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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

 Definition

ABS

B

Bis

BAC
CMC

CMCs

CMCw

D

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= (DROj~DRORW)/(AT)
(DRO; — DROR(w/0))/( AT)

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

B|3 = (TR) / ((S| — S.F)/AT)
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, = (DRO;— DROFW)/(AT*V)
(DRO; — DROF(W/0))/(AT*V))

UNITS

mg/L

mg/L




Xi

Symbol Definiton -~ | S . UNITS

DC Donovan Creek site soil
DRO diesel range organics
DRO, initial soil concentration of DRO ‘ ug/g

DROg(w) final soil concentration of DRO after study with the ug/g
addition of a surfactant

DROg(w/o) final soil concentration of DRO after study without ug)g
the addition of a surfactant

GS Guerro—Santoé media
HOC hydrophobic organic chemical
L . Lewistown site soil

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

Oa(w) rate of oxygen disappearance in respirometer mg/day |
sample with surfactant ‘

Oz(w/0) rate of oxygen disappearance in respirometer mg/day
sample With out surfactant |

Rr 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.

Rr.= CMCs
CMCuw
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Definition _ , UNITS

\Y

Symbol
R 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= Ox(w)
Oz(W/O)
Sk final concentration of surfactant in sample before mg or mL
study
S initial concentration of surfactant in sample before mg or mL
study
Tr surfactant biodegradability rate ~ biodegradation rate mg/day
. of the surfactant in soill
Tr = (S1=S¢)
AT
T80 polyoxyethylene (20) sorbitan monooleate
T85 polyoxyethylene (20) sorbitan trioleate .
- TWEENS8O polyoxyethylene (20) sorbitan monooleate
TWEENS85 polyoxyethyliene (20) sorbitan trioleate
total volume of water through desorption columns L
AT change in time days




Xiii

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 o 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
Lewistown 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.




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 Wére
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 compound; (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 responsibie parties have been‘looking to the use of surfactaﬁts.

Surfactants are primarily used in subsurface remediation as a means, of
accelérating 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.




Goals and Obiectives

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 muitiple surfactants in combination with field samples of HOC
contaminated soil, to determine quantitatively which surfactant has the most
beneficial effect.

This thésis 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 determiniﬁg the indices that quantify the
bioavailability, biodegradability, mobility, and toxicity for a specified surfactant
applied to a particu_lar petroleurh contaminated soil. And, Objective 3 is to
demonstrate the surfactant screening protocol using soils from two sites

contaminated with petroleum hydrocarbons.




CHAPTER 2

BACKGROUND

Contaminants in the Soil Environment

| The contaminénts of iﬁterest in this study are h-ydrophobic organic
compounds'in general and, more specifically, petroleum hydrocarbons. In the
petroleum industry, many things can cause contamination of the subsurface
environment including pipeline rup'tures, leaky storage tanks, and dumping to
name a few. These releases can be detriméntal to plants, wildlife, aquatic life,
and human life. The contamination can also destroy the underlying groundwater
table by leachingi 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, riegula”cions
" have become striqter and environmental cleanup efforts have become of interest.

“ Howe\)er, the properties of fhe 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 proc;ess. '

Although the hydrophobicity and the low solubility of HOCs helps to
contain the contamination, it promotes long term persistence problems in the
environment. dver time, if left alone to naturally éttenuate, the HOC will degrade
and diéappear. However, this process of degradation may take decades to
complete. One reason for slow degradation of HOCs is that they may not be
bioavailable (Mihelcic et al., 1993). |t is often aésumed that for a HOC to be
bioavailable (i.e. readily accessible for utilization and degfadation 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 séme are Hot easily |
degradable. The native soil bacteria at a contaminated site may not be
metabolically capable of degrading the HOC 6r 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 Contarﬁination. Pump-and-treat .
technologies pump in large amounts of Water, Whiéh is exfracted down-stream |
and then treated for any dissolved contaminant. Fill tec;hnologies 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, fhere are strategies that simply render the site unfit for any use
until continual monitpring indicétes 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 treatmenf and can cost large amounts of money. So,
recently, surface-active-agents are béing 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 (Anonyrhous. 1996; Elworthy et al., 1968). This dual moiety lowérs 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 norrﬁally 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 thev liqﬁid phase. This dual moiety also
orients the surfactant monomer with the hydrophobic portion to the soil and the
hydrophilic portion out into the solution. Generélly, 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 (Ahonymous. 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 surféctants
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
perrﬁeability of the soils. Depending on the surfactant and the soil type that it is
combined with, anionic surfactants can either work as permeability réd_ucers or

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




Cationic Surfactants

Cationic surfactants are positively charged. The posi'tive charge gives
cationic surfactants an advantage when working with surfaces, and they strongly
sorb to most surfaces, which are typically negaﬁvely charged (Rosén, 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 cohjunction 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, aﬁd as an
additive in fabric softeneré (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 ndmber 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 aré 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).

Previous Work

Biodegradation

Biodegradation of the contaminant and surfactant are critical aspects of
any remediation or bioremediati'on‘effort. Bibdegradation 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 sérve 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 concéntrations can be to§<ic to the
microbe. Addressing the first of these two possible reasons for poor degradation
rates, studies havé 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' t’h'e 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 showé 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 ata 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 to;dcity issue with the degrad‘ing microbes
(Rouse et al., 1994; Abd-Allah et al., 1998; Fu et al.w, 1995). These sfudies 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 menﬁoned. 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 thé possibility of both
the surfactant-enhanced biodegradation of the contaminant and the degradatioh
of the surfactant itself in the presence of the contaminant (Aronstein et al., 1991;

Abd-Allah et al., 1998).

Bioavailability

Degradation processes for HOCs are slow, but can be made even slower
in soil environments where the HO(_) can sofb to sail particles. In the soil
environment, HOCs are likely to associate themselves with surfaces due to the_ir
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
unéble 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 -phasé, 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 diqtate 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 decteased 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 ad.dition 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-énd—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 tedhniques (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 o 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 ;che
contaminants. The threat "of"humanh toxicity is not only a‘consideration with the
contaminant, but élso with surfactants. Many sQrfactants are skin, eye and
respiratory irritants.

In remediation, it is also important to consider what will be toxic to the ‘
microbial flora of a cqntaminated 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 aé 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 rémaining 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 surfactént 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 requirea for cleanup pfocedures. However, n_ot all
surfgctant effects are beneficial. Surfactants can sequéster 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 thé contaminaht fate and
the surfactant fate. It ShOl;lld 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 surfécta‘nt degrade, will the surfactant have an inhibitory effect on
contaminant degradation or mobilization, will there be an increased toxidty 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 b_e 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 prdtocol 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 épecific contaminated soil sample. The
protocol indicates the potential of each surfactant, tested at various
concentrations, for beneﬁcjal effects on a particular site soil. It is a protocol that
addresses the biodegradability, bioavailability, mobility, and.toxicity of the
surfactant, the'cqntaminant, and the different combinations thereof.

The biodegradability index for the contaminant is used to determine if the
contaminant in thé 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 wifh 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 i’rj the presence of
soil. | -

The mobility index for the contaminant is used to determine whether or not
fhe addition of a surfactant will promote contaminant removal from the soil phase
or inhibit the remova'l-. 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 recebtors.

Approach

Biodegradability (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 (R)) and surfactant biodegradation (Tr) are:

Ri= Oa(w)

 Oz(wlo) | (1)

Tr = (8= SF) ‘
AT 2)

Where Ox(w) and Oz(W/o) are oxygen depletion levels measured during a batch
respirometer experiment. The (w) and (w/0) designate the presence of surfactant.
And, where S and Sr are the initial and final concentrations of surfactant,
determined by surface tension measurements, in batch respirometer exberiments
and AT is the duration of the experiment in days. The respirometer in theses
experiments in an instrument that cre'ates a closed batch system and measures
production and disappearance of gases in the batch sample. The respirometer is

capable of measuring Oz, CO,, and HéS gases.in the samples.

Bioavailability (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= (DRO— DROF(W))/(AT) ~
(DRO| — DROR(W/0))/(AT) (3)

Where DRQ| is the initial, solvent extracted, diesel range organic concentration
(DRO) and DROk is the final DRO concentration in the soil after batch
'respirometry étudieé.

Also important is the bioavailability of the surfactant in the subsurface
environment. The bioavailability of the éurfactant is measured by comparing the
biodegradation rates of the surfactant in the soil environment to the
" biodegradation rate of the surfactaﬁt ih the aqueous environment. The surfactant
bioavailability index is defined as:

Bis = (TR) / ((Siwater) — SF(water))/AT) A (4)
"Where Sywater) and Sk(water) @re the ‘iniﬁal and final concentrations of the surfactant

after aqueous batch respirometer studies.

Mobility
The potential for desorption and/or dissolution of initially sorbéd HOC

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

D = (DRO,— DROg(W)/(AT*V)
(DRO, — DROF(W/0))/(AT*V) (5)

Where DRO, and DROk 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:

R = CMC§ ‘ .
CMCw | (6)
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Where CMCs is the critical micelle concentration (CMC) determined from

sorption isotherms and CMCyy 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, doyvnstream ecology and
‘potential receptors, and to human health. Toxicity at a site should be evaluated in
the Surfactant Screening Protocol. Depénding on the type and the level of
contaminatioh, site soils and aquifers can be either effectiveIS/ ‘unchanged or they
may be comé considered unfit for any use. With the .addition of a surfactant, itis
impﬁrtant to determine if this additional chemical will increase, decreasé, or have
no effect on the toxicity. However, due to time énd equipment c_oﬁstr'aints! toxicity
was omitted in the scope of this thesis. As it was proposed at the onset of this
research, toxicity can be evéluated by standardized tests, for example, MicroTox

by Azure Environmental.

Expediency

Many laboratory tests are tedious, réquire 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 relafively easy to perform, relaﬁvely inexpensive, and required
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little maintenance during run time. As was possible without losing quality of

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

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 surfac’gant _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. A|:1d, 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 thét would most
benefit the natural, in—éitu bio-attenuation process. By performing fche full battery
of tests, a surfactant that will enhance the naturél biodegradation process without f
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
sdlubilization 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 bump—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 a'id in mobilizing the contaminant into the
water that is befng pumped through the soil without much loss of surfactant due
to surface sorption. Although money is §pent 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 ad‘diti.on.. With the use of a sUrfactéht, treatment time can be réduced
three or ﬁ'xore times. This is only one way that the protocol may be tailoredv for .
use. Another example would be to idehtify an effective treatrﬁent stré’cegy before
one is already in use. The protocol, when completed, can help to identify what
treatments may be most effective at a site. For'insténce, if none of the

surfactants tested significantly increase or hinder the degra'dation process but

" one of the surfactants facilitates mobility, then p\erha’ps a no treatment action or a

soil washing strategy may be most appropriate. The protocol may'aléo‘ 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 haé 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 cationib, an anionic, and two nonion‘ic‘surfactants were chosen for
testing. Benzalkonium chloride (BAC) was chosen as the cationic surfactant and
dodecylbenzene sulfonic acid sodium salt (ABS) was chosen as the anionic
surféctant. 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 (TWEENS80) and polyoxyethylehe (20)
sorbitan trioleate (TWEENS8S) were selected for their common usage in industry
and their degradability (Rouse et al., 1994). TWEENS8O and TWEENS5 have HLB
numbers of 14 and 10 respectively (Rouse-et al., ’i994). Thus, TWEENS5 is more .
hydrophobic than TWEENSOQ. Thé TVVEENs were donated by ICI Surfactants (ICI
et al., 1998). Each of these surfactants Was chosen so fhat the ability of the

surfactant screening protocol could be tésted 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, 1 997). 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 poré water volume was determined.

Approximate dry bulk density for the dry soil was also determined
(Equation 7).
po = (weight of sail (g)) / (volume of soil (mL)) (7)

A graduated cylinder was filled to an even volume rﬁeasure 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 Q.
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Figure 2 - Example figure of the determination of the Soil-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 isotherrﬁs for each surfactant and soil combination. The
concentrations were 0.5xCMC, 1xCMC, and 10xCMC respectively based on the
uniqué properties of solubilized surfactant. At 0.5xCMC, surfactant monomers
are present on the soil surface and in solution. At 1xCMC, 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 - Respirométrv

- 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 biode‘gradation‘studies, the condenser was not used. Prior to each
condenser use, the condenser was disinfected by dripping approximately 5mL of

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

Contaminant Biodegradation Studies

Samples were prepared in 100mL media bottles with 20g of dry soil with
enbugh 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 sambles at Ox, 0.5x, 1x, and 10x CMC
surfactant concentration, (determined from the sorption isotherms) and one
positive control, haying 1g/L yéast extract, and oné negative control, having
sterile media with no soil. The experiment ran five days at room temperature. The
samples were then storéd in a freezer unti.l extraction. The samples were
extracted for DRO in preparation for GC analysis Qsing the EPA draft DRO

method (Anonymous. 1993).

Contaminant Desorption Studies

The set-up (Figure 3) consisted of 250mL polypropylene bottles, as
siphoned ytanks with PVC pipe columns. The bottles contéined‘the surfactant
media solution and‘ were set approximately ten inches above the top of the.
columns. The columns consisted of a 7" piece of 14" ID PVC pipe with #1 single-
hole stoppers, 400x400 stainless steel mesh of 0.001 Wiré, 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 ‘tﬁé column such that tﬁe
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 émall 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
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grading mixed the bead sizes and made the effective pore sizes in the filter easily
clogged by fine sail 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
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o o 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 EPA Draft DRO soil extraction method for

determining the remaining amount of DRO.in the soail.

Contaminant (Leachate) Biodegradation Studies

Samples were prepared by placing 20g of soil and 70mL of GS media with
surfactant at specified concentration into a 100mL-glass beaker. The beaker was
then covered _Ioosely with foil and allowed to sit fo.r five days at room
temperature; Atfter the initial five-day period, 50mL. of the superhatant was
decanted into media bottles and placed on fhe respirpmeter. The soil sample was
extracted to determine the remaining amounts of contaminant (DRO) in the sail
and the amount of DRO in the supernatant. After the five-day respirometer run,
the supernatant was decanted-and filtered to remove particulate métter. Surface
tensions measurerﬁents 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 rﬁedia samples and soil inocula. Samples were prepared in
100mL media bottles. 50mL of media with surfactant at the desired concentraf[ion

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 ahd used to determine

the amount of surfactant degraded. .

Analytical Methods

Soil Extraction

The soil extraction procedure usedvin the_se 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 (Na>S0O,) to that of the dry
soil sample was then added. The mixture was well mixed and thén allowed to sit
with intermediate stirring until the texture became ’dry and grainy. Approximately
90mL of methylene chloride (MeCl) was added to the dry mixtﬁré and sonicated
(Tekmar Sonic-Disrupter: horn sonicator, ModelTM50) for three-three minute
intervals with one-minute rests between intervals. The MeCl was then decanted
into @ 500mL evaporative flask and concentrator tube (the flask and tube were
connected by springs) through a funnel that contains a glass wool plug and
approximately ?/s-funnel volume of Na,SOs. The funnel and contents were rinsed
with approximately 20mL.IVIeCI prior to the first sampie filtration into the flask.

The sonication procedure was repeated twice more. After the third sonication and
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decanting, the funnei and contents were rinsed with approximately 10mL MeClI. 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 ih steam. The MeCl solution was
concentrated until the volume appeared to b.e be’.[wee‘n‘5 and 10mL. The
apparatus was removed from the bath and allowed to cool. 1.5mL of the
concentrate was pipetted, uéing 2mL graduated—disposable glass pipettes, into
auto-sample viéls and stored in a freezer until GC/MS analysis. All glass was

rinsed with MeCl between samples.

GC Analysis

GC analysis was used to determine the amoun‘t of DRO in the soil phase.
GC analysis reported abun‘dancés that were compareé:l to a standard curve of
abundances vs. concentration of DRb.

“The GC column that was used was not the column recommendéd by the
DRO Extraction Method, but was an alternative column with the equivalent
properties for aﬁalyziﬁg DRO, (Neuman, 1998). The column used was the
25Mx0.25mm Quadrex .007 5% methyl phenyl 0.5um-film column by Altech
catalogue # 007-5-25-0.5F. The head pressure for the column was at 105kPa
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 2th syringe with stainless steel needle, samples were
drawn from the original sample vials and then filtered through a 0.45um 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 2.0uL of a sample per injection
was used. The resulting abundance values are then compared to a standard
curve, range Oug-5000pug, (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.

4 E+06
' = 665.08x + 47863 P
+

8 3.E+06 R2 = 0.991 //
c
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g /
L0
< 1 E+06 i

0.E+00 &€ —

0 1000 2000 3000 4000 5000 6000
Concentration, ug/mL

Figure 5 — Diesel Standard Curve
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CHAPTER 5

RESULTS

Contaminant Indices and Parameters

Biodegradability (Batch)

The biodegradability index (R) for the contaminant was defined as the
biodegradation rate of leachate with the addition of a surfactant divided by the
biodegradation rate of the ieachate without the addition ofé surfactant (Equation
2).

