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Ahstract

This research investigated the influence of temperature on the
desorption rates of trichlorocethylene (TCE) from Plastic Clay
98b. It was expected that an increase 1in temperature will cauce
an increase in both the desorption rates of TCE and in the
quanticty of desorbed TCE. 1In fact, previcus studies on other
chemicals indicated a faster decrease in the remaining sorbed
concentration with increasing temperature. To accomplish the
negescary experiments, this research made use 0f the infrared
(IPr) optical absorption technigque. IR spectroscopy was used to
measure the concentration of the vapor TCE that descrbed firom the
soil. After it has been exposed to liquid TCE for a period of 48

hours, plastic clay was placed inside an enclosed glass tube and

was allowed to desorb at a fixed temperature for a period of 4
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hours. Sim.lar experiments were performed with temperature as

7,
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the only variable. The results were an initial and rapid

itd

desorption follow=d by a leveling off. This rate of this initial

Loty

desorption was found to increase each time temperature was

raised. The desorbed concentration was aiso found to increase

b
B
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with increasing temperature. The collected data followed the
Langmuir kinetic model and the desorption rate coefficients were

determined at each temperature.




I. Introduction

1.1 General Issue

The contamination of groundwater is a politically
sensitive issue that may affect any c¢ity, industrial, ov
residential area that use local aquifers as sources for drinking
water. The sensitivity of this issue increuses when the cause
of contamination is determined to be a hazardous waste that may
cause severe environmental and health effects. 1f left
untreated, these hazardous substan~es may pollute the drinking
water aquifers beneath the contaminated areas. As a result of
this contamination, efforts such as the Installation Restoration
Program (IRP) are being conducted by the Department ¢l Defense
(DOD) to correct previous envircnmental proplems at DOD
installations throughout the nation. Th¢ e remediation efforts

account for several millions of dollars of the annual defense

budget. Furthermore, the cost of these remediation actions may

be assessed against any or all of the potential.y responsible

parties.*
Remediation projects are often directed toward
groundwater. Millions of dollars are spent on treating

contaminated groundwater using “he "pump and treat" technique.

This technigque has been effective in treating groundwater;

however, its efficiency tends to decl:-e cver time and reacles

T DA WA e

; some limiting asymptotic value.? The decline of this treatment
method is believed to be chused by the significant portion ot

the centamination that lies in the aree directly between tha

1
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ground surface and the water table. This area, called the
unsaturated or vadose zone, has received 1¢ s attention, but has
the potential to pollute groundwater aquifers even after the
water has been fully treated. From the unsaturated zone, the
untreated contaminant can migrate deownwards at & very slow rate
recontaminating groundwater for years after cleanup actions were
thought to have been completed.

In soils, organic contaminants can be present in one or
more of five different locations. The contaminant can be in the
form of free-liquid between so0il particles,’in the vapor state,
dissolved in soil moisture, adsorbed to surface of unsaturated
zone soil particles, or fully enclosed within the interior of
the soil matriz.3 During remediaticn processes, the portion of
the contaminant adsorbed within the soll matrix cauvses several
problems. At long-term contaminated sites, recent studies
indicate that most of the contaminant 1n the unsaturated soil
zone will adsorb to the soil particles.3 Because of a complex
slew sorption process, the lonyer a contaminant persists in the
unsaturated zone, the larger the portion of the chemical that
w-11 be fuliy adsorbed within the soil natrix.’ After a long
period of time, years or decades, this adsorption is followed hy
a slow desorption process. As & result, the groundwater
treatment will be negated by the recontamlnatior causcd by the
slowly desorbing contaminant. This descrption mechanism 15 also

thought to cause the long term evolution cof contaminants from

q

scils wher remediated by incincration.




During remediation of a contaminated site, additional
difficulties arise because only little is known about the
transport mechanisms of contaminant within both the saturated
and the unsaturated zones. This migration of the volatile
organic compounds depends on physical, chemical, and biological
processes within the soil medium.® Additionally, the movement
of these wvolatile organic - 'mpnounds (VOCs) 1s directly affected
by the physical-chemical n: 1€ of the adsorbates, soil organic
mattier content, nature of 3. ureting cation, moisture content,
and temperature.t It was also shown that the transport of VOCs
within the unsaturatec zone of the soil strongly depends on the
sorption of these compounds within the soil.”

1.2 Motivation

Trichloroethylene (TCE), C.HCl,, 1s an org.aic chemical
widely used for industrial and domestic purposes. It is a major
industrial solvent (234000 metric tones produced annually
worldwide) used for degreasing metal parts, electronic

components, and in dry cleaning.?

TCE has been used to a large
extent by the Jnited States Alr Force to degrease and clean
aircraft parts. Because of this extensive use and the poor
handling of TCE, several Alr Force bases are currently residing
on TCE contaminated sites. This contamination extends to
include both the soil and groundwater. As a result,
trichloroethylene is the most frequently reported organic

contaminant in groundwaters and has been identified in 35~ of

US Superfund sites.?® Thus, TCE becomes a major concern as a

potential health hazard in dranking waters and 1s ccnsldered as




the most prevalent of volatile orcanic compound contaminants.8
Furthermcre, TCE is a suspected carcinogen and may also be
converted by reductive dehalogination to more potent carcinogen,
vinyl chloride.®

Air injecticn and extraction wells hiave been widely used
to remediate VOC contaminated sites and aquifers.? However, the
efficiency ¢f these exlractlon wells decreases with time and
eventually reaches some limiting asymptotic value.? <This rate
limiting step is likely due to desorption of the organic
compounds from the soil matrixz.? As stated‘earlier, the longer
2 contaminant remains in the unsaturated zone, the higher the
nronortion of this compound that will adsorb to the soil
particle. Thus, it is now believed that this sorption process
talies place over an extended pericd of time and slowly traps the
contaminant within the so0il matriz frustrating remediation
technigues that rely on the rapid desorption process. That is,
the slowly sorbed compcuncs become unatfected by the current
treatment methods resulting in an incomplete treatment by the
remediation projects. Specifically; thils adsocrbed portion of
the contaminant, which may ieprerent up to 90% of the overall
contaminant, remains undetected b the current measurement
techniques, thercfore giving the incorrect impression of
successful soil remediation.3 This soil, which is assumed to be
fully cleaned by the treatment methods, is still ccntaminated
and is capable of polluting addition:l groundwater.3

Pump and treat is faxr-and-away the most prevalent

technigue to remediale contaminated groundvater. However, long
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time periods are required for the slow diffusion process to move
trapped organic compounds into mobile groundwater that is being
pumped by a recovery well.:’ This remediation method often
causes an initial decrease in contaminant concentrations in the
extracted water, follcwed by a leveling of concentration. 1In
other cases, a gradual decline is seen that may be expected to
continue over decades.

Several analytical models account for rate-limited
desorption of an organic solute during cleanup ¢f a contaminated
site. The present research continues these’studies of
desorption behavior of organic compounds by examining the
temperature dependence of the descrption rate of
trichlcroethylenc.

1.3 Problem Statement

A large volume of research has been done concerning soil
and groundwater contamination with TCE. However, only a little
has been done to address descrption rates of the chemical in tne
unsaturated zone. Desorption rates are influenced by several
factors. These factors include so1l type, amblent temperature,
moisture content of the soil, contaminant properties and its
concentration in the water, the length of time the soll has bcen
e¥posed to the contaminan%t, the amount of organic material in
the scil, and the relative humidity. Furthermore, the effects
of most of these factors on desorption rates are poorly
understood.

In c¢rder to assist 1n the effective remediastion of TCE

contaminated sites, variables that affect the cfficiency of
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aquifer remediation have to be determined and well understood
prior to the i.aitiation of the clean-up. How and to what extent
thesc variables affect clean-up actions are important issues,
Temperatures change dramatically from one Air Force Base to
another and frowm one season to another. Thus, before
remediation effor:s commence, one must first fully understand
the desorption behavior of the contaminant of concern and how
this desorption depends on temperature. This will allow us to
predict the optimal "pulsad pumping” periods and the length of
each of these periods. This study evaluatea the temperature
dependence of TCE desorption rates from contaminated soils by
changing temperature and keeving all other wvariables constant.
Thie rezsults of this study can be used along with the temperature
profile of the contaminated site to dctermine the optimum clean-
up time during the year, the expected length of the remediation
project based on the amblent temperature of the site, and if
other technigues aust be used instead.

To cor >lete this study, dry plastic clay scil was exposcd
to liquid TCE for a period of 2 days. This soil was then placed
inside an enclosed glass tube to evaluate the desorption of TCE
from the soil sample for a period of 4 hours. During this
entire period, the cell was undisturbed anc maintained at a
fixed temperature.

1.4 Objectives

The oblective of this research was to cvaluate the effect

of tempecrature on the rates of desorption of TCE from a liguid

contaminated soil. It is anticipated that the higher the
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temperature, the faster the desorption rate, the greater the
amecunt c¢f TCE that will consequently desorb, and the less time
it will take the chemical to completely desorb out of the soil.
We also expect that a fast desorption rate, due to those
molecules at the surface of the soil, will be followed by a slow
desorption caused by those mclecules entrained in the scil
matrix (Figure 1). 1In addition, the following tasks had to be

performed prior to beginning TCE desorption experiments:

1. Determine the infrared absorption spectrum of TCE in both the
gas and liguid phase at high resolution (0.02 cm™?).
2. Determine the absolute cross-section for absorption near

A= 3.25 um as a function of temperature.

{0

Measure the rates for desorption of trichloroethylene, from a
particular soil, at five temperatures: 27°C, 40°C, €4°C, 70°C,
and 100-C.
1.5 Scope/Overview

The remzinder of this rescarch will consist of a
literature review describing the tranrnsport mechanism of TCE in
the unsaturated and saturated zones, its confounding, long term
effects, i1ts physical and kinetic properties, and some
spectroscopic data for this chemical.
1.6 Limitatijons of this study

Throughcut this research, several factors may influence
the results to some degree.  Such factors could include:

1.6.1 Use of TCE in high concentrations

Throughout thls research, high concentrations of pure TCE
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were used to prepare the soil to ensure larger and detectable
effects. This 1is rarely the case in the real world where larger
masses of so0ll are exposed to low concentrations of TCE and for
longer period of -~ 'mes. Therefore, to offset the period of
e¥posure, high concentrations of TCE were used. This factor
must be taken into account when making conclusion about the
data.

1.6.2 Type of soil

Plastic Clay 98b was used in this study. This soil is a
lab-gradec soil that has been dried and treed from all
contaminants. Furthermore, this soil was powdered and has a
uniform particle si:ze. In the reali world, a soil formation is
usually composed of several types cf soil with broad size
distributions. These differences, which affect both adsorption
and desorption of TCE to soil, must be taken into account during
interpretation of the data of this study and its application to
the real worlc.

1.6.3 Moisture content of soil

Several studics indicated that molsture content greatly
influence both adsorption and desorption phenomena of TCE. In
this study hcwever, the soil was originally dried in an oven at
very high temperatures and has not been exposed to water since
then. In addition, the experimental cells were continuously
kept under vacuum and any water in the scil should cvaporate.
Theretfore, the effect of soil molisturc on desorptior. of TCE is

expected Lo be negligible and will not be cvaluated in thic

research.

9

“




1.6.4 Leak rates in the experimental cells

The leak rates in the cells were repeatedly measured and
found to be in the order of 0.01 torr every 10 minutes. This is
negligible compared to the amount of TCE pressure within the
cell. 1In addition, this leak was found to not have any
influence on the experimental data because, given the pressure
in the cell is much smaller than atmospheric pressure, the leak
is expected to be from the room into the cell and atmospheric
gases were found not to absorb the same IR frequency as TCE.
However, to account for these leaks, a congfol experiment will
be perfcrmed directly after every desorption experiment.

1.6.5 Adsorption and desorption due to apparatus

Adsorption and desorption due to glass, O-rings, and other
components of the experimental apparatus were accounted for
using a control experiment. The effects of the apparatus were
eypected to be much less than theose caused by the experimental
scil in the cell. If not, interpretation of the soil effects
will be hard to evaluate. To lessen the effects of the
apparatus, prior to every erxperiment, the cells were mainté ned
under vacuum to allow 9ff-gas of all TCE from the inside of the
cell.

1.6.6 Detector float over time

The detector’'s response over time was expected to remain
constant when the cells are empty and under vacuum. However,
this was not the case, therefore, in experiment that evaluated

the float of both detectors during a period cqual to the period

of desorption experiments was periormed and corrections werc
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made to account for this signal change not caused by TCE. This
float is further explained in appendix B at the end of this
thesis. However, there will always be a ncise in the
transmitted signal that cannot be controlled but that is
expected to be rather negligible.

1.6.7 Concentration gradient in the cells

In the environment, there 1is encugh air to disperse the
TCE desorbing from the soll, allowling deeper TCE molecules to
desorb from the interior of the soil particle out to the soil
surface then to the atmosphere. However, iﬁ this study, the

contaminated soil is maintained enclosed during the desorption

g

. - 1

- J N T - : 5
Process in & C&aa Cu smal nd constant velume, It is thus

anticipated that desorption rates will be influenced by re-
adsorption of TCE to the soil. 1In other words, the
concentration of gas phase TCE in the cell will preclude more
TCE from desorbing out of the soil. Tc evaluate this effecrt,
the cell will be drawn down to vacuum at the end of the
desorption period in order to pull out all the gas TCE and more
will be allowed to desorb for another 4 hours.

1.6.8 Atmospheric interferences

Sc1l contamination in the e¢nvironment occurs under
atmospheric interferences. These interferences may affect
adsorption and desorption phenomena. Therefore, 1t 1s crpected
that desorption rates under vacuum differ from those under
atmospheric conditions. However, it 1s alsc advantageous to
evaluate desorption under vacuum in order to reduce atmospheric

effects on the cxperiment.




