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Abstract:
This thesis addresses the selection of a surfactant for use in an enhanced bioremediation strategy. It is
based on a proposal submitted to CONOCO, Inc. (Jordan, 1998). The protocol was originally intended
to enhance aged hydrocarbon degradation through the in-situ addition of surfactant. The protocol has
subsequently been expanded to encompass newly contaminated sites and other remediation strategies.

The protocol addresses aspects of the contaminant fate, the surfactant fate, and the combinations
thereof. The aspects include biodegradation, bioavailability, desorption/dissolution (mobility), and
toxicity of each surfactant and soil combination. The protocol takes a soil sample to the laboratory and
tests each aspect through a series of short term biodegradation, bioavailability, and mobility studies.
The rates and parameters that are determined for each contaminant and surfactant concentration,
contaminant biodegradation, contaminant bioavailability, contaminant mobility, surfactant
biodegradability, surfactant bioavailability, and surfactant mobility are expressed as an index and
placed into a table for easy comparison.

This thesis uses two site soils with diesel range organic, DRO, contamination and four surfactants to
develop and demonstrate the protocol. The two site soils are Donovan Creek located outside of
Missoula, MT and Lewistown located about two hours north of Billings, MT.

It was found through the use of this protocol, that for the Donovan Creek site, surfactant addition
inhibited all processes that were evaluated. This induced inhibition indicated that the addition of
surfactants would not be beneficial for use in a remediation strategy. However, it was found that
surfactant addition at the Lewistpwn site would be beneficial for use in remediation strategies. It was
found that in the Lewistown soil, surfactant addition increased most processes with the exception of
bioavailability, where only ABS was found to enhance bioavailability. 
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NOMENCLATURE AND DEFINITIONS

ABS

Bi

Bis

BAC

CMC

CMCs

CMCw

D,

Symbol Definition

alkylbenzene sulfonate

contaminant bioavailability index -  the biodegradation 
rate of the contaminant in the soil with the addition of 
a surfactant divided by the biodegradation rate of the 
contaminant in the soil without the addition of the 
surfactant.

Bi = (PRO,- DROfM V(AT)
(DRO i -  DROf(w/o))/( AT)

surfactant bioavailability index -  biodegradation rate 
of the surfactant in the presence of soil divided by the 
biodegradation rate of the surfactant in water.

Bis= (Tr) / ( (S i - S f)ZAT)

benzalkonium chloride

critical micelle concentration

the CMC of a particular surfactant and soil 
combination based on sorption isotherms.

the CMC of a particular surfactant in solution

contaminant desorption/dissolution index -  the 
leaching flux of contaminant from the soil in response 
to a surfactant addition divided by the leaching flux of 
the contaminant in the absence of a surfactant.

D, = (DRQ r- DROf(W)V(ATV)
(DRO i -  DROf(w/o))/(AT*V)

UNITS

mg/L

mg/L



DC

DRO

DROi

DROf(w)

DROf(w/o)

GS

HOC

L

Leachate

O2(W)

0 2(w/o)

Rf

Symbol

xi

Definition UNITS

Donovan Creek site soil
>

diesel range organics

initial soil concentration of DRO p,g/g

final soil concentration of DRO after study with the ju,g/g 
addition of a surfactant

final soil concentration of DRO after study without ng/g 
the addition of a surfactant

Guerro-Santos media

hydrophobic organic chemical.

Lewistown site soil

any potentially biodegradable constituents present 
solution after contact with contaminated soil, 
constituents include surfactants, HOCs, and natural 
organic matter

rate of oxygen disappearance in respirometer mg/day
sample with surfactant

rate of oxygen disappearance in respirometer mg/day

sample with out surfactant

sorption factor -  the CMC of a surfactant based on 
sorption isotherms for a particular soil divided by the 
CMC in solution of the same surfactant.

Rf — CMCs 
CMCw



Xll

Symbol Definition

Ri contaminant biodegradability index -  the
biodegradation rate of the leachate with the 
addition of the surfactant divided by the 
biodegradation rate of the leachate without 
the surfactant addition.

Ri = 0?(w)
Oz(WZo)

Sf final concentration of surfactant in sample before
study

Si initial concentration of surfactant in sample before
study

Tr surfactant biodegradability rate -  biodegradation rate
of the surfactant in soil

Tr = (S î S f)
AT

T80 polyoxyethylene (20) sorbitan monooleate

T85 polyoxyethylene (20) sorbitan trioleate >

TWEEN80 polyoxyethylene (20) sorbitan monooleate

TWEEN85 polyoxyethylene (20) sorbitan trioleate

V total volume of water through desorption columns

UNITS

mg or ml_ 

mg or mL 

mg/day

AT change in time days
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ABSTRACT

This thesis addresses the selection of a surfactant for use in an enhanced 
bioremediation strategy. It is based on a proposal submitted to CONOCO, Inc. 
(Jordan, 1998). The protocol was originally intended to enhance aged 
hydrocarbon degradation through the in-situ addition of surfactant. The protocol 
has subsequently been expanded to encompass newly contaminated sites and 
other remediation strategies.

The protocol addresses aspects of the contaminant fate, the surfactant 
fate, and the combinations thereof. The aspects include biodegradation, 
bioavailability, desorption/dissolution (mobility), and toxicity of each surfactant 
and soil combination. The protocol takes a soil sample to the laboratory and tests 
each aspect through a series of short term biodegradation, bioavailability, and 
mobility studies. The rates and parameters that are determined for each 
contaminant and surfactant concentration, contaminant biodegradation, 
contaminant bioavailability, contaminant mobility, surfactant biodegradability, 
surfactant bioavailability, and surfactant mobility are expressed as an index and 
placed into a table for easy comparison.

This thesis uses two site soils with diesel range organic, DRO, 
contamination and four surfactants to develop and demonstrate the protocol. The 
two site soils are Donovan Creek located outside of Missoula, MT and Lewistown 
located about two hours north of Billings, MT.

It was found through the use of this protocol, that for the Donovan Creek 
site, surfactant addition inhibited all processes that were evaluated. This induced 
inhibition indicated that the addition of surfactants would not be beneficial for use 
in a remediation strategy. However, it was found that surfactant addition at the 
Lewistpwn site would be beneficial for use in remediation strategies. It was found 
that in the Lewistown soil, surfactant addition increased most processes with the 
exception of bioavailability, where only. ABS was found to enhance bioavailability.
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CHAPTER 1

INTRODUCTION

Over the years,'the petroleum industry has grown dramatically. It has 

grown from a small business where coal was the main petroleum product to an 

industry that provides many different refined products, including fuels, lubricating 

oils, and plastics. In the early years of the petroleum industry, care was not taken 

to dispose of waste products properly and if spills occurred due to transportation 

accidents, there was often no attempt to clean it up or the cleanup efforts were 

poorly done. But, as the industry grew, knowledge about the potential health risks 

to human health and the potential risks to the environment were discovered. With 

this knowledge, more care has been taken to dispose of waste products properly. 

And, better methods of transportation have been developed.

But, despite all the care taken in disposal and transportation, there still 

remain the older contaminated sites and the new sites that occur through 

accidents. With the ability of the petroleum products to persist in the subsurface 

environment, due to their hydrophobicity and often low degradability, they may 

remain detectable in the environment for decades if left to naturally attenuate.
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In recent years, it has been mandated that a responsible party be 

identified for sites where groundwater and soil are contaminated with 

hydrophobic organic compounds (HOC). This responsible party is charged with 

developing and controlling a remediation program on site until contamination 

levels in groundwater and soil are reduced to acceptable levels. The cleanup and 

monitoring costs can be quite high due to actual treatment and to the time that is 

required to clean the site. So, with cleanup efforts taking extended period of time, 

industry or the responsible parties have been looking to the use of surfactants.

Surfactants are primarily used in subsurface remediation as a means of 

accelerating desorption of HOCs from soil and subsequent advective transport in 

the aqueous phase. This leads to enhanced mass-transport (or mobility) of the 

contaminant, particularly when surfactants are applied in conjunction with pump- 

and-treat systems. It is also possible that a surfactant can either enhance or 

inhibit HOC biodegradation. Although there is abundant literature on surfactant 

applications, (Chapter 2), most of the studies only look at one aspect of the 

effects of the surfactant and they often look at only one type of surfactant. There 

is not currently one study that presents a method that completely determines the 

effects of a surfactant on the fate of the contaminant as well as the eventual fate

of the surfactant itself.
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Goals and Objectives

The goal for this thesis is to develop a method that determines the effects 

of a surfactant on the contaminant fate as well as the ultimate fate of the 

surfactant. The surfactant screening method developed herein, is designed to be 

able to test multiple surfactants in combination with field samples of HOC 

contaminated soil, to determine quantitatively which surfactant has the most 

beneficial effect.

This thesis has three objectives. Objective 1 is to develop an index-based 

protocol for selecting a surfactant for use at HOC contaminated sites. Objective 2 

is to develop the testing methods for determining the indices that quantify the 

bioavailability, biodegradability, mobility, and toxicity for a specified surfactant 

applied to a particular petroleum contaminated soil. And, Objective 3 is to 

demonstrate the surfactant screening protocol using soils from two sites 

contaminated with petroleum hydrocarbons.
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CHAPTER 2

BACKGROUND

Contaminants in the Soil Environment

The contaminants of interest in this study are hydrophobic organic 

compounds in general and, more specifically, petroleum hydrocarbons. In the 

petroleum industry, many things can cause contamination of the subsurface 

environment including pipeline ruptures, leaky storage tanks, and dumping to 

name a few. These releases can be detrimental to plants, wildlife, aquatic life, 

and human life. The contamination can also destroy the underlying groundwater 

table by leaching into the water. Since many components of petroleum are 

suspected to be carcinogenic (Brown et al., 1996), even small amounts of 

solubilized HOC in the water, parts per billion range, can render entire aquifers . 

unfit for human consumption. In view of this threat to human health, regulations 

have become stricter and environmental cleanup efforts have become of interest.

However, the properties of the petroleum-based HOCs make cleanup 

difficult. HOCs are hydrophobic compounds often with very low solubilities, which 

drives them to preferentially sorb to soil or to remain as non-aqueous phase
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liquid (NAPL). These properties make removing contaminants from the soil 

environment a difficult and long process.

Although the hydrophobicity and the low solubility of HOCs helps to 

contain the contamination, it promotes long term persistence problems in the 

environment. Over time, if left alone to naturally attenuate, the HOC will degrade 

and disappear. However, this process of degradation may take decades to 

complete. One reason for slow degradation of HOCs is that they may not be 

bioavailable (IVIiheIcic et al., 1993). It is often assumed that for a HOC to be 

bioavailable (i.e. readily accessible for utilization and degradation by microbes) it 

must be solubilized in the aqueous phase. Based on this assumption, HOC 

sorbed to soil, or present in the NAPL phase, are not available for degradation by 

microbes. Another reason for the persistence of HOCs is that some are not easily 

degradable. The native soil bacteria at a contaminated site may not be 

metabolically capable of degrading the HOC or the HOC may actually be toxic to 

the microbes.

The potential health risks of HOCs make it important to remove the 

contaminant from the environment. But, since the properties of the HOC make it 

difficult to do so, research and industry, over the years, have developed many 

technologies to assist in the removal of HOC contamination. Pump-and-treat • 

technologies pump in large amounts of water, which is extracted down-stream 

and then treated for any dissolved contaminant. Fill technologies simply remove 

the contaminated soil and dispose of it in a landfill while the hole is filled with
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clean dirt. And, there are strategies that simply render the site unfit for any use 

until continual monitoring indicates that the contamination level is low enough to 

not pose a health hazard. While all of these strategies may be acceptable, they 

often take many years of treatment and can cost large amounts of money. So, 

recently, surface-active-agents are being investigated for use with treatment 

technologies to maximize the efficiency of the treatment and to shorten the length 

of time required for cleanup.

Surfactants

Surface active agents, or surfactants, are molecules that have both a 

hydrophilic portion and a hydrophobic or a lipophilic portion depending on the 

surfactant (Anonymous. 1996; Elworthy et al., 1968). This dual moiety lowers the 

surface tension by reducing energy requirements to bring the surfactant 

monomer to the surface. The lowered surface tension allows an emulsification 

action between phases that are not normally interactive, such as oil and water or 

surfaces and liquids. Surfactants’ amphipathic (Liu et al., 1992; Rosen, 1989)

(i.e. having a portion attracted to and a portion not attracted to the liquid) 

characteristic allows the surfactant to orient itself with the surface of soil particles 

but does not allow it to be separated from the liquid phase. This dual moiety also 

orients the surfactant monomer with the hydrophobic portion to the soil and the 

hydrophilic portion out into the solution. Generally, the hydrophobic group is a 

hydrocarbon chain (Rosen, 1989; Elworthy et al., 1968). The hydrophilic group
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can vary and is the means by which surfactants are classified. There are anionic, 

cationic, and nonionic surfactants.

Anionic Surfactants

Anionic surfactants are negatively charged and can have several different 

polar solubilizing hydrophilic groups. The solubilizing groups typically are 

carboxylate, sulfate, phosphate, or sulfonate (Anonymous. 1996; Rosen, 1989). 

Anionic surfactants are of the most commonly used surfactants and in general, 

are very water-soluble. However, anionic surfactants with longer carbon chains 

can be water insoluble and can be used as lubricating oils (Anonymous. 1996). 

Anionic surfactant’s solubility is not effected by pH so they are useful in alkali 

situations and are aerobically degradable. However, some anionic surfactants 

are not degradable anaerobically and these surfactants are often skin irritants 

(Fink et al., 1970; Rosen, 1989; Rouse et al., 1994). Studies have shown that 

anionic surfactants have exhibited both enhancement and inhibitory effects on 

contaminant degradation (Rouse et al., 1994; Churchill et al., 1995). Studies 

have also been done using anionic surfactants with respect to contaminant 

mobility. These mobility studies have shown a variety of effects on the 

permeability of the soils. Depending on the surfactant and the soil type that it is 

combined with, anionic surfactants can either work as permeability reducers or 

as contaminant mobilizers (Roy et al., 1995; Renshaw et al., 1997).
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Cationic Surfactants

Cationic surfactants are positively charged. The positive charge gives 

cationic surfactants an advantage when working with surfaces, and they strongly 

sorb to most surfaces, which are typically negatively charged (Rosen, 1989; 

Anonymous. 1996). Cationic surfactants are not as commonly used as anionic or 

nonionic surfactants and are typically more expensive. Cationic surfactants can 

be used in conjunction with nonionic surfactants, but are incompatible with 

anionic surfactants. Cationic surfactants are often used as biocides in many 

medical applications and can be used as an emulsifier, a herbicide, and as an 

additive in fabric softeners (Rosen, 1989). Cationic surfactants have been 

studied for use in the environment for creating surfactant induced sorbent zones 

(Brown et al., 1996) in conjunction with nonionic surfactants for mobilization.

Nonionic Surfactants

Nonionic surfactants have no apparent charge. They will orient either with 

the hydrophobic group or the hydrophilic group to the surface depending on the 

properties of the surface. Nonionic surfactants are compatible with other ionic 

surfactants and are soluble in water and organic solvents, including 

hydrocarbons (Schick, 1967), Nonionic surfactants are often characterized by 

their hydrophile-lipophile balance (HLB). The HLB number is a ratio of the

hydrophilic moiety of the surfactant to the whole surfactant molecule (Rouse et
. . ^

al., 1994). The higher the HLB number the more hydrophilic the surfactant. Most
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nonionic surfactants are non-toxic and are not considered irritants to the skin, 

eyes, or respiratory system. They are readily degradable and some are utilized 

as substrates or as an additional carbon source in media (Aronstein et al., 1992; 

Jahan et al., 1997; Putcha et al., 1993). Nonionic surfactants have also been 

investigated for use in mobilizing contaminants in the soil environment (Yeom et 

al., 1995; Aronstein et al., 1991).

PreviousWork

Biodegradation

Biodegradation of the contaminant and surfactant are critical aspects of 

any remediation or bioremediation effort. Biodegradation of contaminants in the 

environment will occur over time, but the process can proceed very slowly. The 

reason for this is that contaminants, particularly HOCs, do not serve readily as 

carbon sources for microbes. This is attributed to several possible reasons. One 

of the possible reasons is the microbes have difficulty taking up the HOC. 

Another reason is that the HOC at higher concentrations can be toxic to the 

microbe. Addressing the first of these two possible reasons for poor degradation 

rates, studies have been done where surfactants were added to see if the 

lowered surface tension between the microbe and the HOC would facilitate a 

higher degradation rate. These studies have shown that by lowering the surface 

tension between the microbe and the HOC, degradation can be enhanced (Abd-
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Allah et al., 1998; Jahan et al., 1997). However, not all of the studies show a 

positive result; some of these studies show evidence that the addition of a 

surfactant can inhibit degradation. These studies also indicate that the 

concentration at which the surfactant is added can be a critical factor to the 

degradation process. One study shows that the surfactant must be present at 

least at its CMC to have a significant enhancing effect (Jahan et al,, 1997). Still, 

while one surfactant may enhance the degradation at a higher concentration, 

others may actually be inhibitory at higher concentrations where they become 

toxic to the degrading microbes. Several studies have been done and show 

evidence to support the potential toxicity issue with the degrading microbes 

(Rouse et al., 1994; Abd-Allah et al., 1998; Fu et al., 1995). These studies show 

that the toxicity of the surfactant, particularly in combination with the potential 

toxicity of the contaminant is a determining factor for the efficiency of a surfactant 

to promote degradation.

Since surfactants are often used to increase the biodegradability of 

contaminants in the soil environment, it is important to consider whether or not 

the addition of the surfactant will be another source of contamination. So, the 

degradability of the surfactant itself is important. Some surfactants are readily 

degradable at certain concentrations, as previously mentioned. Some are also 

degradable in the presence of HOCs. Studies to determine the degradability of 

the surfactant have been done both with and without the presence of HOCs 

(Madsen et al., 1996). Most nonionic surfactants are easily degradable, likewise
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some anionics, but few cationic surfactants are easily degradable and are often 

toxic to microbes, thus their frequent use as anti-microbial agents (Anonymous.

1996; Rosen, 1989). There are several studies that support the possibility of both 

the surfactant-enhanced biodegradation of the contaminant and the degradation 

of the surfactant itself in the presence of the contaminant (Aronstein et'al., 1.991; 

Abd-Allah et al., 1998).

Bioavailabilitv

Degradation processes for HOCs are slow, but can be made even slower 

in soil environments where the HOC can sorb to soil particles. In the soil 

environment, HOCs are likely to associate themselves with surfaces due to their 

hydrophobic nature. This surface association is often one of the reasons that 

contribute to the slow degradation of the contaminant and its low bioavailability. 

When a HOC is associated with a soil surface, not solublized, microbes are 

unable to access the contaminant, either because they can not remove the 

contaminant from the soil surface or the they can not use the contaminant in an 

unsolubilized form (Jordan et al., 1999). Surfactant addition can possibly improve 

HOC bioavailability (Jordan et al., 1999; Fu et al., 1995; Tiehm et al., 1997). This 

increase in bioavailability of HOCs, either from the soil phase or the NAPL phase, 

has been seen in studies (Aronstein et al., 1993; Aronstein et al., 1991; Fu et al.,

1995). However, concentration of the surfactant can be a critical factor and some
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studies have shown that surfactants added above the CMC actually sequester 

HOC from microbial degradation (Putcha et al., 1993; Guhu et al., 1996).

Mobility

In the subsurface environment, the processes that govern HOC mobility 

are 1) sorption/desorption to and from the soil phase, 2) solubilization/dissolution 

to and from the NAPL phase, and 3) advective transport in the dissolved phase. 

These processes along with the properties of the contaminant dictate the 

movement of a contaminant in the soil environment. For example an HOC can 

sorb to soil particles, dissolve into solution, and can be mobile in the soil 

environment either in a solubilized phase or in the NAPL phase. The hydrophobic 

nature of the HOC dictates that it preferentially sorb to the soil. The low solubility 

of the HOC encourages the HOC to remain in either the sorbed or NAPL phase.

These physical-chemical properties have important implications to the 

remediation of HOC contaminated groundwater sites. The tendency of the HOC 

to sorb to soil promotes decreased mobility, and the lower the mobility, the 

smaller the contaminant plume. However, low mobility also makes it difficult to 

remove the HOC from the soil environment. The HOC can also remain in the 

NAPL phase, which may or may not be mobile. The addition of the surfactant to 

the soil environment can increase desorption and thus increase HOC mobility.

Different surfactant types may either increase or decrease mobility. 

Nonionic surfactants have been used successfully to enhance mobilization of
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HOC in soil washing techniques and pump-and-treat technologies (Yeom et al., 

1995; Fountain et al., 1996; Fu et al., 1995). Some anionic surfactants react in 

the soil environment decreasing pore sizes by high sorption abilities or 

precipitative reactions with the soil minerals (Tumeo, 1997). However, some 

anionic surfactants have been used successfully in soil washing techniques (Roy 

et al., 1992). In cases where it is desired to increase sorption to the soil, cationic 

surfactants are being.studied for use in creating enhanced sorbent zones used in 

conjunction with funnel and gate technologies (Hayworth et al., 1997; Brown et 

al., 1996). The presence of the sorbed cationic surfactants increases the organic 

carbon of the soil making the zone a more favorable sorption site for HOCs.

Toxicity

In recent years, it has been shown that HOCs are not only toxic to the 

environment, but that they are also potential carcinogens to humans. With this 

potential health risk, acceptable regulatory limits in the environment are often in 

parts per billion (Brown et al., 1996). There are three pathways of reception by 

humans; inhalation, adsorption, and ingestion. Inhalation of HOCs is the least 

threatening, except to those immediately on-site, since most volatile constituents 

are the first to degrade and the easiest to remediate. Adsorption is less of a 

threat since many releases are underground and care can be taken to limit 

accessibility to contaminated areas. The main danger of adsorption through the 

skin would be due to swimming in contaminated waters downstream.
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Contaminated downstream waters are the main source of ingestion of the 

contaminants. The threat of human toxicity is not only a consideration with the 

contaminant, but also with surfactants. Many surfactants are skin, eye and 

respiratory irritants.

In remediation, it is also important to consider what will be toxic to the 

microbial flora of a contaminated site. Some surfactants are used in 

pharmaceutical applications where they are enlisted as biocides. Some 

surfactants at low, sub-CMC concentrations, are not toxic, while at higher 

concentrations, they act as microbial growth inhibitors (Hayworth et al., 1997; 

Rouse et al., 1994). This is especially important to determine if the intent of the 

addition of the surfactant is to enhance biodegradation. It is also important to 

consider when applying other technologies. Any remaining surfactant, after use 

in conjunction with a pump-and-treat strategy, for example, should be evaluated 

for potential toxicity to the local ecology.
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CHAPTER 3

SURFACTANT SCREENING PROTOCOL

The Need for a Screening Protocol

The foregoing literature review defines the need for a surfactant screening 

protocol. Surfactants have multiple uses in subsurface environmental restoration. 

Surfactants can enhance the removal efficiency of soil washing. They can 

enhance biodegradation of HOCs. They can help close a contaminated site by 

decreasing the amount of time required for cleanup procedures. However, not all 

surfactant effects are beneficial. Surfactants can sequester HOC and slow the 

degradation process. They can kill the microbes that are degrading the HOC. Or, 

they can mobilize the contaminant and increase the size of the plume. So, if the 

application of a surfactant is being considered, there are many things that should 

be evaluated before application.

There is a need for a comprehensive method for selecting a surfactant. 

The protocol should allow for pre-screening to evaluate the contaminant fate and 

the surfactant fate. It should also answer questions for the contaminant fate such 

as, will the contaminant be mobilized and will it increase contaminant
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degradation. The protocol should answer questions for the surfactant fate such 

as, will the surfactant degrade, will the surfactant have an inhibitory effect on 

contaminant degradation or mobilization, will there be an increased toxicity issue 

at this site, and is the site better off being left alone to naturally attenuate. 

Through the use of this protocol, whether or not a surfactant should be used, 

which surfactant to use, and how much surfactant to be used, can be 

determined.

The Surfactant Screening Protocol

The protocol is an index-based protocol determined through batch and 

flowing column reactor tests. The tests evaluate the contaminant fate and the 

surfactant fate in the soil environment. It is a protocol that can be easily 

performed and gives a clear indication as to whether or not a surfactant, if used, 

would be beneficial when applied to a specific contaminated soil sample. The 

protocol indicates the potential of each surfactant, tested at various 

concentrations, for beneficial effects on a particular site soil. It is a protocol that 

addresses the biodegradability, bioavailability, mobility, and toxicity of the 

surfactant, the contaminant, and the different combinations thereof.

The biodegradability index for the contaminant is used to determine if the 

contaminant in the solubilized form is more biodegradable with the addition of a 

surfactant or without the addition of a surfactant. The biodegradation index is
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used to determine if the surfactant in the presence of a specific site soil is 

biodegradable by the microbes present at that site.

The bioavailability index for the contaminant is used to determine if the 

soil-sorbed contaminant is more degradable with the addition of the surfactant 

than without the addition of the surfactant. The bioavailability index for the 

surfactant is used to determine if the surfactant is degradable in the presence of 

soil.

The mobility index for the contaminant is used to determine whether or not 

the addition of a surfactant will promote contaminant removal from the soil phase 

or inhibit the removal: The mobility index for the surfactant evaluates the potential 

for the surfactant to sorb to the soil.

The toxicity index for the contaminant evaluates the risk of increased 

toxicity with the addition of a surfactant. The toxicity for the surfactant is used to 

determine the toxicity of the surfactant to the indigenous site microbes and 

potential receptors.

Approach

Biodeqradabilitv (Batch)

If a surfactant is added to HOC contamination in the subsurface, it is 

important to determine whether the surfactant will enhance or retard the process 

of biodegradation. In addition, it is important to determine the biodegradation
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potential for the surfactant itself. Accordingly, the indices for the dissolved phase 

HOC biodegradation (Ri) and surfactant biodegradation (Tr) are:

Ri = 0?(w)
0 2(w/o) (1)

T r = (Si — SF)
AT (2)

Where O2(W) and 0 2(w/o) are oxygen depletion levels measured during a batch 

respirometer experiment. The (w) and (w/o) designate the presence of surfactant. 

And, where Si and Sr are the initial and final concentrations of surfactant, 

determined by surface tension measurements, in batch respirometer experiments 

and AT is the duration of the experiment in days. The respirometer in theses 

experiments in an instrument that creates a closed batch system and measures 

production and disappearance of gases in the batch sample. The respirometer is 

capable of measuring O2, CO2, and H2S gases, in the samples.

Bioavailabilitv (Batch)

Removal of the HOC from the soil particle or the NAPL phase by 

surfactant addition may or may not make the HOC more bioavailable. If the HOC 

is trapped in a micelle, it may not be available for microbial degradation even 

though it is in solution. Also, some surfactants are biocides and can kill the 

degrading microbes, so even if the surfactant were to make the HOC 

bioavailable, it would still not degrade. The index proposed here to measure the 

effect of the surfactant addition on sorbed HOC bioavailability is:
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Bi = (PRO,- DROf(W)V(AT)
(DROi -  DROf(w/o))/(AT) (3)

Where DROi is the initial, solvent extracted, diesel range organic concentration 

(DRO) and DROf is the final DRO concentration in the soil after batch 

respirometry studies.

Also important is the bioavailability of the surfactant in the subsurface 

environment. The bioavailability of the surfactant is measured by comparing the 

biodegradation rates of the surfactant in the soil environment to the 

biodegradation rate of the surfactant in the aqueous environment. The surfactant 

bioavailability index is defined as:

Bis — (Tr) /  ( (S |(Water) — S p(W ate r)V A T) (4)

Where Skater) and Ŝ water) are the initial and final concentrations of the surfactant 

after aqueous batch respirometer studies.

Mobility

The potential for desorption and/or dissolution of initially sorbed HOC 

contaminant may be quantified in a similar way. The index here is defined as:

Di = (PRO, -  DROf(W)V(ATV)
(DROi -  DROF(w/o))/(AT*V) (5)

Where DROi and DROf are the initial and final concentrations of DRO in the soil 

after flowing column studies. V is the total volume of liquid through the column.

The mobility index of the surfactant is defined as:

Rf = CMCs
CMCw (6)
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Where CMCs is the critical micelle concentration (CMC) determined from 

sorption isotherms and CMCw is the CMC of the surfactant in water.

Toxicity (Omitted in the scope of this thesis)

The potential toxicity of contaminants in the environment is the first and 

foremost reason for a site to ever become of concern. The toxicity of a 

contaminant can be of issue to the site, ecology, downstream ecology and 

potential receptors, and to human health. Toxicity at a site should be evaluated in 

the Surfactant Screening Protocol. Depending on the type and the level of 

contamination, site soils and aquifers can be either effectively unchanged or they 

may be come considered unfit for any use. With the addition of a surfactant, it is 

important to determine if this additional chemical will increase, decrease, or have 

no effect on the toxicity. However, due to time and equipment constraints, toxicity 

was omitted in the scope of this thesis. As it was proposed at the onset of this 

research, toxicity can be evaluated by standardized tests, for example, MicroTox 

by Azure Environmental.

Expediency

Many laboratory tests are tedious, require constant maintenance, and are 

either expensive or long-term. With the development of this protocol, expediency 

and easy of execution were of consideration. Tests were to be designed such 

that they were relatively easy to perform, relatively inexpensive, and required



21

little maintenance during run time. As was possible without losing quality of 

results, materials, instrumentation, and methods were chosen for their 

availability, malleability, and low cost. For example, equipment such as the 

desorption columns were constructed from common laboratory supplies and 

designed to be assembled by hand without use of excess tools or equipment. 

The duration of each experiment was also limited. The duration was limited to 

five days to focus on the early-stage enhancement of remediation and to allow 

for a protocol that would provide a 'fast' answer to the question of surfactant use.

Flexibility of the Protocol

Although initially focused oh in-situ biodegradation, the protocol allows 

enough flexibility that it may be modified to focus on a different remediation 

process. From choosing what concentrations of surfactants to use, to which tests 

are performed and the duration of each experiment, the protocol allows tailoring. 

For example, the protocol may be modified to target only desorption/sorption 

processes of the contaminant and surfactant combination. This can be done by 

performing the sorption isotherm and the desorption studies. The amount of 

surfactant that will sorb to a particular amount of soil can be determined through 

the isotherm studies, which would indicate the amount of surfactant that may be 

added before any downstream problems occur. And, by performing the 

desorption studies, the amount of contaminant that would be mobilized by a 

certain concentration of surfactant can be determined.
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How the Protocol can be Used

The protocol was designed to identify the surfactant that would most 

benefit the natural, in-situ bio-attenuation process. By performing the full battery 

of tests, a surfactant that will enhance the natural biodegradation process without 

posing a threat to the environment itself, without creating a downstream 

mobilization threat, and while eventually degrading itself, can be chosen. 

However, by performing the tests in the protocol, other characteristics of the 

surfactant effects that may be beneficial for use with other remediation strategies 

can be identified. For example, pump-and-treat strategies depend on 

solubilization of contaminants into water that is pumped into one well and 

extracted through another well downstream. The extracted water is then treated 

and usually pumped back into the upstream well. This strategy, however effective 

over long periods of time, can be enhanced by the use of a surfactant. The 

surfactant added to a pump-and-treat system should be highly efficient at the 

solubilization of the contaminant. The surfactant should also have a low tendency 

to sorb to the soil surface to decrease surfactant loss during treatment. A 

surfactant with these properties would aid in mobilizing the contaminant into the 

water that is being pumped through the soil without much loss of surfactant due 

to surface sorption. Although money is spent on the surfactant, its cost should be 

less than the overall cost of what the treatment cost would have been without the
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surfactant addition. With the use of a surfactant, treatment time can be reduced 

three or more times. This is only one way that the protocol may be tailored for 

use. Another example would be to identify an effective treatment strategy before 

one is already in use. The protocol, when completed, can help to identify what 

treatments may be most effective at a site. For instance, if none of the 

surfactants, tested significantly increase or hinder the degradation process but 

one of the surfactants facilitates mobility, then perhaps a no treatment action or a 

soil washing strategy may be most appropriate. The protocol may also be 

modified to evaluate longer-term effects by extending the length of the tests.
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CHAPTER 4

MATERIALS AND METHODS

Materials

Soils

Soils from two petroleum hydrocarbon contaminated sites (Donovan 

Creek and Lewistown) were chosen for testing the surfactant screening protocol. 