R = Oo(w) : :
Ox(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 contam‘ina’nt was evaluated by
performing batch leachate biodegradation experiments. The oxygen levels
measured by the respirometer (Table 1) were used to détermine the .
biodegradation rates (Table ‘2). This rate was then based on oxygen
disappearancé indicating that biodegradation procésses occurred in the samples.
This rate also assumed that the oxygen consumption was directly proportional t-o :
contaminant biodegradatién. The Iéabhate biodegradation rates were calculated
as follows:

Oz(w) = (02 consumed) / (volume of leachate * duration)
= (4. 8mg 0O)/ (50mL Leachate*5 days) 0. O1’9mg/mL-days

Similar calculations were used to determine the remalnlng leachate

biodegradation rates (Appendlx D).

Table 1 ~ Measured oxygen disappearance levels and other blodegradablllty
data for Lewistown and TVVEEN85

Sample - Cumualtive Volume of Duration,
02, mg Leachate, mL days
0x , 71 50 5
0x 8.3 50 5
0.5x 4.8 50 "5
0.5x 52 50 5
1x . 5.1 50 5
1X 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 TWEENBS85
surfactant combination.

Lewistown and TWEEN 85
Pre-degradation Final Leachate Leachate
Surfactant Leachate c . Biodegradation| Biodegradibility
. . oncentration of
Concentration | Concentration of Surfactant. mL/L Rate, Index
’ DRO, ug/mL ! mg/mL/day
0x 96 0.0 0.028 Average
0x 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 m each of these samples

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

. of the 10xCMC 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 TWEEN8S combination was

tested, so no other bioavailability indices were determined.

Bioavailability (Batch)

The bioavaila_bility index (B,) 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= (DRO— DROrW)/(AT) -
(DRO; — DROR(W/0))/(AT) . | ' (3)

An index value of one ind‘ica’ged that there is no difference ih DRO disappearance
with the addition of a surféctant. 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 diéabpearance .rate.in the soil.

The DRO disappearancé rates that were used to determine this index

were calculated as follows:

Actual Abundance = Reported Abundance (uL™") / lnjectlon Volume (ulL)
=(213978)/(1.97) = 109732

Where, Reported Abundance is the abundance reported by GC analysis and
Actual Abundance is the abundance pér injection volume of sample.

Concentrate DRO Concentration = (Actual Abundance-47863)/665 08
=(109732-47863)/665.08 = 93ug/mL

- Where, Concentrate DRO Concentr_ation is the concentration of the extracted

sample volume.

DROg(w/0) = (Concentrate DRO*Concentrate Volume (mL))/(Soil Weight (g))
'=(93"6.6)/(20) = 31n9/g

(DRO; — DROg(W/0))/AT = (569-31)/(5) = 6ug/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 1 24 0
1649 1553 1345 1510 19 18 17 1
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.

Donovan Creek 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 1 1.25 9 1.03 9 1.06 10 1.17
Lewistown 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
diﬁerences in the disappearance rates of the contaminant with or without the
addition of the surfactant. Donovan Creek Bioavailability Ir;dices ranged between
1.25 for 0.5xCMC of TWEENS85 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 éffect on most samples. However, there was one case,
the 10xCMC 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 ug/g/day.

Desorption/Dissolution {Flowing Column)

The desorption/dissolution index (D)) 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.

D; = (DRO; — DRO(W)/(AT*V)
(DRO; — DROg(W/0))/(AT*V) (9)
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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 Ca‘léulate the desorptionfluxes, the differences
between the initial and final concentrations of DRO from the desorptibn samples
(Table 5) were divided by the total volume of surfactant solution tha;t was passed
through each column ana the period over which the study was performed. Ar'w
example calculation follows:

(DRO, — DROF(W/0))/(AT*V) = (59 25) ug/g /(5 days*1L) = 0.034ug/g-day-L

- The desorption index was then calculated using Equation’5.”

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

All desorption indices were calculated in this fashion (Appendix F).




Table 5 — Final DRO soil concentrations after desorption studies (ug/g)
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Desorption studies were only performed with three of the surfactants. BAC
was omitfed due to supply prol‘olems. For the Donovan Creek soil (fable 6), the
desorption studies with the surfactant addition appear to generally have aﬁ
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 |

10xCMC concentration had the lowest, or the most inhibitory indices at 0.28 for

TWEENBSO and 0.00 for TWEENSS.

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. The TWEENSs

at the 10xCMC concentration had almost 40 times the desorption rate than that

of water alone.

Lewistown Donovan Creek
T80 T85 T80 T85
' 1017 1188 39 26
0.5x 1097 1126 26 24
» 787 1015 26 29
904 503 16 37
495 - 51 52
10
X 492 433 44 65
' 1520 13
Ox 1542 25
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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.

Donovan Creek Desorption Flux w/o Surfactant = 0.04 ug/g/day/L
T85 T80 ABS
Average Index Average Index Average Index
10x (0] 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
Lewistown 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.



46

Surfactant Indices and Parameters

Biodegradability -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 = (S = Sk)
AT : | (2)

This bioaegradation 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:
02 Required for DRO Degradation = O, Depleted in 0OxCMC sample

DRO Degraded in Sample
= (2.96mg)/(8240ug) = 0.0001mg/ug

0, Used in Degrading DRO = (DRO degraded in sample w/ surfactant)*O, Req'd
= (7110pg)*(0.0001) = 0.71mg

02 Required for Surfactant Degradation
= O, Depleted in Surfactant Degradation in Water Sample
Surfactant Degraded in Sample
= (99mg)/(0.86g) = 0.11 mg/g

02 Remaining for Surfactant Degradation = (Total O, — O, Req’d for DRO)
=(47-0.71)mg = 46.3mg

Surfactant Degraded = (Remaining 02)/(O»> Req'd for Surfactant Degradation
= (46mg)/(0.11mg/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 TWEENSS 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 O,
I_evels 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 O, amount, after the required O, for-
contaminant biodegradation was subtracted, was assumed to be due to
surfactant biodegradation. To determine the amount of O, 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 O./ug DRO and 0.015mg O»/mg surfactant was required.
The analysis of the Lewistown soil samples, yielded a 0.0001mg O»/ug DRO and
0.063mg O./mg surfactant requirement. These values were then used to
determine the surfactant in soil biodegradétioh‘ 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




48

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 TWEENS5S surfactant: The negative values indicate that
calculations show that no biodegradation of the surfactant occurred.

Donovan Creek Lewistown
Surfactant Surfactant
Sample . Sample .
. Degradation . Degradation
Concentration Concentration
Rate mg/day Rate mg/day
Ox -- Ox _.
Ox - Ox -
10X -714 10X 616
10X -142 10X 546
1X -278 1X 74
1X -312 1x 63
0.5x -475 0.5x 102

0.5x -721 0.5x 83
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Bioavailability - Surfactant (Batch)

The bioavailability index (B;s) for the surfactant was defined as the
biodegradation rate of the surfactant in the soil envilronment divided by the
biodegradation rate of the surfactant in watér (Equation 4).

Bis = (Tr) / ((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 eﬁvironment
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 envirpnment. | |

The biodegradation rates in water of the sun‘actan"t, based on the
difference in surfactant concentration before and after biodegradétion (Table 8),
were determined as follows:

((S1— Sg)/AT) = (20 — 13.5)mg/L / (5 days) = 1.34 mg/L-day
The biodegradation rate in water was theﬁ divided into the biodegradation rate in
the soil (TRr) (caléulation shown in previous section). All biodegra_dation 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
blodegradatlon studies (mg/L)

Lewistown . Donovan Creek

ABS BAC T80 T85 ABS - BAC 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

1x 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 indek was determined using the same
sample set of the Lewistown ~-TWEEN85 and Donovan Creek-TWEENSS 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, dué to
instrumentation. trouble, only the surfactant biodegradatton rate in soil was
available for the Lewistown-TWEENS85 and the Donovan Creek-TWEEN85
combinations. The surfat:tant in water degradation rate experiments were not
duplicated due to limited instrument time.

For the Donovan Craek and TWEENS8S5 combination, surfactant
biadegradation, rates in water Were found to decrease with lower.amounts of
surfactant (Table 9). The resuiting indices were negative dué to the dependencé
on the leachate results. Thus the bioavailability indices for the Donovan Creek-

TWEENS85 combination are assumed to be zero.
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Table 9 — Bioavailability indices for the Donovan Creek and TWEENS5
combination. '

Donovan Creek and TWEENS5
Surfactant Surfactant L
Cc?r?c:;c;:?i;n Degradation Rate Degradation Rate in Bloal\r/]ecz;(laablhty

‘ in Soil mg/day Water mg/day X
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-TWEENB85 combination, surfactant biodegradation
rates in water were found to have also decreased with lower concentrations in
the sample (Table 10). The surfactant in water biodegfadati,on 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 tHa’t the 0.5xCMC
concentration was the most bioavéilable 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 thére are
other sources of carbon which contribute fo the oxygen depletion amounts that

are used to calculate this index value.
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Table 10 - Bioavailability indices for the Lewistown and TWEENS85 combination.

Lewistown and TWEENS85

Surfactant Surfactant Surfactant Bioavailability

. Degradation Rate Degradation Rate

Concentration . . ) Index
in Soil mg/day  in Water mg/day

10x 616 3561

10x 546 0.173 3159

Ix 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

Lewistown

Degradation Degradation
Surfactant Concentration Rate Surfactant Concentration Rate
mo/L/dav ma/L/dav

0.5x 0.19 0.5x 150
TWEENS85 1X 0.55 ABS 1X 271

10x 1.34 10x 953

0.5x 0.38 0.5x 500
TWEENS8O0 Ix 0.74 BAC Ix 998

10x 7.19 10x -4381
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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 TWEENS80 and TWEEN 85..

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

Donovan Creek

Degradation Degradation
Surfactant Concentration Rate Surfactant Concentration Rate
mo/L/dav mo/L/dav

0.5x 001 0.5x 91
TWEENS85 1X 0.31 ABS 1X 341

10x 1.34 10x -287

0.5x 0.06 0.5x 200
TWEENSO0 Ix 011 BAC Ix -68

10« 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).

Rf —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 soail increases.
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The CMCs (Table 13) were determined as it is 6Qtlined in the Materials
and Methods section. All CMCs were determined similarly (Appendix ).

The sorption isotherms for séil and surfactant combinations were
determined using the proceaufe 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 lL.ewistown
MediacMC | Soilcmc  MOPIY | oo ome  Moblity
. Index 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
BAC 0.107 g/L. 2.0 19 5.0 47

The resulting indices indicated that the ionic surfactants have a higher
affinity for sorptlon to the soil. The nonionic surfactants, TWEENS8O and 85 have
indices that are 1/2 to 1/4 the magnltude of the lowest ionic surfactant indices -
(ABS at 28). With the presence of the Donovan Creek soil, the CMCs increased
from apbroximately 3 fold of the CMC in water for the nonionihc surfacténts to

more than 40 fold for ABS. With the Lewistown soil present, the nonionic,
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TWEENSO 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.

Surfactant Screening Chart

Site: Lewistown

ABS TWEEN 80 TWEEN 85 BAC
19 38 38 18 36 36 1.7 25 50
oL oL gL mUL mUL muL muL S4mub samubLoo sol o,
RI 0.6/0.7 0.7/0.8 0.9/1.0
DI CLOGGED 235 296 39.7 20.7 30.8 41.4
Bl 048 051 262 083 07 034 062 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
RI - Contaminant Biodegradability Index IR - Surfactant Biodegradability Index

DI - Contaminant Desorption/Dissolution Index RF - Sorption Factor Index
Bl - Contaminant Bioavailability Index BS| - Surfactant Bioavailability Index
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The Surfactant Screening Chart for the Lewfstown 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 TWEENSS 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 thét were tested.

The surfactant screening chart for the Donovan Creek soil suggests that
no surfactant would increase the .biodegradation of the contaminan;[ at the site

and thus not benefiting an in-situ bio-attenuation remediation strategy at this site.




57

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.

Surfactant Screening Chart
Site: Donovan Creek
ABS TWEEN 80 TWEEN 85 BAC

03 06 6 1 2
3glL 6g/lL 60 gL mUL mUL mUL mUL miL moL ot 2g/L 20 g/L

RI

DI CLOGGED 065 095 028 085 065 O

Bl 1.06 100 o082 103 08 109 125 09 124 117 115 0093
IR ) ) ()

RF 45 2 4 19

BSI ) ) )

R1 - Contaminant Biodegradability Index TR - Surfactant Biodegradability Index

DI - Contaminant Desorption/Dissolution Index RF - Sorption Factor Index
BI - Contaminant Bioavailability Index BSI - 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 thé contaminant solubilization into
the liquid, surfactant—aided désorptibh, and surfactant s.orption'onto the soily to
equilibrate. Biodegradation in the first five day of the leaching process was not
measured. The second five-day period was used to determi‘né the
biodegradability of the compounds in the leachate.

It appeared that the lower concentrations, 0.5x and 1xCMC, of TWEENS85
had an inhibitory effect on the biodegradation of the leachate when the rates
were compared (Table 2). When the vélues were gréphed (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-TWEENS85 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 Biodegradébility section), the leaching procedure
may not have been a valid method for determirning 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 h—andling,‘ and also contaminapt and surfactant fate.

First, the leachate experiment was conducted over a total of ten days
rather than five days. By allowing the sampl‘e to sit for five days. to leach, the
initial five-déy degradation rate méy have been missed. The duration of this
experimént 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 nét have optimize.d
desorption. Had the sambles been stirred, it would have modéled 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 sorbe.d to the
soil, how much was degraded before the sample was placed on the respirometer,
and how much contarﬁinant was degraded after the samples Wére connected to
the respirqheter is not clearly determinéd' in this-experimental method. Thus, the.

true fates of the contaminant and surfactant were not ascertained.
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In order to address the uncertainties that were identified with the
biodegradability proceduré several modifications can be suggested. The firstis to
conduct a respirometer experiment where there is enough liquid contént to leave
the soil sample oxygeﬁ limited, i.e. 20g soil with 50mL surfactant-media solution.
Iﬁ this manner, it may be possible to limit the okygen, 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 fh,e 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 fable for a
‘short period of time, decant t'he supernate and placeitin a mediajar"o_n 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 disappeara‘nce. raté 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 TWEENSS at 0.5xCMC (1.25) and
TWEENSS5 at 1 OxCMC‘ (1.24). BAC at 0.5xCI\/IC and 1xCMC followed at 1. 147 and

1.15. It was expected that the TWEENS5 would enhance DRO disappearance,
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as it is biodegradable. Hawever, BAC, 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 BAC does enhance biodegradation at concentrations below the
CMC (Patrauchén, 1999). TWEENS8O0 and ABS shdwed Iittle- 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 ng/g. Given this low level of Di?O and
that it is appﬂroaching accurate detection limits, tﬁe 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. If the bioavailébility indices are
plotted vs. the relative surfactant concentration (Figure 7) it appears that no
surfactant has an appa‘rent 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 TWEENS80 at IOXCMC to 0.83 for TWEENS85 at IXCMC and
TWEENSO0 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 enhanc,és 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 éontent 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

For the Donovan Creek soil, the desorption/dissolution indices ‘indicafed a
decreasing desorption inaex with increasing concentration of s.urfactant (Figure
8). This suggested that the DRO concentration was Iowsenough that the
surfactant actually sequesters the reméining amount of DRO to the’soil surface.
The data did suggest that highér concentrations did inH‘ibit desorption. It cbuld be
Ithat since TWEENS are nonionic, that they were not strong enough ioni.c charge
to pull DRO away from the soil, bﬁt 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 soll
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

Biodegradebility - Surfactant

When the O, requirements were determined for contaminant
bioelegradation, 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 b‘iodegradation occurring end that the oxygen ievels thaf were
calculated to be higher than what was measured were due to instrument
\'/ariability. 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 appreximately
100pg/mL‘. Or, three, there were othef organics being biodegraded in the soil that
account for oxygen depletion in the soil samples. This euggested that in the
samplee where there was no surfactant present, that all of the, oxygen depleted
was not due totally to DRO biodegradation, but also to other organic matter.

When the O, requirements fer DRO biodegradation |n the Lewistown soil

were determined, there were remaining Oz amounts that could be attributed to
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surfactant biodegradation. However, with the éssumption'that all remaining
oxygen was due to surfactant biodegradation, excess oxygen levels indicated
that there waé more surfactant. biodegraded than was added (Table 16). This
indicated that there was other degradation processes occurring. Since it is known
that the Lewistown'éoil has organic contamiﬁants other than DRO, it was
reasonable to say that these other organics were éontributing to the O, depletion
in the samples. However, the amount of other contéminants has not been fully

characterized (Hendricks, 1998).