1.€.9 TCE decomposition and microbial activity

TCE is a chemical known to decompose to other chleorinated
organic compounds. Over the time periods of these experiments,
thls decomposition was assumed negligible and was not evaluated.
Furthermore, microbial activity in the s0il was expected to be
negligible because the soil was 2riginally oven-dried.
Therefore, given that the scil had very low water content and
was exposed to liguid TCE for only a period of 2 days, the
effects of microbial activity and chemical decomposition were

considered negligible.

All the above factors may affect the quality of the data

linmmin e te T b ol
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is to evaluate and understand the desorption rate of TCE from

soil and its correlation with temperature. Furthermore, some of

these sources of error were cecrrected for and discussed in

Chapter € and in the Appendices.
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IT. Background Theory

2.1 Introduction

Trichloroethylen: 1s a colorless volatile organic compound
widely used for industrial and domestic purposes. It 1s a major
industrial seclvent (234000 metric tones produced annually
woridwide; used for degreasing metal paits, electronic
components, and septic systems and in dry cleaning.d
Furthermore, TCE was used as a general anesthetic in the health

profession and as an extraction agent in decaffenating coffee.

At numerous Air Force installations, TCE was extensively used to
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degrease and clean aircra rts. All these
TCE illustrate the various uses industry made of this product
until a study in 1976 found TCE to be a suspected carcinogen.!
As a result of this study, TCE was added to the U.S. EPA's lic.
of hazardous substances.l Because prior to the 1976 study TCE
was thought to be safe, inappropriate and inexpensive methods
were used to dispose of the product. Such methods included the
dumping of TCE ir landfills, drywells, and directly on the
ground. These past poor disposal methods have contaminated much
of the groundwater in the areas where TCE was dumped.!

TCE may appear in solls and aguifers as a result of its
wide industrial use and also, possibly, as a degradation by-

product of other chlorinated hydrocarbons sclvents. Zurrently,

TCE is the most reported organic contaminant in groundwaters

(Table 1).°




Table 1
Main volatile chlorinated hydrocarbon compounds
in contaminated groundwater listed in decreasing
order of likely occurrence (from Folkard 1986)

trichloroethylene
tetrachloroethylene
1,1,1-trichlorocethane
dichloroethene

dichloroethane
carbon tetrachloride
vinyl chloride
dichloromethane
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Currently, because of the large number of scientific
studies on TCE contaminated sites and the resulting
environmental and health effects, both the public and the

scientific community have been aware of the danger of hazardous

wastes and the contamination of groundwater.11

Because of the
regulations posed by the CERCLA, all DOD installations across
the country have to deal with the problems associated with the
large number of TCE contaminated sites. Remediation of these
sites may cost large amounts of money.
2.2 TCE Adverse Health Effects

Until the mid 1970s, TCE was considered a safe chemical
product. This was shown by its wide use during the 1970s in the
medical profession and in food production.l It was only after a
study in 1%76 showed that TCE 1s a suspected carcinogen that the
product was added to the EPA's hazarcdous substances list.!
Today, trichloroethylene 1s the most frequently reported organic
contaminant in g »undwaters. Reported dissolved concentrations
range from 0.01 pug/l to 5200 g/1.°> Therefore, it is considered
a major motential health hazard.

TCE 1s a suspected carcinogen and may also be converted by

reductive dchaloylnation to mnre a potent carcinogen, vinyl




chloride.® TCE can be poisonous by inhalation, intravenous, and
subcutaneous routes.** TCE is also moderately toxzic by
ingestion.l? 1In low concentrations, TCE is a strong skin and
eye irritant and can cause severe headache and drowsiness. Irn
high concentrations, this chemical causes narcosis and
anesthesia, and damages liver and other orgarn rom chronic
exposure. 12
2.3 Transport Mechanism of TCE

Following a discharge or a leak, non-aguecus phase liquid
(NAPL) TCE 1is expected to migrate guilte rapidly in soils and
other water-unsaturated conditions, leaving droplets of organic
liguid in the pore spaces.® The amount of TCE left in pore
spaces depends on the medium and on TCE properties. This amount
increases when the permeability decreases. Under fully dry
conditions, TCE rapidly migrates downwards. Permeability, pore
size distribution of the porous medium, ond size of the spill
determine whether or not TCE i1s retained at the water table
level.> When the TCE hydraulic head exceeds the TCE entry
pressure, trichloroethylene migrates downward into the aguifer,
through the water table.® This downwards transport of TCE away
from the water table may be greatly influeiced by the hydraulic
characteristics of the medium.?

If retained at the water table (freguently), TCE may stop
its downward movement and diffuse laterally, together with a
slow migration downwards (TCE being denser than water). Lt the
water table, TCE may fcorm a NAPL reservoir providing very long

lasting source of TCE for mederately slowv dissolution in the
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moving groundwater that encounters the TCE source.® At this
location, NAPL-TCE will slowly dissolve in groundwater. Because
of natural heterogeneities, (e.g. presence of lenses of fine
material), the TCE plume can spread laterally during its
downward movement.® This featuxe of TCE allows the plume to
expand and extend quite rapidly, contaminating several aquifers
and rendering renediation actions very difficult to complete.
2.4 TCE in The Unsaturated Zone

As mentioned previously, organic compounds within the
unsaturated zone may coexist in five possibie states, as a free-
liguid between soil particles, as a vapor, dissolved in soil
: moisture, Aadsorbed to surface cof unsaturated zone soil

particles, or fully enclosed within th interior of the soil

matrix (Figure 2).° Studies show that remediation techniques
can easily and effectively remove a contaminant that is present
in any ¢f the first three states. However, significant
difficulties arise when trying to treat the contaminant that is

adsorbed within the soil matrix.® Contaminants in this state

appear to withstand common rem=diation techniques.? This
phenomenon is cauased by the slow sorpticn mechanism that acts on
contaminants in tiie unsaturated zone trapping them witihin the

soil matrix.?
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In the unsaturated zone, the sorption process was found to
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take a long time Lo reach eguilibrium.?® To reach true

equilibrium, recent studies indicate that organic compounds need
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between contaminant and soil, experimental data showed that
there is a rapid uptake followed by a much slower adsorption
toward equilibrium.3? Results of an investigation at the
Picatinny Arsenal site 1in New Jersey for TCE contamination
indicated that "field TCE distribution between the soll and soil
gas was from 1 to 3 orders of magnituae greater than the
distribution predicted under normal (rapid) equilibrium
copditions".3 It was strongly suggested that this was caused by
a slow TCE sorption from previously contaminated soil. 1In
addition, it was suggested that "long-term éon‘amination
produces a fraction of the sorbed contaminant that is relatively
resistant to desorption".3 That is, the longer the contact time
between ccntaminants and soil, the stronger the binding between
the two becomes. This will allow severely contaminated sites to
appear uncontaminated. Turthermore, Jue to descrption, these
sorbed material will desorb and pollute previously treated
groundwaters.

A study done by Bourg, Mouvet, and Lerner showed that TCE
is weakly sorbed on soils and aquifer solids with a linecar
partition coeff.cient.® The study also found that gaseous TCE
1s more adsorbed than aqueous TCE, with the extent ol uptake
being greatly influenced by the melsture content of the solid.
aAdditionally, because of 1ts low adsorption and weak degradation
under aerobic conditions, the diffuse contamination of aguifers
by dissolved TCE can be very eztcnsive.>

2.5 Sorption of Volatile Organic Compounds in Soil

Sorption interactions generally operate among all phases




present in any subsurface system and at the interfaces betwcen
these phases. Sclutes which underge sorption are commonly
termed sorbates, the sorbing phase the sorbent, and the primary
phase from which sorption occurs the solution cr solvent. Two
broad categories of sorption phencmenra, adsorption and
absorption, can be differentiated by the degree to which the
sorbate molecules interacts with and is free to migrate between
the sorbent phase.l3 1In adsorption, sclute accumulation is
generally restricted te a surface or interface between the
solution and adsorbent. In additiorn, adsorﬁ%ion process usually
yield suxface to interface concentrations of solute greater than
those in the bulk phasc; this makes it gossible for
precipitation ¢r association to occvr on & surface in the
absernce of a sclution phase reaction of the same type. 1In
cortrast absorption 1is a process ina which solute transferred
from orne phsse to ancother interpenetrates the sorbent phase by
at least several nanometers.l>

Sorption results ftrom a variety of different types c:
attractive forces between soluce molecules, solvent molecules
a1d the molecules of a sorbent.l3 These forces usually act
together, but one type or ancther may pe more significant than
the others in any situation. The absoiption prozess involves
exchanges of molecular cnvironments.l? During this process, the
dislribution of the solute between phases results from its
relative affinity for each phas«<, which in turn relates Lo the
nature of the forces which ¢xist between molecules ol the

13 These

sorbate and those of the solvent and sorbent phasces.
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forces can be similarly compared tc forces in classical chemical
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reactions.
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Adsorption also entalls intermolecular forces; however, it
is those molecules at the surface of the sorbent rather than

kulk phase molecules which are involved and more interactions
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take place.*? 1In addition, adsorption can be dividea into three
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t categoriles: physical, chemlcal, and electrostatic.!® These
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G categories can be distinguished according to the type of
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% attractive force which predominates.!
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x Several factors control the interaction of a contaminant
54

% and the surface of so0il or aguifer materials. Such factors
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include physical and chemical characteristics of the

contaminant, composition cf the surface of the sclid and the
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fluid media encompassing beth.!4 It is thus necessary to
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understand these factors in order to draw logical conclusions
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@g about the impact of scrption on the transport and cistribution
N

3 of contaminants in the subsurface. The failure to take sorption
%j into account can leac to a significant underestimation of the

b

;1 amount of a contaminant at a site as well as the time reguired
;4 . _

,} for it to move from one point to another.
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?5 In more detail, the propertics of & contaminant that
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) impact sorption include:
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- Water solubility

Polar/lonic character

T L

N - Octanol/Water partition cocfficient

- Icid/Basec chemistry

- Oridation/Reduction chomlstry.
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Soil characteristics can also affect the process of sorption.

Such characteristics include:l4

Mineralogy

i

Permeability/Pcrosity

- Texture

- Homogeneity

- Organic carbon content

- Surface charge

- Surface area.

Water, the primary transporting fluid under most
contamination situations, can have large impacts on sorption of
a contamirant. pH, for example, dictates the chemical form and,
therefore, the mobility of contaminants which can lose or gain a
proton.l4 galt content and the dissolved organic carbon content
can also affect the behavior ¢f a contaminant. For example, at
high concentrations, dissolved organic matter found in lechates
pose a cignificant influence on the movement of most nonpolar
organics.? Following sorption is usually desorption ¢f the
contaminant from scil to groundwater. Thilis process 1s explalned
in the next scction.

2.6 Desorption Mechanism of TCE

Among the many mechanisms that influence the transport of
volatile organic compounds 1in the subsurface zone, such as
advection, dispersion, diffusion, volatilization, and sorption,
desorption is one of the most important.l® Desorption is
defined as the reversible process of sorpticen. Desorption of

contaminant from so0il particles occurs in thrce consccutive
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mass—-transport phases: intra particle diffusion from the
interior to the outer surface of the particle, mass transfer of
the contaminant from the cuter surface cf the particle to the
gas phase, and lastly bulk transport of the contaminant in the

gas phase.16

This process, called reversibility, was found to
depend on the contaminant's initiazl soil-phase concentration,
soil organic carbon, and residence time.l® Unfortunately, the
desorption of VOCs from field contaminated soills has not been
studied extensively and not enough information to fully
understand the process is available. There;ore, experiments
with field contamminated soils are essential to understand
desorption, tate, and movement of VOCs in the subsurface zone.
Desorption of TCE from varicus soils was studied by
Pavlostathis and Mathavan. Results indicated the presence of a
fast desorption within 24 h and a slow phase beyonu 24 hours.?!®
The study also showed that soil type did not influence the
amount of contaminant desorbed.l® As an example, two soils with
different sand contents of 12* and £2> egually rcsisted
desorption.15 Furthermore, the results indicated the presencec
ol a portion of the contaminant that resisted desorption. This
portion is beliecved to be caused by the complex pore geometry of
the soil matrix.!® However, when using different soils, the
effect of pore geometry on descrption was undetectable.l® 1In
addition, and most importantly, 1t 1s worth noting that

residence time has the largest eficct on the guantity of TCE

desorbed. The fraction of TCE that resisted desorption




increased from 10 to 45% for the corresponding residence time of
2.5 and 15.5 months.1®

The implications of slcw and incomplete desorption are far
reaching. Desorption is believed to be the rate-limiting step
in most of the scil and aguifer remediation technologies
currently in use.
2.7 "Pump and Treat” Remediation Method

The currant and most common remediation technigue to
clean-up TCE contaminated sites is to '"pump and treat" the
groundwater. In this technique, water is p;mped out of the
ground, treated with alr stripping to volatilize the TCE, and
either injected back intec the ground or disposed of. Recent
studies showed that the contaminant load discharged by the "pump
and treat" methods typically declines with time, asymptotically
approaching a residual level.® Such benavior decreases the
efficiency of aquifer decontamination by pumping, and is
believed to be caused by the rate-limited desorption of organic

contaminants trom aquifer solids.?

This implies that during
contamination, a portion ¢f TCE adsorbs into the s0il and traps
itself within the matrix of the soill particle. After the
contaminated water 1is treated, 1t shows zero cr undetectable TCE
concentration. However, and unfortunately, over time, the
adsorbed TCE desorbs from the soill particles into the
groundwater and constitutes a continuous TCE source.

