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ABSTRACT |

Volatile organic compound (VOC) conta.mination of soil is common in the United

States. Once soil becomes contarmnated prec1p1tat10n may infiltrate through the soil and

- carry contaminants downward into the groundwater. Understanding VOC leaching from

soil is irnportant because groundwater is the prirnary source of driliking water for about 50
percent of the Umted States and VOCs are known to negatively affect human health
Methods are needed to assess how VOCs leach from soil. In order to model mass transport

of VOC:s at sites where subsurface contamination is present, their desorption processes

‘must be understood.

Quantlﬁcatlon of desorptmn rates will allow use of the advection dlspersmn equatmn
with a time varying mﬂuent boundary condition and other sunple models. An ernpmcal
leach rate relation is developed based _upon basw soil parameters. It can be used to
evaluate VOCs leaching from a body of soil.

Constant head reservoirs were developed and used to conduct column desorption studies

- using four VOCs - toluene, methylene chloride, trichloroethylene, and m-xylene - and three

soils - topsoil, sand, and _clay. In addition, batch isotherm studies were performed on the

same soils and chemicals. A gas chromatrograph was used to analyze samples.
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An empirical leach rate constant relation was statistically developed from curve fits to

the column data. The leach rate curve fits were not continuous functions and reached

asymptotic concentrations above zero. Long term and short term leach rates had

distinctively different‘rates. The difference in the long and short term leach rates and the

lack of a single continuous function describing leach rates would suggest different rate

limiting process control desorbtion over time.

The empirical leach rate relation will help consultants and regulatdrs assess the impact
of VOC contaminated soil on groundwater quality, and quantify potential human health

risks.
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CHAPTER 1

INTRODUCTION

1.1 VOLATILE ORGANIC COMPOUND CONTAMINATION‘

Volatile organic compounds (VOC) are hazardous tb human health and the environment. -

EPA déveloped a priority pollutant list of substances which may be carcinogenic, mutagenic,

or teratogenic, or are known to have toxic effects on humans or aquatic organisms. A

- number of VOCs are present on the priority pollutant list. Listed pollutants include

 trichloroethylene, toluene, and methylene chloride. These compounds are also common soil

and groundwater contaminants.

Sites with VOC contaminated soil and groundwater are ubiquitous in the United States.

The number of contaminated sites may be attr_ibuted to the widespread use of solvents and

petroleum products which contain VOCs, combined with a lack of understanding of the
significant risks associated with VOCs. Consequently handling practices and safeguards
were often inappropriate and resulted in soil and gfoundwater'contanﬁnéted with VOCs. -

- Laws were enacted to address growing concerns over contaminated soil and

’ groundwater. These laws include the' Safe Drinking Water Act (SDWA), Toxic Substances

Control Act (TSCA), Resource Conservation and ’Recovery Act (RCRA), and

Comprehensive Environmental'ResponSe Cornpensation and Liability Act (CERCLA) on

_.the nationnl level, and Departmént of Industry Labor and Human Relations regulation 10
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(DILHR 10) in the state of Wisconsin. These laws regulate a wide range of activities_
including investigation and remediation of soil and groundwater contamination.
VOC releases to the subsurface may follow a number of different scenarios. In the past,

spent solvents were kept in unlined waste lagoons or poured on the soil surface as a means

- of disposal. Other releases include accidental spills and leaks from underground storage

taﬁks (USTS). In any scenario, once VOCs are released to the soil, precipitation may
infiltrate into the soil and leach the VOCS downward through the vadose ioﬁe and into the
groundwater in underlying aquifers. Groundwater containing the leaghed VOCs may the.n'
be used for human consumption creating a health risk or alternatively may discharge to |

surface waters and contaminate them.

© 1.2 'PRE.SENT MODELING PROBLEMS

Méthods to evaluate VOC leaching from contaminated soil vare needed to assess potential

- human health risks and identify remedial strategies. Several models are currently used to

evaluate VOC mass transport and may be used to model VOC leaching from soil at
cpntaminated sites. However, in order to use these models a leach rate must be quantified. |
In addition, the models can be costly and time consuming to apply.

The partial differential form of the .advectio.n-dispersion equation is‘the theoretical
contaminant mass transport model. The equation may be used to model VOC movement

through the vadose zone into groundwater. However, application of this equation in this

~ scenario requires a time varying influent boundéry condition which quantifies VOC leach




H ] ] !

—

{ N

_ o 3.
rates. Determining leach rates for a specific site and calibrating and running the model on

the computer is time consuming and costly.

 Analytical solutions to the advection dispersion equation have been developed by van

Genuchten (1981). To apply these solutions to VOCs leaching from a body of soil, a lggch

rate constant is also required. Again, VOC leach rgtes have not been quantified. Use of
these equations would é.lso require compﬁter modeling which may be time éonsuming and
costly.

. VOC leach rates need to be quantified so that fnodels that are éresently available can be
used. In addition, a simplified méthdd to evaluate VOCs leaching ﬁom soil would save both
time ahd mo-ney. |
1.3 OBJECTIVES

The objectives pf this research are to:
(1) Conduct a literature search of research on VOC mass transport and modeling in
the subsurface | o
(2) Develop a constant head influent reservoir that minimizes VOC losses.
(3) Perform desorpﬁon studies and use the.results of these studies to adapt an
empirical leach. rate model, developed by Rodgers and Associates (1988) for low
level nuclear waste containment facilities, to VOCs leaching frém soil. |
(4) Perform Batch isdtherm and desorption studies using four V(‘)Cs‘ - methylene
chloride, trichloroethylene, toluene, and mfxylene - and three soils - sand, clay aqd

- topsoil.
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(5) Develop a VOC leach rate predictive equation based on the results of these

studies.

1.4 EXPECTED RESULTS AND BENEFITS

- The literature search will help current understanding of subsurface mass transport
processes. The constant head influent reservoir may be useful to others investigating VOC
mass trénsport. The leach rate predictiye equation will be useful to regulators and

consultants assessing the human heath risks of VOC contaminated sites.
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CHAPTER 2

LEACHING OF VOLATILE ORGANIC COMPOUNDS IN THE SUBSURFACE

VOCs released to the subsurface wiil be sorbed to soils, degraded biblogically and/or
chemically, volatﬂized throuth soil pore space and leached further down by gravitational
flow. Contaminant physical properties, subsurface condit_io_.ns, physical processes, .and
infiltration rates wﬂl affect subsﬁaée leaching and mass transport. Current und.erstanding
of the compléx processes affecting‘subsurface coﬁtamination is limited.

2.1 VOLATILE ORGANIC COMPOUNDS

Volatile organic compounds‘ are é common subsurface contaminant. VOCs'are widely
used as solvents and are fouhd in fuels such as gasoline. EPA’s priority pollptan,t 1ist>
idéntiﬁes 129 toxic subeances that are believed to be harmful to the environment and may‘
effect human health. The list contains 31 organic compounds which are purgable and may be

considered volatile (Environmental Testing and Certification Corp., 1989).

- 2.1.1 VOC Properties

The physical properties of a VOC are a function of its structure (Reid, 1987) Compound

properties in turn will affect its fate in the subsurface. The following pfoperties and

'par'titioning coefficients affect VOC fate in the subsurface (Hern, 1987).

Solubility (S) is the concentration of a contaminant that will form a saturated

solution in water at a given temperature. Solubility gives an indication of a compound’s

tendency to partition into soil pore-water. VOCs typically have low solubilities (about 1000 -
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" mg/L or less). Because of their low solubility, VOCs are often referred to as

“hydrophobic. The hydrophobic nature of many VOCs will result in significant partitioning

of VOCs to the solid phase (soil), in order to escape the aqueous phase. '

Vépor preséure (Vp) is the vapor pressure exerted by the gaseous phase of a
compound in equilibrium with its liquid or solid phase at a given temperature. Vapor
pressure indicates the tendeﬁcy ofa qompound to be present in the vapor phése. VOCS |
typically have relatively high vapor préssures; hence, they are referred to asb volatile
compounds. bue to their high vépér pressures, .VOCs_fnay partitioﬁ significantly to the
vapor i)haée from either the solid or liquid phase.

Henry’s constant (Hc) is the ratio of the equilibriufn concentration in the liquid phase

and the concentration in the vapor' phase.

K., is the octanol water partition coefficient. It is the ratio of the concentration of a -

compound in octanol over its concentration in water at equilibriilm.
'K, is the organic carbon/water partition coefficient. It is the ratio of the

concentration of a compound sorbed to carbon divided by the concentration in the water at

-equilibrium.

Specific gravity (SG) is the density of a compound relative to the density of water.
Corhpounds that are denser than water, speciﬁc gravity greater than 1 will sink and those
less dense than water, specific gravity less than 1, tend to float.

Viscosity (V) is a measure of the internal friction of a fluid. The more viscous the

fluid (higher viscosity), the more resistant it is to flow. Thus high viscosity substances will

TT
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 tend to become immobile in the soil due to their resistance to flow. VOCs typically

have low viscosities (less. thz;n water). |

Priority pollutant VOC and their propértiés are listed in Table 2-1.
2.1.2 Non-Aqueous Phase Liquid (NAPL) |

VOCs may be introduced to the subsurface in solvents, fuels, oils, or process chemicals.
Thus, VQC may be present in mixtures, or as a pure phése. When the Suﬁémnée -
contaminating soil is immiscible in water, it may be described as a nonaqueous phase liquid
(N APL). Generally, the presence or absence of a NAPL may be idéntiﬁed by determining
whether av compound is present‘abov.e its solubility limit. NAPLS cén be characterized as
single compounds or complex mixture; and may not consist e);clqsively of VOCs.

| For NAPLs where the lighter fraction VOCs are a srﬁall part of a heavier NAPL frat:tibn

containing lénger chain aliphatics, VOC may Ieacfl from the NAPL by dissolution into the
soil pore 'Wafer (Weber, 1991). Tﬁereafter, VOCs may leach independently of the NAPL.

- NAPL leachiﬁg pfopertie's may be different than the propertieé of its individual

' components'. The density, viscosity,_ solubility and the vapor pressure of the NAPL differ
from those for a specific compound within the NAPL. In a sense, the physical properties of '

the NAPL are a composite of the propérties of the different compounds that it contains.

TT
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2.2 SUBSURFACE CONDITIONS

The types of soil that may be present in the subsuffacé are variable from site to site.
Condjtiohs at any given site are oftgan heterogeneous and unpredictable.

