by modification of the 

permeability of the aquifer.

The modification of the permeability can be implemented by blocking the high 

permeability zone using a sealant. This blockage would result m a shift in the 

permeability, i.e. the original low permeability soil becomes the preferential flow path for 

the drive fluid. Hence the drive fluid will bypass the high permeability zones, which are 

blocked and flow into the low permeability zones causing removal of the residual 

DNAPL. Several attempts have been made to modify the permeability of aquifers to 

achieve the target cleanup of contamination. These are discussed in the following 

sections.

2.3.1 Foaming

Foaming technique has been used extensively in enhanced oil recovery and can be 

applied for aquifer remediation (Rossen, 2003). Unlike surfactants, foams remove 

contaminants by physical scouring, in addition to surface tension reduction and 

solubilization. The physical scouring mechanism is particularly well suited for extraction 

of residual trapped DNAPL from soil matrices. This characteristic, combined with the 

effective areal sweep or "plug-flow" movement of foams, minimizes the preferential flow 

tendencies common to other conventional remediation technologies. A dilute aqueous 

surfactant solution and a gas (air) are alternatively injected into the aquifer formation. 

The agitation of the surfactant by the gas introduces foam (called lamellae) in the pores. 

The foam can then be made to plug the zones of high permeability or can also be used to 

control the contaminant mobility.
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There are several disadvantages that have been noted about the use of foaming method. 

The surfactant being chemical based may be toxic and may require complete removal 

since it would further contaminate the aquifer. The removal of the surfactant may be 

difficult as the surfactant has a high mobility and may move outside the contaminated 

zone. To reduce costs, the surfactant must be recovered and reused. Alternating gas and 

surfactant injection increases the complexity of this technique.

2.3.2 Grouting

Grouting consists of forcing a material (grout) under pressure, so as to fill joints and other 

defects in rock, soil and concrete masonry. The primary purpose of grouting was to 

control the water flow through the defects in the rock under dams. However, recently the 

same technology is being contemplated to be used in permeability modification in aiding 

the removal o f residual DNAPL.

Grouting can be applied in reducing the permeability o f soils. The permeability of soils 

can be greatly reduced by injection of a grouted material. However, the pore size of most 

soils is significantly less than the width of typical rock joints and is insufficient for the 

intrusion of common cementitious particulate grout. Ultra fine cement grout can be used 

to plug the high permeable zones.

The contaminated aquifer can be initially treated with a conventional remediation 

technique like pump and treat to remove the contaminants from the high permeable 

zones. Ultra fine grout material can be then sent into the aquifer. The grout would flow 

through the path o f high permeable zones due to preferential flow. The grout can be
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allowed to set in the high permeable zone until it hardens. The aquifer will then again be 

treated with the pump and treat technique. The drive fluid would now take the path of the 

previous low permeable zones containing the residual contaminants since the high 

permeable zones are blocked by the grout material (Zhong & Islam, 1995).

Based on the type of material used, grouting can be classified into two types: (1) 

physical/particulate grouting, e.g. cementitious, soil bentonite slurry walls. (2) chemical 

grouting, e.g. silicates, acryl amides (Tirupathi et al. 2002).

Use of grouts have several limitations. Grout material forms a hard mass in the high 

permeable zones and may be difficult to remove after remediation. This could change 

some of the physical properties of the aquifer. The grout has a high mobility and this 

may cause discontinuity of the barrier. The discontinuity can cause leaks and result in the 

increase in the contaminated area. The grout would hence have to be continuously 

monitored. Currently grouting is being applied in the containment on the contaminant and 

its applications in permeability modification are still being investigated.

2.3.3 Permeability Modification by Natural Freezing

Field evidence indicates that freezing can also be used for containment of the 

contaminant migration (Lehner, 1995; RKK Freezing Technologies, 2003). The freezing 

front penetrates all materials ensuring a continuous barrier. Freezing of soils can also be 

used effectively for permeability modification. Experimental investigation by Burt and 

Williams (1976) indicated that ice formation was faster in high permeability zones than 

the low permeability zones (Figure 2.4). This preferential ice formation could be used 

effectively to implement permeability modification.
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The aquifer can be treated with a conventional technique like pump and treat to remove 

bulk of the contaminants during high temperature periods. During the period when the 

soil freezes in winter the high permeability zones are blocked due to the faster formation 

of pore ice as compared to the low permeability zones. In regions where freezing of soils 

does not take place in winter, the soils can still be frozen using artificial methods (Figure 

2.5). The aquifer can then be treated again with the same conventional remediation 

technique to remove the residual contaminants from the relatively unfrozen low 

permeability zones.

The presence or absence of the contaminant (DNAPL) in soil would also play an 

important role in the permeability modification. These compounds have a very low 

freezing point. Hence, soils filled with DNAPL such as the residual contamination zones 

will not freeze when the freezing front reaches these areas. However, the regions from 

which the bulk contaminant has been removed would freeze and be blocked by pore ice 

because these regions are now filled with water that have replaced the bulk DNAPL 

removed by the pump and treat method. The low permeability zone being relatively 

unfrozen would thus serve as a path for the drive fluid resulting in the removal of the 

DNAPL.

There might be several shortcomings of using this method in the field. The DNAPL 

might migrate vertically several hundreds of meters in the subsurface and would cause 

the application o f this method difficult. The method might require continuous monitoring 

as the thawing of soil would result in inefficient removal of the residual contaminants.
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Figure 2.4 Variation of Hydraulic Conductivity with Temperature (Burt &

Williams, 1976)
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Figure 2.5 Application of Artificial Freezing for Permeability Modification (RKK

Soil Freeze Technologies, 2003)
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Artificial siphoning of heat maybe required in certain areas where soil does not freeze to 

the desired depth which may not be cost effective.

2.3.4 Bio-clogging

Bacteria can be stimulated to produce slimes to clog the pore spaces in aquifers and 

reduce the hydraulic conductivity. Bioclogging method is based on the principle that 

microorganisms like ultramicrobacteria can produce polysaccharide (Baveye et al. 1998, 

Seki et al., 1998; Johnston, 2003, Wang, 2002) that clog pores in soils and decrease the 

permeability. Bioclogging involves manipulation of polysaccharide producing bacteria to 

reduce the permeability o f aquifer formations and thereby provide an isolated zone of 

DNAPL. The isolated zone can be then remediated by pump and treat method. The 

polysaccharide producing bacteria can be genetically modified such that, in addition to 

providing permeability modification, it can also serve as a reactive barrier to degrade the 

DNAPL contaminants. This method has not yet been applied onto the field and is still 

being investigated (C. Johnston, 2003).

A major disadvantage o f using bioclogging in aquifer remediation may be that high 

concentration of the contaminant can kill the bacteria. The destruction of bacteria would 

cause leaks in the containment barrier and would potentially increase the area of 

contamination.