The removal of this dissolved and sorbed TCE by pumplng

requires the extraction of more water than 1s contaminated at

the onset of remediation. Thus, unless injection wells are uscd

23
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to supply the clean water, wnich is rarely the case, the "pump
and treat" method may reguire a significant volume of
uncontaminated groundwater surrounding the contaminated site to
flush TCE from the area.l’” However, kinetic limitations to TCE
desorption from the medium can occur during the remediation
period; thus, slowing the removal of TCE from the aquifer and
increasing both the time required to fully clean the site and
the total volume of water that must be eztracted to flush the
contaninated area. As a result, the long-term cost of such
pumping with treatment of the extracted waté; is often high and
the time necessary for cleanup is hard to predict due to the

- s A mea I
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unknowns abouit ithe mass of RAPL at or below ©h

Furthermore, if pumping is helted before complete clean up of
the site, ths contaminant concentrations in the groundwater will
rise as desorption continues.l? This desorption thus decreases
the efficiency of the "pump and treat" remediation technigue.
Due to this, it would seem imperative that a more effective and
gconeoinical means of remediation be developed.

To increase the efficiency and reduce the cost of pump and
treat remcdiation efforts, the "pulsed pumping” technique was
developed. Throughout the remediation period, the pumps cperate
in a cycle. 2fter the pumps have operated for a period of time,
they are turncd off to allow the TCE to desorb from the soil

particles into the groundwatecr. Aftcer the TCE desorption

rcaches a steady state, the pumps arc operated again. This

method increascs the cfficiency of TCE decontamination and
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lowers the cost of the operation by reducing the functioning

time of the system.
2.8 Vapor Extraction System

Another method that has recently deminated several VoOC
remediation technigues is the Vapor Extraction System (VES).
This method involves blowing large volumes cf air through the
contaminated soil to first volatilize the contaminant and then
trap it with collection equipment. This remediation method has
been more effective than the "pump and treat" technigue.
However, this technique was very inefficieng in recovering
contaminants that are either adsorked to the surface of the socil

3 [P,

particle or fully enirained wit

.
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indicated that the portion of the contaminant that 1is entrapped
in the soil matrix is impervious to the VES remediation
method.l® Under equilibr:um, this portion of the contaminant
can constitute up to 904 of the total amount of contaminant in
the so0il.? This fraction is expected to increase if the soil
was exposed to the contaminant for a consideraple period of
time.?
2.9 VOC Mcasurement Techniques

To measure the effectiveness and efficiency of a
remediation technigue, the ccncentration of the contaminant is
measured prior, during, and asfter the clean-up period. When
remedilating an unsaturated zone, the measurement techniques are
usually poor. The current EPL's preferred method for
determining VOC concentrations 1n so0il 1s the "purge and trap"

ttechnigque. In this technigue, an inert gas is passcd through




the soil, driving organic contaminants from pcre spaces and
external soil surfaces.l® The contaminant is then trapped and
its concentrations are measured with a gas chromatograph.l?
This method of measurement underestimates and does not account
for the contaminant's portion that 1s completely trapped within
the soil matrix of a soil particle.l® Recent studies indicate
that in long-contaminated soils, approzimately 90-99.8% of
contamination may be trapped in the interior of the soil
matrix.l?® Thus this measurement methods accounts only for a
very small fraction of the soil contaminatign and is effective
in measuring only up to 10% of the contaminant present in long-

1% naad
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contaminated sciis. icnally, thig technigue a2lso ignores
the portion of the contaminant that volatilizes when the
contaminant is exposed to atmosphere.?20

Several studies are underway to find more accurate and
effective measurements. A potentially more effective
measurement method than the "purge and trap" is called the
"dynamic head space"” method and i1s currently under
investigation. This method detects the concentration of VOCs in
the soil based on the strong correlation between the head space
or air gap in the sample ccntainer and the amount of VOC
existing in the soil sample.l® Analysis of this method
confirmed its accuracy and effectiveness in detecting VOC
concentrations in scil with precision superior to that obtailned
with purge and trap method with most soil types.?!

2.10 Physical Properties of TCE

As stated carllier in this chapter, volatile crganic
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compounds in soil may occur simultaneously in five phases: as a
free-liquid between soil particles, as a vapor , dissolved in
soil moisture, adsorbed to surface o¢f unsaturated zcne scil
particles, or fully enclosed within the interior of the soil
matrix (Figure 2).° This partitioning is controlled by several
complex factors (Figure 3).22 such factors include
environmental conditions (humidity, hydrodynamics, surface
features, temperature), VOC properties (koiling point, Henry's
constant, organic carbon content, partition coefficients,
solubility, vapor pressure), soil propertie; {bulk density,
classification, conductivity, moisture content, organic carbon

content, parlicle size, permeabili

vy, and microkic
factors (bacterial population, bacterial type) .22 Because of
the effects of these factors, numerous detailed studies on the
equilibrium properties of VOCs in soils have been conducted.
In general, volatile organic compounds are usually
distributed between the wvapor, liquid, and solid phases. This
distribution is cften described by the eguilibrium

relationshin:®
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CT=an,c%+—a—:-L+Cs
o

wherte
C- = the totul VOC concentration per weight of dry soil (ng/gl:
C.= the vapor phase ccncentration (pg/cm’);

C. = the sclution concecntration (pg/cm’);

C. = the sorbed concentration (ug/cm’);
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Figure 3. Eqguilibraum relationships for phase partitioning of VOCs in
so1l systems.’
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a = the soil air content (cm'/cm®);

p.= the soil density (g/cm’); and

§ = the soil water content (cm‘/cmi).

In this distribution, the sorbed concentration can be
related to the solution concentration via the Freundlich

isotherm:8

. 1
Cs=K(Ci)" (2.2)
where K 1s the partition coefficient oi the VOC in question and
n is some empirical constant, usually equal to 1. K, the
partition coefficient is linearly related to the soil organic
matter content and is also dependent o1, the water solubility.?
L Tion y, thc part

SYLam L ==-

ition ¢f the scorbkate between the water and
the sorbent 1s linearly related to the organic carbon content of
the soil and the lipophilicity of the crganic content.?3 1In
unsaturated soils, it was found that the liquid and vapor phase

concentrations are related by Henry's law:

Cv= K. (7. 3)

where ¥,  1is Henry's constant.
Lt the same time, the sorbed concentrations and gas phase
concentration are related by the Langmuir Isoti.erm:?24
K.Cv

= {
1+ K.Cv

N
e

where

} = fraction of the surface area ccvered by TCE; and
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K, = ratie of aasorption t¢ desorption rate cceificients.
Furthermore, the sorbed concertracion of TCE can be relatea to
the suriace fraction P through the geometry of the soil particle
because vhe Langmuir Isotherm does not account for diffusion of
TCE into the interior of the soil matrix.

Some important physical properties of trichloroethylene
are provided in Table 2.8
2.11 Xinetic Properties of TCE Desorption From Soils

Most analvtical models used in aguifer cleanup efforts at
contaminated sites disregarded the effects ;f rate-limited
sorption/desorption of organic contaminant from aguifer solids.

tardatiocn facter in the advectio

/dispersion

equation to account for sorption, these models have assuiaed

-
-

local equilibrium between the sorbed and liquid pheses. ® More
recertly, many advection/dispersion models were developed to
also incluce either a physical or a chemical rate limiting

fer

L.

process.25 To further increase the efficiency of aqu
cleanup efforts, more analytical models that accoun’ for the
large effects cf rete-limited sorption/desorption are culrently
under development. The purpose of tris thesis is to extend the
experimental dats base which charactcerizes the rates
desorption of TCE from different types of soil and to evaluate
and explain the temperature dependence of these rates. The
result should help construct a more efficiernt model whic
describes the non-—eguilibrium proucsses.

A recent soudy by Meuvelt and Barberies showec that batch

desorption of TCE from long-contaminated so0il reached an
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Table 2

Physical Properties of TCE

Formula

Molecular Weight

Density (@20°C)

Vapor Pressure (@ 20°C)
Freezi 3 Point

Melting Point

Beoiling Poant

Flash Point

Auto ignition Temperature

~

-1 . -2 M do e e 1 1 C0
Fliysleal <Sevacee (o to

[
[

Ial -
w oaiix

D

Liguid Surface tension (@20°C)
Vapor Specific Gravity

Ratio of Specific Heats of Vapor
Latent Heat of Vaporization
Viscosity

Solubility (@ 20°C;

Henry's Constant

Partition Coefficient

EPA Ground Water Standard

Octanol-water coeff (log K_)

Organic carbon partition coeff (K

HClC=CCl:
131.39
1.46

58.

-86.8

-70.

1.110

2.4%10°

126

Unitless
g/mol
g/cm?
torr

°C

“C

e et
°c

°F

N/m

g/cm?

Unitless o
J/ kg

cP

g/liter

Unitless

ml/g

Hg/liter

Unitless L

ml/qg
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apparently steady state within one day (24 hours) whereas
sorption reached an apparently steady state in three days ({72
hours) .23 The same study indicated that the time necessary to
attain egui.ibrium decreases with the size range.23 During TCE
desorption from contaminated soils, two distinct time scales
were reported: an initial rapid (hours) rate which involved TCE
near the surface of the soil followed by a slower (days) rate
involving TCE diffusing from within the soil particles or from
the soil matrix.?3 TCE desorption was found to depend on soil
moisture content, soil type, distribution o% the porous medium,
temperature, and on the residence time and the initial
concentrat..:.n of TCE.23 These effects and others are briefly
discussed :. the next section.
2.12 Factoil: that Affect TCE Desorption from Soil

2.12.. Iffects of Resident Time in Soil

As sta::d earlier, the longer a contaminant is in contact
with a soill, the greater the portion of the contaminant that
will hecome '« ntrapped in the soil matrixz, and the longer it will
take this cor taminant to desorb from the soil.? A study that
evaluated the ce¢ffect of resident time on desorption of TCE f£rom
soil was conducted at Clarkson University, INY. During several
experiments, clean scils were exposed tce diluted TCE solution

for 2.5, 5.5, and 15.5 months. The results cf a twelve day

desorption process shcwed an initial fast desorptlon rate from [
so0il surface followeu by a slow desorption ratc from the
internal soil.!® This study demonstrated that the TCE remaining

in the 501l was 10+ for 2.5 mwonths resident time and 45> for
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15.5 months resident time. The indication of this is that the
longer the period of expcsure of a soil to TCE, the greate the
portion of TCE that will be entrained within the soil matra,
and the longer the period c¢f time reguired to descrb the same
guantity of contaminant (Figure 4). A further conclusion of
this study indicates that the fraction of TCE thaet resisted
desorption was the same for different types of soils.l®

2.12.2 Effects of Solil Moisture

Water has a very strong adsorptive behavior due to its
strong polar interactions with soil minerai;. Under fully dry
conditions, soil matrix sorption governs over organic matter
uptake.?® In unsaturated soils, volatile organics and water
vapor will competitively sorb onto a mixture ¢f surface types.®
In addition, in the Vadose zone, a water molecule existing in
the s0il minerals suppresses the uptake of non-polar organic
solvents.2® However, in a fully saturated zone, almost all soil
uptake is due to organic matter in the scoil and almost no uptake
is due to soil minerals.?¢ A study done by £.M. Steinberg and
D.K. Kreamer showed that, using 1inverse gas chromatography,
addition of a small guantity of water vapor to the carricer gas
that containcd some VOCs significantly decreased uptake of these
VOCs by the sandy soil.d

In the unsaturatcd zone, studies confirmed that the amount

of sorption in the vapor phase is strongly affected by the soil

moisture content.<% One of these studics indiceted that under
fully dry conditicn, sorption <f o large amount of pesticides
into the soill matrix occulred. However, 45 Lthe soll molsturce
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content 1increased to about 90%, no pesticide sorption into the
soil matrix was observed.2® This phenomena was observed because
of the competition of water molecules to sorbk to the soil
matrix. When in contact with a contaminated soil, water
displaces the contaminant sorkbed to the soil surface.® This
occurs because soil mineral surfaces prefer pcoclar water
molecules over nonpolar organic compounds.® For instance, after
a rainfall on & dry contaminated site, odors of the ccntaminant
have been observed. These odors were almost unnoticeable when
the soil had & moisture content. -

Say Kee Ong and Leonard W. Lion investigated TCE scrption
to soil as z function of soil moisture content. The results,
(Figure 5), indicated & strong corvelation between soll moisture

content and TCE sorption.®

Region 1 represents soil with no
moisture or an oven dried surface with up to single monolayer of

water. This region shows large and significant amounts of TCE

sorbed to the so0i1l sarface. Reglon 2 represents moist soil with

one to five nmonolayers of water on soll surface. In this
region, TCE sorptlon to soill surface significantly decreases and
reaches a miramum value. Water competitively took over and

sorbed to the scil surface.® 1In rcgion 3, where moisture
corntent was atove 5 monolavers ol water to complete saturation,
TCE uptake by soil slightly increased due to TCE dissolution in
water.®

2.12.3 Effects of Temperature

Bvidence strongly supports the fact that temperaturc

enhances desorption of volatile organic cumpounds from
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Figure 5: Designated regions and proposed sorption mechanism for
vapo:r phasc sorption as a function of moisture content
of the surface?d




contaminated soils. A kinetic treatment cf the Langmuir
isotherm indicated an expenential dependence of K. upon 1/T.24
In an experimental setting, investigators found that an increase
of temperature from 10°C to 25°C enhanced the losses cf four
polycyclic arometic hydrocarbons (PAHs) from two different
s0ils.?’ Results indicated that the losses of contaminant
increased from 39 at 10°C to 70% at 27°C (Figure 6).27 This
study also revealed that the rate of desorption of these PRKEs
from soil depends on the physicochemical properties of both the
contaminant and the soil.?’7 Organic matter “in the soil was
okserved to play an important role in PAH sorption and its
nersistence in soil.?7

hnother study investigated thermal descrption of
1,2-cdibrcmoethane (EDB) from two different soils. KResults
indicated that after being extracted at a temperature of 100°C,
79%¢ of the initial concentration remained in the analy:zed scil.
However, extracted at a temperature <f 200°C, the soil retained
3.6% of the initial concentration.l® 1Investigators explained
that this low retention was likely due to the fact that EDB
could have decomposed at higher temperatures.:?