The subsurface can be generalized into three distinct zones, the vadose, water table, and .
saturated zones. The vadose zone is the unsatqrated area above the water table. The water -
table zone is the area ju's.t above the water table where the capillary fﬁnge causes saturated

conditions. The saturated zone is the area below the water table. VOCs released to the

- subsurface will initially reside near the ground surface. Over time, infiltration from

preéipitatioﬁ will leach VOCs downward through the Vadoée zone into the water table and
saturated zones. Water flow in the vadose 2one may be saturatéd or unséturated, depending
on sife specific conditions. Saturafed_leéching may occur when a surface depression ﬁiled
with water is above the coritaminatgd mass of soil. More'typicaﬂy, léaching Will occur
under unsaturated conditions wij;h moisture contents, hydratilic coﬁductivity and hydraulic
head thé.t are highly variable with depth. VOC leaching may also occur in the vapor phase as

gas migrates within the vadose zone by advection and dispersion.

| 2.2.1 Flow in the Vadose Zone

In order for water to flow downward in the vadose zone the hydraulic head needs to
decrease with depth. Vadose zone leaching is govémed by the opposing forces of elevation

head (or in essence, gravity pulling interstitial water downward) and'capillary suction caused
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~ by surface tension. It follows that the total potential head '(maitric potential) is:

He=z+(w) - @

where z = elevation head; and W = suction head.» _

As moisture cohtent linc‘;eases the suction decreases. Suction head is negative. Thus, flow
will occur from high moisture confent to low rﬁoisture content, and mbre generally over the
total hydraulic gfadierit from high to low potential or total head.

For fluid flow in the saturated zone there are two fundamental parameters, K (hydraulic

- conductivity) and n (porosity). In the unsaturated zone these parameters become k

(uns'éturated hydraulic conduétivity) and 6 (moisture content).

Moisture content ié a measure of the amount of water in a'given volume of soil by either
weight or by volume. Moisture content is sigﬁiﬁcant because it has a direct effect on
unsaturated zone ﬁydrauﬁé conductivity. For unsaturated soils in the vadose zone, their
moisture content may be assumed to be at field capacity _(Ong, 1990). When the moisture
content exceeds the field cai)acity of thé soil, gravity will overcome capillary surface
tension forces and the interstitial water will fnove downward t_hroﬁg’h the soil column. Thus,
the moisture content oA_f vadose zone soil is analogous to the efféctive porosity of saturated
zone soils. The vélumetric moisture represents the pore volume éf' the soil available for
flow. It follow§ that unsatufated hy’dfaulic conduétiv’ity isa functipn of moisture c;bntent

and will decrease as moisture decreases (van Gnutchen,‘ 1980).
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Unsaturated hydraulic conductivity is a measure of the ébility of soil to carry a liquid

or gas. Hydraulic permeability decreases with moisture content (van Gnuchten, 1980). van

Gnutchen’s mbdel may be used to predict unsaturated hydréulic (van Gnuchten, 1980).

2.3 CONTAMINANT PHASE DISTRIBUTION

Once VOCs (or NAPLs) are released to the subsurface; VOCs will distn'b.ute into the
'solid; liquid, gas, or pure phasé. The number of phases 'avail.able is a function of the
moisture coritenf of the soil. Séturatéd and unsatufated' conditions c_qrreSi:ond to NAPL 3-
phase and 4-phase ﬂoW respectively. Under saturated conditiohs compounds may nbt be
present 'in the vapor phasé. NAPLs may be distributed in the soil pbre space in three
different 'phases:

3 Solid Phase - antamination atta.ches to the soil sblid
Liquid Phase - Contamin_ation is dissolved in the soil pore water
Pure Pﬁase - Contamination is present in ifs pure phase in the soil pores
Figﬁre 2-1 shows thrée' phase disﬁibutidn of contamination in the soil pore. . Under‘
unsatu:é,ted conditibns (4-phase flow) the NAPL may be present in the soil pore sbace’in the

above three phases and in the vapor phase where contamination is present in the vapor phase

 in the soil pore space. Figure 2-2 shows 4-phase distribution in the soil pore. Due to the

complexities involved with modeling a NAPL phase it is sometimes neglected as a
simplifying assumption. If the NAPL phase is neglectéd the distribution in four phases may
be modeled as follows.(Hern et a.l, 1987):

Ci=ppCs+8Cj+aCq | (2-2)
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~ where C; = total quantity of chemical per soil volume; C = sorbed VOC concentration -

(ng/gm); Cp = dissolved VOC concentration (ug/cm3); Cg,= YVOC vapor densify (u.g/cm3 '
air); pp = soil bulk density (grn/crn3); 0= volumetﬁc water content (cm3/cm3); andl a=

.. 3 3
Volumetric air content (cm /cm’).

Hern further modifies eQuation 2-2 to simplify its solution to:

C,=RsCs=RICl=RgCg | (2-3)
- where:
Rs = Cy/C, - {pb +O/Kg+aHIKg  (24)
| R1=Ct/C1'=.ded+‘6_+aKdA o @s5)
Rg =C/Cg = pé Kd/Hc +6/Hc +a | (2-6)

also where Rs = fraction of total concentration in the solid phase; Rl = fraction of total
concentration in the liquid phase; Rg = fraction of total concenitration in the liquid phase;
and He = Henry’s Constant (dimensionless); and K4 = solid/liquid equilibrium partition

coefficient (ml/gm).
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2.4 BIOLOGICAL DEGRADATION

Contamihants in the soil may undergo natural degradatién in the subsurface under
favorable conditions. Indigenous bacteria are capable of degrading o%ganic compounds |
through direct metabolism. Metabolism refers to the proces;c,es nﬁcroorganisms use to obtain
evnergy‘from substrate. Microorganisms’ secrete enzymes which degrade the
substrate/compounds which may then be sorbed through the cell wall. The microorganisms
use the compounds to generate cell mass and maintain bodily functions. The compounds are
degraded to iniermedian'es or may undergo complete minirilization to carbon dioxide énd
water. |

In geheral for natural degradation to occur a minimum amount of substrate, nutrients, an

electron acceptor, and water must be present. While nutn'enté are necessary, they are

typically readily available in the subsurface and do not limit degrédation. Electron acceptors

may be oxygen, nitrate, sulfate, carbon dioxide, ferric iron and manganeéé. Oxygen is

typically the most efficient electron acceptor; however, when oxygen is not available, nitrate

sulfite and carbon dioxide will be used, and degradation rates will be typically slow. Water -

must be present as bacteria will only uptake the substrate or compounds dissolved in water.
Degradation may occur under aerobic, anaerobic or anoxic cbnditi_ons. The degradation
rates of compounds vary-depending on these conditions. BTEX compounds are typically

readily degraded under aerobic conditions. ‘Chlorinated aliphatic compounds may be

resistant to natural degradation under aerobic conditions and may degrade much more
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sldwly than nonchlorinated compounds, (W ilsor_l,‘.1983). Cométabolic.degfadation may

be more conducive to degradation of chlorinated compounds. Cometabolism occurs when

‘enzymes secreted by bacteria to degrade a target substrate also degrade an untargeted

compound. An example of a cometabolic bacteria would be methanotrophic bacteria. These

bacteria will utilize compounds such as methane and cometabolize chlorinated organic
compounds such as trichloroethylene (BoﬁWer, 1983). When conéentrations of organic
compounds are too high they may become inhibitory to biological growth, and degradation

may not occur.

2.4.1 Required Conditions

Critical factors affecting biological degradation and favorable conditions requiréd for
aerobic degradation in the vadose zone were reported by the Wisconsin Department of
Resources (WDNR, 1993):

(1) Soil moisture content: 25-85% of field capacity (50-80 % is optimal)

v(-2) Soil température: greater than 10°C

(3) Soil pH: 5-9 (6-8 is optimal)
(4) Permeability: Greater than 10-3 cm/s

(5) Electron acceptor: Oxygen in soil gas 2-5% and air filled pore space of 10%.
(6) Microbes present: _Heterotrophié bacteria greater than 1000 cfu/gram

(7) Contaminant level: For petroleum hydrocarbon contamination gasoline range organics

(GRO) less thaﬁ 500 ppm, diesel range organics (DRO) less than 1000 pprri.

Y
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¢)) Availability of nutrients: C:N:P ranging from 100:10:1 to 100:1:0.5. TON greater
than 1.5%.

2.4.2 Degradation Model

Biological degradation may be assumed to follow a first order loss process:

C=Coe™ | o (2-8)

where C = concentration at some time t (mg/Kg); C, = initial concentration (mg/Kg); A = '

“decay rate constant (1/day); and t = time (day).

Degradation may be accounted for by using the saﬁe term in the advection-dispersion
equation that Wouid be used for leaching.
2.4.3 Degradation Rates |

Degradation‘haif lives for priority pollutant VOC for solid, liquid and air phases are listed
in Table 2-2 (Howard, 1991). These half lives listed are typically but not exclusively a
result of biologicai degradation. In some cases half lives represent degradation based 6n
hydrolysis, if a‘ given degradatioh. pfocess was faster than biological degradation it was used.
Air phase degradation wﬂl not occur biologically but as a result of photooxidatiOn by

hydroxyl radicals and ozone (Howard, 1991). -
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Table 2.2 - VOC Degradation Half Lives

Air (days).

S

3 CZ .4

bis (Chloromethyl) ether

0.0044

Compound Soil (days) | Groundwater
' (days)
Acrolein 7-28 14-56 0.14-1.4
Acrylonitrile 7-28 14-56 54-548
Benzene 5-16 10-730 2.09-20.9
Toluene 4-22 7-28 0.43-4.3
Ethylbenzene 3-10 6-228 0.36-3.6
A Carbon tetrachloride 180-365 7-365 668-6680
| Chlorobenzene 68-150 136-300 3-30.4
1,2-Dichloroethane 100-180 100-365 12.2-122
1,1,1-Trichloroethane 140-273 140-546 8.2-82
1,1-Dichloroethane 32-154 64-154 1 10.3-103
1,1-Dichloroethylene 28-183 56-132 41
1,1,2-Trichloroethane 135-365 135-730 8.2-82
1,1,2,2-Tetrachloroethane 45 45 8.9-89
Chloroethane - . 7-28 14-56 6.7-67
2 Chloroethyl vinyl ether , a
Chloroform - 128-180 56-1825 26-260
1,2 - Dichloropropane 167-1278 334-2592 2.7-27
1,3 - Dichloropropene 5.5-11.3 5.5-11.4 0.2-3.3
Methylene chloride 7-28 14-56 '
Methyl chloride 28-56 14-56 61-613
Methyl bromide 7-28 14-38 68-680
Bromoform- 28-180 56-365 - 54-541
Dichlorobromomethane v -
Trichlorofluromethane 180-365 365-730 15-147
Dichlorodiflouromethane 28-280 56-365 88-876
Chlorodibromomethane ' .
Tetrachloroethylene 180-365 365-730 16-160
Trichloroethylene 180-365 321-1642 1.1-11.3
-1 Vinyl chloride 28-180 56-2850 9.7-97
1,2 - trans Dichlorethylene 28-180 56-2850 1.1-11.9
0.00044- 0.00044-0.0044

0.008-0.08 .

