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ABSTRACT 

An ex-situ soil contamination cleanup technique is developed. The 

physical system which embodies a set of two dimensional partial differential 

equations for underground water are solved. These equations, however, consist 

of water continuity equation, x and y Darcy's momentum equations, surfactant 

equation, and contaminant equation. The surfactant and contaminant equation 

are coupled via Wilson's isotherm. The developed method is found very effi

cient and the results are consistent with a simple model which is also solved 

numerically to validate the results. 

Eight Cases are discussed which have different operating and inlet and 

outlet conditions. Cases which have inlets and outlets at the same level are 

found to take longer time than those which have inlet and outlet at different 

levels for the contaminant to be cleaned up entirely. The time is related to the 

total volume of surfactant solution flowing through the system. 



14 

CHAPTER 1 

BACKGROUND AND PROBLEM STATEMENT 

1.1 Introduction 

In recent years soil contamination has become acknowledged as a major 

problem in many parts of the world. It is the unfortunate result of many types of 

mismanagement or contaminant release. Among the many uses of soil through

out history, waste disposal has been prominent [1]. Man's use of the land has 

often been careless and negligent but it has only been since the industrial revo

lution and in particular the population growth of this century with its attendant 

explosion of consumption of goods and waste production that this behavior has 

created a crisis. Man has invented and produced with little thought given to 

waste disposal. 

Pre-industrialization wastes were largely organic and biodegradable; 

present day wastes are often dangerous chemicals, some radioactive, and most 

toxic. The soil, formerly an efficient cleaning agent, is breaking down under this 

assault. As serious as this is, the contamination of groundwater has assumed 

catastrophic proportions in many areas. In order to clean the groundwater, the 

soil, in which it lies and moves, must first be decontaminated. 

Unlike groundwater, which has long been the subject of regulatory bod

ies, the soil itself has not been protected. Only in the last few years has attention 

been focused on the problem of soil contamination, almost as an after-thought, 

techniques have been devised to remedy and restore the soil [2]. 

It is hoped that on-site treatment methods will eliminate or greatly 

reduce soil contamination levels and be preferable to containment techniques. 

Recently the Environmental Protection Agency (EPA) has been conducting re

search in the use of extraction agents for cleaning contaminated soil. The use 
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of surfactants in flushing soils also, it is hoped, will prove effective in the removal 

of most contaminants. 

1.2 Research Objective and Approach 

Soil contamination is a worldwide serious problem and an immediate 

solution is very necessary. In situ soil flushing technique is, however, not practi

cal unless an impermeable soil layer is present beneath the contaminated area. 

IT this layer is not present the contaminant will seep to the uncontaminated 

surrounding areas. 

In this research an ex-situ soil cleanup is presented. The contaminated 

soil, however, has to be excavated and loaded into prefabricated rooms. These 

rooms are open from the top and have inlets and outlets. The water and the 

surfactants are injected at the inlet and the contaminated water is recovered at 

the outlet. The recovered water can be treated to remove the contaminants and 

reused. 

Finite difference methods are used to solve the two dimensional phys

ical equations and the evaluated parameters are pressure, velocities, surfactant 

concentration, contaminant concentration. The surfactant and contaminant con

centration are, however, evaluated as a function of time. 

In order to study the effect of dimensions, inlet parameters and inlet 

and outlet positions, eight cases are discussed. 

Sources, classifications, and characteristics of surfactants that normally 

have been used along with water for soil contamination cleanup is presented in 

this research. 

The study also provides a guide to some of the techniques and methods 

that are being used in other studies by various institutes for soil contamination 

cleanup. 
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1.3 Some Remarks About Previous Work 

In the case of radioactive and mixed wastes, Steude and Tucker [3] have 

studied certain innovative techniques for the clean-up of soils so contaminated. 

Clark and Mutch [4] in their survey of clean-up technologies have ob

served that all on-site management remedial alternatives are far less expensive 

than methods, involving excavation. 

Ellis, et al. [5], carried out laboratory studies to develop an improved 

methodology applicable to the on-site treatment of organic chemical contami

nated soil. Their studies showed that the removal rates are orders of magnitude 

greater when using surfactants than those obtained by flushing with water alone. 

Also, they showed that the use of the same water for repeated cycles precludes 

the generation of large volumes of waste leachate. 

Re-use of the surfactant is essential for reducing the cost of the contam

inated soil treatment. Ellis, et al. found that after four cycles of treatment the 

final water contained less than 0.0005% of the initial contamination encountered 

in the soil. They tried to separate the surfactant for recycling, but were unable 

to separate the surfactant from the contaminants it removed. The optimum 

concentration of surfactant for soils contaminated with petroleum hydrocarbon 

was found to be 1.5%. In greater concentrations no improvement was observed 

and below 0.5% it was not effective. 

The Texas Research Institute [6] conducted Laboratory studies to ex-
I 

amine the underground movement of gasoline in groundwater and the enhanced 

recovery of gasoline by aqueous solutions of commercial surfactants. They re

ported that the downward movement of the surfactant solution was much more 

rapid than of pure water. 
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Nash [7] carried out a small scale field test of surfactant flushing on 

heavily contaminated soil. Soil that was heavily contaminated with oil and hy

drocarbons was treated in laboratory columns and on-site. Results from the lab

oratory studies were encouraging; however, the hydrocarbon removal recorded 

in field studies was negligible. Nash noted that the extremely high levels of oil 

and grease which were present may have caused the observed clogging of the 

field test holes and thus restricted flow of the surfactant solution through the 

contaminated regions. 

Raghavan et al. [8] investigated the state of the art technologies for 

the extraction of contaminants from soil. He reported that the separation of 

the extractant from the soil and the regeneration of the extractant have not 

been successfully demonstrated for clay soils, but, above-ground extraction of 

organics and heavy metals is feasible from sandy soil containing very low levels 

of clay and humus fractions. 

Gerber et al. [9] conducted a number of bench-scale soil washing tests 

at Hanford. Based on the limited number of experiments conducted, it was not 

possible to draw any firm conclusions regarding the feasibility of soil washing to 

remediate contaminated soils at the Hanford site. 

Wilson et al. [10] developed mathematical models to evaluate the fea

sibility of on-site vapor stripping for selected chemicals and site-specific envi

ronments. They found out that the removal rate is approximately inversely 

proportional to soil-moisture content. 

Gannon et al. [11] modified the model that was originally developed by 

Wilson et al. to include the effects of a gas-impervious cap on the velocity field 

of the moving soil gas. They found that the use of impermeable circular caps to 

direct soil gas flow could increase overall vapor stripping removal rates on the 

order of 50%. 
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Wayt and Wilson [12] describe mathematical models for the solubiliza

tion of various types of contaminants in micelles of ionic and nonionic surfac

tants. They found that the concentration of contaminant solubilized is a linear 

function of the total surfactant concentration, provided that this is above the 

critical micelle concentration of the surfactant. This agreed with their experi

mental results. 

Wilson et al. [10] extended their earlier model to examine the possible 

benefits of using passive vent wells to increase clean up rates. Contrary to 

their expectation, these do not generally seem to improve soil vapor stripping 

performance. 

Osejo and Wilson [13] developed mathematical models for the removal 

of volatile organic compounds underlying the Vadose Zone in a pool of nonaque

ous phase liquid (NAPL) in the vicinity of a soil vapor stripping well. They 

determined the diffusivities of hexane, toluene, trichloroethylene, and tetra

chloroethylene in fine sand to be approximately 2 x 10-6 :: at 25°C. They 

also found that vapor stripping appears to be a practical method for the re

moval of N APL floating on the water table or confined by capillary pressure. 

They verified these results in the laboratory by bench-scale soil vapor-stripping 

experiments. 

Wilson and Clarke [14] concluded that although flushing is still very 

much in the developmental stage, it has the potential to reduce costs and envi

ronmental impact significantly in the clean-up of hazardous waste sites. 

Finally, the behavior of aqueous surfactant solutions, which is beyond 

the scope of this research, is discussed in a number of references [14-19]. Their 

use in on-site treatment technologies is examined in refences [20] and [21]. 
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CHAPTER 2 

SOIL CONTAMINATION 

2.1 Introduction 

Contamination of the soil has rapidly become a major problem. Soil 

contamination by hazardous wastes has become a pervasive problem at waste 

sites with potentially serious consequences to those persons working or living 

near them [22]. 

The risk of contaminants being leached from the soil to ground and 

surface water and thence into drinking water sources is perhaps the most im

mediate and greatest concern. Such contamination is typically the result of a 

wide range of mismanagement or release activities, for example; leaking storage 

drums, impoundments, or other waste units; direct discharge of waste products 

into pits or onto the ground surface; accidental spills; fires; or explosions. 

From such sources, pollutants may directly enter the water system. 

Indirect contamination caused by conveyance of pollutants to the soil by run off, 

volatilization, traffic, and wind has also been frequently observed. At superfund 

sites soil contamination is common [23]. 

A recent analysis of volumes of contamination at 272 National priority 

list sites showed that an average of approximately 37,900 cubic yards of con

taminated soil is found at a typical site [24]. During the coming five years, 

remedial action is planned at over 400 sites. This action will necessitate the 

containment, treatment or disposal of some fifteen million cubic yards of con

taminated earth. Should the many large municipal landfills be included in the 

lists of sites requiring action. The estimates of the volume of soil to be treated 

go as high as 120 million cubic yards [24]. In the above analysis the 272 sites 
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were divided into eight categories according to the past and present use of the 

site. These categories correspond to a great extent with the kinds of contami

nants found at the sites and their distribution. Soil contamination is a feature 

of just about all the 8 categories on the National Priorities List (NPL) with the 

exception of the contaminated well fields. 

It is the risk of contamination which leads to the necessity for eval

uation of a site and its potential for contamination (i.e., at what levels does 

such contamination constitute a significant risk to human health and the envi

ronment). Soil or groundwater cleanup issues possess both scientific and policy 

components. For example, one must ascertain the degree to which each remedial 

alternative reduces the toxicity or volume of the hazardous substances at a site 

to determine its efficacy [25]. Among the scientific realities that must be taken 

into consideration by any soil and groundwater cleanup policy are the following 

[25]: 

1. Complete removal of pollutants from soil or groundwater is virtually impos

sible. 

2. Costs of such cleanup operations tend to increase exponentially while target 

cleanup proceeds linearly. 

3. Soil or groundwater cannot be cleaned up beyond background levels. 

4. The risks posed by excavation and incineration may be greater than the risks 

created by less permanent actions, including no action at all. 

5. The effects of low-level exposure to chemicals on health is not scientifically 

demonstrable; all health-based standards are assumptions. 

6. The cleanup of soil or groundwater to background is usually impossible. 

Where possible, it is prohibitively expensive. 

7. Groundwater cleanups often take years, even decades. 
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2.2 How Does Soil React With Hazardous Materials? 

Soil moisture plays an important role in determining the extent of ab

sorption of neutral, nonpolar molecules into soils. At low moisture content 

levels, the vocs are strongly absorbed into the soil, but are displaced from their 

absorption sites as soil moisture content increases because of saturation of ab

sorption sites on the polar minerals surface by the polar water molecules [26]. 