A more detailed study performead by Mingelgrim and Gerstl
in 1983 indicated that temperiture can positively or negatively
influence s0il sorption. The two investigators explained this
influence by stating that the heat of adsorption of a solutc
trom solution can be either endothermic oi cxothermic.?® In an
experiment, the uptake of parathblon from hexane solution by

partially hydrated soils was studied. In this crxpceriment, the
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parathion (a weaker adsorbate; was competing with water fcr
adsorption by scil minerals. When temperature was raised, the
energetic interaction of minerals with water was weakened much
more than with parathion (heat of adsorption per unit area is
greater fcr water). Thus, thls increase in temperature enhances

water solubillity in hexane more than the solubility of parathion

and allows parathion to compete more favorablv for adsorption.2®
2.12.4 Effects of pH

Several studies were performed tc evaluate the effect of

LRUSTRR, * PR W Ry Y

pH on adsorption and desorption of TCE from” contaminated soil.

LA Ll

These studies revealed conflicting results. One of these
studies jnvestigated the effects of pH on sorpticn of TCE in

pure montmorillite clay over & 36 hour period and found that the

i3 ALAT T UAMER .

maximum amount ot TCE sorption was at a pH value equal te 4. At

y
i
g

pH values below and above 4, TCE sorption significantly

decreased.*! However, it is of importance to indicate that the

clay used in this experiment was treated with sodium c¢itrate-

Woel

bicarbonate-dithiionite to remove the surface coating of

i

LH

Rl

amcrphous metal ozides. Sorption of TCE to the same but

* T
fie

untreated clay was not influenced by pk.1l

T Ay, T

The resulte of this study indicate that the disruption or

removal of the normal surface charge of clay caused by metal

oy oxides increases the sorption of TCE at a pH of 4.11 tHowever, a
better understanding of the role of surface charge to the
sorption process was needed Lo completely interpret the resulils.
In addition, this study only investigated surface sorption and

did not ecvaluate Jong-term sorption.tl
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In contract, a study that used soil contaminated with TCE
for more than 18 years, indicates that changes to the pH from 3
to 13 have undetectable effects on desorrction rates over a 24
hour period. The soil used in this study was composed of 56%
sand, 32% silt, and 12% clay. The results established that pH
has no effect on TCE desorption because TCE is a nonpolar
organic compound. The investigators added that only surface
soil was evaluated, however, they anticipate that long-term
desorption of TCE from soil matrix is weakly affected by pH.Z2®

2.12.5 Other Factors Affecting Desorption

Solubility of chemicals in water was shown to influence
kinetlics of both adsorption and desorption processes. In fact,
organic compounds with low solubility have a strong tendency to
sorb to soil. Another factor that could influence adsorption
and desorption is the chemical make-up of soll. The rate of
benzene sorption was three times greater in Al°" saturated clay
than in Ca’" saturated clay.?®

A study performed by Bourg, Mouvet, and Lerner showed thst
sorption and desorption are slightly influenced by ionilc
strength.23 Scrotion of several organic compounds was found to
also be influenced by the soil particle size. The smaller the
size of the soil particle, the greater the soll's available
surface area, and the larger the adsorkbed guantity of VOoCs.*®
2.13 Spectroscopic Data of TCE

Even thought trichloreethylene is the most freguently

reported contaminant in groundwater, 1ls specltroscopic

properties have becen of less concern and have received limited




attention. In 1%77, Stadtler Research Laboratories analyzed an
infrared absorption spectrum of TCE and found that TCE absorbs
light at a freguency of 3080 cm”.3Y To confirm the above
result, a part of this thesis was to determine the infrared
absorption spectrum of TCE in the gas phase at high resclution
(0.02 cm*). This task was done using the Bomen spectroscopic
data base. This experiment is fully described in Chapter 3 of
this thesis. The results confirmed that TCE absorbs light at a
frequency nearly equal to 3080 cm*. Tnerefore, throughout this
project, the feature at 3080 cm* will be used to monitor the
absolute concentration of TCE in the gas phase. In addition,
this feature is used to utilize sensitive indium antimonide
detectors. Once the cross-section for optical aksorption is

determined, by measuring the ratio I./I., the absolute TCE

concentration in gas phase can be determined according to Beer's

Law:

L =lee (2.5)

In addition to measuring desorption rates of TCE as a
function of temperature, this thesis will also include an
improved spectroscopic characterization of TCE absorption near

3080 cm: and a determination of the cross-scctiorn, G, as a

function of tecmperature.




III. Methodology and Description of Experiment

3.1 General Overview and Description of Experiment

To determine sorption and desorption of TCE from soil
samples using infrared absorpticn, an optical chain that starts
with an infrared glowbar source and ends with liquid nitrogen
cooled InSb detectors was used. The experimental concept is
shown in Figure 7 and the overall apparatus used in this
experiment is diagrammed in Figure 8. To isolate the optical
absorption due to TCE only, narrow band-pass filters were placed
on the detectors to pass only frequencies within the range 3060-
3140 cm’, because a TCE molecule very efficiently absorbs light
in this fregquency range. By monitoring the intensities of the
incident and transmitted signals from the infrared source on the
InSb detectors, the concentration of gas TCE inside the tube was
measured. Furthermore, absorption due to other specles present
in the uncontaminated soil samples was accounted for by
assessing a control sample. To improve the outcome of the
erperiments and to ilmprove the minimum detectable TCE
concentration, phase sensitive detection with lock-in amplifiers
were used. Toc generate sufficient large numbers of data points
with high accuracy, a computer was simultaneously collecting
data trom the detectors, amplifiers, and the other measurement
eqguipment.

To eliminate atmospheric interferences, desorption

directly to vacuum was studied. First, the sorplion and
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desorption by the glass and O-rings was determined by expo=sing
both empty cells tc vapor TCE and allow time fer adscrption and
desorption to reach eguilibrium. These effects were later
subtractred from the experinental data in order to obtain only
those a2ffects due to soil adsorption and desorztion from the
experimental. soil. Second, two grzms of plastic clay scil that
were exposed to liquia TCL for 2 days were arranged zlong the
tube in several particle layers. Rfter eliminating atmospheric
gases by re-evacuating the cells, scrbed TCE was then allowed to
desorb from the soil into the tube for a period of 4 hours and
TCE concentration over time was recorded. Capacitance
manometers were used Lo measure the pressure in the cells. Cell
temperature was aiso measured using gas phase therr ococuplez snd
was controlled with beat tape. A computer program was generatec
using Microsoft QuickC to collect sufficient data that was later
analyzed.

The expected TCE wvapor concentiation as a function of time
from these experiments 1s shown in Figure 1. As indicated
earlier, there will be an initial rise character.stic of
desorption near the surface of the s0il layer and a subsequent
slower rate characteristic of desorption from the soil matrix.
As the period of desorptior gets larqger, desorption of TCE from
soil is anticipated to reach a new eguilibriun.

In this thesis, the temperature depandence of the initial
and subsequent desorption rates will be studied very caretully.

To accomplish this task, the TCE absolute absorption cross

sectional area U as a funciron of temperaturce was determined by




observing the trarpsmitted intensity from know.a TCE vapor
concentration at different temperatures. Further, the validity
of the Langmuir Iscotherm will be assessed in Chapter 4 of this
thesis.

In order to conduct the above described desorption rate
expeximents, the infrared abscrption spectrum fcr TCE in the gas
phase had to be determined and reccrded at high resolution (0.02
cm') using a Bomen DA-8 Fourier Transform Spectrometer.

B.é Experimental Theory

3.2.1 overviev and Molecular Spectroscopy

The use and role of arn infrared light source in this
rec..arch 1s very critical. By comparing the intensities of the
emitted and transmitted signals, the concentraticn cof gas TCE in
both glass tubes was determined. This was done according to

Beers law:® V

I =T.e " (3.1) ‘
where:
I. = Incident intensity:
I. = Transmitted intensity; :
o = TCE cross section for optical absorption; |
L = Path length traveled by the signal; .
N = TCE concentration inside the glass tube. !
Molecules absorb light at specific vavelengths. Because
of its structure and its atoms, a meolecule will absorb at
specific clectromagnetic fiequencies. 1n additior, the amount




of light absorbed by a specific molecule depends on the atoms
that constitute the molecule, the structure of the molecule, and
on the type of bonds that hcld the atoms together.3!
Frequently, different molecules may absorb some electromagnetic
frequency but with different efficiencies. For example, a TCE
molecule was found to strongly absorb light at a frequency of
3080 cm™* but hardly absorbed a freguency of 1500 cm™™. The
photons of the abscrbed light can then excite the atoms and
cause them to go to a higher energy level.

A molecule is a flexible structure whose atcms are bonded
together by "what can be considered effective springs."31

Therefore, the molecule can vibrate and acquire vibrational

-

enerav This wvibrational

.............

motion and corresponding vibrational
energy can be altered if the molscule is exposed to iifrared
radiation.3! Besides rotating, a mcleczule can vibrate in
several different ways, with its atoms moving in various
directions with respect to one another. The freguencies that
are primarily absorbed by the molecule correspond to the
vibrational freguencies of the atoms that form the molecule.
Several molecules, TCE for example, have both vibrational and
rotaticnal resonances in the infrared (IR) and are thus
considered good absorbers of light in the IR spectrum.3?

In the photoelectric effect and in many aspects of
emission and absorption, radiation behaves in a way that
suggests a strcam of particles called photons. Each photon has
an amount of energy E relcted to the frequency V, by the

expression:33
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Ep:th (3-2)
where h is Plank's constant and the subscript p stands for
photon. When a photon is absorbed by a molecule, raising it

from its ground state, where the molecule has energy E,, tc the

gt

excited level E., the relation between the energy E, of the

photon absorbed and the energy gained by the molecule is:33

Er=Ei-Eo _ (3.3)

These changes in energy state are called transitions. However,
not all transitions are possible but a probability is assoclated
with each transiticn.

At sufficiently low temperatures almost no molecule can
acquire encugh energy by collision to reach an excited state and
nearly all molecules are in the ground state.3? &As temperature
increases, the egquilibrium numbers in excited states will
increase and the amount of vibrational energy will increase.34
The number of molecules with energy in the range £ to E + dE is
proportional to the product of the EBoltzmann factor e % and the
number of states in the range dtE.3% For a simple case, if we
assume there are only three energy levels E., E., &nd E., the

following statistical population distribucion exists34

.
No= Ae ‘Fiv (3.4)




N, =Ae ‘*T (3.5)
therefore
{(E1-Eo)’
N e ¥ (3.6)
No )
or
.’IZI—EO‘l -
-
Ni=Ne ' ™' ~ (3.7)

- . - e ma PRI I 1
where A 1s & constant depending on the number cf meolecules

-

Therefore, it appears that temperature does in fact have an
effect on the activation of TCE melecules. As temperature
increases, the number of energetically activated TCE rniclecules
incre. ses and theilr movement increases as well.

3.2.2 TCE Absorption Spectrum

3.2.2.1 Gener.l Theory

Critical to this research was the use of an infrared
glowbaxry light source and the use of few ontical lensces. 1In
crder to measure the concentration of TCE in the interior of the
cell, the intensity of the incident and transmitted signals on
the detector had to be measured and recorded throughout the

experiment. However, because TCE is the chemical that was used

and because different chemicals abscrb different electromagnetic




frequencies (EMFP), the absorption characteristics of TCE had to
be determined.

As stated earlier, a study performed by Stadtler Researcn
Laboratories indicated that TCE absorbs light very effectively, B
in the frequency range of 3040 to 2140 cm*. Therefere,
throughout this research, this frequency range was used to
determine the concentration of TCE in the gas phase within the
glass tube. Using this frequency range, changes in Lhe
intensity of the transmitted signal <orrespond to changes in the
concentration of TCE within the enclosed glass tube.

To re-evaluate the electromagnetic frequency cf the light
that TCE absorbs in the IR regior. and to consistently define a
more accurate range of TCE 3bsorption, a new experimental
analysis of the TCE low resolution spectrum was performed. To
accomplish this task, a Bomen DR-8 Fourler Transform B
Spectrometer was used.

3.2.2.2 Descriptiovon of Experiment

The erperiment setup 1s shown in Figure 8. A 2 1inch

diameter by 1 inch long custcm-made Calcium Flucoride cell was

used. To eliminate atmospheric interferences, this cell was

Hh

irst evacuated down to vacuum, then filled with vapor TCE until
the pressure within the cell reached the vapcr pressure of TCE.
Tnie cell was then placed in the optical line of the Bomen
spectrometer. A glowbar light source similar to the onc used in
the-desorption c¥periments was uscd to emit a light beam that i
was reflected by several mirrors. DBelore arriving at the

detector that records the wavenumbers of the transmitted light
g '
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the beam first went through the gas TCE cell. The frequency
range used in this experiment was 3000 to 3200 cm® and the
losses of the intensity of the signal passing through the cell
was recorded and analyzed.

It is of importance toc note that the vindows attached to
the glass tube used in the soil desorption experiment are also
made of calcium fluoride material. This material, unlike glass,
does not abscrb wavelengths in the infrared freguency range used
in this experiment. Therefore, any reduction in the signal is
believed to be caused only by substances inside the cell.

To account for signal lecsses due to other species, a
background experiment was performed using an empty cell that was
first evacuated. Because the soil used in the TCE desorption
eZperiments may be slightly moist, an euperiment was performed
to assess signal lesses due to water by placing water in the
cell. Both control exncriments revealed negligible effects of
water and atmosphere on the TCE optical absorption spectrum.