17
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Howard classifies the half life reaction rates from resistant to fast as follows:

_ Faét: 1-7 days

‘ Moderately Fast '7-28 days

Slow 28-180 days

" Resistant 180-365 days

2.5 VOLATILIZATION

: Volatﬂizﬁt_ion refers to. the loss of VOCs frorﬁ fhe vadose zone through volatilization.
Under unsaturated conditions, VOCs may paﬁitién into the vapor bhase. Any ~soil pore void
space not taken up by eithef wéter or NAPL Will allow for a contaminant vapor phase. VOC'
may volatjiize frorh either the pure, solid, or équeous' phases. Once contamination is present
in the vapor phase it may migrate by diffusion, following Fiék’s Law through the boundary
la'yer ét the ground surface or be carried to the> ground surface by pres;c,ure gradients caused
by changes in atmospheric pressure (Massmann et al, 1992); Once gé.s migrates past the
surface boundary layer it may be,éarried é.way by the wind into the atmosphere.
2.5.1 Vapor Phase Partitioning

‘For single comﬁéunds, concentrations in the pore space vapor phase may be estimated

using Henry’s constant. Henry’s constant (Hc) is the ratio of the concentration in the liquid

~ phase and the concentration in the vapor phase for dilute solutions. Henry’s constant is
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based on Henry’s Law which states that the equilibrium concentration of a compound

dissolved in water is proportional to its partial pressure in the ‘)apor phase (Mackay, 1981):

Ho=P/C; 9

- where P; = partial pressure (atm); C1 = liquid phase conceptratibn (mg/L); and

‘ Hc = Henry’s constént (atm/mole fraction).

Henry’s constant is a function of solubility and vapor pressure and is strongly influenced
by temperature (Macl;ay, 1981). Itis often used as a measure of the volatility of a -
compound and may be used to quantify the partitioning of a compound between the liquid

and vapor phase (Mackay, 1981). Henry’s constanté for VOCs are relatively high thus

significant partitioning of VOCs from the aqueous phase to the vapor phase may occur.

For multicomponent mixtures and when NAPLs are pre’sent the vapor phase |

concentration may be predicted using Raoult’s Law. Raoult’s Law states‘ (Reid, 1987):

Cv=VpXMW/RT) | (2-10)

'where C, = concentration of ‘pure component vapor (mg/L); Vp; = pure component vapor

pressure at temperature t (atm); X; = mole fraction of the component in the liquid phase (X =

1 for s'in_gle'compound); MW = molecular weight (mg/mole); R = Universal gas constant

(0.0821 L-atm/mole-K); and T = absolute temperature of residual (K).
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~ 2.5.2 Vapor Phase Mass Transport

Atmospheric pressure changes are expected with changing weather patterns. Storms and
precipitation events are genefally associated with low pressure. Due to rapid changes in

ambient air pressure caused by these events, pressure gradients into and out of the soil are

created. Ambient air may intru_de more than 10 feet during a storm event (Massmann, 1992). -

Air intrusion will cause advective and dispersive transport of the vapor phase contaminants.

In addition, as fresh air intrudes VOC will partition into the air from the solid and liquid

phases. As the “fresh” air leaves the subsurface following a storm event VOC in the air will

be released to the atmoéphere. The.result is a. net loss of 'VOC from the subsﬁrface system.
Massmann contends contaminant will rnigréte as a vapof phase following a. capillary tube
model. Gas may migrate as a result of two mechanisrﬁé: |
1. Diffusive flow, where gradients in gaé concentrations énd partial pressures will
| induce' contaminant vapor phase to mig;aﬁe from higher concentrations to lower
| concentrations. - Diffusive flow may be slowed by Knudsen diffusion where gas
moleCule collidesv with the capillary tube.
2. Preésure flow, wher¢ pressure gradients in the capillary tube induce:gasses to
flow from high to low .pressure.v Viscéus flow and slip flow are microscale -
mechanisms of pressure flow induced by'. viscoué résistanbe and the slide of

molecules along capillary walls.
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When the gas permeability of the porous media is greater than 10"° cm?, Massmann
-suggestg single component gas fluxes can be modeled using the classical advection-

dispersion equation that is used for solute transport in saturated groundwater systems.

(RT)Nyj = Dj,mix AP; + BKPAP/L  (2-11)

- where Nyj = total molar gas flux for species (mol L? t"); Dj = effective diffusion coefficient

for component j (L’t"); AP = pressure gradient (M L™ t?); and p = gas viscosity (M L™ t'*).
Massmann found this method of predicting vapor phase flux rates overestimates flux rates

for low permeability materials, and underestimates flux rates for high permeability materials.

'2.5 LIQUID PHASE MASS TRANSPORT PROCESSES

Liquid phase transpdrt of VOC in the subsurface have two componerits, advection and |
dispersion;
2.5.1 Advection and Dispersionfl

’Adv'ectivon and dispersion are physical processes responsiblé for the movement and
mixing of contaminants in porous soil media and do not include reactions. These physical

processes include advection, dispersion and diffusion. Dispersion and diffusion processes

are often combined and called hydrodynamic dispersion.

Advection refers to transport of a contaminant by the advective interstitial velocity of

water flowing through the soil. The contaminant travels with the fluid at fluid velocity.
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Hydrodynamic dispersion represents mixing processes which include both dispersion

and diffusion.

Dispersion is caused by three microscale advective processes at the pore scale (known as

mechanical dispersion). The first prdccss induces dispersion of the contaminant due to the

- differing velocities in fluid ﬂoW'ing through a pore. Resistance at the edges of the pore

slows the fluid down. The variation in velocity causes mixing. The second process causes

rhixing through variations in the velocity between porés where smaller pores have higher

~ velocity and larger pores have lower velocity. This follows Bernoulli’s equation for fluid

flow aﬁd conservation of energy. The first two processes result ih léng.imdinal dispersion.
The third process is called tortuosity which causes mixing as a result of the pore geometry
which alloWs for diffcrent paths of travel. Some paths are longer than bthers and this causes
rhixing__. This processbisA responsible for longitudinal, transverse and vertical dispersion.
Diffusion refers to rnolecﬁ_lar diffusion Which is assumed to follow a Normal or Frickian
distribution. '"l;h.e cpnfaminant fn_ixes by moving ovér a céncentration gradient from high to
low in an effort to minimize energy. The advective processes typically dominate diffusioﬁ

except in low hydraulic conductivity and velocity situations:

Unsaturated Flow

Unsaturated flow follows the classic advection-dispersion e’quaﬁon (Hem, 1987):

dCtat = 3/3Z[DI2CYIZ2-vCH] - S (2-12)
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where Ct = total concentration and may be obtained from equation 2-3; Ss = first order

degradation rate constant (gm/cm3/day); z = vertical distance (cm); and v, = effective

- velocity (cm/day). For solute transport equation 2-12 becomes:

3Cat + Ss = /OZ[D* A2, -He[dhOZHIC]  (2-13)

Unéaturated zone mass transport is analogous to saturated zone mass transport except that
vOC méy alsq exist in the vapor phase. Unsaturated zone tr;ainsport is a function of the
infiltration rate, gravity and capillary force‘s. It méy be consewatively aésumed that the
volpmetric moisture content co_rresponds to the effective porosity of the soil in the vadose

zone. This accounts for soil pore space that does not contain water in the vadose zone.

| Saturated Flow

For saturated zone flow, the _advection and dispersion pfocesses are combined in the
advection-dispersion equation. For one dimensional saturated flow throilgh homogeneous

isotropic soil under steédy state uniform flow, the equation is (Dominico, 1990):

3C/ot = Da2C/ax2-vac/dt - (2-15)
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where C is the VOC concentration (mg/L), t is the time (day), D is the hydrodynamic

dispersion coefficient (mzlday),' x is the distance (m), and v is the seepage or linear velocity A

(m/day).
The one dimensional advection-dispersion equation can be modified to include the
desorption reaction by-adding a term to account for changes in mass in the solid phase. The

equation is given below:

3C/at = DA2C/AX2 - vac/dt - (p/m)asS/at  (2-16)

-where p is the bulk density (g/m3), n is the porosity, and S is the concentrafion in the solid

(he/Kg).

Use of this partial diffgrential equation to model the leaching of VOCs from a bbdy of
soil into an aquifef, requires that the decéying‘(Cauchy) influent boundary c'onditibn, or
leach réte, be quantified. The léaéh rate constant quantiﬁes vVOC changes in the solid phase
over tii_ne.

The concentration of a VOC in the solid phase is considered a function of concentration

in the aqueous phase as follows:

-0S/ot = 3S/0C oC/ot ©2-17)

where 3S/3C represents the partitioning of VOC between the solid and liquid phases, and:
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3S/C=K4 (2-18)

2.6.2 Sorption/Desorption Reé_ctiohs

The reactions VOCs undergo 1n the subsurface have a direct effect on the migration of
VOCs through the 50@1! Sorption is considered to be the bdmary reaction affecting voC
migration. The reaction tends to retard VOC mo_\)emcnt thfough soil. Sorption refers to the
reactiqn that results from the attractioﬁ of the sorbate (VOC) to the sorbent (soil) and results
in an increased conceﬁtratiét; of thev sorbate at the interface between solid and liquid phase.v

The sorbate may also travel inner passages of the sorbent and attach to sites there. The

sorption/desorption reaction VOCs undergo in the subsurface is considered to be a

reversible, equilibrium, surfé.ce reaction. The reaction is reversible because the forward
sorption reaction,'_where the VOC is attract¢d to a site on the soil matrix, is mirrored by the
reverse desorption reaction. It is equilibrium because the reaction is assumed to occur
quickly compared to the transport processés of dispersion and advection The reaction is a
surface reaction beéausé the rélatively ea..sily' broken .bonds occur at the-surface of the

substances involved.