Figure 2.1 illustrates how soil affects water quality. An analysis of this figure 

will show important facts with respect to the reaction of soil to hazardous ma

terials. First, soil is a reactive mixture of solids and water. These solids have 

distinct physical and chemical property and reactivities which in tum have a 

powerful effect on the concentration of hazardous materials and pollutants in 

water. Processes involving the soil solids are continuously shifting, interacting, 

and are undergoing transformation. Second, in the soil there are often solids 

with comparatively large surfaces which mediate many kinds of reactions, both 

physical and chemical. Hydrolysis oxidation reactions are the major chemical 

relations while bound residue formation, and various fixation reactions are the 

principal physical reactions taking place at the surface of the soil which affect 

the concentration of pollutants in water. It should be noted that water is in 

contact with soil surfaces at all times. Therefore, pollutants dissolved in water 

are not isolated from the soil; rather they are in direct contact with it. Desert 

soils, though usually considered dry, actually contain a small percentage of water 

and are thus vulnerable to water-borne pollutants. Third, the water contained 

in soil, which may equal 33 to 50% of its volume in a saturated soil, may host 

a great variety of aqueous chemical reactions. In a soil system, it is the wa

ter acting as a solvent which is usually the agent for moving diluted pollutants 

about. In some situations, however, instead of water we find organic solvents 

performing this function. Hazardous pollutants will react differently in different 
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soil-solvent situations. As an example, polychlorinated biphenyls (PCBs) and 

dioxin are generally widely absorbed into the surface of the finer particles of a 

soil-water system and are, for all practical purposes, inert. However, PCBs and 

dioxin when dissolved in oils are usually not absorbed and migrate easily with 

any free-flowing oil. 

The large amount of micro-organisms producing thousands of enzymes 

in the soil can catalyze the transformation and breakdown of many organic and 

inorganic molecules. For example, in the most optimum conditions the number 

of bacteria in top soil may reach ten billion cells per gram of soil. Bacteria 

surveyed in groundwater from monitoring wells, mostly exceed one thousand to 

ten thousand cells per milliter. 

As illustrated in Fig. 2.1, different reactions can simultaneously oc

cur in a soil system. For many pollutants, the soil is a complex buffer which 

modifies the concentration of pollutants in water. The concentration of these 

pollutants will in the first instance be receded by the various physical, chemical, 

and bacterial reactions in water. H the pollutant is held on soil exchange sites or 

absorption sites on minerals and organic matter, they will be released in order to 

re-establish its levels of concentration in water, or, in the case of the depletion of 

some pollutants they will dissolve very slowly. This process partly resupplies the 

depleted soil exchange or absorption sites and will eventually replenish the pol

lutants in the depleted water. Data from the chemical analyses of groundwater 

gives the conditions at that sampling site at the time the sample was collected. 

It is a "snapshot" capturing one moment in time. In many cases, information 

on past action and on future action can be estimated from such "snapshots". 

It should be remarked that information on the historical development of 

soil over geologic time is not shown in Fig. 2.1. In most situations the long-term 

geological history of a soil is not a major consideration in determining how the 
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Fig. 2.1. A diagram illustrating the many soil phases and reactions that 
govern the concentration of a hazardous material in water [43]. 

23 

soil itself affects concentration of pollutants in water. It must be remembered 

that any reaction (physical, chemical, or microbial) occurring in one soil may 
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occur with marked differences of rate and extent in another soil. Thirty-three 

to 50% of soil by volume is made up of an intricate network of interconnected 

pores. These pores and passages are occupied by water, air and contaminant. 

The soil "atmosphere" is an important route for the migration of many volatile 

pollutants. 

2.3 Why Does Soil React With Hazardous Materials? 

Since chemicals try to achieve a state of minimal potential energy they 

are subject to a variety of reactions. The release of the greatest amount of energy 

is the object of all natural environmental processes. Since soil is a composite 

of many natural inorganic and organic chemicals and compounds, the rules of 

chemical reaction which apply to pure chemicals are also valid for the soil. In 

common with other systems, soil has potential energy and strives to remain in 

a condition of minimum potential energy. This situation may be likened to a 

rock on top of a hill. At the top it has higher potential (gravitational) energy, 

but will have much lower potential energy when it rolls down to the bottom of 

the hill. 

A hazardous pollutant penetrating a soil system is in the position of 

the rock at the top of the hill. As it penetrates the soil it is like the rock rolling 

down the hill: at the bottom, that is after complete penetration, the material 

will achieve a state of minimal potential energy, as a result of the processes of 

absorption, vaporization, precipitation, structural transformation, etc. 

The reaction of soil to hazardous materials may be looked at in another 

way by invoking Le Chatelier's principle. This principle states that if any system 

in a state of equilibrium is subjected to stress the system attempts to shift the 

equilibrium to relieve the stress. In the introduction of hazardous materials to 

soil, this introduction represents a stress on the system through its chemical ac

tivity. The stress is relieved through mixing. Added energy is mixed throughout 
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the entire system. This mixing assumes two forms: 

1) The chemicals spread physically through the system spatially. As an ex

ample, molecules of a chlorinated aliphatic solvent in the soil air flow from 

a region of high concentration to a region of lower concentration, thereby 

spreading the chemicals through the system's space. The result is an increase 

of entropy or randomness. 

2) The sharing or spreading of available energy among chemicals within the 

system: the migration of a metal cation toward a negatively charged soil 

clay surface which results in the conversion of potential energy into work 

and heat. 

2.4 Ground Water Contamination and Soil 

As the principle solvent in soil, water is usually the vehicle for the 

migration of chemicals in soil, a basic comprehension of the laws of the flow of 

water is necessary for understanding this process. 

It must be realized that water movement in a saturated zone is af

fected by factors markedly different from those affecting water movement in an 

unsaturated zone. Figure 2.2 shows that the exposure pathway linking soil to 

groundwater may be considered to be an interconnected physical/chemical/ bi

ological system of "compartments". Contaminants as well as water and natural 

materials can move between the media "compartments" and between the soil

ground water system and other such "compartments". Physical, chemical, and 

biological mechanisms are involved in these processes of migration and transfor

mation. 

A conceptual system may be devised possessing four main compart-

ments: 
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Fig. 2.2. The conceptual soil/ground water system. (Adapted from [18].) 

1. The Soil Source. Soils on the surface or to a greater depth containing levels 

of contamination. 
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2. The Unsaturated (Vadose) Zone. This is made up of between the contami

nated surface soil source and the ground water systems. 

3. Saturated Zone or Zones. Water moves through these under and away from 

the contaminated zone. 

4. The Receptor. The receptor may be human, animal, or plant and is ex

posed to the ground water at the nearest probable point to the contaminated 

source, either beneath the site or more usually on a down gradient from the 

site, as at a private well. 

Soil contaminants can be carried through any of these four compart

ments in the form of solids (sorbed soil or other particles, for example), liquids, 

or gases. Fine sludges or solids can be transported with infiltrating solutions at 

rates and in amounts that are determined by various factors such as the sur

face of waste or soil in contact with the solutions, the speed of infiltration, the 

size of the particles, and the size and degree of interconnection of voids in the 

subsurface soil. The liquids are at most sites aqueous in nature, but sometimes 

are non-aqueous and of differing densities. The conceptual model is cast in hy

drogeologic terms, following the route of the water as it moves through each 

compartment, from the contaminated soil source to the ground water receptor 

at the end. The reasons for this are several: 

1. The most common means of the contamination of ground water is by the 

infiltration of contaminated leachates. Water percolating through the soil 

from rainfall or surface flows may in part evaporate by means of capillary 

action, or may be taken up by the roots of plants (to be eventually tran

spired), or it may penetrate and recharge the ground water. These are the 

main elements of the subsurface hydrologic cycle. 

Pollutants may be leached and move downward to the ground water through 

either capillarity or the force of gravity. Once the ground water has been con-
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tacted, the contaminants will spread through it horizontally and vertically, but 

primarily in the direction of the flow of the ground water. Hydraulic head in

creases the diffusion rate of liquid contaminants because of infiltration. In this 

manner the subsurface elements of the hydrologic cycle afford a major vector 

for the transport of contaminants in the subsurface. 

2. According to recent estimates, three fifths of hazardous wastes are in the 

form of liquids or sludge. One of the most common ways in which these 

pollutants enter the ground water is the indirect spill or release onto the 

soil. 

3. Because the hydrology of ground water is fairly well understood, it offers 

a solid framework for the study of the transport of pollutants. As concern 

about the quality of ground water grew, scientific research and regulatory 

bodies have tended to focus more on the quality and transportation of water, 

and the migration of solutes with water through the soil compartments to 

the groundwater, rather than on other mechanisms of the transport and 

migration of solutes through the soil. 

2.5 The Effect of Soil Characteristics on the 
Migration of Contaminants 

The character of the soil affects the transformation, movement, and 

holding of mobile materials. Some of the properties and states of soil that 

impact on the movement of mobile materials are: 

1. Soil type and texture. The migration of particles through coarse soil (sandy 

or gravelly, for example) usually more rapid than in soils having a fine texture 

(e.g. silt, clay). These will be more apt to attenuate or hold contaminants 

thereby inhibiting their progress to groundwater. 

In addition, dynamic parameters such as permeability, diffusivity (to 
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the vapor and liquid phases), and hydrodynamic dispersivity all depend upon 

the texture of the soil. 

2. The vertical uniformity of the soil. Soils in layers are more prone to slow the 

movement of contaminants than soils of a uniform nature. The soil profile 

layered conditions are the usual norm. 

3. Soil layer configuration. A system of horizontal layers in a concave depres

sion or trough will be more apt to retain fluid contaminants than sloping 

layers which may allow the contaminant to flow down in the direction of 

wells, springs, or other ground water sources. It is difficult to determine the 

underground configuration of soil simply looking at its surface. 

4. The depth at which the water tables lies. This is, of course, a major factor 

in the retention and/or degradation of the contaminant before it reaches the 

aquifer. 

Since soil tends to retain and constrain the movement of contaminants, 

it may happen that the quantity of a particular spill will not be sufficient for it to 

pass down the entire distance to reach the aquifer. In such cases of good fortune 

the retentive characteristics of soil will prevent contamination. The greater the 

distance the more likely this is to occur. 

5. Soil structure is another important factor. Macropores are a common fea

ture of field soils. Such soils frequently have fissures or channels caused by 

roads, burrowing animals, and the like through which a contaminating liquid 

spill may Bow rapidly through the ground structure, thereby bypassing the 

layer volume of the Vadose Zone and avoiding its filtering and degradation 

properties. 

Where such channels do not exist, the structured aggregation of soils 

permits a more rapid Bow through inter-aggregate macropores than through the 
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intra-aggregate micropores. The latter could otherwise retain the pollutants and 

prevent their reaching the aquifer. 

6. Additionally, the possibility of an unstable flow through the soil, apparently 

anomalous phenomenon, has recently been recognized. In addition to the 

flow through pre-existing macropores or fissures, once in a while the flow 

tends to collect in converging streams or ''fingers''. 

These usually develop at a boundary between fine-and coarse-textured 

layers. These too are able to avoid the limiting properties of the Vadose Zone 

and reach the water table. These flows are unpredictable and do not appear 

to be directed or affected by any particular feature of the soil profile. Their 

appearance seems to be spontaneous constrictions related to the acceleration of 

the speed of flow with distance. 

7. Soil moisture. It is obvious that soil wetness and effects of rainfall affect 

the pattern and movement of organics through the soil. The organics share 

the same network of pores in the soil with the water that is already present. 

Water is a wetting liquid while organic liquids are not. Rather than mixing 

totally, the organic fluids are pressed into the larger pores while the water 

is attracted to the smaller pores in the necks and between the grains of soil, 

and the surfaces of the grains as it is a polar liquid. 
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CHAPTER 3 

METHODS OF SOIL TREATMENT AND RESTORATION 

3.1 Introduction 

A number of techniques for treating contaminated soils have been de

veloped. Regret ably, no one method works in all situations. Each procedure 

has limitations imposed by the character of the soil and the nature and extent 

of the contamination. In cases where there are several chemical contaminants 

present, more than one technology will probably be needed to either treat the 

soil in place, or after its removal by excavation. Thus, treatment facilities may 

be placed at the site or at some other place convenient to the task. Treatment 

facilities at the site may be permanent constructions or temporary (mobile) units 

put in place for the period of the treatment work and then subsequent removal. 

Descriptions of the technologies developed appropriate to contaminated 

soils will follow. It should be pointed out that these technologies involve physi

cal, chemical, and biological procedures, they are rarely exclusively in one such 

category, more often using features of two or more in combination. In situations 

where control of the source of the contaminant is difficult or impossible, these 

technologies can be effective alternatives, especially when combined with other 

above-ground techniques such as containment. The EPA classifies the in-situ 

processes for treating contaminated soils according to their methods: extraction, 

immobilization, degradation, attenuation, and reduction of volatilization. On

site processes, however, are not as advanced or understood as off-site processes. 