Table 16 — Oxygen levels compared for Surfactant Biodegradation in the
Lewistown soil. ‘

Surfactant
Concentration, 10x 10x 1X 1x 0.5x 0.5x
xCMC
Surfactant |
Added. mg 79.4 79.4 | 7.9 ?.9 4 4
Surfactant 3080 2730 | 372 316 | 500 413
Degraded, mg
Difference, mg | 3000.6 2650.6 364.1 308.1 505 409

The Biodegradation Réte of the surfactant in the soil environment was
inconclusive. Due to instrument troubles and limited available time, there Wa‘s
only one set of usable respirometer data for the determination of the

biodegradation rate of surfactant in the soil environment.




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 calcula’uons for the surfactant degraded inthe =
soil environment lndlcated either excessive blodegradatlon of the surfactant or
dega’nve degradatlon of the surfactant and for the purposes of discussion in this
section, the Donovah Creek surfactant biodegradability rates were assuraed to |
be zero. And, it was assumed that all surfactant in the Lewistowa samples was
degraded.

Wlth the above assumptlon of zero for the surfactant blodegradablhty 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 cempletely halt any surfactant
biodegradation. |

However, the biodegradation rates of the-surfactants in the\water
environmenit did indicate Whether or not a surfactant has potential for degradation '
by the microbial .population present at the Donovan Creek s.ite. When the initial
concentration and the final concentrations were compared (Table 17), it could be
seen that in most cases, the surfactants are bei~ng degraded. It appeared that
both of the TWEENS could easily serve as a carbon source for fhe'rhicrobes at

the Donovan Creek site. It also appeared thaf the higher the concentrations, the
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better the microbial degradation of the surfactant, or the better the microbial

gfowt‘h.

Table 17 — Surfactant Degradation Rates in water with a Donovan Creek soil
“inocula

Initail Final Degradation
Surfactant xCMC . L Rate
Concentration Concentration '
) - , mg/L/day

0.5X 1 1.0 0.01

TWEENSS5, mL/L 1x 2 0.5 0.31
10x 20 - 135 1.34

{ 0.5x 0.3 0.0 0.06

TWEENSO, mL/L 1x 0.6 0.1 0.11
10x 6 0.6 1.14
0.5x 3000 3370 )

ABS, mg/L 1X 6000 4640 341
10x 60000 61150 ‘ ()

0.5x 1000 2 200
BAC, mg/L 1X 2000 2340 0]
10x 20000 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 1xCMC concentration. And likewise, BAC appeared to be only tolerated at
the 0.5xCMC. Both of these values suggested that the surfactants may not seﬁe
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 Léwistown samples all of the surfactant (TWEENS85) that was added
was degraded and there was additional biodegradation of other organics -
occurring. So, after making the assumption that all éf the surfactant was
Qegraded, the resulting bioavailability indices were in excess of 230,0 (Table 10).
These values were quite large and indicated thét the surfactant was highly
degradable in the soil environmeht, much more so than in the water environment.
Although this may be true, it was probably not to the extent indiéated 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 therehwas an approximately equal number of microbes on the
soil, then the biodegradation rate of the sur_fadtént in the soil environment could
be 20 times higher. This was one possible e*planation of the differences in
biodegradation rates. However, the assumption of total surfactant biodeérad‘ation
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
prev‘ious‘ly mentionéd. So, it was not possible to accurately determine how much
surfactant Waé degraded.

Similarly to the Donovan Creek samples for surfactant biodegradation in
water, the surfactant biodegradatioh rates in water was also determined with a

Lewistown inocula. For TWEENSO 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 feadily at the higher the concentrations of the surfactants. Bot_h ABS
and BAC appear to be toxic, i.e. no biodegradation, at the 10xCMC
concentrations. They did appear to be very biodegradable at the lower

concentrations, 1xCMC and 0.5xCMC (Table 18).

Tablé 18 — Surfactant Degradation Rates in water with a Lewistown soil inocula

Initail Final Degradation
Surfactant xCMC . , . Rate,
Concentration Concentration |
] mg/L/day
‘ 0.5x 1.7 .8 0.19
TW:E/II\]_%’ 1x 3.4 0.8 - 0.55
10x 34 17.2 1.34
0.5x 1.8 0.0 0.38
TWrITE]E/II\J_SO, , 1x 3.6, 0.1 0.74
10x 36 2.1 7.19
0.5x - 1900 1300 150
ABS, mg/L 1X 3800 2720 271
10x 38000 41810 (-)
0.5x 2500 2 500
BAC, mg/L 1x : 5000 9 998
10x 50000 71900 ()

Since these tests were not duplicated due to iqnstrument 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 factpr 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 sorptlon factor for each surfactant since it is determlned by two speC|f|c
points that relate to a smgle 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 concentra’tions used throughout the protocol. The
conbentrations, 0.5x, 1x, and 10x, r’epfesent one-half the sorption capacity of the
soil, soil sorption capacity, and the pfr'esence of micelleé 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. TWEENS80 and TWEENS85 had sorption factors of 14 and 7 ,
respectivgly.

. 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 ]oam, and chemistry of the
Donovan Creek gave it a more neutfa[ charge allowing potential for even an
overall negative charged particle (surfactant) to sorb to it. Or, two, it may havé
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, ﬂ;nis 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., 1.997; Tumeo, 1997). The TWEENS also
reacted similarly to the Donovan Creek soil as they did the Lewistown soil.
TWEENS0 and TWEENS5 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 potentiél toxicant. The bacteria’s response i$ measured
by its light output and is correlated to the potential foxicity of compdnents in the
solution.

Although this test was 6mitted, it can be said to some degree what the
toxicity of each of thes‘e surfactants and contamih’ants is. It is known that
TWEENSs, 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 bharmaceuticals. ABS is
considered an irritant and BAC is often used as a biocide in medical applications,
also considered an irritant.A_DRO, or mdre géner_ally petroleum hydrocarbons, are,
or can be toxic, particularly some of the‘ compoﬁents.‘For other.potential
irritations o.r 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 concentratidné. Each index was listed down the

left-hand column ahd the surfactant and the respéctive 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 anothér.
The surfactant screening éharts in this thesis were used as é demonstration as to
the method by which the parameters énd indices in the protocblj may be
determined, presented, ‘and used. The charts for both of the site soils are
incorﬁplete. Although, it would have been ideal to complete both screening
charts, the goal_of this thesis was not to solve any femediation qﬁestions about
- either site.. However, all parameters and indiéeé have been determined at least
once to demqnstrate the method.

The Donovan Creek screening chart (Table 15) indicates that surfactant
ac_idition wou!d not significantly enhance remediatioh of the contaminant. It
appears that.any surfactant additibn inhibits desorption from the soil. The

- surfactants exhibited no statistical difference bétween 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 enhancément may not be enough
to offset the cost of the surféctant addition. Also, it appeared that the surfactant,
once in the environment, did not degrade, Iea.ving aﬁother foreign compound in
the environment. So, it appearéd that none of the surfactants WOl.J_|d enhance an
in-situ bioremediation strategy.

Tﬁe Lewistown screening chart (Tablé 14) 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 10xCMC concentration. All others inhibited bioavailability of
the contaminaﬁt for degradétion, which would be the focus of an in-situ strategy.
However, if another remediation strategy were to be used, perhaps a removal
technology like pump-and-treat, then either one of the TWEENSs could be used to
promote removal of:the contaminant from the_soil. ABS in fhis case would be
ineffective and actually prohibitive to a removal technology as it lowered the
permeébility of t.he columns to point of effectively a zero permeability. The
TWEENS also showed good potential for bipdegradatio_n, SO any remaining
concentrations in the soil 'w‘oul'd‘ degrade and pose Iittle‘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 conce}utrate on only one asioe‘ct of‘surfactant
enhanced bioremediation. Some methods concentrate on perméability |
reductions, (Renshaw etal., %997; Tumeo, 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 biodegradatioﬁ 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 étandardizing a method
which assess the various aspects of the contaminant and surfactant fates and
their interaétions.

I‘n the scope of this thesis, the Screéning F;rotocdlv represents a first
. attempt at developing éffective anoi clear ways to assesses all aspects of the

contaminant and surfactant fates in an efficient cost effective manner. The
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protocol haé potential to be abié 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 sﬁrfactant for use with an in-situ bioremediation strategies. For example,
soil-washing is a technology that works on the princible of removal by desorption,
where desorption is increased by increasing the amount of water through ’-[he |
system, thus increasing the ‘desorption potential of the contaminant from the soil.
Typically, this process requires thousands of gallons. of water to removeﬂthé |
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 fhe protocol, épecifically the desorption experiments, the
surfactan‘t‘and concentration tﬁat 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. Theré are several other -approachves‘ to solving this that are discussed
in the discussion section for the biodegradability index. Alternative approaches
ihcluded, oxygeﬁ limited soil respirometry experiments, ‘desorpti‘on column |

effluent collection, and shaker-table batch desorption studies. It is also
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recommended that the protocol be tested on another site soil that has a well-
defined soil and cdntaminant.' 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 potenﬁal to be the first collective method for fully
assessing a site and the effects of any surfactant addition. If should be fUrt_her
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:

—_—

. Soil coIIectlon characterlzatlon and preparatlon

2. Surfactant Selectlon CMC determmatlons (CMCw and CMCS from sorption
isotherms); |

3. Contaminlan't Biodegradation Stqdies (Bfoavailability Iﬁdex determinatioﬁs)y;

4. Contaminant Biodegradation Studies (Leachate Studies, it is recommended
here that the I-hour 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).
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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 Analytes

This method is desighed to measure the concentration of

tid diesel range organics in water and soil. This corresponds to
an alkane range of C10 - Cy and a boiling point range between
approximately 170eC and 430°C.

1.1.2 The method is designed to measure mid-range petroleum
products such as diesel or fuel oil. Components greater than
C7, present in products such as motor oils or lubricating
oils are detectable under the conditions of the method. |If,

based on a review of the chromatogram, the presence of these
product types is suspected, additional efforts may be
performed including, but not Ilimited to, analysis of
additional reference materials. These additional efforts are

not contained within this method.

1.2 Quantitation Limits

1.2.1 Quantitation limits are based on 100 //g/rnL of diesel in the
extract and are 0.10 mo/L for waters and 4.0 mg/kg for soils
(Note: The word "diesel"™ corresponds to diesel #2 or fuel

oil #2.)

1.3 Dynamic Range

1.3.1 Dilutions should be performed as necessary to put the
chromatographic envelope within the linear range of the
method. In general, the individual compound range is 1.0
t/g/mL to 50 //g/mL in the final extract. This is
approximately equivalent to 100 //g/mL to 5000 //g/imL of
diesel.

1.4 Experience
1.4.1 This method is based on a solvent extraction. Gas

Chromatography (GC) procedure. This method should be used
by, or under the supervision of, analysts experienced in the
use of solvent extractions and gas chromatographs. The
analysts should be skilled in the interpretation of gas
chromatograms and their use as a quantitative tool.

2. METHOD SUMMARY

2.1 One liter of water or 25 grams of soil is spiked with a surrogate
compound and extracted with methylene chloride. The extract is ned



92

REVISION: 4

DATE: 8/3e/93

PAGE™: 2 of 2l
and concentrated to a volume of 1.0 ml. The extract is injected
into a capillary column gas chromatograph equipped with a flame
ionization detector (FID). Quantitation is performed by comparing

the total chromatographic area between n-C10 and n-Cza, including
resolved and unresolved components, to the response of a ten-

component calibration standard.

2.2 This method is based in part on USEPA Methods BODO and 8100, SW-846,
*Test Methods for Evaluating”Solid Waste,” 3rd Edition [1], Method
OA-2 [2], and work by the EPA Total" Petroleum Hydrocarbons Methods

Committee [3].

DEFINITIONS

3.1 Diesel Range Organics (DRO): All chromatographic peaks eluting
between decane (n-C10) and dctacosane (n-z.). Quantification is based
on direct comparison of the area within this range to the total area
of the ten components in the diesel component standard.

3.2 Diesel Component Standard: A ten-component blend of typical diesel
compounds (Table I). This standard serves as a calibration standard
and a retention time window defining mix for diesel range organics.
A commercial diesel or fuel oil may be used as the calibration
standard.

3.3 Surrogate Control Sample: A reagent water or method blank sample
spiked with the surrogate compound used in the method. The surrogate
recovery is used as a laboratory control-. See 7.4.2.

3.4 Laboratory Control Sample: A reagent water or method blank sample

spiked with a commercial diesel f2 as a quality control check. The
spike recovery is used as a laboratory control and must be greater

than 50%. See 7.4.5.

3.5 Other terms are as defined in SW-846.

INTERFERENCES

4.1 Other organic compounds including animal and vegetable oil and
grease, chlorinated hydrocarbons, phenols, and phthalate esters are
measurable under the conditions of this method. As defined in the
method, the DRO results include these compounds. Note: SW-846 [I)
Method 3611 (Alumna Column Cleanup) may be used for the separation of
sample extracts into aliphatic, aromatic, and polar fractions.
Details of this cleanup are not included in this method.

4.2 Method interferences are reduced by washing all glassware with hot
soapy water and then rinsing it with tap water, methanol, and
methylene chloride. Reagent blanks must be analyzed with each batch
or for every 20 samples to demonstrate that the samples are free from

method interferences.
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4.3 High purity reagents such as Burdick and Jackson GCz methylene

chloride or Baker capillary grade methylene chloride must be used to
minimize interference problems.

4.4 Contamination by carryover can occur whenever high-level and low-
level samples are sequentially analyzed. Whenever an unusually
concentrated sample is encountered, it should be followed by an
analysis of a solvent blank to check for cross-contamination.

SAFETY ISSUES

The toxicity or carcinogenicity of each reagent used in this method has not
been precisely defined. However, each chemical compound should be treated
as a potential health hazard. From this viewpoint, exposure to these
chemicals must be reduced to the lowest possible level' by whatever means
available. The laboratory is responsible for maintaining a current
awareness file of Occupational Safety and Health Administration (OSHA)
regulations regarding the safe handling of the chemicals specified in this
method. A reference file of material safety data sheets (MSDS) should also
be made available to all personnel involved in the chemical analysis.
Additional references to laboratory safety should be available and should

be identified for use by the analyst.

APPARATUS
6.1 Glassware
6.1.1 All specifications are suggested only.-
6.1.2 4 oz. amber glass, wide-mouth jars.
6.1.3 Separatory Funnel: 2000 ml with Teflon stopcock.
6,1 ;4 Continuous Liquid-Liquid Extractor: Equipped with Teflon or
glass connecting joints and stopcocks requiring no

lubrication (Hershberg-Wolf Extractor, Ace Glass Company,
Vineland, Kew Jersey, P/K6841-10, or equivalent).

6.1.5 Concentrator Tube, Kuderna-Danish: 10 mL graduated (Kontes
<-570050-1025 or equivalent). Calibration must be checked at
the volumes employed in the test. Ground glass stopper is

used to prevent evaporation of extracts.

6.1.6 Evaporative Flask, Kuderna-Danish: 500 mL  (Kontes

K-570001-0500 or equivalent). Attach to concentrator tube
with springs.
6.1.7 Snyder Column, Kuderna-Danish: Three ball macro (Kontes

K-503000-0121 or equivalent). Rotary evaporation set-up may
also be used alternatively.
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6.1.8 Vials: Amber glass, 10 to 15 ml capacity, with Teflon-lined
screwcap. Two ml glass vials with Teflon-lined cap.

6.1.9 Disposable Pipets: Pasteur.
Boiling Chips: Approximately 10/40 mesh. Heat to 4006C for 30
minutes or Soxhlet extract with methylene chloride.

Microsyringes: | /vt, 5//I, 10//1, 25 ul, and 100 //I

Water Bath: Heated with concentric ring cover, capable of

temperature control (+2°C). The bath should be used in a hood.

An analytical balance capable of accurately weighing 0.0001 g should
be used for standards. A top-loading balance capable of weighing to
the nearest 0.1 g should be used for sample analysis.

Gas Chromatography

system complete with gas and

6.6.1 Gas Chromatograph: Analytical
ionization

required accessories, . including a flame
detector, column supplies, gases, and syringes. A data
system capable of determining peak areas using a forced
baseline and baseline projection is required. A data system
capable of storing and reintegrating chromatographic data is

all

also recommended.

Note: A FID must be used for the measurement of hydrocarbons
as described in this method. FID response is essentially the
same for all hydrocarbons; other detectors will not produce

accurate results.

6.6.2 Columns

6.6.2.1 Column I: 25 H X 0.25 mm Quadrex 007 5% methyl
phenyl 0.5 micron film thickness.

6.6.2.2 Alternate Column: 30 Mx 0.53 mm ID Restek RTX-5,

1.5 micron film thickness.

6.6.2.3 Other columns may be used; capillary columns are

required. See 9.2.2 for GC criteria.

Sonication

6.7.1 Ultrasonic Cell Disrupter: A horn-type sonicator equipped
with a titanium tip should be used. A Heat Systems -
Ultrasonics, Inc. Model W-385 (475 Watt) sonicator or

must be a minimum of 375 with

equivalent (power wattage
Tapped Disrupter Horn)

pulsing capability and No. 200 1/2"
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plus No. 207 3/4" Tapped Disrupter Horn, and No. 419 1/8"
Standard tapered Microtip probe.