A. Sofption Forces

Sorption results froma variety of attractive forces where one force fnay be dominant

:(Weber, 1991). Weber indicated interactions between the dipolé'morr_;e’nts of sorbaté and -
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sorbent molecules are the primary mechanisms undérlying sorption. Weber categoﬁzed
adsoprtion forces in three categories, chemical, electrostatic, and physical (Weber, 1983).

L. Chemic;al sorption refe,rs: to the intéractioné .caused by qo;/alent and hydrogen bonding of
the sélute to the sorbate.

2. Electrostatic sorption results from the attraction of charged molecules tb' the charged
surface of the sorbent through ion-ion and ion-dipole force.s".

3.. Phyéical sorption is a result of van der Waals forqes which consist of London dispersion
forces and hydrophobic b(;nding. London forces are caused by rapidly ﬂ.uctuatin_g. dipole

and qliadrupole moments resulting from the movement of electrons in their orbitals.

Hydrophobic bonding is a result of thermodynamic gradients caused by repulsion of the

sorbate from solution to the sorbent. The sorbent-solute interactions are preferred to the

solu_te-wziter interactions. Physical sorption van der Waals forces are thought to predominate

for sorption of VOC.
B. Equilibrium Partitioning (Kg) Model

VOC sorption _isv assumed to occur th the organic carbph fraction of thé soil and whére
partitioniqg of VOC bétweeri soil and watel_'. will follow a Freundlich linear isétherrﬁ.
VQCvsorptioh (equilibrium partitioning) is typically mod¢1ed using a Fr}eundlichv isotherm

(I/m=1):

Ce=KqCy o (2-19)
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where K{ is the equilibrium partition coefficient (L/Kg), Cs is the equilibrium concentration

(mg/Kg) in the solid phase and CJ is the concentration (mg/L) in the liquid phase.

Karickhoff (1979) has shown partitioning of VOCs from the liquid to the solid phase will

occur preferentially to the organic matter in the soil. In particular, the fractibn of organic
carbon (foc) in the soil is considered to be the best predictor. The equilibrium partition

coefficient may be calculated from the following relationship (Karickhoff, 1979);
Kd = focKoc , - (2-20)

where foc = fraction of organic carbon in the soil.

Koc is a function of either a cofnpounds solubility, S, or its octanol-water partition
coefficient, K. Piwoni et al. (1989) found that organic chemicals partition Between

octanol and water in approximately the same way they partition between water and soil

organic carbon and developed the relationship:
log Koc = 0.22 + 0.69 log Kow (2-21)

where Koc = organic carbon-water partition coefficient, and Kow = octanol-water partition

coefficient.

TT
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The model has often been shown to be a good prediétor of VOC sorption phenomena

(Schwartzenbach et al., 1981). Howe?ér it has not always been accurate. While it does

- appear sorption of VOC will be dominated by sorption to the organic sites, there are

| exceptions and difficulties with this app;oach and its assumptions.

" The assumptions of the model are: |

(1) VOCs will partition to the organic sites on the soil matrix.

| (2) VOC partitioning follows a linear isotherm »(Ffeundlich' 1/n=1),.which also assumes

equilibrium, i.e., sorption reaction is fast compared to transport processes, and thus a local

- equilibrium assumption is valid.

(3) Desorption is a two dimensional surface reaction.

(4) Partitibm'ng of the organic chemicals between soil/water is{ similar to partitioning of the
orgé.nfc chemicals between wéter and octanol.

2.6.3 Sorption queling Problems

1. Organic fracti§n sorption c'onstrainté: Re'search‘ has shown that p_anitioning of VOCs is
not always linﬁted to the organic fraction of the soil. While partitioning typicéﬂy occurs to

the organic fraction there are exceptions. Problems may be encountered during modeling

VOC partitioning to soil organic carbon when the organic carbon content of the s_oil is very
low. A study by Schwartzenbach and Westall (1981) found that when the organic content of

the soil is below 0.1% the specific surface and mineralogical character of the surface are

more signiﬁca.n,t in predicting VOC sorption. Ball (1991) reported that in low organic

content soil (<0.1%) “certain minerals may play important roles in sorption.” When the
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organic carbon content of soil is low, using the organic content of the soil may be a poor

predictor.

2. Equilibrium Issues: The local equilibrium assumption is used implicitlj in the K4 model
and in the developmént and use of the leéch rate model; Béth models are based on VOC/soil
equilibrium partitioning (isotherms). This approach aséurnes the desorption reaction is at
local equilibrium or fast éompared to mass transport processes. Tré.nsporc procésses are
assumed to be'ratc limiting. The literature suggests this may not always be true. In’
particular, the time it'takes to reach desorption equilibrium can be quite long. Ball (1991)
found that TCE can takev years to reach desorptign equilibrium. Pavlostathis and J aglal
(1991) found that “TCE requires extended equilibration times for desérption to occur”. Bahr
(1989) found indications that desorption was the rate limiti'ng.s'tep during a field test at a
contaminated. site in Ottawa, Canada. “It is becoming iﬁcreasingly apparent that sorption
and desorption rates may beAsufﬁciéntly‘ slow td impact solute transport in groundwater

enviroﬁments” (Ball, 1991). If desqrptioﬂ is the rate limiting step then the local equilibrium

‘assumption is invalid. We cannot assume that enough time has passed to allow

concentrations in the svolid and liquid phasestoéqujlibrate givep the rate of transpdrt
processes.

Other research suggests that under natural gradients nonequilibr’iuvm sorption may not be |
limiting relative to transport processeé. Oné report indicated that it was only under induced
gradients that nonequilibrium effects might be seenA(Blrusseau' etal, 1991). When modeling
desor[;tion of VOCs, particularly in the lab where high gradients may be used, the local

equilibrium assumptions may not hold.
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Reasons for the K4 model’s departuré from local\eduilibrium‘ aséumptions are givén
below: |

(1) Cblloidal fract.ion:‘ Results from an experiment by Gschwend and Wu (1985)
suggested that if sorytior_l to non-settling mi.croparticles and orgénic macromolecules is t;ken
-into account the Kd model is an excellent predictor. This result is not generally accepted,
because it is difficult to explain the reason for long desorpti‘o.n times (relative non-
equilibrium) by the colldidal theory. Organics sorbed to colloidal particles wquld be
removed from the system, byl advective transpdrt, over the long desorption time frames
making it irnpOs‘s'ib.le for them to have any effect on long term desorption outcomes. We
actually expect organic colloidal particles to incre_ase.the effective velocity of contaminant
transport. The importance of considering non-settling organic particles is not cbns_idered a
concern in this expeﬁmen_t. Such issues were gddresséd by ﬂushing the soil samples uﬁder a
high gradient prior to the sorption/desorption studies.

(2) Diffusion: Sorption models can be either two dimensional or three dimension'al'.
Equilibrium isotherrﬂ rﬁodels assume two‘ dimensional surface adsorptioq. A’déorption is the
increase in concentration of the VOC at the internal and éxternal surfaces of a solid. Itisa
two &imensional surfacevreaction. The tW(.) dimensional model assumes organics sorb to the
surface of the solid or the liquid in the solid/liquid interface (diffuse layer). Three
dimensional sorption, absorption, occurs when organics sorb to the ttrlree‘ dimensional
volﬁme that is the solid and/or thé liquid at the solid/liquid interface (diffuse léyer). This
model 'allows for diffusion to internal sites on the solid. It is béli_eved that the three

dimensional absorption, which includes a diffusion process, may be the cause of the slow

1T
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“sorption equilibration times. Brusseau et al. (1991) found that anintraorganie matter
diffusion model best explained macro- and micro-scopic deviations from equilil?iium.

Pavlostathis and Jaglal (1991) found that soil contamiilated (primarily) with TCE for long

- periods of time was resistant to desorption. It appeared to be a case of three dimensional

desorption, where diffusion became the rate limiting process. Sorpiion/desorption then is
dependent on the contact time of the solid with the contaminated acvlue.ous phase. The
proposed leach rate model is based en two dimensional desorption. If VOCs have long
contact time with the soil, the leach rate rriodel inay over predict VOC desorption rates.

(3)‘Linear isotherm assumptiori issues: There are problems with using a linear isotherm
to preiiict partitioning. Do‘minico and Schwartz (1990) claimed that a linear isotherm does
not adequately deseribe sorption of VOCs to soil, particularly at high concentrations. The
proposed leach rate model assumes the coneenuetion ii1 t}ie solid phase increases |
indeﬁniteiy with the liquid phase. If there are a finite number of sites this is i_iot possible and
the model will over predict 'concentratioiis in the solid phase and under predict

concentrations in the .liquid phase. It may be that the linear isotherm does not completely

- model VOC desorption. The 'Lanlgmuir isotherm model may be appropriate in this case.

Using this isbtherrn model, the sorptive eapacity would be linear at low concentrations and
then flatten (sorption effectively stopping) at high concentrations (maximum sorption
capacity). This would be a more effective approach if a maiiimum sorptive capacity exists.
The proposed leach rate model cioes not provide for this outcome. |

A eecond lprob_iem is that linear equilibrium partitioning assumes desorption occurs at one

rate. One explanation of the long desorption times is that there are two reactions occurring
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at different rates. Desorptioﬁ from the surface of the solid which occurs relatively
quickly and diffusion from micropores or from inside the solid which occurs much more

slowly. Atsome péint diffusion rﬁay become the pﬁmary process. This observation was

- noted in a report by Estes et al. (1988). It may not be possible to account for the kinetic

effects of the slow diffusive processes with a linear assumption. It may not be correct to

assume a linear or continuous function for the desorption of VOCs.

2.7 TIME RELEASE LOSS MODEL
~ The processes involved in VOCs leaching from soil may involve t00 rnany'complvex and

interactive processes to allow modeling.

© 2.7.1 Model Scenarios

~ The proposed model assumes VOCs released from soil can be considered to follow two
different bracketing loss processes. The release can be gradual over time or a complete

instantaneous pulse release. The instantaneous release is a worst possible case scenario.