Nevertheless, these on-site treatment techniques by eliminating or decreasing 

the levels of contamination may produce better results than containment proce

dures, with the more stringent control of landfills that is now being undertaken, 
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demonstrably safer and more economical on-site processes will prove more de

sirable. When choosing treatment methods three goals must always be kept in 

mind: 

1. The residual contaminant in the soil must be at the lowest possible level; 

2. The contaminant must not be allowed to affect the quality of groundwater. 

3. The cost of treatment. 

How tightly some contaminants will bind to the soil will often be in

fluenced by the soil's composition. The potential for migration through the soil 

will be affected by factors such as porosity, absorption, and cation exchange. 

Dangerous substances will react differently in different soil solvent systems. The 

heavy metals in petroleum products, for example, have a tendency to sorb to 

soil particles. This makes the metals almost unmovable. But volatile organic 

compounds such as benzene and toluene will usually either evaporate from the 

surface into the atmosphere or infiltrate the ground water by migrating down

ward through the soil. 

In the case of radiation contamination, physical separation methods 

may be used to lower radiation levels by separating the more highly contami

nated particles according to size, unacceptable levels of radiation in coarse soil 

particles may be largely eliminated enabling the soil to be returned to the site 

or dumped in a non-hazardous waste landfill. Table 3.1 shows on-site treatment 

methods for contaminated soils. 

3.2 Physical Treatment Techniques 

Physical treatments usually separate the contaminants from the soil 

or waste stream through the application of physical forces or by altering the 

physical structure of the soil or waste. 
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Since the chemistry of the contaminants is usually unaltered by use of 

physical procedures, the inherent danger may not be lessened. Nevertheless, 

physical methods are often useful as part of a treatment process in order to re

move the contaminants from the soil for transportation or for further treatment. 

Table 3.1. Contaminated Soils Treatment Method 

Method 

Physical 

Chemical 

Biological 

Type 

Soil washing 
Soil flushing 
Air stripping 
Soil venting 
Steam stripping 
Soil vitrification 
Soil incineration 

Precipitation 
Neutralization 
Ion exchange 
Chelation 

Land treatment 
Aerobic treatment 
Anaerobic treatment 

At the present time several processes for the physical manipulation of 

the subsurface soil in order to detoxify or fix soil contaminants are being studied 

[11]. These processes include on-site UBe of heat, vitrification techniques, soil 

flUBhing, stripping off contamination by air, and others which will be described 

below. 

3.2.1 Soil Washing 

This process washes off or unbinds contaminants from the soil particles 

to which they are physically or chemically bound. Various techniques may be 
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used to achieve this result, including liquids, gases, chemical additives, or a 

combination of these [28]. 

Depending upon conditions, soil washing may be accomplished at the 

site of contamination, or the soil may be excavated and transferred to a more 

convenient or safer location, or to a lined waste pile. As Fig. 3.1 shows, soil 

washing is a method of separating excavated soil by its constituent particles, 

then moving the soils into a solvent-containing tank. The solvent dissolves the 

soil contaminants. Sometimes the soil must first be de-watered before washing 

in order to remove excess fluid. 
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Fig. 3.1 Concept for soil washing [28]. 

It may be necessary to dewater the resulting treated solids before final 

disposal. In addition, the used solvent is often collected, processed, and recy

cled back into the treatment chain, as a cost-cutting feature. This technology is 

not new; the mining industry has used it for many years in metal leaching and 

solution mining. The oil industry employs it for tertiary petroleum recovery. 
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In agriculture the process is used to remove salt, pesticides and other undesir

able additives from the soil. The choice of solvent is of course critical to the 

technique's success. The solvent must not mix with water and reduce soil clods 

without grinding or shredding [29]. As a technique for removing contaminants, 

soil washing has a limited application. It is effective where the soil is dry or 

rich in organic substances, or where the hydraulic conductivity is restricted, or 

where soil pores are clogged by precipitates, minute particles, etc. Obviously, 

the selection of a washing agent will be contingent upon many facts such as soil 

characteristics and the nature of the contaminants. 

One great advantage of soil washing is its lower cost. It cuts down 

on the volume of waste needing incineration or other expensive procedures. It 

cleans most of the soil sufficiently to enable its return to the site. 

It has, however, both limitations and dangers. Where there is insuffi

cient information about the hydrogeology of the site, inadequate supervision of 

the operation, or difficulty with post-treatment because of a high clay content 

it may be inappropriate. Also, the technique can possibly aggravate the ground 

water pollution or even introduce it. As a result, there has been continuing 

research to develop non-toxic/biodegradable washing agents [30]. 

Until recently, techniques of soil washing have been more prevalently 

used in European countries than in the United States. However, this situation 

is changing. Between 1986 and 1989, soil washing was one of the source control 

remedies used at eight superfund sites [31]. 

Table 3.2 shows a summary of hazardous waste soil washing laboratory 

and bench-scale studies. 
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Table 3.2. Summary of Hazardous Waste Soil Washing 

Laboratory and Bench-Scale Studies [32]. 

Soil Source Contaminants Studied Parameters Studied 

Synthetic soil Bolatiles, Water only, EDTA, 
3% gravel, 56% Semivolatiles, anionic phosphate 
sand, 28% silt, As, Cd, Cr, Cu, based sirfactamt, 
12% clay Pb, Ni, Zn particle size 

Synthetic soil Gasoline, diesel Water only 
60% sand, 19% fuel, waste organic surfactant, 
silt, 21% clay; crankcase oil citrate solvent 
selected soils (Citrikleen), 
from underground contact time, 
storage tank water volume and 
sites in New temperature, 
Jersey and Ohio particle size 

Various sites Pentachlorophenol, Not specified 
PCBs, semi-
volatiles, pesticides, 
Ag, As, Cr, Cu, Ni, Zn 

New Jersey PCBs, volitile Surfactant 
selected organics, base (Triton-X-100), 
locations of semivolatile citrate solvent 
one site organics, As, Be, Cd, ( citrikleen), 

Cr, Cu, Hg, Ni, HC1, contact 
Pb. Sb, Se, Zn time, soil 

Woodenvile, Pb Particle size, water, 
Wisconsin EDTA, rinse water 

(water only EDTA), 
water volume 
contact time 
washer water recycle 

Colorado; Volatile organics Not specified 
California Cd,Zn,Cu,Cr 
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3.2.2 Soil Flushing 

Soil flushing is the removal of contaminants by means of the injection or 

infiltration of water or some other appropriate aqueous solution through the soil 

without removing it. The waste water is treated, and then the resulting clean 

water is reintroduced into the contaminated soil "up stream". It is important 

that an effective system of fluid collection be used so as to preclude the seeping 

of the contaminants and possibly toxic fluids into an uncontaminated region. 

Soils with high organic content or at the extremes of permeability (high 

clay, silt, sand) are not good candidates for this process. It is most effective in 

sandy soils with from 20 to 25% clay content [33]. 

Soil flushing is usually not used by itself. Most often it is used in combi

nation with activated carbon, biodegration or chemical precipitation techniques. 

In some situations, however, flushing alone may lower contamination of the soil 

to acceptable levels. At present, soil flushing is still being studied. Research to 

find the best solvents for various conditions is on-going. The degree of difficulty 

with which the technique may be employed varies greatly with local conditions. 

The soil must be flooded with the flushing solution and collection wells or un

derground drains for recovery of flushing fluids must be prepared. In addition, 

the elutriate must be disposed of. The degree of success of this method varies, 

and is contingent upon the degree of active exposure of the flushing solution to 

the contaminant, and to the soil's hydraulic conductivity. 

Obviously, the permeability of the soil will be the basic factor in deter

mining the appropriateness of the selection of the soil-flushing method to clean 

up contaminated area. To determine the soil penneability, the hydraulic conduc

tivity (K) must be determined. Soils with low permeability (K < 1.0 X 10-5 ~:) 

will restrict the percolation of flushing solutions through the soil within a practi

cal period of time, the method is much more likely to be appropriate in permeable 
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soils (K > 1.0 X 10-3 ~:). Nevertheless, a more limited use in less permeable 

soils can be envisaged as there is often considerable lateral and vertical variation 

in soil permeability. The efficacy of soil flushing in removing various types of 

contamination is shown in Table 3.3. 

The amount of flushing solution to be used in an operation may be 

affected by soil moisture. More fluid will be needed in dry soils to mobilize 

contaminants. In determining the rate of treatment, the moisture content of the 

soil is included in the calculations. Basic treatment parameters are established 

by the concentration and distribution of organic and metallic contaminants. The 

type and amount of flushing .solution needed and any necessary post treatment 

are determined by these parameters. Other important factors that influence the 

selection of the flushing liquids to be used, include the coefficients of solubility 

and partition of organics in water or solutions. Though soil flushing does not 

require soil excavation (a great advantage), it has some disadvantages: 

1. The time needed to achieve the desired degree of soil cleanup can be consid

erable, often several years, because of the slowness of diffusion processes in 

the liquid phase. 

2. It is only practical in certain types of soil. 

3. The solvents themselves, highly toxic or volatile, pose a threat to health. 

4. Contaminant mobility may be reduced by soil solvent interaction. 

5. For certain surfactantsj the recyclability of the flushing solutions is very 

limited. A summary of the results of soil flushing appears in Table 3.4. 



Table 3.3. Effectiveness of Soil Flushing on General 

Contaminant Groups [33]. 

Contaminant Groups Effectiveness 

Organic 

Halogenated volatiles • Halogenated semi volatiles • 
N onhalogenated volatiles • 
N onhalogenated semi volatiles • PCBs • 
Pesticides (halogenated) • 
Dioxins/Furans • 
Organic cyanides • 
Organic corrosives • 
Inorganic 

Volatile metals • 
Nonvolatile metals • Asbestos * Radioactive Materials • 
Inorganic corrosives • 
Inorganic cyanides • 
Reactive 

Oxidizers • 
Reducers • 
• Demonstrated Effectiveness: 
Successful treatability test at some scale completed. 
• Potential Effectiveness: 
Expert opinion that technology will work. 
* No Expected Effectiveness: 
Expert opinion that technology will not work. 
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Table 3.4. Summary of Soil Flushing Results [34]. 

Technology 

Soil 
Flushing 

Soil 
Flushing 

Soil 
Flushing 

Status 

Pilot 
Plant 

Bench 
Scale 

Field 
Tested 

3.2.3 Air Stripping 

Summary of Results 

98% reduction of polyneuclar aromatic 
hydrocarbons (PAH) and mineral oil 
concentration over 20 days. 

Rate of equilibration of contaminant 
between surfactant and soil surface 
was a limiting factor; i.e., residence 
time is the key; 20-25% clay in sandy 
soil allows surfactant to move through 
slowly enough; solubility enhancements 
of 20-100 over water alone were 
achieved using 100 mM sodium dodecyl 
sulfate (SDS) 
Sandy soil polluted with 20 ppm 
cadmiwn (Cd) was cleaned by percolating 
water acidified to pH 3.5 with HC1 to a 
a depth of 25-30 meters. The percolate 
was pwnped into a cleaning installation 
where the Cd was removed. 
The acidic water is then recirculated 
until the Cd reaches a constant low level. 
Treatment is going well with the ion 
exchange resin showing good performance. 
Expected treatment time: 150-180 days. 
No results/status were provided. 
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Air stripping works by directing a flow of air through unsaturated soil 

thereby separating out the volatile organics and dividing them among the air, 

soil particles, organic matter, and soil moisture in accordance with the principles 

of physical and chemical equilibrium. The new contaminant-laden air is removed 
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from the soil and passes through a carbon absorption system prior to release into 

the atmosphere. 