Access to both sites was given by CONOCO's Remediation Technologies unit, 

Houston, TX (CONOCO et al„ 1998).

The Donovan Creek site is a 25-year-old diesel contaminated site. It has a 

sandy-loam soil and is located 25 miles east of Missoula, Montana. The Donovan 

Creek contamination is the result of a ruptured pipeline. The Lewistown site is a 

60-year-old refinery site. It has various refinery waste products and some refined 

materials including diesel. It is located approximately 140 miles north of Billings

in Lewistown, Montana.
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Surfactants
\

A cationic, an anionic, and two nonionic surfactants were chosen for 

testing. Benzalkonium chloride (BAG) was chosen as the cationic surfactant and 

dodecylbenzene sulfonic acid sodium salt (ABS) was chosen as the anionic 

surfactant. Both were chosen for their accessibility, because both were already 

being used in the lab by other experimenters. The two nonionic surfactants, 

polyoxyethylene (20) sorbitan monooleate (TWEEN80) and polyoxyethylene (20) 

sorbitan trioleate (TWEEN85) were selected for their common usage in industry 

and their degradability (Rouse et al., 1994). TWEEN80 and TWEEN85 have HLB 

numbers of 14 and 10 respectively (Rouse et al., 1994). Thus, TWEEN85 is more . 

hydrophobic than TWEEN80. The TWEENs were donated by ICI Surfactants (!Cl 

et al., 1998). Each of these surfactants was chosen so that the ability of the 

surfactant screening protocol could be tested on a wide range of surfactants and 

soil combinations.

Experimental Methods

Soil Preparation

Site soils were sampled using decontaminated metal shovels and clean 

five-gallon plastic buckets, which were sealed with airtight lids. Soil was stored in

a walk-in cooler.
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The soil was then air-dried. Soil clumps were crumbled into smaller pieces 

if needed, spread out approximately one-inch thick on aluminum foil, and allowed 

to air dry for 24 hours under a fume hood prior to use in the experiments. The dry 

soil was then sieved through a 2-mm sieve (Tabak et al., 1999; Tabak, 1997). 

Dry-sieved soil was then placed in a walk-in cooler in a plastic airtight container. 

Soil type was determined based on field reports (MAXIM, 1997). The field 

capacity water content was approximated, based on a soil type graph (Wraith et 

al., 1999), for use in determining the target experimental water content.

Pore volume was determined using the dry sieved soil, a beaker and 

enough water to saturate the volume of soil without standing water on top of the 

soil sample. The wet sample was weighed, the amount of water calculated, and 

the pore water volume was determined.

Approximate dry bulk density for the dry soil was also determined 

(Equation 7).

Pb = (weight of soil (g)) / (volume of soil (mL» (7)

A graduated cylinder was filled to an even volume measure and then weighed. 

The procedure was repeated three times and an average was taken.

Surfactant CMC Determinations

Surfactant critical micellar concentrations (CMC) were determined by 

batch studies. 20mL of a surfactant-GS medium (Guerra-Santos medium 

(Guerra-Santos et al., 1984), Appendix C) stock solution was measured for
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surface tension, using a tensiometer, and then serially diluted until the surface 

tension value indicated that the surfactant concentration was effectively zero. 

The surface tension values vs. concentration were plotted on a semi-log graph 

and the CMC was determined. The point at which maximum slope change 

occurred, the intersection of the two linear sections of the plot, is defined as the 

CMC (Elworthy et al., 1968) (Figure 1). This was done for each soil and 

surfactant combination.
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Figure 1 -  Example figure of the determination of the CMC for a particular 
surfactant and media.

Sorption Isotherms

Sorption isotherms were performed in 250mL polypropylene bottles 

withlOg of dry-sieved soil and SOmL of GS media. Increasing concentrations 

(concentrations varied depending on the surfactant) of surfactant were added to 

the mixture and the bottles were placed on a shaker table for 24 hours to allow
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for equilibrium (Rouse et al., 1996). Equilibrium was assumed after 24 hours, for 

the determination of the sorption isotherms. The bottles were then centrifuged for 

15 minutes at SOOOrpm. Supernatant was decanted and filtered to remove 

particulate matter that may interfere with surface tension measurements. Surface 

tension measurements were then taken to determine the amount of the 

surfactant remaining in solution. Isotherms were complete when the amount of 

surfactant sorption to the soil stabilized. This was done for each soil and 

surfactant combination. The data were plotted log-log, Surfactant Added vs. 

Concentration Sorbed to Soil (Figure 2). The plot indicated the final sorption 

amount when the curve became most nearly linear with a slope of 0.
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Figure 2 -  Example figure of the determination of the SoiI-CMC for a particular 
surfactant and soil combination. This isotherm (SI) was for the Donovan Creek 
soil (DC) in combination with the surfactant BAC. The figure is plotted aqueous 
phase surfactant concentration (Saq) vs. sorbed phase surfactant concentration 
(Ss).
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Three surfactant concentrations were chosen for use in the studies based 

on the sorption isotherms for each surfactant and soil combination. The 

concentrations were O.SxCMC, 1xCMC, and IOxCMC respectively based on the 

unique properties of solubilized surfactant. At O.SxCMC, surfactant monomers 

are present on the soil surface and in solution. At IxCMC, the soil surface 

sorption capacity is reached; there is a surfactant mono-layer on the surface. At 

10xCMC, there are micelles present in solution.

Biodegradation Studies - Respirometrv

A respirometer, Micro Oxymax (software version V6.03) by Columbus 

Instruments, was used for all measurements in both surfactant and contaminant 

biodegradation studies. Instrument gas calibration was performed prior to each 

experiment and sample headspace was refreshed every two measurements 

during the experiment. A condenser was used for samples containing soil. For 

the surfactant biodegradation studies, the condenser was not used. Prior to each 

condenser use, the condenser was disinfected t>y dripping approximately 5mL of 

ethanol into each sample port. All biodegradation studies had a five-day duration.

Contaminant Biodegradation Studies

Samples were prepared in IOOmL media bottles with 20g of dry soil with 

enough GS media to bring the sample to 70% field capacity water content and 

with the appropriate amount of surfactant. One biodegradation experiment
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consisted of 10 samples with duplicate samples at Ox, 0.5x, 1x, and 10x CMC 

surfactant concentration, (determined from the sorption isotherms) and one 

positive control, having 1g/L yeast extract, and one negative control, having 

sterile media with no soil. The experiment ran five days at room temperature. The 

samples were then stored in a freezer until extraction. The samples were 

extracted for DRO in preparation for GC analysis using the ERA draft DRO 

method (Anonymous. 1993).

Contaminant Desorption Studies

The set-up (Figure 3) consisted of 250mL polypropylene bottles, as 

siphoned tanks with PVC pipe columns. The bottles contained the surfactant 

media solution and were set approximately ten inches above the top of the. 

columns. The columns consisted of a 7" piece o f 1A " ID PVC pipe with #1 single­

hole stoppers, 400x400 stainless steel mesh of 0.001 wire, 5g-0.15mm glass 

beads, and 10g-1 and 0.3mm mixed glass beads (Figure 4). The steel screen- 

mesh was cut to %" squares and then pushed into the column such that the 

corners of the screen were held by the stopper. Stoppers were firmly seated into 

the PVC pipe. The column was then filled, first with the small glass beads and 

then with the larger glass beads to fashion the filter. The soil sample was then 

placed on top of the filter and the column was closed with another stopper at the 

top of the column. Again, the stopper was firmly seated. Care was taken to not 

disturb the column as this prevented clogging the filter. Disturbing the filter



31

grading mixed the bead sizes and made the effective pore sizes in the filter easily 

clogged by fine soil particles in the soil sample. Small (3" in length) pieces of 

glass tubing were placed in the top and bottom stoppers to serve as connections 

between tubing and columns. A siphon was then connected between the influent 

bottles and the top of the column. Tubing was also run from the bottom of the 

column to a waste container.

250ml_
bottle column

Waste

Figure 3 -  Desorption Column flow assembly



32

*
* ----------- Soil Sample

Coarse Glass Beads 
Fine Glass Beads

Wire Mesh

#1 Stopper 
Glass Tubing

Figure 4 -  Column assembly

Desorption studies were conducted over a five-day period where 

200mL/day of surfactant solution was siphoned through each column. Each 

column received a total of 1L of surfactant solution. Each run consisted of three 

duplicated 20g samples (total 12 samples per run, 6 samples per soil, plus initial 

concentration samples) per each soil-surfactant combination. Bottles were filled 

each morning and siphons restarted until the end of the experiment. Siphoning 

took varying amounts of time, ranging from less than one hour in sandier soils 

(Donovan Creek) with low concentrations of surfactant to approximately 20 hours 

in a more clayey soil (Lewistown soil) with high surfactant concentrations. Tubing 

was removed and the intact columns were stored upright and refrigerated until 

extraction. The columns were destructively analyzed at the end of the five-day
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period. The samples were stored and extracted using the same procedure as the 

biodegradation studies, using the ERA Draft DRO soil extraction method for 

determining the remaining amount of DRO.in the soil.

Contaminant (Leachate) Biodegradation Studies

Samples were prepared by placing 20g of soil and 70mL of GS media with 

surfactant at specified concentration into a lOOmL-glass beaker. The beaker was 

then covered loosely with foil and allowed to sit for five days at room 

temperature. After the initial five-day period, SOmL of the supernatant was 

decanted into media bottles and placed on the respirometer. The soil sample was 

extracted to determine the remaining amounts of contaminant (DRO) in the soil 

and the amount of DRO in the supernatant. After the five-day respirometer run, 

the supernatant was decanted and filtered to remove particulate matter. Surface 

tensions measurements were taken on the filtrate to determine the remaining 

amount of surfactant in the solution. This procedure was used to determine the 

ability of components leached into solution to be degraded.

Surfactant Biodegradation Studies

Surfactant biodegradation studies were performed using the respirometer 

with surfactant media samples and soil inocula. Samples were prepared in 

IOOmL media bottles. SOmL of media with surfactant at the desired concentration

was placed in the bottle with a 1g-soil inoculum. Bottles were then placed on the
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respirometer for five days. At the end of the five days, samples were decanted 

and filtered. Surface tension measurements were taken and used to determine 

the amount of surfactant degraded.

Analytical Methods

Soil Extraction

The soil extraction procedure used in these experiments was modified 

from the Draft Method for Determination of Diesel Range Organics, Revision 

4(Anonymous. 1993) (Appendix A).

The soil sample was prepared by first decanting any standing liquid, water 

or media in the sample and discarded. Only the desorption study samples 

required decanting. An equal weight of sodium sulfate (Na2SO^ to that of the dry 

soil sample was then added. The mixture was well mixed and then allowed to sit 

with intermediate stirring until the texture became dry and grainy. Approximately 

90mL of methylene chloride (MeCI) was added to the dry mixture and sonicated 

(Tekmar Sonic Disrupter: horn sonicator, ModelTMSO) for three-three minute 

intervals with one-minute rests between intervals. The MeCI was then decanted 

into a SOOmL evaporative flask and concentrator tube (the flask and tube were 

connected by springs) through a funnel that contains a glass wool plug and 

approximately %-funnel volume of Na2SCU The funnel and contents were rinsed 

with approximately 20mL MeCI prior to the first sample filtration into the flask.

The sonication procedure was repeated twice more. After the third sonication and
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decanting, the funnel and contents were rinsed with approximately 10mL MeCI. A 

three-ball Snyder column was then placed on top of the flask-tube apparatus and 

lowered into a 95degree Celsius water bath. The apparatus was situated such 

that the bottom of the flask was bathed in steam. The MeCI solution was 

concentrated until the volume appeared to be between 5 and 10mL. The 

apparatus was removed from the bath and allowed to cool. 1.5mL of the 

concentrate was pipetted, using 2mL graduated-disposable glass pipettes, into 

auto-sample vials and stored in a freezer until GC/MS analysis. All glass was 

rinsed with MeCI between samples.

GC Analysis

GC analysis was used to determine the amount of DRO in the soil phase. 

GC analysis reported abundances that were compared to a standard curve of 

abundances vs. concentration of DRO.

The GC column that was used was not the column recommended by the 

DRO Extraction Method, but was an alternative column with the equivalent 

properties for ahalyzing DRO, (Neuman, 1998). The column used was the 

25Mx0.25mm Quadrex 007 5% methyl phenyl O.Spm-film column by Altech 

catalogue # 007-5-25-0.5F. The head pressure for the column was at 10SkPa 

with split injection. The column temperature started at 40° Celsius for five 

minutes and then ramped to 225° Celsius at 8 degree intervals every five 

minutes for a total run time of 33 minutes.
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Using a glass 2mL syringe with stainless steel needle, samples were 

drawn from the original sample vials and then filtered through a 0 .4 5 4 m nylon 

syringe filter into a clean auto-sample vial and capped. A glass GC syringe was 

then used to inject the GC sample. No more than 2.OpL of a sample per injection 

was used. The resulting abundance values are then compared to a standard 

curve, range Oiig-SOOO^g, (Figure 5) to determine the DRO concentration in the 

concentrate and back-calculated to determine the actual sample DRO 

concentration. This was done for each soil and surfactant combination. No 

internal standards were used.
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Figure 5 -  Diesel Standard Curve
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CHAPTER 5

RESULTS

Contaminant Indices and Parameters

Biodegradabilitv (Batch)

The biodegradability index (Ri) for the contaminant was defined as the 

biodegradation rate of leachate with the addition of a surfactant divided by the 

biodegradation rate of the leachate without the addition of a surfactant (Equation 

2 ).

Ri = Oo(W)
C>2(w/o) (2)

Leachate is defined as all biodegradable constituents solubilized in the solution, 

including surfactant, DRO, and other soil organics. An index value of one 

indicated there was no difference in the degradation rate with the addition of the 

surfactant. An index value of greater than one indicated that the biodegradation 

rate of the leachate was enhanced with the presence of the surfactant. And, 

conversely, if the index value was less than one, it indicated that the presence of 

a surfactant had inhibitory effect on the biodegradation rate of the leachate.
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The biodegradability index for the contaminant was evaluated by 

performing batch leachate biodegradation experiments. The oxygen levels 

measured by the respirometer (Table 1) were used to determine the , 

biodegradation rates (Table 2). This rate was then based on oxygen 

disappearance indicating that biodegradation processes occurred in the samples. 

This rate also assumed that the oxygen consumption was directly proportional to 

contaminant biodegradation. The leachate biodegradation rates were calculated 

as follows:

Ch(W) = (O2 consumed) / (volume of leachate * duration)
= (4.8mg Ch) / (50ml_ Leachate*5 days) = 0.019mg/mL-days

Similar calculations were used to determine the remaining leachate

biodegradation rates (Appendix D).

Table 1 -  Measured oxygen disappearance levels and other biodegradability 
data for Lewistown and TWEEN85

Sample Cumualtive Volume of Duration,
0 2 , mg Leachate, mL days

Ox 7.1 50 5
Ox 8,3 50 5

0.5x 4.8 50 5
0.5x 5.2 50 5 ■
1x 5.1 50 5
Ix 6.0 50 5

10x 6.6 50 . 5
10x 7.9 50. 5
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Table 2 -  Biodegradability Indices for the Lewistown soil and TWEEN85 
surfactant combination.

Lewistown and TWEElM 85

Surfactant
Concentration

Pre-degradation 
Leachate 

Concentration of 
DRO, ug/mL

Final Leachate 
Concentration of 
Surfactant, mL/L

Leachate
Biodegradation

Rate,
mg/mL/day

Biodegradibility
Index

Ox 96 0.0 0.028 Average
Ox 186 0.0 0.033 0.031

0.5x 84 0.0 0.019 0.6
0.5x 166 0.0 0.021 0.7

1x 96 0.1 0.020 0.7
1x 116 0.2 0.024 0.8

10x 164 13.3 0.026 0.9
10x 138 20.7 0.032 1.0

The oxygen depletion levels that resulted indicated low biodegradation 

rates in each of the samples. The surfactant addition in each of these samples 

had an inhibitory effect on the biodegradation in the leachate, with the exception 

of the IOxCMC concentrations, where the samples had only a slightly lower or 

equivalent biodegradation rate than the OxCMC samples. These results indicate 

that biodegradation was possible in the leachate, but was inhibited by the 

presence of surfactants. Only the Lewistown and TWEEN85 combination was 

tested, so no other bioavailability indices were determined.

Bioavailabilitv (Batch)

The bioavailability index (Bi) for the contaminant is defined as the rate of 

disappearance of DRO with the addition of a surfactant divided by the rate of 

disappearance of DRO without surfactant addition (Equation 3).
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Bi = (DROi- DRQf(W)V(AT)
(DRO i -  DROf(w/o))/(AT) (3)

An index value of one indicated that there is no difference in DRO disappearance 

with the addition of a surfactant. An index value of greater than one indicated that 

the addition of the surfactant had an enhancing effect on the DRO disappearance 

rate. Conversely, an index value of less than one indicated that the surfactant 

addition inhibits the DRO disappearance rate in the soil.

The DRO disappearance rates that were used to determine this index 

were calculated as follows:

Actual Abundance = Reported Abundance (pL"1) / Injection Volume (pL)
=(213978)/(1.97) = 109732

Where, Reported Abundance is the abundance reported by GC analysis and

Actual Abundance is the abundance per injection volume of sample.

Concentrate DRO Concentration = (Actual Abundance-47863)/665.08 
=(109732-47863)/665.08 = 93pg/mL

Where, Concentrate DRO Concentration is the concentration of the extracted 

sample volume.

DROf(w/o) = (Concentrate DRO*Concentrate Volume (mL))/(Soil Weight (g)) 
=(93*6.6)/(20) = 3W g

(DROi -  DROf(w/o))/AT = (59-31 )/(5) = Spg/g-day

All other soil concentrations (Table 3) and disappearance rates were calculated 

in a similar fashion (Appendix E). The indices were then calculated using 

Equation 3.
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Table 3 -  Final soil DRO concentrations after five-day biodegradation studies
(ug/g)

Lewistown Donovan Creek
ABS BAG T80 T85 ABS BAG T80 T85

0.5x 1564 1592 1567 1582 10 11 24 0
1649 1553 1345 1510 19 18 17 11

1X 1592 1446 1373 1471 16 18 35 28
— 1619 1644 1435 14 13 26 12

10x 846 1476 1688 1551 22 19 25 14
514 1648 1647 1526 — 31 12 -2

Ox 1504 1411 1228 1469 -12 23 20 13
1624 1532 1259 1540 31 21 24 8

The bioavailability indices were completed for all the surfactant and soil 

combinations. The contaminant biodegradation study method, a batch study, was 

used to determine this index. OxCMC surfactant samples were performed with 

each respirometer run (Table 3) and were used to calculate the average rates of 

disappearance without surfactant (Table 4).

Table 4 -  Bioavailability Indices: Averages are of rates (pg/g/day) of DRO 
disappearance from two duplicate samples.________________________

D o n o v a n  C re e k Disapperance Rate w/o Surfactant = 8.5 ug/g/day

T85 T80 ABS BAG
Averaae Index Averaae Index Averaae Index Averaae Index

10x 11 1.24 9 1.09 7 0.82 8 0.93
1X 8 0.90 7 0.80 9 1.00 10 1.15
0.5x 11 1.25 9 1.03 9 1.06 10 1.17

L e w is to w n Disappearance Rate w/o Surfactant = 86.6 ug/g/day

T85 T80 ABS BAG
Averaae Index Averaae Index Averaae Index Averaae Index

10x 55 0.64 29 0.34 227 2.62 50 0.58
1X 72 0.83 61 0.70 44 0.51 56 0.65
0.5x 53 0.62 72 0.83 41 0.48 48 0.56
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For the Donovan Creek soil samples (Table 4) there were no significant 

differences in the disappearance rates of the contaminant with or without the 

addition of the surfactant. Donovan Creek Bioavailability Indices ranged between 

1.25 for 0.SxCIVIC of TWEEN85 and 0.82 for 10xCMC for ABS. These values 

suggest that there may be an enhanced bioavailability effect, however none of 

the disappearance rates are statistically different from the control as determined 

by Dunnett's multiple comparison test (Appendix J).

For the Lewistown soil samples (Table 4) surfactant addition appeared to 

have had an inhibitory effect on most samples. However, there was one case, 

the IOxCMC ABS samples, that the surfactant addition had an enhancing effect 

with a 2.6 fold increased disappearance rate over that of media alone with an 

average disappearance rate of 227 pg/g/day.

Desorption/Dissolution (Flowing Column)

The desorption/dissolution index (Di) was defined as the leaching flux of 

the contaminant from the soil with the addition of the surfactant divided by the 

leaching flux of the contaminant from the soil without the addition of the 

surfactant (Equation 5). It was assumed that the biodegradation that may have 

occurred during the study was negligible compared to the amount of DRO that 

was removed from the column.

Di = (PRO, -  DROf(W)V(ATV)
(DRO i -  DROf(w/o))/(AT*V) (5)
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An index value of one indicated there was no enhancement or inhibition of the 

desorption/dissolution processes with the addition of the surfactant. An index 

value of greater than one indicated that the addition of the surfactant had an 

enhancing effect on the leaching flux of the contaminant from the soil. And, 

conversely, an index value of less than one indicated that the surfactant had an 

inhibitory effect on the leaching flux of the contaminant from the soil.

The DRO values were calculated from GC abundance values similarly to 

those in the previous section. To calculate the desorption fluxes, the differences 

between the initial and final concentrations of DRO from the desorption samples 

(Table 5) were divided by the total volume of surfactant solution that was passed 

through each column and the period over which the study was performed. An 

example calculation follows:

(DROi -  DROf(w/o))/(AT*V) = (59 -25) pg/g /(5 days*1 L) = 0.034pg/g-day-L 

The desorption index was then calculated using Equation 5.

Di = (0.0037pg/g-day-L)/(0.034pg/g-day-L) = 1.09

All desorption indices were calculated in this fashion (Appendix F).
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Table 5 -  FirFinal PRO soil concentrations after desorption studies (jug/g)
Lewistown 

T80 T85
Donovan Creek 
T80 T85

0.5x 1017 1188
1097 1126

39 26
26 24

1X 787 1015
904 593

26 29
16 37

10x 495
492 433

51 52
44 65

Ox 1520
1542

13
25

Desorption studies were only performed with three of the surfactants. BAG 

was omitted due to supply problems. For the Donovan Creek soil (Table 6), the 

desorption studies with the surfactant addition appear to generally have an 

inhibitory effect on the desorption of the contaminant from the soil. With both 

TWEEN 80 and 85, all concentrations of surfactant had an inhibitory effect. Both 

IOxCMC concentration had the lowest, or the most inhibitory indices at 0.28 for ■ 

TWEEN80 and 0.00 for TWEEN85.

For the Lewistown soil (Table 6) both TWEEN 80 and 85 had an increased 

desorption effect on the contaminant. The increased desorption appeared to be 

proportional to the increase in the concentration of the surfactant. TheTWEENs 

at the IOxCMC concentration had almost 40 times the desorption rate than that

of water alone.
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Table 6 -  Desorption Indices: Blank spaces under the ABS averages indicate 
that a value was unobtainable for that column. The averages columns are the 
means values for two columns.

D o n o v a n  C re e k Desorption Flux w/o Surfactant = 0.04 ug/g/day/L
T85 T80 ABS

Average Index Average Index Average Index
10x O 0.00 0.011 0.28 0.00
1X 0.026 0.65 0.038 0.95 0.00
0.5x 0.034 0.85 0.026 0.65 0.00

L e w is to w n Desorption Flux w/o Surfactant = 0.035 ug/g/day/L
T85 T80 ABS

Average Index Average Index Average Index
10x 1.448 41.37 1.388 39.66 0.00
1X 1.077 30.77 1.036 29.60 0.00
0.5x 0.724 20.69 0.824 23.54 0.00

The ABS desorption studies yielded very different results. Within the first 

400mL of flow, if not before, all of the columns stopped flowing, possibly clogged 

by a precipitate. The Lewistown IOxCMC concentration column had precipitate 

clumps in the effluent. The experiment was repeated and the same result of 

lowered permeability was found. This result has been seen by Renshaw et. al. 

(Renshaw et al., 1997), who has observed lowered permeability effects as a

result of anionic surfactant and soil mineral interactions.
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Surfactant Indices and Parameters

Biodegradabilitv -Surfactant (Batch)

The biodegradability of the surfactant was measured as the surfactant 

biodegradation rate (Tr ) and was defined as the biodegradation rate of the 

surfactant in the soil environment (Equation 2).

Tr = (Si — Sf)
AT (2)

This biodegradation rate was based on oxygen depletion in respirometer 

samples. The higher the value, the faster the surfactant would degrade in the 

laboratory soil sample environment.

The calculations for the surfactant biodegradation rate were determined as 

follows:

O2 Required for DRO Degradation = 0? Depleted in OxCMC sample
DRO Degraded in Sample 

= (2.96mg)/(8240|ig) = 0.0001 mg/pg

O2 Used in Degrading DRO = (DRO degraded in sample w/ surfactant)*02 Req’d 
= (7110pg)*(0.0001) = 0.71 mg

02 Required for Surfactant Degradation
= 0? Depleted in Surfactant Degradation in Water Sample 

Surfactant Degraded in Sample 
= (99mg)/(0.86g) = 0.11 mg/g

O2 Remaining for Surfactant Degradation = (Total O2 -  O2 Req’d for DRO)
= (47-0.71 )mg = 46.3mg

Surfactant Degraded = (Remaining 02)/(02 Req’d for Surfactant Degradation 
= (46mg)/(0.11 mg/g)= 418g
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The surfactant degradation rate was then found by dividing the amount of 

surfactant degraded by the duration of the experiment (Appendix G)

To determine this rate, the TWEEN85 respirometry data (from the 

contaminant biodegradation experiments) for both Donovan Creek and 

Lewistown were used. It was assumed that the samples with no surfactant 

addition were exhibiting only contaminant biodegradation and therefore the O2 

levels that were seen in those samples were the required amounts for the 

amount of contaminant biodegradation seen in that particular sample. The 

amount of contaminant remaining after the biodegradation period was 

determined by soil extraction. The remaining O2 amount, after the required O2 for 

contaminant biodegradation was subtracted, was assumed to be due to 

surfactant biodegradation. To determine the amount of O2 that was required for 

surfactant biodegradation, the surfactant biodegradation in water respirometry 

results were used.

After analyzing the Donovan Creek soil samples, it was determined that, 

on average, 0.07mg (Vug DRO and 0.015mg 0 2 /mg surfactant was required. 

The analysis of the Lewistown soil samples, yielded a 0.0001 mg 0 2 /i-ig DRO and 

0.063mg 0 2 /mg surfactant requirement. These values were then used to 

determine the surfactant in soil biodegradation rates (Table 7). The Donovan 

Creek samples yielded negative concentrations and thus negative rates. This 

could indicate that there was no surfactant biodegradation in these samples. As 

the trend is in the other Donovan Creek results, it is seen here that there is also
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an inhibitory effect on the degradation of the surfactant in the Donovan Creek 

soil. This may be due to a less diverse microbial community or it could also be 

due to inherent instrument variability. Since it is suspected that the surfactant 

addition inhibited all biodegradation processes, including biodegradation natural 

organic matter, more oxygen than was appropriate was attributed to DRO 

degradation in the no surfactant samples. So when the calculations were 

preformed for the surfactant-added samples, erroneously high amounts of 

oxygen was attributed to DRO degradation leaving no oxygen for surfactant 

degradation.

The Lewistown samples yielded positive values indicating that surfactant 

biodegradation did occur.

Table 7 -  Surfactant biodegradation rates for the Donovan Creek soil and 
Lewistown soil with TWEEN85 surfactant: The negative values indicate that 
calculations show that no biodegradation of the surfactant occurred.

D o n o v a n  C re e k L e w is to w n

Sample
Concentration

Surfactant Sample
Concentration

Surfactant
Degradation 
Rate mg/day

Degradation 
Rate mg/day

Ox — - Ox — -

Ox — Ox —

10x -714 10x 616
10x -142 10x 546
1x -278 1x 74
1X -312 1 x 63

0.5x -475 0.5x 102
0.5x -721 0.5x 83
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Bioavailabilitv - Surfactant (Batch^

The bioavailability index (B|S) for the surfactant was defined as the 

biodegradation rate of the surfactant in the soil environment divided by the 

biodegradation rate of the surfactant in water (Equation 4).

Bis= ( I r) / ((Si -  Sf)/AT) (4)

An index value of one indicates that there was no difference in 

bioavailability in the water or the soil environment. An index value of greater than 

one indicated that the surfactant is more biodegradable in the soil environment 

than in the water environment. An index value of less than one indicated that the 

surfactant is less bioavailable in the soil environment and thus degrades slower 

than in the water environment.

The biodegradation rates in water of the surfactant, based on the 

difference in surfactant concentration before and after biodegradation (Table 8), 

were determined as follows:

((Si -  Sf)/AT) = (20 -  13.5)mg/L / (5 days) = 1.34 mg/L-day 

The biodegradation rate in water was then divided into the biodegradation rate in 

the soil (Tr) (calculation shown in previous section). All biodegradation rates of 

the surfactant in water were determined similarly (Appendix H).
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Table 8 -  Initial and final concentrations of surfactant in surfactant 
biodegradation studies (mg/L)

Lewistown Donovan Creek
ABS BAG T80 T85 ABS BAG T80 T85

0.5x Initial 1900 2500 1.8 1.7 3000 1000 0.3 1
Final 1301 2 0,03 0.76 3365 2 0.01 0.97
Initial 3800 5000 3.6 3.4 6000 2000 0.6 2
Final 2717 9 0.1 0.75 4637 - 2340 0.06 0.48

10x Initial 38000 50000 36 34 60000 20000 6 20
Final 41812 71907 2.09 17.19 61148 32241 0.6 13.47

The surfactant bioavailability index was determined using the same 

sample set of the LewistOwn -TWEEN85 and Donovan Creek-TWEEN85 that 

was used to determine the biodegradation of surfactant in soil. The surfactant 

biodegradation rate in water was determined using the surfactant 

biodegradability procedure outlined in the methodology section. But, due to 

instrumentation trouble, only the surfactant biodegradation rate in soil was 

available for the Lewistown-TWEEN85 and the Donovan Creek-TWEEN85 

combinations. The surfactant in water degradation rate experiments were not 

duplicated due to limited instrument time.

For the Donovan Creek and TWEEN85 combination, surfactant 

biodegradation rates in water were found to decrease with lower amounts of 

surfactant (Table 9). The resulting indices were negative due to the dependence 

on the leachate results. Thus the bioavailability indices for the Donovan Creek-

TWEEN85 combination are assumed to be zero.
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Table 9 -  Bioavailability indices for the Donovan Creek and TWEEN85 
combination.