' The gradual release bv_er time is considered to be most répresentative of VOC leaéhing from

soil.

2.7.2 Theoretical Development

‘A simple model of the time release and instantaneous loss process can be evaluated as a

first order kinetic rnbdc:l with the rate of change of pollutant in the soil over time as follows:

dQa/dt = -(A1+1a)Qd @2
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. the soil to the groundwater (day'l); Ad = decay rate constant for the pollutant in the soil

| where Qdo = initial pollutant mass at t =0 (g). Total initial pollutant mass is given By:

‘. in the soil (mg/Kg);' and p, = bulk density of the soil (g/cmB). The release rate is given by:

" - where r = release rafe (g/day). Sﬁbs_tituting Qq(t) from equation 2-23 into equation 2-25

‘ yields:

33

where Qg = amount of pollutant in the soil (g); A1 = leach rate constant of a pollutant from

,(day_l); and t = time (day). Solving equation 2-8 yiélds:

Qd(®) = Qdo e-(A1+Ad)t (2-23)

Qdo=AhCs pb | (2-24)

where A = area of contamination (m0"); h = depth of contamination (m); Cs = concentration

r=Qq(HA1 | (2-25)
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r=[Qdo e-M+AdtIA1 (2-26)
Integrating the release rate from zero to infinity yields the total pollutant release as follows:

T = Qdoh1 /(A1 + Ad) (2-27)

where T = total pollutant released (g). Only the leach rate constant is needed to assess mass
leached from a body of soil into an aquifer.

If asymptotic conditions are observed in leaching concentration declines, and only

leaching decay' is considered, equation 2-23 becomes:

Qd(® = (Qdo-Qaf) M1t +Qdf  (2-28)
where Qdf = asymptotic concentration (rﬁg/L). |

2.8 LEACH RATE CONSTANT PREDICTlVE.MODEL

Rodgers and Associates Engineering Corpération (1988) developed an empirical leach
rate model to assess leaching of radioac‘tive waste frorﬁ a cement lined low level radioactive
waste repository: |

A1 = 86400P/100h(6 + pbKd) (2-29)
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where P = percolation rate of water through soil (cm/sec); 6 = volumetric water content
(cm3 water/cm3'waste); pb = soil dry bulk density (g/cm"); Kd = equilibrium partition

coefficient between soil and pollutant (L/Kg); h = soil thickness (m); and A = leach rate
constant (day-1). A

This relationship adapted for VOCs leaching from a body of soil becomes:
A1=Pa/h( + ppKd) ' (2-30)

where Kd = the equilibrium partition coefficient of the pollutant between the solid and liquid
0 ' ' .

. phase (I/Kg); and a = constant determined by regression analysis.

The soil dry density, volumetric moisture content, percent organic matter, and percolation

- rate are relatively easily obtained. The percent organic matter in the soil is divided by 1.7 to

obtain the organic carbon fraction in the soil (Brady, 1974). The equilibrium partitioning

coefficient can be determined from the relations dcvelbped by Piwoni, et al. (1989).
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MATERIALS AND METHODS

3.1 MATERIALS
3.1.1 VOCs Studied

CHAPTER 3

~ Four VOCs were studied: methylene chloride (MC), trichloroethylene (TCE), toluene

(TOL), and m-xylene (MX). These compounds are representative of some of the VOCs

encountered at contaminated sites. The eompounds selected cover a wide range of octanol-

water partition coefficients, solubility’s and Henry’s constants, and therefore a wide range of

rates of VOC leaching can be theoretically represented based on Hassett et al. (1983).

Table 3.1 shows the properties of these compounds.

Table 3.1 Properties of VOCs Used in Study

Properties

Octanol-Water Coefficient (log Kow)

MC | TCE | TOL | MX

Density at 20C (g/mL) ® 132 | 1456 | 0.866 | 0.864
Boiling Point (C) 398 | 869 | 1106 | 139
Solubility (mg/L) ® 16700 | 1100 | 515 198
Henry’s Constant (atm m’/mol) ™ © 0.093 | 0.00913 | 0.00637 | 0.00704
O 001 | 238 | 273 | 326

‘References: (a) Verschueren et al, 1983. (b) EPA, 1986. (c) Lyman, 1990.




2
3

~ -

=

{ { .

37

Methylene chloride (MC) _
Methylene chloride is a chlorinated aliphatic_cdmpound. This compound is primarily

used in paint strippers, aerosol formulations, and as an extraction solvent in making

decaffeinated coffee. A carcinogen, its toxic effects act primarily on the central nervous

system. It may be found at industrial sites. This 'compound would be expected to leach from |

soil at a faster rate than the other compounds studied based on its K__.

* Trichloroethylene (TCE)

.Trichloroethylene is a chlorinated aliphatic compound. It is a common solvent used in.
metal finishing degreasing operations and dry cleaning. It may be found at contaminated

industrial sites or dry cleaning operations. This compound is toxic and affects the central

~ nervous system. Based on its K, TCE should leach faster than TOL and MX, but more

slowly than MC,

" Toluene (TOL)

- Toluene is an aromatic compound. Its structure consists of a benzene ring with one
methyl group. It is a petroleum derivative used primarily in gasoline, but is also found in
naphtha and asphalt. Toluene may‘bé found at leaky underground storage tank (LUST) sites
where gasoline is present. It exhibits low toxicity effects. Based on its K , , TOL should

leach faster than MX, but more slowly than TCE and MC,

m-Xylene (MX)

-m-Xylene is an aromatic compound. Its structure consists of a benzene ring with two
methyl groups. Itis derived from petroleum, and used primarily in gasoline. This

compound is also used in the manufacture of isophthalic and as a solvent. It may be found
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at LUST sites where gasoline is present. m-Xylene is a mild irritant and only mildly toxic.

The leach rate of this compound is expected to be the slowest of the compounds studied.

3.1.2 Soils Studied

Three types of soil were studied: topsoil, clay, and sand. These soils are expected to

represent a range of soils that might be encountered at a contaminated site. Table 3.2 shows

the basic parameters for these soils.

The sand was collected from a Lake Michigah beach. It was clean and fine grained, and

had a very low organic content.

The clay has been used in previous studies at the University of Wisconsin (Heim, 1992).

It was brownish orange in color and contained some small gravel. It had a low organic

content.

! The topsoil was collected from a barrow pit located in the Arboretum in -Madison,

Wisconsin. It was collected near the soil surface in a woods and appeared to be aloam

containing high amounts of humus.

Table 3.2 Properties of Soils
Soil |Sand| Silt Clay | Particle Ofganic Organic cec” pH
Type | (%) | (%) | (%) | Density .Matter Carbon-
| @) | (%) | (%)
Sand 99 1 0 2.62 0.2 0.12 0 6.3
Clay | 34 | 42 | 24 | 236 0.6 0.35 26 | 72
Toi)soil 51‘ 7 37 12 2.18 72 4.24 37 7.2

1) = cation exchange capacity
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' 3.2 EXPERIMENTAL APPARATUS

3.2.1 Apparatus Development

~ Various pump and reservoir configurations were tested during develobment of the

experimental apparatus. Configurations using pumps proved ineffective due to fluctuations
in pressu're'head during testing. Therefdre, a cylindrical glass reservoir was tested. The
unevehness of the walls of the cylinder caused variability in the friction between the piston
seal and the cylinder wall. This, in turn., created variabiijty in the rate of piston travel over
the length of thé cylinder. The variability of piston movement made flow rates vary, thé
device could not achieve a consistent flow rate. A precision bored cylinder was finally
tested and prbduced a relatively constant flow rate. |
3.2.2 Apparatus Description

Figu}}ré 3.1 shows the influent reservoir developed for the experiment. A precision bored
cylinder 4 inches in diameter a.nd‘2 feet in length was used. A machined aluminum bottom
plate and piston with Teflon seals provided barriers to VOC volatilization. The cylinder was

laid on its side to maintain constant elevation head. A pulley and weight system applied a

~ constant force (2.2 1b.) to the end of the piston rod. This force slightly exceeded the

resfsting friction force of the seal and maintained pdsitive pressure on the systerri. Thé
positive pressure helped minimize air leaving solution and facilitated piston movement.

Any air in the reservoir or iines would both decrease the pressure head and allow VOCs to
vblétilize out of solution. Copper and Teflon lines were used between the reservoir and soil
samples to minimize losses of VOCs. Previous.éxperience has shown that tubing capable of
carrying 10 times the expected flow will not restrict flow. Approximate'ﬂows were
computed and this rule of thumb adhered to in sizing the lines (3/16" OD). Teflon bégs were
connécted to the effluent side of the soil sample. Sample ports were placed at the influent
and effluent sides of the bs-,oil samples. Three apparatus were built, allowing 9 to 12 soil h

samples to run simultaneously. Figure 3.2 shows the experimental ép’paratus developed.
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1. Piston with Teflon Seal

2. Bottom Plate with Teflon Seal

3. Precision Bored Annodized Aluminum Cylinder
4. Piston Rod with Teflon Guide

Figure 3.1 Influent Reservoir Apparatus

| Pulley & Weight System Confining

: 1 Water
Reservoir
|
mmneii—

Constant Head
Influent Reservoir

—~—  3/16" Teflon Lines, AN

Sampling
Port

' Flexible Wall
Z § Permeameter

Teflon Bag '
Soil Sample —~—

Sampling
Port

Figure 3.2 Experimental Appratus
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3.3 ANALYTICAL METHODS
3.3.1 Gas Chromatography and Program
A Vavarian Model 3600 Gas Chromatograph (GC) with a flame ionization detector (FID)

~ was used to analyze samples from both column and batch studies. The GC was equipped

with a Supelco VOCOL glass capillary column 60 m in length, 0.75 mm ID, with a film
thickness of 1.5 pm. Various concentrations of VOC were run on the GC to determine the
column and deteétof temperatures, and holding times that would allow for identification of
the different cornpoﬁnd response peaks, and quantification of concentrations over a range

between 1 to 100 mg/L. The times at which the test compounds eluted from the GC were

' individually identified at this time. The GC program settings are shown below:

GC Program First Column Experiment
Attenuation: 1-12

Carrier Gas: Helium @ 3cc/min

~ Initial Column Temperature: 130 C

Initial Column Hold Time: 5 min
Final Column Temperature: 230 C
Initial Injector Temperature: 50C
Initial Injector Hold Tifne. 0.5 min
Final Injector Temperature: 230 C