This method may be effective in the removal of the more volatile com

ponents, such as organic solvents [35]. It must also be remembered that quite 

a few other materials have somewhat high Hemy's constants, in view of their 

extremely low water solubility plus their low vapor pressure. As a result on-site 

air stripping could be considered for such compounds in addition to those which 

are usually considered volatile. 

As with on-site bio treatment, a hydrogeologic environment with ad

equate hydraulic conductivity is needed for the induction of air flows. Soil 

particle size, initial porosity, chemical concentration, or viscosity do not restrict 

the application of this technique. 

Its use at San Pedro Annex Terminal in California gave encouraging 

results [36]: 

1. More than 85% of the volatile organic compounds (VOC) in the soil were 

extracted. 

2. Up to 55% of semivolatile organic compounds (SVOCS) were removed from 

the soil. 

3. Vagrant air emissions were very low. 

4. The process did not result in any downward movement of contaminants. 

The application of this technology is limited by such things as the con

centration of volatiles (about 100 ppm), the minimization of suspended solids, 

and the necessity of operating within certain levels of temperature for maximum 

efficiency. 
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·3.2.4 Soil Venting 

Soil venting has been gaining attention rapidly for the cleaning up of 

contamination in the Vadose Zone. These techniques are employed to remove 

volatile and semi-volatile contaminants from that Zone. 

It has been used with considerable success in cleaning up fire-training 

pits, spills, and the unsaturated zone under leach pits. It is most effective at 

depths of more than 40 feet in relatively permeable soil [36]. 

A basic soil venting system will have recovery wells linked to a vac

uum source which will pull vapors from the Vadose Zone. This system may 

be augmented with trenches for shallow contamination, wells for air injection, 

wells for the passive inflow of air, and surface seals. The efHuent vapors may be 

passed through air/water separators and off-gas treatment systems. These will 

condense, absorb, oxidize, or incinerate the vapor. Some systems permit the 

release of the vapors into the atmosphere after passing through diffuser stacks. 

Subject to the conditions obtaining at a particular site and the depth 

of the zone of contamination, sealing of the surface against the passage of air 

may be required [37]. 

This process has several advantages: 

1. It does not obstruct the use of the site while it is being treated. 

2. Availability and easy emplacement of the needed equipment. 

3. Relatively inexpensive, especially if the emissions do not need further treat

ment. 

4. The process is simply executed, excavation is not needed, and the site is not 

ruined. 

The process also has some disadvantages: 

1. Residual contamination may linger. 

2. The vented gases may need treatment. 
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3. There is not much field data concerning the effective level of clean up. 

3.2.5 Steam Stripping 

The purpose of steam stripping is to recover the moderately low-vapor 

pressure organic compounds from contaminated soil in addition to the recovery 

of highly volatile organic compounds. The two principal functions of the steam 

are: 

1. The vaporization of the contaminants, and 

2. To become the medium for their removal from the soil. 

Systems of steam stripping volatile organic contaminants from the soil 

or aqueous waste by means of steam. A virtually continuous process of fractional 

distillation is carried out in a packed tower. When the thennal energy of the 

steam surpasses the point of vaporization of volatile organic liquids; depends 

on vapor pressure and Henry's law. With the condensation of the steam, the 

soil becomes hotter thereby increasing the mobility of the contaminants. The 

wet steam and organic vapor are recovered after the vaporization of the volatile 

liquids. It is also possible to recover them from the subsurface by means of 

extraction wells or vacuum extraction processes [38]. 

It should be noted that a lack of homogeneity in the fonnation and/or 

contamination may inhibit the success of on-site steam stripping. Steam injec

tion which needs further expenditure in equipment and energy to make steam 

increases cost and the complexity of the operation when compared with reme

diation systems requiring only ambient temperatures. The high temperatures 

needed can be detrimental to processes of biological degradation. This system 

is used mainly with liquids or liquified streams and can deal with a wider spec

trum of contaminants with respect to their volatility, solubility in water, and 

concentration than can air stripping. However, it is not effective when used 
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against fuel oil, kerosene, diesel fuel, polynuclear aromatic hydrocarbons, and 

PCB's [39]. 

3.2.6 Soil Vitrification 

Converting soil into a glassy or crystalline matrix which resists leach

ing and penetration by contaminants is called In-Situ Vitrification (ISV). This 

process employs electricity to melt soil or sludge at temperatures ranging from 

1600°C to 2000°C. With the continued application of electrical power, the molten 

mass advances downward and laterally, thereby incorporating more and more of 

the radio-nuclide and hazardous materials present. The very high temperatures 

of the molten mass obliterate most organic compounds by pyrolysis. After the 

procedure has been completed the material cools into a lump of glass like rock 

and other rock-like fonns. 

The insertion of large electrodes into the contaminated zone begins the 

process. The zone must have enough soil to support the creation of a melt. 

Electrodes are implanted to the desired depth in the treatment area. Since soil 

usually has a low electrical conductivity, a starter path for the electric current is 

made by the spreading of flaked graphite and glass frit between the electrodes. 

At the present time ISV is demonstrated at DOE-owned facilities such 

as Hanford, the Idaho National Engineering laboratory, and at Oak Ridge N a

tional Laboratory (ORNL) [40]. Has also been used at hazardous disposal sites 

privatley owned. 

At Hanford the demonstration was conducted at a 12' x 12' x 8' dis

posal crib which held a mixture of wastes including 90 Sr, 137 C s, 60 Co, 239 Pu, 

chromium, and lead. The demonstration resulted in a molten region 14 feet deep 

and 35 feet in diameter. More than 99.99% of the volatile and semi-volatile or

ganic contaminants were thus immobilized and/or destroyed [34]. 



Among the advantages of ISV: 

1. No need to excavate or dispose of the soil. 

2. Very effective against organic contaminants. 

3. Metals and inorganic contaminants rendered immobile. 

Among the disadvantages of ISV: 

1. Limitations of depth and homogeneity of soil requiring treatment. 

2. Requires great amounts of energy. 

3. Regulatory problems. 

3.2.7 Soil Incineration 
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Where the sheer volume of hazardous wastes is a major problem the 

most commonly used method to reduce it is incineration. Usually this means 

the controlled combustion of organic matter in an oxidizing environment since 

there is a partial oxygen pressure after combustion. 

Contingent upon the amount of volatiles present in a waste stream, in

cineration can greatly reduce its volume. This method is often chosen for the 

disposal of mixed wastes and/or highly organic soils with radiological contami

nation. 

A common problem with all incinerators is the emission of toxic vapors. 

Scrubbers and after burners can be installed to deal with this problem. Part of 

this problem is the question of what to do with the metals in the wastes. These 

are principally found in inorganic matter [35]. 

Most inorganic materials stay inert during incineration and form parti

cles of ash. A major difficulty created by incineration is that the temperatures 

are high enough to convert the physical and chemical properties of the waste 

stream into compounds of greater toxicity than those originally in it, e.g., for

mation of dioxan. 

The five types of incinerators are: 
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1. Rotary kiln incinerators. 

2. Infrared incinerators. 

3. Fixed and multiple hearth incinerators. 

4. Fluidized bed incinerators. 

5. Liquid injection incinerators. 

3.3 Chemical Methods 

'On-site chemical treatment' refers to a number of technologies that im

mobilize, mobilize for extraction, or detoxify hazardous contaminants. Chemical 

treatment may be defined as a chemical process which transmutes the contam

inants or the soil matrix in which they are found, thereby rendering them less 

mobile or toxic. Of course chemical techniques are used in physical treatment 

procedures as well as in biological procedures (see below). The applicability of 

a procedure to a site is determined by the parameters of site geology, hydrol

ogy characteristics of the soil, and characteristics of the waste. In-situ chemical 

methods are at present theoretical or in the process of development [41]. 

The chemical methods treated below are precipitation, neutralization 

reactions, ion exchange, and chelation. 

3.3.1 Precipitation 

The physicochemical process by which substances in solution are partly 

or completely changed into solids is called precipitation. It involves the al

teration of the relationships of chemical equilibrium which affect the solubility 

of inorganics. This process is frequently employed in conjunction with sedi

mentation and flocculation, especially for heavy metal detoxification and their 

elimination from aqueous solutions and suspensions. Precipitation is generally 

effective in the cleanup of most ground water streams, but some physical or 

chemical attributes may limit its use. For example, organic compounds may 
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produce organometallic complexes that can hinder precipitation. Its efficacy 

may be seriously impaired by cyanide and the ions combining with metals. 

Precipitation, by its very nature, is most advanced in its application 

to liquids. However, it may also be effective in relatively homogeneous and 

permeable sub soils (e.g. sand). 

3.3.2 Neutralization 

When an acid reacts with a base thereby forming a salt and water, the 

process is called neutralization. This can be done to soils to adjust the pH. The 

bases used are called liming materials. These different materials vary consid

erably in their ability to neutralize acids. Among commonly used neutralizing 

reagents lime, sodium hydroxide and sulfuric acid may be mentioned. The kinds 

and concentrations of contaminants as well as the buffering capability of the ma

trix determine the selection of the reagent. Their use is usually part of a scheme 

of multiple treatment, most frequent at the beginning or end of the process [41]. 

Since soils vary considerably, the quantity of liming material needed 

to alter the pH will most probably not be the same in two different situations. 

Requirements must be assessed individually. 

Among materials used to lower soil pH are: elemental sulfur, sulfuric 

acid, aluminum sulfate, iron sulfate, and calcium polysulfide. 

The process of neutralization is comparatively easy and requires no 

special or hard-to-find equipment. However, appropriate construction materials 

are necessary in order to prolong the service life of equipment used as the wastes 

and treatment reagents are highly corrosive. 
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3.3.3 Ion Exchange 

The process through which toxic ions are eliminated from the aqueous 

phase by exchanging them with the comparatively hannless ions of the ion ex

change material is called "ion exchange". Using clays or synthetic resins may 

be efficacious in the removal of contaminants from soil by the exchange process. 

Contemporary ion exchange resins are principally synthetic organic substances 

containing exchangeable ions attached to ionic functional groups. 

The use of ion exchange columns for the separation of heavy metals 

and other hazardous ions from dilute solutions has been widespread in industrial 

processes for some time, as well as in some applications for treating waste water. 

The process is particularly used for the elimination of carboxylic and sufonic 

acids and phenols when conditions are alkaline enough. 

Ion exchange can be effective against both organic and inorganic con

taminants. It works best, however, in aqueous environments in which the surface 

area of the particulates containing the contaminants is greatest, with the con

taminants in solution or suspension. For this reason, either the soils would need 

to be liquefied, or the agents would have to be employed on liquid influents or 

effiuents that are involved in other treatment techniques, that is, one step in a 

series of remedial procedures. 

Interference by other cations in complexly constituted contaminants, 

especially at higher concentrations, limits the action of cation exchange. In the 

case of heavy metals, basic pH's may impose limits on ion exchange rendering 

the process less efficient than precipitation [42]. 

3.3.4 Chelation 

The process of combining metal ions with polyfunctional organic or 

other non-metallic molecules to make stable metal-ligand complexes is called 
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chelation or complexation. The complex thus formed will usually preclude the 

metal from sustaining further reactions or interactions that a free metal cation 

would be susceptible to. 

Ethylenediamine tetraacetic acid (EDTA), and citric acid are among the 

most frequently used chelators. The use of chelating agents may be indicated for 

soil flushing or solution mining, on site or after excavation, for the elimination 

of metals from the soil matrix. In this use, they may be one step in a more 

complex series of cleanup procedures [43]. 

3.4 Biological Methods 

Contaminants in soil and ground water may also be treated by methods 

of biological degradation. In these, the natural characteristics of macro and/or 

micro organisms are employed to decontaminate or reduce contamination. These 

methods are becoming increasingly popular as they are relatively safe, cost

effective, and politically correct [44]. 