2.3.5 Permeability Modification by Polymers

Aquifer flow channels can be modified with the emplacement of polymer gels to block 

the flow channels. Polymer gels have been used in enhanced oil recovery to improve the
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sweep of the drive fluid (Gao & Burchfield, 1993, Pefferkom, 1999; Giese, 2000, 

Karmakar et al., 2002).

Polymer gels are visco-elastic in nature and consist o f long chains obtained by successive 

covalent bonding of small units called monomers. They are injected at an alkaline 

condition since the polymers are solutions at pH of greater than 9. The injected polymer 

can be made to form a hydrogel using an acid trigger mechanism. The acid trigger 

neutralizes the alkalinity of the polymer solution and begins the hydrogel formation.

Three main mechanisms are thought to act when the polymer flows through porous media 

(Darwish et al., 2003). These are describes as follows:

Polymer adsorption: Polymer adsorption refers to the interaction between the polymer

molecules and the solid surface (Figure Al (a and b), Appendix A l). This interaction 

causes polymer molecules to be bound to the surface o f the solid mainly by physical 

adsorption- Van-der W all’s and hydrogen bonding rather than chemisorption, in which 

full chemical bonds are formed between the molecule and the surface. Essentially the 

polymer occupies surface adsorption sites and the adsorption increases with increase in 

surface area.

Mechanical entrapment'. Mechanical entrapment and hydrodynamic retention are related 

and only occur in flow through porous media (Figure A2, Appendix A2). Retention by 

mechanical entrapment is viewed as occurring when larger polymer molecules become 

lodged in narrow flow channels. Thus, as the polymer solution passes through the 

complex network, the molecules take various routes and some molecules would be
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trapped in the narrow pores. This blocks the pore channels and flow drops significantly. It 

is the least well-defined and understood mechanisms.

Hydrodynamic retention: Some of the polymer molecules are thought to be trapped 

temporarily in stagnant flow regions by the hydrodynamic drag forces (Figure A3, 

Appendix A3). In such regions it may be possible for the local polymer concentration to 

exceed that o f the injected fluid. When the flow stops, these molecules may diffuse out 

into the main flow channels and when the flow recommences, they are produced as peak 

in polymer concentration. (Sorbie et al., 1992, Zitha et al., 1999; Darwish et al. 2003).

2.3.5.1 Pump and Treat Technique Using Polymers

Darwish et al. (2000), have investigated an enhanced pump and treat technique using 

polymers. In this technique, the contaminated aquifer is first treated with conventional 

pump and treat technique to remove the contaminants in the high permeability zones. The 

aquifer is then injected with a mixture of cationic and anionic poly-acryl-amide polymer. 

The polymer penetrates deeply into the high permeability zones and only slightly into the 

low permeability zones. The aquifer is again treated with pump and treat technique and 

this time the drive fluid takes the path of low permeability zones. Since the high 

permeability zones are blocked with the polymer, the drive fluid takes the path of the low 

permeability zones and causes the removal of the residual contaminants. This technique 

has several limitations. Cationic polyacrylamide is a chemical polymer and on 

completion of remediation, it should be completely removed from the aquifer. Thus the 

technique becomes complex and cost ineffective. There maybe other limitations but this 

technique is still being tested in the field.
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2.3.5.2 Advantages of Biopolymers over Chemical Polymers

Permeability modification using chemical polymers suffer from a main drawback that 

the chemical polymer being potentially toxic has to be completely removed from the 

aquifer after remediation. This significantly increases the costs associated with the 

remediation technique and also runs a risk of further contaminating the aquifer if there 

are any left over polymers in the aquifer. Biopolymers have a main advantage that they 

are non toxic and biodegradable. Even if the biopolymer is not completely recovered after 

remediation, there would be no further contamination. Several biopolymers like KUSP1 

and curdlan have been considered in permeability modification (D’Cunha et al. 2003).

2.3.5.3 Permeability Modification Using KUSP1 Biopolymer

McCool et al. (1998) have investigated the application of KUSP1 biopolymer in 

permeability modification. KUSP1 polymer is extracted from a medium after the growth 

of a bacterium cellulomonas flavigena. It has several characteristics, which makes it a 

good candidate for achieving permeability modification. Alkaline solution of KUSP1 

forms a hydrogel when it is neutralized. The transition between the solution and gel is 

reversible. Permeability modification is achieved by injecting the polymer as a solution. 

The solution takes the preferential path i.e. the high permeability zones. Gel transition is 

then achieved by using an acid trigger mechanism. The high permeability zones are 

blocked and hence the drive fluid takes the path of low permeability zones, removing the 

residual contaminants. This method is being investigated for its applications and is still in
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its infancy to be used in aquifer remediation. Hence, it would be too early to comment on 

the limitations of this method if any.

2.3.5.4 Permeability Modification Using Curdlan biopolymer

Curdlan biopolymer (Figure 2.6) is an extracellular J3-7, 3-glucan produced by the soil 

bacterium alcaligenes faecalis var. myxogenes (Kristen, 2001). It is a pH sensitive non

toxic biodegradable polymer. It is available in natural soil systems (Bailey et al., 2000). 

Curdlan exists in soluble state in alkaline condition and as a gel in acidic conditions. 

Curdlan is water-soluble and can be mixed as a low viscosity gelant in alkaline solutions 

of pH greater than 10. Many characteristics of curdlan type biopolymers make them 

desirable for permeability modification. At pH below 9, curdlan forms an insoluble gel 

and is stable in neutral or acidic solutions (pH<8). These gels are insoluble to most 

organic solvents and stable to heating up to 90° C (194°F). After remediation, the gel can 

be made soluble again with an increase in the pH by injecting an alkaline solution and 

can be conveniently removed. Even if the gel is not completely removed, it still does 

notcontaminate the aquifer because of its non-toxicity. The gel is insoluble and stable, 

which makes it ideal to block the high permeability zones. After remediation of the 

aquifer, the insoluble gel can be easily removed by increasing the pH or by 

biodegradation of the gelled polymer. (Stepp et al. 1996, Bailey et al. 2000).
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Figure 2.6 Curdlan Polymer Gel Formation with Sand



30

2.4 Summary
The methods that have been employed in the past to modify permeability for remediation 

of contaminated aquifers have been discussed along with their limitations. These methods 

can be used for effective remediation of residual DNAPL along with pump and treat or 

SEAR. But the usage of non-biodegradable chemicals to modify the permeability may be 

undesirable since they may cause further contamination in the aquifer or may be difficult 

to be removed after the completion of the clean up.

The natural freezing of soils in cold regions can also be used for effective remediation 

because they modify the permeability due to the formation of pore ice in the high 

permeability zones. But one of its main drawbacks is that, it can be applied economically 

only in cold regions.

Based on the above technologies using permeability modification, we have investigated a 

cost effective remediation technique for cold regions like Alaska using a combination of 

microbial biopolymer gels for summer and natural freezing of soils in winter.
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Chapter 3 

3.0 Materials & Methods

3 .1 1ntroduction

In order to test our hypothesis, we conducted several one-dimensional laboratory scale 

column experiments. The materials and methods used for the experiments have been 

described in this chapter.