* Detector Temperature: 250 C
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~ GC Program Second Column and Batch Experiments
Attenuation: 1-12
Carrier Gas: Helium @ 3 cc/min
Initial Column Temperature: 60 C |
Initial Column Hold Time: 5 min
Final Column Temperature: 230 C
Initial Ihjector Temperature: 60 C
~ Initial Injector Hold Time. 1 min
Final Injector Temperétlire: 230C

Detecter Temperature: 250 C

GC Program Batch .Experiment Carbon Disulfide Extractions
Attenuationf 1-11
Carrier Gas: Helium @ 3 cc/min
Initial Column Temperature: 80 C
Tnitial Colurnn Hold Time: 5 min
| Final Column Teinperature: 230 C
Initial Injector Temperature: 80C
' Initial Injector Hold Time. 1 min
Final Injector Temperature: 230 c

 Detector Temperature: 250 C

~ 3.3.2 Calibration/Standard Curves }
The primary standard curves used in the analyses are shown in Appendix A. Three
different calibration curves were used during the experiments. One standard curve for the

first column experiment, a second standard curve for the second column experiments, and a
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third carbon disulfide/VOC standard curve fdr the batch experiment extractions. The first

standard curve was based on the analyses of 5 samples at each concentration level: 2, 10, 25,

.50, and 100 mg/L The second standard curve was based on the analyses of 5 samples at -

each concentration level: 4, 10, 40, and 100 mg/L. The carbon disulfide-VOC standard

curve was based on analyses of 5 samples at each concentration level; 2, 50, 100, and 400

" mg/L. A linear curve was fitted to the data using a least square regression. The curves were

not forced through the origin in the regresswn A 99.7% conﬁdcnce interval was computed
for all three standard curves. The standard curves were used to quality control results. Data
with correspdnding standard detections outside of this 99.7% confidence interval were

considered to be outside control limits and these results were typically not used.

3.3.3 Sample Handling and Analysis

Samples were kept in 2 mL glass vials sealed with Teflon lined septa and refrigerated
prior to analysis. Samples were typically analyzed within a week of the time they were
taken.

Standards were run every 10 samples. GC analytic results were evaluated by com.paring'
the detected standard concentrations to the known standard concentration. Results
corresponding to atandards outside the 99.7% confidence interval of the standard curves
were considered outside of acceptable control limits and thrown out. In some cases samples
Were analyzed on the automated sampler. These sainples were purged with air as part of the
automated samp'ling procedure. Thus, when thesa analysés were out of control there were
no altemat;ive samples and the results were.accept.ed. In 6ther cases the concentration of the-
standard was orders of magnitude above the concentrations of several of the VOCs whﬂe

being close to the concentrations of other VOCs. Bias at the lower concentrations may not

have been accurately assessed.




When concentrations in samples were high and when carbon disulfide samples were

analyzed, blank samples containing water were run between samples to flush residual VOCs

out of the column that might otherwise cause false positive detections.

3.4 OVERALL EXPERIMENTAL METHODS
~ The leach rate model was developed from the results of three types of experiments:

1. Soil column desorption studies which were used to determine contaminant leaching
characteristics over time. '

2. Batch studies to determine soil/water equilibrium partition coefficients (K,) for different
pairings of VOCs and soil types. | ‘
3, Soil parameter studies to determine soil organic cohtent, density, bulk density, and

volumetric moisture content.
4. Potassium bromide tracer studies to determine an approximate effective velocity, effective

porosity, and diépersion/diffusion coefﬁciehi for several soil columns..

3.5 FIRST COLUMN STUDY EXPERIMENTAL METHODS
The purpose of the first sorption/desorption studies was to determine the mass of VOC _

lost from the soil column over time. A mass balance based on influent and effluent

. concentrations was to be used to determine the VOC mass in the soil.

3.5.1 Sample Preparation
Imtlal preparation of samples entailed homogenizing the soils used in samples. The soil

was dned mixed, and passed th:ough a #6 (3.35 mm) sieve. Tw1gs and small roots were

| removed by hand from the topsoil. Mo1sture contents of the topsod and clay were checked

and water was added to the soils correspondmg to known and assumed optimum water

contents following suggestions given by Heim (1992) The moisture in the soil was then '
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allowed to equilibrate and moisturized soil was placed in double sealed plastic bags for
approximately 1 week prior to samplé preparation. |

The soil was then compacted in a Proctor mold. Compaction efforts were varied to

produce a wide range of permeabilities. A certain amount of trial and error was involved in

determining the correct compaction effort for the desired permeability. Permeabilities were
briefly cﬁecked using a falling head test to ensure the range of ‘péfmeabﬂities desired were
achig:ved.‘ _ | |

Soil samples 2 inches high and 4 inches in diameter were placed in a flexible wall
permeameter (Figure 3.3). A bronze porous stone was placed at each end of the samplés.
The samples were then wrapped in 3 inch wide Teflon tape, sealed with silicone caulk,

covered with a latex sock, and sealed with two rubber o-rings. Compacted samples were

placed in flexible wall permeameters and leakage to the confining water was checked under

high gradients. -

3.5.2 Experimental Conditions

Soil samples were contaminated with a constant inﬂﬁent VOC solution of 100 mg/L and
10 mg/L toluene, m-xylene, rnethyléne chloride and tn'chloroe;thylene. lSolutions were
passed through six clay columns with hydrauiic conductivities ;anging from 10 cm/sec to

106, and four topsoil columns with hydraulic conductivities ranging from 104 to 10'(‘5

- cm/sec. Hydraulic gradients were between 1 and 6, except for column C6 which had

gradients of 16 to 18 due to its low permeability. The expcrirnental' conditions are

summarized in Table 3.3. ' A . .

|
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Target Organic
Chemical Solution

| v l Hot Plate

Brozen Porous Stone -

Latex Sock

. Teflon Tape

Figure 3.3 Prepared Soil Sample

3/16" O.D. Teflon Line

— ] Flexible Wall
Stopper with - Permeameter
Teflon Seal _

Faucet

Figure 3.4 Contamination Apparatus Using Organic Chemical Vapor
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Table 3.3 - Experimental Conditions
Column | Soil Type Saﬁple Sample Gradient Hydraulic
Height Diameter " (in/in.) Conductivity
(in) (in) (cm/sec)
C3-1 Clay 2 4 5.75 6.44E-5
C5-1 Clay 2 4 2 2.84E-4
C6-1 Clay 2 4 lé.Sl 491E-6
T4-1 Topsoil 2 4 1 5.92E-4
S1-2 Sand 2 4 1 1.41E-4

3.5.3 First Column S_tudy Data Collection

Samples were taken approximately three times a day from the influent and effluent sides

of the samples. The weights of the effluent bagé were taken at the time of the samples. In

this way concentration versus time and flow (weight was converted to volume of flow

assuming the density of water was 1 g/mL) were known, and breakthrough curves developed.

Once breakthroﬁgh of the soil columns was reached, flow was maintained uhtil the

influent concentrations equaled effluent concentrations for at least four consecutive samples.

At this time, flow of the VOC solution was stopped and influent and effluent valves closed

for four days. This allowed the VOC concentrations to equalize within the sample. The

liquid ph:_ise concentration in the soil column was then checked and desorption experiments
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started. A solution of 50% de1omzed water and 50% tap water was passed through the

samples. Sampling followed the earlier samphng procedure.

3.5.4 Experimental Problems

* During the four day equilibration period, the thermostat in the temperature controlled
room containing the experimental apparatus broke. Temperatures in the room reached and
may have exceeded 113 degrees fahrenheit for 1 to 2 days, A check of the VOC
concentrations determmed more than 60% of the conta:mnant mass in some samples
volatilized during the temperature increase. In spite of the losses, desorptlon experiments
were pefforfned until sample effluent concentrations were in the part per billion range. Data

from columns C3-1, C4-1, C5-1, C6-1, and T4-1 (four clay and one topsoil column)

appeared to be unaffected, the remaining data was lost.

3.6 SECOND COLUMN. STUDY EXPERIMENTAL METHODS

The purpose of the second desorption studies was to obtain additional data to make up for
the data lost and if possible to perform mass balances on VOC lost frorﬁ the sampleé over
time. The initial mass of VOC in the sample was determined by a mass balance based on the
difference between mass of VOC passed through the sample, and the mass of VOC extracted
from a carbon trap on the efﬂuenf side of the column. An ﬁncontanﬁnated solution was then

passed through the sample to model VOC leaching.

3.6.1 Eiperimental Apparatus

Because of the problems in the first column study a second column study was performed.
A second method to intreduce VOCs into the soil sémples was developed. This method
contaminated the éamples qeickly (5 minutes) and the mass of VOC in the sample could be

determined from a mass balance. .Soil sampleé were prepared and placed in flexible wall

| BB
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v permeameters as shown in Figure 3.3. A vaporization chamber was pléced on the inﬂueﬁt

side of the sample and two 2-stage carbon tubes were placed on the effluent side followed by

a water venturi device that produced a vacuum. Figure 3.4 shows the second contamination

B apparatus. A known mass of VOCs were placed in the high temperature vaporization

chamber, and a fine mist formed was drawn through the sample. VOC that was not sorbed

to the soil was collected in the carbon trap. Carbon disulfide was then used to extract the

' VOC from the carbon. The difference between the initial VOC mass in the vaporization

chamber and the mass extracted from the carbon was assumed to be the mass in the samples.
After the soil columns were contaminated, the influent and effluent valves were closed, and

the VOCs were allowed to equilibrate in the sample for four days.

3.6.2 Experiment and Data Collection
The second column experiments used the same procedures as the first column

experiments. Mass balances were not performed on columns for the second column studies.

. 3.7 Tracer Study

- The purpose of this study was to dete;;niné the‘effecti\./e velocity and porosity and
dispersion/diffusion coefficients of several of the samples. This study was performed during
the initial .co_ntami'nation‘ of theb soil samples. A tracer, potassium bromide, was spiked to the
influent reservoir for samples T4-1, C5-1, and C6-1. |

After initially ﬂushmg the sample at hlgh grachcnts (dh/dl) to remove collmdal part1cles,
a pulse input of 10 ppm potassium bromide tracer was passed through the soil colqmns and
samplés of the influent and effluent were taken over time. The samples were analyzed using

Beckman System Gold liquid c_hromatograph (HPLC). The HPLC system consisted of a

" Beckman Model 126 solvent module, a Shimadzu CTO-6A column, and a Shimadzu CDD-

" 6A conductivity detector. Potassium bromide was used as the tracer because the bromide
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anion should not be affected by the cation exchange of the clay soil. It is assumed that the
tracer is nonreactive so the tracer mass transport is not retarded by sorption processes.