Methods of biological treatment of contamination in essence simply 

enhance or accelerate the natural activity of bacteria in the soil by means of 

increasing the supply of oxygen and/or nutrients. Sometimes other aspects of 

the soil must be modified or managed, including soil moisture, temperature, and 

pH. In any event, they must be monitored. The treatment may take place in 

tanks or other containers, or it may be done on-site. The planner is responsible 

in the most part for creating the most suitable conditions in order to maximize 

the benefits of these treatment methods. 

Among the factors affecting biodegradation rates are: 

1. The microbe population in the soil, its size and composition. 

2. Temperature. 

3. Moisture. 
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4. Acidity/Alkalinity. 

5. Organic chemical concentration. 

6. Absorption. 

7. Hydrogeology. 

The principal advantages of on-site biological treatment are [45]: 

1. Low cost in comparison with other methods such as incineration or solidifi-

cation; 

2. Disturbance to site is minimal; 

3. Permanent solution; 

4. On-site destruction; 

5. Treatment continues after close down of the project. 

A brief discussion of several treatment options currently available fol-

lows. 

3.4.1 Land Treatment 

This process, much like that of a farmer readying a field for planting 

is also called land farming, land spreading, and land disposal [46]. The main 

objective of land treatment is the use of micro-organisms in the top soil for the 

degradation of a chemical or waste. 

Theoretically, this method may be effective in any situation where a 

chemical or waste, industrial or municipal, contains metabolizable organic chem

icals. The chemical or waste to be so treated may be liquid, slurry, or solid. It 

will be applied to the soil by any appropriate method (e.g.: spraying, overland 

How) and then incorporated into the top soil by plowing where necessary. 

The rate at which the chemical or waste may be added to the soil for 

degradation (the soil loading rate) depends upon the rate at which the soil micro

organisms can degrade it. Physical and chemical factors affect this rate, and it 
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can sometimes be accelerated by means of the addition of nutrients to the soil. 

Some waste have in themselves adequate amounts of nutrients for the process, 

while others may not. Municipal sludges, however, can contain extremely high 

amounts of nutrients and metals that can be toxic for the micro-organisms of 

the soil and vegetation. 

This method has been employed at some superfund sites in the treat

ment of soils contaminated by wood treatment residuals and phenols. It has 

also been used for the treatment of oily wastes [47]. 

3.4.2 Aerobic Treatment 

For the breakdown of organic contaminants by means of micro-organisms, 

the aerobic method is usually the most efficient. Here molecular oxygen becomes 

an electron acceptor: the structure of the organic chemical incorporates one atom 

of the oxygen molecule while the second atom combines with hydrogen thereby 

forming water. 

Direct exposure to air is the simplest way to obtain oxygen for the aer

obic method, however, in the case of flooded, poorly drained, or subsurface soils 

it may be necessary to improve drainage to achieve this result. The provision 

of alternate electron acceptors (e.g. nitrate or hydrogen peroxide) may heighten 

the efficacy of biological treatment. Nutrient availability, sufficient dissolved 

oxygen, alkalinity of the soil are among the factors which affect the usefulness 

of aerobic treatment. 

3.4.3 Anaerobic Treatment 

The biodegradation rate of an anaerobic treatment process is usually 

much lower than that of an aerobic process. The introduction of oxygen, how

ever, can accelerate the rate of degradation. The concentration of organic chemi-
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cals determines the amount of oxygen to be added. In a soil groundwater system 

this may be accomplished by air spraying [48]. 

Anaerobic treatment may be done on site or in enclosed treatment units. 

Treatment in enclosed units of excavated soils can provide suitable circumstances 

for the employment of enhanced exogenous or bio engineered micro-organisms. 

However, this method has important limitations: 

1. The great amounts of oxygen required; 

2. Effectiveness dependent upon soil permeability; 

3. The possible necessity of daily maintenance. 
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CHAPTER 4 

SURFACTANTS 

4.1 Introduction 

The term 'surfactant' was coined in 1950 from the phrase surface active 

+ ant (agent). 

This phrase describes the principle characteristic of these compounds: 

They act and concentrate on the surface and interfaces of aqueous solutions. 

Surfactants alter interfacial interaction through increased absorption. 

Surfactants are composed of molecules with two contrasting compo

nents: hydrophobic and hydrophilic. The hydrophobic molecular components 

have little attraction for an aqueous solvent or bulk material, while the hy

drophilic components have a strong attraction for them. The hydrophilic groups 

are soluble in water while the hydrophobic groups are forced out thereby pro

ducing higher concentrations at the surface than in the bulk of a solution. This 

causes a drop in surface tension. A possible consequence of this drop is the 

emulsification of immiscible liquids or the suspension of solids. 

Surfactants tend to concentrate at interfaces because of their amphiphilic 

character. This lessens free-energy in the system. When saturation at the inter

faces is reached, other mechanisms can maintain the process of energy reduction. 

The two principle mechanisms are: 

1. Crystallization/precipitation of the solute from the solution; 

2. Development of aggregations of molecules called "micelles". 
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4.2 Sources of Surfactants 

Basically surfactants are composed of molecules possessing both a strongly 

hydrophilic and a strongly hydrophobic part. Sources for the hydrophic group 

are [35]: 

1. Fatty acids. 

2. Paraffins. 

3. Olephins. 

4. Alkylbenzenes. 

5. Long chain alcohols. 

6. Alkylphenols, and 

7. Polyoxyprophylenes. 

Sources for the hydrophilic group are: 

1. Sulfonate. 

2. Sulfate. 

3. Carboxylate. 

4. Quarternary ammonium. 

5. Sucrose. 

6. Protonated amine. 

7. Polypeptides, and 

8. Polyoxyethylene. 

4.3 Classification of Surfactants 

Surfactants are classified in several ways. Among the more common 

classifications is by application. In this manner surfactants may be emulsifiers, 

foaming agents, wetting agents, dispensants, etc. They may also be classified 

according to physical characteristics: water solubility, oil solubility, stability in 

severe conditions. 
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A particular aspect of chemical structure may also provide a basis for 

classification: The type of linking group between the hydrophile and the hy

drophobe (oxygen, nitrogen). 

However, the overall chemical structure of the materials being consid

ered probably provides the most serviceable basis for classification. This fa

cilitates the correlation of the chemical structure with interfacial activity thus 

permitting the extrapolation of general rules pertaining to the relationship of 

surfactant structure to its performance [49]. 

Ascertaining the primary type by reference to the nature of the solubi

lizing functionality (in aqueous systems, the hydrophilic group or hydrophile) in 

each primary classification is the most basic classification procedures. According 

to the nature of the hydrophobic moiety, there will be subgroups. Surfactant 

molecules are classified by the type of the hydrophile it contains. 

Among the general classifications are: anionic, nonionic, cationic, and 

Zwitterionic. In anionic surfactants the hydrophile ionizes into an anion. This 

anion will be one of the first group of hydrophiles shown in Table 4.1. 

Studies indicate that commercial importance is limited to these cationic 

compounds where the positive charge is on a nitrogen atom of protonated amino 

or quaternary ammonium compounds [50]. 

Other cationic surfactants have the liability of being either too toxic or 

too expensive for practical purposes. Among common nonionic surfactants are 

polypeptides, polyoxyethylene, and sucrose. 

Zwitterionic, being amphoteric, have molecules containing anionic and 

cationic centers. Such surfactants are too expensive for ordinary use. Their 

limited production is only used for special requirements. 



Table 4.1. Typical Anionic, Nonionic, and Cationic Surfactants. 

Surfactant Type Common Representatives 

Anionic 

Nonionic 

Cationic 

Alkylbenzenesulfonate 
Alkane sulfonates 
Olefin sulfonates 
Ester and amide sulfonates 
Sulfo fatty acids 
Sulfosuccinate esters 
Primary alkyl sulfates 
Secondary alkyl sulfates 

Alcohol ethoxylates 
Alkylphenol ethoxylates 
Polyoxyethylene esters 
Polyoxyethylene-polypropylene 
derivatives 

Alkyl trimethylammonium 
Alkylbenzyl dimethylammonium 
Dialkyl dimethyl ammonium 
Alkyl pyridinium 
Alkyl imidazolinium 
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Although complex classification systems may be devised, subdividing 

hydrophic groups, for example, according to minute details of branching and 

unsaturation, they hinder rather than facilitate communication about their 

structure-performance relationships. 

4.4 Characteristics of Surfactants 

Because of the amphiphilic nature of surfactant molecules, they have a 

contradictory interaction with most solvents. On one hand they appear to be 
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driven to accommodation, while on the other they appear to be driven to flee 

to a condition of more favorable energy [51]. 

The characteristics of surfactant molecules are determined by compo

sition and type. Surfactant molecules tend to form micelles. In order to work 

properly, a surfactant must be adequately soluble. It should stay in solution 

without absorption into the soil matrix. Surfactants that are selected for re

medial use in a soil contamination system ought to be biodegradable and not 

toxic. If, after a surfactant is dissolved at a low concentration in water, that 

concentration is later elevated, the solution will show striking changes. Within 

comparatively narrow parameters of surfactant concentration, such properties 

as surface tension, conductance, vapor pressure, turbidity, and solubility of nor

mally relatively insoluble compounds are drastically affected [52]. 

At low concentrations, only the monomer fonn of the surfactant is 

found. It is the aggregation of monomers into micelles that alter physical prop

erties. The concentration at which these form is called the Critical Micelle Con

centration (CMC). Above this point, almost all additionally added surfactants 

form into micelles. 

It involves a rapid dynamic association-dissociation equilibrium. When 

micelle formation has the effect of minimizing free energy in the system, the 

micelles are thermodynamically favored. This happens by means of the heat re

leased during the process of micelle formation and escalation of entropy thought 

to originate in the disturbance of the water's structure. 

In solution, the hydrophobic portions of the surfactant molecules of 

micelles point to each other, while the hydrophilic portions are linked with 

molecules of water. A micelle's interior is much like that of a liquid hydrocarbon. 

Figure 4.1 illustrates the basic chemical nature of surface active molecules while 

Fig. 4.2 shows the micelle in cross section. 



Hydrophillic 
Head 
Group 

Hydrophobic 
Tail 

Fig. 4.1. The basic chemical nature of surface active molecules. (Chemical 
extraction/soil washing.) [52] . 
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Fig. 4.2. Cross section view of micelle. (Chemical extraction/soil washing.) [52] 

While micelles are composed of surface active molecules, they are very 

soluble and not surface active. The partitioning of a slighly soluble organic 
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contaminant into a soluble micelle will result in the increase of the concentration 

of the contaminant in the solution. 

The contaminant's solubility is also enhanced. This phenomenon is 

called "solubilization". The compound so solubilized is called the "solubilizate". 

Solubilization, therefore, is the formation of mixed micelles out of surfactants 

and substances which do not themselves form micelles. The process of solubi

lization is one of partitioning between micelles and aqueous phases: 

Ka = Amount Solubilized per MicelI 

"Ka" is the partition coefficient. Values of Ka run from 103 to 104 

when concentrations are given as mole fractions. Predictably, these values go 

up with the increased hydrophobicity of the solubilizate. 

The factors affecting the CMC are very important as micelle forma

tion is necessary for solubilization. Among the characteristics of surfactant and 

aqueous systems which should be taken into consideration are the type and 

structure of the surfactant, hydrophilic and hydrophobic groups, ionic strength 

and temperature of the aqueous solution, and the effects of surfactant mixture. 

4.5 The Solubility of Surfactants 

The hydrophilic portion of a surfactant molecule gives the hydrophic 

carbon chain enough solubility so that the CMC values may be achieved (or 

exceeded). Generally speaking, the longer the hydrophobic chain, the lower the 

solubility. Apparent solubility, however, is quite high when CMC is reached 

because of the high solubility of the micelles formed. 