3.2.2.3 Results of Experiment

Figure 10 indicates that TCE absorbs light in the infrared
region at a frequency near 3080 cmw*. Ahs a result, a frequency
range centered at 3080 cm’” was used to 1lncrease the sensitivity
of the detectors and to 1solate absorption duc te TCE alone and
not to other species in the cell. Scll desorption experiments
were thus designed so that leosses in signal can be used to
determine concentrations of gaseous TCLE desorbed from the soil
samples. In addition, the nitrogen cooled indium antimonide

detectors used in this rescarch can detect intensity changes
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very effectively near the frequency 3C€2 cm*. When cooled,
these detectors will detect intensity changes very effectively.

To define a smaller and more accurate frequency range for
TCE absorption, a similar experiment at high resolution was
performed using the same apparatus that was used for low
resolution. During this experiment, TCE abscrption in the gas
phase was recorded near the freguency 308C cm- with 0.02 cm*
increments.

Figure 11 clearly indicates that TCE in the gas phase
absorbs light very effectively (near 100 %) at a frequency near
3080 cm:. Therefore Custom-made filters centered around 3080
cm that allow the passage of only those wavenumbers between
3060 and 3140 cm* were designed and placed on the detectors.
The range 3060 to 314C cm* was used to include those wave
numbers that are not 100> absorbed by TCE but that still appear
to be somewhat efrectively absorbed by TCE. This will allow a
minimum signal to be detected at all times. This 1s critical
when comparing incident and transmitted signals both thrcugh
high TCE concentrations. In addition, the transmitted signal
will never approach zero because some freguencies withiln the
used range will never be 100: absorbed by TCE and therefore,
there will always be some signal on the detector even when the
cell 1is completely filled with 100: pure TCE.

3.2.3 Cross Sectional Area (J)

3.2.3.1 Theory

+o

When a beam of photons is incldent on a medsum, 1its

intensity decreases exponentlally with increasing depth of
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penetration into the medium. This reduction in intensity is
referred to as attenuation of the beam.3C This attenuation of a
beam can also be causad by 1ncreasing the concentration of a
light absorbing chemical.

Throughout this research, the infrared beam was
transmitted through the glass tuhe that contained gas TCE that
desorbed from the contaminated soil. The photons in the beam
would strike at random through the glass tube. Knowing the tube
enclosed a TCE concentration, there is some chance that a TCE
molecule would abscrb one of the photons. Each TCE molecule has
an effective area o, called the cross section.3? Cross section
can be thought of as the area of the molecule that is at right
angles to the direction of motion of the photons.30
Furthermore, it is assumed that a TCE molecule will absorb a
photon only if the incident photon strikes an area g.30

Therefore, the probability that a collision will occur is

proportional to ¢. That is the preobabillity increases as the
number of molecules 1ncreases. 1f we define:

¢ = the length cf the tube;

N, = the number of incident photons:

N = the number of molecutles per unit volume (particle/m ),

each with cross secticn o
dN;, = the number of photons that werc absorbed in the tube; and
A = the cross secctional arca of the tube (nr-),
then the ratio cf the number of the absorbed phetons to the

nunber of emerging photons, dhN/N, cguals the ratio of the total

target cross scction nohdx to the tube area A.30% That is
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= Nodx
A

The minus sign indicates that photons are being removed from the

beam. Integrating this expression and letting N:

and N. = N, - dN, at x = L,
-‘-NL dN» - ﬂNO’J’LdX
NO NP "
ln(Iﬁgzz—JQoL
\ N
or

the result is

Ni = Nee ™" = Ny

= N at x = 0

(3.9)

(3.10)

{3.11)

Equation (3.11) indlicates that the number of photons that

penetrates the glass tube decreases ezponentially with tube

length. That is, the longer the <tube,
absorved within the tube.20
In this study, however,

constant and the variable was TCL

the more photons get

the length of the tube was held

concentration inside the tube

that should increase because of desorption from the experimental

soll. During the period of desorption ot TCE,
of TCE inside the glass tube increases and

through the tube without being absorbed by

the concentration
fewer photons travel

the TCE molecules.

Therefore, by analogy, the length of the tube in the above

'h
~J




derivation corresponds to the concentration of TCE in this
research and the number of incident and emerging photons
corresponds to the incident and transmitted intensitaies.
Therefore, the intensity of the transmitted Leam was expected to

decrease with time. That is:

I = Le™™* (3.12)
where
I. = transmitted intensity (mVolts);
I- = incident intensity (mVolts): -

o = cross-section for optical anccrption (cm*/molecule):

1 = path len~ta (cm),; and

il

M concentration of TCE (moleculrs/m?).
Eguaticn (3.12) is known as Beers Law. 3%

once the cross-section for optical absorption of TCE was
computed, the absolute TCE concentration in gas phase could be
determined simply by calculat:ra the ratio I./I1. then using
equation (3.12).

3.2.3.2 Description of Experiment

To experaimentally determine the optical cross section of
TCE, vaper TCE was slowly 1ntroduced into each of the glass
tubes in a linear form until the vapor pressure of TCE at rcom
temperature was reached. By slouvly evacuating both cells, this
TCE pressure was linearly released at the same rate. During the
experiment, TCE pressure, cell temperature, and the transmitted
intensity of both ceclls were continuously recordzd every seccond

via the computer. +the recorded data was later analyzed by using
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Beer's law equation (3.12) *to mathematically solve for the cross

sectional area.
3.2.3.3 Results and Calculation of cross section

For each gas, the Ideezl Gas Law states that:

PV =nRT

P = pressure of gas (torr).
V = volume of gas (cm'};
n = number of moles: -
R = Ideal Gas constant;
= 0.0821 (lit-acm/mol-K);
= 1.0356x10*° (cw—torr/msliecule~-*K;; and
T = temperature of gas (°K).

Arranging equation (3.13) gives

N=D_FP
V RT

where
N = TCE concentration (molecules/cm ).

The ratio n/V in eguation (3.14) corresponds to the

concentraticn "K” used in Beer's law {equation (3.1Z2).

Rearranging Beer's law gives:

ln(%)z:—uﬁi

or

(3.13)

(3.14)

(3.15)




0= - (3.16)

After Substiiuting eguation (3%.14) for N, equation (3.16) thus

beccmes.
/E)
o=-lnL1° *[—RI) (3.17)
L P
ox -
o)
o~=-(RT)*—I—)-I:— (3.18)

After replacing R with its numerical value, eguation (3.1i8) becomes:

ln(£>
o=-1 0356x10"9"‘T’*—?\)iL (3.19)
where
¢ = optical cross section of TCE (cm');
I. = transmitted intensity at time t;
I = 1incildent intensity at time zero (N = 0);
L = path traveled by beam xnside the tube = 42.5 cm;
P = pressurc¢ (torr); and
T = temperature ('K) = 300K (room temperature).

To solve fcr o, a graph of P versus 1In(I /I,) was plotted

ana anelyzed tor cell 2 (Figurc 12). DBecause L anu T were held

constant in equation (3.19), 1f{ o 1s assumed to be constant at a
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tenperature equal to 300°K, the graph shcould show a linear
relation between pressure and 1n(I./I,) with a negative slope.

Unfortunately, the graph appeared to have some curvature
(Figure 12). The reason behind this curvature was that the
filter placed on the detector allows freguencies that are not
absorbed by TCE to pass through to the detectcr. 2As mentioned
earlier, both filters allow the passage of all frequencles
within the range 30€0 and 3140 cm’ so that & signal not affected
by the presence of TCE in the cell will always be reccrded by
the detector. This constant intensity that was constantly being
recorced by the detectors even when the cell was 100% filled
with pure TCE appears to be causing the curvature on both
graphs. Therefore, a correcticn wad nccessary to chtain a more
accurate and representative optical cross section of TCE. A
complete mathematical derivation that explains how and why the
specific ccnstants were subtracted to get a linear graph can be
found in Appendix 4. The results c¢f the analysis from Appendix
L incicates that the optical cross section of TCE for cell 1 was
O-=3.334)&10_:”@1:2/molecul and ¢:=3335x%10 “cn® /molecule for cell z.
After the nzcessary corrections were made, the graph was again
plotted and became nearly 100xr linear {(Figure 13). Because both
cells appeared tc possess very simil.r characteristics, 1t was
decilded that cne single cross section value would be used for
both cells. Tnis crnss scotion wa. computed by taking the

averagce of the «:»2s: se~tiorn 2f i2th rell: . Thls value was:

. s 2
o 3 3345x16 ¢’/ moleeul




3.2.3.4 Temperature Dependence of G
The cross sectional of TCE was experimentally determined

as a function of temnerature to 100°C. The erperiment, which

was performed in tlr2 same way ©reviosus Cross sections were
determined, revealed no efiect of temperature on the optical
crocs section. Therefore, throughout this thesis, a constant
cptical cross section of TCE at room temperature was used.

, 3.3 The Experiment

: 3.3.1 General Overview

Kinetic rates usually exhibit strong temperature

dependence in part due to activation energies. The temperature

T T

dependence of the TCE desorption rates will provide critical

L data four assessing the applicability of wvarious microscowmic

L

g mechanisms for the desorptior process. It was ewpected that an
E increase in temperature would accompanied by an increase in

R ,

5 desorption rates.

ol

g The experiments of tais study were designed to measure

)

I¥

§ temserature dependence of TCE descrption rates from Plastic Clay
ﬁ 9¢b. Tnis depcendence was evzaluated within the range 27 to

&

¥ 100°C at a fixed sorbed liquid TCE concentration and & fived

exposure itime of 2 days.

The experimentis consisted of two identical ylass tubes

with celcium fluoriae wilindows glued at each end. Measuremen:

devices such as pressure detectors and thermocouples are

e A
Rl

attached te cach tube to measure pressure and temperature
throughout the desorption phase of the experiment. To c¢liminlate

P atmospheric interferences, cach glass tube was cvacuated down ‘o




vacuum. To continuously maintain the experimental scil under a
fixed temperature, both glass tubes had heating tape placed
around them throughocut the desorption period of TCE from the
soll. Each of the two glass tubes was filled with 2 grams of
Plastic Clay 98b that has been ccntinuously exposed to liguid
TCE for a period of 2 days. The two tubes were then closed,
temperature was applied, and data ccllection began.

To detect and measure the concentretion of desorbed TCE in
the glass tube, a glowbar was used as the source of an infrared
beam that would travel through the closed tubes. Before
reaching the first end of the tube, this IR beam would first

have to go through an optical chain discussed in the next

W

section. Then Lhe signal Wwill enter znd leave the exnerimental
tube through calcium flucoride windows, pass through the filters
and finally arrive at the detector where 1ts intensity was
recorded. DBecause data was ccllected via a computer, all
measurements, including temperature, pressure, and signal
intensity, wWere ccnvertecd To voltage then transmitted to the
computer. Via the written computer procgram, the computer was
able to convert the recorded data bachk to 1ts absolute units
(“C, torr, mVolts) ard stored it in a data file.

3.3.2 Components of the Optical chain

The apparatus used 1n these experiments consisted of
several optical and electronic devices. These optical devices
were placed in a chain such that the errcr sources were

minimized and the guality of the data collected was higher.

This optical chein consisted of sceveral devices.




Throughout this research, a glowbar was used In this study as an
infrared light source. Second in the optical zhsin, an aperture
was placed next to the glecwbar in order to limit the spatial
exntent ¢f the IR light beam for mazimum intensity cn the
detectors. To chop the IR signal, a chopner was rvlieced after
the aperture and was set at a constant frecuancy of 24Hz(not a
fraction or a multiple of 60Hz). This freguency was connccted
to a lock-in amplifier to eliminate the IR emissions from other
sources in the room and te allow only the IR £ignal coming out
of the glocwbar to he detected. To converge the chopped signal
for maximum intensity, a calcium florid lens was placed after

the chopper. Because of the similtaneous usc of two parallel

¢
-

cells, and the wav Lhe ¢zpe:
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beam splitter was placed after the lens to spiit the IR beam
into two egual beams. The first half beam would yo through the
first cell (cell 1), and the other nhall, after being reflected
by a mirror, would go through the second cell (cell 2). This
milrror was needed because of the setup of the two cells with
respect to the IR giowkar scurce.

In order to obtailn accurate data, calcium flucride windows
were glued to the enas of each glass tube to allow the signa: tco
pass through the glass tubes with no losses. These window:,
not absorb infrared light. Thereilcre, any reduction in the
signal’s intensity would not bc causcd by the windows. The -
wilndows arc glued on the ends of the tubes by a miz called

Seal that 1s deslgned for applicatlons in a vacuumw en o R
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In order to maintain the cells unaer vacuum conditions at the
connections of glassware, Kelvar (Teflen) O-rings were placed
between the steel connectors and the glassware. These O-rings
were designed to not adsorb any organic chemicals and were found
to adsorb & negligible amount of TCE. To connect the different
pleces of glassware of the experimental apparatus, three types
of ¥ inch Cajon Tube Fittings connectors were used in the
experiment. The three connectors are made of stainless steel
and include T-connectors, 90 degree elbows, and straight
connectors. These fittings compress O-rings to =seal against the
glass tubing. In addition, four valves were used in the
experimental apparatus. Two of these valves were used to
contrdl vacuum cenditions and the other two were used to expose
the cells to vapcr TCE icr alignment purposes and in the TCE
opitical cxross section experiments. Each of these twe valves was
piaced on a glassware finger that contained liguild TCE and that
was connected tce the cell via & T-connector. PR11 four valves
were tested and found nct tc allow any learnrs.

To keep the experiment enclosed and to mailntain the

desorbing TCE witl.in the cell for concentration measurcments,

different glassware pieces were used. These glasswarc pieces
were connected ln a way to maintain the cells under vacuum and
away from atmospheriz interfcrences. Finally and most

lmportantly, two T shaped Glass tubes werce used to contain the
crnperimental scill and *hus the cescrbing TCE. Ea h ¢t thesc

‘ubes was placed 11 o way that aliswed the incident (R bean to

o tihrough the desort-ing vep~r TC . and Lo arrive o1 the
~ b b




detector. These glass tubes were » inch in diameter and could
hold vacuum conditions of under £x10 torr. Efter each
experiment, these tubes were cleaned and maintained under vacuum
to eliminate any ¢lass adsorbecd substances.