The experiments were conducted in two stages. The first stage was associated with 

verifying whether natural freezing could be applied in permeability modification to 

remediate contaminated aquifers. The second stage of our experiments was to verify 

whether a microbial biopolymer like curdlan could be effectively applied for modifying 

the permeability o f a formation.

3.2 Experimental Setup

A schematic diagram of the experimental apparatus used in the investigation is illustrated 

in the Figures 3.1 and a photograph of the setup is shown in the Figure 3.2. Two steel 

columns of length 30.48cms (12”) and a diameter of 1.905cm (0.75”) were packed with 

soil (Figure 3.3). The soil columns representing a layered heterogeneous subsurface 

formation of two different permeabilities were selected to simulate heterogeneities in 

aquifers under ideal conditions. A temperature controlled chamber was used to simulate 

the different temperature conditions of the subsurface. The temperature controlled unit 

was manufactured by Cincinnati Sub-Zero Products with range of temperatures from
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Figure 3.1 Schematic Representation of the Experimental Setup
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Figure 3.3 Steel Column used for Packing the Soils
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+40°C to -75°C (104°F to -103°F). The soil column was connected to an injection tank of 

12cm (4.72”) length and 6.5cm (2.55”) diameter using copper pipes o f 0.635cm (0.25”) 

diameter (Figure 3.4). Copper pipes were used in the setup because they provided 

flexibility, clearance for ice expansion and also had reasonably high thermal 

conductivity. The thermal conductivity of the pipe was important because it provided the 

drive fluid an opportunity to attain the temperature set at the controlled chamber prior to 

the entry into the soil columns. The injection tank was used to inject the drive 

fluid/polymer into the soil column. The injection of the drive fluid into the sand columns 

represented the conventional pump and treat technique used to cleanup contaminated 

aquifers. Compressed air was supplied from a cylinder to provide pressure for the drive 

fluid into the soil columns under pressure. The effluent emanating from of the sand 

columns was collected in plastic sampling tubes. To facilitate hydraulic conductivity 

calculations of the soil columns, pressure difference between the input and effluent side 

had to be measured. Ashcroft pressure gauges were used to measure the pressure at the 

input side i.e. injection of the drive fluid and at the effluent side. The pressure gauges had 

a range from 0 Pa to 68x104 Pa (0 PSI to 100 PSI).

3.3 Experimental Procedure

3.3.1 Stage 1 -  Permeability Modification using Freezing

One of the steel columns was packed with coarse sand and the other column with fine 

sand. The coarse sand and the fine sand obtained from a commercial source were of 

uniform size and hence sieving was not required. Cheese cloth was used to seal the ends 

of the soil columns. The main purpose of using the cheese cloth was to provide clearance
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for ice expansion when the soil expands due to freezing. It also served as a screen to 

prevent the soil from flowing out as effluent along with the drive fluid and aided in 

retaining the sand during column packing. The cheese cloth also aided in retaining the 

soil when the cores were being packed.

In order to pack the soil, the steel column was placed vertically and cheese cloth was 

placed at the bottom of the soil column to prevent any sand spillage. Volume of sand was 

maintained such that the bulk density of sand in the column would be in the range of 1.3- 

1.4. Porosity of the coarse sand column was 37% and porosity of the fine sand column 

was 40% (experimental method for measurement of porosity is given in Appendix B). 

Sand was poured at intervals and was tapped one hundred times to reduce layering effect. 

One hundred tappings were selected arbitrarily and this number was maintained constant 

for consistency between packing. Once the column was packed, the top of the sand 

column was sealed using cheese cloth. The sand columns were then connected to the 

experimental setup.

The injection tank was filled with water which was sent into the soil column under 

pressure. The injection was done under very low pressure so that the soil column can be 

fully saturated with water. A high pressure injection of fluid has a tendency for 

preferential flow, which would result in inaccuracy of results and hence a lower pressure 

was selected. The soil column was placed in a temperature controlled chamber and the 

desired temperature was set. The column was allowed to attain the desired temperature. 

This temperature was kept constant entirely through the particular experiment.
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Drive fluid was then passed through the column and the pressure was noted. The effluent 

was collected in a collection tank and the flow rate was measured. At temperatures 

greater than 4 degree centigrade, water was used as a drive fluid and at temperatures 

below 4 degree centigrade propylene glycol and salt water solution were used as a drive 

fluid. The proportion of propylene glycol to water was mixed according to the 

manufacturer’s specifications. Henceforth, in this thesis, the mixture o f  propylene glycol 

and water will be referred to simply as propylene glycol. In case of salt solution, the 

proportion of salt to water for different temperatures was based on the Figure 3.5. This 

procedure was repeated for two other pressure values for accuracy of results. Hydraulic 

conductivity was then calculated using Darcy’s law. The above procedure was repeated 

for different temperatures from 20 degree centigrade to -20 degree centigrade.

The same procedure was followed in investigating the hydraulic conductivity of 

Fairbanks silt. Fairbanks silt was obtained from University o f Alaska Fairbanks’ Campus 

near the Geophysical Institute. The soil was sieved using hand sieves. Five different silt 

sizes were obtained and hydraulic conductivity o f each sieve size was measured. Based 

on the values of the hydraulic conductivities of the different soil fractions of Fairbanks 

silt, the 250micron silt was selected for the experiments. The 250 micron size was 

selected because it would be very time consuming to run the experiments on low 

hydraulic conductivity soil fractions of Fairbanks silt.

3.3.2 Stage 2 -  Permeability Modification using Curdlan Biopolymers

One of the soil columns was packed with coarse sand and the other with fine sand. Both 

the cores were saturated with water and the temperature controlled chamber was set at the
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Figure 3.5 NaCl-H20 System, Temperature Composition Diagram (Crawford, 1981)
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desired temperature. Fluorinert or FC-72 (Refer Appendix B) was used as a DNAPL 

surrogate. Fluorinert is a clear, colorless, fully fluorinated liquid. It has a boiling point of 

56°C and a very low melting point. For other properties of Fluorinert please refer to 

Appendix C. Henceforth, in this thesis, the surrogate will be referred to as simply 

DNAPL.

The coarse sand and the fine sand column were saturated with DNAPL. Drive fluid was 

sent into the soil columns to remove the DNAPL. The drive fluid took the path of coarse 

sand column due to preferential flow, removing all the DNAPL in the coarse sand 

column. A 1:12 ratio of curdlan to 0.01N sodium hydroxide solution was passed through 

the soil columns. Sodium Hydroxide was used because, when the polymer was mixed 

with water the gel formation started immediately and could not penetrate into the soil 

columns. The polymer passed into the high permeability zone and a very negligible 

volume flowed into the low permeability zone. The polymer was allowed to set in the soil 

column till gel formation took place. Drive fluid was then passed through the soil 

columns. The drive fluid took the path of low permeability soil column as high 

permeability zone soil column was blocked with the polymer gel. The effluent from the 

low permeability soil column was collected and measured. The above procedure was 

repeated for different temperatures, different soil types, and different curdlan to water 

ratios.
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3.4. Determination of Properties of Curdlan Biopolymer

We conducted a series of experiments to calculate the different properties of the curdlan 

biopolymer. These properties would be helpful the analysis o f the cost of remediation due 

to the application of curdlan biopolymer for permeability modification in the field.