Donovan Creek and TWEEN85

Surfactant
Concentration

Surfactant 
Degradation Rate 

in Soil mg/day

Surfactant 
Degradation Rate in 

Water mg/day

Bioavailability
Index

10x -714 0.00
10x -142 0.067 0.00
1x -278 0.00
1x -312 0.0155 0.00

0.5x -475 0.00
0.5x -721 0.0005 0.00

For the Lewistown-TWEEN85 combination, surfactant biodegradation 

rates in water were found to have also decreased with lower concentrations in 

the sample (Table 10). The surfactant in water biodegradation results were 

divided into the soil biodegradation results and the resulting indices were 

determined. The indices indicated an increase in degradation with the presence 

of the soil. The bioavailability for the indices indicate that the 0.SxCIVIC 

concentration was the most bioavailable with an average of approximately 9700 

for an index. The 10xCMC concentration had the second highest index on 

average at approximately 3300. These high values would indicate that there are 

other sources of carbon which contribute to the oxygen depletion amounts that 

are used to calculate this index value.
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Table 10 -  Bioavailability indices for the Lewistown and TWEEN85 combination.
L e w is to w n  a n d  T W E E N 8 5

Surfactant
Concentration

Surfactant 
Degradation Rate 

in Soil mg/day

Surfactant 
Degradation Rate 
in Water mg/day

Bioavailability
Index

10x 616 3561
10x 546 0.173 3159
1x 74 2707
Ix 63 0.0275 2300

0.5x 102 10729
0.5x 83 0.0095 8711

Although the bioavailability indices for all of the soil and surfactant 

combinations could not be calculated, the surfactant biodegradation rate in water 

was determined for all surfactant and soil combinations. Again, due to limited 

instrument time, these experiments were not duplicated. For the Lewistown soil 

inocula, surfactants TWEEN 80 and 85 (Table 11) appeared to be the most 

easily degraded. ABS and BAC gave variable results.

Table 11 -  Surfactant in water biodegradation rates with a Lewistown soil inocula
L e w is to w n

Surfactant Concentration
Degradation

Rate
mo/L/dav

Surfactant Concentration
Degradation

Rate
ma/L/dav

0.5x 0.19 0.5x 150
TWEEN85 1X 0.55 ABS 1X 271

10x 1.34 10x 953
0.5x 0.38 0.5x 500

TWEEN80 1x 0.74 BAC 1X 998
10x 7.19 10x -4381



53

For the Donovan Creek soil inocula, TWEEN 80 and 85 appeared to be 

the most easily degraded. Again, ABS and BAC gave variable results (Table 12) 

compared to the correlating increase in biodegradation rates to increased 

surfactant concentrations with TWEEN80 and TWEEN 85..

Table 12 -  Surfactant in water biodegradation rates with a Donovan Creek soil 
inocula

D o n o v a n  C re e k

Surfactant Concentration
Degradation

Rate
mo/L/dav

Surfactant Concentration
Degradation

Rate
mo/L/dav

0.5x 0.01 0.5x -91
TWEEN85 1X 0.31 ABS 1X 341

10x 1.34 10x -287
0.5x 0.06 0.5x 200

TWEEN80 1X 0.11 BAC 1X -68
10x 1.14 10x -2448

Sorption-Surfactant (Batch)

Sorption potential or the sorption factor (R f) indicates the level of affinity of 

the surfactant for the soil. It was described as the soil-CMC divided by the media- 

CMC (Equation 6).

R f — CMCs
CMCw (6)

An index value of one indicated that the surfactant has no affinity for 

sorption to the soil and no surfactant is lost out of the water phase due to soil 

sorption. As index values increase, the tendency, or the affinity of the surfactant

for the soil increases.
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The CMCs (Table 13) were determined as it is outlined in the Materials 

and Methods section. All CMCs were determined similarly (Appendix I).

The sorption isotherms for soil and surfactant combinations were 

determined using the procedure outlined in the methodology section. The CMCs 

for all surfactants (Table 13) in GS media were determined using the surfactant 

CMC determination procedure also outlined in the methodology. The CMCs in 

water did not differ greatly from the CMCs with soil for the nonionic surfactants. 

For the ionic surfactants, ABS and BAC, the CMCs increased dramatically by 40' 

fold in the presence of soil. However, the sorption isotherms yielded larger values 

for the ionic surfactants.

Table 13 -  Mobility indices: Media CMCs and Soil CMCs
Mobility Indices
Surfactant Donovan Creek Lewistown

Media CMC .Soil CMC Mobility
Index Soil CMC Mobility

Index
T80 0.265 mL/L 0.6 2 3.6 14
T85 -0.486 mL/L 2.0 4 3.4 7
ABS 0.134 g/L 6.0 45 3.8 . 28
BAG 0.107 g/L 2.0 19 5.0 47

The resulting indices indicated that the ionic surfactants have a higher 

affinity for sorption to the soil. The nonionic surfactants, TWEEN80 and 85 have 

indices that are 1/2 to 1/4 the magnitude of the lowest ionic surfactant indices 

(ABS at 28). With the presence of the Donovan Creek soil, the CMCs increased 

from approximately 3 fold of the CMC in water for the nonionic surfactants to 

more than 40 fold for ABS. With the Lewistown soil present, the nonionic,
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TWEEN80 and 85, CMCs increased to approximately 10 fold of the CMC in 

water. The ionic surfactants, however, responded oppositely to the Lewistown 

soil than what they did for the Donovan Creek soil. BAC in this case increased 

more than 40 fold, where ABS only increased 28 fold from the CMC in water.

The Surfactant Screening Chart

Lewistown

After all of the experiments were performed, the surfactant screening chart 

for the Lewistown site soil was assembled (Table 14). The table contains the final 

index information that resulted from each set of experiments.

Table 14 -  The Surfactant Screening Chart for the Lewistown Site. Each 
surfactant was tested at 0.5x, 1x, and IOxCMC. Each respective concentration is 
listed in the chart as the actual perspective concentration of that surfactant. An 
index of greater than one indicates enhancement of that rate.________________

S u rfa c ta n t S c re e n in g  C h a rt  

S ite : L e w is to w n

A B S T W E E N  80 T W E E N  85 B A C

1.9
o/L

3.8
o/L

38
q/L

1.8
mL/L

3.6
mUL

36
mL/L

1.7
mL/L 3.4 mL/L 34 mL/L 2.5

q/L 5 g/L
50
a/L

Rl 0.6/0.7 0.7/0.8 0.9/1.0
Dl CLOGGED 23.5 29.6 39.7 20.7 30.8 41.4
BI 0.48 051 2.62 0.83 0.7 0.34 0.62 0.83 0.64 0.56 0.65 0.58
TR 102/83 74/63 616/546
RF 28 14 7 47
BSI -9000 -2500 -3300

Rl - Contaminant Biodegradability Index I R  - Surfactant Biodegradability Index
Dl - Contaminant Desorption/Dissolution Index R F  - Sorption Factor Index
B I - Contaminant Bioavailability Index B S I - Surfactant Bioavailability Index
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The Surfactant Screening Chart for the Lewistown soil, suggests that ABS 

would be the most beneficial for use with a natural bio-attenuation strategy. ABS 

had a bioavailability index of 2.62. However, the screening chart is incomplete for 

ABS, so another surfactant should be suggested. TWEEN85 was the only 

surfactant that has been completely screened. However, if TWEEN85 was to be 

used, the chart would indicate that the 10xCMC concentration would be most 

beneficial for enhancing degradation of the contaminant in the soil environment.

Donovan Creek

After completion of all of the experiments for the Donovan Creek soil, the 

surfactant screening chart was assembled (Table 15). The chart, though 

incomplete, did give indication as to the effectiveness of the surfactants in the 

areas that were tested.

The surfactant screening chart for the Donovan Creek soil suggests that 

no surfactant would increase the biodegradation of the contaminant at the site 

and thus not benefiting an in-situ bio-attenuation remediation strategy at this site.
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Table 15 -  The Surfactant Screening Chart for the Donovan Creek Site Each 
surfactant was tested at 0.5x, 1x, and IOxCMC. Each respective concentration is 
listed in the chart as the actual perspective concentration of that surfactant. An 
index of greater than one indicates enhancement of that rate.

S u rfa c ta n t S c re e n in g  C h a rt  

S ite : D o n o v a n  C re e k

A B S T W E E N  80 T W E E N  85 B A C

3 g/L 6 g/L 60 g/L 0.3
mL/L

0.6
mL/L

6
mL/L

1
mL/L

2
mL/L

20
mL/L 1 g/L 2 g/L 20 g/L

Rl
Dl CLOGGED 0.65 095 0.28 0.85 065 0
BI 1.06 1.00 0.82 1.03 0.8 1.09 1.25 0.9 1.24 1.17 1.15 0.93
IR ( - ) ( - ) ( - )
RF 45 2 4 19
BSI ( - ) ( - ) ( - )

Rl - Contaminant Biodegradability Index T R  - Surfactant Biodegradability Index
Dl - Contaminant Desorption/Dissolution Index R F  - Sorption Factor Index
BI - Contaminant Bioavailability Index B S I - Surfactant Bioavailability Index
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CHAPTER 6

DISCUSSION

Contaminant Indices and Parameters

Biodegradability

The biodegradability index was used to determine the rate and extent of 

biodegradation of the organic compounds in the soil-leachate sample, with and 

without a surfactant addition. The biodegradability protocol was designed such 

that the soil and surfactant system would have time to equilibrate over the initial 

five-day period to allow for the processes of the contaminant solubilization into 

the liquid, surfactant-aided desorption, and surfactant sorption onto the soil to 

equilibrate. Biodegradation in the first five day of the leaching process was not 

measured. The second five-day period was used to determine the 

biodegradability of the compounds in the leachate.

It appeared that the lower concentrations, 0.5x and 1xCMC, of TWEEN85 

had an inhibitory effect on the biodegradation of the leachate when the rates 

were compared (Table 2). When the values were graphed (Figure 6), there 

appeared to be a trend in decreased inhibition of degradation with the increase in
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the surfactant concentration, however, samples without surfactant had higher 

biodegradation rates than any of the samples with the surfactant addition. (A 

statistical analysis was performed using Dunnett's multiple comparison test and 

no statistical differences were found between the no-surfactant samples and any 

of the samples with a surfactant addition, Appendix J) The trend of inhibition with 

the addition of the surfactant at the lower concentrations (0.5x and 1xCMC) could 

have been due to the surfactant coating the soil surface and sequestering the 

HOC from degrading microbes. The IOxCMC, with biodegradation indices of 1.0 

and 0.9, may have exhibited less inhibition due to micelles in solution. It is 

hypothesized that the micelles were able to remove the HOC from the soil and 

make it bioavailable to the microbes. However, the presence of the micelles, still, 

did not, on average, promote increased bioavailability.
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Figure 6 -  Biodegradability Indices for the Lewistown-TWEEN85 combination.

After the biodegradability studies were performed it was determined that 

the procedure did not fully evaluate the fates of the contaminant and the
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surfactant. Initially, it was assumed that the procedure would give a clear 

indication of the amount of DRO and the amount of the surfactant that was 

biodegraded in the leachate. But with the oxygen requirements for the 

degradation of the surfactant or the contaminant not being clear (this will be 

discussed in the Surfactant Biodegradability section), the leaching procedure 

may not have been a valid method for determining the degradability of the 

leachate. Several points were identified that may be addressed for questioning 

the validity for this experiment. They included the overall duration of the 

experiment, sample handling, and also contaminant and surfactant fate.

First, the leachate experiment was conducted over a total often days 

rather than five days: By allowing the sample to sit for five days to leach, the 

initial five-day degradation rate may have been missed. The duration of this 

experiment also makes comparison to the other rates (rates determined based 

on the first five days of a study) less valid. Second, samples were allowed to sit 

on a shelf undisturbed for five days. Not being stirred may not have optimized 

desorption. Had the samples been stirred, it would have modeled a flowing 

system more closely. And, third, the fate of the contaminant and the surfactant 

present in the soil was not fully characterized. How much surfactant sorbed to the 

soil, how much was degraded before the sample was placed on the respirometer, 

and how much contaminant was degraded after the samples were connected to 

the respirometer is not clearly determined in this experimental method. Thus, the. 

true fates of the contaminant and surfactant were not ascertained.



61

In order to address the uncertainties that were identified with the 

biodegradability procedure several modifications can be suggested. The first is to 

conduct a respirometer experiment where there is enough liquid content to leave 

the soil sample oxygen limited, i.e. 20g soil with SOmL surfactant-media solution. 

In this manner, it may be possible to limit the oxygen content in the soil at the 

bottom of the bottle, while the microbes in the liquid phase continue to degrade 

aerobically. Second, if columns were constructed of glass or some other non- 

sorptive material, it would be possible to collect the effluent from the desorption 

columns. This option increases the cost of the columns greatly, increasing the 

cost of each column from a few cents to nearly $40. A third suggestion is to take 

a soil sample and surfactant media solution and place it on a shaker table for a 

short period of time, decant the supernate and place it in a media jar on the 

respirometer. This procedure may facilitate direct measurements of the 

biodegradability of the leachate (Camper, 1999).

Bioavailability

The Donovan Creek soil had an average DRO disappearance rate without 

surfactant of 8.5 pg/g/day and it appears that each surfactant at least at one 

concentration had an enhancing effect on the DRO disappearance: The highest 

bioavailability indices were seen for TWEEN85 at 0.5xCMC (1.25) and 

TWEEN85 at IOxCMC (1.24). BAC at 0.SxCMC and IxCMC followed at 1.17 and 

1.15. It was expected that the TWEEN85 would enhance DRO disappearance,
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as it is biodegradable. However, BAG, since it is often used as a biocide, was not 

initially expected to have an enhancing effect on the biodegradation. However, 

there are studies being conducted at the Center for Biofilm Engineering that 

indicate that BAG does enhance biodegradation at concentrations below the 

CMC (Patrauchen, 1999). TWEEN80 and ABS showed little difference in the 

disappearance rate of the DRO between any of the concentrations. Donovan 

Creek is a very old site and has very low concentrations of DRO. The initial DRO 

concentration was determined to be 59 gg/g. Given this low level of DRO and 

that it is approaching accurate detection limits, the results of the biodegradation 

tests may not give clear results as to whether or not there is a significant amount 

of biodegradation occurring in the soil samples. Ifthe bioavailability indices are 

plotted vs. the relative surfactant concentration (Figure 7) it appears that no 

surfactant has an apparent enhancement of increased bioavailability over 

another. None of the samples with surfactant for the Donovan Creek soil had 

statistically different disappearance rates, which were compared be Dunnett's 

multiple comparison test (Appendix J).
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Figure 7 -  Bioavailability Indices for Donovan Creek

The Lewistown soil had an average disappearance rate without a 

surfactant addition of 86.6pg/g/day (average of all OxCMC degradation samples 

for the Lewistown soil, Appendix E). It appeared that any surfactant addition to 

the Lewistown soil inhibited disappearance of the contaminant. The index values 

ranged from 0.34 for TWEEN80 at IOxCMC to 0.83 for TWEEN85 at IxCMC and 

TWEEN80 at IOxCMC, none of which are statistically different, with the 

exception of ABS at IOxCMC had an index of 2.62 which is statistically different 

(Appendix J). The enhancement of DRO disappearance at IOxCMC for ABS 

suggested that the microbes at the Lewistown site could interact directly with the 

HOC sorbed into the micellar phase. This could prove to be particularly 

beneficial, as it seems that ABS has a tendency to lower permeability in the 

Lewistown soil. This will be discussed in the next section. Overall, the results 

would indicate that in the case of the Lewistown site that no surfactant addition 

would be the correct action, with the exception of the IOxCMC for ABS.
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The bioavailability index assesses whether or not the addition of a 

surfactant enhances the disappearance of a contaminant by promoting 

bioavailability. The bioavailability indices that resulted from these tests indicated 

that surfactant addition promoted a very small increase in disappearance of the 

DRO in the first five days of its addition. The samples were prepared at 70% field 

capacity water content to more closely mimic field conditions. Since these 

experiments were done in batch, it may be feasible to using a longer duration 

and, possibly periodical additions of additional surfactant. This could show a 

greater increase or decrease in the bioavailability of the DRO present in the 

samples.

Desorption/Dissolution

Forthe Donovan Creek soil, the desorption/dissolution indices indicated a 

decreasing desorption index with increasing concentration of surfactant (Figure 

8). This suggested that the DRO concentration was low enough that the 

surfactant actually sequesters the remaining amount of DRO to the soil surface. 

The data did suggest that higher concentrations did inhibit desorption. It could be 

that since TWEENs are nonionic, that they were not strong enough ionic charge 

to pull DRO away from the soil, but were sorbed rather to the soil surfaces, 

where they coated the remaining HOC and inhibited it from solubilizing.
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Figure 8 -  Desorption Flux vs. Surfactant Concentration for the Donovan Creek 
soil and TWEEN 85 and TWEEN 80.

The Lewistown soil showed that the addition of a surfactant increased the 

desorption flux of the DRO from the soil samples. As the case was with both 

TWEEN 80 and 85, the desorption flux increased with the surfactant 

concentration (Figure 9). The IOxCMC concentrations for both TWEENs 

increased desorption by 3.5 times the flux without surfactant addition. It appears 

that a removal technology would be greatly benefited by the addition of one of 

these two surfactants. The desorption fluxes for Lewistown and TWEEN 80 are 

all statistically different, while only the IOxCMC TWEEN 85 concentration was 

statistically different by Dunnett's multiple comparison test (Appendix J).
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Figure 9 -  Desorption Flux vs. Surfactant Concentration for the Lewistown soil 
and TWEEN 80 and TWEEN 85

ABS was also investigated in the desorption studies. However, when ABS 

was used in the columns, the columns within the first 400mL plugged. In the 

IOxCMC columns, there were visible clumps of precipitate in the effluent. So, it 

appeared that ABS was reacting with the minerals present in the soil and forming 

a precipitate. This has also been seen by (Jafvert et al., 1991; Tumeo, 1997) 

where anionic surfactants have been investigated for use in lowering soil 

permeability.
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Surfactant Indices and Parameters

Biodegradability - Surfactant

When the O2 requirements were determined for contaminant 

biodegradation, Donovan Creek soil samples had no remaining oxygen that 

could be attributed to surfactant biodegradation. In most samples, the oxygen 

that was attributed to DRO biodegradation, through respirometer oxygen demand 

data calculations of oxygen requirements, exceeded the measured amounts of 

oxygen. This lead to several possible conclusions. One, that there was no 

surfactant biodegradation occurring and that the oxygen levels that were 

calculated to be higher than what was measured were due to instrument 

variability. Two, when working with the Donovan Creek soil, the DRO values that 

were found through soil extraction may be high, causing the DRO biodegradation 

oxygen requirements to be overestimated. DRO soil extraction paired with GC 

analysis approaches its linear range lower-detection limit at approximately 

lOOpg/mL Or, three, there were other organics being biodegraded in the soil that 

account for oxygen depletion in the soil samples. This suggested that in the 

samples where there was no surfactant present, that all of they oxygen depleted 

was not due totally to DRO biodegradation, but also to other organic matter.

When the O2 requirements for DRO biodegradation in the Lewistown soil 

were determined, there were remaining O2 amounts that could be attributed to
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surfactant biodegradation. However, with the assumption that all remaining 

oxygen was due to surfactant biodegradation, excess oxygen levels indicated 

that there was more surfactant biodegraded than was added (Table 16). This 

indicated that there was other degradation processes occurring. Since it is known 

that the Lewistown soil has organic contaminants other than DRO, it was 

reasonable to say that these other organics were contributing to the O2 depletion 

in the samples. However, the amount of other contaminants has not been fully 

characterized (Hendricks, 1998).

Table 16 -  Oxygen levels compared for Surfactant Biodegradation in the 
Lewistown soil.

Surfactant
Concentration, 10x 10x Ix 1x 0.5x 0.5x

xCMC

Surfactant 
Added, mg 79.4 79.4 7.9 7.9 4 4

Surfactant 
Degraded, mg 3080 2730 372 316 509 413

Difference, mg 3000.6 2650.6 364.1 308.1 505 409

The Biodegradation Rate of the surfactant in the soil environment was 

inconclusive. Due to instrument troubles and limited available time, there was 

only one set of usable respirometer data for the determination of the 

biodegradation rate of surfactant in the soil environment.
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Bioavailability - Surfactant

The bioavailability index, given that it depended on the Surfactant 

Biodegradability Index, became highly suspect for the reasons mentioned in the 

previous section. Given that the calculations for the surfactant degraded in the 

soil environment indicated either excessive biodegradation of the surfactant or 

negative degradation of the surfactant and for the purposes of discussion in this 

section, the Donovan Creek surfactant biodegradability rates were assumed to 

be zero. And, it was assumed that all surfactant in the Lewistown samples was 

degraded.

With the above assumption of zero for the surfactant biodegradability rate 

in the soil environment, all of the Donovan Creek bioavailability indices became 

zero. This indicated that not only did the presence of soil slow the biodegradation 

rate of the surfactant, but .also, appeared to completely halt any surfactant 

biodegradation.

However, the biodegradation rates of the surfactants in the water 

environment did indicate whether or not a surfactant has potential for degradation 

by the microbial population present at the Donovan Creek site. When the initial 

concentration and the final concentrations were compared (Table 17), it could be 

seen that in most cases, the surfactants are being degraded. It appeared that 

both of the TWEENs could easily serve as a carbon source for the microbes at 

the Donovan Creek site. It also appeared that the higher the concentrations, the
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better the microbial degradation of the surfactant, or the better the microbial 

growth.

Table 17 -  Surfactant Degradation Rates in water with a Donovan Creek soil 
inocula

Surfactant xCMC Initail
Concentration

Final
Concentration

Degradation
Rate,

mg/L/day
U.bx I 1.0 U.U1

TWEEN85, mL/L 1x 2 0.5 0.31
10x 2 0 13.5 1.34
U.bx U.3 6 .6 ti.66

TWEEN80, mL/L 1x 0 .6 0.1 0.11
10x 6 0.6 1.14
U.bx 3UUU (-)

ABS, mg/L 1x 6000 4640 341.
10x 60000 61150 (-)

U.bx 1UU0 2 ÔO
BAG, mg/L 1x 2 0 0 0 2340 (-)

1Ux 2 0 0 0 0 32240 (-)-

The other two surfactants, ABS and BAC appeared to not be. as readily 

utilized as a carbon source. ABS appears to only be tolerated and degraded at 

the IxCMC concentration. And likewise, BAC appeared to be only tolerated at 

the O.SxCMC. Both of these values suggested that the surfactants may not serve 

as substrates except at certain concentrations. There have been studies that 

suggest that BAC may be utilized by microbes at low concentrations 

(Patrauchen, 1999). However, since these tests were not duplicated, it would 

warrant further experimentation to confirm this data.
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For the Lewistown site, it appeared that the opposite of Donovan Creek is 

true. In the Lewistown samples all of the surfactant (TWEEN85) that was added 

was degraded and there was additional biodegradation of other organics 

occurring. So, after making the assumption that all of the surfactant was 

degraded, the resulting bioavailability indices were in excess of 2300 (Table 10). 

These values were quite large and indicated that the surfactant was highly 

degradable in the soil environment, much more so than in the water environment. 

Although this may be true, it was probably not to the extent indicated by the index 

values. This could possibly be attributed to the initial number if microbes in the 

sample. In the surfactant biodegradation studies, there was only a 1g inocula of 

soil as opposed to 20g in soil biodegradation studies. So if it was assumed that 

per gram of soil there was an approximately equal number of microbes on the 

soil, then the biodegradation rate of the surfactant in the soil environment could 

be 20 times higher. This was one possible explanation of the differences in 

biodegradation rates. However, the assumption of total surfactant biodegradation 

in the soil samples was probably not correct. It was known that the Lewistown 

site soil has other contaminant organics and natural organics present, as 

previously mentioned. So, it was not possible to accurately determine how much 

surfactant was degraded.

Similarly to the Donovan Creek samples for Surfactant biodegradation in 

water, the surfactant biodegradation rates in water was also determined with a 

Lewistown inocula. For TWEEN80 and 85, it appears that the higher the
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concentration the better the biodegradation. This indicated that these two 

surfactants serve readily as a substrate for the microbes present at the 

Lewistown site (Table 18). Conversely, it appeared that ABS and BAC do not 

serve as readily at the higher the concentrations of the surfactants. Both ABS 

and BAC appear to be toxic, i.e. no biodegradation, at the IOxCMC 

concentrations. They did appear to be very biodegradable at the lower 

concentrations, IxCMC and 0.SxCMC (Table 18).

Table 18 -  Surfactant Degradation Rates in water with a Lewistown soil inocula

Surfactant x c m c  lnitail Final
Concentration Concentration

Degradation
Rate,

mg/L/day

TWEEN85,
mL/L

U.bx I . /  0.8
1x 3.4 0.8

10x 34 17.2

U.19
0.55
1.34

TWEEN80,
mL/L

U.bx 1:8 U.U I 0.38
1x 3.6, 0.1 0.74

10x 36 2.1 I 7.t9

ABS1 mg/L
U.bx 1900 1300 150 
1x 3800 2720 271 

10x 38000 41810 j (-)

BAG, mg/L
0.5X 2bOU 2 500 
1x 5000 9 998 

10x 50000 71900 | (-)

Since these tests were not duplicated due to instrument time, further 

investigation into the biodegradability of the surfactant in the aqueous phase. As 

was suggested by looking at the negative biodegradation concentration (Table 17 

and 18) there was potentially enough error in the concentrations determined by 

the surface tension measurements that there may have been discrepancies in
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the final concentrations of surfactant that were used to determine the 

biodegradation rates.

Sorption - Surfactant

The sorption factor for the different surfactants were simply multiplication 

factors for how much surfactant will sorb to the soil with respect to the CMC in 

water of that surfactant. This factor indicated that if a surfactant has a sorption 

factor of 4, that it will take four times the CMC in water of that surfactant to reach 

the CMC in the presence of soil due to loss of solubilized surfactant to soil 

sorption. This indicated the amount of surfactant the soil can hold before 

surfactant will begin to appear downstream of the injection site. There was only 

one sorption factor for each surfactant since it is determined by two specific 

points that relate to a single characteristic of the surfactant, the CMC, one with 

and one without soil present. The CMC values determined with the presence of 

soil are the basis for the concentrations used throughout the protocol. The 

concentrations, 0.5x, 1x, and 10x, represent one-half the sorption capacity of the 

soil, soil sorption capacity, and the presence of micelles in solution. These values 

are determined from a sorption isotherm graph (Figure 10).
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Figure 10 -  Sorption Isotherm example: Lewistown and BAG

Generally, the ionic surfactants exhibited a higher affinity for the soil 

surface. This was expected since soil surfaces have a characteristic charge, 

most often negative. Intuitively, it seemed most likely that the cationic surfactant 

then would have the highest affinity for the soil surface, since most surfaces are 

negatively charged and cationic surfactants are positively charged. And, this was 

seen with the Lewistown soil which was a clayey loam, thus negatively charged. 

BAG was determined to have a sorption factor of 47, where the anionic 

surfactant, ABS, only had a sorption factor of 28 (Table 13). The Lewistown site 

soil type explained the very high sorption capacity for the positively charged 

surfactant and the lower sorption capacity for the negatively charged surfactant. 

The TWEENs did sorb to the soil, but resulted with much lower sorption factor 

values. The ability of the surfactant to sorb to the soil, despite the overall neutral 

charge is explained by the hydrophobic moiety that is characteristic of
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surfactants. TWEEN80 and TWEEN85 had sorption factors of 14 and 7 

respectively.

 ̂The high sorption values between BAC and ABS for the Lewistown soil 

was opposite with the Donovan Creek soil. With the Donovan Creek soil, ABS 

had a higher sorption factor than BAC at 45 and 19 (Table 13). Again, it was to 

be expected that ionic surfactants would sorb to the soil more than nonionic 

surfactants. But in this case it appeared that the anionic surfactant, ABS, had a 

higher sorption potential for the Donovan Creek soil than BAC. There are two 

possible reasons for this, one the soil type, sandy loam, and chemistry of the 

Donovan Creek gave it a more neutral charge allowing potential for even an 

overall negative charged particle (surfactant) to sorb to it. Or, two, it may have 

been that the surfactant, even though overall negative, may have had a strong 

hydrophobic moiety which allowed it to sorb to the soil despite the overall 

repelling like-charges. However, this may also be explained by interactions of the 

surfactant with other soil minerals. This interaction between soil mineral and 

surfactant was being investigated for exploitation where permeability reductions 

may be desired (Renshaw et al., 1997; Tumeo, 1997). The TWEENs also 

reacted similarly to the Donovan Creek soil as they did the Lewistown soil. 

TWEEN80 and TWEEN85 had lower sorption values of 2 and 4. The results 

indicated that there could be a wide range of sorption potential and that this 

depends on soil types and surfactant types.
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Toxicity-Omitted in the scope of this thesis

The toxicity tests were eliminated in the scope of this thesis due to limited 

resources. The system proposed for use was the MicroTox system (AZURE, 

1999). The MicroTox system utilizes a bioluminescent bacteria that is exposed to 

a series of dilutions of a potential toxicant. The bacteria’s response is measured 

by its light output and is correlated to the potential toxicity of components in the 

solution.

Although this test was omitted, it can be said to some degree what the 

toxicity of each of these surfactants and contaminants is. It is known that 

TWEENs, in general, are not toxic. And as is the case with TWEEN 80, it is used 

in media and is used in food processes and in pharmaceuticals. ABS is 

considered an irritant and BAG is often used as a biocide in medical applications, 

also considered an irritant. DRO, or more generally petroleum hydrocarbons, are, 

or can be toxic, particularly some of the components. For other potential 

irritations or toxicities to humans, MSDS sheets for each surfactant can be 

reviewed.

The Surfactant Screening Chart

When all of the indices were completed and presented as a collection in 

the surfactant-screening chart for a site soil, they could be easily compared 

between surfactants and varying concentrations. Each index was listed down the 

left-hand column and the surfactant and the respective concentrations were listed
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across the top row. It should be noted that the different indices vary greatly in 

their magnitudes and care should be taken to not compare one index to another. 

The surfactant screening charts in this thesis were used as a demonstration as to 

the method by which the parameters and indices in the protocol may be 

determined, presented, and used. The charts for both of the site soils are 

incomplete. Although, it would have been ideal to complete both screening 

charts, the goal of this thesis was not to solve any remediation questions about 

either site. However, all parameters and indices have been determined at least 

once to demonstrate the method.

The Donovan Creek screening chart (Table 15) indicates that surfactant 

addition woujd not significantly enhance remediation of the contaminant. It 

appears that any surfactant addition inhibits desorption from the soil. The
I

surfactants exhibited no statistical difference between the each other or their 

different concentrations. So, it was speculative as to any potential enhancement 

of biodegradation through increased bioavailability. And, if the surfactant does 

enhance the biodegradation, the magnitude of enhancement may not be enough 

to offset the cost of the surfactant addition. Also, it appeared that the surfactant, 

once in the environment, did not degrade, leaving another foreign compound in 

the environment. So, it appeared that none of the surfactants would enhance an 

in-situ bioremediation strategy.

The Lewistown screening chart (Table 1.4) indicates that several of the 

surfactant concentrations might enhance the remediation effort. Given that the
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remaining indices and parameters should be determined for this surfactant, ABS 

exhibited low mobility potential and potential for enhanced contaminant 

biodegradation at the IOxCMC concentration. All others inhibited bioavailability of 

the contaminant for degradation, which would be the focus of ah in-situ strategy. 