Dispersion of nonreactive tracers is typically assumed to follow a Normal or Fickian

distribution. Over time, a relation to statistical parameters is seen in the breakthrough curve. -

The longitudinal dispersion can be found from the breakthrough curve for a pulse input

using: -

Dp =o2v2/2t (3-1)

* where Dy, is the longitudinal dispefsion (mz/day), Ot is a statistical parameter of the

breakthrough curve:
ot=172.354 (3-2)

and I = difference between the times at C/Co =0.5; v = x/t' = average linear velocity or

effective velocity (m/day); x = column length (m); and t' is the mean breakthrough time

(day).

Once the effective velocity was determined, the effective porosity was computed

following Darcy’s Law:

where k = 'hydraulic conductivity (m/day); I = hydraulic gradient over the sample (m/m); and

n, = the effective porosity.
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Longitudinal dispersivity can also be found from the relation:

aL~= DL /v | (3-4)

where a[, = longitudinal dispersivity (m).
Since the dispersivity of the columns is assumed to have little impact on application of

the leach rate model, dispersivity was found for only one clay‘ sample. . It is included to

~ establish test conditions.

3.8 BATCH EXPERIMENT

The purpose of the batch experiments was to determine the equilibriurn partition

' coefficient (Kd)'for the different soil/VOC pairings. The Kq values obtained in this

experiment were used as variables to compute predicted leach rates using the leach rate

model.

38.1 Preliminary VOC Loss Analysis

Preliminary tests were performed to determine VOC vblatilization aﬁd sorption losses for
three types of 50 mL centrifuge tubes: polyethylene, stainless steel, and Teflon. Solutions
ranging from 2 to 100 mg/L toluene, méthylene chioride, trichloroethylene, and m-xylene
were placed in the tubes and tumbled for.2.4 hours. Samples were then taken from the tube

supernatant and analyzed on the GC. Resuits indicated the Teflon tubes had the lowest loss

| (<3%). The high losses found in fhe polypropylene tubes (<50%) and stainless steel tube

(<80%), made them incompatible with attempting to close a mass balance.
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3.8.2 Soil-VOC Mass Determination
Computations to determine the appropriate soil to solution ratio were then performed

using methylene chloride as a worst case. The mass of VOC sorbed to the soil had to be

high enough so that differences in the final concentrations in the soil and solution could be

 measured. The calculated VOC and soil masses were then added to the Teflon tubes in a

preliminary test to verify that actual mass change in the soil and .1iquid phases approximated

computed changes and was measurable. After one adjustment, acceptable results were

.obtained.

3.8.3 Batch Experiment

The batch experiment method followed ASTM D34. Soil samples weighing I5g
(topsoil), 25 g (clay), and 50 g (sand) were placed in 50 mL Teflon centrifuge tubes. The
remaining tube volume was filled with 100, 40, 10, vénd 1 mg/L Asolutionsvof toluene,
trichloroethylene, methylene chloride, and m-xylene. The tubes were then turnb.led for 24
hours on a Millipore rotary agitator to prqvide end-over-end rotatien. After 24 hours the
tubes were centrifuged in a Beckman Model J2-21 Centrifuge Rotor at 10,000 RPM for 20
minutes.' Supernatant sﬁmples were taken and placed 1n Teflon sealed 2 mL glass vials and
analyzed on the GC along' with samples containing the initial solution. .This allowed for a
mass balance between influent and effluent concentrations. The difference in the mass of -

VOCs in the liquid phase was assumed to equal the mass of VOCin the soil phase.

3.9 SOIL AND SOIL SAMPLE PARAMETER EXPERIMENTS "

The objective of these studies was to determine soil density, bulk density, hydraulic
conductivity, volumetric water content, and fraction of organic matter. Other parameters

that characterize the soils were also determined.
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3.9.1 Organic Matter

Representative samples of the sand, topsoil, and clay were analyzed by the UW Extension

Physical Plant Lab. The lab determined the cation exchange capacity (CEC), pH, percent

" organic matter, and the percent of sand, silt and clay in the soils. Results of the analytic

report are shown in Appendix B. The fraction of organic carbon in the soil was determined

by dividing the percent organic matter by 1.7.

3.9.2 Dry Bulk Dénsity and Volumetric Water Content
" After column studies were completed the samples were carefully measured and weighed.

The samples were then placed in a 100 degree centigrade oven for 2 weeks. The samples

| were then weighed. Based on the volume of the soil prior to drying and the weight of the .

dry soil, dry bulk densities were computed. Based on the difference between the wet weight

~ of the sample and the dry weight of the sample the volumetric water content of the sample

was computed.

3.9.3 Hydraulic Conductivity (K)

Initially, falling head tests were used to compute estimated samf)le hydfaulic
conductiviﬁeé. Hydraulic conductivity typically decreases over the term of a hydraulic
conductivity experiment until influent and effluent flows equilibrate and the actual
equilibrium K is reached. For this reason the initial falling head tests are gross estimates of
K and were only used to preselect a wide range of hydraulic conductiviﬁes in the samples.
The hydraulic conductivities used to detefmirie the leach rate equation were computed based -

on the average flowrate, hydraulic gradient, and the cross sectional area of the sample.

- Significant decreases in hydraulic conductivity were not seen over time.
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3.9.4 Soil Particle Density

Soil particle densities were determined to characterize the soils and check the results of
other soil parameter tests. Three 200 mL volumetric flasks were weighed, filled with water
to the fill mark, deaired using ﬁvacuum, and weighed again. The flasks were then dried, and
approﬁmwly 50 grams of dry soil was placed in the flasks. The remaining volume was
filled with water. Thé flasks were deaired and weighed again. Soil densities were computed
based on the difference in flask weights and the mass of soil added. The denéitics were then

corrected for temperature effects on water density.




B

55
CHAPTER 4
RESULTS

‘4.1 TRACER STUDY RESULTS

The effective velocity, effective porosity, and dispersion coefficients found from th(e
tracer studies are summarized in Table 4-1. The effective porosities determined from
experimental data appear to be ih error. The‘ highest porosity a sample may have approaches
l‘mity,.the pore space cannot exceed the overall volume of the sample. Thus, samples may
not have Vporosities greater thaﬁ o_ne.. The error in the efféétive porosities also calls info
question the other results. It may be the tracer used was not con;sérvative. This would
decreasé the effective velocity, and the porosity would increase. The diffusion co;efﬁcient

and dispersivity would be effected as well.

4.2 SOIL PARAMETER STUDY RESULTS

Table 4.1 - Tracer Study Results
Column | €() | v n, |06 | D | o (cm)
(cm/s) (mL/m ‘ ' (cmzls)
L) |
T4.1 15053 [ 3.4x10™ | 174 | 3542 | 48x10° | 0.142
C5.1 | 15720 | 39410 | 177 | 1888 | 12x10° | 0.036
C6.1 54280 | 94x10° | 097 | 3759 | 1.2x10° | 0012

Soil parameter study results are shoWn in Table 4.2. The soil parameters determined

from laboratory analysis are within the range of values fo'und in the literature. The so}il
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particle densities and void ratios are consistent with those found in previous studies (Das,

1985 and Dominico et ‘al., 1990). The high ofganic content of the topsoil was expected

based on its observed high humic content.
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Table 4.2 Properties of Selected Soils
Soil Particle Size Particle | Organic | Organic | CEC { pH
Type _ Dsitribution Density | Matter | Carbon
(g/cc) (%) (%)
Sand | Silt | Clay .
Sand 99 1 0 2,62 . 0.2 0.12 0 6.3
Clay 34 | 42 24 2.36 0.6 0.35 26 7.2
Topsoil | 51 37 | 12 2.18 72 4.24 37 7.2

4.3 BATCH ISOTHERM TEST RESULTS

4.3.1 Data Evaluation

Initial tube supernatant concentrations (mg/L) were plotted against extracted solid phase

'co‘ncentrations (ug/gm). A line following a Freundlich linear isotherm was fitted to the data

by linear regression and forced through the origin. The slope of the line was set equal to K ;,

the equilibrium partition coefficient. The curve fits déw;eloped from the batch study data are

shown in Appendix D.

4.3.2 Equilibrium Partition Coefficients

The equilibrium coefficients found from the batch experiments are summarized in Table

4.3. The K4 values determined from the batch experiments were not consistent with the

general trend expected based on prediction of partitioning coefficients from the octanol
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water partition coefficient and soil organic content. The Kq fqr TCE was greater .than the K -
for TOL. This is not ekpected given the de‘ predicted following Hassett et at. (1983).
Hdwever; a comparison of the batch study equilibrium partition coefficients and the_
coefficients predicted following Piwoni et al. (1989), show the coefficients are
approxiinately the same (Table 4.3). Coefficients predicted using Piwoni's relation in
| Karickhoff's model are within an order of magnifude of the values determined from the
batch studies. Deviation from predicted partitioning may be a résult of -the variability of

 humic components of the soil‘vsamples, variability of the GC analyses and other experimental

erTors.
Table 4-3 Summary of Equilibrium Partition Coefficients (K,)
Experimental - - Predicted
Compd. | Sand Clay Topsoil | Sand Clay Topsoil
MC 0.121 0.304 0.138 0.014 0.042 0.51
TCE 0.957 0.835 223 | 0.113. 0.326 4.0
TOL 0.733 1.01 2.37 0.144 0.421 5.1
IMX 1.92 . 198 6.44 0.234 0.628 8.27

4.3.3 Batch Study Mass Balanée

A mass balance was conducted on the K, test results for each compound and clgy. Mass
balances were computed based on the influent concentratiqn of VOC, the sﬁp_ernatant
concentration c;f VOC, and the mass of VOC in the soil based én the ca;Bon disulfide

extractions. The percent errors of the closure of the mass balance found computed by

computing the perecnt change in total mass in versus total mass out. The errors ranged from

T
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about +30% to -11%. Given the variability of the GC and the experimental method this was

considered reasonable.