3.3.3 Data Collection System

To obtain consistent and very accurate results, several
measurement devices were used in this study to continuously
collect data every minute.

Gas Fhase Thermccouples were used to measure temperature
ir the intericr of the cell. These thermccouples were
introduced into the cell 1in a wey that they are 1n the cell's
atmosphere without touching the glassware. These thermocouples

were designed so that & change in the temperature in the cell

woulcd effect the resistance anc thus the voltage in the
thermocouples. This voltage was then recorded by the computer

and converted to degree Celsius (°C) via the computer program.

Te measure pressurc within the experimental cell, Raratroern
Pressure Transducers were connected tc the interior cf eaczi. cf
the Two cells These gevices coulc measurc pressurc withan the
range U tT¢ 100 torr (> TCL vepor pressure) £ change Ir
pressure I The ce.l would cause & CnEnge In voliegs that was
cenverted TC rressure I TCorr &nd was cisplaved by The device.

These pressure tre&nscucers were Connecied TO LnRe Ccompu

'™

recorded ti:ese pressurc readlngs every minute. 1 banc-pass

ilver was placed on each detecior to Iilter out cenilv the
treguency abvscrbed by TC These flltcers weore designed Lo

transmit 70- or hilgher <I Lhe intensity betweern 2040 and 7140
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cm ©. All other frequencies were ncl transmitted by these
filters. This will increase the efficiency in measuring the
concentration of TCE in the cell. To evaluate the accuracy of
their detection, these filters were experimentally tested for
transmitivity and the results ar¢ shown on Figure 14. Most
importantly, 2 Photovoltalc Incium Antimonide Detectors (InSb)
were used to measure the intens ty c¢f the IR signal transmitted
through the experimental cell and onto the band-pass filters.
These detectors were continuously cocled by liguid nitrogen to
keep their temperature very low in order to increase their
sensitivity. These detectcrs g¢enerated a voltage that
corresponded to the intensity of the signal incidernt on the
detectors. Each voltage was then transmitted to a
Transimpedence Preamplifier that boosted the signal. This
signal was then correlated wi*h the frequency of the chopper by
a Lock-_n ampl:fier. Both Lock-in amplifiers were connected to
the computer that recorded and stored the intensity of the
transmitted signal every rminute. The minimum detectable TCE

concentration of these detestors was found tce De in the orcder of

O
(@]
(3]
rt
8]
a1
~
rry

inally, a room temperature Hamamatsu Detector that
did not need tc¢ be continuously cocled by liguld ritrogen was
placed next Lo the lens facing the IR source and was used to
dete 1t changes 1n the intersity cf the IR source. The purpose
¢f this was to determine whether a charge in the <ignel’s

intensity was due o A ctiante Irn the Intensity of the IR source

Or in tl.e <orTe Tratlon of oessried TCD irn the glass tube.
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3.3.4 Soil Preparation

Tre soil used in all experiments of this study was Plastic
Clay $8b that was purchased from the Natiornal Institute of
Standard and Technoclogy. This soil was initially oven-dried and
freed from all contaminants. Therefore, the only contaminant in
this so0il was TCE. The moisture content of this soil was
relatively small and its effects on adsorption and desorption
were considered negligible.

The soil was placed in a glass tube and was continuously
exposed to liquid TCE for a period of 2 day;. Throughout this
period, the soil was isclated from room atmosphere to allow

longer contact with TCE. If lefit exposed to atmosphere, TCE
would evaporate in a matter of hours. In addition, the guantity
of liguid 1CE (about 10 ml) was large enough to soak the 2 grams
of soil, assuring full <o0il saturation. In addition, during the
exposure period, the tube was maintalned at rcom temperature.
At the end of seccnd day, the soll was removed from the tube and
was allowed 10 to 15 minutes to slightly dry. During this
period of time, the heat tape was placed arcund the tube ard wacg
held at a constant texperature. The 2 grams c¢f soil were then
placed in the tube In the form of severzl particle lavers and
the tubes were closed.

3.3.5 Description of the Experiment

As stated carlien, plastic clay was erposed Lo liquld TCE
for a period of 2 days. Before beginning cach experiment, the
cell’'s walls and other compenents of the <ell were allewed to

off-gas the sorbed TCE by maintaining thc cell under vacuum for




a period cf 24 hours. At the end of the off-gas period, the
heat tape was placed around the glass tube and the soil was
allowed to dry off for a period of 15 minutes (as needed). When
the soil was almost dry, it was then placed inside the glass
tube in the form of several partic.e .ayers. Each glass tube
contained z + 0.1 grams of plastic clay soil. To eliminate
atmospheric interferences and to remove the desorbed gas TCE
from the open cell in order to record the initial signal
intensity at vacuum, the cells were evacuated down to vacuum for
10 seconds. Both glass tubes had heat tape placed around them
and were malntained each at a constant temperature throughout
the desorption phase of TCE frcm the soil. At this time,
desorption test started and data was recorded.

To ot “ain background data, and to determine the effects of
a rtemperature increase on the intensity of the sicnal, an
eyvperiment was performed while keeping the cells empty and
raintained at fixed temperatures. This experiment revealed that
temperature had a negligible effect on the intensity of the
signal (Rppendix A). Therefore, any drop in the signal’s
intenslity was mainly caused by the presence of TCE in the cell.

Descrption was evaluated under five different
temperatures: 27°C, 40°C, 64 C, 70°C, and 100°C. The variation
in these temperatures was * 2 C. RBecause 1t was fcoun. that
desorption reached & steady state within & period of four hours,
Gata for all f1 re experiments was recorded for a pericd oi four

hours only. The detectors were cooled at the veglinning of each

cxperiment .
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IV. Results and Disc'ssion

4.1 Results

[{&]
43
b
)
1
-+

The data collected during this study was plotied a

time und the results of the five experiments are as follows:
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4.2 Interpretation and Analysis of The Results

4.2.1 Interpretation of the Results

TCE desorption from TCE contaminated plastic clay appears
to be strongly correlated with temperature. This conclusion is
supported both thecretically, by a scientific understanding cf
the mechanism of desorption of TCE and by the effects of
temperature on the kinetics of this mechanism, and by
experimental data on TCE desorption from Plastic Clay 98b. The
five curves of Figure 25 indicate that the rate of desorption of
TCE from plastic clay 1s very dependent on .temperature. AT rocm
temperature (27°C), TCE descrbed at a slower rate and desorption
reached a steady state with nearly 2 torr of TCE in the gas
rhase. 2t high temperatures, 100°C, TCE appeared to desorb
faster and in a large quantity of nearly 24 torr.

The first stage of desorption (the fast stage) appears to
also depend on temperature. During this stage of desorption
(Figure 25), the graphs became steeper each time temperature was
raised, indicating a correlation between the rate of desorption
of TCE and temperature. At each Temperature, the subseguent
desorption stage 1s a steady state stage where TCT concentration
appears to be unchanging. liowever, the time 1t tock desorption
to reach steady state conditions appears to bec somewhat
correlated to temperature. These time intervals ‘'ecreased with
increasing temperature. The graphs also show that regardless of
temperature, desorption always reached a steady state

17

characterized by a “counstar TCL concentraticn in the cell.

These steady state conditions possibly indicate that the rates

h1¢




of adsozption and cesorption of TCE became equal after the
concencration of TCE in the cell reached a certain value under a
speciiic temperature.

4.2.1.1 Surface Desorption

It is believed that the first TCE molecules that desoxb
from the scil were these that resided on the upper soil surface.
The bonds between TCE ard the soil surface are expected to be
much weaker than those between TCE and the soill matrix. Thus
these TCE molecules frcn the soil surface arxe the first ones
that readily desorb and enter the gas phase. At room
temperature, it is believed that most of the gas TCE in the cell
has desorbed from the soll surface and only a very small
fraction desorbed [rom the interior of the soil particles. As
temperature increases, thilis soil surface TCE desorbs faster and
subseguent desorption starts reaching the TCE in the sorbed
rhase inside the intericr of the soil matrix. These conclusions

are supported both theoretically by the fact that TCE diffusion

.
[
—

11: the soill matrix wi limit the rate of desorption from the

N

interior of the scil, and erperimentally by the fact that aiter

completely evacuating th= cell down tc vacuum, a much smaller

guantity of TCE desorbed Ilrcm the scil at a much slower rate
(hppendix L, Figure 32).

{.2.1.2 Interior Desorption

Current remsciation techulques succeed 1n remeving most of
the TCE on the soil surlace. IU was carller stated in Chaptecr 2
of this thesis that a large fraction of TCLE contamination is

adsorbed or c¢ntrapped in the interior of thoe scil matrix. This
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fraction resists mocst common remediation techniques and forms a
continuous source of TCE contaminatinn. If not completely
removed, this continuous contamination can last decades while
contaminating larger guantities of soill and water. This is the
case because TCE desorption from the incerior of the soil
particle at amblent temperatures takes longer periods of time.
Eiter the desorpticon from the soil surface is complete,
desorption from the intericr of the soil is initiated. The
results of this study ind.cate that the rate of the interio:
desorption is slow at room temperature and increases with
increasing temperature. To desert the solid phase and enter the
gas phase, a TCE molecule must undergo some transiticns. The
bond that holdz the TCE molecule to the soill particle must first
be overcome. The TCE molecule will then leave the scil particle
and enter the gas phase in the cell as the distance between the
two becomes larger. Lt high temperatures, these transitions
appear to occur faster an” with high efficiency. This is
theoretically suppcrted by the fact that temperature is often

alyst t¢ increase the rate of a reaction.

rt

used as a ca
Experimentally (Figure 25), the results of this study
indicate that both the number of TCE molecules that uadergo
these transitions, or what can be called a “phase change” from
the sorbed phase to the gas phase, and the rate of these
transitions heavily depend con temperature. At room temperature,
less than 1.5 tcry ol TCE desorbed from the soil. On the other
hand, at 100°C, over 24 torr of TCE desorbed at a faster rate.

The difference can be cxplained by the ftact that higher

&b
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Tenperanures are needed to Increase the movement and the
transition of meolecules from the soi1l surface or from within the
soll matrix to the gas phase.
4.2.2 Analysis of the Results:
4.2.2.1 The Langmuir Kinetic Model
If we assume that in order toO desorb to th= gas phase, a
TCE molecule must leave the soll particle and enter the gas

rhase, then the desorption process would look like the

fcllowing:
Ka
[k o ——'—'—_‘b
Gas Phase Surface “ath Sorbed Phase
Vacant Sites
where:
S = s0il particle;
Ka = TCE adsorption ratec; and
¥a = TCE desorption rate.

By further assuming that a scil particle possesses more than one

avallable site wherc a TCE molecule can bond to then if

_#Sites where TCE is in sozil

Total # of sites 210 s0il

yY
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then the change in the number of TCE molecules in the (as phase

will egual the change in the number of TCE sites which TCE bonds

to. Mathematically written:

(fse ~d([TCE}V)
which gives

arn /v\ rTmﬂ [TCE]

dt _\fs) =

5%?—‘131 = —Ka[TCE}1-6)+ K¢h

Further, 1{ we assume that

6(0) = 60 and [ TCE)(0) =

equation (4.2) becomes
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- 60 = - TCE] (4.4)
or

6=6,- | TCE] (4.5)

By letting [TCE] = y, eguation (4.5) then beccmes

0=00-py (5.6)

Substituting equation (4.¢) for 6 in equation (4.3) gives:

ELTC%] ) % = —Kay(1- 8o+ )+ Kd 60-By,

Thus

[rec) dy r ‘ N
.[0 Kd 6o - [Kdﬁ'Ka(l'gU)])’—Kaﬂy: 'J’Udt (4.7) Vi

By letting:

A=Kaufj
B= Kd/}-Ka(l-Ou)
and

C=Kd4 6

eguation (4.7) becomes

cr ay '
resl____ay [ (4.%)

b Ay By +C
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To solve the integrals of equation (4.%2), le:

-

A =B -4AC = Ka*f* - 2KefKa(1-3600) + K™ (1-60)" = 5~

Therefore, the solution to eguation (4.8) is

. N(kis3
1. (2Ay+B-y
—JDK————————— =t (4.9
y \2Ay+B+y/|
or
2Av+B-y [ B~y
( : y)( Li=e” (4.10)
2Ay+B+y/\B+y

which leads to

However,

§
t
@

i
3]
?‘\‘
[=8
B
=
'.l
™)

and by further asswning that all the soil sites were initially
filled with TCE cr thet the 50il is initially saturated with

TCE, A = 1 and egiuality (4 12) becomes

B -y

2A

=7Kd
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Therefore,

To determine the values fcr K. and K,,

equation

[TCEPz

(4.11)

becomes

2Kd(e7 toq)

(B+7)—(B—y)e}{

fitted to the experimental data.

eguation

(4.13)

(4.13)

was curve

The results of this curve fit

are displayved 1in the follcwing table:

Temperature () K. K, s8d Er K, K. Sd Er R"
27 0.0952 0.0124 0.0001 0.0013 70
40 0.1422 0.0132 1.1E-7 0.0041 0.2857
64 0.2€16 0.0113 6.4E-7 0.007¢8 0.8716
70 0.2720 0.0132 1.2E-6 0.0013 0.9512
100 0.5037 0.0414 0.0102 0.0003 G.566.