Six different ratios o f curdlan polymer to water were taken in six 250ml beakers. The 

polymer was stirred thoroughly in water. The beakers were then observed at an interval 

of 24 hours. This observation is continued until the polymer turned to a hard dehydrated 

matter. This experiment gave us an idea of the gel setting behavior of curdlan gel. The 

experiment was carried out at room temperature (32°C). To the best of our knowledge, 

such information is not available currently in any literature.

3.4.1 Measurement of Gel Strength

We initially attempted to measure the gel strength of curdlan using a Standard Brookfield 

DVII+ viscometer with Small Sample Adapter (SSA). The operational principle o f the 

DV-II+ is to drive a spindle (which is immersed in the drive fluid) through a calibrated 

spring. The viscous drag of the fluid against the spindle is measured by the deflection of 

the spring. Spring deflection is usually measured with a rotary transducer. The transducer 

is connected to a data logger which records the value of the viscosity. The measurement 

range of DV-II+ is determined by the rotational speed of the spindle, the size and shape 

of the spindle, the container in which the spindle rotates and the full scale torque of the 

calibrated spring. The values are displayed in centipoise or milliPascal-seconds.
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The sample container was washed thoroughly and dried. A solution of curdlan to water 

was prepared in the sample container and the gel was allowed to set until the gel attains 

maximum strength. The sample container was then placed in the DV-II+ unit. The DV- 

11+ unit was connected to a computer using “WINGATHER” software. “WTNGATHER” 

was supplied by the manufacturer and served as an interface between the viscometer and 

the computer. The data logger recorded the value of the viscosity. The torque in the 

sample container was set to a minimum value and the viscosity was measured. If the gel 

strength fell out of range o f the viscometer, the torque was increased to a next higher 

value. The torque was increased until a stable viscosity value was obtained.

We used the above procedure to calculate the gel strength at different curdlamwater 

ratios. But the gel strength was out of range of the viscometer and hence we had to use an 

alternative method.

We prepared six different samples with different ratios of curdlan to water. The solution 

was then poured into different beakers containing coarse sand. The gel was allowed to set 

depending on the time required to attain maximum strength. Once the gel attained 

maximum strength, compressed air was passed through the sand. The pressure at which 

the sand started disintegrating was taken as the maximum pressure limit the sand could 

withstand.

3.5 Determination of Volume of the DNAPL in the Effluent

Determination of the DNAPL in the effluent was required to investigate the effect of 

freezing on the contaminant removal. We had initially decided to use a gas 

chromatograph mass spectrometer (GCMS). But due to the technical difficulties of the
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GCMS a gravimetric method was used instead. The effluent was collected in 100ml 

plastic sampling tubes. Based on the weight of the fluid in the sampling tube, the 

concentration of DNAPL tracer was calculated. The procedure used in calculating the 

concentration of DNAPL tracer in the effluent is provided in Appendix D.

3.6 Difficulties Experienced During the Experimental Study

3.6.1 Experimental Setup

Our initial experiment setup was prepared by Alaska Tools, Fairbanks, Alaska (Fig. 3.2). 

The design was provided by us. This equipment was sturdy but lacked flexibility. We had 

to redesign the experiment to improve the equipment flexibility. It involved introducing a 

sizeable number o f nuts and bolts and this resulted in frequent leaks. We used thread tape 

to prevent the leaks and they seemed to work quite well but were not a permanent 

solution. This made the experimental runs very tedious and often frustrating.

3.6.2 Introducing the Polymer

Introducing the polymer gel in the sand columns was a cause of concern as there was no 

defined procedure. We ran several trials and finally came up with a solution based upon 

our discussion with Bala (2003). We initially mixed the polymer with water and 

introduced it in the sand columns. But the gel could not penetrate all the way into the 

sand column. It almost seemed as if we had gone back to square one but when we re

examined some o f the key papers on curdlan polymer gel, we tried a different approach. 

We mixed the polymer with sodium hydroxide and then introduced the polymer as a 

solution. This solution worked perfectly.
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3.7 Summary
The above materials and methods were used to conduct the experiments. The results 

obtained from these experiments in presented in the subsequent chapter.
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Chapter 4 

Results and Discussions 

4.1 Introduction

As mentioned earlier, the objective o f this study was to investigate the use of a 

combination of natural freezing and microbial polymer gel for permeability modification 

to reduce the volume of residual DNAPL. The following experiments were conducted to 

achieve the overall objective:

1. Variation of hydraulic conductivity with temperature.

2. Injection o f curdlan polymer for permeability modification to reduce the volume 

of residual DNAPL.

3. Properties o f Curdlan Biopolymer gel, and

4. Rate of contaminant removal with variation in temperature.

The results of these experiments will be presented in the subsequent sections.

4.2 Variation of Hydraulic Conductivity with Temperature

In this section, we investigate the variation in the hydraulic conductivity of soils at 

different temperatures. The objective of this investigation was to prove that at 

temperatures below zero, permeability modification occurs due to the formation of pore 

ice and this formation of pore ice is a function of pore size.
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4.2.1 Observation of Change in Hydraulic Conductivity with 

Temperature

In the first set of experiments, hydraulic conductivity was calculated for coarse sand, fine 

sand and Fairbanks silt. Three types of drive fluids were used: propylene glycol, salt 

solution and plain water. Propylene glycol and salt solution are anti freezing agents and 

was expected to aid in preventing the driving fluid to freeze at temperatures below 0°C. 

Water was also used as a control drive fluid because the differences in the hydraulic 

conductivity values below 0°C might give us an idea about the pore ice erosion that might 

be caused by other drive fluids. The effluent was collected for 90 seconds and the 

pressure difference was noted. For accuracy of results, the effluent was collected for 3 

different pressure gradients with a temperature range of 20° C to -20° C. Figures 4.1, 4.2 

& 4.3 show variation o f hydraulic conductivity with temperature for a coarse sand, a fine 

sand and Fairbanks silt using three different drive fluids. The reader should note that the 

ordinate of the graphs are in a log scale.