6.7.2 A Sonabox is recommended with the above disrupter for
decreasing sound (Heat Systems-Ultrasonics, Inc., Model 432

13 or equivalent).

Soxhlet extraction apparatus is described in Method 3540. [1]

Nitrogen evaporator with high purity nitrogen gas source.

REAGEHTS AND STANDARDS

Reagent Water: Carbon filtered deionized water.

Methylene Chloride, Hexane, Acetone: Pesticide grade or equivalent.

Sodium Sulfate: (ACS) granular, annydrous. Purify by heating at
400t for 4 hours in a shallow tray.

Stock Standard Solution: Prepare the following stock standards.
Unless noted, all are prepared in the methylene chloride listed.in
7.2 above. Standard preparation should follow guidelines in Method

8000.

7.4.1 Optional Stock Internal Standard: 1000 //g/mL 5a-androstane.

7.4.2 Recommended Surrogate Standard: 2000 /vg/mL ortAo-terphenyl
(OTP). A working solution is made at 20//g/ml in acetone (a

water soluble solvent).

7.4.3 Individual stock solutions of C10 - C28 even normal alkanes at
a level of at least 2000 pg/mi. For solubility reasons.'Mt
may be necessary to prepare stock solutions of n-alkanes in
other solvents such as hexane or chloroform. Some of the
n-alkanes are available in solution in chloroform from

Supelco (Cat. f4-7103M and 4-7104M);

7.4.4 Diesel Component Standard: C10 - C28 even normal alkane
standard + OTP with each component at 50 /vg/mL. Suggested
calibration running levels are I, 5, 10, 20, and 50//g/ml.
See Table 1I. Calibration standards may be prepared using a

commercial diesel or fuel oil.

7.4.5 Stock Laboratory Control Sample - 2500 pg/mL diesel »2 or
fuel oil £2. A working solution is made at 500 //g/ml in

acetone (a water soluble solvent).
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SAMPLE COLLECTION, PRESERVATION, CONTAINERS, AND HOLDING TIMES

in a one liter glass container and acidified to
The samples are
Extraction must

14 days. All

Water samples are collected
pH 2. Soils are collected in a core tube or glass jar.

stored at 4cC from the time of collection until extraction.
be performed on waters within seven days and soils within
analyses must take place within 40 days.

PROCEDURE
9.1 Sample Preparation
9.1.1 Waters are extracted according to SW-846 Method 3510
(Separatory Funnel Liquid-Liquid Extraction) or Method 3520
(Continuous Liquid-Liquid Extraction). Soil samples are
extracted using Method 3550 (Sonication). Method 3540
(Soxhlet Extraction) may also be used.
9.1.2 Water Extraction - Separatory Funnel
9.1.2.1 Measure a |-L portion of the sample and transfer
to the 2-L separatory funnel. |If the sample is in
a | liter or smaller bottle, mark the water
meniscus on the side of the sample bottle for
later determination of the sample volume. |If the
sample Is in a larger bottle, use a | liter
graduated cylinder. Pour the sample into a 2
liter separatory funnel. For blanks and quality
control standards, pour | liter of carbon filtered

water into the separatory funnel.

9.1.2.2 Check and note the initial pH.

9.1.2.3 Add | mL of orfAo-terphenyl surrogate standard at
20 pg/tnl.

9.1.2.4 For every batch or 20 samples extracted, prepare
duplicate laboratory control samples by adding |
mL of 500 //g/mL diesel f2 (laboratory control
standard) to each of two blank matrices. Daily or
for every 20 samples, prepare a blank/surrogate
control standard wusing | L of carbon-filtered

water.

9.1.2.5 For samples that were mixed before extraction, add
60 mL CH2CI2.to the sample bottle to rinse the

inner wails. Do NOT cap and shake the bottle,
rinse the glass only; transfer the solvent to the
separatory funnel. Extract the sample'by shaking

it for two minutes with frequent ventilation.
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Allow the layers to separate. If there is an
emulsion, break it. . If the emulsion cannot be

broken (recovery of <80% of the methylene
chloride, corrected for water solubility of

methylene chloride), transfer the sample, solvent,
emulsion into the extraction chamber of a

and
described in

continuous extractor and proceed as
9.1.3.

Drain the bottom layer (CH2CI2) into a 250 ml
beaker.

Repeat the extraction twice more using a 60 ml
aliquot of CH2CI2 each time. Collect the solvent

in the same beaker described in 9.1.2.7. Record
the volume recovered.

Put a plug of glass wool in a funnel and fill
about 2/3 full with Na2SO0,. Rinse the funnel and

Na2S04 with 30-40 ml of CH2Cl2, discard. Pour the
extract through the Na2SO4 into a 500 ml Kuderna-
Qanish (K-D) evaporative concentrator. Rinse the
beaker then the Na2S0O4 with small amounts of CH2C 2.
Add these rinses to the K-D.

Add a boiling chip to the K-D and attach a 3 ball
Snyder to the top.«'Pre-wet the column by adding

about | ml of CH2CI2 to the top.

NOTE: The concentration step is critical; losses

Can OCCUr if care is not taken.

Place the K-D in a heated water bath set at 95cC so
that the receiver tube is immersed in hot water
and the entire lower rounded surface is bathed in

steam. At a proper rate of distillation, the
balls of the column will actively chatter, but the
chambers will not flood. When the apparent volume

reaches 5-10 ml, remove the K-D from the bath and

allow it to cool completely.

If the extract is highly colored or a precipitate

forms during concentration, the final volume

should be higher (5-10 ml).

A fter the K-D has cooled, rinse the Snyder column

and middle flask with a small amount of CH2CIl2-
Transfer the extract to a calibrated 15 ml
centrifuge tube, .rinsing with a small amount of
CH2C 2. Be sure to rinse all of the ground glass
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joints well, as compounds collect on the ground
glass.

9.1.2.14 Carefully concentrate the extract to 1.0 mL under
a gentle stream of nitrogen wusing the N-evap
apparatus. If the extract is highly colored,
forms a precipitate, or stops evaporating, the
final volume should be higher (5-10 mL). Transfer
to a labeled 2 mL (or 12 mL) vial with Teflon-
lined cap, mark the meniscus.

9.1.2.15 Record the prep information for the extraction and
concentration steps. The sample extract is ready
for analysis (See Section 9.2 through 9.6).

Water Extraction - Continuous Liquid Liquid Extraction

9.1.3.1 Mount the <continuous extractor on appropriate
racks.

9.1.3.2 Put 250 mL CH2CIl2 in a round bottom flask, add a
few boiling chips. Add 300 mL of CH2Cl2 to the
extractor flask.

9.1.3.3 When pouring water into the extractor, minimiz
the disturbance of the solvent layer and avoi<
getting water into either sidearm by pouring the
water down the back of the extractor.

92 3.4 Check and note the pH. Prepare surrogate and
laboratory control standards as in 9.1.2.3 and
9.1.2.4.

9.1.3.5 For samples in | liter or smaller bottles, mark
the meniscus on the side of the sample bottle and
pour approximately | liter of the sample into the
extractor flask. Measure the exact volume by
adding tap water to the bottle to the marked level
and measuring the volume with a graduated
cylinder.. For samples in bottles larger than |
liter, measure | liter of the sample in a
graduated cylinder. Record the volume.

9.1.3.6 Add enouoh carbon-filtered water to the extractor
flask to allow the solvent in the removable
sidearm to just begin to drip into the round
bottom flask. Record the total volume carbon-
filtered water that was added on the prep sheet.

9.1.3.7 Remove the condenser from the rack and wipe th

lower joint and lip with a tissue soaked wi



99

DATE: 8/18/93
PAtE: 9 of ?)

solvent. Place the condenser on the top of the
extractor. Turn on the cool water supply and
check the flow indicators.

9.1.3.8 lurn on the heating mantle. Record the starting
time on the prep sheet. Check after 15 minutes to
be sure that the solvent in the round bottom flask
is boiling, that solvent is dripping from the lip
on the condenser, and that the volume of the
solvent in the round bottom flask is still about
240 ml.

9.1.3.9 Check all extractor joints for leaks with a
Kimwipe. Allow the extraction to proceed for 18-
24 hours.

9.1.3.10 Turn off the heating mantle and allow the
apparatus to cool (30-60 minutes) with water
flowing through the condenser.

9.1.3.11 The solvent contained in the round bottom flask is
the extract. Transfer the extract to a 400 ml
beaker, rinsing with a small amount of CH2CI,. | f
the volume of solvent is less than about 250 ml,
record the solvent volume.

9.1.3.12 Go to 9.1.2.9 and proceed with the prep.

Soil Preparation - Sonication

9.1.4.1 Decant any water layer on a sediment sample. Mix
the sample well to ensure a representative sample.
Note any anomalies observed in the sample
(presence of foreign materials, variable particle
size, presence of oil or aqueous phases, etc.).

9.1.4.2 Weigh 25 g of the original sample into a 250 ml
centrifuge bottle. Add 25 g of dried Na2SO4 and
stir the mixture well with a steel spatula. The
sample should have a grainy texture; if it forms a
large clump, add more Na2SO4 and note this.

9.1.4.3 Add 100 ml of CH2CI2 to all samples.

9.1.4.4 Add | ml of 20 /vg/ml orfho-terphenyl to all
samples and standards. M ix the samples
immediately.

9.1.4.5 Add one ml of 500 //g/rol fuel oil #2 (laboratory

control standard) to the duplicate laboratory
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control standards. These standards should contain
25 g of Ottawa Sand. In addition, prepare a
reagent blank/surrogate control standard
containing | ml of 20 //g/ml ort/io-terphenyl.

Sonicate the samples for 1.5 minutes at an output

9.1.4.6
setting of 10 with the 3/4 inch sonicator horn 1/2
inch below the surface of the solvent. The
sonicator should be in the | second pulse mode,

with the duty cycle set at 50%.

9.1.4.7 Decant and filter the extracts through Whatman No.
41 filter paper using vacuum or pressure
filtration into a rinsed 400 ml beaker.
Alternately, the extracts may be centrifuged and

decanted.
9.1.4.8 Repeat the extraction twice more wusing 100 ml
aliguots of CH2CI2 each time. Collect these

extracts in the same beaker described in 9.1.4.7.

9.1.4.9 Record the total volume of the solvent that is
recovered.

9.1.4.10 Go to 9.1:2.9 and proceed with the prep.

Dilution Technique

This is used for product or waste samples that are
soluble in methylene chloride.

9.1.5.1

9.1.5.2 Weigh | g of sample into a 10 ml volumetric flask.
Dilute to 10 ml with methylene chloride. Store'in

a 12 ml vial.

9.2 Gas Chromatography

9

.2

2.

1

Conditions (Recommended): Set helium column pressure to 20/.
Set column temperature to 40° C for 2 minutes, then 12 C/min
to 320eC and hold for 15 min. (run time - 36 minutes). Set
FID Detector to 320cC and injector to 280°C.

Performance Criteria: GC run conditions and columns must be

chosen to meet the following criteria:

9.2.2.1 Resolution from the solvent front of C10.

9.2.2.2 Area of C28 within 15% of area of C20. (Hass
discrimination check)
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9.2.2.3 The column must be capable of separating typical
diesel components from the surrogate and internal
standards. In particular, there are' potential
problems with the resolution of n-Ci5/or* ho-
terphenyl and n-C2)/5a-androst ane at varying

relative concentrations.

.3 Calibration

9.3.1 Calibrate the GC with an initial five point calibration using
the diesel component standard (7.4.4.). Tabulate the area
response of the ten components against mass injected. The
ratio of the response to the amount injected, defined as the
response factor (RF), can be calculated for the standard at
each concentration. If the percent relative standard
deviation (% RSD) is less than 25% over the working range,
linearity through the origin <can be assumed, and the
continuing calibration response factor can be used in place
of a calibration curve.

Response Factor - Total area of 10 diesel components x | S...amount (mqg/ml)_

Total Diesel standard amount (mg/mL) x 1.S. area

Note: 1.S. - Internal Standard
Alternately, external standard calibration may be used (see
Method 8000).
Note: It is recommended that area response from calibration
standards be acquired in the same manner as samples (see
9.5).

9.3.2 The working response factor or calibration curve mustvbe
verified on each working day by the injection of a continuing
calibration standard (CCS) (20 /yg/ml mid-point). If the
response for this standard varies from the predicted response
by more than + 25%, a new calibration curve must be prepared.
Percent Difference- RI - RZ X 100

Ravg
where:
Rl - Average RF from the calibration curve
R2 - Response Factor from CCS
Ravg - (RIl. + R2)/2
4 Retention Time Window Definition
9.4.1 Before establishing windows, be certain that the GC system s

within optimum operating conditions. Make three injections
of the method standard throughout the course of a 72-hour
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period. Serial injections over less than a 72-hour pi-lod

result in retention time windows that are too tight.

Calculate the standard deviation of the three absolute
retention times for the surrogate and/or internal standard.

9,4.2.1 The retention time window for individual peaks is
defined as plus or minus three times the standard
deviation of the absolute, retention time for e<.ch

component.

9.4.2.2. In those cases where the standard deviation for a
particular analyte is zero, the laboratory should
use +0.05 min as a retention time window.

The laboratory must calculate retention time windows for each
standard on each GC column and whenever a new GC column is
installed. The data must be retained by the laboratory.

Some additional information on hydrocarbon pattern

interpretation is included in references 6, 7, 8, and 9.
matograph Analysis

Samples are analyzed by GC/FID. Suggested injection volumes
are 2//1 using the conditions established in 9.2.

For internal standard calibration, Sa-androstane internal
standard is spiked into each sample and standard at a

concentration of 20 //o/mL of sample extract. 20 of 5a-
androstane stock at 1000 jug/mL may be spiked into the | ml
final volume or a corresponding amount may be added to an
aliquot of the final extract. Note: Diesel range organic

values >2000 jvg/mL may lead to measurement bias due to
coelution with the internal standard.

If initial calibration (9.3.1) has been performed, verify the
calibration by analysis of a mid-point CCS (9.3;2).

The midpoint standard must also be run once every ten runs
and at the end of each sequence.

Calculate the percent difference of the response factor from
the mean response factor as in 9.3.2. If the response
factors have a percent difference >+ 25%, the instrument must

be recalibrated. (9.3.1)

Forward baseline project must be used to generate the area

for DRO calculation. (Valley-to-valley integration
disregards the unresolvable area of the chromatogram, which
may contribute significantly to the DRO area.) Valley-to-
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valley integration must be used to generate areas for the
internal standard and surrogate standard. See Figure 2 for
an example of integration.

9.5.6 A methylene chloride blank must be run in every sequence to
determine the area generated on normal baseline bleed under
the conditions prevailing in the 24-hour period. This area,
is generated by projecting a horizontal baseline between the
retention times observed for C10 and C-.. This area is
subtracted from the DRO area generated in the same manner for
the samples. (Refer to reference 4.)

Methylene chloride blanks should also be run after samples
suspected of being highly concentrated to prevent carryover.

9.5.7 If the product concentration exceeds the linear range of the
method in the final extract, the extract must be diluted and
reanalyzed. The individual compound range is 1.0//g/mL to 50
/vg/ml in the final extract. This is approximately equivalent
to 100 pg/wl to 5000 //g/ml of diesel. Due to potential
measurement bias, internal standard calibration should not be
used when DRO exceeds 2000 //g/ml in the final extract. The
sample should be diluted or external standard calibration

should

Calculations

9.6

.6.1

Internal
Range Organics

be used.

Standard Calibration: The concentration of Diesel.
in the sample is determined by calculating the

absolute weight, of analyte chromatographed from a summation

chromatographic peaks eluting

of peak response for' all
between n-decane and n-octacosane, using the <calibration
curve or the response factor determined in Section 9.3.2.
Refer to Section 9.4 (Retention Time Window Definition). The
concentration of Diesel Range Organics is calculated as
follows:
Aqueous/Soil samples:
AX Cis Vt
cC s - - X - X - X D
As RF Vs
Where:
Cs - Concentration of Diesel Range Organics (mg/L or
mg/kg).
Ax = Response for the Diesel Range Organics in the sample,

units in area.
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from continuing calibration (see

RF - Response Factor
9.3.1).

As - Response for the internal standard, units same as for
AXv

Cis - Concentration of Internal Standard (mg/mL).

Vt - Volume of Final extract, (ml).

D » Dilution factor, if dilution was performed on the
sample prior to analysis. If no dilution was made,
D - I, dimensionless.

Vs » Volume of sample extracted in L or kg.

9.6.2 Alternately, external standard calibration may be used (see

Method 8000).

10. QUALITY CONTROL

10

10.

T

10.3

-,10.4

10.

10.

10.

6

7

The laboratory must establish the ability to generate, acceptable
accuracy and precision. This should include the analysis of QC check
samples plus the calculation of average recovery and the standard
deviation of the recovery as outlined in Method 8000, Section 8.0.

The laboratory must, on an ongoing basis, demonstrate through the
analysis of quality control check standards that the operation of the

measurement system is in control.