However, if another remediation strategy were to be Usedi perhaps a removal 

technology like pump-and-treat, then either one of the TWEENs could be used to 

promote removal of the contaminant from the soil. ABS in this case would be 

ineffective and actually prohibitive to a removal technology as it lowered the 

permeability of the columns to point of effectively a zero permeability. The 

TWEENs also showed good potential for biodegradation, so any remaining 

concentrations in the soil would degrade and pose little or no threat to the

environment.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

Published methods for assessing surfactant and contaminant fate and 

transport in the subsurface tend to concentrate on only one aspect of surfactant 

enhanced bioremediation. Some methods concentrate on permeability 

reductions, (Renshaw et al., 1997; Tumeo1 1997), some concentrate strictly on 

sorption of surfactants to soils, (Kibby et al., 1997; Di Toro et al., 1990). Some 

methods only look at the biodegradation of the surfactant in the soil environment, 

(Fink et al., 1970), while others only look at the biodegradation of the 

contaminant in the presence of surfactant (Abd-Allah et al., 1998). In order to 

completely assess the effects a surfactant might have at a given site, several 

different literature references would need to be employed. The surfactant 

screening protocol offers a solution to this problem, by standardizing a method 

which assess the various aspects of the contaminant and surfactant fates and 

their interactions.

In the scope of this thesis, the Screening Protocol represents a first 

attempt at developing effective and clear ways to assesses all aspects of the 

contaminant and surfactant fates in an efficient cost effective manner. The
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protocol has potential to be able to determine which surfactant and in what 

concentration it should be applied at a given field site.

The protocol does propose more benefits than just assisting in the choice 

of a surfactant for use with an in-situ bioremediation strategies. For example, 

soil-washing is a technology that works on the principle of removal by desorption, 

where desorption is increased by increasing the amount of water through the 

system, thus increasing the desorption potential of the contaminant from the soil. 

Typically, this process requires thousands of gallons of water to remove the 

desired amount of contaminant. With a surfactant to help increase the 

solubilization potential through lowered surface tensions, the volume of water can 

be reduced and likewise the time required for the removal of the contaminant. 

With the use of the protocol, specifically the desorption experiments, the 

surfactant and concentration that will be most effective can be determined. The 

protocol can be used similarly for other technologies, some of which have been 

mentioned through out this document.

However, there are tests that do not clearly define what is being degraded 

or necessarily how much of that is being degraded. One test that should be re­

evaluated is the leachate study. This one is unclear as to what is being degraded 

and when. There are several other approaches to solving this that are discussed 

in the discussion section for the biodegradability index. Alternative approaches 

included, oxygen limited soil respirometry experiments, desorption column 

effluent collection, and shaker-table batch desorption studies. It is also

I
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recommended that the protocol be tested on another site soil that has a well- 

defined soil and contaminant. This would allow for a clearer assessment of the 

abilities of the protocol to determine an appropriate surfactant. Also, the protocol 

should be repeated possibly by another operator to eliminate operator biases and 

determine repeatability.

The protocol has great potential to be the first collective method for fully 

assessing a site and the effects of any surfactant addition. It should be further 

investigated on a bench scale, then a pilot-scale large enough to consider 

subsurface heterogeneities, and the finally tested in the field.

In furthered testing of this protocol, it is recommended that it be preformed 

in the following order with the listed changes:

1. Soil collection, characterization, and preparation;

2. Surfactant Selection, CMC determinations (CMCw and CMCs from sorption 

isotherms);

3. Contaminant Biodegradation Studies (Bioavailability Index determinations);

4. Contaminant Biodegradation Studies (Leachate Studies, it is recommended 

here that the Lhour shaker-table method be used rather than the leachate 

procedure that was used in this thesis);

5. Contaminant Desorption Studies; and

6. Surfactant Biodegradation Studies (surfactant degradations rates in water).



8 2

These procedures should be performed as outlined in the method and material

section of this thesis. All of the indices can then be determined by the final results
!

in a test of the combination of two tests as the definition of the index dictate.

(
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MFTHOD FOR DETERMINATION OF DIESEL RANGE ORGANICS

I .  SCOPE AND APPLICATION

1 .1 A n a ly te s

1 . 1 . 1 T h is  method is  designed to  measure th e  c o n c e n t r a t io n  o f  
d ie s e l  range o rg a n ic s  in  w a te r  and s o i l .  T h is  corresponds to  
an alkane range o f  C10 -  Cy  and a b o i l in g  p o i n t  range between 
approxim ately  170eC and 430°C.

1 . 1 . 2 The method is  designed t o  measure m id - ra n g e  petro leum  
products such as d ie s e l  o r  f u e l  o i l .  Components g r e a t e r  than  
C7,  present in  products  such as motor o i l s  o r  lu b r i c a t in g  
o i l s  are d e te c ta b le  under th e  c o n d i t io n s  o f  t h e  method. I f ,  
based on a re v ie w  o f  th e  chromatogram, th e  p resen ce  o f  these  
product types i s  suspected, a d d i t io n a l  e f f o r t s  may be 
performed in c lu d in g ,  but n o t  l i m i t e d  t o ,  a n a ly s is  o f  
a d d i t io n a l  re fe re n c e  m a t e r ia l s .  These a d d i t i o n a l  e f f o r t s  a re  
n o t  contained w i t h i n  t h i s  method.

1 . 2 Q u a n t i t a t i o n  L im its

1 . 2 . 1 Q u a n t i ta t io n  l i m i t s  a re  based on 100 //g/rnL o f  d ie s e l  in  th e  
e x t r a c t  and are  0 .1 0  mo/L f o r  w a te rs  and 4 . 0  mg/kg f o r  s o i l s  
(N o te : The word " d ie s e l"  corresponds t o  d i e s e l  #2 o r  fu e l
o i l  # 2 . )

1 . 3 Dynamic Range

1 . 3 . 1 D i lu t io n s  should be perform ed as n e c e s s a ry  to  put the  
chromatographic envelope w i t h i n  the  l i n e a r  range o f  the  
method. I n  g e n e r a l ,  the  in d iv id u a l  compound range is  1 .0  
t/g/mL to  50 //g/mL in  th e  f i n a l  e x t r a c t .  T h is  is
approx im ate ly  e q u iv a le n t  t o  100 //g/mL t o  5000 //g/mL o f  
d i e s e l .

1 . 4 E xper ien ce

1 . 4 . 1 T h is  method is  based on a s o lv e n t  e x t r a c t i o n .  Gas 
Chromatography (GC) p ro ced u re . This  method should  be used 
by, or under th e  s u p e rv is io n  o f ,  a n a ly s ts  e x p e r ie n c e d  in  the  
use o f s o lv e n t  e x t r a c t io n s  and gas chrom atographs. The
ana lys ts  should be s k i l l e d  in  the i n t e r p r e t a t i o n  o f  gas 
chromatograms and t h e i r  use as a q u a n t i t a t i v e  t o o l .

2 . METHOD SUMMARY

2 .1 One l i t e r  o f  water o r  25 grams o f  s o i l  is  sp iked  w i t h  a s u r r o g a t e  
com pound  and e x tra c te d  w i th  methylene c h lo r id e .  The e x t r a c t  i s  n e d
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and c o n cen tra ted  to a volume o f  1 .0  m l .  The e x t r a c t  is  i n j e c t e d  
in t o  a c a p i l l a r y  column gas chromatograph equipped w i th  a f la m e  
i o n i z a t i o n  d e te c to r  ( F I D ) .  Q u a n t i t a t io n  is  p e rfo rm e d  by comparing  
th e  t o t a l  chromatographic area between n-C10 and n -C za, in c lu d in g  
re s o lv e d  and unresolved components, t o  the resp o nse  o f  a t e n -  
component c a l i b r a t i o n  s ta n d a rd .

2 . 2  T h is  method is  based in  p a r t  on USEPA Methods BODO and 8100, SW-846, 
•T e s t  Methods f o r  E v a lu a t in g " S o l id  W a s te ,"  3rd  E d i t i o n  [ 1 ] ,  Method  
OA-2 [ 2 ] ,  and work by th e  EPA Total" P etro leum  H ydrocarbons Methods  
Committee [ 3 ] .

3 .  DEFINITIONS

3 . 1  D ie s e l  Range Organics (DRO): A l l  ch ro m ato g rap h ic  peaks e l u t i n g
between decane (n -C 10) and dctacosane ( n - z. ) . Q u a n t i f i c a t i o n  is  based  
on d i r e c t  comparison o f  th e  area w i t h i n  t h i s  range t o  th e  t o t a l  a re a  
o f  th e  te n  components in  th e  d ie s e l  component s t a n d a r d .

3 . 2  D ie s e l  Component S tan d ard : A ten-component b lend  o f  t y p ic a l  d ie s e l  
compounds (Table  I ) .  T h is  s tandard  se rv e s  as a c a l i b r a t i o n  s ta n d a rd  
and a r e t e n t io n  tim e window d e f in in g  m ix f o r  d ie s e l  range o rg a n ic s .  
A commercial d ie s e l o r  f u e l  o i l  may be used as t h e  c a l i b r a t i o n  
s ta n d a rd .

3 . 3  S u r ro g a te  Control Sample: A re a g e n t  w a te r  o r  method b la n k  sample
sp iked  w i t h  the s u rro g a te  compound used in  th e  m ethod. The s u r ro g a te  
re c o v e ry  i s  used as a l a b o r a t o r y  c o n t ro l - .  See 7 . 4 . 2 .

3 . 4  L a b o ra to r y  Control Sample: A re a g e n t  w a te r  o r  method b la n k  sample
sp iked  w i t h  a commercial d ie s e l  f 2  as a q u a l i t y  c o n t r o l  check. The 
s p ik e  re c o v e ry  is  used as a l a b o r a t o r y  c o n tro l  and must be g r e a t e r  
than  50%. See 7 . 4 . 5 .

3 . 5  O th e r  te rm s are as d e f in e d  in  SW-846.

4 .  INTERFERENCES

4 . 1  O th e r  o rg a n ic  compounds in c lu d in g  animal and v e g e ta b le  o i l  and 
g re a s e ,  c h lo r in a te d  hydrocarbons, p h e n o ls ,  and p h t h a l a te  e s te r s  a re  
m easu rab le  under th e  c o n d i t io n s  o f  t h i s  method. As d e f in e d  in  th e  
method, th e  DRO r e s u l t s  in c lu d e  th e s e  compounds. N o te :  SW-846 [ I )  
Method 3611 (Alumna Column Cleanup) may be used f o r  t h e  s e p a ra t io n  o f  
sample e x t r a c t s  in t o  a l i p h a t i c ,  a ro m a t ic ,  and p o l a r  f r a c t i o n s .  
D e t a i l s  o f  th is  cleanup a re  not in c lu d e d  in  t h i s  method.

4 . 2  Method in te r fe re n c e s  a re  reduced by washing a l l  g la s s w a re  w i t h  h o t  
soapy w a t e r  and then r in s in g  i t  w i t h  tap  w a t e r , m e th a n o l, and 
m eth y le n e  c h lo r id e .  Reagent b lanks must be a n a ly z e d  w i t h  each b a tc h  
o r  f o r  e v e ry  20 samples t o  dem onstra te  t h a t  th e  samples a re  f r e e  from  
method in te r fe r e n c e s .
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4 . 3  High p u r i t y  reagents such as B u rd ic k  and Jackson  GCz m ethylene  
c h lo r i d e  o r  Baker c a p i l l a r y  grade m ethy lene  c h l o r i d e  must be used to  
m in im ize  in t e r f e r e n c e  problems.

4 . 4  C o n ta m in a t io n  by c a r r y o v e r  can o ccur  whenever h i g h - l e v e l  and lo w -  
l e v e l  samples are s e q u e n t i a l l y  a n a ly z e d .  Whenever an u n u s u a l ly  
c o n c e n tr a te d  sample is  encountered , i t  should be fo l lo w e d  by an 
a n a ly s is  o f  a s o lv e n t  b la n k  to  check f o r  c ro s s -c o n ta m in a t io n .

5 . SAFETY ISSUES

The t o x i c i t y  o r  c a r c in o g e n ic i t y  o f  each r e a g e n t  used in  t h i s  method has n o t  
been p r e c i s e l y  d e f in e d .  However, each ch em ica l compound sh ou ld  be t r e a t e d  
as a p o t e n t i a l  h e a l th  h a z a rd .  From t h i s  v ie w p o in t ,  exp osu re  t o  th e s e  
c h e m ic a ls  must be reduced t o  th e  lowest p o s s i b le  le v e l '  b y  w h a tever  means 
a v a i l a b l e .  The la b o r a to r y  is  re s p o n s ib le  f o r  m a i n t a in in g  a c u r r e n t  
awareness f i l e  o f  O ccupational S a fe ty  and H e a l th  A d m in is t r a t io n  (OSHA) 
r e g u l a t i o n s  r e g a rd in g  the  s a fe  h and l in g  o f  t h e  chem ica ls  s p e c i f i e d  in  t h i s  
m ethod . A r e f e r e n c e  f i l e  o f  m a t e r ia l  s a f e t y  d a ta  sheets  (MSDS) should a ls o  
be made a v a i l a b l e  to  a l l  personnel in v o lv e d  in  th e  c h e m ic a l  a n a ly s i s .  
A d d i t i o n a l  r e f e r e n c e s  to  la b o r a t o r y  s a f e t y  shou ld  be a v a i l a b l e  and should  
be i d e n t i f i e d  f o r  use by th e  a n a ly s t .

6 . . APPARATUS

6 . 1  G lassware

6 . 1 . 1  A l l  s p e c i f i c a t i o n s  are suggested  only.-

6 . 1 . 2  4 o z .  amber g la s s ,  wide-mouth j a r s .

6 . 1 . 3  S e p a ra to ry  F u n n e l: 2000 ml w i t h  T e f lo n  s to p c o c k .

6 , I ;4  Continuous L iq u id - L iq u id  E x t r a c t o r :  Equipped w i th  T e f lo n  o r
g la s s  co nn ec tin g  j o i n t s  and s topcocks r e q u i r in g  no 
l u b r i c a t i o n  (H e rs h b e rg -W o lf  E x t r a c t o r ,  Ace Glass Company, 
V in e la n d ,  Kew J e rs e y ,  P /K 6 8 4 1 -1 0 ,  o r  e q u i v a l e n t ) .

6 . 1 . 5  C o n c e n tra to r  Tube, K u d ern a -D an ish: 10 mL g ra d u a te d  (Kontes
< -5 7 0 0 5 0 -1 0 2 5  o r  e q u i v a l e n t ) . C a l i b r a t i o n  must be checked a t  
t h e  volumes employed in  t h e  t e s t .  Ground g la s s  s to p p er  is  
used to  p re v e n t  ev a p o ra t io n  o f  e x t r a c t s .

6 . 1 . 6  E v a p o ra t iv e  F la s k ,  K u d ern a -D an ish : 500 mL (Kontes
K -570001 -0500  o r  e q u i v a l e n t ) .  A t ta c h  t o  c o n c e n t r a to r  tube  
w i t h  s p r in g s .

6 . 1 . 7  Snyder Column, K uderna-D an ish : Three b a l l  macro (Kontes
K-503000-0121  o r  e q u i v a l e n t ) . R o ta ry  e v a p o r a t io n  s e t-u p  may 
a ls o  be used a l t e r n a t i v e l y .



94

R E V IS IO N :  4
D A T E :  a / ' . B / U i
PA G E: 4 o f  ? l

6 . 1 . 8 V i a l s :  Amber g la s s ,  10 t o  15 m l c a p a c i t y ,  w i t h  T e f l o n - l i n e d  
screw cap. Two ml g la s s  v i a l s  w i t h  T e f l o n - l i n e d  ca p .

6 . 1 . 9 D is p o s a b le  P i p e t s : P a s te u r .

6 . 2 B o i l i n g  C h ips: A p p ro x im a te ly  1 0 /4 0  mesh. H e a t  t o  4 0 0 6C f o r  30  
m in u te s  o r  S oxh le t  e x t r a c t  w i t h  m e th y le n e  c h l o r i d e .

6 . 3 M i c r o s y r in g e s :  I / v t ,  5 / / I ,  1 0 / / I ,  25  u l , and 100 / / I

• 6 . 4 W a te r  B a th :  H eated  w i t h  c o n c e n t r i c  r i n g  c o v e r ,  c a p a b le  o f
t e m p e r a t u r e  c o n t ro l  ( + 2 ° C ) .  The b a t h  sh ou ld  be u s e d  in  a hood.

6 . 5 An a n a l y t i c a l  b a la n c e  c a p a b le  o f  a c c u r a t e l y  w e ig h in g  0 .0 0 0 1  g s h o u ld  
be used f o r  s ta n d a rd s .  A t o p - l o a d i n g  b a la n c e  c a p a b l e  o f  w e ig h in g  t o  
t h e  n e a r e s t  0 .1  g s h ou ld  be used f o r  sample a n a l y s i s .

6 . 6 Gas C hrom atography

6 . 6 . 1 Gas Chrom atograph: A n a l y t i c a l  system c o m p le t e  w i t h  gas and 
a l l  r e q u ir e d  a c c e s s o r ie s ,  . i n c l u d i n g  a f l a m e  i o n i z a t i o n  
d e t e c t o r ,  column s u p p l ie s ,  g a s e s ,  and s y r i n g e s .  A d a t a  
system c a p a b le  o f  d e t e r m in in g  peak a r e a s  u s in g  a f o r c e d  
b a s e l in e  and b a s e l i n e  p r o j e c t i o n  is  r e q u i r e d .  A d a ta  sys tem  
c a p a b le  o f  s t o r i n g  and r e i n t e g r a t i n g  c h ro m a to g r a p h ic  d a t a  i s  
a ls o  recommended.

N o te :  A F ID  must be used f o r  t h e  m easurement o f  h yd ro c a rb o n s  
as d e s c r ib e d  i n  t h i s  m ethod. F ID  response i s  e s s e n t i a l l y  th e  
same f o r  a l l  h yd ro c a rb o n s ;  o t h e r  d e t e c t o r s  w i l l  n o t  p roduce  
a c c u ra te  r e s u l t s .

6 . 6 . 2 Columns

6 . 6 . 2 . 1 Column I :  25 H X 0 . 2 5  mm Q u a d re x  007  5% m e th y l  
pheny l 0 . 5  m ic ro n  f i l m  t h i c k n e s s .

6 . 6 . 2 . 2  A l t e r n a t e  Column: 3 0  M x  0 .5 3  mm ID  R e s te k  R T X -5 ,  
1 . 5  m icro n  f i l m  t h i c k n e s s .

6 . 6 . 2 . 3  O t h e r  columns may be used; c a p i l l a r y  columns a re
r e q u i r e d .  See 9 . 2 . 2  f o r  GC c r i t e r i a .

6 . 7 S o n i c a t i o n

6 . 7 . 1 U l t r a s o n i c  C e l l  D is r u p t e r :  A h o r n - ty p e  s o n i c a t o r  eq u ip p e d
w i t h  a t i t a n i u m  t i p  s h o u ld  be used. A H e a t  Systems -
U l t r a s o n i c s ,  In c .  Model W -3 8 5  (475  W a t t )  s o n i c a t o r  o r  
e q u i v a le n t  (p o w er  w a t ta g e  m ust be a minimum o f  375 w i t h  
p u ls in g  c a p a b i l i t y  and No. 2 0 0  1 /2 "  Tapped D i s r u p t e r  H o rn )
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p lus  No. 207 3 /4 "  Tapped D is r u p t e r  Horn, and No. 419 1 /8 "  
Standard tap ered  M ic ro t ip  p ro b e .

6 . 7 . 2 A Sonabox is  recommended w i t h  the  above d i s r u p t e r  f o r  
decreasing sound (Heat S y s te m s -U lt ra s o n ic s ,  I n c . ,  Model 432 
13 or e q u i v a le n t ) .

6 . 8 S o x h le t  e x t r a c t io n  appara tus  is  d e s c r ib e d  in  Method 3 5 4 0 .  [1 ]

6 . 9 N i t r o g e n  evaporator w i t h  high p u r i t y  n i t ro g e n  gas s o u rc e .

7 .  REAGEHTS AND STANDARDS

7 . 1 Reagent Water: Carbon f i l t e r e d  d e io n iz e d  w a t e r .

7 . 2 M eth y len e  C h lo r id e , Hexane, Acetone: P e s t ic id e  g ra d e  o r  e q u iv a le n t .

7 . 3 Sodium S u l f a t e :  (ACS) g r a n u la r ,  annydrous. P u r i f y  by h e a t in g  a t
4O O t  f o r  4 hours in  a sh a llo w  t r a y .

7 . 4 S tock  Standard S o lu t io n :  Prepare th e  fo l lo w in g  s to c k  s ta n d a rd s .  
Unless n o ted , a l l  a re  prepared  in  t h e  methylene c h l o r i d e  l i s t e d . i n  
7 . 2  ab ove . Standard p re p a ra t io n  s h ou ld  f o l lo w  g u i d e l i n e s  in  Method 
8000 .

7 . 4 . 1 Optional S tock  In t e r n a l  S ta n d a rd :  1000 / /g /m L  5 a -a n d ro s ta n e .

7 . 4 . 2 Recommended S u rro g a te  S ta n d a rd :  2000 /vg/mL o r tA o - te rp h e n y l  
(OTP). A w o rk in g  s o lu t io n  i s  made a t  2 0 / / g / m l  in  acetone (a  
w a te r  s o lu b le  s o lv e n t ) .

7 . 4 . 3 In d iv id u a l  s to c k  s o lu t io n s  o f  C10 -  C28 even normal a lkanes  a t  
a le v e l  o f  a t  l e a s t  2000 p g / m i .  For s o l u b i l i t y  re a s o n s . 'M t  
may be n ecessary  to  p rep are  s to c k  s o lu t io n s  o f  n -a lk a n e s  in  
o th e r  so lv e n ts  such as hexane o r  c h lo r o fo r m .  Some o f  th e  
n-a lkanes a re  a v a i l a b le  i n  s o lu t io n  in  c h lo ro fo rm  from  
Supelco ( C a t .  f4 -7103M  and 4 -7 1 0 4 M );

7 . 4 . 4 D iese l Component S ta n d a rd :  C10 -  C28 even normal a lkane  
standard + OTP w i t h  each component a t  50 /vg/mL. Suggested  
c a l i b r a t i o n  ru n n in g  le v e l s  a re  I ,  5 ,  10 , 2 0 ,  and 5 0 / /g /m l .  
See Table I .  C a l ib r a t io n  s tandards may be p rep ared  using a 
commercial d ie s e l  o r  f u e l  o i l .

7 . 4 . 5 Stock L a b o ra to ry  C ontro l Sample -  2500 p g/m L  d ie s e l  »2 o r  
fu e l  o i l  £ 2 .  A working s o lu t i o n  is  made a t  500 / /g /m l  in  
acetone (a  w a t e r  s o lu b le  s o l v e n t ) .
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8. SAMPLE COLLECTION, PRESERVATION, CONTAINERS, AND HOLDING TIMES

W a te r  samples a re  c o l le c te d  in  a one l i t e r  g la s s  c o n ta in e r  and a c i d i f i e d  to  
pH 2 .  S o i ls  a re  c o l le c te d  in  a core tube o r  g lass j a r .  The samples a re  
s t o r e d  a t  4cC from  the time o f  c o l l e c t io n  u n t i l  e x t r a c t io n .  E x t r a c t io n  must 
be p erfo rm ed  on waters w i th in  seven days and s o i l s  w i t h i n  14 days. A l l  
a n a ly s e s  must t a k e  p lace  w i t h in  40 days.

9. PROCEDURE

9 . 1  Sample P re p a ra t io n

9 . 1 . 1  Waters are e x t r a c te d  ac c o rd in g  to  SW-846 Method 3510  
(S e p a ra to ry  Funnel L iq u id - L iq u id  E x t r a c t io n )  o r  Method 3520  
(Continuous L iq u id -L iq u id  E x t r a c t io n ) .  S o i l  samples a re  
e x t r a c te d  using Method 3550  ( S o n i c a t i o n ) . Method 3540  
(S o x h le t  E x t r a c t io n )  may a ls o  be used.

9 . 1 . 2  W ater E x t ra c t io n  -  S epara to ry  Funnel

9 . 1 . 2 . 1 Measure a I - L  p o r t io n  o f  th e  sample and t r a n s f e r  
t o  the  2 - L s e p a ra to ry  fu n n e l .  I f  th e  sample i s  in  
a I  l i t e r  or s m a l le r  b o t t l e ,  mark the  w a t e r  
meniscus on the s id e  o f  th e  sample b o t t l e  f o r  
l a t e r  d e te rm in a t io n  o f  the sample volume. I f  th e  
sample Is  in  a l a r g e r  b o t t l e ,  use a I  l i t e r  
graduated  c y l i n d e r .  Pour th e  sample in to  a 2 
l i t e r  s e p a ra to ry  f u n n e l . For b la n k s  and q u a l i t y  
c o n t ro l  s tandards , p ou r I  l i t e r  o f  carbon f i l t e r e d  
w a te r  in t o  the s e p a r a to r y  f u n n e l .

9 . 1 . 2 . 2 Check and note t h e  i n i t i a l  pH.

9 . 1 . 2 . 3 Add I  mL o f  o r fA o - te rp h e n y l  s u r r o g a te  s tandard  a t  
20 pg/ tn l .

9 . 1 . 2 . 4 F o r  ev e ry  batch o r  20 samples e x t r a c t e d ,  p re p a re  
d u p l ic a t e  la b o r a t o r y  c o n tro l  samples by adding I  
mL o f  500 //g/mL d ie s e l  f 2  ( l a b o r a t o r y  c o n t r o l  
s ta n d a rd )  to  each o f  two b lank  m a t r ic e s .  D a i l y  o r  
f o r  e v e ry  20 sam ples , p rep are  a b la n k /s u r r o g a te  
c o n t ro l  s tandard u s in g  I  L o f  c a r b o n - f i l t e r e d  
w a t e r .

9 . 1 . 2 . 5 For samples t h a t  w ere  mixed b e fo re  e x t r a c t i o n ,  add 
60 mL CH2C l2. t o  th e  sample b o t t l e  to  r in s e  th e  
in n e r  w a i ls .  Do NOT cap and shake the b o t t l e ,  
r in s e  the g lass o n ly ;  t r a n s f e r  th e  s o lv e n t  to  th e  
s e p a ra to ry  f u n n e l . E x t r a c t  th e  sam ple 'by  shaking  
i t  f o r  two minutes w i t h  f r e q u e n t  v e n t i l a t i o n .
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9 . 1 . 2 .7

9 . 1 . 2 . 8

9 . 1 . 2 . 9

9 . 1 . 2 . 1 0

9 . 1 . 2 . 1 1

9 . 1 . 2 . 1 2

9 . 1 . 2 . 1 3

I jA I  L : ----- ‘V J  V •»
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A l l o w  t h e  l a y e r s  t o  s e p a r a t e . I f  t h e r e  is  an
e m u l s i o n ,  b re a k  i t .  . I f  t h e  e m u l s i o n  c a n n o t  be 
b ro k e n  ( r e c o v e r y  o f  <80% o f  t h e  m e t h y l e n e  
c h l o r i d e ,  c o r r e c t e d  f o r  w a t e r  s o l u b i l i t y  o f  
m e t h y l e n e  c h l o r i d e ) , t r a n s f e r  t h e  s a m p le ,  s o l v e n t , 
and e m u ls i o n  i n t o  t h e  e x t r a c t i o n  c h a m b e r  o f  a 
c o n t i n u o u s  e x t r a c t o r  and p r o c e e d  as d e s c r i b e d  in  
9 . 1 . 3 .

D r a i n  t h e  b o t to m  l a y e r  (CH2C l 2)  i n t o  a 2 5 0  m l  
b e a k e r .

R e p e a t  t h e  e x t r a c t i o n  t w i c e  m o re  u s in g  a 60  m l  
a l i q u o t  o f  CH2C l 2 e a c h  t i m e .  C o l l e c t  t h e  s o l v e n t  
i n  t h e  same b e a k e r  d e s c r i b e d  i n  9 . I . 2 . 7 .  R e c o r d  
t h e  v o lu m e  r e c o v e r e d .

P u t  a p l u g  o f  g l a s s  w ool i n  a f u n n e l  and f i l l  
a b o u t  2 / 3  f u l l  w i t h  N a2S O ,. R in s e  t h e  f u n n e l  and  
Na2SO4 w i t h  3 0 - 4 0  m l  o f  CH2C l 2 , d i s c a r d .  P o u r  t h e  
e x t r a c t  t h r o u g h  t h e  Na2SO4 i n t o  a 5 0 0  ml K u d e r n a -  
Q a n is h  ( K - D )  e v a p o r a t i v e  c o n c e n t r a t o r .  R in s e  t h e  
b e a k e r  t h e n  t h e  Na2SO4 w i t h  s m a l l  am o u nts  o f  CH2C l 2 . 
Add t h e s e  r i n s e s  t o  t h e  K -D .

Add a  b o i l i n g  c h i p  t o  t h e  K -D  and a t t a c h  a 3 b a l l  
S n y d e r  t o  t h e  t o p . • ' P r e - w e t  t h e  co lu m n  b y  a d d in g  
a b o u t  I  m l  o f  CH2C l 2 t o  t h e  t o p .

NOTE: T h e  c o n c e n t r a t i o n  s t e p  i s  c r i t i c a l ;  l o s s e s  
can occur i f  c a r e  i s  n o t  t a k e n .

P l a c e  t h e  K -D  in  a h e a t e d  w a t e r  b a t h  s e t  a t  9 5 cC so 
t h a t  t h e  r e c e i v e r  t u b e  i s  im m ersed  in  h o t  w a t e r  
and  t h e  e n t i r e  l o w e r  ro u n d e d  s u r f a c e  i s  b a t h e d  in  
s t e a m .  A t  a p r o p e r  r a t e  o f  d i s t i l l a t i o n ,  t h e  
b a l l s  o f  t h e  co lu m n  w i l l  a c t i v e l y  c h a t t e r ,  b u t  t h e  
c h a m b e rs  w i l l  n o t  f l o o d .  When t h e  a p p a r e n t  v o lu m e  
r e a c h e s  5 - 1 0  m l ,  re m o v e  t h e  K -D  f r o m  t h e  b a t h  and  
a l l o w  i t  t o  c o o l  c o m p l e t e l y .

I f  t h e  e x t r a c t  i s  h i g h l y  c o l o r e d  o r  a p r e c i p i t a t e  
f o r m s  d u r i n g  c o n c e n t r a t i o n ,  t h e  f i n a l  v o lu m e  
s h o u l d  be h i g h e r  ( 5 - 1 0  m l ) .

A f t e r  t h e  K -D  has  c o o l e d ,  r i n s e  t h e  S n y d e r  c o lu m n  
and  m i d d l e  f l a s k  w i t h  a s m a l l  am ount o f  CH2C l 2 - 
T r a n s f e r  t h e  e x t r a c t  t o  a c a l i b r a t e d  15 m l  
c e n t r i f u g e  t u b e ,  . r i n s i n g  w i t h  a s m a l l  a m o u n t o f  
CH2C l 2 . Be s u re  t o  r i n s e  a l l  o f  t h e  g ro u n d  g l a s s
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j o i n t s  w e l l ,  as compounds c o l l e c t  on t h e  g round  
g l a s s .

9 . 1 . 2 . 1 4 C a r e f u l l y  c o n c e n t r a t e  th e  e x t r a c t  to  1 .0  mL u n d e r  
a g e n t l e  s t re a m  o f  n i t r o g e n  u s in g  th e  N -e v a p  
a p p a r a tu s .  I f  t h e  e x t r a c t  i s  h i g h l y  c o l o r e d ,  
form s a p r e c i p i t a t e ,  o r  s to p s  e v a p o r a t i n g ,  th e  
f i n a l  volume s h o u ld  be h ig h e r  ( 5 - 1 0  m L ) . T r a n s f e r  
t o  a l a b e l e d  2 mL ( o r  12 mL) v i a l  w i t h  T e f l o n -  
l i n e d  cap , mark t h e  m en iscu s .

9 . 1 . 2 . 1 5 Record  t h e  p rep  i n f o r m a t i o n  f o r  t h e  e x t r a c t i o n  and 
c o n c e n t r a t io n  s t e p s .  The sam ple  e x t r a c t  i s  re a d y  
f o r  a n a ly s i s  (S e e  S e c t io n  9 . 2  t h ro u g h  9 . 6 ) .