We observe that, as the temperature is reduced, there is a decrease in the hydraulic 

conductivity of the three soil types. But this rate of decrease is more pronounced in the 

case of coarse sand than in fine sand and Fairbanks silt. We hypothesized that the pore 

ice formation is earlier in the coarse sand relative to fine sand and Fairbanks silt due to its 

larger pore dimensions. Such preferential ice formation was observed by Burt & 

Williams (1976). The interaction between the soil matrix and the fluid was responsible 

for the preferential ice formation (Kane & Chacho, 1990). We hypothesize that the force 

of attraction between the thin film of water on the surface of the soil grains is lower in the
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Temperature( Degree Centigrade)
— ♦— Coarse Sand —■— Fine Sand — *— Fairbanks Silt

Figure 4.1 Hydraulic Conductivity of Three Different Soils as a Function of

Temperature (Propylene Glycol was used as a driving fluid)
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Figure 4.2 Hydraulic Conductivity of Three Different Soils as a Function of

Temperature (Salt Solution was used as a driving fluid)
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Temperature( Degree Centigrade)

Coarse Sand— ■—  Fine Sand —  * — Fairbanks Silt

Figure 4.3 Hydraulic Conductivity of Three Different Soils as a Function of

Temperature (Water was used as a driving fluid)
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case of coarse sand as compared to the fine sand. This attractive force is high in fine sand 

and Fairbanks silt, thus inhibiting the pore ice formation process. The ice formed blocks 

the pore channels reducing the hydraulic conductivity.

The hydraulic conductivity obtained with pure water as the drive fluid was lower than the 

hydraulic conductivity obtained when anti-freezing agents were used along with the drive 

fluid. Table 4.1 shows the percentage increase in the values of hydraulic conductivity 

when anti freezing agents was used along with the drive fluid in our experiments. The 

reason for the higher value may be attributed to the fact that the drive fluid mixed with 

anti-freeze has a higher heat conducting capacity than water. As the drive fluid flows 

through the soil columns, some of the pore ice starts melting thereby giving a higher 

value of hydraulic conductivity (Figure 4.4, 4.5 & 4.6)

4.2.2 Water Entry Pressure of Coarse Sand and Fine Sand at Different 

Temperatures

We have investigated the minimum pressure required for the water to flow through the 

soil columns at different temperatures. We term this pressure as water-entry pressure. The 

objective of this experiment was to investigate the pore ice formation in the high 

permeability and the low permeability soils. We used coarse and fine sand for these 

experiments. Initially at room temperature, the water entry pressure for coarse sand was 

lower compared to the fine sand. As the temperature was reduced, we noticed that the 

water entry pressure for both the coarse and fine sands started increasing around 0°C. 

This indicated that pore ice was starting to form in the soil pores. But, the increase in
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Temperatue( Degree Centigrade)

—A— Propylene Glycol —■— Salt Water —♦— Water

Figure 4.4 Variation of Hydraulic Conductivity of Coarse Sand for 

Three Different Drive Fluids
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Temperatue( Degree Centigrade)

— Propylene Glycol — g — Salt Water — ♦ — Water

Figure 4.5 Variation of Hydraulic Conductivity of Fine Sand for Three Different

Drive Fluids
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Temperatue( Degree Centigrade)

Propylene Glycol — ♦ — Water — g — Salt Water

Figure 4.6 Variation of Hydraulic Conductivity of Fairbanks Silt for Three

Different Drive Fluids
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30 20 10 0 -10 -20 -30
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Figure 4.7 Variation of Water Entry Pressure of Coarse Sand and Fine Sand with

Temperature
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Table 4.1 Comparison of the Percentage Increase in the Value of Hydraulic

Conductivity when Anti Freezing Agents are used as Drive Fluids

Coarse Sand
Temperature (Deg. C) Propylene Glycol Salt Solution

0
60.83012 - 10.325

-5
352.0887262 233.118

-10
992.3675862 454.5866

-15
1199.637333 663.5369

-20
950.0904615 882.5846

Fine Sand
Temperature (Deg. C) Propylene Glycol Salt Solution

0
5.538503529 8.406397647

-5
79.55515789 68.01232632

-10
343.0357176 67.75138824

-15
64.69794614 14.76293055

-20
52.96801726 27.74580983

Fairbanks Silt
Temperature (Deg. C) Propylene Glycol Salt Solution

0
490.3843 0.365329

-5
419.7532 29.9383

-10
361.1719 29.12813

-15
267.8949 50.50244

-20
226.9248 60.25723
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water entry pressure was faster in case of the coarse sand than in the fine sand. As we 

reduced the temperature further, we observed (Figure 4.7) that, at a temperature of 

approximately -12°C, the water entry pressure was lKPa higher for coarse sand than fine 

sand.

As the temperature was reduced below 0°C, pore ice formation took place in both the soil 

columns. But we observed that there was a significant increase in the water entry pressure 

of the coarse sand column relative to the fine sand column. This was because ice was 

formed earlier in coarse sand column as compared to fine sand column. The ice formed in 

the pore channels thus reduced the hydraulic conductivity causing an increase in the 

water entry pressure.

Based on the above results we can conclude that natural freezing can be effectively 

applied in permeability modification. The contaminated aquifer can be initially treated to 

a conventional pump and treat technique to remove the DNAPL from the high 

permeability. The aquifer can be frozen either naturally (or artificially). The presence of 

the DNAPL in the low permeability zones would further inhibit the formation of ice. The 

aquifer can then be treated with the same pump and treat technique. The drive fluid 

would take the path o f relatively ice free low permeability zones since the pore ice filled 

high permeability zones are all blocked due to the formation o f ice which would reduce 

the volume of residual DNAPL significantly.

4.3 Permeability Modification by Curdlan Polymer Gel

In this section, we have presented our results on the applications of curdlan polymer gel 

in permeability modification. This section would also include a procedure for injection of
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the curdlan polymer gel. To our knowledge there is no established procedure for injection 

of curdlan polymer gel into the porous media. A study on the strength o f curdlan gel and 

its stability with time has also been included.

4.3.1 Behavior of Different Concentrations of Curdlan Polymer Gel 

with Time

From Figure 4.8, we see that as the ratio of curdlan to water is increased; the rate of 

formation of the gel is faster. The time taken for gel formation is around 3 days when 

curdlan to water ratio is 1:16. There is an almost systematic increase in gel setting time as 

the ratio of curdlan to water is increased. This shows that the volume of water mixed with 

curdlan plays an important role in gel setting time. Practically, this is an advantage as the 

gel setting time can be adjusted according to the field requirements.