After successful calibration (Section 9.3), analyze a Surrogate
Control Sample. This standard is also the reagent blank sample and
is analyzed with every analytical batch or sequence. The surrogate
recovery should be within established limits (Table 2) and the sample
should ¢« not have Diesel Range Organics above the practical

quantitation limit.

Every batch or 20 samples, duplicate Laboratory Control Samples must
be analyzed. The accuracy and precision of the duplicate standards
must be within established limits (Table 2).

Each laboratory should generate control limits based on the average
recovery +/- 3 standard deviations.

If any of the criteria in 10.3 and 10.4 are not met, the problem must

be corrected before samples are analyzed.

surrogate standard recovery in each sample. I f
limits, verify calculations,

instrument performance.

Calculate the
recoveries are outside established
dilutions and standard solutions. Verify
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10.7.1 High recoveries may be due to a coeluting matrix
interference; examine the sample chromatogram.

10.7.2 Low recoveries may be due to the sample matrix.

Field blanks, duplicates, and matrix spikes are recommended for
specific sampling programs. Matrix spikes should use the spike
levels specified for laboratory control samples.

METHOD PERFORMANCE

11.1 Single-lab method performance data method is presented in Table 3.
Chromatograms for a normal alkane standard and commercial diesel are
in Figures | and 2.

11.2 The method detection limit for soil calculated according to 40 CFR,
Part 136, Appendix B was 1.6 mg/kg (external standard calibration).
A recommended practical quantitation limit is 4 mg/kg for soil and
0.1 mg/L for water.

11.3 This method was tested by 13 laboratories [10]. Single operator
precision, overall precision, and method accuracy were determined.
These results are summarized in Table 4. Linear regression equation
to describe these relationships is presented in Table 4. The results
from this interlaboratory study were also used to evaluate the stated
PQL. The results of this evaluation are presented in Table 4.
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TABLE 1 ‘
DIESEL RANGE COKPONENT STANDARD

Hidpoint Eoncentration

Component
Pecane 20
Dodecane 20
Tetraceczne 20
Hexadeczne 20
Octaoecane 20
Efcosane 20
Decosane 20
Tetracosane 20
Hexacoszne 20
Octacos:ane 20

. TABLE 2

ACCEPTANCE CRITERIA FOR LCS AND SC$
Relative
Lzboratory Control Sample Fztér mo Soi] maska. % Recovery % Difference
Diesel. Range Organics 0.5 20 60-120 20
Surrogate Control Standerd-
0.8 50-150

‘ortho-Terphenyl -~ - 0.02
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TABLE 3 .

CALIBRATION BIAS

Veasured Concentration, moskag (Percent Recovery)
" Fuel 0il #2 Standard

DRO_Standzrd

True
Concentration Internal External Internal External
ma/ka Standard Standard S;andar:d Standard
8 . 8.83 (1l0)’ 8.10.(101) 9.78 (122) 8.03 (100)
8 7.59 (95) 7.43 (93) 8.11 (101) 7.01 (88}
80 54.1 (68)  63.9  (80) §4.5 (81)  63.4 (79)
80 59.2 (74) - 62.7 (78) - 62.4  (78) 64.2  (80)
200 112 (56) 160  (80) 139 - (70) 166 (83)
200 114 (s7) 161 {80} 137 (68) 160 (s0) |
0. 0.87 0.82 0.95 0.83

‘h‘ote: Internal Standzrd results in low bias at high concentrations. DRO vs.
Fuel 0i1. Standards are statistically equivalent. ‘

PETROLEUN PRODUCT BIAS

Percent Recovery

Amount Heasured, ma/kq

Amount Internal External Internal External’

Spiked. me/ka Standard Standard . Standard - Standard
- Jet-A 100 76 68 76 68
IP~4 100 88 89 88 89
Diesel #4 100 32 41 32 41
Hotor 0i1 100 21 26 21 26
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TABLE 3
Continued

MATRIX EFFECTS

Amount Percent
Heasured, ma/kg Recovery
Amount Internal External Internal External
Soii Type Spiked, mo/kg  Standard Standard Standard Standavd
Pedina Sand {1} 16.7 13.2 6.3 79 38
. (2) 16.7 1z.2 11.8 73 71
Norwood Loam (1) 16.7 13,2 13.3 79 80
(2) 16.7 12.3 13.6 74 81 -
Houston Black Clay (1) 16.7 16.1 15.4 96 92
(2) 16.7 17.1 6.6 - 102 99

Note: The recovery in the clay is biased high. External standard recovery from
Pedina Sand (1) is biased low. Recoveries in other matrices are comparable to

calibration results.

TABLE 4
INTERLABORATORY STUDY RESULTS FOR DRO

Average Performance: Accuracy and Precision

Average Average
Average Single Analyst Overall
Accuracy Precision, RSD Precision, RSD
82% . 17% T 25%

Regression Equation fop Acéuracy and Precision

" Accuracy as . Overall Single Analyst

Range for Eovation Recovery X Precision § Precision S¢
(mg/kg) (mg/kg) (mg/kg) (mg/kg)

18.3-207 X=0.83C-1.20 $=0,23X-0.03 Sr=0.12X+2.01

Kethod PQLs

PQL Stated PQL by PQL by .
in Hethod (ma/ka) 80% + 40% Rule (ma/kq} 95% Rule {mo/ka)

4 , 20 12
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Figure 2. Fuel 0il 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 bloremedlatlon 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: blodegradablllty,
desorption/dissolution, bioavailability, and toxicity. Screening, selecting, and
optimizing surfactant enhanced bioremediation schemes requires that each of
these four components be addressed. '
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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 leachability (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 (R;) — 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 R 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 (Rg)), indicates whether or not the surfactant
will persist in the soil.

Desorption/Dissolution Index (D)) — The ratio of the leaching flux in the
presence of surfactant over the leaching flux in the absence of surfactant. A
value of D) greater than 1 indicates that the presence of surfactant promoted
contaminant leachability, while a value of D, less than 1 indicates that the
presence of surfactant inhibited contaminant leachability. A minimum value of D,
is desired in selecting a surfactant type and dose to minimize risk of off-site
migration. A similar index, the Surfactant Mobility Index (Mg)) is used to assess
the potential for the surfactant to be transported through the soil matrix.

Bioavailability Index (B)) — 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 By is desired in selecting a surfactant type and dose. A similar
index, the Surfactant Bioavailability Index (Bs)), indicates the extent to Wthh
surfactant sorption to soil limits its biodegradation rate

Toxicity Index (T) — 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 T, greater than 1 indicates
that the presence of surfactant enhanced toxicity of the treated soil, while a value
of T less than 1 indicates that the presence of surfactant inhibited toxicity of the
treated soil. A minimum value of B, is desired in selecting a surfactant type and
dose. A similar value for the surfactant, the Surfactant Toxicity Index (Ts),
indicates the potential for introducing a surfactant that |mpacts 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)

Transport rate (surfactant) :

Biodegradation rate — Aqueous System (contaminant and surfactant)
Biodegradation rate — Soil System (contaminant and surfactant)

Toxicity measures approprlate to selected toxicity test(s) (contaminant and
surfactant)

o 0 0 o

Results Obtained

Biodegradability Index*
Desorption/Dissolution Index*
Bioavailability Index*

Toxicity Index* _
Surfactant Biodegradability Index*
Surfactant Mobility Index*
Surfactant Bioavailability Index*
Surfactant Toxicity Index*

6 0 0 0.0 ©0 ©0 O
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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 resulits 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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SURFACTANT, SOIL, AND MEDIA INFORMATION




Surfactants

TWEEN 80 nonionic T80 polyoxyethylene (20) sorbitan monooleate
TWEEN 85 nonionic T85 polyoxyethylene (20) sorbitan trioleate
ABS anionic ABS dodecylbenzene sulfonic acid soduim salt
(alkylbenzene sulfonate)
BAC cationic BAC benzalkonium chloride
Soils
Donovan Creek diesel DC
Lewistown coal tar L
cMC
Water (20ml_jars) GS (20mL jars) GS (large cup)
TWEEN 80 12.5 mL/L 0.25 mL/L 0.265 mLU/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

Density
1.06 g/mL
1.028 g/mL

81T



GS Media

Stock 'A’, 10x
NaNOs3 2750 g/L
MgS04-7H20 4.40 g/L
KCl 11.00 g/L
NaCl -11.00 g/L
CaCk 042 g/L

. Stock 'B', 10x
KH2PO4 10.0 = g/L
K2HPO4 11.0 g/L

Stock X', 1000x
ZnS04-7H20 1.650 g/L

MnSO4-H20 1.650 g/L
H3BO3 0.330 g/L
CoCl2-6H20 0.166 g/L

CuSO4-5H20 . 0.166 g/L

NaMoOs4-2H20 - 0.110 g/L
FeS04-7H20 0.550 g/L
*acidify with HCI to pH2

Instructions

1.Add 100mL 'B' and 400mL DI H20 to flask F1.

2. Add 100mL 'A’, 370mL DI H20, and 1mL X' to flask F2.
(this may be modified by adding a glycerol at 32mL (40g))

3. Autoclave F1 and F2 seperatly and allow to cool before combining into F2.

6L
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7

CONTAMINANT BIODEGRADABILITY INDEX DATA




Contaminant Biodegradibility Index

Lewistown and TWEEN 85

Pre-degradation Final Leachate Leachate
Bottle # Surfactant Leachate Concentration Biodegradation Biodegradibility
Concentration Concentration of of Surfactant, Rate, Index
DRO, ug/mL mL/L mg/mL/day
1 Ox 96 0.0 0.028 Average
Ox 186 0.0 0.033 0.031
- ] [ B | — 06
. n m — 07
5 1x 96 0.1 0.020 0.7
1x 116 0.2 0.024 0.8

| S I8



sater | meonvop L SO A Cemceualen, | Cormeted g S Coprston Dustn, | Bt
1 1.90 5853889 3080994 4561 7.2 20 N 1642 . 5 479
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 1.7 20 1592 5 57.8
7 194 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 Crc:]r;jintratlon Soil _?:::iz: Cor?caer:tpr Letion Dilution Factor Conczel::[ation Duration, dAays Biodegradation Rate
1 0 L 72.5 0.0006 1 0.0006 5 0.00  mL/Liday
2 0 L 72.0 ~0.0007 1 0.0007 5 0.00 mL/L/day
3. 17 L 65.3 0.0034 1 0.0034 5 034  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 133225 5 414  ml/Liday
8 34 L 48, 0.2067 0.01 20.6706 5 267  mlLiday
Volume of Duration Leachate ) o
Sample #| Cumualtive 02, mg  Leachate, days ! Biodéegradation -
mL Rate, mg/mL/day
1 7: . B0 5 0.028
2 8.3 50 5. 0.033
-3 48 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 ~

zzL
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CONTAMINANT BIOAVAILABILITY INDEX DATA




Initial soil concentrations of DRO

Bottle #

DCI-#1
DCI-#2
DCI-#3
DCI-#4

LI-#1
LI-#2
LI-#3
LI-#4

Injection
Vol, uL

1.95
1.94
1.93
1.95

1.95
1.95
1.94
1.95

Reported
Abundance Abundance

327476
346770
313469
210538

6352631
6378002
7015967
7077294

Actual

167936
178747
162419
107968

3257759
3270770
3616478
3629382

Concentration, Concentrated

ug/mL

181
197

172
90

4826
4846
5366
5385

Vol,

7.0
6.7
8.0
8.0

7.0
8.0
1.7
6.8

mi

Soil
Soil Wt, g Concentration,

ug/g
20 63
20 66
20 69
20 36
20 1689
20 1938
20 2066
20 1831

Average Soil
Concentration,

ug/g

oy

1881

Vel



ABS-DC

Bottle # Injection Reported Actual Concentration, Concentrated Soil Wtlg Concesr:?clrlation, Duration, Biodegradation
Vol, uL  Abundance Abundance ug/mL Vol, m_ ugg days Rate, ug/g/day
1.97 51779 26284 -32 7.5 20 -12 5 14
1.95 213978 109732 93 6.6 20 31 5 6
DUMPED . DUMPED | DUMPED DUMPED
4 c | tt 48 22 . |
5 1.96 140050 71454 35 8.0 20 14 o
6 1.92 151655 78987 a7 7.0 20 16
47 ]
i! 94 " JL
9 1.95 178726 91654 27 5
10 0 5

** Spilled portion of soil prior to MeCl addition

qctl



BAC-DC

Bottle #

Injection
Vol, uL

1.95
1.93

1.96
1.97
196
1.93
1.93

Reported

Abundance

177305
162124

140050
178853
189539
166110
216695

Actual

Abundance

90926
84002
108908
104211
71454
90788
96704
86067
112277

Concentration,

ug/mL

65
54
92
85
35
65
]

97

Concentrated

Vol, m |

7.1
7.6

%

7.6
8.1

6.7

Soil Wt, g Concentration,

20
20
20
20
20

20
20

Soil

ug/g
23
21
]
u
13
26
29
23
32
0

Duration,

days

o o a0 o o g o o a ag

Biodegradation
Rate, ug/g/day

P © O

(&)}

9¢T



T85-DC

Bottle #

10

Injection
Vol, uL

1.96
1.95

Z00
1.96
1.96

1-92
1.95

Reported
Abundance

166120

146866

174976
165917
269506

172954

Actual

Abundance

84755
75316

84652

137503

55836
88694

Concentration,

ug/ml

55
41
1

55
135

Concentrated

Vol, ml

81
8.0

7.5
5.4

6.5

20
20

Soil
Soil Wt, g Concentration,

ug/g

22
17

21l
21
36

Duration,

days

Biodegradation
Rate, ug/g/day

IN

n

LT



T80-DC

Bottle # Injection Vol, Reported Actual Concentration, Concentrated Soil Wt, g Concesrilrlation, Duration, Biodegradation
uL Abundance Abundance ug/mL Vol, m_ - days 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 128619 27 12 . 5
4 173747 . 61 " : o5 HHIIL -
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 1.95 42 81 20 17 5 8
8 1.95 Tz % 68 7.1 20 24 5 7
9 1.97 157409 79903 48 7.8 20 19 5 8
10 - - - - - - 0 5 —

8¢T



ABS-L

Bottle #

Injection Voll Reported
Abundance Abundance

uL

1.96
1.96

1:95

1.99
1.95
195
1.95

6126781
6141587

6578293
4847084
5887530

6119867

Actual

3125909
3133463

3305675
2485684
3019246

3138393

Concentration,
ug/mL

4628
4639
1168
1781
4898
3665
4468
4647

™

6.5
7.0

6.5
90
70
6.2

d SOilwWtl9 Concentration,

20
20

20
20
20
20
20

Soil

ug/g
1504
1624

Broken
15?2
1441

0

Duration,
days

5

Biodegradation
Rate, ug/g/day

75

6cT



BAC-L

Soil

Bottle # Injection Reported Actual Concentration, Concentrated Soil Wt, g Concentration, Duration, Biodegradation
Vol, uL  Abundance Abundance ug/mL Vol, mL uglg days Rate, ug/g/day

111 1.94 4532542 2336362 3441 8.2 20 1411 5 94

2(12) 1.95 4231777 2170142 3191 9.6 20 1532 5 70

= 4703 20 1528

< ? i n c 4831 : 20 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) 1997003 2931 106 5 66

8(18) 199 2678481 3356021 4974 6.4 : S 5 58

9(19) 1.96 5026187 2564381 3784 8.9 20 1684 5 39

10(20) - - - - — — 0 5 —

OcT



T80-L

Bottle #

=

10

Injection
Vol, uL

1.98
2

1.96
1.95

It

1.95

Reported
Abundance

5486147
5539484

5452418
6029678

4649066

Actual

Abundance

2770781
2769742

2781846
3092143

2384136

ug/mL

4094
4093

4111
4577

3513

Concentration, Concentrated

Vol, m_

6.0
6.2

8.0
6.0

Soil Wt, g Concentration,

20
20

20
20

20

Soil

ugg

1228
1269

1644
1373

1440

Duration,

days

Biodegradation

Rate, ug/g/day

131

12

88



T85-L

Bottle #
ottle Vol, uL  Abundance Abundance

1.95 4683596 2401844
1.95 4738073 2429781

7 IS SS =

1.92 4304767 2242066

6 1.95 5543911 2843031
7

s 1S =1

9 1.92 5407341 2816323
10 - -

** Small amounts spilled during extraction procedure

Injection Reported Actual Concentration,

ug/mL

3539
3581

S

3299
4203

4163

Concentrated
Vol, mL

8.3
8.6

8.7
7.0

7.3

Soil Wt, g Concentration,

20
20

20

20
20

20

Soil

ug/g
1469

1540

1435

1471

1510

1582

1519
0

Duration,
days

5
5

g1 Ol = =

oo -

Biodegradation
Rate, ug/g/day

82
68

66
89
82
74
60
72

ceT
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CONTAMINANT MOBILITY INDEX DATA