The most desirable chain length for high solubility for anionic surfac

tants is ten to twelve carbons [53]. In the case of nonionics, water solubility 

increases in step with an increasing number of groups of ethylene oxide. As 

is the case with most solids or liquids, temperature rises result in the increase 
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of solubility [54]. The chemical structure of the additive will normally deter

mine the position of a solubilized molecule relative to the structural parts of 

the surfactant in a micelle. Non-polar additives (e.g. hydrocarbons) in aque

ous solutions will locate themselves in the core of the micelle. While materials 

of slight polarity (e.g. fatty acids, alcohols, esters) will be found in the 'Pal

isades' region (the space between the hydrophobic core and the surface) and 

the micellar surface itself. More than likely these molecules arrange themselves 

radially, with the hydrocarbon tail towards the micellar core. The charge of the 

surfactant head group and other structural factors may influence the locality of 

solubilization. In anionic systems, material with aromatic rings may solubilize 

in or about the core, while in cationic systems, such material may solubilize in 

the Palisades region. This is because of polarization interactions between the 

cationic head groups and the rings. 

The mass of the solubilized material increases with the size of the mi

celle. Thus, in theory, an increase in the size of the micelle should lead to an 

increase in solubilizing properties of the system. According to another theory 

the amount of a substance that can be solubilized depends upon relationship of 

the molar volume of the additive to the greatest quantity of material that can 

be incorporated into a solution. 

4.6 Surfactant Absorption 

The "interface" is the boundary zone between two immiscible phases. 

On a macroscopic scale, it is the transition region where in the chemical and 

physical characteristics of one bulk changes abruptly to those of the adjacent 

bulk. On a microscopic scale, however, this change is not so abrupt and actually 

takes place over a distance from one to several molecules. 

The make-up of the absorbate molecule together with its chemical and 

physical properties are among their characteristics which impact upon the rate 
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and extent of absorption. In the case of organic compounds, important factors 

are solubility, molecular weight and rigidity, size and shape of the compound, 

molecular polarity, and presence or lack thereof of ionizable functional groups. 

As a rule, in the case of a comparatively non polar compound and water, 

solubility increases as the compound's molecular weight decreases. Additionally, 

the solubility of a substance is inversely proportional to absorption [54]. These 

general rules, however, are not without exception. In some situations aggregates 

(micelles) may become more soluble in that state thereby reducing absorption 

as molecular size increases. 

Again, the polymerization of large molecules can cause the aggregation 

of clay particles. This might have the effect of diminishing the effective surface 

area of a soil and the number of binding sites. A molecule's shape and rigidity 

may affect its capability of reaching a site of absorption and the possibility of 

its proper alignment for absorption if it gets there. In situations where diffusion 

is significant, as between unit layers of clay or porous organic matter, the rate 

and extent of sorption can be greatly influenced by the sorbate molecule's size, 

shape, and rigidity. 

4.7 Surfactant Biodegradability 

A biodegradable surfactant is one which may be broken down into 

innocuous products by means of the action of living things such as micro

organisms. In this context biodegradation is the result of bacterial action in 

the soil, waste water, treatment plants, and surface water systems. 

The process of biodegradation may be analyzed in two stages: 

1. The primary stage in which the chemical structure of the material is altered 

enough to remove active properties on the surface; 
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2. The final stage in which the material is in effect eliminated from the envi

ronment by biological processes and transformed into Co2 , H20, inorganic 

salt, etc. 

Swisher [49] made a wide-ranging examination of surfactant biodegra

tion and established several relationships between biodegradation and the struc

ture of surfactants: 

1. The structure of the hydrophobic greatly influences biodegradability. Hy

drophobe linearity is favorable to biodegradability while hydrophobe branch

ing hinders it. 

2. The greater the distance between the sulfonate group and the extreme end 

of the hydrophobe group in alkylbenzene sulfonates, the higher the speed of 

primary biodegradation. 

3. Biodegradability is only affected a little by the character of the hydrophile. 

However, in polyethoxylate nonionics, shorter ethoxylate chains enhancing 

biodegradability suggest hydrophile influence. 

Swisher's research includes detailed tables of biodegradation for most 

surfactants in current production. His work also contains a thorough discus

sion of the complex relationships obtaining between biodegradability and the 

chemical structure of surface active materials [49]. 

4.8 Surfactant Toxicity 

Swisher [49] cites two manners in which all surfactants can have toxic 

effects on micro-organisms: 

1. Interaction with lipid structure of cellular membrane; 

2. Reaction with enzymes and other essential proteins in the cell. 

Because of these properties, all surfactants have an antibacterial aspect. 

Indeed, most of the quaternary cationic surfactants are strongly germicidal: 

many are toxic to humans. 
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Nevertheless, anionic surfactants are comparatively non toxic. Their 

lethal dose (LD50) is similar to that of sodium chloride and sodium bicarbonates. 

In general these surfactants are least toxic for humans and bacteria. 

The indiscriminate use of surfactants must be cautioned against as a 

release situation could be aggravated by the introduction of more chemicals and 

additives. 

4.9 Uses of Surfactants 

For the general public the most widespread use of surfactants is in deter

gents. A commercial detergent will contain a surfactant with possible additional 

ingredients such as builders, soil suspending or anti-redeposition agents, blueing 

agents, anti-corrosion agents, anti-bacterial agents, etc [55]. 

Karsa [38] examined several industrial sectors making wide use of sur

fact ants. Table 4.2 gives a list of industries using the ability of a surfactant 

to emulsify, suspend, or solubilize compounds of concern into several kinds of 

solvent. Three of these applications are discussed below. 

4.9.1 Treatment of Contaminated Soils with Aqueous Surfactants 

In situations where the soil contaminants are of a hydrophobic and 

slightly hydrophilic organic nature treatment by aqueous surfactants can be 

very effective. The Comprehensive Enviornmental Respsone, Compensation, 

and Liability Act (CERCLA) recognizes that the effects of hazardous materials 

released into the environment must be corrected and that inactive waste disposal 

sites must be cleaned up. 

For this task techniques, mechanical devices and other physical, chem

ical, and biological agents must be developed. An important counter measure 

against contamination is the employment of various additives, chemical and 

non-chemical, which are deliberately introduced into the environment in order 

to control or neutralize the hazardous substance. 
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Table 4.2 Industrial Areas of Application of Surfactants [53]. 

a) Civil Engineering g) Leather and Fur 

b) Agriculture h) Industrial and Institutional cleaning 

c) Petroleum and Oil i) Metal and engineering 

d) Mineral extraction j) Plastics, rubbers & resins 

e) Food Industry k) Mineral extraction & processing 

f) Pulp and Paper 1) Paints, and inks 

The EPA has designed a counter measure program for the evaluation 

of the efficiency of on-site treatment of large amounts of subsurface soils as are 

found in the immediate neighborhood of uncontrolled hazardous waste sites and 

for the treatment of large bodies of relatively quiescent water which has been 

polluted by water-soluble hazardous substance spills. 

It is believed that surfactants will be most effective for clean-up with 

the following conditions: 

1. The volume of contaminated subsurface soil is large (100 to 100 x 103m3 ) 

and of a depth of 1 to 10 meters. 

2. The contamination is not very concentrated (less than 10,000 ppm), or the 

highly concentration part of the site has been excavated or isolated. 

3. The contaminant is capable of being dissolved or suspended in water, de

graded to a non-toxic product, or made immobile by use of chemicals that 

can be introduced into the zone of contamination by water. 
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It is the treatment of contaminated soil with aqueous surfactant which 

is the main subject of this study. The mathematical model for this method of 

soil flushing will be found in the following chapter, chapter 5. 

In the case of contamination the depth of which does not exceed 1 

M, land farming, surface tilling to enhance the aerobic microbial degradation 

of organics will probably prove more effective and practical. Excavation and 

removal, or excavation and on-site treatment would likely be more effective in 

dealing with highly concentrated regions of an uncontrolled hazardous waste 

landfill or a spill site. 

4.9.2 Decontamination of Groundwater Using Surfactant Solutions 

The basic premise in the remediation of organically contaminated ground

water by the use of surfactants in a "pump and treat" system is that surfactants 

in solution have the property of accelerating the rate and extending the range 

of absorption of contaminants from an aquifer. This has the effect of increasing 

the mobility of the contaminants thereby facilitating their removal. 

MTA Remedial Resources Inc. (MTARRI) has developed a method of 

aquifer restoration by means of flushing technology. Alkaline agents, polymers, 

and surfactants are used in this procedure. The contaminants removed are 

aromatic, aliphatic and/or chlorinated organic compounds. MTARRI asserts 

that cost savings on the order of 50-80% in the clean-up of a contaminated 

aquifer can be made through the use of this system [56]. 

The MTARRI method uses an initial pre-flush with an oil - 1.0% con

centration of potassium hydroxide, sodium hydroxide, or sodium silicate. The 

sodium or potassium is absorbed from the clay surfaces thereby dislodging the 

absorbed organic contaminants. The contaminants remain in solution. A poly

mer may be used to lead the surfactant solution to the zone oflow permeability in 

order to minimize the confounding effects of heterogeneous permeability within 
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an aquifer [56]. 

4.9.3 Oil Recovery Enhancement With Surfactant 

In view of the fact that the oil industry is frequently blamed for environ

mental contamination, it is ironic that technologies developed by that industry 

for the enhancement of oil recovery offer the greatest probability of transfer to 

the problems of cleaning up contaminated soils by means of surfactants. 

At the primary stage, oil is recovered from an oil reservoir by the natural 

pressure of volatile components in it. As the oil is extracted, the natural pressure 

declines to a stage where secondary methods may be employed. These use 

injected water and steam to elevate the pressure and continue the process of 

extraction. This method, however, has practical limitations and can become 

uneconomical though about 60% of the oil is still underground bound to solids 

of the reservoir. At this point an "Enhancing Oil Recovery" (EOR) process may 

be employed. 

One common method is to inject slugs of water with differing chem

ical compositions into the reservoir in three stages. The first slug is a saline 

solution which serves to screen the surfactant slug from the reservoir brine and 

also to exchange the cations in the reservoir solids, the sodium replacing mag

nesium and calcium. The precipitation potential of the surfactant with calcium 

or magnesium is lowered by the elimination of divalent ions [57]. 

The trailing part of the first slug has in it other inorganic salts that 

have the effect of reducing surfactant absorption. The second, surfactant, slug 

lessens the interfacial tension between the oil and water. The last slug has a 

mobility-control agent made up of biopolymers soluble in water. Its purpose is 

to force the mobilized oil toward the producing wells. 

With the decrease of interfacial tension between the minerals in the oil 

reservoir and the water, the adhesive forces between them are increased. Not 
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only does this assist in the removal of the oil from solid surfaces, but it also 

prevents oil re-entrapment. In deciding upon the precise composition of the 

surfactant slug the interfacial tensions between the aqueous phase and the oil 

and solid phases must be kept in mind. An EOR process which removes 90% of 

the residual oil is considered very good, but for the elimination of contaminants 

from ground water reservoirs, a much higher degree of removal efficiency is 

required [58]. 
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CHAPTER 5 

THEORY AND SOLUTION OF THE MODEL 

5.1 Theory 

Darcy, in 1856, investigated the behavior of the How of water in a ver

tical homogeneous sand filter. Darcy, however, concluded the following formula 

(1) 

where Q is the rate of How in volume of water per unit time, K is the hydraulic 

conductivity of the medium, A is the cross-sectional area, hI and h2 are lengths 

measured with respect to some arbitrary datum level, and L is the head across 

the filter. 

When Darcy's law is written in a differential form, one gets the following 

relations [59]: 

K z 8h 
u=---

f3 8x 
(2) 

KlI 8h 
v=---

f3 8y 
(3) 

K z 8h 
W=---

f3 8z 
(4) 

where u, v, and w are the velocities in the x, y and z directions respectively, f3 is 

the porosity, K z , K lI , Kz are the hydraulic conductivities in the x, y, z direction 

respectively. h in the above equations can be replaced by P/1 where P is the 

pressure and 1 is the volumetric weight of water 

Kz 8(P/1) 
u = - - --'-::-'-''-'-

f3 8x 
(5) 

KlI 8(P/1) 
v = - -(3- -~8":'-y ;..:.. (6) 

Kz 8(P/1) 
W = - - --'-=-'"'""-'-

(3 8z 
(7) 
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and for water 'Y may be assumed constant. 