4.3.2 Stability of the Gel with Time

Table 4.1 summarizes the behavior of gel formation with different ratios of curdlan to 

water as a function o f time. We observed that the gel formed dehydrated as long as it was 

not in contact with water. But, the rate of gel dehydration in the absence of water was 

faster in high curdlan to water ratios as compared to lower curdlan to water ratios. We 

term the dehydration period o f the gel as “Period of Starvation”. This means that as the 

gel reaches its maximum strength, it has to be in constant contact with water to retain its 

stability. The dehydration of the gel is the result o f “starvation” and it finally
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Curdlan GehWater (By Weight)

Figure 4.8 Gel Setting Time vs. Ratio of Curdlan to Water



59

Table 4.2 Gel Formation with Time

Ratio o f  
Curdlan 
: H 20

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

1 : 16 Transition 
to gel 
formation

Gel formed 
with a 
shallow 
fingerprint 
impression

Hard gel 
formation 
Peak level

Gel
dehydrating 
quickly with 
visible 
cracks

Cracks
with
decrease in 
volume

Further 
reduction 
in volume

A hard 
viscous 
solid is 
formed

1 : 20 Transition 
to gel 
formation

Gel formed 
with a deep 
fingerprint 
impression

Medium to 
hard gel 
formation 
Peak level

Gel
dehydrating 
slowly with 
visible 
cracks

Cracks 
with slow 
decrease in 
volume 
(Water 
Added)

A
medium 
to hard 
gel is 
formed 
(Water 
Added)

A medium 
to hard gel 
is formed

1 : 24 Visible 
signs of 
gelling

Transition 
to gel 
formation

Soft gel 
formed

Gel formed 
with a deep 
fingerprint 
impression

Gel formed 
with a deep 
fingerprint 
impression

Soft gel 
formed

Soft gel is 
formed

1 : 28 No visible 
signs of 
gelling

Visible 
signs of 
gelling

Transition 
to gel 
formation

Gel formed 
with a deep 
fingerprint 
impression

Gel formed 
with a deep 
fingerprint 
impression

Soft gel 
formed

Soft gel is 
formed

1 : 36 No visible 
signs of 
gelling

Visible 
signs of 
gelling

Transition 
to gel 
formation

Gel formed 
with a deep 
fingerprint 
impression

Gel formed 
with a deep 
fingerprint 
impression

Soft gel 
formed

Soft gel is 
formed
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disintegrates as a dry semi-solid matter. The gel disintegrates because it depends on water 

for its stability. This property of the polymer is advantageous because in saturated 

aquifers the curdlan biopolymer would be in contact with water at all times.

To test the gel strength, we allowed the gel to be in contact with water. We observed that 

the gel was stable as long as it was in contact with water. The gel was kept in contact 

with water for a period of 30 days. At the end of 30 days, it still showed signs of full 

strength. We also studied the effect of freezing on curdlan gel formation. There were 

clear signs of gel formation but it was not as pronounced as in the case of gel formation at 

temperatures above 0°C (32°F). But the gel was stable as long as it was in contact with 

ice.

4.3.3 Gel Strength of Different Ratios of Curdlan to Water

Figure 4.9 illustrates the variation of the strength of curdlan polymer gel at different 

curdlan to water ratios. We observe that a 1:12 ratio of curdlan to water has a higher 

strength as compared to that of 1:24. This is because the hardness of the gel formed 

depends on the ratio of curdlan to water. A 1:12 ratio of curdlan to water would form a 

gel of significantly higher hardness as compared to a 1:24 ratio of curdlan to water. A 

1:12 ratio would be an ideal value for the field as it can withstand a high pressure and 

also sets easily. However such a ratio would also increase the cost involved significantly. 

Based on the costs involved, the degree o f hardness, and the ease o f setting of the 

polymer gel, a curdlan to water ratio of 1:16 would seem to be optimal.
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Figure 4.9 Gel Strength of Different Ratios of Weight of Curdlan to Water
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4.3.4 Reduction in Hydraulic Conductivity after Introducing Curdlan 

Gel

We calculated the hydraulic conductivity of the coarse sand column after introducing 

curdlan polymer gel. The value of the hydraulic conductivity obtained was very close to 

zero. We also calculated the hydraulic conductivity of coarse sand column after 

introducing curdlan at temperatures below 0°C and observed that the value of hydraulic 

conductivity was zero. This was because all the pore channels in the coarse sand column 

were definitely blocked due to the formation of pore ice and the unfrozen pores were 

blocked by the curdlan polymer gel.

We conducted another series of experiments where a sand column was initially saturated 

with water and then frozen. Curdlan gel was then introduced into the sand column at a 

very low pressure. Once the gel started flowing out of the sand column as an effluent, the 

gel injection was stopped. The gel was allowed to set for a period of 48 hours (Bala, 

2003). Drive fluid was then sent through the sand column to calculate the hydraulic 

conductivity. The drive fluid did not flow out of the column thereby suggesting that the 

hydraulic conductivity o f the soil column had dropped to zero. The value of the hydraulic 

conductivity remained zero as long as the polymer gel was in contact with ice. This was 

because, even though the soil column was frozen, it still has some unfrozen water. When 

curdlan was injected into the soil column, it took the path of the pore channels containing 

unfrozen water, displaced the unfrozen water and formed a gel, thereby blocking the flow 

of the drive fluid.
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4.3.5 Gel Penetration in the Low Permeability Zones

We conducted a column experiment to investigate the possibility of gel penetration in the 

low permeability zones in a heterogeneous media. One of the soil columns was filled 

with coarse sand and the other column was filled with Fairbanks silt. These two types of 

soil were selected because they had very contrasting permeabilities. The curdlan gel was 

then injected into the soil column. The curdlan gel was injected until the gel flowed out 

of the coarse sand column as an effluent. The gel was allowed to set in the soil column. 

The soil columns were then opened. We observed that there was absolutely no 

penetration of curdlan into the low permeability column. This could be attributed to the 

fact that, coarse sand column had a very high hydraulic conductivity as compared to the 

Fairbanks silt column. As the polymer was injected into the soil columns, the difference 

in the hydraulic conductivity caused preferential flow thereby bypassing the flow of the 

polymer into the low permeability zone which was the Fairbanks silt column. This was a 

validation for our hypothesis that the curdlan gel would only block the high permeability 

zones.

4.3.6 Comparison of Curdlan Gel with Cationic Polyacrylamide

Cationic polyacrylamide is being tested in the field for permeability modification 

(Darwish et al, 2003). We made a comparison of curdlan gel with cationic 

polyacrylamide. Table 4.3 illustrates the behavior of cationic polyacrylamide gel with 

time. One of the main advantages we found about using curdlan polymer gel was the ease 

of injecting the polymer into the soil. As opposed, the cationic polyacrylamide gelled
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instantly when it came in contact with water. In order to circumvent this problem, 

perhaps Darwish et al. (2003) used a combination anionic and cationic polyacrylamide. 

The major disadvantage of using a combination of polymers was the addition o f 

considerable cost to the remediation process. Curdlan polymer could be made to gel by 

an acidic environment. This is very advantageous as soil itself being acidic can be used to 

trigger the gel formation.

We conducted an experiment to study the effects of pH on cationic polyacrylamide. The 

polymer was initially treated with water and kept under observation for a period of 48 

hrs. It may be worth noting that the curdlan polymer took approximately 48 hrs to gel 

when treated with water. We selected the same period of observation to make a 

comparison between the two gels. Cationic polyacrylamide formed a gel immediately. 