4.2.2.2 Analysis

of the Results

4.2.2.2.1 Molecular Interpretation of Temperature

. : 3
The ideal gas law states the following: 0

where:

P

\T

N

PV =NKT

volume of the cell in cm’

pressure 1n the cell 1in torr;

ncmber cf TCE molecules an the cell;

(held constant;:;

(4.14)
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K = Boltzmann's constant; and

T

temperature 1n the cell in Kelwvin.
Furthermore, it has been .roven that the pressure of N molecules
oi an idecl gas contained in a vclume V 1s proportional to the "

number of molecules per unit volume and tc the average

L . . . 30 .
transitional kinetic ensrgy per mo.ecule. That is:

Wit

'T\—/‘l ) (4.15) )
vkz )

where

P = total pressare on the cell wall;

N = number of molecules per unit volume;

V = wvolume of container (cell);

m = mass ©0f a molecule; and

v = average molecular speed. ;

Rearranging equation (4.14) gives:

By using thils expression for P, eguation (4.15) becomes

201 ﬂ)
T= L_m\" (4.10)
2

3K /
That 1s, the absolute temperature cof an ideal gas is a measure
of the average of the scuare of the speed of its molecular
constilituents. By rearranging eguation (4.16], the translational
molecular kinetic energy can be related to the temperature acg

folleows:
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Solving fecr v in equaticn (4.17) gives:

T i (4.18)
\

The e~ pressiocn Tor molecular velocity 1n equation (4.18) shows

that at a given temperature, 2 TCE molecule has a corresponding

velocity. As temperature increase, thilis molecular speed
increases and the moiecule moves faster ard possesses more

e e e man s R
clivlyy TldydiT 2

T Mlicais
0] . 113,

on the m.vement and translation of a molecule.
4.2.2.2.2 TCE-Soil Surface Bcnd

A soll particle is formed by several atoms including ivor,
aluminum, calcium, magnesium, and several others. These atoms
coexlst within the interior ¢f the soil matrix and are held
togetner by several energy bonds. These energy bonds transfer
energy between each other and transfer some cof this energy to
the exterior of the soil rparticle. Since this study focused
mostly on the soil surface desorption, 1t was assumed that a TCE
molecule is in the scorbed phase when it 1s ettached to the soil
surface as drawn in Figure 28. 1In order for 1t to desorb to the
vapor phase, a TCE molecule must first break the energy bond

that 1s attaching it to the soil surface.
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A Sorbed TCE Meclecule

H\ H\\C:C /
S N\e o N\
|

A Sorbed TCE Molecule (:1

TCE-Soil r (Potential Energy)
Bond !

‘ Soil Surface

7”\] “'|[ | /‘ L / Lf, /
Energy Transfer — % | | i

From Soil atoms A Soil
! Al @ Al Particle
to suil surface to

TCE molecules gl - 4 —Tnergy Bond
@ @ Fe of Soil atoms

Figure 282: Diagram representing the bond attaching a TCE

molecule to the surface of a soil particle.
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When temperature was raised, thermal energy within the
experimental cell increased and was absorbed by the atoms of the
soil particle. As & result, the vabrational and the
translational energies within the matrix of the soil particle
increased. A part of these energies was then transferred to the
TCE-s0i1l surface bond allowing the TCE molecule to vibrate much
guicker, increasing its chances of detaching itself from the
soil surface. Ls temgrature was Iurther raised, the amount of
energy transferred to = TCE mclecule increased, and the
probability that this . ! molecule desorbs increased as well.

4.2.2.2.3 Temperature and Energy States of a Molecule

Molecules of 2 substance In the gas phase move with
different speeds and possess different enercies. In other
words, there are several energy states whe>2 a molecule can
reside depending on the amount of its tota. energy (Figure 29).
2t sufficiently low temperatures, almost no molecule can acguire
enough enercy by collisicn to reach an exclted state and almost
all molecules are in the ground state, moving very slowly.
Simultaneously, very few molecules .eside in the higher energy
states and move with higher speeds. A3 temperature lncreases,
the equilibrium number of molecules in each excited state
increases and the amcunt of molecular vibrational c..z1gy
increases. The transliation from one energy level Lo another was
found to be correlated with temperature because thermal encrgy
is used by molecules to increase their kinetic encrgy, thus

increasing thelr translational speed.

99




Energy

b

Ground State

PN TR M TV WML L. S o R

TCE-Soail Bond Length

T PIEAN el

RN L) L

)

Figure 30 : Energy of TCE molecules as a3 function of s0il bend

5

Ll

length




At room temperature, most TCE molecules are in the ground
state. These molecules are close to the soil surface and
possess low kinetic energy and low translational speed. As
temperature was caised, a large number ¢f these molecules began
acquiring thermal energy. This increase in temperature then
allowed the molecules to move faster and to rise to higher
energy levc.s. The result is large numbers of molecules with
higher velocities in the excited states and fewer molecules in
the ground state with lower velocities. In addition, the length
of the TCE-s¢il bond of these excited molecules starts to
increase with temperature, increasing the number of molecules
that are entering the vapor phase (Figure 30). However, at any
given temperature, there will always be a number of molecules in
the ground state. This nunber decreases with increasing
temperature.

4.2.2.2.4 Temperature and TCE Desorption Rates
It was theoretically ezpected that TCE desorption rate, K.,

1s a function of temperaturce oI the fcilowing form:

. -La
Kd(r)=KoC K1 (4.19)

where:

&
i

TCE desorption rate at temperaiurce Ty

K. = TCE desorption rate at infinite tempelatunc;
K = Boltzmann c¢onrstant = 107 J K™
T = ebsolute temperaturce (TK); and

101

X




0.0034

G.0032

|
1/T

\

0.002
1T

o™
<
—

Langmuir Curve Fit of LN (&d)

e ST e makb

-1
1.5+
0.0C 8

o '
o

il

<

£
Figure 31:

B TSRk S R T R L TR R R e R T R A w  B aa E T R R EL T TR TR AT SRR A



T s AT N ke AR e ”

Pt

L R T MR i o2 2 WAL M AR SR

P AP e A TR R Y TR TIANT LI EMNIRL MLy SRR LY S BERCLT GEET 4D

R
Pl S

E, = energy that holds a TCE molecule to a scll particle.
Equation {4.19) can also be written in the form:
E.

In(Ka)r = 1n(Ko)-?5 (4.20)

Equation (4.20) indicates a linear relaticonship between 1n(K:)
and 1/T with a negative slope of value E,/K. After plotting
ln(Kd) wversus 1/T using the experimental data, the grapr sis
nearly 100% linear with an R square of 0.996 and a fit standard
error of 0.0288 (Figure 31). These values indicate that the

descorption rates of TCE and temperature were zonsistent with
equation (4.19). As temperature increases, the ratio Eo
KT

decreases and the term €7 increases, increasing the value of K,

”m

the desorption rate of TCE at temperature T. Using regression

. : . . E
analysis, the slope ¢f this line 1is —?f, and was found to be:

K

I

[ 1]
wn
%)
—
[ 8
[#3)

E
K

Initially, I TCE molecule is attacned to a solil particle
with a bond of energy L,. 7This energy was computed using the

eyperimental data and was found to be:

E. = K*(2531.63 “K")
(103K ") 7 (2531 63 “K)*(c,24145x10“<:V/1)
0.158 eV

It
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In order fcr it to desorb and enter the gas phase, = {E
molecule must acqguire enough energy to overcome E, and break the
bond that ties it to the soil particle (Figure 28). Physically,
when in the sorbed phase, a TCE molecule 1s at a distance d away
from the surface of a soil particle. Therefecre, in order for it
to enter the vapor phase, a TCE molecule must gain enocugh energy
that will help it break the socil bond, leave the soil surface,
and be at a much further distance away from the soil particie.
This energy and subseqguent speed are gained as thermal energy
from the cell temperature. Therefore, the higher the
temperature in the cell, the more thermal energy is available
for the TCE molecules, and the faster these TCE molescules are
able to desorb. This thermal energy is used as transiticnal
energy that allows the molecule to move faster to higher energy
levels and enter the vapor phase.

4.2.2.2.5 Steady State Conditions of Desorption

The desorption graphs show that when steady state
conditions are reached, the concentraticn of TCE :n the gas
phase appears to remain constant. This could mean that either
the rates of desorption and adsorption of TCE in the cell are

egual or that all TCE has wesorbed from the scil and is in the

gas phase. To sclve the problem, an experiment was conducted to
determine 1f a steady state condition had been reached. The
outcome of this experiment 1s shown 1n Figure 32. After about

four hours of desorpticon, the cell was evacuated to vacuum and
t 1e so0il was allowed Co desorb once more. After 4 hours of

desorption, the concentration of TCE 1in the cell increased to

104
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about 0.5 torr. This indicates that there was more TCE in the
soil and that the concentration gradient does in fact slow down
desorption. From the same graph, it c¢an be shown that the rate
of desorption has deccreased. Tnir means that 6. is no ionger
egual to 1 at the beginning of the second desorption.

Finally, the results of the analysis indicate the presence
of a simultaneous slow adsorpcion process (K, > 0). Few TCE
molecules are expected to go in a cycle of adsorption and
desorption. Therefore, at any time, there is always some
quantity of TCE left attached to the scil. - This guantity is
expected to decrease with increasing temperature. In this

research, to make the adsorption rate approach zero, the cell

O . —~ - - I e B v A N
MUST Le evacuateld peridodiCadly an R ture must be

o~
Ao

increased.
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V. Findings and Conclusions

5.1 Findings
The findings of this thesis include:
1. Ea = 0.158 eV is the energy of the bond that holds a TCE
molecule to & plastic clay scil particle.

Desorption rates of TCE from plastic clay are correlated to

(XS]

temperature by the following function:

, L
I‘.d(T) = Koe KT
Using the numerical values for E,, K, and Kg, this equation can

be written as:

285 m(l)'
P(%TjZZé.llC (%) (molecule/m’) /minute

3. At infinite temperaturc, the desorption rate of TCE from

plastic clay is:
- 3
Kde -« , = 6011 (melecule m” ) - minute

5.2 Conclusions

The results of this study indicate that temperature
influences the descrption rate of TCE from soil. At high
temperatures, TCE desorbs at a faster rate and in larger
guantities. Thls i1ncrease 1n temperaturc appcars to allow a

sorbed molecule to gain enough thermal energy to overcome the
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bond that ties i1t to the soil particle and enter the gas phase.
If a TCE molecule is not supplied with any form of energy that
it can use to overcome E;, the molecule will stay attached to
the soil particle and 1ts chances cof desorbing are very low.
With no energy sources, TCE molecules will remain attached to
the soil surface, may enter the soil matrix, will resist common
remediation techniques, and will form a cor.tinuous source of
contamination.

The analysis of the collected data during this study
further indicates that the relation petween TCE desorption rates
and temperature did follow the Langmuir kinetic medel. This
model describes the mathematical relation between the vapor
concentration and the svibeu concentiation v a chiemical.
Therefore, by knowing the vapor concentration, it would be
possible to determine the remaining sorbed concentration of TCE
in the soil.

5.3 Recommendations

It appears from the results of this study that this
optical absorption method must be somehow used in large scales
in the outer environmental faields. To increase the efficiency
of the remediation techniques and to lessen the resistance of
those molecules 1in the sorbed phase, the contaminated site must
be thermally heated. This could be done using Radiation heating
or other type of heat sources. 2n example would be to use hct
alr during air inijection techniques. This method may be
economically impossible, but the ecfficiency will definitely be

higher than when ambient alr was used. 1t would also help a
g L
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little 1if clean-up actions take place when the ambient
temperature is at its peak.

A better way to conduct future desorption experiments
would be to measur the chemical sorbed concentration pricr and
after desorption is complete. This way, it would be pcssible to
quantify the descrbed guantity of the chemical and the amount
that resisted desorption. These gquantities may be represented
as percentages of the initial sorbed concentration. Therefore,
it will be possible to say that at this specific temperature,
this much TCE desorbs and this nuch doesn’t. The results would
definitely be more useful in real werlcd applications. After
knowing the initial sorbed concentraticn, one would be able to
determine the optimum temperature to use in oldel to decrease
the sorbed concentration to below the maximum contamination
level (MCL). This would both save extra spent money and a.sure

the concentration 1s below the MCL.
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AEEendix A: Error Sources

The experiments of this study were designed to obtain

consistent, correct, and accurate data. BAll identified error

sources were minimized and corrected for. However, as with any

experimental design, this research has a number of unavoidable

eyror sources that must be corrected for. These errors were as

follows:
1. Leak Errors and Concentration Gradient in the Cell

This was previously discussed in section 1.6. After

performing several experiments to evaluate the leak rates in

each cell, it was found that over a period of 4 hours, pressure

N8 B TR T S A - \ .
A R N T R YT W PGV R Par T s g v ve -

in cell 1 increased to 0.4 torxr while pressure in cell 2

Lol TARA
o

increased to 0.28 torr. In addition, it was noticed %“hat this

leak approaches an asymptotic value. Compared to the desorption

e b AL

-L

this leak was considered negligible. Since

e

period (4 hours),

W

air moves from high pressure to low pressure, the leak is

iu:

B

Z assumed to be from the room into the cell (P.... £ 70 torr and

B

] i )

i P..o. = 760 torr). At the same time, 1t was experimentally found
s that substances in the alr do not absorb light within the

3]

£ .