T85-L

Bottle #

10

Injection
Vol, uL

1.95
1.95

1195

1.92
1.95

1.92

Reported
Abundance Abundance

4683596
4738073

4329408
4304767
5543911

5950098
5407341

Actual

2401844
2429781
2162190
2220209
2242066
2843031

3054819
2816323

Concentration,
ug/ml

3539
3581
3179
3266
3299
4203

S
4163

** Small amounts spilled during extraction procedure

Concentrated
Vol, ml

8.3
8.6

8.7
7.0

7.3

Soil Wt, g Concentration,

20
20

20
20

Soil

ug/g
1469
1540

1551
1435
1471
1510

1519
0

Duration,
days

5
5

g o o1 o1 ol

Biodegradation
Rate, ug/g/day

82
68

89
82

72

vET



Contaminant Mobility

Surfactant

Column # Soil

Concentration

1 Ox L
2 Ox L
3 Ox D
4 Ox D

Concentration Volume,

Desorption
Flux, Average
ug/g/ml/day

0.361

0.350
0.339
0.034

0.040
0.046

GET



TWEEN 85

Column # Surfactarft Soil Soil Concentration Injection Reported Actual Concentration, Concesr:;lr‘ation V;E):e Duration, Deicl!l:;))(tion Avg
Concentration Wi., g Vol., mL Vol, uL Abulndance Abundance ug/mL ! ' days !
ug/g mlL ug/g/mi/day

1 10x L 200 9.0 1.93 1327210 687674 962 433 200 5 1.448
2 10x L 200 DNE DNE DNE DNE DNE DNE DNE DNE DNE 1.448
3 10x D 200 8.0 1.95 171983 88196 61 24 200 5 - 0.035
4 10x D 20.0 75 1.95 171421 87908 60 23 200 5 0.036 0.036
5 1x L 200 7.7 1.94 2080154 1072244 1540 593 200 5 1.288
6 1x L 200 85 1.89 3088876 1634326 2385 1014 200 5 0.867 1.078
7 1x D 200 6.9 1.94 193032 99501 78 27 200 5 0.032
8 1x D 200 ‘. 65 1.90 166306 87529 60 19 200 5 0.040 0.036
9 0.5x L 200 7.9 1.89 3674948 1944417 2852 1126 200 5 0.755
10 0.5x L 200 12.0 1.91 2607481 1365173 1981 1188 200 5 0.693 0.724
1 0.5x D 200 57 1.95 197005 101028 80 23 200 5 0.036 '
12 0.5x D 200 6.5 1.90 186335 98071 75 25 200 5 0.034 0.035

ocl




TWEEN 80

Surfactant . -Soil W., Concentration Injection Reported Actual Concentration, Sl . FIOW- Duration, 'Desorptién
Column # Concentration Soi g Vol., mL Vjol, uL AbulFr)'ldance Abundance ug/mL Concisjgatlon, Vo:;]JLme, 'days ug/;:/l;)l(/l day Avg

1 10x L 20.0 9.0 " 1.98 1530752 773107 1080 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 70 1.92 193409 100734 79 28 200 5 0.031 0.034
5 1x L 200 75 1.92 3168926 1650482 2410 904 200 5 0.877

6 1x L 20.0 75 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 75 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 200 6.2 1.96 243694 124334 115 36 200 5 0.023 0.029

LEL
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APPENDIX G

SURFACTANT BIODEGRADATION RATE DATA




Biodegradation Rate of Surfactant in Soll

TWEEN 85

Donovan

Sample
#

0 N O g b~ W N

ewistown

Sample
#

0 N o 0 A~ W N R

Creek

DRO
Cone.
Remaining
uglg
22
17
7
23
21
36
17
5

DRO
Cone.
Remaining

ug/g
1469
1540
1526
1551
1435
1471
1510
1582

Degraded Consumed Concentration

Degraded Consumed Concentration

02 Requirments for DRO Degradation

DRO 02
ug mg/kg
740 1242
840 1365
1040 871
720 1928
760 1553
460 401
840 1088
1080 983
DRO 02
ug mg/kg
8240 148
6820 185
7100 2354
6600 2090
8920 329
8200 283
7420 424
5980 344

Surfactant

g/L

0.000
0.000
19.455
19.455

1.946

1.946
0.973
0.973

Surfactant

g/L

33.074

33.074
3.307
3.307
1.654
1.654

Surfactant

Amount

0.0000
0.0000
0.0467
0.0467
0.0047
0.0047
0.0023
0.0023

g

Surfactant

Amount

0

0
0.0794
0.0794
0.0079
0.0079
0.0040
0.0040

g

mg 02/
ug DRO

0.0565
0.0803

Average

0.0684

mg 02/
ug DRO

0.000101
0.00012

Average
0.00011

02
Consumed
by DRO
mg
41.776364
67.447059
71.109305
49.229519
51.964492
31.452193
57.434439
73.844278

02
Consumed
by DRO
mg
0.8301702
0.8192857
0.7841193
0.7288996
0.9851189
0.9056026
0.8194599
0.6604272

02 Requirrrients for Surfactant

Surfactant
Degraded
9

0.335642
0.1003328
0.001542

Surfactant
Degraded

g

0.864034
0.13621
0.048316

Degradation

02
Consumed
mg

3.4
2
1.3

02
Consumed
mg

99
3.2
2.4

mg 02 / mg Total 02

Surfactant

0.0101
0.0199
0.8431

Average
0.0150

mg 02 / mg Total 02

Surfactant

0.1145788
0.0234931
0.049673

Average
0.0625816

Degradation Rate Determination

mg

17.42
38.56
31.06
8.02
21.76
19.66

mg

47.08
41.8
6.58
5.66
8.48
6.88

Surfactant
Degraded
mg

-3571.727
-709.7988
-1390.689
-1558.847
-2373.272
-3604.655

Surfactant
Degraded
mg

3079.8728
2732.2899
372.20422
316.29033
509.62394
413.76237

Surfactant
Degradation
Rate mg/day

-714.345331
-141.959761
-278.137821
-311.769306
-474.654471
-720.931034

Surfactant
Degradation
Rate mg/day

615.9745656
546.4579748
74.44084439
63.25806615
101.9247888
82.75247313

6ET
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APPENDIX H

SURFACTANT BIOAVAILABILITY INDEX DATA




Surfactant Biodegradation Rates in water

Surfactant Sample #

T85
(muUL)

T80
(muUL)

ABS
(mg/L)

NONE

BAC
(mg/L)

=S

Concentration

Si

Initial

20
34

1.7

0.6

m m

60000
38000
6000
3800
3000
1900

20000

50000
2000
5000
1000
2500

| gL
Ig -1

Soil

DC

L
DC

DC
L
DC
L
DC
L
DC
L

1
DC

ililfe x -

DC
L
DC
DC
DC

DC

Surface
Tension

46.5

48.8
56.3
54
56
51
43.8
47
57.8

°2.3
60.5
68,5
72.5
72.5
53

47.8

56.3
70.5

Sample
Concentration

0.337
Q40
0.072
0112 8
0.486
0.380
0.015
0,052
0.009
0.015
0.009
0.031
24.46
15-72
4.64
2.72
3.36
1.30 x

12.90
28 6
23.40

, A.8.84,:-"
1.74

Dilution
Factor

0.025
0025
0.15
U.lb
0.5
0.5
0.025
0.025
0.15
0.15
1

0.0004
0.0004
0.001

vV uu i

0.001
0.0

0.0004

0.01

Final
Concentration

13.47

0.60
2.09
0.06

u lu

0.01

|
61148

Duration,
days

1.34

0.31

055

0.01
|

1.14

7.10

0.11

5
5

W p 07
S

-287

341

-2448
-m i
-68

200
500

Biodegradation Rate

mg/L/day

mg/L/day|
mg-Uday
mg/L/day
rryni 1A%
mg/L/day
mpd/ 5
mg/L/day

mzmm, .*°.
mg/L/day
mg/L/day
mg/L/day

mg/L/day

mg/L/day
mg/L/day

mg/L/day
mg/Uday
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SURFACTANT SORPTION FACTOR DATA




ABS ABS-1
Surface Tension Sample Concentration(x),

Sample Soil Wt. (g) _Media (mL) Surfactant (mg) ") (mg/L) Saq (mg) Saq (mg/L) Ss (mg) Ss (mgl/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 46.19 769" 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 7217 0.8415 0.04 0.84 . 0.03 0.00
L-3.12 10 50 0.03 71.33 0.9291 005 . - 0.93 0.02 0.00
L-3.13 ' 10° 50 0.10 72.50 0.8088 0.04 0.81 0.06 0.01
L-3.14 10° 50 - 0.30 7217 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 27.45 274
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 25008.6508 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

eyl




ABS-2
-Sample

DC-3.0
DC-3.11
DC-3.12
DC-3.13
DC-3.14
DC-3.15

DC-3.15.1

DC-3.15.2

DC-3.15.3

DC-3.15.4

DC-3.15.5

DC-3.15.6

DC-3.15.7

DC-3.15.8

DC-3.15.9

L-3.0
L-3.11
L-3.12
L-3.13
L-3.14
L-3.15

£-3.15.1

‘L-3.15.2-
L-3.15.3
L-3.15.4
L-3.15.5
L-3.15.6
L-3.15.7
L-3.15.8
L-3.15.9

L-3.15.10

Surface
Tensions

735
715
70.0
66.5
66.5
59.5
59.5 -
65.0
51.5
49.0
43.0
435
48.5
50.5
455
70.5
72.0
71.5
72,0
72.5.
72.0
53.0
455
64.0 .
52.5
45.0
'64.0
57.0
58.0
59.0
61.5

73.5
71.5
69.5
66.5
66.0
58.0
61.0
63.0
55.0
49.0
42.0
42.5
48.5

50.5 -

46.0

70.0
72.0

715

72.5
72.0
71.0
52.0
45.0
62.5
52.0,
435
63.0
56.0
57.0
58.5

61.0 .

73.0
71.0
69.5
66.5
65.0

. 575
© 615
63.0

54.0
49.0
42.0
42.5
48.5
50.0
46.0
70.0
72.5
71.0
73.0
72.0
71.0
52.0
45.5
62.0
52.0
42.5
63.0
56.5
57.0
58.5
61.0

Average '

73.33
71.33
69.67
66.50
65.83
58.33
60.67
63.67
53.50
49.00
42.33

4283 -

4850
50.33
45.83

70.17
7247
71.33
72.50
7217
71.33
52.33
4533

- 62.83

52.17
4367
63.33
56.50
57.33

' 58.67
61.17

" diluted -

diluted
diluted
diluted

 diluted

diluted
diluted

diluted

diluted

diluted
diluted

diluted -

diluted
diluted

"diluted
" diluted

diluted

" Diluted
Concentration,
mg/L

3.2985
2.3097
7.7275
13.1882
29.1142
27.4354
13.9952
11.2564
19.2108

2.5500
9.0536
24.8497
2.4030
5.4109
4.9010
4.1831
3.1083

Dilution

0.05
0.05
0.05
0.05
0.025
0.025
0.000666667
0.0005
0.000333333

0.05
0.025
0.01
0.0005

0.000666667

0.0005
0.000166667

8.33333E-05,

Actual Concentration,
mg/L

65.9710
46.1943
154.5495
263.7632
1164.5680
1097.4148
20992.7569
22512.8261
57632.5397

51.0010
362.1444
2484.9676
4806.0094
8116.4220
9801.9676
25098.6508
37300.1092

124




Duplicates
Sample

DC-3.0
DC-3.11
DC-3.12
DC-3.13
DC-3.14
DC-3.15

DC-3.15.1

.DC-3.15.2

DC-3.15.3
DC-3.15.4
DC-3.15.5
DC-3.15.6
DC-3.15.7
DC-3.15.8
DC-3.15.9

L-3.0
L-3.11
L-3.12
L-3.13
L-3.14
L-3.15.

L-3.15.1

L-3.15.2

L-3.15.3
L-3.15.4
L-3.156.5
L-3.15.6
1-3.156.7
L-3.15.8
L-3.15.9
L-3.15.10

ABS-3
Soil Wt. (g)

10
10
10
10
10
10

Media (mL)

50
50
50
50
50
50
50
50
50
50
50
50
50
50
50

50
50
50
50
50
50
50
50
50
50
50
50

~ 50

50
50
50

Surfactant (mg)

0.00
0.01
0.03
0.10
0.30
1.00
3.00
10.00
_30.00
100.00
300.00
700.00
1000.00
1300.00
2300.00

0.00
0.01
0.03
0.10
0.30
1.00
3.00
10.00
30.00
100.00
300.00
700.00
1000.00
1300.00
2300.00
3300.00

Surface Tension Sample Concentration(x),

)
73.00
73.50
69.83
67.33
66.00
55.67

70.17
71.00
71.67
71.33
7017
71.83
59.17
45.67

(mg/L)
0.7622
0.7182
1.1103
1.4942
1.7506
5.9740
18.2172
54.1219
78.8379
199.9134
1236.1133
9607.6213
. 16553.6307
20798.7840
36222.7305

1.0672
0.9666
0.8930
0.9291
1.0672
0.8755
3.9419
19.5950
50.0012
415.9757
2365.1371
4902.1053
7207.3649
10401.7717
26112.3773
26640.5876

Saqg (mg)

0.04
0.04
0.06
0.07
0.09
0.30
0.91
T 271
3.94
10.00
61.81
480.38
827.68
1039.94
1811.14

0.05
0.05
0.04
0.05
0.05
0.04
0.20
0.98
2.50
20.80
118.26
245.11
360.37
§20.09
1305.62
1332.03

Saq (mg/L)

0.76
0.72
1.11
1.49
1.75
597
18.22
54.12
78.84
199.91
1236.11
9607.62
16553.63
20798.78
36222.73

1.07
0.97
0.89
0.93
1.07
0.88
3.94
19.59
50.00
415.98
2365.14
4902.11
7207.36
10401.77
26112.38
26640.59

Ss (mg)

0.04
0.03
0.03
0.03
0.21
0.70
2.09
7.29
26.06
90.00
238.19
219.62
172.32
260.06
488.86

~0.05
0.04
0.01
0.05
0.25
0.96
2.80
9.02
27.50
79.20
181.74
454.89

63963

778.91
994.38
1967.97

Ss (mg/g)

0.00
0.00
0.00
0.00
0.02
0.07
0.21
0.73
2.61
9.00
23.82
21.96
17.23
26.01
48.89
0.01
0.00
0.00
0.01
0.02
0.10
0.28
0.90
2.75
7.92
18.17
45.49
63.96
77.99
99.44
196.80

114"




Duplicates
Sample

DC-3.0
DC-3.11
DC-3.12
DC-3.13
DC-3.14
DC-3.15

DC-3.15.1
DC-3.15.2
DC-3.15.3
DC-3.15.4
DC-3.15.5
DC-3.15.6
DC-3.15.7
DC-3.15.8
DC-3.15.9

L-3.0
L-3.11
L-3.12
L-3.13
L-3.14
L-3.15

L-3.15.1
L-3.15.2
L-3.15.3
L-3.15.4
L-3.15.5
L-3.15.6
L-3.15.7
L-3.15.8
L-3.15.9
L-3.15.10

ABS-4

Surface
Tensions

73.0
74.0
70.0
68.0
67.0
56.0
71.5
63.0
59.5
52.0
" 48.0
52.5
51.0
51.5
58.5

70.0
71.0
715
71.5
70.5
72.0
.60.5
455
" 64.0
51.5
59.5
© 640
58.5
58.0
58.5
64.5

73.0
73.5
70.0
67.0

" 66.0

56.0
71.5
62.5
59.0
51.0
47.5
51.5
50.0
51.0
57.5

70.5
71.0
7.5
71.5
70.0
71.5
58.5
46.0
63.0
51.0
59.0

63.0

57.0
56.5
58.5
64.0

73.0
73.0
69.5
67.0
65.0
55.0
715
61.5
59.0
51.0
47.5
51.0
50.5
50.5
58.0

70.0
71.0
72.0
71.0
70.0
72.0
58.5
45.5
62.0
50.5
59.0
62.5
57.0
56.0
58.0
63.5

Average

73.00
73.50
69.83
67.33
66.00
55.67
71.50
62.33
59.17
51.33
47.67
51.67
50.50
51.00
58.00

70.17
71.00
71.67
71.33
70.17
71.83
59.17
45.67

- 63.00

51.00
59.17
63.17
- 57.50
56.83
58.33
64.00

dilutéd
diluted
diluted

diluted -

diluted
diluted
diluted
diluted
diluted

diluted
diluted
diluted
diluted
diluted
diluted
diluted
diluted

Diluted
Concentration,
mg/L

0.9109
2.7061
3.9419
9.9957
15.4514
9.6076
11.0358
10.3994
4.5278

2.5001
10.3994
3.9419
2.4511
4.8049
5.2009
4.3521
2.2200

" Dilution

0.05
0.05
0.05

. 005
0.0125
0.001
0.000666667
0.0005
0.000125

0.05
0.025
0.001666667
0.0005

0.000666667

0.0005
0.000166667
8.33333E-05

Actual Concentration,
mg/L

18.2172
54.1219
78.8379

199.9134
1236.1133
9607.6213

16553.6307

20798.7840

36222.7305

50.0012

415.9757
2365.1371
4902.1053
7207.3649
10401:7717

26112.3773 = .