This property o f cationic polyacrylamide would be very disadvantageous since it could 

clog the boreholes. Cationic polyacrylamide also has the tendency to dissolve in water 

once the gel is formed. The tendency of the polyacrylamide to dissolve in water can 

significantly impact quality of water since the polymer is chemical based and can be 

toxic. Even though cationic has higher strength (Figure 4.10), curdlan scores over 

cationic polyacrylamide primarily because it is biodegradable, ease of injection and it can 

be made to grow in-situ. Unlike curdlan, cationic polyacrylamide cannot be made to gel 

in-situ.
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4.4 Decrease in Residual DNAPL Volume

4.4.1 DNAPL Removal Rate after Introducing Curdlan Polymer

Figure 4.10 illustrates removal of residual DNAPL at different temperatures. We 

conducted a mass balance to calculate the volume of the residual DNAPL removed. The 

mass balance calculations gave poor results for DNAPL removal at temperatures above 

0°C. In spite o f the DNAPL being very carefully collected we could not get a mass 

balance. We attribute the loss of mass to the highly volatile nature o f the surrogate.

The rate of DNAPL volume removed at temperatures below 0°C was faster because, even 

though the fine sand column was saturated with the DNAPL, there was residual pore 

water that co-existed with the DNAPL in the fine sand column. As the temperature was 

decreased below 0°C, the trapped pore water formed ice. However, DNAPL having a 

lower freezing point than water did not freeze despite the decrease in temperature in the 

fine sand column. When the drive fluid (water) was passed through the system, it took the 

path o f unfrozen pore channels in the fine sand column, which were filled with DNAPL. 

Thus DNAPL was removed at a faster rate at lower temperatures below 0°C as compared 

to temperatures above 0°C (Figures 4.11, 4.12, 4.13, 4.14 & 4.15).

As the temperature was further decreased to -20°C, most of the low permeability zones 

were blocked due to the formation of pore ice. This caused the drive fluid to sweep 

through the unblocked high permeability zones only, thus resulting in faster removal of 

the DNAPL as compared to the DNAPL removal percentage at -5°C. The difference in 

removal rate percentage of DNAPL at -20°C and -5°C was 27%.
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Table 4.3 Behavior of Cationic Polyacrylamide Gel with Time

Ratio o f  
Cationic 
Polyacrylam ide 
to Water

Day 1 Day 3 Day 5 Day 7 Day 9

1:12 Hard gel
formed
immediately

Hard gel 
formation

Hard gel 
formation

Hard gel
starts
shrinking

Hard gel
starts
shrinking

1:16 Hard gel
formed
immediately

Hard gel 
formation

Hard gel 
formation

Hard gel
starts
shrinking

Hard gel
starts
shrinking

1:20 Hard gel
formed
immediately

Hard gel 
formation

Hard gel 
formation

Hard gel
starts
shrinking

Hard gel
starts
shrinking

1:30 Transition to
gel

Soft to 
medium gel 
formation

Soft to 
medium gel 
formation

Soft to 
medium gel 
formation

Soft to 
medium gel 
formation

1:36 Transition to 
gel

Soft to 
medium gel 
formation

Soft to 
medium gel 
formation

Soft to 
medium gel 
formation

Soft to 
medium gel 
formation
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Figure 4.10 Gel Strength of Different Ratios of Cationic Polyacrylamide to Water
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Figure 4.16 shows a graph of the variation of DNAPL removal rate with temperature. To 

calculate the DNAPL removal rate, we initially plotted a cumulative graph of the DNAPL 

removal percentages at different temperatures against time (Figure 4.17). In order to 

calculate the time required to remove certain volume of residual DNAPL in Figure 4.17, 

we assumed a hydraulic conductivity of the soils that was obtained at a temperature of 

5°C. This value of the hydraulic conductivity was used to calculate the time required to 

remove the DNAPL from the fine sand column for all the temperatures. We assumed a 

constant hydraulic conductivity because at temperatures below 0°C ice formation does 

not take place in fine sand column due to the presence of the DNAPL. Hydraulic 

conductivity at 5°C was selected over other hydraulic conductivity values at different 

temperatures as it is on an average, representative of the hydraulic conductivities of the 

range of temperatures used in our experiment. Based on the graph obtained, we 

calculated the slope of each curve prior to the inflection point. The slope of the line prior 

to the inflection point provides us with the DNAPL removal rate (Fig 4.16). The slope is 

then plotted against temperature. We observe that, there is an increase in the slope as the 

temperature decreases. The value of R2 obtained was 0.6681. The rate of the DNAPL 

removal rate can then be fitted using the equation:

de/dt = -0.0359T + 3.1523 

Where, T is the temperature in degree centigrade and de/dt is the DNAPL removal rate. 

The reader should note that the above equation is based on limited data and will require 

further experiments on different kinds of soil to validate the equation. The equation is 

empirical and should not be considered as a physical model. The line of fit indicates
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qualitatively that the rate of removal of DNAPL increases with a decrease m temperature 

for the type of soil under investigation.

4.4.2 DNAPL Removal with Freezing Alone

We conducted a se, of experiments to investigate the removal o f the contaminant when 

only freezing was used for modifying the permeability. The experimental setup used was 

the same as shown in F.gure 3.1. The coarse sand and fine sand columns were saturated 

with water, DNAPL was injected in both the columns until they were saturated. The drrve 

fluid was made to flow through the sand columns until the DNAPL ,n the coarse sand 

column was removed due to preferential flow. The fine sand column now contained the 

residual DNAPL. Both the soil columns were then frozen to a temperature of 0"C. The 

drive fluid was then sent into the soil columns again.

The drive flutd started flowing preferentially in the fine sand column since the coarse 

sand column was blocked due to the format,on o f pore ice. There was no ice formation in 

the fine sand column as i, was saturated with DNAPL. The volume of DNAPL in the 

effluent was measured. The same procedure was repeated for temperatures below 0°C. 

We observe from Figure 4.18 that the decrease in temperature causes an increase in the 

removal of the DNAPL. The results were identical to the studies when curdlan 

biopolymer was used to block the pores tn the high permeability soils. However the rare 

of removal was 3-4% higher when freezing alone was used to block the htgh permeability

zones.
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Figure 4.11 DNAPL Removal Rate (%) vs. Temperature
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Figure 4.12 Volume of DNAPL Removed at 5°C
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Figure 4.13 Volume of DNAPL Removed at 0°C
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Figure 4.15 Volume of DNAPL Removed at -10°C
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Figure 4.16 Volume of DNAPL Removed at -20°C
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4.5

Figure 4.17 DNAPL Removal Rate vs. Temperature
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Time (Minutes)

Figure 4.18 DNAPL Removed (%) vs. Time
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4.4.3 DNAPL Removal from Low Permeability Zones

We conducted an experiment at room temperature to investigate if during the initial 

sweep (similar to pump and treat method), any drive fluid entered the low permeability 

soil column. This experiment was conducted to validate the fact that the drive fluid would 

not take the path of the low permeability zones during the initial sweep and would 

essentially remove the contaminants from the high permeability zones. We initially 

selected coarse sand and Fairbanks silt as the representative soil regime due to their 

highly contrasting hydraulic conductivities. Both the cores were saturated with water and 

then injected with DNAPL. Drive fluid was then sent into the soil columns. We observed 

that the DNAPL from the coarse sand column was removed as an effluent, while there 

was absolutely no effluent from the Fairbanks silt column.