9 . 1 . 3  W ater E x t r a c t i o n  -  C o n t in u o u s  L iq u id  L i q u i d  E x t r a c t i o n

9 . 1 . 3 . 1 Mount th e  c o n t in u o u s  e x t r a c t o r  on a p p r o p r i a t e  
r a c k s .

9 . I . 3 .2 P u t  250  mL CH2C l 2 i n  a round b o t to m  f l a s k ,  add a 
fe w  b o i l i n g  c h i p s .  Add 300  mL o f  CH2C l 2 t o  th e  
e x t r a c t o r  f l a s k .

9 . I . 3 .3 When p o u r in g  w a t e r  i n t o  th e  e x t r a c t o r ,  m in im iz  
t h e  d is t u r b a n c e  o f  th e  s o l v e n t  l a y e r  and avoi<  
g e t t i n g  w a t e r  i n t o  e i t h e r  s id e a r m  by p o u r in g  th e  
w a t e r  down th e  b a c k  o f  th e  e x t r a c t o r .

9 ?  3 .4 Check and n o te  t h e  pH. P r e p a r e  s u r r o g a t e  and
l a b o r a t o r y  c o n t r o l  s ta n d a rd s  as in  9 . I . 2 . 3  and
9 . I . 2 . 4 .

9 . 1 . 3 . 5 F o r  samples i n  I  l i t e r  o r  s m a l l e r  b o t t l e s ,  mark 
th e  meniscus on t h e  s id e  o f  t h e  sam ple b o t t l e  and 
p o u r  a p p r o x i m a t e l y  I  l i t e r  o f  t h e  sample i n t o  th e  
e x t r a c t o r  f l a s k .  Measure t h e  e x a c t  vo lu m e  by
a d d in g  ta p  w a t e r  t o  t h e  b o t t l e  t o  th e  marked l e v e l  
and m easu ring  t h e  volume w i t h  a g r a d u a t e d  
c y l i n d e r . .  F o r  s a m p les  in  b o t t l e s  l a r g e r  th a n  I  
l i t e r ,  measure I  l i t e r  o f  t h e  sam ple i n  a 
g r a d u a t e d  c y l i n d e r .  Record t h e  v o lu m e .

9 . 1 . 3 .6 Add enouoh c a r b o n - f i l t e r e d  w a t e r  t o  th e  e x t r a c t o r  
f l a s k  t o  a l l o w  t h e  s o l v e n t  in  th e  re m o v a b le  
s id e a rm  t o  j u s t  b e g in  t o  d r i p  i n t o  t h e  round  
b o tto m  f l a s k .  R e c o rd  th e  t o t a l  vo lume c a r b o n -
f i l t e r e d  w a t e r  t h a t  was added on th e  p re p  s h e e t .

9 . 1 . 3 . 7 Remove th e  c o n d e n s e r  from  t h e  r a c k  and w ip e  th
l o w e r  j o i n t  and  l i p  w i t h  a t i s s u e  s o a k e d  wi
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s o l v e n t .  P la c e  t h e  c o n d e n s e r  on t h e  to p  o f  t h e  
e x t r a c t o r .  T u r n  on th e  c o o l  w a t e r  s u p p ly  and 
c h e c k  t h e  f l o w  i n d i c a t o r s .

9 . 1 . 3 . 8 Iu r n  on t h e  h e a t i n g  m a n t l e .  R e c o r d  th e  s t a r t i n g  
t im e  on t h e  p re p  s h e e t .  C heck a f t e r  15 m in u te s  to  
be s u r e  t h a t  t h e  s o l v e n t  in  t h e  ro u n d  b o t to m  f l a s k  

• i s  b o i l i n g ,  t h a t  s o l v e n t  i s  d r i p p i n g  f ro m  t h e  l i p  
on t h e  c o n d e n s e r ,  and t h a t  t h e  vo lu m e  o f  t h e  
s o l v e n t  i n  t h e  ro u n d  b o t to m  f l a s k  i s  s t i l l  a b o u t  
240  m l .

9 . 1 . 3 . 9 C heck  a l l  e x t r a c t o r  j o i n t s  f o r  l e a k s  w i t h  a 
K im w ip e .  A l l o w  t h e  e x t r a c t i o n  t o  p ro c e e d  f o r  1 8 -  
24 h o u r s .

9 . 1 . 3 . 1 0 T u rn  o f f  t h e  h e a t i n g  m a n t l e  and a l l o w  t h e  
a p p a r a t u s  t o  c o o l  ( 3 0 - 6 0  m i n u t e s )  w i t h  w a t e r  
f l o w i n g  th r o u g h  t h e  c o n d e n s e r .

9 . 1 . 3 . 1 1 The s o l v e n t  c o n t a i n e d  i n  t h e  ro u n d  b o t to m  f l a s k  i s  
t h e  e x t r a c t .  T r a n s f e r  t h e  e x t r a c t  t o  a 4 0 0  m l  
b e a k e r ,  r i n s i n g  w i t h  a s m a l l  a m o u n t o f  CH2C l , .  I f  
t h e  v o lu m e  o f  s o l v e n t  i s  l e s s  t h a n  a b o u t  2 5 0  m l ,  
r e c o r d  t h e  s o l v e n t  v o lu m e .

9 . 1 . 3 . 1 2 Go t o  9 . I . 2 . 9  and p ro c e e d  w i t h  t h e  p r e p .

9 . 1 . 4  S o i l  P r e p a r a t i o n  -  S o n i c a t i o n

9 . 1 . 4 . 1 D e c a n t  an y  w a t e r  l a y e r  on a s e d im e n t  s a m p le .  M ix  
t h e  s a m p le  w e l l  t o  e n s u r e  a r e p r e s e n t a t i v e  s a m p le .  
N o t e  a n y  a n o m a l i e s  o b s e r v e d  i n  t h e  sam p le  
( p r e s e n c e  o f  f o r e i g n  m a t e r i a l s ,  v a r i a b l e  p a r t i c l e  
s i z e ,  p r e s e n c e  o f  o i l  o r  aq ueo u s  p h a s e s ,  e t c . ) .

9 . 1 . 4 . 2 W eigh  2 5  g o f  t h e  o r i g i n a l  s a m p le  i n t o  a 2 5 0  m l  
c e n t r i f u g e  b o t t l e .  Add 25 g o f  d r i e d  Na2SO4 and 
s t i r  t h e  m i x t u r e  w e l l  w i t h  a s t e e l  s p a t u l a .  The  
s a m p le  s h o u ld  h a v e  a g r a i n y  t e x t u r e ;  i f  i t  fo rm s  a 
l a r g e  c lu m p ,  add m o re  Na2SO4 and n o t e  t h i s .

9 . 1 . 4 . 3 Add 100  m l o f  CH2C l 2 t o  a l l  s a m p le s .

9 . 1 . 4 . 4 Add I  m l  o f  20  /v g /m l  o r f h o - t e r p h e n y l  t o  a l l  
s a m p le s  and s t a n d a r d s .  M i x  t h e  sam p les
i m m e d i a t e l y .

9 . 1 . 4 . 5 Add one m l o f  5 0 0  / /g / r o l  f u e l  o i l  #2  ( l a b o r a t o r y  
c o n t r o l  s t a n d a r d )  t o  th e  d u p l i c a t e  l a b o r a t o r y



100

( U V l iJ U f i ;
D A T E : 8 / i f l / q - i
PAGE : I O o f P i

c o n t r o l  s ta n d a rd s .  These s ta n d a rd s  s h ou ld  c o n t a in  
25 g o f  Ottawa Sand. In  a d d i t i o n ,  p r e p a re  a
re a g e n t  b la n k /s u r r o g a t e  c o n t r o l  s ta n d a r d
c o n t a in in g  I  ml o f  20  / /g /m l  o r t / i o - t e r p h e n y l .

9 . 1 . 4 . 6 S o n ic a te  the  samples f o r  1 .5  m in u te s  a t  an o u t p u t  
s e t t i n g  o f  10 w i t h  t h e  3 /4  in ch  s o n i c a t o r  horn 1 /2  
inch  below th e  s u r f a c e  o f  t h e  s o l v e n t .  The  
s o n ic a t o r  should  be in  the  I  second  p u ls e  mode, 
w ith  th e  d u ty  c y c l e  s e t  a t  50%.

9 . 1 . 4 . 7 Decant and f i l t e r  t h e  e x t r a c t s  th r o u g h  Whatman No. 
41 f i l t e r  p a p e r  u s in g  vacuum o r  p r e s s u r e  
f i l t r a t i o n  i n t o  a r in s e d  4 0 0  ml b e a k e r .  
A l t e r n a t e l y ,  t h e  e x t r a c t s  may be c e n t r i f u g e d  and 
d e c a n te d .

9 . 1 . 4 . 8 Repeat th e  e x t r a c t i o n  tw ic e  more u s in g  100 ml 
a l i q u o t s  o f  CH2C l 2 each t i m e .  C o l l e c t  th e s e
e x t r a c t s  in  th e  same b eaker d e s c r ib e d  in  9 . 1 . 4 . 7 .

9 . 1 . 4 . 9 Record th e  t o t a l  volume o f  t h e  s o lv e n t  t h a t  i s  
re c o v e re d .

9 . 1 . 4 . 1 0 Go t o  9 . 1 : 2 . 9  and p ro ceed  w i t h  t h e  p re p .

9 . 1 . 5 D i l u t i o n  Technique

9 . 1 . 5 . 1 T h is  is  used f o r  p r o d u c t  o r  w a s te  samples t h a t  a re  
s o lu b le  in  m e th y le n e  c h l o r i d e .

9 . 1 . 5 .2 Weigh I  g o f  sam ple  i n t o  a 10 m l v o lu m e t r ic  f l a s k .  
D i l u t e  t o  10 ml w i t h  m ethy lene  c h l o r i d e .  S t o r e ' i n  
a 12 m l v i a l .

9 . 2  Gas Chromatography

9 . 2 . 1 C o n d it io n s  (Recommended): S e t  h e l iu m  column p re s s u re  t o  2 0 / .  
S e t  column te m p e ra tu re  t o  4 0 °  C f o r  2 m i n u t e s , th e n  12 C /m in  
t o  32OeC and h o ld  f o r  15 m in .  ( r u n  t im e  -  3 6  m i n u t e s ) .  S e t  
F ID  D e te c to r  t o  3 2 OcC and i n j e c t o r  to  28 0 ° C .

9 . 2 . 2 Performance C r i t e r i a :  GC ru n  c o n d i t io n s  and columns must be 
chosen to  meet th e  f o l l o w i n g  c r i t e r i a :

9 . 2 . 2 . I R e s o lu t io n  from  t h e  s o lv e n t  f r o n t  o f  C10.

9 . 2 . 2 . 2 A rea  o f  C28 w i t h i n  15% o f  a r e a  o f  C20. (Hass
d i s c r i m i n a t i o n  c h e c k )
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9 . 2 . 2 . 3  The column must be c a p a b le  o f  s e p a r a t i n g  t y p i c a l  
d i e s e l  components f ro m  the  s u r r o g a t e  and i n t e r n a l  
s t a n d a r d s .  In  p a r t i c u l a r ,  t h e r e  a r e '  p o t e n t i a l  
p ro b le m s  w i t h  t h e  r e s o l u t i o n  o f  n -C 15/ o r *  h o -  
t e r p h e n y l  and n -C 2)/ 5 a - a n d r o s t  ane  a t  v a r y i n g  
r e l a t i v e  c o n c e n t r a t i o n s .

9 . 3  C a l i b r a t i o n

9 . 3 . 1  C a l i b r a t e  t h e  GC w i t h  an i n i t i a l  f i v e  p o i n t  c a l i b r a t i o n  u s in g  
t h e  d ie s e l  component s t a n d a r d  ( 7 . 4 . 4 . ) .  T a b u l a t e  t h e  a re a  
response o f  t h e  t e n  components a g a in s t  mass i n j e c t e d .  The  
r a t i o  o f  th e  re s p o n s e  t o  t h e  amount i n j e c t e d ,  d e f i n e d  as th e  
response f a c t o r  ( R F ) ,  can be c a l c u l a t e d  f o r  t h e  s ta n d a r d  a t  
each c o n c e n t r a t i o n .  I f  t h e  p e r c e n t  r e l a t i v e  s t a n d a r d  
d e v i a t i o n  (% RSD) i s  le s s  t h a n  25% o v e r  t h e  w o rk in g  ra n g e ,  
l i n e a r i t y  th r o u g h  th e  o r i g i n  can be assum ed, and th e  
c o n t in u in g  c a l i b r a t i o n  r e s p o n s e  f a c t o r  can  be used in  p la c e  
o f  a c a l i b r a t i o n  c u r v e .

R esponse F a c t o r  -  T o ta l  a r e a  o f  10 d i e s e l  components x I  S....amount (mq/ml)_
T o t a l  D ie s e l  s t a n d a r d  amount (m g/m L) x  I . S .  a re a

N o te :  I . S .  -  I n t e r n a l  S ta n d a r d

A l t e r n a t e l y ,  e x t e r n a l  s t a n d a r d  c a l i b r a t i o n  may be used (s e e  
Method 8 0 0 0 ) .

N o te :  I t  i s  recommended t h a t  a re a  re s p o n s e  f r o m  c a l i b r a t i o n  
s ta n d a rd s  be a c q u i r e d  i n  t h e  same m anner as sam ples (se e  

9 . 5 ) .

9 . 3 . 2  The w o rk in g  re s p o n s e  f a c t o r  o r  c a l i b r a t i o n  c u r v e  m u s tv b e  
v e r i f i e d  on each  w o rk in g  d a y  by th e  i n j e c t i o n  o f  a c o n t in u in g  
c a l i b r a t i o n  s ta n d a r d  (CCS) ( 2 0  /yg /m l m i d - p o i n t ) .  I f  th e  
response f o r  t h i s  s ta n d a rd  v a r i e s  from  t h e  p r e d i c t e d  resp o nse  
by more th a n  + 25%, a new c a l i b r a t i o n  c u r v e  m u st be p r e p a r e d .

P e rc e n t  D i f f e r e n c e -  RI -  RZ X 100
Ravg

w here:
R l -  A verag e  RF fro m  t h e  c a l i b r a t i o n  c u r v e  
R2 -  Response F a c t o r  f ro m  CCS 
Ravg -  (R l .  +  R 2 ) / 2

9 . 4  R e t e n t i o n  Time Window D e f i n i t i o n

9 . 4 . 1  B e fo re  e s t a b l i s h i n g  w in d o w s , be c e r t a i n  t h a t  th e  GC system  is  
w i t h i n  optimum o p e r a t in g  c o n d i t i o n s .  Make t h r e e  i n j e c t i o n s  
o f  th e  method s ta n d a rd  t h r o u g h o u t  th e  c o u r s e  o f  a 7 2 -h o u r
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p e r io d .  S e r i a l  i n j e c t i o n s  o v e r  le s s  th a n  a 7 2 - h o u r  p i - l o d  
r e s u l t  in  r e t e n t i o n  t im e  windows t h a t  a re  t o o  t i g h t .

9 . 4 . 2 C a lc u la t e  th e  s ta n d a r d  d e v i a t i o n  o f  t h e  t h r e e  a b s o l u t e  
r e t e n t i o n  t im e s  f o r  th e  s u r r o g a t e  a n d /o r  i n t e r n a l  s t a n d a r d .

9 , 4 . 2 . 1 The r e t e n t i o n  t im e  window f o r  i n d i v i d u a l  peaks  is  
d e f i n e d  as p lu s  o r  m inus t h r e e  t i m e s  t h e  s ta n d a r d  
d e v i a t i o n  o f  t h e  a b s o l u t e ,  r e t e n t i o n  t im e  f o r  e<.ch 
com ponent.

9 . 4 . 2 . 2 .  In  th o s e  cases w h e re  t h e  s t a n d a r d  d e v i a t i o n  f o r  a 
p a r t i c u l a r  a n a l y t e  i s  z e r o ,  t h e  l a b o r a t o r y  s h o u ld  
use + 0 . 0 5  min as a r e t e n t i o n  t i m e  w in d o w .

9 . 4 . 3 The  l a b o r a t o r y  m ust c a l c u l a t e  r e t e n t i o n  t i m e  w indow s f o r  each  
s ta n d a rd  on each  GC column and w henever a new GC column i s  
i n s t a l l e d .  The d a t a  must b e  r e t a i n e d  by t h e  l a b o r a t o r y .

9 . 4 . 4 Some a d d i t i o n a l  i n f o r m a t i o n  on h y d r o c a r b o n  p a t t e r n  
i n t e r p r e t a t i o n  i s  in c lu d e d  i n  r e f e r e n c e s  6 ,  7 ,  8 ,  and 9 .

9 . 5  Gas C hrom atograph A n a l y s i s

9 . 5 . 1 Samples a re  a n a ly z e d  by G C /F ID .  S ug g ested  i n j e c t i o n  volumes  
a r e  2 / / I  u s in g  t h e  c o n d i t io n s  e s t a b l i s h e d  i n  9 . 2 .

9 . 5 . 2 F o r  i n t e r n a l  s ta n d a r d  c a l i b r a t i o n ,  S a - a n d r o s t a n e  i n t e r n a l  
s ta n d a rd  i s  s p ik e d  i n t o  e a c h  sample and  s t a n d a r d  a t  a 
c o n c e n t r a t io n  o f  20  / /o /m L o f  sample e x t r a c t .  20 o f  5 a -
a n d ro s ta n e  s t o c k  a t  1000 jug/m L may be s p i k e d  i n t o  t h e  I  ml 
f i n a l  volume o r  a c o r r e s p o n d in g  amount may be added t o  an 
a l i q u o t  o f  t h e  f i n a l  e x t r a c t .  N o te :  D i e s e l  ra n g e  o r g a n ic
v a lu e s  >2 0 0 0  jvg/mL may l e a d  t o  m easu rem en t b ia s  due to  
c o e lu t i o n  w i t h  t h e  i n t e r n a l  s t a n d a r d .

9 . 5 . 3 I f  i n i t i a l  c a l i b r a t i o n  ( 9 . 3 . 1 )  has been p e r f o r m e d ,  v e r i f y  th e  
c a l i b r a t i o n  by a n a l y s i s  o f  a m i d - p o i n t  CCS ( 9 . 3 ; 2 ) .

The m id p o in t  s t a n d a r d  must a l s o  be run  o n c e  e v e r y  t e n  runs  
and a t  th e  end o f  each s e q u e n c e .

9 . 5 . 4 C a lc u la t e  t h e  p e r c e n t  d i f f e r e n c e  o f  th e  r e s p o n s e  f a c t o r  from  
t h e  mean re s p o n s e  f a c t o r  as in  9 . 3 . 2 .  I f  th e  resp o nse
f a c t o r s  have a p e r c e n t  d i f f e r e n c e  >+ 25%, t h e  in s t r u m e n t  must 
be r e c a l i b r a t e d .  ( 9 . 3 . 1 )

9 . 5 . 5 Forward b a s e l i n e  p r o j e c t  m u st be used t o  g e n e r a t e  t h e  a re a  
f o r  DRO c a l c u l a t i o n .  ( V a l l e y - t o - v a l l e y  i n t e g r a t i o n  
d is r e g a r d s  t h e  u n r e s o l v a b l e a r e a  o f  th e  c h ro m a to g ra m , w h ich  
may c o n t r i b u t e  s i g n i f i c a n t l y  t o  th e  DRO a r e a . )  V a l I e y - t o -
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9 . 5 . 6

9 . 5 . 7

v a l l e y  i n t e g r a t i o n  must be u sed  to  g e n e r a t e  a re a s  f o r  th e  
i n t e r n a l  s t a n d a r d  and s u r r o g a t e  s t a n d a r d .  S e e  F ig u r e  2 f o r  
an example o f  i n t e g r a t i o n .

A m e th y le n e  c h l o r i d e  b la n k  m ust be ru n  i n  e v e r y  se q u e n c e  t o  
d e te r m in e  t h e  a r e a  g e n e r a t e d  on norm al b a s e l i n e  b le e d  u n d e r  
t h e  c o n d i t io n s  p r e v a i l i n g  i n  t h e  2 4 - h o u r  p e r i o d .  T h i s  a r e a ,  
i s  g e n e r a te d  by p r o j e c t i n g  a h o r i z o n t a l  b a s e l i n e  b e tw e e n  t h e  
r e t e n t i o n  t i m e s  o b s e rv e d  f o r  C10 and C - . .  T h i s  a r e a  i s  
s u b t r a c t e d  f r o m  t h e  DRO a r e a  g e n e r a t e d  i n  t h e  same m an n er  f o r  
t h e  s a m p le s . ( R e f e r  t o  r e f e r e n c e  4 . )

M e th y le n e  c h l o r i d e  b la n k s  s h o u ld  a l s o  b e  r u n  a f t e r  s a m p le s  
s u s p e c te d  o f  b e in g  h i g h l y  c o n c e n t r a t e d  t o  p r e v e n t  c a r r y o v e r .

I f  th e  p r o d u c t  c o n c e n t r a t i o n  e x c e e d s  t h e  l i n e a r  ra n g e  o f  t h e  
method in  t h e  f i n a l  e x t r a c t ,  t h e  e x t r a c t  m u s t  be d i l u t e d  and 
r e a n a l y z e d .  The i n d i v i d u a l  compound r a n g e  i s  1 . 0 / / g / m L  t o  50  

/v g /m l  in  t h e  f i n a l  e x t r a c t .  T h i s  i s  a p p r o x i m a t e l y  e q u i v a l e n t  
t o  100 p g / w l  t o  500 0  / / g / m l  o f  d i e s e l .  Due t o  p o t e n t i a l  
m easurem ent b i a s ,  i n t e r n a l  s t a n d a r d  c a l i b r a t i o n  s h o u ld  n o t  be  
used when DRO e x c e e d s  2 0 0 0  / / g / m l  in  t h e  f i n a l  e x t r a c t .  The  
sam ple  s h o u ld  b e  d i l u t e d  o r  e x t e r n a l  s t a n d a r d  c a l i b r a t i o n  
s h o u ld  be u s e d .

9 . 6  C a l c u l a t i o n s

9 . 6 . 1  I n t e r n a l  S t a n d a r d  C a l i b r a t i o n :  The c o n c e n t r a t i o n  o f  D ie s e l .
Range O r g a n ic s  i n  t h e  sam ple  i s  d e t e r m in e d  b y  c a l c u l a t i n g  t h e  
a b s o l u t e  w e i g h t ,  o f  a n a l y t e  c h ro m a to g ra p h e d  f r o m  a sum m ation  
o f  p eak  re s p o n s e  f o r '  a l l  c h r o m a t o g r a p h i c  p e a k s  e l u t i n g  
b e tw een  n - d e c a n e  and n - o c t a c o s a n e ,  u s in g  t h e  c a l i b r a t i o n  
c u r v e  o r  t h e  r e s p o n s e  f a c t o r  d e t e r m in e d  i n  S e c t i o n  9 . 3 . 2 .  
R e f e r  t o  S e c t i o n  9 . 4  ( R e t e n t i o n  Time W indow  D e f i n i t i o n ) .  The  
c o n c e n t r a t i o n  o f  D ie s e l  R ange  O r g a n ic s  i s  c a l c u l a t e d  as 
f o l l o w s :

A q u e o u s /S o i l  s a m p le s :

Ax C is  V t

C s - - X - X  -  X D  

As RF Vs

W here:

Cs -  C o n c e n t r a t i o n  o f  D i e s e l  Range O r g a n i c s  (m g /L  o r  
m g / k g ) .

Ax ■= R esponse f o r  th e  D i e s e l  Range O r g a n i c s  i n  t h e  s a m p le ,  
u n i t s  in  a r e a .
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RF -  Response F a c to r  from c o n t in u in g  c a l i b r a t i o n  (see
9 . 3 . 1 ) .

As -  Response f o r  the  i n t e r n a l  s tandard , u n i t s  same as f o r  
Ax v

C is  -  C o n c e n tra t io n  o f  I n t e r n a l  Standard (m g/m L).

V t  -  Volume o f  F in a l  e x t r a c t ,  ( m l ) .

D » D i l u t i o n  f a c t o r ,  i f  d i l u t i o n  was p erfo rm e d  on th e  
sample p r i o r  to  a n a l y s i s .  I f  no d i l u t i o n  was made,
D -  I ,  d im e n s io n le s s .

Vs » Volume o f  sample e x t r a c t e d  in  L o r  k g .

9 . 6 . 2  A l t e r n a t e l y ,  e x t e r n a l  s ta n d a rd  c a l i b r a t i o n  may be used (see
Method 8 0 0 0 ) .

10. QUALITY CONTROL

1 0 . T The l a b o r a t o r y  must e s t a b l i s h  th e  a b i l i t y  to  g e n e ra te ,  a c c e p ta b le  
accu racy  and p r e c is io n .  T h is  should in c lu d e  th e  a n a ly s i s  o f  QC check  
samples p lu s  the  c a l c u l a t i o n  o f  averag e  reco very  and th e  s tan d ard  
d e v i a t i o n  o f  the  re c o v e ry  as o u t l i n e d  in  Method 8 0 0 0 ,  S e c t io n  8 . 0 .

1 0 . 2  The l a b o r a t o r y  must, on an ongoing b a s is ,  d em o nstra te  th rough  th e  
a n a ly s is  o f  q u a l i t y  c o n t r o l  check s ta n d a rd s  t h a t  t h e  o p e r a t io n  o f  th e  
measurement system is  in  c o n t r o l .

1 0 . 3  A f t e r  successfu l c a l i b r a t i o n  ( S e c t io n  9 . 3 ) ,  a n a ly z e  a S u r ro g a te  
C o n tro l  Sample. T h is  s tandard  is  a ls o  th e  re a g e n t  b la n k  sample and 
i s  a n a ly z e d  w ith  e v e ry  a n a ly t i c a l  b a tc h  o r  sequence. The s u r ro g a te  
re c o v e ry  should be w i t h i n  e s ta b l is h e d  l i m i t s  (T a b le  2 )  and th e  sample  
shou ld  • n o t  have D ie s e l  Range O rgan ics  above th e  p r a c t i c a l  
q u a n t i t a t i o n  l i m i t .

- ,10 .4  E very  b a tc h  or 20 sam ples, d u p l ic a t e  L a b o ra to ry  C o n t r o l  Samples must 
be a n a ly z e d .  The accuracy  and p r e c is i o n  o f  the  d u p l i c a t e  s tan d ard s  
must be w i t h in  e s ta b l is h e d  l i m i t s  (T a b le  2 ) .

1 0 . 5  Each la b o r a t o r y  should genera te  c o n t r o l  l i m i t s  based on th e  average  
re c o v e ry  + / -  3 s tan d ard  d e v ia t io n s .

1 0 . 6  I f  any o f  the  c r i t e r i a  in  10 .3  and 1 0 .4  a re  not m et ,  th e  problem must 
be c o r r e c t e d  before  samples are a n a ly z e d .

1 0 . 7  C a lc u la t e  the s u r ro g a te  standard  re c o v e ry  in  each sam ple . I f  
r e c o v e r ie s  are o u ts id e  e s ta b l is h e d  l i m i t s ,  v e r i f y  c a l c u l a t i o n s ,  
d i l u t i o n s  and standard  s o lu t io n s .  V e r i f y  in s tru m e n t  p e r fo rm a n c e .
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1 0 .7 .1  H igh  recoveries  may be due to a c o e lu t i n g  m a t r ix  
in te r fe r e n c e ;  examine the sample chromatogram.

1 0 .7 . 2  Low recoveries  may be due to  th e  sample m a t r i x .

10 8 F ie l d  b la n k s ,  d u p l ic a te s ,  and m a t r ix  spikes a re  recommended f o r  
s p e c i f i c  sampling programs. M a t r ix  sp ikes  should  use the  s p ik e  
l e v e l s  s p e c i f i e d  f o r  la b o r a to r y  c o n t ro l  samples.

11. METHOD PERFORMANCE

1 1 .1  S i n g l e - l a b  method performance data  method is  p re s e n te d  in  Tab le  3 .  
Chromatograms f o r  a normal a lkane s ta n d a rd  and commercial d ie s e l  a re  
in  F ig u re s  I  and 2.

1 1 .2  The method d e te c t io n  l i m i t  f o r  s o i l  c a lc u la te d  a c c o rd in g  to  40 CFR, 
P a r t  136, Appendix B was 1 .6  mg/kg ( e x t e r n a l  s tan d ard  c a l i b r a t i o n ) .  
A recommended p r a c t ic a l  q u a n t i t a t i o n  l i m i t  is  4 mg/kg f o r  s o i l  and 
0 .1  mg/L f o r  w ater .

1 1 .3  T h is  method was te s ted  by 13 l a b o r a t o r i e s  [ 1 0 ] .  S in g le  o p e ra to r  
p r e c is i o n ,  o v e ra l l  p r e c is io n ,  and method accuracy were d e te rm in ed .  
These r e s u l t s  a re  summarized in  Tab le  4 .  L in e a r  r e g r e s s io n  eq ua t io n  
t o  d e s c r ib e  these r e la t io n s h ip s  is  p re s e n te d  in  T a b le  4 .  The r e s u l t s  
from t h i s  in t e r la b o r a t o r y  s tudy  were a ls o  used to  e v a lu a t e  the  s ta te d  
PQL. The r e s u l t s  o f  t h is  e v a lu a t io n  a re  presented  in  T a b le  4.
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H l v  i v  i v . I . _______;  ,
DATE: 8 / 1 8 / 9 3
PAGE" ' 37 o f  ? ]

TABLE I

DIESEL RANGE COMPONENT STANDARD

Component M idpoint Concentrat ion

Decane 20

Dodecane 20

Tetraaecane 20

Kexadecane 20

Octaoecane 20

Eicosane 20

Decosane '20

Tetracosane 20

Hexacosane 20

Octacosane 20

. TABLE 2
ACCEPTANCE CRITERIA FOR LCS AND SCS

------------------------------------------------------— — — ———  " 1 ‘  R e la t iv e
la b o ra to ry  Control Sample Nater mo/L Soil mo/kq. %. RecoveriY % D if fe re n c e

Diesel. Range Organics 0 .5 20 60-120  20

Surrogate Control Standard  

ortAo-Terphenyl 0 .02  0 .8 50-150
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TABLE 3 -

CALIBRATION BIAS

Measured Concentra t ion, roo/kg (P ercent Recovery)

PRO Standard_______ FueT O i l  #2 Standard
T ru e

C o n c e n tra t io n  In te r n a l
mo/Ra Standard

External
Standard

In te r n a l
Standard

E x te rn a l
Standard

8 8 .8 3 ( i i o ) 8 .1 0 . ( IO I ) 9 .7 8 (1 2 2 ) 8 .0 3 (1 0 0 )
8 7 .5 9 (95 ) 7 .4 3 (93) 8 .11 (1 0 1 ) 7 .01 (8 8 )

80 5 4 .1 (68) 63 .9 (80) 64 .5 (8 1 ) ■63.4 (7 9 )
80 5 9 .2 (7 4 )  ■ 6 2 .7 (78 ) 62 .4 ( 7 8 ) 64 .2 (8 0 )

200 112 (56) 160 (80 ) 139 (7 0 ) 166 ( M )  ^
200 . 1 1 4 (57 ) 161 (80 ) 137 ( 6 8 ) 160 (8 0 )

O . 0 . 8 7 0 .8 2 0 .9 5 0 .8 3

Note: I n t e r n a l  S tandard  r e s u l t s  in  low b ias a t  h igh c o n c e n tr a t io n s ,  PRO v s .  -
Fuel" O i l .  S tandards a re  s t a t i s t i c a l l y  e q u iv a le n t .