26640.5876
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BAC

BAC-1 -
. ; : Sample
Sample Soil Wi. Media  Surfactant Surface Tension Concentration(x), Saq (mg) Saq(mglL) Ss(mg) Ss (mg)g)
(9) (mL) (mg) (v) (mg/L)
DC-3.0 10 50 0.00 73.33 1.2548 . 0.086 1.25 0.06 0.01
DC-3.16 10 50 0.01 7117 - 1.6084 - 0.08 1.61 0.07 0.01
_DC-3.17 10 50 0.03 68.83 2.1014 0.11 210 '0.08 0.01
DC-3.18 - 10 50 0.10 69.50 . 1.9469 0.10 1.95 0.00 0.00
DC-3.19 10 50 0.30 68.33 _ 22253 - 0.1 2.23 0.19 0.02
DC-3.20 10 50 1.00 71.50 1.5481 0.08 1.65 0.92 0.09
DC-3.21 10 50 3.00 : 66.83 2.6427 0.13 2.64 2.87 0.29
DC-3.22 10 50 10.00 63.00 4.1003 0.21 4.10 9.79  0.98
DC-3.23 10 50 30.00 59.50 6.1234 0.31 6.12 29.69 2.97
DC-3.24 10 50 *100.00° 45.83 29.3172 1.47 29.32 98.563 9.85
DC-3.25 10 50 300.00 4001.9150 200.10 4001.91 99.90 9.99
DC-3.26 10 50 700.00 ' 13145.1025 65726  13145.10 42.74 4.27
L-3.0 10 50 0.00 - 70.17 1.8037 0.09 - 1.80 0.09 0.01
L-3.16 10 50 - 0.01 . 63.50 3.8720 019 - 3.87 0.18 0.02
L-3.17 " 10 50 - 0.03 69.50 1.9469 0.10 1.95 0.07. 0.01
L-3.18 10 50 0.10 66.83 ©2.6427 0.13 264 - -0.03 0.00
L-3.19 10 50 0.30 66.83 2.6427 0.13 2.64 0.17 0.02
L-3.20 - 10 50 1.00 ©70.33 1.7696 0.09 1.77 0.91 0.09
L-3.21 10 50 3.00 58.00 7.2718 0.36 7.27 2.64 0.26
L-3.22 10 50 10.00 67.67 2.4020 0.12 2.40 9.88 - 0.99
L-3.23 10 50 30.00 67.33 2.4955 0.12 2.50 29.88 2.99
L-3.24 10 50 100.00 60.67 5.3571 0.27 5.36 99.73 9.97
L-3.25 10 50 300.00 347.2175 17.36 347.22 282.64 28.26

L-3.26 10 - 50 700.00 6702.1336 335.11 - 6702.13 364.89 36.49

yA4"




BAC-2

Surface
Sample Tensions Average
DC-3.0 73.5 73.5 73.0 73.33
DC-3.16 71.5 71.0 71.0 7117
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 46.0 455 45,83
DC-3.25 49.0 49.5 "49.0 49.17
DC-3.26 53.0 52.5 53.0 52.83
L-3.0 70.5 70.0 70.0 70.17
L-3.16 64.5 63.5 62.5 63.50
1-3.17 69.5 69.5 69.5 69.50
1-3.18 67.0 67.0 66.5 66.83
1-3.19 67.0 66.5 67.0 66.83
1-3.20 70.5 70.5 70.0 70.33
1-3.21 58.5 58.0 575 ~ 58.00
L-3.22 67.0 68.5 67.5 67.67
L-3.23 68.0 ~67.5 66.5 67.33
1-3.24 61.0 60.5 60.5 60.67
1-3.25 71.0 705 -+ 70.0 70.50

L-3.26 45.0 44.5 44.5 44.67

. diluted
diluted

diluted

diluted

Diluted
Concentration,
mg/L

20.01
13.15

1.74
33.51

Actual
Dilution Concentration,
mg/L
0.005 4001.9
0.001  13145.1
0.005 347.2

0.005 6702.1

gbl




BAC-3

Duplicates
- . . Sample
Sample Soil Wt. Mredla Surfactant‘ Surface Tension Concentration(x), Saq(mg) Saq(mg/L) Ss(mg) Ss (mglg)
@ my (Mmy) W mall)

DC-3.0 10 50 0.00 73.00 1.3036 0.07 1.30 0.07 0.01
DC-3.16 10 50 0.01 69.00 2.0617 0.10 - 2.06 0.09 0.01
DC-3.17 10 50 0.03 67.17 2.5436 0.13 2.54 0.10 0.01
DC-3.18 . 10 50 . 0.10 69.17 . . 2.0227 0.10 2.02 0.00 0.00
DC-3.19 10 50 0.30 . 69.50 _ - 1.9469 0.10 1.95 0.20 0.02
DC-3.20 10 50 1.00 69.67 1.9100 0.10 1.91 0.90 0.09
DC-3.21 10 50 3.00 65.17 3.1988 0.16 3.20 2.84 0.28
DC-322 10 . 50 10.00 62.67 4.2599 0.21 4.26 9.79 0.98
DC-3.23 10 50 30.00 57.00 8.1547 0.41 ' 8.15 29.59 2.96
DC-3.24 10 50 100.00 47.67 23,7622 1.19 23.76 98.81 9.88
DC-3.25 10 50 300.00 2784.0484 139.20 2784.05 160.80 16.08
DC-3.26 10 - 50 700.00 18187.2286 909.36 18187.23  209.36 20.94
L.-3.0 10 50 0.00 70.17 1.8037 0.09" 1.80 0.09 0.01
L-3.16. 10 50 0.01 ' 63.50 3.8720 - 019 3.87 . 0.18 0.02
L-3.17 10 .50 . 0.03 70.67 1.7032 ‘ 0.09 1.70 0.06 0.01
L-3.18 10 50 . 0.10 67.83 2.3566 0.12 2.36 0.02 0.00
L-3.19 10 50 0.30 68.00 2.3120 0.12 2.31 0.18 0.02
1-3.20 10 50 . 1.00 68.50 2.1832 0.11 2.18 0.89 0.09
L-3.21 10 50 3.00 64.17 - 3.5872 . 0.18 3.59 2.82 0.28
L-3.22 10 50 10.00 69.00 - 2.0617 0.10 2.06 9.90 0.99
L-3.23. 10 50 30.00 67.00 ' 2.5927 0.13 2.59 29.87 2.99
L.-3.24 10 50 100.00 61.00 5.1564 ) 0.26 5.16 99.74 9.97
L-3.25 10 50 300.00 ‘ 327.8829 16.39 327.88 283.61 28.36

L-3.26 10 50 700.00 o 6010.1297 300.51 6010.13 399.49 39.95

514"




BAC-4
Duplicates

Sample

DC-3.0

DC-3.16
DC-3.17
DC-3.18
DC-3.19
DC-3.20
DC-3.21,
DC:-3.22
DC-3:23
DC-3.24
DC-3.25
DC-3.26

L-3.0
L-3.16
L-3.17
L-3.18
L-3.19
L-3.20
L-3.21
L-3.22
1-3.23

. L=3.24

L-3.25
L-3.26

Surface
Tensions

73.0
69.5
67.5
69.0
69.5
70.0
65.5
63.0
57.0
47.0
52.5
50.0

70.0
63.5
71.0
67.5
68.5
68.5

65.0

69.0

'67.5

61.0
71.5
52.5

73.0
69.5

67.0°

69.5
69.5
69.5
65.5
62.5

57.0 -

48.0
52.5
50.0

. 70.5

63.5
70.5
68.0
68.0
68.5

64.0

69.5
67.0
61.0
71.0
515

73.0
68.0
67.0
69.0
69.5
69.5
64.5
62.5
57.0
48.0
52.0
50.0

70.0
63.5
70.5
68.0
67.5
68.5
63.5
68.5
66.5
61.0
70.5
51.0

Average

73.00
69.00
67.17
69.17
69.50
69.67

.65.17

62.67
57.00
47.67
52.33
50.00

70.17
63.50
70.67
67.83
68.00
68.50
64.17
69.00
67.00
61.00
71.00
51.67

diluted
diluted

diluted
diluted

Diluted
Concentration,
mg/L

13.92
18.19

164
15.03

Actual
Dilution Concentration,
mg/L
0.005 2784.0
0.001 181872
0.005 327.9

0.0025 6010.1

0Gl




TWEEN 80
T80-1
Sample
Surface Concentration :
Sémple Soil Wt. (g) Media (th) Surfactant (mL) Tension (y) (mL/L) (x) Saq (mL) Sacj (mL/L) Ss(mlL) Ss(mL/g)

DC-3.0 10.00 50 000 7333 0.00015 74E-06  0.0001 0.00  7.4E-07
DC-3.1 10.00 50 0.01 65.83 0.00089 4.4E-05  0.0009 001 1.0E-03
DC-3.2 10.00 50 0.03 58.33 0.00534 - 2.7E-04  0.0053 003  3.0E-03
DC-3.24  10.00 50 0.05 0.1111 56E-03  0.1111 004  4.4E-03
DC-32.6  10.00 50 0.07 0.2370 1.2E-02  0.2370 0.06  5.8E-03
DC-3.3 10.00 50 0.10 41.00 0.33691 1.7E-02  0.3369 0.08  8.3E-03
DC-3.35 .  10.00 50 . 0.20 3.34055 1.7E-01  3.3405 003  3.3E-03
DC-3.4 10.00 50 0.30 2.48806°  1.2E-01  2.4881 018  1.8E-02°
DC-3.5 10.00 50 1.00 3.47636 - 1.7E-01  3.4764 083  8.3E-02
L-3.0 10.00 50 0.00 70.17 0.00032 1.6E-05  0.0003 000  1.6E-06
L-3.2 - 10.00 50 0.03 '61.17 0.00271 1.4E-04  0.0027 0.03  3.0E-03
L-3.3  10.00 50 0.10 63.33 0.00162 8.1E-05  0.0016 010  1.0E-02
L-3.3.2 10.00 50 0.13 60.00  .0.00358 1.8E-04  0.0036 013  1.3E-02
L-3.3.4 10.00 50 0.18 57.83 ~0.00802 3.0E-04  0.0080 0.18  1.8E-02
L-3.3.5 10.00 50 0.20 0.93322 47E-02 09332 015  1.5E-02
L-3.4 - 10.00 50 0.30 2.91803 1.5E-01  2.9180 015  1.5E-02

1L-3:5 10.00 50 1.00 . 2.84832 . 1.4E-01 2.8483 0.86 8.6E-02

LGl




T80-2
Diluted Actual

‘ Concentration, Concentration,
Sample Surface Tensions -  Average : mL/L " Dilution mL/L
DC-3.0 73.5 735 - 73 73.33
DC-3.1 65.5 66 66 65.83
DC-3:2 - 585 585 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 i _
DC-3.3.5 47.0 46.5 47.0 46.83 diluted 0.0835 0.025 3.3405
DC-3.4 45.0 450 455 4517 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-33 640 630 630 6333
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-3.4 440 445 45.0 4450 diluted 0.1459 0.05 2.9180

L-3.5 475 480 47.0 47.50 diluted 0.0712 0.025 2.8483

¢Sl




T80-3

Duplicates
Surface . Sample :
Sample Soil Wt. (g) Media (mL) Surfactant (mL) Tensi Concentration Saq (mL) Saq(mL/L) Ss(mL) Ss(mL/g)
. ension (y)
. (mL/L) (x) .

DC-3.0 10.00 50 -0.00 73.10 0.00016 7.8E-06 0.0002 0.00 7.8E-07
DC-3.1 10.00 - 50 - 0.01 67.50 0.00060 3.0E-05 0.0006 0.01 1.0E-03
-DC-3.2 10.00 50 0.03 54.33 0.01390 - 6.9E-04 0.0139 0.03 2.9E-03
DC-3.24  10.00 50 0.05 0.1304 6.5E-03 0.1304 0.04 4.3E-03
DC-3.2.6 10.00 50 0.07 0.3823 1.9E-02 0.3823 0.05 5.1E-03
DC-3.3 10.00 50 0.10 40.50 0.37969 1.9E-02 0.3797 0.08 8.1E-03
DC-3.3.5 10.00 50 0.20 5.17842 2.6E-01 5.1784 0.06 5.9E-03
DC-3.4 10.00 50 0.30 2.20769 1.1E-01 2.2077 018 - 1.9E-02
DC-3.5 10.00 50 1.00 4.59490 2.3E-01 45949  0.77 7.7E-02
L-3.0 10.00 50 ' 0.00 70.17 0.00032 1.6E-05 0.0003 0.00 1.6E-06
L-3.2 10.00 50 0.03 62.17 0.00214 . 1.1E-04  0.0021 0.03 3.0E-03
L-3.3 10.00 50 0.10 63.83 0.00143 7.2E-05 0.0014 0.10 1.0E-02
L-3.3.2 10.00 50 0.13 : 62.17 0.00214 " 1.1E-04 0.0021 0.13 1.3E-02
L-3.34 10.00 50 0.18 57.83 0.00602 3.0E-04  0.0060 0.18 1.8E-02
L-3.3.5 10.00 50 0.20 0.60201 3.0E-02 0.6020 0.17 1.7E-02
L-3.4 10.00 50 0.30 1.80885 9.0E-02 - 1.8088 021  21E-02

. L35 £ 10.00 50 1.00 : 3.61770 1.8E-01  3.6177 082  8.2E-02

€Gl




T80-4

Sample

 DC-3.0
DC-3.1
DC-3.2
DC-3.2.4
DC-3.2.6

- DC-3.3
DC-3.3.5
DC-3.4
'DC-3.5

L-3.0
L-3.2 -
L-3.3
L-3.3.2
L-3.3.4
L-3.3.5
L-3.4
1-3.5

Surface Tensions

73
67.5
54
57.0

53.0

39.5
45
45.5
45.5

70

625

64
62.5
58.5
525

46
46.5

73.3
67.5

54.5

57.5
53.0
40.5
43.5
45.5

- 45,5

70.5
62
64

62.0

58.0

54.5

46.5

46.5

73
67.5
54.5
58.0

.53.0

415
46.5
46

455

70
62
63.5
62.0
57.0
55

- 47

465

Averége

73.10
67.50

54.33 -

57.50
53.00
40.50
45.00
45.67
45.50

70.17

62.17 .

63.83
62.17
57.83
54.00
46.50°

46.50 .

diluted

diluted

dil}uted
diluted
diluted

diluted
diluted
diluted

Diluted
Concentration,
" mL/L

0.0065
0.0191

0.1295
0.1104
0.1149

0.0151
0.0904
0.0004

Dilution .Concentration,

0.05
0.05

0.025
0.05

' 0.025

0.025

0.05
0.025

Actual

mL/L

0.1304

0.3823 .