The same experiment was repeated with a combination of fine sand and Fairbanks silt. 

We obtained similar results as in the previous case. Fairbanks silt has a very low 

hydraulic conductivity as compared to sand. As soon as the drive fluid enters the system, 

it sweeps preferentially through the higher conductivity soils. Hence, it can be concluded 

that soils of highly contrasting hydraulic conductivities initiate preferential flow of the 

drive fluid thus resulting in significant volume of residual DNAPL being left behind.



DN
AP

L 
R

em
ov

al
 (

%
)

79

Figure 4.18 Mass of DNAPL Removal Rate (%) vs. Temperature
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Chapter 5 

Conclusions & Future W ork

5.1 Conclusions

Systematic one dimensional laboratory scale column experiments were performed to 

investigate the effects of using microbial polymer gel sealants and natural freezing m 

reducing the volume of residual DNAPL. The following conclusions are drawn from the

experimental results:

1. The hydraulic conductivity of soils reduces with decrease in temperature. But the 

reduction is more pronounced in case of coarse soils as compared to fine soils.

2. When propylene glycol and salt solution are used as anti-freezing agents, the 

value of hydraulic conductivity obtained was higher as compared to when plain 

water was used as the drive fluid. This suggests that propylene glycol and salt 

solution causes pore ice erosion. The pore ice erosion from the high permeability 

zones may reduce efficiency of natural freezing in remediation of residual 

DNAPL since it would erode pore ice from the high permeable zones.

3. The hydraulic conductivity of the high permeability zones dropped to zero when 

injected with curdlan polymer gel which suggests that all the pore channels were

effectively blocked by the polymer.

4. The stability of the curdlan gel was influenced by the amount of water supplied to 

the polymer. This stability could be extended as long as the polymer was in

contact with water.
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5. The time required to attain maximum strength decreased as the ratio of the

curdlan polymer to water was increased.

6. DNAPL removal rate increases with decrease in temperature.

7. Cationic polyacrylamide has higher gel strength as compared to curdlan 

biopolymer. But the ease of injection of curdlan biopolymer, its biodegradability 

and the fact that it can be grown insitu makes it a better option as compared to

cationic polyacrylamide.

It can be concluded from the above experimental investigation that a combination of 

natural freezing of soils in winter and a microbial gelant in summer can be used 

effectively to reduce the volume of residual DNAPL.

5.2 Future Work

We have conducted a one dimensional laboratory scale experiment. Investigation into the 

DNAPL removal with freezing is conducted only for two soil types. The experiments 

were conducted with three particular soils. It will be interesting to see the behavior of 

DNAPL removal in different types of soil to test our hypothesis further. It would also 

validate our equation for DNAPL removal rate at different temperatures.

Our experimental setup was limited to only one dimension. For application of natural 

freezing and curdlan biopolymer in remediation, an investigation into a 2-D and 3-D 

laboratory scale will be necessary.

In some cases, the area of contamination may extend up to several kilometers. To 

effectively inject the curdlan polymer and to control its flow in high permeable areas, 

simulation software would have to be developed. The simulation would provide



information about the flow patterns of the biopolymer in 3 dimensions, injection of the 

biopolymer and its effectiveness in blocking the high permeability zones in a 

heterogeneous soil system.

We have only investigated the change in horizontal hydraulic conductivity with 

temperature. It would be interesting to study the change in vertical hydraulic conductivity 

at different temperatures.
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Appendix A l 

Polymer Adsorption

Figure A l (a) Polymer Adsorption

Figure A l (b) Pore Clogging Process
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Appendix A2 

Mechanical Entrapment

Figure A2 Mechanical Entrapment



Appendix A3 

Hydrodynamic Retention

Polymer Molecules Trapped in Dead 
End Pores

Soil Grains

Fluid Flow

Figure A3 Hydrodynamic Retention
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Appendix B 

Measurement of Soil Porosity

Initially a lOOgms o f fine sand is taken in a beaker and dried in an oven for a period of 24 

hrs at 125°C. The beaker is weighed and the weight is noted (W l). Water is then carefully 

poured into the beaker and the soil sample is stirred lightly for every 5 ml of water added 

to remove air, trapped in the pores. Water is poured until it forms a layer just above the 

soil surface which indicates that the soil is completely saturated. The water layer above 

the soil surface is removed using a light absorbent paper. The beaker is again weighed 

and the weight is noted (W2). Porosity of the soil is then calculated using the formula,

Porosity (%) = ((W2 -  Wl)/W2)*100 

The procedure is repeated twice for accuracy of the results. The same procedure is 

followed to calculate the porosity of coarse sand and Fairbanks silt.

Table B1 Porosity Calculations for Coarse Sand

Trial No. W l (gm) W2 (gm) W3 (gm)

1 25.02 32.93 24%

2 35.02 45.13 22.4%

3 50.00 66.7 25%
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Table B2 Porosity Calculations for Fine Sand

Trial No. W1 (gm) W2 (gm) W3 (gm)

1 25.00 36.85 32.15%

2 35.00 50.88 31.21%

3 50.00 71.81 37.26%

Table B2 Porosity Calculations for Fairbanks Silt

Trial No. W1 (gm) W2 (gm) W3 (gm)

1 25.00 40.2 37.8%

2 35.00 57.4 39.02%

3 50.00 79.7 37.26%



99

Appendix C 

Physical/Chemical Properties of DNAPL Surrogate

Table C l Physical & Chemical Properties of DNAPL Surrogate

Surrogate Name Fluorinert or FC-72

Appearance Clear, colorless

Avg. Mol. Weight 338

Vapor Pressure 30.9 x 103 Pa

Liquid Density 1680kg/m3

Solubility in water < lOppmw

Manufacturer 3M, USA



100

Appendix D 

M easurement of the Volume of DNAPL in the Effluent

The effluent from the soil column was collected in 10ml sampling tubes. 1.5ml of the 

effluent was collected in each tube continuously and each of the tube was labeled. The 

tubes were then weighed in a weigh balance and the weight was noted.

Two empty 10ml sampling tubes were washed thoroughly and dried. One of the tubes 

was filled with 1.0ml o f water and the other tube was filled with 1.0ml of the DNAPL. 

Their individual weights were measured in a weigh balance. We then generated an excel 

sheet as shown below:

Table D l: Weight of the Effluent Mixture for Different Volumes of DNAPL

Volume of Water Volume of DNAPL Weight of the Mixture

(A) (B) (C)

1.5 0 1.5

1.4 0.1 1.594

1.3 0.2 1.688

1.2 0.3 1.782

1.1 0.4 1.876

1 0.5 1.97

0.9 0.6 2.064

0.8 0.7 2.158

0.7 0.8 2.252

0.6 0.9 2.346

0.5 1 2.44

0.4 1.1 2.534

0.3 1.2 2.628

0.2 1.3 2.722

0.1 1.4 2.816

0 1.5 2.91
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The weight of each of the sample tube containing the effluent was compared to the 

Column C of the above table and the volume of the DNAPL was measured.