It is known that the conservation of mass equation is of the form 

8p 8(pu) 8(pv) 8(pw) 
at =-~-ay- 8z (8) 

For water, density p may be assumed constant and equation (8) becomes 

(9) 

When equations (5), (6), and (7) are substituted into (9) one may get 

.!. [~[K:z: 8Pl + ~ [KI/ 8Pl + ~ [Kz 8Pl] = 0 (10) 
'Y 8x (J 8x 8y (J 8y 8z (J 8z 

The above equation is a second order linear partial differential equation 

and has only one unknown which is the pressure and can be solved numerically as 

will be shown later. However, when the pressure field is evaluated the velocities 

u, v, and w can be evaluated readily by solving equations (5), (6) and (7). 

The conservation equations of the contaminant and the surfactants are 

given by 

• Contaminant equation [12]: 

8C = ~(D8g) + ~(D8g) 
at 8x 8x 8y 8y 

8 (8g ) 8 8 8 
+ 8z D 8z - 8x «(Jug) - 8y «(Jvg) - 8z «(Jwg) (11) 

• Surfactant equation [12]: 

8S = ~(D8S)+~(D8S) 
at 8x 8x 8y 8y 

8 (8S) 8 8 8 + - D- - -«(JuS) - -«(JvS) - -«(JwS) 
8z 8z 8x 8y 8z 

(12) 

The parameters in the above equation are defined as: 



C = contaminant mass per unit volume of soil. 

S = concentration of surfactants in the aqueous phase. 

D = diffusion coefficient. 
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9 = contaminant concentration solubilized and dissolved in the aqueous phase. 

It has to be mentioned, in this research that the surfactant is assumed 

to be anionic. 

Since the water is assumed incompressible, equations (11) and (12) 

reduce to 

8C = ~(D8g) + ~(D8g) 
at 8x 8x 8y 8y 

+ ~ (D 89 ) _ 'U 8((3g) _ v 8((3g) _ w 8((3g) 
8z 8z 8x 8y 8z 

(13) 

8S = ~(D8S) + ~(D8S) at 8x 8x 8y 8y 

8 (8S) 8 8 8 + 8z D 8z - 'U 8x ((3S) - v 8y ((3S) - w 8z ((3S) (14) 

Equations (13) and (14) are coupled and linked by Wilson's isotheorem [58]. 

C 
9 = [Co + (S - cmC)KD]C C 

+ 1/2 
(15) 

where Co, the contaminant solubility in pure water, K D, rng / L contaminant per 

mg/ L of surfactant, crnc, critical micelle concentration of surfactant, and C1/ 2 

is the soil adsorption parameters. 

Equations (13), (14) and (15) are, however, solved after the velocity 

field has been established by equations (5), (6) and (7). 

5.2 Method of Solution 

The equations which were discussed in the previous section are solved, 

in this research, numerically using finite difference methods. Because there is 
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no similar work in the open literature to validate the results against, equation 

(10) is solved at first implicitly and then solved explicitly to validate the implicit 

solution. After the determination of the pressure field, equations (5), (6) and (7) 

are then solved to determine the velocity field which will be used in equations 

(13), (14) and (15) to evaluate the contaminant and surfactant concentration as 

a function of time. 

The contaminant and surfactant equations are solved using two meth

ods. The first method is the MacCormack explicit scheme and the second is an 

upwind scheme to validate the results obtained from the MacCormack scheme 

[60]. 

5.2.1 Solution of the Pressure Equation 

There are many useful methods to solve equation(10), however, a split

ting technique known as alternating direction implicit (ADI) [61] is implemented 

here. In this method a pseudo time term is added to the right hand side of equa

tion (10) so that it becomes 

ap =.!. [~[Kz apl + .£. [Ky apl + .£. [Kz apl] (16) 
at 'Y ax fJ ax ay fJ ay az fJ az 

For simplicity, however, two dimensional flow is assumed and the last term in 

equation (16) is omitted. Equation (16) can be written as 

D.P'fIt
1 

(1 fJ) ( ) 
I,) = - Lup .n. + LyyP!l. 

D.t 'Y I,) I,) 

+ fJ (LuP.nt1 + L yyP.nt 1) 'Y I,) I,) 
(17) 

where 

n+l _ z 1 [(K )
n+l 

LUPi,j - (~x)2 yP Hl,j 

(K )n+l (K )n+l] 
-2 -=-P .. + -=-p. . ... 

fJ I,) fJ 1-1,) 
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and 

n+l II 1 [(K )
n+l 

L 1I1IPi ,j = (~y)2 yP i,j+l 

(K )n+l (K )n+l] - 2 -1!...p .. + -1!...p .. . .. 
f3 1,1 f3 1,1-1 

(18) 

Pi7t1 can be expanded using the Taylor series about the nth time level as 

P!'fl=P!'.+~t(ap)n +!(~t)2(ap)n +... (19) 
1,1 1,1 at.. 2 at .. 

I~ I~ 

Equation (19) can be approximated as 

p!'f1 = pra. + ~t (~P n ) + O(~t)2 
1,1 1,1 At .. 

~ 1,1 

when (20) is substituted into (17) one gets 

Equation (21) can be rearranged to become 

The above equation can be factorized to give the approximate form 

(1- f3~t Lz;z;) (1 - f3~t L,I1/ )~Pi7tl = ~t (Lz;z; + L1/1/)Pi7j 

(20) 

(21) 

(23) 

It has to be noted that equation (23) when compared with equation (22), has 

the additional term on the left hand side 

~:(~t)2Lz;z;L1/1/~Pi7tl (24) 
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This additional term is of second order thus, it does not affect the accuracy of 

equation (23). 

Equation (23), however, can be implemented as a two stage scheme 

(25) 

and 

( 
(3At ) n+1 P* 1- --;yL,1/ APi,j = A i,j (26) 

The solution of equations (25) and (26) proceeds as follows 

1) Assume initial condition for Pi,j and this makes the right hand side of equa

tion (25) known. 

2) Solve equation (25) for APi~j. 

3) Solve equation (26) for APi~t1 since the right hand side is known from the 

previous step. 

4) The new p.n~w = ppl.d + AP'!'f1• ',J ',J ',J 
5) Go to 2 until the convergence to steady state is achieved. 

After establishing the pressure field, the velocity field can be solved by 

finite differencing equation (5) and (6) as follows [61] 

u = - ~; [Pi+II~~:i-1Ij 1 (27) 

(28) 

5.3 Solution of the Surfactant and the Contaminant Equations 

The diffusion terms in equations (13) and (14) can be neglected because 

their effect compared to the convective terms is very small and this reduces 

equations (13) and (14) to 

8e 8«(3g) 8«(3g) 
-=-u---v~~ at 8x 8y 

(29) 
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and 
8S 8({JS) 8({JS) 
-=-u -v~~ at ax ay (30) 

The above two equations are solved using MacCormack's scheme which 

consists of a predictor corrector explicit levels [61]. 

When applying this scheme, the discretized surfactant equation 

becomes 

predictor: 

S!ltl = Sr:.'. - Ui " At [(RS)~+l . - (RS)~.] 
'" '" , Ax fJ '" fJ '" 

- vi,i ~; [({JS)i,i+l - ({JS)i,i] (31) 

corrector: 

S!ltl = ! [S!l. + S!ltl - Ui " Dat (RS)~. - (RS)~ 1 .) 
'" 2 '" '" 'Ax fJ '" fJ '-" 

- vi,i ~; ({JS)i,i - ({JS)i,i-1) 1 (32) 

Similarly the contaminant equation also becomes 

predictor: 

corrector: 

C~tl = C~i - ui,i ~: [({Jg)~+l,i - ({Jg)i,i] 

- vi,i ~;[({J9)i,i+l - ({Jg)i,i] 

O!ltl = ! [O!'. + C!ltl - Ui " At ({Jg)~. - ({Jg)~l .) 
'" 2 '" '" , Ax '" '" 

(33) 

- Vi,i ~; ({J9)i,i - ({J9)i,i-1) 1 (34) 

where 9 is given by equation (15). 
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In the case of one dimensional flow the scheme is stable when h'l < 1 

where 
uAt 

i= Ax· 

5.4 Validation of the Method 

In order to validate the solution, simple explicit finite difference schemes 

were used to solve the Laplace equation, the contaminant and the surfactant 

equations. 

• Solution of pressure equation. The following explicit scheme was used 

where 

prat1 = pra. + aZ {pra+1 . - 2pra. + p.n 1 .) 
'" '" '" '" 1- " 

Kz; At 
a z = iP . {AX)2 

K, At 
all = -iP- . -:-":{A-y:-=")2 

this scheme is, however, stable when 

1 
az; + all < 2 

In the above formulations, Kz;, K II , a, P are assumed constant. 

• Surfactant and contaminant equations. A one step upwind scheme is used to 

solve the surfactant and contaminant equations. 

• Surfactant equation 

S!'tl = S!'. - (Ui,; + lUi,; I) At ((f3S)~ . - (f3S)~ .) 
'" '" 2Ax '" .-1" 

_ (-Ui,; + IUi,il) At({f3S)~ . - (PS)~.) 
2Ax .+1" '" 

_ (Vi,i + IVi,il) At({f.lS)~. _ (as)~. ) 
2Ay fJ '" fJ .,,-1 

_ (-Vi,i + IVi,i I) At ((f3S)~ . _ (f.lS)~ .) 
2Ay .,,+1 fJ '" 
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• Contaminant equation 

C!ltl = C'.l. - (Ui,; + lUi,; /) ~t ((fJg)~ . - (fJg)~ .) 
I" I" 2~x I" 1-1" 

- (-Ui,; + IUi,;I) At ((fJg)~ . - (fJg)~.) 
2~x 1+1" I" 

_ (Vi,; + IVi,;!) ~t((fJg)~. - (fJg)~.- ) 
2Ay I" I" 1 

- (-Vi,; + IVi,; /) ~t ((fJg)~ . - (fJg)~ .) 
2~y 1,,+1 I" 

5.5 Boundary and Initial Conditions 

The boundary conditions used in this research are as follows. At the 

inlet the pressure and the surfactant concentration are given. However, at the 

outlet the pressure is given and the surfactant concentration is extrapolated 

from the interior. 

The contaminant concentration is set to be zero at the inlet and is 

extrapolated from the interior at the outlet. 

The initial conditions of the surfactant is, however, zero where the 

initial contaminant concentration is given. This is represented mathematically 

as follows: 

Pl~; = Pin, 1 is the first point in the x-direction 

PE,; = Pout, L is the last point in the x-direction 

Sf,; = Sin 
sn -sn L,; - L-l,; 

Cr.; = 0 

Cn -Cn 
L,; - L-l,; 

Sl,; = 0 for 2 < i < L - 1 and 2 ~ j < m - 1 

Cl,; = Cinitial for 2 < i < L - 1 and 2 ~ j < m - 1 

where the superscript 1 on Si,; and Ci,; denotes the first time step. 



zero, i.e. 

ap =0 an 
!l§. - 0 an -
ao -0 an -
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At the wall, however, the nonnal derivative of all variables is set to 

where n is a vector nonnal to the wall. 
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CHAPTER 6 

RESULTS AND ANALYSIS 

The numerical procedure that was discussed in the previous chapter is 

implemented for different geometries. It is assumed, however, that the contam

inated soil is excavated and put inside prefabricated walls. These walls have 

one inlet for the water and the surfactant and outlet to drain the contaminated 

water. The contaminated water can be recycled again after removing the con

taminant using certain chemical processes which are beyond the scope of this 

research. The advantages of this method over the in-site soil cleanup are: 

1. The water is recovered and can be recycled for later use. 

2. The contaminated water does not contaminate other surrounding areas. 

3. All the contaminated areas can be cleaned up efficiently. 

4. The porosity and permeability of the soil are known prior to the calculation 

which yields to better modeling. 