5.1784
2.2077
4.5949

0.6020
1.8088
3.6177

vGl




TWEEN 85

T85-1
) - Surface Sample
Sample Soil Wt. (g) Media (mL) Surfactant (mL) Tensi Concentration ~ Saq (mL) Saq(mL/L) Ss(mL) Ss(mL/g)
i ension (y) .
} ¢mL/L) (x)
DC-3.0 10 50 0.00 73.3333 0.0005 0.0000 0.0005 0.0000 0.0000
DC-3.6 10 50 0.01 68.6667 0.0015 0.0001 0.0015 0.0099 0.0010
DC-3.7 10 50 0.03 66.8333 0.0024 0.0001 0.0024 0.0299 0.0030
DC-3.8 10 50 0.10- 0.3453 0.0173 0.3453 0.0827 0.0083
DC-3.9 10 50 0.30 3.9694 0.1985 3.9694 0.1015 0.0102
DC-3.10 10 50 ’ 1.00 38.8492 1.9425 38.8492 0.9425 0.0942
L-3.0 10 50 0.00 - 70.1667 0.0010 0.0001 0.0010 0.0001 0.0000
L-3.6 10 50 0.01 62.1667 0.0074 0.0004 0.0074 _ 0.0096 0.0010
L-3.7 10 50 0.03 68.6667 0.0015 0.0001 0.0015 0.0299 0.0030
L-3.8 10 50 0.10 69.3333 0.0013 0.0001 0.0013 0.0999 0.0100
L-3.9 10 50 0.30 0.6905 0.0345 0.6905 0.2655 0.0265
L-3.10 10 - B0 1.00 : 25.8225 1.2911 25.8225 0.2911 0.0291
Duplicates .
DC-3.0 10 50 0.00 73.0000 0.0005 0.0000 0.0005 0.0000 0.0000
DC-3.6 10 50 0.01 69.8333 0.0011 0.0001 0.0011 0.0099 0.0010
DC-3.7 10 50 0.03 66.6667 0.0025 0.0001 0.0025 0.0299 0.0030
DC-3.8 10 50 0.10 0.7788 0.0389 0.7788 0.0611 0.0061
DC-3.9 10 50 0.30 6.2090 0.3104 6.2090 0.0104 0.0010
DC-3.10 10 50 1.00 40.4619 2.0231 40.4619 1.0231 0.1023
L-3.0 10 50 0.00 70.1667 0.0010 0.0001 0.0010 0.0001 0.0000
L-36 10 50 0.01 ' 63.1667 0.0058 0.0003 0.0058 0.0097 . 0.0010
L-3.7 10 50 0.03 67.5000 0.0020 0.0001 0.0020 0.0299 0.0030
L-3.8 . 10 50 0.10 68.1667 - 0.0017 0.0001 0.0017 0.0999 0.0100
L-3.9 10 50 0.30 . 0.5410 0.0271 0.5410 0.2729 0.0273

L3100 10 50 1.00 17.9071, 0.8954  17.9071  0.1046  0.0105

GGl




T85-2

Diluted Actual
Sample Surface Tensions Average Concentration, Dilution Concentration,
. mL/L - mL/L
DC-30 735 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 0.0345 0.1 © 0.3453
DC-3.9 48.5 48.5 49 48.6667  diluted 0.1985 0.05 3.9694
DC-3.10 44 45 46 45.0000 diluted 0.4856 0.0125 38.8492
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 0.0345 0.05 - 0.6905
L-3.10 - 43 44 445 43.8333  diluted 0.6456 0.025 25.8225
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 0.0779 0.1 0.7788
DC-3.9 46 47 47.5 46.8333  diluted 0.3104 0.05 6.2090
DC-3.10 435 45 46 44,8333  diluted - 0.5058 0.0125 40.4619
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 0.0271 0.05 - 0.5410

L-3.10 45.5 45 45.5 45.3333  diluted 0.4477 0.025 17.2071

9Gl
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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 wés_ a Dunnett's multiple comparison
test with a confidence interval of 95%. The tests were performed such that each
treatment was con’ipared to thé control (samples with no surfactant) for |
significant differences. If the 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

One-way Analysis of Variance

Analysis of Variance for Cl

Source DF SS MS . F P
c2 3 0.00015%4 0.0000531 5.25 0.072
Error 4 0.0000405 0.0000101

Total 7 0.000199% .
) Individual 95% CIs For Mean
Based on Pooled StDev

Lével N Mean StDev =t-memm————— Fem e ——— o
0.0 2 0.030500 0.003536 (———————- e )
0.5 2 0.029000 0.004243 (——====—- Mo — )

1.0 2 0.022000 0.002828 (-—————= Hmmm e )
10.0 . 2 0.020000 0.00141%4 (=——————— Hmm e ) R

_ et e Fom - Fmm———
Pooled StDev = 0.003182 0.0140 0.0210 0.0280 0.0350

Dunnett's intervals for treatment mean minus control mean

Family error rate = 0.0500
Individual error rate = 0.0224

Critical value = 3.62
" Control = level (0.0) of C2

Level Lower Center Upper ———t~—==—=—m——tem— e Fommm————— tr——-

0.5 ~0.013012 -0.001500 0.010012 L (e Koo s
1.0 -0.020012 -0.008500 0.003012 (mmmmmmmmm e )
10.0 -0.022012 -0.010500 0.001012 (==—==—====¥mmmmmemmee )
T e aiate e to———

6Gl




Contaminant Bioavailability Indices - Statistical Analysis

Donovan Creek and TWEENSO

One-way Analysis of Variance

Analysis of Variance for C1

Pooled StDev = 6.

Dunnett's intervals for treatment

Source DF SS
Cc2 3 167.4
Error 4 157.5
Total 7 324.9
Level N -Mean
0.0 2 22.000
0.5 2 20.500
1.0 2 30.500
10.0 2 18.500
275

Family error rate = 0.05
Individual error rate = 0.02

Critical value = 3.62

Control

Lower
-24.201
=14.201
-26.201

level (0.0) of C2.

Center
-1.500
8.500

-3.500"

MS F P
55.8 1.42 0.361
39.4 .
Individual 95% CIs For Mean
Based on Pooled StDewv
StDeV ——=dm—m—m o m e +==
2.828 (== e )
4,950 (—————————— Hmm )
6.364 (—————m H o )
9.192 (=-——-—=o—m-= *t e )-
————te o Fomm +
10 20 30 40

00

24
Upper
21.201
31.201
19.201

——————— et it S
(- Homm e )
(=== e ity )
(-mmmmm Fom e )
——————— e
-16 0 16 32

mean minus ¢ontrol mean

09l




Lewistown and TWEENSO

One-way Analysis of Variance

Bnalysis of Variance for Cl

Source DF SS MS
c2 3 179493 59831
Error 4 63044 15761
Total 7 242537
Level N Mean StDev
0.0 2 1248.5 29.0
0.5 2 1456.0 157.0
1.0 2 1508.5 191.6
10.0 2 1667.5 29.0
Pooled StDev = 125.5 .
Dunnett's interﬁals for treatment
Family error rate = 0.0500
Individual error rate = 0.0224
Critical value = 3.62
Control = level (0.0Q) of C2
Level Lower Center
.0.5 -246.7 207.5
1.0 -194.2 260.0
10.0 -35.2 419.0

F P
3.80° 0.115

Individual 95% CIs For Mean
Based on Pooled StDev

—————————— e s
(mmmmme Hormmm e )
(~mmmmmmms Hormmm e )
(m=mmmmm Hommm e )
(mmmmmmm s *ommmm e )
—————————— B ate T e s st T
1250 1500 1750
mean minus control mean
Upper -=—=—-——-~ Frmm————— F——————— L L
661.7 (——=——=m———m——— e )
714.2 (== m e ———— R et )
873.2 (= R e )
————————— e s LT
0 300 600

L9l




Donovan Creek and TWEENS5

- One-way Analysis of Variance

Analysis of.Variance for Cl

Source DF SS

Cc2 3 271.0

Exrror 4 329.0

Total 7 "600.0

Level N Mean
0.0 2 10.500 3.536
0.5 2 .500 7.778
1.0 2 20.000 11.314
10.0 - 2 .000 11.314

Pooled StDev_=

Duhnett's intervals for treatment mean minus control mean

.069

Family error rate = 0.0500
Individual error rate = 0.0224

Critical value = 3.62

Control =

Levei Lower
0.5 -37.810
1.0 -23.310

10.0 -37.310

level (0.0) of C2

Center
-5.000

9.500
=4.500

90.3
82.3

Individual 95% CIs For Mean
Based on Pooled StDev

¢9l




Lewistown and TWEEN85

One-way Analysis of Variance

Analysis of Variance for Cl

Dunnett's intervals for

Source DF
C2 3 107
Error 4 60
Total 7 168
Level N Me
0.0 2 1504.
0.5 2 1546.
1.0 2 1453.
10.0 2 1538.
Pooled StDev = 39.

Family error rate
Individual error rate

Critical value = 3.62

. Control =

level (0.0)

Lower
-99.47
-192.47
-106.97

3S MS F - P
73 3591 2.37 0.212
73 1518
46 .
Individual 95% CIs For Mean
Based on Pooled StDev
an StDev -————t————————- o Fom e +—
5 50.2 (m——m o o )
0 50.9 (T — e )
0 25.5 (—————————= o )
5 17.7 (mmmm e K )
———— tommm F————————— +-—
0 14 . 1540 1610

0.0500 -
= 0.0224

of C2

00 1470

treatment mean minus control mean:

Center Upper --=-----=- P R

41.50 182.47
-51.50 89.47
34.00 174.97

€9l




Donovan Creek and ABS

One-way Analysis of Variance

Analysis of Variance for c1

Source DF SS MS F P
C2 3 106 35 0.11 0.949
Error 3 967 . 322

Total 6 1073

Individual 95% CIs For Mean
Based on Pooled StDev

evel N Mean StDev —t==——mm———— R e e e
0.0 2 9.50 30.41 (mmmmmmmm—— Fom )
0.5 2 14.50 6.36 (mmmm S R )
1.0 "2 15.00 1.41 (=== oo m )
10.0 1 22..00 0.00 (e e =)
. . —F———— e it Fommm - fom
Pooled StDev = 17.95 -35 - 0 35 70

Dunnett's intervals for treatment mean minus control mean

0.0500
0.0231

Family error rate
Individual error rate

I

Critical value = 4.30

Control = level (0.0) of C2

Level Lower Center Upper -——-=-—--—+4-—-————=—dom— dom +
- 0.5 -72.21 5.00 $82.21 (mmmmm oS )
1.0 =71.71 5.50 82.71 (= Fmmm oo m————— )

10.0 =82.06 12.50 107.06 (=—————-———~- S————- e it e L

: e nin B O +

=50 — 0 50 100

* NOTE * N missing =1

14°]




Lewistown and ABS

One-way Analysis of Variance

Analysis of Variance for Cl

Source DF SS MS P
C2 3 1176019 392006 17.84 0.020
Error 3 65925 21975
Total 6 1241944
Individual 95% CIs For Mean
Based on Pooled StDev
Level N Mean StDev ————t————m———e S Fom Fo—
0.0 2 1564.0 84.9 (-———- Hmm e )
0.5 2 1606.5 60.1 (====~—- LESTEE )
1.0 1 1592.0 0.0 (-——=————~ R )
10.0 2 680.0 234.8 (=————- o)
—_———— o o +——
Pooled StDev = 148.2 500 1000 1500 2000

Dunnett's intervals for

Family erxror rate
Individual error rate

Critical wvalue = 4.30

Control = level (0.0)

Level Lower
0.5 -595.0
1.0 -752.7
10.0 © =1521.5

* NOTE * N missing = 1

= 0.0500
= 0.0231

of C2

Center
42.5
28.0

-884.0

treatment mean minus control mean

Gol

Upper -—+--———-——- Fomm Fommmm t————=
680.0 (=== Ao )
808.7 (mmmmmm Fmmmm e )
~246.5 (-——===== iiiieieinte )
i R fm—————— Fom— te———
-1400 =700 -0 700




Donovan Creek andr BAC

One-way Analysis of Variance

Analysis of Varianc
Source DF

" Cc2 3 1

Error 4 1

Total 7 2
Level N

0.0 2 22.

0.5 2 14.

= 1.0 2 15.

10.0 2 25.

Pooled Sthev = 5.

Dunnett's intervals

Family error rate = 0.05

Individual error ra
Critical value = 3.
Control = level (0.
Level . Lower
0.5 -26.558
1.0 -25.558
0.0 -16.058

e for C1
-S88
54.5
11.0
65.5
Mean
000
500
500
000
268
for trea
te = 0.02
62
0) of C2
Center
-7.500
-6.500
3.000

MS F P
51.5 1.86 . 0.278
27.8 .
Individual 95% CIs For Mean
Based on Pooled StDev
StDev ———-—- to—mm————— tom—————— tm—————— +
1.414 (== L et )
4,950 (————==mm——Fomm——— )
3.536 (mommm Hmm ) .
8.485 (- == e )
—————— B et e Tt
10 20 30 40

tment mean minus control mean

00

24
Upper
11.558
12.558
22.058

———————— e T
(mmmmm e B )
(—mmmmmm s Homm e )
(=== A e )
———————— et L
=15 0 15

90l




Lewistown and BAC

One-way Analysis of Variance

Analysis of Variance for Cl

Source DF SS
cz 3 12346
Error 4 37837
Total 7 50184
Level N Mean.
0.0 2 1471.5
0.5 2 1572.5

1.0 2 1532.5
10.0 2 1562.0
Pooled StDev = 97.3

Dunnett's ;ntervals for

Family error rate =
Individual error rate =

Critical value = 3.62

MS JI P
4115 0.44 0.740
9459

Individual 95%. CIs For Mean
Based on Pooled StDev

StDev ——~—-- fom e ——— T +-
85.6 (——————————-- Hmmm o )
27.6 B e et R )
122.3 et s )
121.6 (m—mmmmm e K )
————— et Tt

1350 1500 1650 1800
treatment mean minus control mean

0.0500
0.0224

Control = level (0.0) of C2

Level Lower Center - Upper e tomm—————— t——————

0.5 -250.86 101.00 452.86  (———————=——m—mmmmm e
1.0 -290.86 61.00 412.86 (———————mmm—mm e H e
10.0 -261.36 90.50 442.36  (mmmmmmmmm e —
Sy +_.'...; _____ e

=200 0 200
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-Contaminant Desorption Indices - Statistical Analysis

Dor)ovan Creek and TWEENS8O

One-way Analysis of Variance

Analysis of Variance for Cl

Source DF Ss MS F P
c2 3 1029.0 . 343.0 5.94 0.059
Error 4 231.0 57.7
Total 7 - 1260.0 .
) Individual 95% CIs For Mean
. Based on Pooled StDev
Level N Mean StDev -——-————- e Fo—m ==
0.0 2 19.000 8.485 (————=——— K mmmmm )
0.5 2 32.500 9.192 (—————=—— F o e )
1.0 2 21.000 7.071 (=== o )
10.0 2 47.500 4.950 (————————— e )
———————— e it
16 32 48

Pooled Stbhev = 7.599

Dunnett's intervals for treatment mean minus control mean

Family error rate = 0.0500
Individual error rate = 0.0224

Critical wvalue = 3.62

Control = level (0.0) of C2

Level Lower Center
0.5 -13.993 13.500
1.0 -25.493 2.000

10.0 ~1.007 - 28.500

Upper =t—=——=m———mmm e o m e S

40.993 [—— )
29,493 (mmm—mmmm— ke )
- 55.993 S
T e e
-25 0 25 50

891




Donovan Creek and TWEENS85

One-way Analysis of Variance

Bnalysis of Variance for Cl

Source
C2
Error
Total

O OO0
OO Lo

1

DF
3
4
7

NN NN

Pooled StDev

sS
1814.4

190.5
2004.9

Mean
19.000
25.000
33.000
58.500

6.901

MS F P
604.8 12.70 0.01l6
47.6
Individual 95% CIs For Mean
Based on Pooled StDev
StDhev ———————- Femmm—————— Fom e Fom——_———
8.485 (—————- e )
1.414 (—=———- e )
5.657 (== h e )
9.192

- Dunnett's intervals for treatment mean minus control mean

Critical wvalue

Control

Family error rate = 0.05
Individual error rate = 0.02
3.62
= level (0.0) of C2
Lower Center
-=18.967 6.000

-10.967 14.000
14.533 39.500

00
24

———————— o
(mmmmmmm- Fommm oo )
(mmmmmmmH oo )
R S )
———————— T el St LR
0 25 50
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Lewistown and TWEENS8O

One-way Analysis of Variance

Analysis of Variance for Cl

Source DF

Cc2 3 11285

Error 4 102

Total 7 11388

Level N Me
0.0 2 1531.
0.5 2 1057.
1.0 2 845.
0.0 2 493.
Pooled StDev = 50.

Dunnett's intervals for

Family error rate
Individual error rate

Critical value = 3.62

Control

1l

level (0.0)

‘Lower
-657.5
-869.0
-1221.0

SS MS ) P
81 376193 146.22 0.000
91 2573
71
Individual 95% CIs For Mean
Based on Pooled StDev
an StDev ———em————m fmm e ———— o o
0 15.6 (—=*—=)
0 56.6 (—=*——)
5 82.7 (=—*—-)
5 2.1 (—=*--)
————————— B i ST Tt
7 700 1050 1400

= 0.0500

= 0.0224

of C2

Center | Upper(
-474.0 -290.5
-685.5 -502.0
-1037.5 -854.0

treatment mean minus control méan

_________ o U Up S
(---=-= o )
(~=mmm- Koo )
(=== e )
————————— -+t
~1000 ~750 -500

041




Lewistown and TWEENS85

One-way Analysis of Variance

Analysis of Variance for
Source DF . SS
c2 3 986700
Error 3 91206
Total 6 1077906
Level N Mean
0.0 2 1531.0
0.5 2 1157.0
1.0 2 804.0
*10.0 1 433.0
Pooled StDev = 174.4

Dunnett's intervals for

- Family error rate =
Individual error rate =

Critical value = 4.30

Control = level (0.0) of
Level Lowér V Ce
0.5 -1123.8 -3
1.0 -1476.8 -7
10.0 : -2016.3 -10

o~

* NOTE * N missing =1

C1 .
MS F P
328900 10.82 0.041
30402
Individual 95% CIs For Mean
Based on Pooled StDev
StDev ——=4=-——————=- o Fmm e R
15.6 (———=—= H e en )
43.8 (=———- e —— )
298.4 (————— e —)
0.0 (———————= e ——— )
—— e Fomm—————— fm =
600 1200 1800
treatment mean minus control mean .
0.0500
0.0231
c2
nter -Upper --------- Fom e = Fm——————
74.0 375.8 (mmmm e e — )
27.0 22.8 (~mmmmm T )
98.0 =179.7 (——=—=m——=——— L e TP )
_________ +_+___;___+____._..__..__.+_.._._._.__......_
-1400 -700 -0
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