LY frequency range 3060 to 3140 cm Therefore, a lealk would

negligibly 7ffect the transmitted signal. However, it 1is

AL R B

believed that pressure and concentration gradients in the cell

g

could affect the rate of TCE desorption from soil (Figure 32).

e

During the first 4 hours desorption expexriment, the rate

of TCE desorptiocn was {ound to be increasing to a certain point

' then slows after TCE accumulates 1in the cell preventing more TCE

f I
110
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from desorbing. This was experinmentally determined by leaving
the soil in the cell and drawing the cell down to vacuum for the
second time. The results were more TCE desorbed out the soil
but at a slower rate. As thils operatlon was repeated several
times, the rate starts getting slower and =lower.
2. Room Temperature Changes

Throughout t! is research, room temperature ranged from 26

to 28°9C. This change seemed to not affect TCE desorption from

the soil.
3. Detecter/Filter Errors

L study was performed to evaluate the decline ¢f the
sensitivity of both detectors over time using the same
experinental cells but constantly maintained under vacuum. This
study revealed that both detectors showed a slight decrease in
intensity over the period of desorption. Theoretlcally, this
decrease in intensity should be caused by an increasze in the
concentration cf TIZ in the cell. However, the cells were
conzinuously under vacuum throughout the duration of the
erperiment. Therefore, when evaluatl
soll, a partial decreasc of the intensity cver
caused by TCE, 1instead 1T was gue ILc The decrease n the

further discussed In

}=

detector's sensitivity. This flcats are
Appendix C.
4. Desorption due to Cell

One ¢f the maior obstacles in this study was the fact that

the glassware and the CO-rings boih adsorbed and desorbed a

partial guantity of TCL. To minimize these errors, the

111
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experimental cell was kept under vacuum for a period of 12 hours
after each desorption experiment., This will allow the remowval
of TCE adsorbed to the cell. To further check this assumption,
the cell was tested for adsorption and desorption. The results
indicated that the amount of TCE desorbing from the cell was
negligible compared to that desorbing from the soil.
Furthermore, new O-rings (Teflon material) that do not adsorb
organic compounds were used to minimize descrption due to the

cell.

L. Data Collection Errors

Because of the electronic measurement devices used in this
study, some errors could appear in the data collected due to all
the connections between these comrponents over time. These
errors are cipected to be minimum and were also accounted for in
the correction for the detector flcat.

¢. Experimental Errors

These errors are malnly due to the way experiments were
cornducted and the way soll was introduced in the cell, and
others. These errors wer: also minimized by being consistent
between experiments and by conducting all experiments in the
same way and under same conditions. For example, the soils for
all experiments were exposed for the same period of 2 days, the
same quantity of 501l was used in the five experiments, the soil
was introduced and placed in the cell in the same way, and the

cell alignments were nearly ldentical for all exweriments.
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7. Effect of Temperature on TCE

An ezperiment was conducted to determine the effects of
temperature on the structure and the integrity of TCE. To
accomplish this, 10 torr of TCE werz intrcduced into the cell
and kept enclosed under a constant temperature of 100°C for a
period of 5 hours. This experiment indicated that a temperatuare
of 100°C does not have any effect on the integrity ancd the
molecular structure of TCE (Figqure 33). This agzsin indicates
that any drop in the signal was mainly due to an increase in the
concentracion of TCE in the celil. .
8. Effect of Temperature on The Intensity of the Signal

An experiment was also performed to determine the effect
of temperature on the intensity c¢f tne signal. This was done to
determine whether the drop in the intensity of the signal was
caused by the increase in temperature or by an increase in TCE
concentration in the cel!. Tnils was accomplishrd by maintaining
temperature at 100°C, closing the empty cell, and monitoring the
crange in the intensity of the transmitted signal for a periocd
of 4 hours. The results incdicated that temperature his a very
negligible influence on the signal’s iIntensity (Figure 34). For
instance, a temperaturc of 100°C caused a drop in the signal

that corresponds to a TCE pressure less than a half torr.
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Appendix B: Cerrection c¢f Cross Sectional Area of TCE

After a beam goes through the cell which contains TCE, 1its
intensity, I(v), which is freguency dependent, 1is subject to
Beer's Law. After the beam leaves the cell and arrives at the
filter placed on the detector, its intensity is reduced again
because of TCE's unabsorbed wave numbers that pass through the
filter. Therefore, the intensity, I(v), recorded by the filtex
is equal tc that intensity that would be recorded by the
detector with no TCE and no filter in the path ¢f the beam, I.,.,
multiplied by the fraction alliowed by TCE, [I/I...)r-z, and

further multiplied by the fraction allowed by the filter,

(I/I;)}:. ... Where:

I(v) = recordec intensity with TCE and filter in the path
of the beam;

I; = recorded intensity with no TCE in the cell;

I,,. = recorded intensity with no TCE and no filter in the
path of the beam;

{I/1.)::-... = fraction transmittec througn filter only

«no TCE}; and

(1/I1_1., = fraction transmitted through TCE (no filter).

Because of Beex's Law,




and because of the filter's transmitivity, T(A), equation (B.1)

becomes:

I(v) =1, *T(v)*e """ (8.2)

However, the detector "sees" the intensity:

I= LT T(v)loe‘a(")l'\dv (B.3)

Integration from 0 to « was used in order to compute the
intensity measured by the detectcr.

In the case where the cell contains no TCE (N = 0), eguation
(B.3) becomes:

I, :j:T(v)Imdv (B.4)

However, our interest was to compute the signal change due
TCE in thne cell only. This change due to TCE alone was founc by
taking the ratio of eguation (B.3) to equation (B.4). The

result is:

* NN g0,
I Im(I T(v)e d\)
- = (B.5)

I Im(j%r(v)d\J

Figure 3% graphically ezplains the correctiorn. The filter
allows transmission of only a fraction (i) of the entire light

beam and this fracticn must be within a certain freguency range
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(T). Therefore, any frequency outside the range T will not be
transmitted. TCE, on ths other hand, allows transmission of all
fregquencies but those within the range A and only a fraction of
the number of photons get through without being abscrbed by the
molecules of gas TCE in the cell according te Beer's Law: €70,
Therefore, to account for transmission due to both TCE in the

cell and the filter on the detector, only the fraction te™™ was .
transmitted and was recorded by the detector. By referring to

Figure 35, the shaded area is equal to [(T-A)+IAC”W], where a

corresponds to the cross sectional area of TCE (6), and equation

(B.5) then becomes:

,1} :[(T—nA)+tAe"“h

LE Tt

(B.6)

or

B 3 -
[l :(l—éq»ffge”“ (5.7)
I \ T, \T

Since the reduction of the signal due to TCE in the cell is

e e
Linax TCL

therctore, equation (b.7) becomes




Transmission

A

100%

Exp(- alN)

t[Exp(- alN)]

Transmission of Filter

- Transmission of TCE

~Transmission of TCE
and Filter Comned

g Frequency

Figure 35: TCE and Filter Absorption Ranges
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This is the correction that needs to be done in order to convert

v

. : . 1
the reduction in the intensity {— to tnat due to TCE alione.
EXP

Therefore, to solve for signal changes caused by TCE only, the
data recorded by the detector, I/I, must be used along with the
values of T and A, found by a spectrometer, and substituted in
equation (B.8). This correction will then lead to a linear
relation between 1n(I./I;) and P, indicating-a constant ogtical
cross secticn of TCE (Figure 13).

After testing both filters and running a cross section

a- . ]

erxperiment on both cells, the results for ccll 1 with filter 1

were:
T =43 cm* and A = 29 cm

Thes< valnes were then uzzd Lo Coapute the siope of the curve

plot ¢f 1In(I./I.) vs. Pressure. Using a regression analysis,

and equation (B.7)

l\
)
o =-1.0356x10"" ¥ T* —2

PL

-0.04648
43 5¢m
=332x10"cm” / molecule

=.1.0356x10" *300"K*

where 0.04648 1s the slope of the plct of In(1I./T1:) agalnst

pressure. The same procedure was zpplied to cell 2.
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T¢c check the accuracy of these values, the data was
further analyzed using the mathematical software table curve.
Ln(I./I.) was plotted against pressure using the correction
formula described by eguation (B.8). In other words, the ¢raph

of 1In(I./I,) versus pressure (P) was plotted and fitted to the

curve

Y=Ce™ +(1-C) (B.9)
where:

Y:{I-l _ X=p, B=-2 A
T

bl

Using the actual data for I, and pressure, Y and X were plotted
and fitted to equation (B.9) by adjusting and fitting the values

of B and C that would give the best £it. The result of this

analysis were:

B cC R~ (o] Zurrtection
- 1] i

Cellil 0.0464 0.€38 0.9985 [ 3.32x10 l =||— - 0.36 | *1.57
l"““JTCY, ) I EXP

- r - bl

. . -2t 1 [(1\

Cell2 0.0469 0.€23 0.996¢ | 3.35x10 =l - - 038|161

—lmu-—TCE l_\lu/

SR 18 ]
Averg | 0.04656 | C.€30 N/A 3.335x10 " - = (—) - 037|159




Therefore, by applying these correction to tLhe
experimental data, and by plot*ing the corrected data against
experimental pressure, P, the results were linear graphs with
constant slopes which indicate constant cross section areas for
both cells (Figure 13).

This value of the cross section will then be used to find

an expression for the pressure in the tube that is caused by TCE

only (MAppendix B).




Appendix C: Correction for Random Drift of Detectors

After performing two 3% hour tests on the detectors while
maintaining both cells empty and continuously under vazuum, it
was experimentally determined that becth detectors experienced a
decrease in the intensity over time for unknown reasons. Both
test showed a fast decline in intensity in the first two hours
followed by a leveling off. This decrease of intensity gave the
false impression that there was an increase in the concentration
of TCE in both cells which were continuously maintained under
vacuum. This unknown drift was found to be -random and indicated
an increase in TCE pressure to a maximum of 4 torr.
Unfortunately, there was no TCE in the cell. Therefore, a
correction to account for this random drift had to be
accomplished.

Using Table Curve, data from both experiments for each
detector were plotted and f£itted to a curve which was then used
as the baseline correction foxr the drift. These curves are
shown in Figures 36 and 37 and reprecent the foliowing
functions:

for cell 1

L o

=09425 + 0.0593¢ .1

o

for cell 2
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( min )
300.33

Il ~ -
—I-»::O.936z. + 0.0264¢ (C.2)
Q
L : . .
where -- represent the percentage degradation in the signal over

]

time and min indicates the time in minutes since the detectors

are turned on.

: . [ . .
To account for the drift, f from the desoxrpitilon experiment were

1

multiplied by the ratio L oin eguations (C.1) and (C.2). In

other words, for each data point, the maximum (t = 0)

transmitted signal, before any TCE desorbed from the soil, 1,

had to be multiplied by 22 freom eguations (C.1) and (C.2)

respectively. Mathematically:

Px=-0.0714*(T+273)*1J I'I. —037}*159 (C.3)

for each data point I-.
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Appendix D: Conversion of Signal Changes to Pressure of TCE

1. TCE Pressure in the Cell

Due to the possible presence of cther species in the
experimental cell, the Baratron pressure was believed not tc be
well consistent with TCE pressure. 1In addition, due to possible
leaks into the cell, it was expected that the Baratron pressure

would be larger than the pressure due to gas TCE alone in the

cell. Therefore, by determining the pressure of TCE alone and
comparing it tc the Baratron pressure, the_amount of ony leaks

into the cell was evaluated.

Using the Ideal Gas Law, the concentration of gas TCE in

the cell cculd be written as:

n P
N=—=— (D.1)
V RT
After rearranging Beer’s law from
L= le ™ (D.2)
to
L
Inj — | =-0lN (D.3)
0
and using equation (D.1), eguation (D.3) becomes

/L) ( P)
In| —| = —of| — .
"L RT b




or

RT* ln(—l‘-ﬂ
Io

p=-t " J (D.%)
ol

Using the correction factors discussed in Rppendiz B, equation

(D.5) becomes:

{RT* lr{(% - 0_37) * l_SQJ

pP=- (D.6)
ol

Since the temperature recorded by the computer was displayed in
°C, a conversion from °C to °K was necessary. After making this
tempara:ire conversion and the substitution of numerical values

for the —onstants 1, o, and R, equation (D.6) becomes:

Pi= —0.0714*('l'+273)*ln[(£—0_37) *] _59} (D.7)

o

where P -as units of torr and the subscripts I indicates
pressure computed using I, (transhitted signal) and not that
measured by the Baratron. This pressure is assumed to be due to
the presence of TCE in the tube ana that the decrease in the
intensity of the transmitted signal 1s due only to abscirption of
photors by TCE and not by anything else. Lfter evaluvating the
characteristics of cell 2, it was fcund that the eguation for
pressure in the cell duec to TCE alone was the same as equation
(D.7).

After it was found that both detectors experienced a drifu

(Appendix C). The drift correcctions were further used in
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egaation (D.7) to accurately obtain the pressure in the cells

due only to TCE present in the celil. Therefore, equation (D.7)

beccmes:
(1 |
P1=-O_O714*(T”+273)*]n-(—- : -0371*1.59 (D.8)
|\L*(D) J
where
I. = initial intensity (t = 0)including initial drift.
This value is kept constant with changing in (D.8).
I. = transmitted intensity at time t; and
D. = detector drift at time t.

The same eguation was used for both cells with D. as the only
changing parametel.

To measure the efficiency c¢f the Baratron, P: was plotted
against the pressure recorded by the Baratron. This graph
showed that the pressure of the Baratron was consistent and very
close to the pressure due to the presence of TCE alone in the
cell (Figure 38).

2. TCE Concentration in molecules/cm’

Using Beer’s Law and knowlng the cross ssctional area (o),

the initial and transmitted intensities (I. and I.), and the

path length (1), the concentration cf TCE can be computed.

Mathenatically, after rearranging beer’s law:




After the corrections have been made (Appendix L), eguation

(D.9) becomes:

N=- ({D.10)
or

{941

- (D.11)
(3 334x1 0'200712 / molea.-le) * (43.5071)

where 43.5 cm is the length of the glass tube through which the
light beam was traveling.

Simplifying eguation (D.11) gives

Ir
N =-6.895x10" *1:{([——037) *1.59} (D.12)
where
N = concentration of TCE in molecule/cm';

J. = transmitted intensity in mVclits; and
I, = init:al intensity (no TCE) in nmvolts.

Thercfore, it appcars that by knowing I- and I., the
concentration of TCE in the cell can be computed. 1In cther

words, & change 1in the intensity of the transm:tted signal

automatically indicates the presence of a gquantity of TCE in the

cell.
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