PETROLEUM PRODUCT BIAS

Amount Measured, mo/kq P e rc e n t  Recovery

Amount In te r n a l E x te rn a l I n t e r n a l E x te rn a l
S o iked . mu/ko Standard Standard S tandard Standard

O et-A IOO 76 68 76 68
OP-4 IOO 88 89 88 89
D ie s e l  =4 100 32 41 32 41
M otor O i l 100 21 26 2 1 ' 26
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DATE: "'8/18793
PAGf: 19 o f 21

TABLE 3 
C o n t in u e d

MATRIX EFFECTS

A m o u n t  P e r c e n t
M ea su re d ,  roo/kg R e c o v e ry

S o i l  Tvoe
Amount

Soiked., mo/ko
In te r n a l
Standard

External
Standard

In t e r n a l
Standard

E xterna l
Standard

Pedina Sand ( I ) 16 .7 3 3 .2 6 .3 79 38
(2 ) 16.7 1 2 .2 1 L 8 73 71

Norwood Loam ( I ) 16 .7 13 .2 13.3 79 80
(2 ) 16 .7 12 .3 13 .6 74 S I

Houston Black C lay ( I ) 16.7 16.1 15.4 96 92
(2 ) 16.7 17 .1 16 .6 102 99

H ote : The recovery  in  the c lay  is  biased h igh . E xterna l s ta n d a rd  recovery from  
Pedina Sand ( I )  is  biased low. Recoveries i n  o th e r  m atrices a re  comparable to  
c a l i b r a t i o n  r e s u l t s .

TABLE 4
INTERtABORATORY STUDY RESULTS FOR DRO

Average Performance: Accuracy and P rec is io n

A v e ra g e
A v e ra g e  S i n g l e  A n a l y s t

A c c u r a c y  P r e c i s i o n .  RSD

A v e r a g e  
O v e r a l l  

P r e c i s i o n .  RSD

82% 17% 25%

Regression Equation f o r  Accuracy and P re c is io n

Ranoe f o r  E o u a t io n
• A c c u ra c y  as O v e r a l l

R eco ve ry  X P r e c i s i o n  S
S i n g l e  A n a l y s t  

P r e c i s i o n  S r
( m g /k g ) (m g /k g )  ( m g /k g ) (m g /k g )

1 9 . 3 - 2 0 7 X - 0 .8 3 C -1 .2 0  S - 0 . 2 3 X - 0 . 0 3 S r - 0 . 1 2 X - t 2 . 0 1

M ethod  PQLs

PQl S t a t e d  
i n  M ethod fm o /k o )

PQL by
80% + 40% R u le  f m o / k o )  95%

PQL b y  , 
R u le  (m o /k o )

4 20 K  ' '
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F ig u re  I .  D iese l Compn-- n t  Standard, 500 ug/mL
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F ig u re  2 .  Fuel O i l  12,  500 ug/mL
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Increasing the Bioavailability of 
Aged Organic Contaminants in .Field Soils 

A Protocol for Screening Surfactants for Surfactant-Enhanced Bioremediation

Submitted To:

Stephen L. Jester 
Conoco, Inc.
600 North Dairy Ashford (77079-6651)
P.O. Box 2197, Suite PO 3014 
Houston, TX 77252-2197 
281-293-2032 or FAX 281-293-3305

Submitted By:

Ryan N. Jordan (Contact)
Center for Biofilm Engineering / Biofilm Systems Training Laboratory
Montana State University -  Bozeman
366 EPS Building -  P.O. Box 173980
Bozeman, MT 59717-3980
406-994-4770 or FAX 406-994-4837
Email: ryan_j@erc.montana.edu

1. Goal
To determine the optimum surfactant type and dose to promote bioremediation of 
soils contaminated with field-aged hydrocarbon residual.

2. Objectives
o To determine the effects of surfactant type and concentration on contaminant 

desorption rates, leachability; biodegradation rates, and environmental 
toxicity.

o To screen surfactant types/concentrations based on their ability to promote 
desorption, minimize mobility, maximize biodegradation, and minimize 
toxicity.

3. Background
Surfactants influence key processes in the subsurface: biodegradability, 
desorption/dissolution, bioavailability, and toxicity. Screening, selecting, and 
optimizing surfactant enhanced bioremediation schemes requires that each of 
these four components be addressed.

mailto:ryan_j@erc.montana.edu
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Surfactants and their micelles interact with cell membranes, enzymes, and 
aqueous contaminants in a way that may affect their rate of degradation by soil 
microorganisms. The Biodegradability Index is a measure of this interaction. 
Surfactants sorb to soil, form aqueous micelles, and can thus alter the 
distribution of contaminant between soil, water, and NAPL phases. This may 
affect rates of contaminant desorption and dissolution that in turn alter 
contaminant teachability (mobility) and bioavailability. The 
Desorption/Dissolution Index is a measure of the effect of surfactant on 
potential risk of mobility, as well as potential enhancement to bioavailability 
resulting from enhanced desorption. Since the Biodegradability Index and the 
Desorption/Dissolution Index may compete against each other, we need a 
measure of the overall effects of surfactants on soil phase biodegradation rates. 
This is accounted for in the Bioavailability Index. Since it is expected that 
surfactants may alter the accessibility of contaminants by microorganisms, it 
would be reasonable to assume that surfactants alter the toxicity of contaminants 
to other organisms. The Toxicity index represents these effects, and is easily 
adaptable to a toxicity test of choice. Each of these indices are discussed in more 
detail below. Finally, surfactant addition may pose a potential contamination 
problem; thus, the Surfactant Biodegradability Index, Surfactant Mobility 
Index, Surfactant Bioavailability Index, and Surfactant Toxicity Indexes are 
designed to evaluate the impact of surfactant addition to the soil matrix.

Biodegradability Index (Ri) -  The ratio of the intrinsic rate of biodegradation of 
an aqueous mixture of the contaminant leachate by native soil microorganisms 
in the presence of surfactant over the same rate in the absence of surfactant. A 
value of Ri greater than 1 indicates that the surfactant interacts with the 
microorganisms in a positive way to enhance their ability to degrade the 
contaminant, while a value of R, less than 1 indicates that the surfactant interacts 
negatively with native microorganisms. A maximum value of R, is desired in 
selecting a surfactant type and dose. A similar index for the surfactant, the 
Surfactant Biodegradability Index (RSi), indicates whether or not the surfactant 
will persist in the soil.

Desorption/Dissolution Index (D i)-The ratio of the leaching flux in the 
presence of surfactant over the leaching flux in the absence of surfactant. A 
value of Di greater than 1 indicates that the presence of surfactant promoted 
contaminant leachability, while a value of Di less than 1 indicates that the 
presence of surfactant inhibited contaminant leachability. A minimum value of Di 
is desired in selecting a surfactant type and dose to minimize risk of off-site 
migration. A similar index, the Surfactant Mobility Index (Msi) is used to assess 
the potential for the surfactant to be transported through the soil matrix.

Bioavailability Index (Bi) -  The ratio of the rate of observed biodegradation in a 
soil system in the presence of surfactant over the rate of observed
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biodegradation in the absence of surfactant. A value of B, greater than 1 
indicates that the presence of surfactant promoted bioavailability, while a value of 
Bi less than 1 indicates that the presence of surfactant inhibited bioavailability. A 
maximum value of B, is desired in selecting a surfactant type and dose. A similar 
index, the Surfactant Bioavailability Index (Bsi), indicates the extent to which 
surfactant sorption to soil limits its biodegradation rate.

Toxicity Index (Ti) -  The ratio of the value of a selected toxicity parameter (e.g., 
LC50) in the presence of surfactant over the value of the same parameter 
determined in the absence of surfactant. A value of Ti greater than 1 indicates 
that the presence of surfactant enhanced toxicity of the treated soil, while a value 
of Ti less than 1 indicates that the presence of surfactant inhibited toxicity of the 
treated soil. A minimum value of Bi is desired in selecting a surfactant type and 
dose. A similar value for the surfactant, the Surfactant Toxicity Index (TSi), 
indicates the potential for introducing a surfactant that impacts the ecology of the 
soil.

4. Protocol Description

Protocol Variables 
o Surfactant Type 
o Surfactant Concentration

Parameters Determined for Each Variable 
o Desorption/dissolution rate (contaminant) 
o Transport rate (surfactant)
© Biodegradation rate -  Aqueous System (contaminant and surfactant) 
o Biodegradation rate -  Soil System (contaminant and surfactant) 
o Toxicity measures appropriate to selected toxicity test(s) (contaminant and 

surfactant)

Results Obtained 
o Biodegradability Index* 
o Desorption/Dissolution Index* 
o Bioavailability Index* 
o Toxicity Index*
o Surfactant Biodegradability Index* 
o Surfactant Mobility Index* 
o Surfactant Bioavailability Index* 
o Surfactant Toxicity Index*
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*Note: Each index is provided as a function of a wide range of surfactant 
dosages that span both below and above the surfactant’s CMC.

Summary:
o Surfactant Efficacy Diagram. The Surfactant Efficacy Diagram is a unique 

radial plot that allows the reviewer to easily visualize total surfactant 
performance as a function of each of the individual indices, 

o Recommendations for Surfactant Dosages. The results of this protocol will 
be incorporated into a report that summarizes the performance of each 
surfactant for each soil type, and includes a recommended Optimum dosing 
strategy based on the values of each index as a function of surfactant dose.

5. Cost Structure
Costs will be negotiated based on the nature of the selected soil and its 
associated contaminants, the types of surfactants selected for screening, and the 
statistical quality of the information desired.
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APPENDIXC

SURFACTANT, SOIL, AND MEDIA INFORMATION



S u rfa c ta n ts

Density
TWEEN 80 nonionic T80 polyoxyethylene (20) sorbitan monooleate
TWEEN 85 nonionic T85 polyoxyethylene (20) sorbitan trioleate

1.06 g/mL 
1.028 g/mL

ABS anionic ABS dodecylbenzene sulfonic acid soduim salt
(alkylbenzene sulfonate)

BAC cationic BAC benzalkonium chloride

S o ils

Donovan Creek diesel DC
Lewistown coal tar L

C M C
Water (20ml_ jars) GS (20mL jars)_________ GS (large cup)

TWEEN 80 12.5 mL/L 0.25 mL/L 0.265 mL/L
TWEEN 85 7 mL/L 1.8 mL/L 0.486 mL/L
ABS 135 mg/L & 120 mg/L 134 mg/L
BAC 400 mg/L 80 mg/L 107 mg/L
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G S  M e d ia

S to c k  VV, 1 0 x In s tru c tio n s

NaNOs 27.50 g/L 1 .Add 10OmL 'B' and 400mL Dl HzO to flask F1.
MgS04-7H20 4.40 g/L 2. Add 10OmL TV, 370mL Dl HzO, and 1 mL 'X' to flask F2.
KCI 11.00 g/L (this may be modified by adding a glycerol at 32mL (40g))
NaCI 11.00 g/L 3. Autoclave F1 and F2 seperatly and allow to cool before combining into F2.
CaCIz 0.42 g/L

S to c k 'B ', 1 0x

KH2PO4 10.0 g/L
K2HPO4 11.0 g/L

S t o c k 'X ', IOOOx
ZnS04-7Hz0 1.650 g/L
MnS04-HzO 1.650 g/L
HsBOs 0.330 g/L
C0CI2-6 H2O 0.166 g/L
CuS04-5H20 0.166 g/L
NaMo04-2HzO 0.110 g/L
FeS04-7H20 0.550 g/L
‘ acidify with HCI to pH2
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APPENDIX D

CONTAMINANT BIODEGRADABILITY INDEX DATA



Contaminant Biodegradibility Index

Lewistown and TWEEN 85

Bottle #

Pre-degradation Final Leachate Leachate
Surfactant Leachate Concentration Biodegradation

Concentration Concentration of of Surfactant, Rate,
DRO, ug/mL mL/L mg/mL/day

Biodegradibility
Index

1

:
5

I

Ox 96 0.0 0.028
Ox 186 0.0 0.033

Average
0.031

0.6
07
0.7
0.8

1.0

:  :: =
1 x 96 0.1 0.020
1x 116 0.2 0.024

:  i”  s: ns



Bottle # Injection Vo l1 uL
Reported

Abundance
Actual

Abundance
Concentration,

ug/mL
Concentrated 

Vol, mL
Soil W t1 g

Soil Concentration, 
ug/g

Duration,
days

Biodegradation 
Rate, ug/g/day

1 1.90 5853889 3080994 4561 7.2 20 1642 . 5 47.9

2 1.94 4107845 2117446 3112 9.1 20 1416 5 93.0

3 1.94 4727547 2436880 3592 9.3 20 1670 5 42.2

• 4 1.92 4716175 2456341 3621 8.1 20 1467 5 82.9

5 1.92 4646245 2419919 3567 9 2 20 1641 5 48.1

6 1.95 3622456 1857670 2721 11.7 20 1592 5 57.8

7 1.94 4723671 2434882 3589 8.2 20 1472 5 81.9

8 ' 1.91 5158527 2700799 3989 7.7 20 1536 5 69.1

Sample #
Initial Concentration 

mL/L
Soil

Surface
Tension

Sample
Concentration

Dilution Factor
Final _ ,

Concentration Durat,on' days
Biodegradation Rate

1 0 L 72.5 0.0006 1 0.0006 5 0.00 mL/L/day

. 2 0 L 72.0 0.0007 I 0.0007 5 0.00 mUL/day

3 1.7 L 65.3 0.0034 1 0.0034 5 0.34 mL/L/day

4 1.7 L 63.3 0.0056 1 0.0056 5 • 0.34 mL/L/day

5 3.4 L . ' 50.5 0.1269 1 0.1269 ' 5 0.65 mL/L/day

■ 6 3.4 L 48.0 0.2335 1 0.2335 5 0.63 mL/L/day

7 34 L 50.3 0.1332 0.01 13.3225 5 4.14 mL/L/day

8 34 L 48.5 0.2067 0.01 20.6706 5 2.67 mL/L/day

Volume of
Duration,

days

Leachate
Sample # Cumualtive 0 2 , mg Leachate,

mL
Biodegradation 

Rate, mg/mL/day

1 7,1 50 5 0.028

2 8.3 50 5 . 0.033

■ 3 4.8 50 5 0.019

4 5.2 50 5 0.021

5 5.1 50 5 0.020

6 6.0 50 5 0.024

7 6.6 50 5 0.026

8 7.9 50 5 0.032 ..
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CONTAMINANT BIOAVAILABILITY INDEX DATA
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Initial soil concentrations of DRO

Bottle # Injection 
Vol, uL

Reported
Abundance

Actual
Abundance

Concentration,
ug/mL

Concentrated 
Vol, ml Soil Wt, g

Soil
Concentration,

ug/g

Average Soil 
Concentration, 

ug/g
DCI-#1 1.95 327476 167936 181 7.0 20 63
DCI-#2 1.94 346770 178747 197 6.7 20 66

C Q

DCI-#3 1.93 313469 162419 172 8.0 20 69 oy

DCI-#4 1.95 210538 107968 90 8.0 20 36

Ll-#1 1.95 6352631 3257759 4826 7.0 20 1689
LI-#2 1.95 6378002 3270770 4846 8.0 20 1938 1881
LI-#3 1.94 7015967 3616478 5366 7.7 20 2066
LI-#4 1.95 7077294 3629382 5385 6.8 20 1831
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ABS-DC

Bottle #
Injection 
Vol, uL

Reported
Abundance

Actual Concentration, Concentrated
Abundance ug/mL Vol, ml_ Soil Wt1 g

Soil
Concentration,

ug/g

Duration,
days

Biodegradation 
Rate, ug/g/day

1.97
1.95

51779
213978

26284
109732

-32
93

7.5
6.6

20
20

-12
31

5
5

14
6

4
DUMPED

,c i tt
DUMPED

48
■ DUMPED DUMPED

22 : _____ I
5
6

1.96
1.92

140050
151655

71454
78987

35
47

8.0
7.0

20
20

14
16

i !
9
10

94
1.95

47
in

178726 91654
JL
27
0

■

5
5

** Spilled portion of soil prior to MeCI addition
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BAC-DC

Bottle #
Injection  

Vol, uL

Reported

A bundance

Actual C oncentration, 
A bundance ug/m L

C oncentrated  

Vol, m l
Soil W t, g

Soil

Concentration,

ug/g

Duration,
days

B iodegradation  

R ate , ug/g/day

1 1.95 17 7 3 0 5 909 2 6 65 7.1 20 23 5 7
2 1 .93 16 2 1 2 4 8 4 0 0 2 54 7 .6 20 21 5 8

: 1 0 8 9 0 8  9 2

104211 8 5 % 20
20 : 5

5 5
5 1 .96 14 0 0 5 0 7 1 4 5 4 35 7 .6 20 13 5 9
6 1 .97 1 7 8 8 5 3 9 0 7 8 8 65 8.1 20 26 5 6
7

8

1 96  

1 .93

1 8 9 5 3 9  

■  16 6 1 1 0

9 6 7 0 4
8 6 0 6 7 : Il Il 29

23
5
5 !

I
9 1 .93 2 1 6 6 9 5 1 1 2 2 7 7 97 6 .7 20 32 5 5

10 — — — — — — 0 5 —
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T85-DC

Bottle #
Injection  

Vol, uL

R eported
A bundance

Actual
A bundance

Concentration,

u g /m l

C oncentrated  

Vol, m l
Soil W t, g

Soil

Concentration,

ug/g

Duration,
days

B iodegradation  

R ate , ug/g/day

1
2

1.96
1.95

16 6 1 2 0
14 6 8 6 6

8 4 7 5 5
7 5 3 1 6

55
41

8.1
8.0

20
20

22
17

5
5

7
8

ZOO 1 7 4 9 7 6

■ I 1 I !
23 il l

5
6

1 .96
1 .96

1 6 5 9 1 7
2 6 9 5 0 6

8 4 6 5 2
1 3 7 5 0 3

55
135

7.5

5 .4

20
20

21
36

5
5

8
4

8_
9
10

1-92
1.95 1 7 2 9 5 4

5 5 8 3 6
8 8 6 9 4

I l Il
8

6 .5
11

20
0

127



T80-DC

Bottle #
Injection Vol, 

uL
Reported

Abundance
Actual

Abundance
Concentration,

ug/mL
Concentrated 

Vol, ml_ Soil Wt, g
Soil

Concentration,
ug/g

Duration,
days

Biodegradation 
Rate, ug/g/day

1 1.95 181477 93065 68 6.0 20 20 5 8
2 1.97 182905 92845 68 7.0 20 24 5 7
3

4
128619
173747 : : :

27
61 " :

12
25 I  ill!

5
5 7

5 1.94 171160 88227 61 8.5 20 26 5 7
6 1.95 232944 119458 108 6.5 20 35 5 5
7
8

1.95
1.95 ; : z  %

42
68

81
7.1

20
20

17
24

5
5

8
7

9 1.97 157409 79903 48 7.8 20 19 5 8
10 — — — — — — 0 5 —
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ABS-L

Bottle # Injection Vol1 
uL

Reported
Abundance

Actual
Abundance

Concentration,
ug/mL

c ™ d SOilWtl9
Soil

Concentration,
ug/g

Duration,
days

Biodegradation 
Rate, ug/g/day

I 1.96 6126781 3125909 4628 6.5 20 1504 5 75
2 1.96 6141587 3133463 4639 7.0 20 1624 5 51: l:95 = 1168

1781 : 20 : S
5 — — — — — — Broken 5 Broken
6 1.99 6578293 3305675 4898 6.5 20 1592 5 58
7
8

1.95 4847084 2485684
195 5887530 3019246

3665
4468

90
70

20
20 S I i

I !
5
5

46
63

9 1.95 6119867 3138393 4647 6.2 20 1441 5 88
10 — — — — — — 0 5 —
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BAC-L

Bottle #
Injection 
Vol, uL

Reported
Abundance

Actual
Abundance

Concentration,
ug/mL

Concentrated 
Vol, mL Soil Wt, g

Soil
Concentration,

ug/g

Duration,
days

Biodegradation 
Rate, ug/g/day

1 (11) 1.94 4532542 2336362 3441 8.2 20 1411 5 94
2(12) 1.95 4231777 2170142 3191 9.6 20 1532 5 70

A
 W

i
s : : :  ^  c :

4703
4831 :

20
20

1528
1473 i S

5(15) 1.93 5351991 2773052 4098 7.9 20 1619 5 53
6 (16) 1.92 6048545 3150284 4665 6.2 20 1446 5 87
7(17)
8(18) 199 2678481

1997003
3356021

2931
4974

106
6.4 : S

5
5

66
58

9(19) 1.96 5026187 2564381 3784 8.9 20 1684 5 39
10(20) — — — — — — 0 5 —
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T80-L

Bottle # Injection 
Vol, uL

Reported Actual Concentration, Concentrated
Abundance Abundance ug/mL Vol, ml_ Soil Wt, g

Soil
Concentration,

ug/g

Duration,
days

Biodegradation 
Rate, ug/g/day

1
2

1.98

2
5 4 8 6 1 4 7
5 5 3 9 4 8 4

2770781
2 7 6 9 7 4 2

4 0 9 4
4 0 9 3

6.0
6.2

20
20

1228
1269

5
5

131
122

I
5
6

1.96
1.95

5 4 5 2 4 1 8
6 0 2 9 6 7 8

2 7 8 1 8 4 6
3 0 9 2 1 4 3

4111
4 5 7 7

8.0
6.0

20
20

1644
1373

5
5

47
102

I t I !
20

9
10

1.95 4 6 4 9 0 6 6  2 3 8 4 1 3 6 3 513 1440
0

88



T85-L

Bottle # Injection Reported 
Vol, uL Abundance

Actual Concentration, Concentrated 
Abundance ug/mL Vol, mL Soil Wt, g

Soil
Concentration,

ug/g

Duration,
days

Biodegradation 
Rate, ug/g/day

1 1.95 4683596 2401844 3539 8.3 20 1469 5 82
2 1.95 4738073 2429781 3581 8.6 20 1540 5 68

7 IS SS = SI :: 20 : : : 66
**5 1.92 4304767 2242066 3299 8.7 20 1435 5 89
6 1.95 5543911 2843031 4203 7.0 20 1471 5 82
7
S IS = I ::: 1510

1582
!
S

74
60

9 1.92 5407341 2816323 4163 7.3 20 1519 5 72
10 — — — — — 0 5 —

** Small amounts spilled during extraction procedure
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APPENDIX F

CONTAMINANT MOBILITY INDEX DATA



T85-L

Bottle #
Injection 
Vol, uL

Reported
Abundance

Actual
Abundance

Concentration, Concentrated 
ug/ml Vol, ml Soil Wt, g

Soil
Concentration,

ug/g

Duration,
days

Biodegradation 
Rate, ug/g/day

1 1.95 4683596 2401844 3539 8.3 20 1469 5 82
2 1.95 4738073 2429781 3581 8.6 20 1540 5 68

1L95 4329408
2162190 3179
2220209 3266 1551

**5 1.92 4304767 2242066 3299 8.7 20 1435 5 89
6 1.95 5543911 2843031 4203 7.0 20 1471 5 82

?
5950098 3054819 S

P
 O

I
1510

5

9 1.92 5407341 2816323 4163 7.3 20 1519 5 72
10 — — — — — — 0 5 —

** Small amounts spilled during extraction procedure
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Contaminant Mobility

Column #
Surfactant

Concentration
Soil

Soil 
Wt. g

Concentration 
Vol., mL

Injection 
V o l, uL

Reported
Abulndance

Actual
Abundance

Concentration
ug/mL

Soil
Concentration

ug/g

Flow
Volume,

mL

Duration,
days

Desorption
Flux,

ug/g/ml/day
Average

1 Ox L 20.0 11 1.95 3676872 1885575 2763 1520 200 5 0.361
0.350

2 Ox L 20.0 7.1 1.95 5725321 2936062 4343 1542 200 5 0.339

3 Ox D 20.0 6.5 1.9 188513 99217 77 25 200 5 0.034
0.040

4 Ox D 20.0 7 1.96 142109 72505 37 13 200 5 0.046
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TWEEN 85

Colum n#
Surfactant

Concentration
Soil

Soil 
W t., g

Concentration 
Vol., mL

Injection 
Vol, uL

Reported
Abulndance

Actual
Abundance

Concentration,
ug/mL

Soil
Concentration,

ug/g

Flow
Volume,

mL

Duration,
days

Desorption
Flux,

ug/g/ml/day
Avg

I 10x L 20.0 9.0 1.93 1327210 687674 962 433 200 5 1.448

2 10x L 20.0 DNE DNE DNE DNE DNE DNE DNE DNE DNE 1.448

3 IOx D 20.0 8.0 1.95 171983 88196 61 24 200 5 ■ 0.035

4 10x D 20.0 7.5 1.95 171421 87908 60 23 200 5 0.036 0.036

5 1x L 20.0 7.7 1.94 2080154 1072244 1540 593 200 5 1.288

6 1x L 20.0 8.5 1.89 3088876 1634326 2385 1014 200 5 0.867 1.078

7 1x D 20.0 6.9 1.94 193032 99501 78 27 200 5 0.032

8 1x D 20.0 1 6.5 1.90 166306 87529 60 19 200 . 5 0.040 0.036

9 0.5x L 20.0 7.9 1.89 3674948 1944417 2852 1126 200 5 0.755

10 0.5x L 20.0 12.0 1.91 2607481 1365173 1981 1188 200 5 0.693 0.724

11 0.5x D 20.0 5.7 1.95 197005 101028 80 23 200 5 0;036

12 0.5x D 20.0 6.5 1.90 186335 98071 75 25 200 5 0.034 0.035

136



TWEEN 80

Colum n#
Surfactant

Concentration
Soil

Soil Wt., 

9

Concentration 
Vol., mL

Injection 
Vol1 uL

Reported
Abulndance

Actual
Abundance

Concentration,
ug/mL

Soil
Concentration,

ug/g

Flow
Volume,

mL

Duration,
days

Desorption
Flux,

ug/g/ml/day
Avg

I 10x L 20.0 9.0 ' 1.98 1530752 773107 1090 491 200 5 1.390

2 10x L 20.0 9.9 2.00 1424985 712493 999 495 200 5 1.386 1.388

3 10x D 20.0 8.1 1.98 164795 83230 53 22 200 5 0.037

4 10x D 20.0 7.0 1.92 193409 100734 79 28 200 5 0.031 0.034

5 1x L 20.0 7.5 1.92 3168926 1650482 2410 904 200 5 0.977

6 1x L 20.0 7.5 . 1.91 2755904 1442882 2098 787 200 5 1.094 1.036

7 1x D 20.0 9.0 1.95 132686 68044 30 14 200 5 0.045

8 1x D 20.0 7.5 1.95 177514 91033 65 24 200 5 0.035 0.040

9 0.5x L 20.0 6.7 1.91 4241426 2220642 3267 1094 200 5 0.787

10 0.5x L 20.0 6.5 1.95 4150895 2128664 3129 1017 200 5 0.864 0.825

11 0.5x D 20.0 8.5 1.95 169619 86984 59 25 200 5 0.034

12 0.5x D 20.0 6.2 1.96 243694 124334 115 36 200 5 0.023 0.029
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APPENDIX G

SURFACTANT BIODEGRADATION RATE DATA



Biodegradation Rate of Surfactant in Soil

TWEEN 85

0 2  Requirments for DRO Degradation
0 2  Requirrrients for Surfactant 

Degradation
Degradation Rate Determination

Donovan Creek

DRO
Sample Cone.

# Remaining
ug/g

DRO
Degraded

ug

0 2
Consumed

mg/kg

Surfactant
Concentration

g/L

Surfactant 
Amount g

mg 0 2 /  
ug DRO

0 2
Consumed 

by DRO 
mg

Surfactant
Degraded

9

0 2
Consumed

mg

mg 0 2  /  mg 
Surfactant

Total 0 2  
mg

Surfactant
Degraded

mg

Surfactant 
Degradation 
Rate mg/day

1 22 740 1242 0.000 0.0000 0.0565 41.776364 0.335642 3.4 0.0101

2 17 840 1365 0.000 0.0000 0.0803 67.447059 0.1003328 2 0.0199

3 7 1040 871 19.455 0.0467 71.109305 0.001542 1.3 0.8431 17.42 -3571.727 -714.345331

4 23 720 1928 19.455 0.0467 Average 49.229519 38.56 -709.7988 -141.959761

5 21 760 1553 1.946 0.0047 0.0684 51.964492 Average 31.06 -1390.689 -278.137821

6 36 460 401 1.946 0.0047 31.452193 0.0150 8.02 -1558.847 -311.769306

7 17 840 1088 0.973 0.0023 57.434439 21.76 -2373.272 -474.654471

8 5 1080 983 0.973 0.0023 73.844278 19.66 -3604.655 -720.931034

'

ewistown

DRO
Sample Cone.

# Remaining

ug/g

DRO
Degraded

ug

0 2
Consumed

mg/kg

Surfactant
Concentration

g/L

Surfactant 
Amount g

mg 0 2 /  
ug DRO

0 2
Consumed 

by DRO 
mg

Surfactant
Degraded

g

0 2
Consumed

mg

mg 0 2  / mg 
Surfactant

Total 02  
mg

Surfactant
Degraded

mg

Surfactant 
Degradation 
Rate mg/day

1 1469 8240 148 0 0 0.000101 0.8301702 0.864034 99 0.1145788

2 1540 6820 185 0 0 0.00012 0.8192857 0.13621 3.2 0.0234931

3 1526 7100 2354 33.074 0.0794 0.7841193 0.048316 2.4 0.049673 47.08 3079.8728 615.9745656

4 1551 6600 2090 33.074 0.0794 Average 0.7288996 41.8 2732.2899 546.4579748

5 1435 8920 329 3.307 0.0079 0.00011 0.9851189 Average 6.58 372.20422 74.44084439

6 1471 8200 283 3.307 0.0079 0.9056026 0.0625816 5.66 316.29033 63.25806615

7 1510 7420 424 1.654 0.0040 0.8194599 8.48 509.62394 101.9247888

8 1582 5980 344 1.654 0.0040 0.6604272 6.88 413.76237 82.75247313
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APPENDIX H

SURFACTANT BIOAVAILABILITY INDEX DATA



Surfactant Biodegradation Rates in water

Surfactant Sample #
Initial

Concentration
Soil Surface Sample Dilution

Tension Concentration Factor
Final

Concentration
Duration,

days
Biodegradation Rate

1 
2

T85
(mUL)

: *•
I a j

20 
34 

2

DC 46.5 0.337 0.025
L . 45.5 Q-4*30 0 025

DC 52.8 0.072 0.15

13.47

......................C

5
6

1
1.7

DC
L

0 112 8I U .lb
45 0.486 0.5
46 0.380 0.5 : I

1.34 mg/L/day
M*y

0.31 mg/L/day| 
0 55 mg-Uday 
0.01 mg/L/day

rry îi tr4r%x.

T80
(mUL)

0 
9

si

fI
11

:>:S

0.6
m m

DC 54 0.015
L 48.8 0,052

DC 56.3 0.009
L 54 0.015

DC 56 0.009
L 51 0.031

0.025
0.025
0.15
0.15

1

0.60 
2.09 
0.06
u IU 

0.01

5
5

U p
5

1.14 mg/L/day
7 .1 0  m n d /^ •?._
0.11 mg/L/day

mzmm ,  . *. .