The following is a schematic sketch for the geometry implemented in the 

research. Eight Cases are discussed in this research which have either different 

inlet and outlet conditions or different dimensions . 

• Case 1 

This Case has inlet and outlet as shown in Fig. 6.1 and also has the 

following conditions 

Length = 20m 

Height = 20m 

Inlet pressure head = 100m 

Outlet pressure head = Om 

Inlet dimension = 2m 
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Inlet ==} water + surfactant 

water + surfactant + contaminant ==} Outlet 

Fig. 6.1. Geometry sketch. 

Outlet dimension = 2m 

Initial contaminant concentration= 0.1 ~ 

Contaminant solubility in pure water = 0.001 ~ 

KD,!j!L of contaminant per r of surfactant = 0.01 

Influent surfactant concentration = 5~ 

C1/ 2 ' soil adsorption parameter = 0.01~ 



==> Inlet 

Fig. 6.2. Case 1 geometry sketch. 

cmc = 2.3~ 
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Outlet ==> 

The water is injected at first at the inlet until steady state is achieved 

and the velocity and pressure fields are established and the surfactant is injected 

at a constant rate at the inlet. 

Figure 6.3 shows the resultant velocity vector and it can be seen from 

this figure that the velocity vector at the inlet is very large and decreases until 

it becomes very small in the center line and then increases again at the outlet. 

This figure has been generated using the implicit scheme and validated using 

the explicit scheme discussed in the previous chapter. 
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Fig. 6.3. The resultant velocity vectors for Case 1. 
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Figure 6.4 shows also the same resultant velocity magnitude which also 

confirms the same findings. 

Figure 6.5 shows the pressure field for the same geometry. It can be 

seen from this figure that the pressure is maximum at the inlet and drops to 

zero at the outlet. 
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Fig. 6.4. The velocity field for Case 1. 
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20 

LENGTH INm 

Figure 6.6 confirms the contour pressure field where the inlet pressure 

head is lower and drops to zero at the outlet. 

Figure 6.7 shows the concentration of the surfactant in the domain 

at 13.9 hours. It can be seen from this figure that the surfactant has covered 
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Fig. 6.5 The pressure field contour lines for Case 1. 
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8.6~4.3 
! ( .f~14 
, ; I 

18 20 

most of the area and the time is enough for surfactant to be convected almost 

everywhere. 

It has to be noted that since the water is assumed incompressible, the 

steady state surfactant concentration should approach the influent surfactant 

concentration. This is, however, confirmed by Fig. 6.8 which shows that steady 
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Fig. 6.6. The pressure field for Case 1. 

state surfactant is reached at approximately 20 hours. 

Figure 6.9 shows the contaminant concentration at 13.9 hours. It can 

be seen from this figure that the region in which the surfactant has invaded, 

the contaminant has almost cleaned up and accumulated in areas where the 

surfactant are coming to. 
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Fig. 6.7. The surfactant concentration at time = 13.9 hours for Case 1. 

Figure 6.10 shows the average contaminant concentration as a function 

of time. It takes about 42 hours to completely flush out the contaminant from 

the system for this geometry and operating conditions. This curve is the most 

important curve because it tells us how long it takes to entirely flush out the 

contaminant. This curve can be divided into three regions. The first region is 

between 0-3 hours when the contaminant did not drop drastically and this is 
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Fig. 6.8. The average surfactant concentration as a function of time for 
Case 1. 
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45 

due to the fact the surfactant concentration did not reach the surfactant critical 

micelle concentration (cmc) which is 2.3~ in this case and the cleanup in this 

region is due to water only. The second region where the contaminant concen

tration decreases rapidly which is between 3-15 hours and this rapid cleanup is 

due to the surfactant invasion to the whole region. The third region where the 
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Fig. 6.9. The contaminant concentration at time = 13.9 hours for 
Case 1. 

87 

20 

time is larger than 15 hours. It can be seen in this that, although the surfac

tant concentration has reached steady state, the contaminant cleanup in this 

region is slower than that of region 2. This is, however, due to the nonlinear

ity effect of the coupling between the surfactant and the contaminant equations. 
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Fig. 6.10. The average contaminant concentration as a function of time 
for Case 1. 
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45 

This nonlinearity effect can be seen by examining equation (5-15) where C+~1/2 
approaches one as C1/ 2 approaches zero . 

• Case 2 

The operating conditions and geometry of this case are as follows: 

Length = 20m 



Height = 20m 

Inlet pressure head = 20m 

Outlet pressure head = Om 

Inlet dimension = 2m 

Outlet dimension = 2m 

Initial contaminant concentration = 0.1 ~ 

Contaminant solubility in pure water = 0.001 ~ 

KD = 0.01 

Influent surfactant concentration = 5~ 

Cl/2 = 0.01~ m 
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The previous discussion which was applied for Figs. 6.3-6.6 applies for 

Figs. 6.12-6.15. This Case is the same as Case 1 and the only difference is the 

inlet pressure head which is 20m. However, since the inlet pressure head in this 

case is less than that of case 1, the inlet How rate will be less and it will take 

the surfactant longer time to reach the outlet and to reach steady state. 

Figure 6.16, however, confirms the finding where it is seen that at 13.9 

hours the surfactant did not cover the whole domain. Also Fig. 6.17 shows that 

the surfactant concentration took approximately 100 hours to reach steady state 

compared to 20 hours in Case 1. 

Figure 6.18 shows the contaminant concentration at 13.9 hours. This 

figure can be divided into three regions. The first region where the contaminant 

is Hushed out completely and this is due to the surfactant invasion of this region. 

The second region in which the contaminant concentration is greater than the 

initial contaminant and this is due to the accumulation of these contaminant via 

the water convection. The last region in which the contaminant is the same as 

the initial contaminant concentration and this is because the surfactant did not 

reach the surfactant critical micelle concentration. This Case, however, takes 
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=> Inlet 

Outlet => 

Fig. 6.11. Case 2 geometry sketch. 

approximately 200 hours as shown in Fig. 6.19 to cleanup the contaminant 

entirely in the region. It has to be mentioned that it takes approximately five 

times the time of Case 1 because the inlet pressure head of Case 1 is five times 

that of this Case. 
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Fig. 6.12. The resultant velocity vector for Case 2 . 

• Case 3 

This case has the following conditions geometry 

Length = 40m 

Height = 40m 

Inlet pressure head - 100m 

Outlet pressure head = 100m 
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Inlet dimension = 4m 

Outlet dimension = 4m 

Initial contaminant concentration = 0.1~ 

Contaminant solubility in pure water = 0.001 ~ 

KD = 0.01 

Influent surfactant concentration = 5~ 
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Fig. 6.14. The pressure field contour lines for Case 2. 

C! =0.01~ 
cmc=2.3~ 

The same physical interpretations which were discussed in case 1 and 

Case 2 can be applied for Case 3. However, for this Case it takes about 160 hours 

to cleanup the contaminant from the region as shown in Fig. 6.20. Because this 

Case is the same as Case 1 except that the area of this Case is four times that 
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Fig. 6.15. The pressure field for Case 2. 

of Case 1, it takes four times the time of Case 1 to cleanup the contamination. 

See Figs. 6.21-6.23. 
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Fig. 6.16. The surfactant concentration at 13.9 hours for Case 2 . 

• Case 4 

95 

20 

This Case is the same as Case 3 except that the inlet pressure head of 

Case 3 is twice that of this Case and that is why it takes Case 4 double the time 

of Case 3 to cleanup the contamination. Figures 6.24-6.31 shows the results of 

this Case. 
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Fig. 6.17. The average surfactant concentration as a function of time . 

• Case 5 

250 

96 

Case 5 is the same as Case 1 except that the outlet position is changed 

and this is done to study the effect of the outlet. It is seen that the surfactant 

reach the steady state at approximately 60 hours. Compared to that of Case 1 

where the surfactant reach the steady state at 15 hours only. Also the time it 

takes the contaminant to be cleaned up completely is 120 hours while it took 
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Fig. 6.18. The contaminant concentration at 13.9 hours for Case 2. 
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Case 1 only 40 hours. The main reason for this longer time is due to the fact 

that the particle path is increased in Case 5. Fig.s 6.32 to 6.39 discuss the results 

of this Case. 

Finally Cases 6, 7 and 8 are identical to Cases 2, 3 and 4, respectively 

except that the outlet in Cases 6, 7 and 8 are positioned at a higher elevation. 

Since the particle path is increased in these three Cases, it took the contaminant 
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longer time to be cleaned up than that of Cases 2, 3 and 4, respectively. Figures 

6.40 to 6.47 represent Case 6, Figs. 6.48 to 6.55 represent Case 7, and finally 

Figs. 6.56 to 6.63 represent Case 8. 
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Fig. 6.28. The surfcatant concentration at time = 13.9 hours for Case 4. 
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Fig. 6.32. The resultant velocity vectors for Case 5. 
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Fig. 6.36. The surfactant concentration at time= 13.9 hours for Case 5. 
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Fig. 6.42. The pressure field contour lines for Case 6. 
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Fig. 6.43. The pressure field for Case 6. 
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Fig. 6.44. The surfactant concentration at time = 13.9 hours for Case 6. 
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Fig. 6.48. The resultant velocity vectors for Case 7. 
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Fig. 6.52. The surfactant concentration at time = 13.9 hours for Case 7. 
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Fig. 6.54. The contaminant concentration at time = 13.9 hours for Case 7. 
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Fig. 6.55. The average contaminant concentration as a function 
of time for Case 7. 
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Fig. 6.58. The pressure field contour lines for Case 8. 
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Fig. 6.59. The pressure field for Case 8. 
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Fig. 6.60. The surfactant concentration at time = 13.9 hours for Case 8. 
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Fig. 6.62. The contaminant concentration at time = 13.9 hours for Case 8. 
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CHAPTER 7 

CONCLUSION AND RECOMMENDATION 

• Conclusion In this research, an ex-situ soil cleanup method was presented. 

The physical system which consists of partial differential equations was solved 

and tested. 

The results obtained in the previous chapter show that the method used 

in this research is powerful and converges to the steady state solution rapidly. 

The velocity field is, however, evaluated after solving the pressure equation 

which was solved implicitly and then solved explicitly to validate the results. 

The explicit method is very slow compared to the implication because of the 

stability condition. However, the implicit method is known as an alternating 

direction implicit (ADI) way found to be very fast and unconditionally stable. 

The pressure field obtained from the implicit method was compared to the results 

that were obtained from the explicit method and the results were found to be 

identical. 

The surfactant and contaminant equations were solved using two meth

ods. The MacCormack explicit scheme was implemented to evaluate the surfac

tant concentration as a function of time. The contaminant equation was solved 

simultaneously with the surfactant equation using the Wilson coupling isotherm. 

To validate the results that were obtained from the MacCormack scheme, an ex

plicit upwind scheme was implemented. The MacCormack scheme, however, 

has a stability range much more than that of the upwind scheme. However, the 

results obtained from both schemes are very similar. The advantages of this 

method over the in-situ methods are 

1. All the injected water can be recycled and used again. 
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2. Since all the injected water is recovered, this guarantees that the contami

nation will not seep to uncontaminated areas. 

3. Since no water is lost this also guarantees that the water will not go to areas 

where there is no contamination and this will accelerate the cleanup process. 

4. Because the soil is excavated it will be very easy to structure the soil so that 

the porosity, permeability, and other variables are known in advance. 

However, the main disadvantage of this method is the cost of the exca

vation, the confining walls and putting back the soil where it was taken from . 

• Recommendations 

Since the purpose of this work was demonstrative, some factors were 

neglected, however, it is- recommended that the following should be considered 

in future work: 

1. Economical feasibility analysis to compare it with in-situ methods. 

2. Develop a three dimensional analysis. 

3. Use variable permeability and variable porosity and this can be known prior 

to the analysis because the soil is excavated and put inside the prefabricated 

walls. 

4. Explore other linking isotherms and perform experimental investigation to 

come up with better correlations. 
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