_ _ _ _ i

■I 0-7
0.06 mg/L/day

: I

ABS
(mg/L)

13
14
15
16
17
18

60000
38000
6000
3800
3000
1900

I
24.46 0.0004
15-72 0.0004
4.64 0.001

43.8
47

DC 57.8
iI i l f e x -  ° 2 .3  2 .7 2  v  uu  i

DC 60.5 3.36 0.001
L 68,5 1.30 x 0.0

61148 -287 mg/L/day 

341 mg/L/day

-91 mg/L/day

NONE 19
20

DC 72.5 
72.5

-

BAC
(mg/L)

1 20000
2 50000
3 2000

5000
5 1000

2500
7 I g/L
8 Ig - I

DC 53 12.90 0.0004
45 28, 6

DC 47.8 23.40 0.01
- ' 56.3 , ^.'8.84,:;'-"

DC 70.5 1.74

-2448 mg/L/day
- m i

-68 mg/L/day

200 mg/L/day 
500 mg/Uday

L
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APPENDIX I

SURFACTANT SORPTION FACTOR DATA



ABS ABS-1

Sample Soil Wt. (g) Media (m l) Surfactant (mg)
Surface Tension Sample Concentration(x), 

(y) (mg/L)
Saq (mg) Saq (mg/L) Ss (mg) Ss (mg/g)

DC-3.0 10 50 0.00 73.33 0.7326 0.04 0.73 0.04 0.00

DC-3.11 10 50 0.01 71.33 0.9291 0.05 0.93 0.04 0.00

DC-3.12 10 50 0.03 69.67 1.1325 0.06 1.13 0.03 ■ 0.00

DC-3.13 10 50 0.10 66.50 1.6497 0.08 1.65 0.02 0.00

DC-3.14 10 -50 0.30 65.83 1.7856 0.09 1.79 0.21 0.02

DC-3.15 10 50 1.00 58.33 . 4.3521 0.22 4.35 0.78 0.08

DC-3.15.1 10 50 3.00 65.9710 3.30 65.97 0.30 0.03 ,

DC-3.15.2 10 50 10.00 46.1943 2.31 46.19 7.69 - 0.77

DC-3.15.3 10 50 30.00 154.5495 7.73 154.55 22.27 2.23

DC-3.15.4 10 50 100.00 263.7632 13.19 263.76 86.81 8.68

DC-3.15.5 10 50 300.00 1164.5680 58.23 1164.57 241.77 24.18

DC-3.15.6 10 50 700.00 1097.4148 54.87 1097.41 645.13 64.51

DC-3.15.7 10 50 1000.00 20992.7569 1049.64 20992.76 49.64 4.96

DC-3.15.8 10 50 1300.00 22512.8261 1125.64 22512.83 174.36 17.44

DC-3.15.9 10 50 2300.00 57632.5397 2881.63 57632.54 581.63 58.16

L-3.0 10 50 0.00 70.17 1.0672 0.05 1.07 0.05 0.01

L-3.11 10 50 0.01 72.17 0.8415 0.04 0.84 . 0.03 0.00

L-3.12 10 50 0.03 71.33 0.9291 0.05 . - 0.93 0.02 0.00
L-3.13 IQ- 50 0.10 72.50 0.8088 0.04 0.81 0.06 0.01

L-3.14 10 50 0.30 72.17 0.8415 ' 0.04 0.84 0.26 0.03
L-3.15 10 50 1.00 71.33 0.9291 0.05 0.93 0.95 0.10

L-3.15.1 10 50 3.00 52.33 8.8761 0.44 8.88 2.56 0.26

L-3.15.2 10 -50 10.00 45.33 20.3864 1.02 20.39 8.98 0.90

L-3.15.3 10 50 30.00 51.0010 2.55 51.00 27.45 2.74

L-3.15.4 10 50 100.00 362.1444 18.11 362.14 81.89 8.19

L-3.15.5 10 50 300.00 ' 2484.9676 124.25 2484.97 175.75 17.58

L-3.15.6 10 50 700.00 4806.0094 240.30 4806.01 459.70 45.97

L-3.15.7 10 50 1000.00 8116.4220 405.82 8116.42 594.18 59.42

L-3.15.8 10 50 1300.00 9801.9676 490.10 9801.97 809.90 80.99

L-3.15.9 10 50 2300.00 25098.6508 . 1254.93 25098.65 1045.07 104.51

L-3.15.10 10 50 3300.00 ■ 37300.1092 1865.01 37300.11 1434.99 143.50
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ABS-2

Sample
Surface

Tensions
Average

DC-3.0 73.5 73.5 73.0 73.33

DC-3.11 71.5 71.5 71.0 71.33

DC-3.12 70.0 69.5 69.5 69.67

DC-3.13 66.5 66.5 66.5 66.50

DC-3.14 66.5 66.0 65.0 65.83

DC-3.15 59.5 58.0 , 57.5 . 58.33

DC-3.15.1 59.5. ■ 61.0 ' 61.5 60.67 diluted

DC-3.15.2 65.0 63.0 63.0 63.67 diluted

DC-3.15.3 51.5 55.0 54.0 53.50 diluted

DC-3.15.4 49.0 49.0 49.0 ' 49.00 diluted

DC-3.15.5 43.0 42.0 42.0 42,33 diluted

DC-3.15.6 43.5 42.5 42.5 42.83 ■ diluted

DC-3.15.7 48.5 48.5 48.5 48.50 diluted

DC-3.15.8 50.5 50.5 50.0 50.33 diluted

DC-3.15.9 45.5 46.0 46.0 45.83 diluted

L-3.0 70.5 70.0 70.0 70.17

L-3.11 72.0 72.0 72.5 72.17

L-3.12 71.5 '  71.5 71.0 71.33

L-3.13 72.0 72.5 73.0 72.50

L-3.14 72.5. 72.0 72.0 72.17

L-3.15 72.0 71.0 71.0 71.33

L-3.15.1 53.0 52.0 . 52.0 52.33

L-3.15.2- 45.5 45.0 45.5 45.33

L-3.15.3 64.0 . 62.5 62.0 62.83 diluted

L-3.15.4 52.5 52.0. 52.0 52.17 diluted

L-3.15.5 45.0 43.5 42.5 43.67 diluted

L-3.15.6 64.0 63.0 63.0 63.33 diluted

L-3.15.7 57.0 56.0 56.5 ■ 56.50 diluted

L-3.15.8 58.0 57.0 57.0 57,33 diluted

L-3.15.9 59.0 58.5 58.5 58.67 diluted

L-3.15.10 61.5 61.0 . 61.0 61.17 diluted

Diluted
Concentration,

mg/L
Dilution

Actual Concentration, 
mg/L

3.2985 0.05 65.9710

2.3097 0.05 46.1943

7.7275 0.05 154.5495

13.1882 0.05 263.7632

29.1142 0.025 1164.5680

27.4354 0.025 1097.4148

13.9952 0.000666667 20992.7569

11.2564 0.0005 22512.8261

19.2108 0.000333333 57632.5397

2.5500 0.05 51.0010

9.0536 0.025 362.1444

24.8497 0.01 2484.9676

2.4030 0.0005 4806.0094

5.4109 - 0.000666667 8116.4220

4.9010 0.0005 9801.9676

4.1831 0.000166667 25098.6508

3.1083 8.33333E-05, 37300.1092
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Duplicates ABS-3

Sample Soil Wt. (g) Media (mL) Surfactant (mg)
Surface Tension Sample Concentration(X), 

(V) (mg/L)
Saq (mg) Saq (mg/L) Ss (mg) Ss (mg/g)

DC-3.0 10 50 0.00 ■73.00 0.7622 0.04 0.76 0.04 0.00
DC-3.11 10 50 0.01 73.50 0.7182 0.04 0.72 0.03 0.00
DC-3.12 10 50 0.03 69.83 1.1103 0.06 1.11 0.03 0.00
DC-3.13 10 50 0.10 67.33 1.4942 0.07 1.49 0.03 0.00
DC-3.14 10 50 0.30 66.00 1.7506 0.09 1.75 0.21 0.02
DC-3.15 10 50 1.00 55.67 5.9740 0.30 5.97 0.70 0.07

DC-3.15.1 10 50 3.00 18.2172 0.91 18.22 2.09 0.21 •
•DC-3.15.2 10 50 10.00 54.1219 ' 2.71 54.12 7.29 0.73
DC-3.15.3 10 50 30.00 78.8379 3.94 78.84 26.06 2.61
DC-3.15.4 10 50 100.00 199.9134 10.00 199.91 90.00 9.00
DC-3.15.5 10 50 300.00 1236.1133 61.81 1236.11 238.19 23.82
DC-3.15.6 10 50 700.00 9607.6213 480.38 9607.62 219.62 21.96
DC-3.15.7 10 50 1000.00 . 16553.6307 827.68 16553.63 172.32 17.23
DC-3.15.8 10 50 1300.00 20798.7840 1039.94 20798.78 260.06 26.01
DC-3.15.9 10 50 2300.00 36222.7305 1811.14 36222.73 488.86 48.89

L-3.0 10 50 O.O0 70.17 1.0672 0.05 1.07 0.05 0.01
L-3.11 10 50 0.01 71.00 0.9666 0.05 0.97 0.04 0.00
L-3.12 10 50 0.03 71.67 0.8930 0.04 0.89 0.01 0.00
L-3.13 10 50 0.10 71.33 0.9291 0.05 0.93 0.05 0.01
L-3.14 10 50 0.30 70.17 1.0672 0.05 1.07 0.25 0.02
L-3.15 10 50 1.00 71.83 0.8755 0.04 0.88 0.96 0.10

L-3.15.1 10 50 3.00 59.17 3.9419 0.20 3.94 2.80 0.28
L-3.15.2 10 50 10.00 45.67 19.5950 0.98 19.59 9.02 0.90
L-3.15.3 10 50 30.00 50.0012 2.50 50.00 27.50 2.75
L-3.15.4 10 50 100.00 415.9757 20.80 415.98 79.20 7.92
L-3.15.5 10 50 300.00 2365.1371 118.26 2365.14 181.74 18.17
L-3.15.6 10 50 700.00 4902.1053 245.11 4902.11 454.89 45.49
1-3.15.7 10 '  50 1000.00 7207.3649 360.37 7207.36 639.63 63.96
L-3.15.8 10 50 1300.00 10401.7717 520.09 ' 10401.77 779.91 77.99
L-3.15.9 10 50 2300.00 26112.3773 1305.62 26112.38 994.38 99.44

L-3.15.10 10 50 3300.00 26640.5876 1332.03 26640.59 1967.97 196.80
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Duplicates ABS-4

Sample
Surface

Tensions
Average

DC-3.0 73.0 73.0 73.0 73.00

DC-3.11 74.0 73.5 73.0 73.50

DC-3.12 70.0 70.0 69.5 69.83

DC-3.13 68.0 67.0 67.0 67.33

DC-3.14 67.0 66.0 65.0 66.00

DC-3.15 56.0 56.0 55.0 55.67

DC-3.15.1 71.5 71.5 71.5 71.50 diluted

DC-3.15.2 63.0 62.5 61.5 62.33 diluted

DC-3.15.3 59.5 59.0 59.0 ' 59.17 diluted

DC-3.15.4 52.0 51.0 51.0 51.33 diluted

DC-3.15.5 ' 48.0 47.5 47.5 47.67 diluted

DC-3.15.6 52.5 51.5 51.0 51.67 diluted

DC-3.15.7 51.0 50.0 50.5 50.50 diluted

DC-3.15.8 51.5 51.0 50.5 51.00 diluted

DC-3.15.9 58.5 57.5 58.0 58.00 diluted

L-3.0 70.0 70.5 70.0 70.17

L-3.11 71.0 71.0 71.0 71.00

L-3.12 71.5 71.5 72.0 71.67

L-3.13 71.5 71.5 71.0 71.33

L-3.14 70.5 70.0 70.0 70.17

L-3.15 72.0 71.5 72.0 71.83

L-3.15.1 60.5 58.5 58.5 59.17

L-3.15.2 45.5 46.0 45.5 45.67

L-3.15.3 ' 64.0 63.0 62.0 - 63.00 diluted

L-3.15.4 51.5 51,0 50.5 51.00 diluted

L-3.15.5 59.5 59.0 59.0 59.17 diluted

L-3.15.6 ' 64.0 ’ 63.0 62.5 63.17 diluted

L-3.15.7 58.5 57.0 57.0 57.50 diluted

L-3.15.8 58.0 56.5 56.0 56.83 diluted

L-3.15.9 58.5 58.5 58.0 58.33 diluted

L-3.15.10 64.5 64.0 63.5 64.00 diluted

Diluted
Concentration,

mg/L
Dilution

Actual Concentration. 
mg/L

0.9109 0.05 18.2172

2.7061 0.05 54.1219

3.9419 0.05 78.8379

9.9957 . 0.05 199.9134

15.4514 . 0.0125 1236.1133 ■

9.6076 ■ 0.001 9607.6213

11.0358 0.000666667 . 16553.6307

10.3994 0.0005 20798.7840

4.5278 0.000125 36222.7305

2.5001 0.05 50.0012

10.3994 0.025 415.9757

3.9419 0.001666667 2365.1371

2.4511 0.0005 4902.1053

4.8049 0.000666667 ' 7207.3649

5.2009 0.0005 10401.7717

4.3521 0.000166667 26112.3773 -

2.2200 8.33333E-05 26640.5876
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BAC
BAC-1

Sample
Soil Wt.

(g)

DC-3.0 10
DC-3.16 10
DC-3.17 10
DC-3.18 ■ 10
DC-3.1.9 10
DC-3.20 10
DC-3.21 10
DC-3.22 10
DC-3.23 10
DC-3.24 10
DC-3.25 10
DC-3.26 10

L-3.0 10
L-3.16 10
L-3.17 " 10
L-3.18 10
L-3.19 10
L-3.20 10
L-3.21 10
L-3.22 10
L-3.23 10
L-3.24 10
L-3.25 10
L-3.26 10

Media Surfactant
(mL) (mg)

50 0.00
50 0.01
50 0.03
50' 0.10
50 0.30
50 1.00
50 3.00
50 10.00
50 30.00
50 100.00
50 300.00
50 700.00

50 0.00
50 0.01
50 ■ 0.03
50 0.10
50 0.30
50 1.00
50 3.00
50 10.00
50 30.00
50 100.00
50 300.00
50 700.00

Surface Tension
(Y)

73.33 
71.17 '
68.83
69.50 .
68.33
71.50
66.83 
63.00
59.50
45.83

70.17
.63.50
69.50
66.83
66.83
70.33 
58.00
67.67
67.33
60.67

Sample
Concentration(x),

(mg/L)
Saq (mg) Saq (mg/L) Ss (mg) Ss (fng/g)

1.2548 . 0.06 1.25 0.06 0.01
1.6084 0.08 1.61 0.07 0.01
2.1014 0.11 2.10 0.08 0,01
1.9469 0.10 1.95 0.00 0.00
2.2253 . 0.11 2.23 0.19 0.02
1.5481 0.08 1.55 0.92 0.09
2.6427 0.13 2.64 2.87 0.29
4.1003 0.21 4.10 9.79 0.98
6.1234 0.31 6.12 29.69 2.97

29.3172 1.47 29.32 98.53 9.85
4001.9150 200.10 4001.91 99.90 9.99
13145.1025 657.26 13145.10 42.74 4.27

1.8037 0.09 1.80 0.09 0.01
3.8720 0.19 3.87 0.18 0.02
1.9469 0.10 1.95 0.07. 0.01
2.6427 0.13 2.64 ■ 0.03 0.00
2.6427 0.13 2.64 0.17 0.02
1.7696 0.09 1.77 0.91 0.09
7.2718 0.36 7.27 2.64 0.26
2.4020 0.12 2.40 9.88 0.99
2.4955 0.12 2.50 29.88 2.99
5.3571 0.27 5.36 99.73 9.97

347.2175 17.36 347.22 282.64 28.26
6702.1336 335.11 6702.13 364.89 36.49



BAC-2

Sample

DC-3.0

Surface
Tensions

73.5 73.5 73.0

Average

73.33
DC-3.16 71.5 71.0 71.0 ' 71.17
DC-3.17 69.0 69.0 68.5 . 68.83
DC-3.18 69.5 69.5 69.5 69.50
DC-3.19 68.5 68.0 68.5 68.33
DC-3.20 71.5 71.5 71.5 71.50
DC-3.21 67.5 66.5 66.5 66.83
DC-3.22 63.5 62.5 63.0 63.00
DC-3.23 59.5 59.5 59.5 59.50
DC-3.24 46.0 46.0 45.5 45.83
DC-3.25 49.0 49.5 49.0 49.17 . diluted
DC-3.26 53.0 52.5 53.0 52.83 diluted

L-3.0 70.5 70.0 70.0 70.17
L-3.16 64.5 63.5 62.5 63.50
L-3.17 69.5 69.5 69.5 69.50
L-3.18 67.0 67.0 66.5 66.83
L-3.19 67.0 66.5 67.0 66.83
L-3.20 70.5 70.5 70.0 70.33
L-3.21 58.5 58.0 57.5 58.00
L-3.22 67.0 68.5 67.5 67.67
L-3.23 68.0 67.5 66.5 67.33
L-3.24 61.0 60.5 60.5 60.67
Ls3.25 71.0 70.5 ■ 70.0 70.50 diluted
L-3.26 45.0 44.5 44.5 44.67 diluted

Diluted Actual
Concentration, Dilution Concentration, 

mg/L mg/L

20.01 0.005 4001.9
13.15 0.001 13145.1

1.74
33.51

0.005
0.005

347.2
6702.1
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BAC-3
Duplicates

Sample
Soil Wt.

(g)

Media
(nnL)

Surfactant
(mg)

DC-3.0 10 50 0.00
DC-3.16 10 50 0.01
DC-3.17 10 50 0.03
DC-3.18 10 50 . 0.10
DC-3.19 10 50 0.30
DC-3.20 10 50 1.00
DC-3.21 10 50 3.00
DC-3.22 10 . 50 10.00
DC-3.23 10 50 30.00
DC-3.24 10 50 100.00
DC-3.25 10 50 300.00
DC-3.26 10 50 700.00

L-3.0 10 50 0.00
L-3.16 10 50 0.01
L-3.17 10 50 • 0.03
L-3.18 10 50 0.10
L-3.19 ' 10 50 0.30
L-3.20 10 50 . 1.00
L-3.21 10 50 3.00
L-3.22 10 50 10.00
L-3.23 10 50 30.00
L-3.24 10 50 100.00
L-3.25 10 50 300.00
L-3.26 10 50 700.00

Surface Tension
(V)

73.00
69.00 
.67.17
69.17 . 
69.50
69.67
65.17
62.67
57.00
47.67

70.17
63.50 
70.67 
67.83 
68.00
68.50
64.17
69.00
67.00
61.00

Sample
Concentration(x),

(mg/L)
1.3036
2.0617
2.5436
2.0227
1.9469
1.9100
3.1988
4.2599
8.1547

23.7622
2784.0484
18187.2286

1.8037
3.8720
1.7032
2.3566
2.3120
2.1832
3.5872
2.0617
2.5927
5.1564

327.8829
6010.1297

Saq (mg) Saq (mg/L)

0.07 1.30
0.10 2.06
0.13 2.54
0.10 2.02
0.10 1.95
0.10 1.91
0.16 3.20
0.21 4.26
0.41 8.15
1.19 23.76

139.20 2784.05
909.36 18187.23

0.09 1.80
0.19 3.87
0.09 1.70
0.12 2.36
0.12 2.31
0.11 2.18
0.18 3.59
0.10 2.06
0.13 2.59
0.26 5.16
16.39 327.88

300.51 6010.13

Ss (mg) Ss (fng/g)

0.07 0.01
0.09 0.01
0.10 0.01
0.00 0.00
0.20 0.02
0.90 0.09
2.84 0.28
9.79 0.98

29.59 2.96
98.81 9.88
160.80 16.08
209.36 20.94

0.09 0.01
. 0.18 0.02

0.06 0.01
0.02 0.00
0.18 0.02
0.89 0.09
2.82 0.28
9.90 0.99

29.87 2.99
99.74 9.97

283.61 28.36
399.49 39.95
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BAC-4
Duplicates

Sample
Surface

Tensions
Average

DC-3.0 73.0 73.0 73.0 73.00
DC-3.16 69.5 69.5 68.0 69.00
DC-3.17 67.5 67.0 67.0 67.17
DC-3.18 69.0 69.5 69.0 69.17
DC-3.19 69.5 69.5 69.5 69.50
DC-3.20 70.0 69.5 69.5 69.67
DC-3.21. 65.5 65.5 64.5 .65.17
DC-3.22 63.0 62.5 62.5 62.67
DC-3:23 57.0 57.0 ' 57,0 57.00
DC-3.24 47.0 48.0 48.0 47.67
DC-3.25 52.5 52.5 52.0 52.33
DC-3.26 50.0 50.0 50.0 50.00

L-3.0 70.0 . 70.5 70.0 70.17
L-3.16 63.5 63.5 63.5 63.50
L-3.17 71.0 70.5 70.5 70.67
L-3.18 67.5 68.0 68.0 67.83
L-3.19 68.5 68.0 67.5 68.00
L-3.20 68.5 68.5 68.5 68.50
L-3.21 65.0 64.0 63.5 64.17
L-3.22 69.0 69.5 68.5 69.00
L-3.23 67.5 67.0 66.5 67.00
L-3.24 61.0 61.0 61.0 61.00
L-3.25 71,5 71.0 70.5 71.00
L-3.26 52.5 51.5 51,0 51.67

diluted
diluted

diluted
diluted

Diluted Actual
Concentration, Dilution Concentration, 

mg/L mg/L

13.92 0.005 2784.0
18.19 0.001 18187.2

1.64
15.03

0.005
0.0025

327.9
6010.1
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TWEEN 80
T80-1

Surface
Sample Soil Wt. (g) Media (mL) Surfactant (ml) Tension (y)
DC-3.0 10.00 50 0.00 73.33
DC-3.1 10.00 50 0.01 65.83
DC-3.2 10.00 50 0.03 58.33
DC-3.2.4 10.00 50 0.05
DC-3.2.6 10.00 50 0.07
DC-3.3 10.00 50 0.10 41.00
DC-3.3.5 . 10.00 50 . 0.20
DC-3.4 10.00 50 0.30
DC-3.5 10.00 50 1.00

L-3.0 10.00 50 0.00 70.17
L-3.2 ■ 10.00 50 0.03 61.17
L-3.3 10.00 50 0.10 63.33
L-3.3.2 10.00 50 0.13 60.00
L-3.3.4 10.00 50 0.18 57.83
L-3.3.5 10.00 50 0.20
L-3.4 10.00 50 0.30
1-3:5 10.00 50 1.00

Sample
Concentration

(mL/L) (x) Saq (mL) Saq (mL/L) Ss (mL) Ss (mL/g)
0.00015 7.4E06 0.0001 0.00 7.4E-07
0.00089 4.4E-05 0.0009 0.01 ' 1.0E-03
0.00534 2.7E-04 0.0053 0.03 3.0E-03
0.1111 5.6E-03 0.1111 0.04 4.4E-03
0.2370 1.2E-02 0.2370 0.06 5.8E-03

0.33691 1.7E-02 0.3369 0.08 8.3E-03
3.34055 1.7E-01 3.3405 0.03 3.3E-03
2.48806 1.2E-01 2.4881 0.18 1.8E-02
3.47636 ■ 1.7E-01 3.4764 0.83 8.3E-02

0.00032 1.6E-05 0.0003 0.00 1.6E-06
0.00271 1.4E-04 0.0027 0.03 3.0E-03
O.O0162 8.1E-05 0.0016 0.10 1.0E-02

. 0.00358 1.8E-04 0.0036 0.13 1.3E-02
0.00602 3.0E-04 0.0060 0.18 1.8E-02
0.93322 4.7E-02 0.9332 0.15 1.5E-02
2.91803 1.5E-01 2.9180 0.15 1.5E-02
2.84832 . 1.4E-01 2.8483 0.86 8.6E-02



T80-2
Diluted Actual

Concentration, Concentration,
Sample Surface Tensions - Average m i l l Dilution mL/L
DC-3.0 73.5 73.5 ■ 73 73.33
DC-3.1 65.5 66 66 65.83
DC-32 58.5 58.5 58 58.33
DC-3.2.4 58.5 58.0 58.0 58.17 ' diluted 0.0056 0.05 0.1111
DC-3.2.6 55.0 55.0 55.0 55.00 diluted 0.0118 0.05 0.2370
DC-3.3 40.5 41.0 41,5 41.00
DC-3.3.5 .47.0 46.5 47.0 46.83 diluted 0.0835 0.025 3.3405
DC-3.4 45.0 45.0 45.5 45.17 diluted 0.1244 0.05 2.4881
DC-3.5 46.5 46.5 47.0 46.67 diluted 0.0869 0,025 3.4764

L-3.0 70.5 70.0 70.0 70.17
L-3.2 61.5 61.0 61.0 61.17
L-3.3 64.0 63.0 63.0 63.33
L-3.3.2 60.5 60.0 59.5 60.00
L-3.3.4 58.5 58.0 57.0 57.83
L-3.3.5 52.0 52.0 52.5 52.17 diluted 0.0233 0.025 0.9332
L-3.4 44.0 44.5 45.0 44.50 diluted 0.1459 0.05 2.9180
L-3.5 47.5 48.0 47.0 47.50 diluted 0.0712 0.025 2.8483
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T80-3

Duplicates

Sample Soil Wt. (g) Media (mL) Surfactant (ml)
Surface 

Tension (y)

DC-3.0 10.00 50 0.00 73.10
DC-3.1 10.00 • 50 0.01 67.50
DC-3.2 10.00 50 0.03 54.33
DC-3.2.4 10.00 50 0.05
DC-3.2.6 10.00 50 0.07
DC-3.3 10.00 50 0.10 40.50
DC-3.3.5 10.00 50 0.20
DC-3.4 10.00 50 0.30
DC-3.5 10.00 50 1.00

L-3.0 10.00 50 0.00 70.17
L-3.2 10.00 50 0.03 62.17
L-3.3 .10.00 50 0.10 63.83
L-3.3.2 10.00 50 0.13 62.17
L-3.3.4 10.00 50 0.18 57.83
L-3.3.5 10.00 50 0.20
L-3.4 10.00 50 0.30
L-3.5 10.00 50 1.00

Sample
Concentration Saq (mL) Saq (mL/L) Ss (mL) Ss (mL/g)

(mL/L) (x) 
0.00016 7.8E-06 0.0002 0.00 7.8E-07
0.00060 3.0E-05 0.0006 0.01 1.0E-03
0.01390 6.9E-04 0.0139 0.03 2.9E-03
0.1304 6.5E-03 0.1304 0.04 4.3E-03
0.3823 1.9E-02 0.3823 0.05 5. IE-03

0.37969 1.9E-02 0.3797 0.08 8.1E-03
5.17842 2.6E-01 5.1784 0.06 5.9E-03
2.20769 1.1E-01 2.2077 0.19 1.9E-02
4.59490 2.3E-01 4.5949 0.77 7.7E-02

0.00032 1.6E-05 0.0003 0.00 1.6E-06
0.00214 . 1.1E-04 . 0.0021 0.03 3.0E-03
0.00143 7.2E-05 0.0014 0.10 1.0E-02
0.00214 1.1E-04 0.0021 0.13 1.3E-02
0.00602 3.0E-04 0.0060 0.18 1.8E-02
0.60201 3.0E-02 0.6020 0.17 1.7E-02
1.80885 9.0E-02 ■ 1.8088 0.21 2.1E-02
3.61770 1.8E-01 3.6177 0.82 8.2E-02
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T80-4

Diluted Actual
Sample Surface Tensions Average Concentration, Dilution ,Concentration,

' mL/L mL/L
DC-3.0 73 73.3 73 73.10
DC-3.1 67.5 67.5 67.5 67.50
DC-3.2 54 54.5 54.5 54.33 ■
DC-3.2.4 57:0 57.5 58.0 57.50 diluted 0.0065 0.05 0.1304
DC-3.2.6 53.0 53.0 53.0 53.00 diluted 0.0191 0.05 0.3823 .
DC-3.3 39.5 40.5 41.5 40.50
DC-3.3.5 45 43.5 46.5 45.00 diluted 0.1295 0.025 5.1784
DC-3.4 45.5 45.5 46 45.67 diluted 0.1104 . 0.05 2.2077
DC-3.5 45.5 45.5 45.5 45.50 diluted 0.1149 0.025 4.5949

L-3.0 70 70.5 70 70.17
L-3.2 62.5 62 62 62.17 . -
L-3.3 64 64 63.5 63.83
L-3.3.2 62.5 62.0 62.0 62.17
L-3.3.4 58.5 58.0 57.0 57.83
L-3.3.5 52.5 54.5 55 54.00 diluted 0.0151 0.025 0.6020
L-3.4 46 46.5 ' 47 46.50 diluted 0.0904 0.05 1.8088
L-3.5 46.5 46.5 46.5 46.50 . diluted 0.0904 0.025 3.6177
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TWEEN 85
T85-1

Sample Soil Wt. (g) Media (mL) Surfactant (ml) Surface 
Tension (y)

DC-3.0 10 50 0.00 73.3333
DC-3.6 10 50 0.01 68.6667
DC-3.7 10 50 0.03 66.8333
DC-3.8 10 50 0.10
DC-3.9 10 50 0.30
DC-3.10 10 50 1.00

L-3.0 10 50 0.00 70.1667
L-3.6 10 50 0.01 62.1667
L-3.7 10 50 0.03 68.6667
L-3.8 10 50 0.10 69.3333
L-3.9 10 50 0.30
L-3.10 10 ■ 50 1.00

Duplicates
DC-3.0 10 50 0.00 73.0000
DC-3.6 10 50 0.01 69.8333
DC-3.7 10 50 0.03 66.6667
DC-3.8 10 50 0.10
DC-3.9 10 50 0.30
DC-3.10 10 50 1.00

L-3.0 10 50 0.00 70.1667
L-3.6 10 50 0.01 63.1667
L-3.7 10 50 0.03 67.5000
L-3.8 10 50 0.10 68.1667
L-3.9 TO 50 0.30
L-3.10 10 50 1.00

Sample
Concentration 

(mL/L) (x)
Saq (mL) Saq (mL/L) Ss (mL) Ss (mL/g)

0.0005 0.0000 0.0005 0.0000 0.0000
0.0015 0.0001 0.0015 0.0099 0.0010
0.0024 0.0001 0.0024 0.0299 0.0030
0.3453 0.0173 0.3453 0.0827 0.0083
3.9694 0.1985 3.9694 0.1015 0.0102

38.8492 1.9425 38.8492 0.9425 0.0942

0.0010 0.0001 0.0010 0.0001 0.0000
0.0074 0.0004 0.0074 „ 0.0096 0.0010
0.0015 0.0001 0.0015 0.0299 0.0030
0.0013 0.0001 0.0013 0.0999 0.0100
0.6905 0.0345 0.6905 0.2655 0.0265

25.8225 1.2911 25.8225 0.2911 0.0291

0.0005 0 .0 0 0 0 0.0005 0 .0 0 0 0 0 .0 0 0 0
0.0011 0.0001 0.0011 0.0099 0.0010
0.0025 0.0001 0.0025 0.0299 0.0030
0.7788 0.0389 0.7788 0.0611 0.0061
6.2090 0.3104 6.2090 0.0104 0.0010

40.4619 2.0231 40.4619 1.0231 0.1023

0.0010 0.0001 0.0010 0.0001 0 .0 0 0 0
0.0058 0.0003 0.0058 0.0097 0.0010
0.0020 0.0001 0.0020 0.0299 0.0030
0.0017 0.0001 0.0017 0.0999 0.0100
0.5410 0.0271 0.5410 0.2729 0:0273
17.9071. 0.8954 17.9071 0.1046 0.0105
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T85-2

Sample Surface Tensions Average

DC-3.0 73.5 73.5 73 73.3333
DC-3.6 69 69 68 68.6667
DC-3.7 67.5 67 66 66.8333
DC-3.8 55.5 56 56 55.8333 diluted
DC-3.9 48.5 48.5 49 48.6667 diluted
DC-3.10 44 45 46 45.0000 diluted

L-3.0 70.5 70 70 70.1667
L-3.6 62.5 62 62 62.1667
L-3.7 68.5 69 68.5 68.6667
L-3.8 70 69 69 69.3333
L-3.9 56 55.5 56 55.8333 diluted
L-3.10 43 44 44.5 43.8333 diluted

Duplicates
DC-3.0 73 73 73 73.0000
DC-3.6 70.5 69.5 69.5 » 69.8333
DC-3.7 67 66.5 66.5 66.6667
DC-3.8 51. 52.5 54 52.5000 diluted
DC-3.9 46 47 47.5 46.8333 diluted
DC-3.10 43.5 45 46 44.8333 diluted

L-3.0 70 70.5 ' 70 70.1667
L-3.6 63.5 63 63 63.1667
L-3.7 67.5 67.5 67.5 67.5000
L-3.8 69 68 67.5 68.1667
L-3.9 56.5 57 57 56.8333 diluted
L-3.10 45.5 45 45.5 45.3333 diluted

Diluted Actual
Concentration, Dilution Concentration,

mL/L . mL/L

0.0345 0.1 0.3453
0.1985 0.05 3.9694
0.4856 0.0125 38.8492

0.0345 0.05 0.6905
0.6456 0.025 25.8225

0.0779 0.1 0.7788
0.3104 0.05 6.2090
0.5058 0.0125 40.4619

0.0271 0.05 0.5410
0.4477 0.025 17.9071
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APPENDIX J 

STATISTICAL ANALYSIS

I
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Statistical analysis was performed on the contaminant biodegradability 

indices, the contaminant bioavailability indices, and the contaminant desorption 

indices. The analysis that was performed was a Dunnett's multiple comparison 

test with a confidence interval of 95%. The tests were performed such that each 

treatment was compared to the control (samples with no surfactant) for 

significant differences. Ifthe confidence interval from the Dunnett's multiple 

comparison tests included zero, then the treatment is not significantly different 

from the control. All calculations were performed by MiniTab.



Biodegradability Index - Statistical Analysis

O n e -w a y  A n a ly s is  o f  V a r ia n c e

A n a l y s i s
S o u r c e
C2
E r r o r
T o t a l

o f  V a r i a n c e  f o r  
DF SS

3 0 . 0 0 0 1 5 9 4
4 0 . 0 0 0 0 4 0 5  
7 0 . 0 0 0 1 9 9 9

■ C l
MS

0 . 0 0 0 0 5 3 1
0 . 0 0 0 0 1 0 1

. F  P
5 . 2 5  0 . 0 7 2  •

I n d i v i d u a l  95% C l s  F o r  M e a n  
B a s e d  o n  P o o l e d  S t D e v

L e v e l N M e a n S t D e v - + — ------------ — + -------------- ------ + --------- -- - - - + —
0 . 0 2 0 . 0 3 0 5 0 0 0 . 0 0 3 5 3 6 ( - * — )

0 . 5 2 0 . 0 2 9 0 0 0 0 . 0 0 4 2 4 3 ( — * — )
1 . 0 2 0 . 0 2 2 0 0 0 0 . 0 0 2 8 2 8 ( --------- * — )

O O 2 0 . 0 2 0 0 0 0 0 . 0 0 1 4 1 4 ( - --------------
- + ----------------

*
— -----------

)
------ + ----------------— + —

P o o l e d  S t D e v  =  0 . 0 0 3 1 8 2 0 . 0 1 4 0 0 . 0 2 1 0 0 . 0 2 8 0 0 . 0 3 5 0

D u n n e t t ' s i n t e r v a l s  f o r t r e a t m e n t m e a n  m i n u s c o n t r o l m e a n

F a m i l y  e r r o r  r a t e  =  
I n d i v i d u a l  e r r o r  r a t e  =

C r i t i c a l  v a l u e  =  3 . 6 2

0 . 0 5 0 0
0 . 0 2 2 4

C o n t r o l  =  l e v e l  ( 0 . 0 )  o f  C2

L e v e l
0 . 5
1.0
10.0

L o w e r  C e n t e r  U p p e r --------1----------- ------------1------------------------1------- --------------- b—
- 0 . 0 1 3 0 1 2  - 0 . 0 0 1 5 0 0  0 . 0 1 0 0 1 2  ( --------------------------* -------------- — — )
- 0 . 0 2 0 0 1 2  - 0 . 0 0 8 5 0 0  0 , 0 0 3 0 1 2  ( ------ ---------------- * -------------------------- )
- 0 . 0 2 2 0 1 2  - 0 . 0 1 0 5 0 0  0 . 0 0 1 0 1 2  ( --------------------- ------------------------------- )

-0.020 -0.010 0.000 0.010



Contaminant Bioavailability Indices - Statistical Analysis

Donovan Creek and TWEEN80

O n e -w a y  A n a ly s is  o f  V a r ia n c e

A n a l y s i s  o f  V a r i a n c e  f o r  C l
S o u r c e DF SS MS P P
C2 3 1 6 7 . 4 5 5 . 8 1 . 4 2 0 . 3 6 1
E r r o r 4 1 5 7 . 5 3 9 . 4
T o t a l 7 3 2 4 . 9

I n d i v i d u a l 95% C I s  F o r M e a n
B a s e d  o n  P o o l e d  S t D e v

L e v e l N ■ M e a n S t D e v --- -----1------------- --------1-----------------

0 . 0 2 2 2 . 0 0 0 2 . 8 2 8 , ( ------------ * ------------ j
0 . 5 2 2 0 . 5 0 0 4 . 9 5 0 ( ----------------- * ----------)
1 . 0 2 3 0 / 5 0 0 6 . 3 6 4 ( --------------------

1 0 . 0 2 1 8 . 5 0 0 9 . 1 9 2 ( - ---------- — — - *  -
----- . _+----- . ----- ------- + ---------------- — + ---------------- - + —

P o o l e d S t D e v  - 6 . 2 7 5 10 20 30  40

D u n n e t t ' s i n t e r v a l s  f o r  t r e a t m e n t  m e a n  m i n u s  c o n t r o l  m e a n

F a m i l y  e r r o r  r a t e  =  0 . 0 5 0 0  
I n d i v i d u a l  e r r o r  r a t e  =  0 . 0 2 2 4

C r i t i c a l  v a l u e  =  3 . 6 2

C o n t r o l  =  l e v e l  ( 0 . 0 )  o f  C2_

L e v e l  L o w e r  C e n t e r  U p p e r .   --------h-----------i ---------+ ---------------------- h—  ---------- --+
0 . 5  - 2 4 . 2 0 1  - 1 . 5 0 0  2 1 . 2 0 1  ( -------------------------------* — -------------------------- )
1 . 0  - 1 4 . 2 0 1  8 . 5 0 0  3 1 . 2 0 1  ( -------------------— -------* --------- — ----------- — )

' 1 0 . 0  - 2 6 . 2 0 1  - 3 . 5 0 0  1 9 . 2 0 1  ( -------------------------------* ------------------------------ )
---------------- + --------------------r + ----------------------+ ---------------------- +

- 1 6 '  0 16 32
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Lewistown and TWEEN80

O n e -w a y  A n a ly s is  o f  V a r ia n c e

A n a l y s i s  o f  V a r i a n c e  f o r  C l
S o u r c e DF SS MS F P
C2 3 1 7 9 4 9 3 5 9 8 3 1 3 . 8 0  0 . 1 1 5
E r r o r 4 6 3 0 4 4 1 5 7 6 1
T o t a l 7 2 4 2 5 3 7

I n d i v i d u a l  95% C I s  F o r M e a n
B a s e d  o n  P o o l e d  S t D e v

L e v e l N M e a n S t D e v ------------------ - - + -------------- ------ + - - -------------+-

0 . 0 2 1 2 4 8 . 5 29.0 ( ---------------------* -------------- — )
0 . 5 2 1 4 5 6 . 0 1 5 7 . 0 ( ------------------ * -------------)

1 . 0 2 1 5 0 8 . 5 ' 1 9 1 . 6 ( -------------- *  _— ----------- )
1 0 . 0 2 1 6 6 7 . 5 29.0 ( - -------- *

----------------------- + ----------- - ------ + ^ - ------------------+-
P o o l e d  S t D e v  = 1 2 5 . 5 1 2 5 0 1 5 0 0 1 7 5 0

D u i i n e t t ' s i n t e r v a l s  f o r t r e a t m e n t m e a n  m i n u s  c o n t r o l m e a n

F a m i l y e r r o r r a t e  = 0 . 0 5 0 0
I n d i v i d u a l e r r o r r a t e  = 0.0224

C r i t i c a l  v a l u e  =  3 . 6 2  

C o n t r o l  =  l e v e l  ( 0 . 0 )  o f  C2

L e v e l  L o w e r  C e n t e r  U p p e r  — =--------------------------------- —̂ + -------------------- + - - - - -----------
. 0 . 5  - 2 4 6 . 7  2 0 7 . 5  6 6 1 . 7  - -------------------* ----------------------------— )

1 . 0  - 1 9 4 . 2  2 6 0 . 0  7 1 4 . 2  • ( --------------------------------- * ------------------------------- - )
1 0 . 0  - 3 5 . 2  4 1 9 . 0  8 7 3 . 2  ( --------------------------------- * ----------------------- — — )

------------^_+---------------- + ----------------+ — -------------
0 3 0 0  600



Donovan Creek and TWEEN85

O n e -w a y  A n a ly s is  o f  V a r ia n c e

A n a l y s i s  o f . V a r i a n c e  f o r  C l
S o u r c e DF SS MS F R

C2 3 2 7 1 . 0 90.3 1 . 1 0 0 . 4 4 7
E r r o r 4 329.0 82.3
T o t a l 7 6 0 0 . 0

I n d i v i d u a l 95% C I s F o r  Me an
B a s e d  o n  P o o l e d  S t D e v

L e v e l N M e a n S t D e v ---------------------+ - + -----------------

0 . 0 2 1 0 . 5 0 0 3 . 5 3 6 ( ------------ * . -)

L
O

O

2 5 . 5 0 0 7 . 7 7 8 ( — ------------ * ---------------- )

1 . 0 2 2 0 . 0 0 0 1 1 . 3 1 4 ( — ---------- *

OO
 

«—I 2 6 . 0 0 0 1 1 . 3 1 4 ( — -------------- - * -----------— )
---------------------+ - + ----------------- - -+-

P o o l e d  S t D e v  = 9.069 0 15 30

D u n n e t t 1s i n t e r v a l s  f o r t r e a t m e n t m e a n  m i n u s c o n t r o l m e a n

F a m i l y e r r o r r a t e  = 0 . 0 5 0 0
I n d i v i d u a l e r r o r r a t e  = 0 . 0 2 2 4

C r i t i c a l  v a l u e  =  3 . 6 2

C o n t r o l  =  l e v e l  ( 0 . 0 )  o f  C2

L e v e l
0 . 5
1.0

10.0

L o w e r  C e n t e r  
- 3 7 . 8 1 0  - 5 . 0 0 0  
- 2 3 . 3 1 0  9 . 5 0 0  
- 3 7 . 3 1 0  - 4 . 5 0 0

U p p e r --------------+ - -------- =■---------+ -------------- --— + -------------------- +
2 7 . 8 1 0  ( --------------------------- * ----------------------------- )
4 2 . 3 1 0  ( — — ----------------- * — ---------------------- ) '
2 8 . 3 1 0  ( --------------------------- * ------------------------------)

------ : ------- + ----------------------- + ------------------------- + ------------ - - - - +

-25 0 25 50



Lewistown and TWEEN85

O n e -w a y  A n a ly s is  o f  V a r ia n c e

A n a l y s i s  o f V a r i a n c e  f o r

!—
I 

U

S o u r c e DF SS MS F .  P
C2 3 1 0 7 7 3 3 5 9 1 2 . 3 7  0 . 2 1 2
E r r o r 4 6 0 7 3 1 5 1 8
T o t a l 7 1 6 8 4 6

I n d i v i d u a l  95% C I s  F o r  M e a n  
B a s e d  o n  P o o l e d  S t D e v

L e v e l N M e a n S t D e v II+IIIIIIIII+IIIIIIIII+IIIIIIIII+IIII

0 . 0 2 1 5 0 4 . 5 5 0 . 2 ( --------------------------------------------------* ----------------------------------------------------)

L
O

O

2 1 5 4 6 . 0 5 0 . 9 ( --------------------------------------------------* -------------------------------— — )

O
 

\—
I 2 1 4 5 3 . 0 2 5 . 5 ( -------------------------------------------------- * ---------------------------------------------- )

1 0 . 0 2 1 5 3 8 . 5 1 7 . 7 (  *  )

P o o l e d  S t D e v  = 3 9 . 0 1 4 0 0  1 4 7 0 -  1 5 4 0  1 6 1 0

D u n n e t t ' s i n t e r v a l s  f o r t r e a t m e n t m e a n  m i n u s  c o n t r o l  m e a n ■

F a m i l y e r r o r r a t e  = 0 . 0 5 0 0  '

I n d i v i d u a l e r r o r r a t e  = 0 . 0 2 2 4

C r i t i c a l  v a l u e  =  3 . 6 2  

. C o n t r o l  =  l e v e l  ( 0 . 0 )  o f  C2

L e v e l  L o w e r  C e n t e r  U p p e r  ----------------+ --------------------- + - - - ---------------------------------
0 . 5  - 9 9 . 4 7  4 1 . 5 0  1 8 2 . 4 7  ( ------------------------------ * ------------------------------- )
1 . 0  . - 1 9 2 . 4 7  - 5 1 . 5 0  8 9 . 4 7  ( --------------------- - - - * - - -------------------------- )

1 0 . 0  - 1 0 6 . 9 7  3 4 . 0 0  1 7 4 . 9 7  ( ------------------ ----------- * --------- -------------------- )
-------------------- + ------_ ---------- +------------------ + --------------

- 1 0 0  0 10 0
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Donovan Creek and ABS

O n e -w a y  A n a ly s is  o f  V a r ia n c e

A n a l y s i s  o f  V a r i a n c e  f o r  C l
S o u r c e DF SS MS F P
C2 3 1 0 6 35 0 . 1 1  0 . 9 4 9
E r r o r 3 967 3 2 2
T o t a l 6 1 0 7 3

I n d i v i d u a l  95% C I s F o r  M e a n
B a s e d  o n  P o o l e d  S t D e v

L e v e l N M e a n S t D e v - + --------------------- + -------------- — ------------------ + ------------

0 . 0 2 9 . 5 0 3 0 . 4 1 ( ----------- --------------*  — — ---------)

L
O

O

2 1 4 . 5 0 6 . 3 6 --------- —  -------------)
1 . 0 ' 2 1 5 . 0 0 1 . 4 1 ( - ---------------------*  — ------------- — )

1 0 . 0 I 2 2 . 0 0 0 . 0 0 ( ----------------— — —  —  * ---------- - )
-  + --------------------- + ---- T--------- ------ + --------------------- + ------------

P o o l e d  S t D e v  = 1 7 . 9 5 - 3 5  0 35 70

D u n n e t t ' s i n t e r v a l s  f o r t r e a t m e n t m e a n  m i n u s  c o n t r o l m e a n

F a m i l y e r r o r r a t e  = 0 . 0 5 0 0
I n d i v i d u a l e r r o r r a t e  = 0 . 0 2 3 1

C r i t i c a l  v a l u e  =  4 . 3 0  

C o n t r o l  =  l e v e l  ( 0 . 0 )  o f  C2

L e v e l  L o w e r  C e n t e r  U p p e r ----- ---------- H------------------^ - + --------------------- + --------------------- +
0 . 5  - 7 2 . 2 1  5 . 0 0  - 8 2 . 2 1  ( --------------------------------- *  —  -----------
1 . 0  - 7 1 . 7 1  5 . 5 0  8 2 . 7 1  ( ---------------- ---------------- * --------------------- -------------- )

1 0 . 0  - 8 2 . 0 6  1 2 . 5 0  1 0 7 . 0 6  ( - ----------------------------------------* -------------------------------------- - )
----- . --------+ --------------------+ -------------:------+ - - --------------- +

-50 0 50 100
*  NOTE '* N m i s s i n g  =  I
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Lewistown and ABS

O n e -w a y  A n a ly s is  o f  V a r ia n c e

A n a l y s i s  o f V a r i a n c e  f o r C l
S o u r c e DF SS MS F P
C2 3 1 1 7 6 0 1 9 3 9 2 0 0 6 1 7 . 8 4  0 . 0 2 0
E r r o r 3 6 5 9 2 5 2 1 9 7 5
T o t a l 6 1 2 4 1 9 4 4

I n d i v i d u a l  95% C I s  F o r  M e a n  
B a s e d  o n  P o o l e d  S t D e v

L e v e l N M e a n S t D e v
0 . 0 2 1 5 6 4 . 0 8 4 . 9 ( ----------- * -------------- )
0 . 5 2 1 6 0 6 . 5 6 0 . 1 ( ------------- * -------------- )
1 . 0 I 1 5 9 2 . 0 0 . 0 ( ---------------------* ------------------- )

1 0 . 0 2 6 8 0 , 0 2 3 4 . 8 ( --------------* — — )

5 0 0  1 0 0 0  1 5 0 0  2 0 0 0P o o l e d  S t D e v  = 1 4 8 . 2

D u n n e t t ' s  i n t e r v a l s  f o r t r e a t m e n t m e a n  m i n u s  c o n t r o l  m e a n

F a m i l y e r r o r r a t e  = 0 . 0 5 0 0
I n d i v i d u a l e r r o r r a t e  = 0 . 0 2 3 1

C r i t i c a l  v a l u e  = 4 . 3 0

C o n t r o l  =  l e v e l  ( 0 . 0 )  o f  C2

L e v e l  L o w e r  C e n t e r  U p p e r  — I---------------------- 1------------------------- 1----------------------- 1-----------
0 . 5  - 5 9 5 . 0  4 2 . 5  6 8 0 . 0  ( ------------------ * ------------------- )
1 . 0  - 7 5 2 . 7  2 8 . 0  8 0 8 . 7  ( ----------------------- * --------- ---------------- )

1 0 . 0  ' - 1 5 2 1 . 5  - 8 8 4 . 0  - 2 4 6 . 5  ( ------------------* ------------------- )

- 1 4 0 0  - 7 0 0  - 0  7 0 0

*  NOTE *  N m i s s i n g I
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Donovan Creek and BAC

O n e -w a y  A n a ly s is  o f  V a r ia n c e

A n a l y s i s  o f  V a r i a n c e  f o r  C l
S o u r c e DF SS MS F P
C2 3 1 5 4 . 5 5 1 . 5 1 . 8 6 . 0 . 2 7 8
E r r o r 4 1 1 1 . 0 2 7 . 8
T o t a l 7 2 6 5 . 5

I n d i v i d u a l 95% C I s  F o r M e a n
B a s e d  o n  P o o l e d  S t D e v

L e v e l N M e a n S t D e v --------------+ ------- --------------+ ------------- --------+ --------- -----------+

OO

2 2 2 . 0 0 0 1 . 4 1 4 ( - * ------------ )

0 . 5 2 1 4 . 5 0 0 4 . 9 5 0 ( ---------— — - * ---------------------)O
 

I—Ib 2 1 5 . 5 0 0 3 . 5 3 6 ( ------------------ —  * --------------------- )
1 0 . 0 2 2 5 . 0 0 0 8 . 4 8 5 ( ---------------------* - )

-------------+ ------- --------------+ ------------- --------+ --------- -----------+
P o o l e d  S t D e v  = 5 . 2 6 8 10 20 30 40

D u n n e t t ' s i n t e r v a l s  f o r t r e a t m e n t m e a n  m i n u s c o n t r o l  m e a n

F a m i l y e r r o r r a t e  - 0 . 0 5 0 0
I n d i v i d u a l e r r o r r a t e  = 0 . 0 2 2 4

C r i t i c a l  v a l u e  =  3 . 6 2  

C o n t r o l  =  l e v e l  ( 0 . 0 )  o f  C2

L e v e l  L o w e r  C e n t e r  U p p e r ------------------ + --------------------- + ---------------------+ —1 
0 . 5  - 2 6 . 5 5 8  - 7 . 5 0 0  1 1 . 5 5 8  ( ---------------------------- * ---------------------------- )
1 . 0  - 2 5 . 5 5 8  - 6 . 5 0 0  1 2 . 5 5 8  ( ---------------------------- * -------------------------- )

1 0 . 0  - 1 6 . 0 5 8  3 . 0 0 0  2 2 . 0 5 8  ( ------------------------- - * ---------------------------- )
— --------------+ --------------------------------------------- + -----------

- 1 5  0 15
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Lewistown and BAC

O n e -w a y  A n a ly s is  o f  V a r ia n c e

A n a l y s i s  o f  V a r i a n c e  f o r  C l
S o u r c e DF SS MS
C2 3 1 2 3 4 6 4 1 1 5
E r r o r 4 3 7 8 3 7 9 4 5 9
T o t a l I 5 0 1 8 4

L e v e l N M ea n- S t D e v
0 . 0 2 1 4 7 1 .  5 8 5 . 6
0 . 5 2 1 5 7 2 . 5 2 7 . 6
1 . 0 2 1 5 3 2 . 5 1 2 2 . 3

1 0 . 0 2 1 5 6 2 . 0 1 2 1 . 6

P o o l e d  S t D e v  = 9 7 . 3

D u n n e t t ' s i n t e r v a l s  f o r t r e a t m e n t

F a m i l y e r r o r r a t e  = 0 . 0 5 0 0
I n d i v i d u a l e r r o r r a t e  = 0 . 0 2 2 4 "

C r i t i c a l  v a l u e  =  3 . 6 2  

C o n t r o l  =  l e v e l  ( 0 . 0 )  o f  C2

F ■ P
0 . 4 4  0 . 7 4 0

I n d i v i d u a l  95%, C I s  F o r  M e a n  
B a s e d  o n  P o o l e d  S t D e v
--------+------,--------+---------- -—+----------------+
( -------------------------------- * ---------------------------------)

( ------------------------------ * — -----------------------)
( ------------------------------------* ------------------------------------)

( ---------------------------------------* --------------------------------------- )
--------+ ------------------ + ----------------+ ----------------+

1 3 5 0  1 5 0 0  1 6 5 0  1 8 0 0

m e a n  m i n u s  c o n t r o l  m e a n

L e v e l
0 . 5
1.0

10.0

L o w e r  C e n t e r  U p p e r   — I---------------------- 1-------------------------1--------------------— —
- 2 5 0 . 8 6  1 0 1 . 0 0  4 5 2 . 8 6  ( — ------------------------------------ * ------------------------------------ - )
- 2 9 0 . 8 6  6 1 . 0 0  4 1 2 . 8 6  ( ---------------------------------------- * -----------------------------------------)
- 2 6 1 . 3 6  9 0 . 5 0  4 4 2 . 3 6  ( — --------------------------------— * --------------------------------------)

- 2 0 0  0 2 0 0  4 0 0
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Contaminant Desorption Indices - Statistical Analysis 

Donovan Creek and TWEEN80

O n e -w a y  A n a ly s is  o f  V a r ia n c e

A n a l y s i s  o f  V a r i a n c e  f o r  C l
S o u r c e DF SS MS F P
C2 3 1 0 2 9 . 0 3 4 3 . 0 5 . 9 4  0 . 0 5 9
E r r o r 4 2 3 1 . 0 5 7 . 7
T o t a l 7 • 1 2 6 0 . 0

I n d i v i d u a l  95% C I s  F o r M e a n
B a s e d  o n  P o o l e d  S t D e v

L e v e l N M e a n S t D e v ------------------ + — =---------------- + -------- -------------+-

o . o  • 2 1 9 . 0 0 0 8 . 4 8 5 ( ---------— — * ------------------- )
0 . 5 2 3 2 . 5 0 0 9 . 1 9 2 ( ------------------ * -------- -------------)

1 . 0 2 2 1 . 0 0 0 7 . 0 7 1 ( -------------------* ------------------- )
1 0 . 0 2 4 7 . 5 0 0 4 . 9 5 0 ( -------- * -

---------- , ------ +,------------- --— + -------- -------------+-

P o o l e d  S t D e v  = 7 . 5 9 9 16  , 32 48

D u n n e t t 1s i n t e r v a l s  f o r t r e a t m e n t m e a n  m i n u s  c o n t r o l  m e a n

F a m i l y e r r o r r a t e  = 0 . 0 5 0 0
I n d i v i d u a l e r r o r r a t e  = 0 . 0 2 2 4

C r i t i c a l  v a l u e  = 3 . 6 2  

C o n t r o l  =  l e v e l  ( 0 . 0 )  o f  C2

L e v e l  L o w e r  C e n t e r  U p p e r  - + — ----------------+ -------------------- + ---------------------- + - -
0 . 5  - 1 3 . 9 9 3  1 3 . 5 0 0  4 0 . 9 9 3  ( — ------------------ * - - - = ---------— ) '
1 . 0  - 2 5 . 4 9 3  2 . 0 0 0  2 9 . 4 9 3  ( ---------------- —  * ------------------------)

1 0 . 0  1 . 0 0 7  2 8 . 5 0 0  5 5 . 9 9 3  ' ( ----------- ----------- - * ------------------ - - )
-+------- ------ +------------- >+-------------- +—

- 2 5  0 25  50
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Donovan Creek and TWEEN85

O n e -w a y  A n a ly s is  o f  V a r ia n c e

A n a l y s i s  o f  V a r i a n c e  f o r  C l
S o u r c e DF SS MS F P
C2 3 1 8 1 4 . 4 6 0 4 . 8 1 2 . 7 0 0 . 0 1 6
E r r o r 4 1 9 0 . 5 4 7 . 6
T o t a l 7 2 0 0 4 . 9

I n d i v i d u a l 95% C I s  F o r M e a n
B a s e d  o n  P o o l e d  S t D e v

L e v e l N M e a n S t D e v ------------------ + - ------------------ + -------- -------------+-

0 . 0 2‘ 1 9 . 0 0 0 8 . 4 8 5 ( -------------------------- * -
--------- j

L
D

O

2 2 5 . 0 0 0 1 . 4 1 4 - * --------------------- )

O
 

i—
I . 2 3 3 . 0 0 0 5 . 6 5 7 ( -

1 0 . 0 ' 2 5 8 . 5 0 0 9 . 1 9 2 *  _
--------------+ - '+ --------------+-

P o o l e d  S t D e v  = 6 . 9 0 1 20 40 60

D u n n e t t ' s i n t e r v a l s  f o r t r e a t m e n t m e a n  m i n u s c o n t r o l  m e a n

F a m i l y e r r o r r a t e  = 0 . 0 5 0 0
I n d i v i d u a l e r r o r r a t e  = 0 . 0 2 2 4

C r i t i c a l  v a l u e  = 3 . 6 2

C o n t r o l  =  l e v e l  ( 0 . 0 )  o f  C2

L e v e l
0 . 5
1.0

10.0

L o w e r
- 1 8 . 9 6 7
- 1 0 . 9 6 7

1 4 . 5 3 3

C e n t e r  U p p e r -------------------+ --------------------- + -------------- -̂-----+ --------------
6 . 0 0 0  3 0 . 9 6 7  ('— ---------------- * - ------------------- )

1 4 . 0 0 0  3 8 . 9 6 7  ( -------------— * ---------------------- )
3 9 . 5 0 0  6 4 . 4 6 7  ( - — ------------- ------------------------)

--------------+ ----------------+ ---------- =---- + ----------
0 25  50
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Lewistown and TWEEN80

O n e -w a y  A n a ly s is  o f  V a r ia n c e

A n a l y s i s  o f  V a r i a n c e  f o r  C l
S o u r c e DF SS MS F P

C2 3 1 1 2 8 5 8 1 3 7 6 1 9 3  1 4 6 . 2 2 0 . 0 0 0
E r r o r 4 1 0 2 9 1 2 5 7 3
T o t a l ■ I 1 1 3 8 8 7 1

„ I n d i v i d u a l 95% C I s F o r M e a n
B a s e d  o n  P o o l e d  S t D e v

L e v e l N M e a n S t D e v  — .----------------h - + -------------------- + ------------

0 . 0 2 1 5 3 1 . 0 1 5 . 6 ( ----*  —■

0 . 5 2 1 0 5 7 . 0 5 6 . 6 ( - - * ---- )
1 . 0 2 8 4 5 . 5 8 2 . 7 ( —  * - - )

1 0 . 0 2 4 9 3 . 5 • 2 . 1  ( - * - - )
---------------------+ - + -------------------- + - - - - -

P o o l e d  S t D e v  = 5 0 . 7 7 0 0 1 0 5 0 1 4 0 0

D u n n e t t ' s i n t e r v a l s  f o r t r e a t m e n t  m e a n  m i n u s c o n t r o l m e a n

F a m i l y e r r o r r a t e  = 0 . 0 5 0 0
I n d i v i d u a l e r r o r r a t e  = 0 . 0 2 2 4

C r i t i c a l  v a l u e  = 3 . 6 2

C o n t r o l  = l e v e l ( 0 . 0 )  o f  C2

L e v e l L o w e r  C e n t e r  . U p p e r - - - + --------- - + ---------------------+-■

0 . 5 - 6 5 7 . 5 4 7 4 . 0  - 2 9 0 . 5 ( ------------- *■
1 . 0 - 8 6 9 . 0 6 8 5 . 5  - 5 0 2 . 0 c - - - - -------- * -------------- )

1 0 . 0 - 1 2 2 1 . 0  - 1 0 3 7 . 5  - 8 5 4 . 0  ( ----------- * - )
------- + -

-1000
----+ -

-7 5 0

------+ -

- 5 0 0
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Lewistown and TWEEN85

O n e -w a y  A n a ly s is  o f  V a r ia n c e

A n a l y s i s  o f  V a r i a n c e  f o r  C l
S o u r c e
C2
E r r o r
T o t a l

DF . SS
3 9 8 6 7 0 0
3 9 1 2 0 6
6 1 0 7 7 9 0 6

MS
3 2 8 9 0 0

3 0 4 0 2

F P
1 0 . 8 2  0 . 0 4 1

I n d i v i d u a l  95% C I s  F o r  M e a n  
B a s e d  o n  P o o l e d  S t D e v

L e v e l
0 . 0

N M e a n
2 1 5 3 1 . 0

S t D e v
1 5 . 6

+

( ----------- _ * ----------- )

0 . 5 2 1 1 5 7 . 0 4 3 . 8 ( - * - )
1 . 0 2 8 0 4 . 0 2 9 8 . 4 ( ----------- * - ----------- ) •

1 0 . 0 I  4 3 3 . 0 0 . 0 ( ---------------- * - )
______ + _ _ _

P o o l e d  S t D e v  =  1 7 4 . 4 0 6 0 0 1 2 0 0 1 8 0 0

D u n n e t t ' s i n t e r v a l s  f o r t r e a t m e n t m e a n  m i n u s c o n t r o l  :me an '

F a m i l y  e r r o r  r a t e  =  0 . 0 5 0 0  
I n d i v i d u a l  e r r o r  r a t e  =  0 . 0 2 3 1

C r i t i c a l  v a l u e  =  4 . 3 0

C o n t r o l  =  l e v e l  ( 0 . 0 )  o f  C2

L e v e l L o w e r  C e n t e r U p p e r ---------+ --------- — - + — — ---------:---------

0 . 5 - 1 1 2 3 . 8 3 7 4 . 0 3 7 5 . 8 ( * — r - ---------)
1 . 0 - 1 4 7 6 . 8 7 2 7 . 0 2 2 . 8 ( ----------- * ----------- )

1 0 . 0 - 2 0 1 6 . 3  - 1 0 9 8 . 0 1 7 9 . 7  ( — — *

---------+ - - - —

- 1 4 0 0
— ■— + —  

- 7 0 0

— )
----------- + -------------- =—

- 0

*  NOTE *. N m i s s i n g  =  I
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