4..3.4 Batch Study Evaluation of Losses

| Losses were checked during batch experiments. Tubes containing thc oﬁginal solution
(100 mg/L) Wefe pl:iced in the tumbler with the other batch tubes, then sampled and
analyzed, to détermine if losses occurred.‘ No losses were found for methyleﬁe chloride and
m-xylene. Losses for toluene were less than 1%. .Trichloroethj;lene had the highest loss
(1.8%). Thése losses are negligible and are not expected to have affected the outcome of the

batch experiments.

4.4 COLUMN STUDY RESULTS

44.1 Data Evalﬁation
A computer program was written and used to derive time increments and volume of flow
from the base data. The desorption time increment and concentration data were then plotted.
The concentration changes over time by desorption are shown in Appendix E. The
desorption curves followed the decreasing trends' typically found in other VOC desorption |
studies in the literature. In addition, concentrations generally app;oached asyrnptotic values.
The variability in the GC analyses complicated data evaluation. In some cases, abrupt

changes in decreasing concentration trends occurred. These abrupt changes are believed to

‘be an artifact of GC variability and are apparent in the standard.curves. In evaluating the

data, standards were used to confirm control for the samples analyzed. In several instances

) AN
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during analysis with the automated sampler samples were close to but outside three standard

deviations from the mean. Because there was no alternative these data were used but may be

- considered questionable.

4.4.2 Column Study Mass Balance
Mass _balénces on VOC followihg sorption and desorption were performed on column_
C6-1. Table 4-4 summarizes the mass balance following the sorption phase of the colurn

| study.

“Table 4.4 Mass Sorbed versus Kd Predicted Mass Sorbed Column Cé6-1

Compound | Batch | Equilibrium | Soil | Mass | Mass | Error
| Study | Concentration | Mass | Gain | Gain By (%)
Kd (mg/L) | (gm) | By Kd | Sorption '
. (mg) (mg)
MC 0.304 95.8 745.1 | 21.7 | 104.6 +79
TCE | 0.835 75.8 745.1 | 472 195.2 | +75.8
TOL 1.01 78.8 745.1 | 593 | 2426 +75.5
MX | 1.98 - 75.9 745.1 | 112.0 299.6 +62.6

Mass balances following the sorption phase indicated increasing amounts of mass were

retained by the soil for MC, TCE, TOL, and MX respectively. Generally a good correlation -

was found between the mass in the soil following the sorption study and the K 4 values found

from the batch studies. Percent errors were computed for mass predicted from K&‘ values and

mass retained following the sorption study. Percent errors ranged from about +62% to

+79%. A sample was collected following the column C6.1 desorption study and a mass
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balance on the VOC mass in the soil versus the total mass gain or loss over the course of the

sorption/desorption'experiments was performed. The overall mass balance results are
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summarized 'm‘Table 4-5.

Table 4.5 Overall Mass Balance Column C6-1 and All Compounds -
Compound Total "Total Residual Mass Error (%)
Mass Gain | Mass Lost Mass | Gain/Loss |
Sorption | Desorption | Extracted (mg)

Study Study from Soil

(mg) (mg) (mg)
MC- 104.6 115.3 0 . -10.7 -10.2
TCE 1952 111.7 81.9 1.6 0.8
TOL 242.6 89 83.6 70 28.8
MX 299.6 88 226.8 -15.2 -5.1

Percent erfots were cOmpﬁted for the total mass gained from the sorption study versus the
total mass lost ﬁom thé desorptioﬁ study and the mass remaining in the soil following the
desorption study. Percent errors ranged from about +30% to flO%. Residual mass in the
sarnpie at the conclusion of the desorption phase increased from MC, TCE, TOL», and MX,

respectively. Masses into and out of the column were computed on a flow weighted basis.

4.5 LEACH RATE MODEL RESULTS

4.5.1 Data Evaluation

The following step wise approach was used to éompute leach rate constants.
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1. Initially data for each compound-soil sample pair desorption time versus concentration

data was plotted. Then curves were fit to the data by computer by varying the leach rate

constant pdrameter and observing curve match up.
2. Leach rate constants were predicted using the Rodgers and Associates equafion and the
sample parameters - hydraulic conductivity, partitioning coefficients, volumetric water
content, and dry density, developed form the other exéerimental studies. |
3. Aleast squarc;s regression was performed on the curve fit leach ratés and the leach rates
predicted with the Rodgers and Associates equation, and a slope and intercept value were
determined. | |
4. The slope and inte;c:‘ept values were applied to the Rodgers and associates equation to
calibrate it to the column study desorption curve data.

A substantial amount of time was spent attempting to fit exponential and various other
curves to the desorption curve data. Ultimately exponential curves approaching asymptotic
concentrations provided the best fit.

The leach rate predictive equation is shown below:
Al = 105/h(6 + ppKd)+1.0E-05 (4-1)

where A] = leach rate constant (mg/kg); P = percolation rate (cm/second); 8 = Volumetr_ic

3 ) 3 . . -
water content (cm of contaminated water/cm_ of contaminated soil); h = depth of

T
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‘contamination (m); K{ = partition coefficient between soil and pollutant (L/kg); and pp =

soil dry bulk density (g_m/cms).

" The observed leach rates and the predicted leach rates are correlated.. The observed leach
rate versus predicted leach rate curve fit is shown in Figure 4-1. The statistical parameters
used in ﬁtting the curve are shown m Appendix E. A summary of the prédicted leach rates
and the ‘parameters used to compute them, 'th’e observed leach rates, and the leaching curves

fitted to the column desorption data are shown in Appendix E.
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CHAPTER 5

CONCLUSIONS -

5.1 CONCLUSIONS

From a series of laboratory column Sorption/desorpti()n tests, the following conclusions
can be drawn:
1. Desorption of VOCs occurs at two distinct rates. Initial short term desorptioﬁ occurs at a

faster rate than long term desorption. The initial rapid rate of desorption may be caused by

desorption of VOCs from the surface of the solid. Long term desorption may be a result of

intraparticle diffusion and diffusion of VOCs from micropores to macropores, and occurs at
aslow rate. This may indicate that sorption is not a reversible reaction.

2. Current VOC mass transport theory is not consistent with the experimental results. The

~ long term desorption rate of VOCs did not increase as. solubility decreased. Contrary to

present understanding, the higher solubility VOCs had slower the lqng term desorption rates.
Results repeatedly show that the long term desorptidn rate for methylene chloride is slower
than the long term de'sorptibn rate for m-xylene. Current mass tranéport theory incorrectly
predicted relative desorption rates.

3. Current theory correctly predicts the short term desorptioh of VOCs (the first 12 hours of

~ desorption). The rate of short term desorption increased as VOC solubility increased.

" 4. An inversion of the desorption rates was observed at some point in time (4 to 24 hours).

At this time, desorption rates that initially increased as solubility increased, increased as
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solubility decreased. It is believed this inversion occurs because of a fundamental change in

the physical mechanisxﬁs of VOC desorption. There is no specific explanation for the
apparent invérsion as a function of solubility. There is, however, a general explanation for
the phenomena. Short term desorption will occur primarily from the surface of the solid.
This type of desorption occurs at a rapid rate. Once desorption from the surface of the solid
has occurred, desorption from within micropores and organic matter.occur.s.

5. While desorption rates were observed to invert as a function of solubility, the desorption
rates for the different compounds were close in value in some samples. This may be a result
of nonequilibrium desorption due to high rates of flow {hrough the samples.

6; The observed two rate desorption is consistent with the findings of Pavlostathis et al.
(1992). Pavlostathis found initial desorption rates were faster than the long térm desorpﬁén
rates. The slow rates of desorption for lower solubility VOCs is consistent with Ball's
(1992) ﬁndings, where extended desbrption times were seexi for VOCs with solﬁbilities of
less than 150 mg/L. Pavlostathis (1992) also observed long desorption times for
trichloroethylene.

7. Losses of VOCs from the soil will range from 25-80% during short term désorption.
Losses aré a function of VOC solubility, advecti\./e velocity, and soil organic content.

8. The leach rate model developed by Rodgers and Associates for nuclear waste facilities is
'applicable to VOC desorption from soil. The leach rate predicted using ﬂﬂs model and the

leach rate observed during experiments show reasonable correlation.
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-9, The proposed leach rate modei only applies tq the compounds, concentrations, and soils66
~ tested. It is likely the model can be cktended to other VOC:s, soil types, and conditions,
based oh thé correlation seen in the various VOC-soil conditions tested.

1.0. VOCs leaching from soil do not alwayslfollow simple exponential decay. The leaching
of VOC:s followed exponential décay but often reached asymptotic conditions over time.

| The asymptotic exponential decay model provided the best fit to the data.

11. Because the proposed model has not been tested at the field scales ¢aution should be |
exercised in its use in the field. |

12. The prop(jsed 1ea§h rate model has not been tested in either the partial differential form
of the advebtion-dispersion equation or- Van Gnutchen’s solutions to that equation. Whjle
the leaéh rate should be applicable, ca‘ﬁﬁon shoi%ld be exercised if it is used.

13 . Batch isofherm partitioning studieé may not accurately model partitioning because of the
short time frames typically used.

14. The variability of GC analys¢s was substantial. When standard curve samples were

analyzed, the difference between the high and low. concentrations detected was as much as

25%. This analytic variabﬂity created problems during data interpretation.
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CHAPTER 6

RECOMMENDATIONS

6.1 RECOMMENDATIONS

The following recommendations are made:
1. Use of the proposed leach rate model in both the advection-dispersion equation and Van
Genutchen's solution to the advection-d'isper.sion equation should be tested and evaluated, by |
cprnparing proposed model predictions with actual field results..
2. Experiments‘ should be undertaken to verify this research and increase the range of
compounds, concentrations, #nd soil con&itions to which the model may be applied.
3. The viabﬂify of the model for ﬁeld use should be determined. Extrapolation of the model
to the field scale has not been investigated. Laboratory results may not be duplicated in the

field due to largé scale.heterogeneiﬁes in the soil and other factors. Before the model is

- applied in the field, studies to verify model applicability should be performed.

4, Eutm‘é research should investigate how the leaching process will be affected by soil

‘wetting cycles and volatilization of the compounds into the gas phase. The water passing

through the soil may create irregular pulses each time it rains. These issues were not
addressed in this research.
5. Standard samples should be as close as possiblé to the expected sample concentration.

This will minimize the effect of GC variability when standard corrections are applied.
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STANDARD CURVES
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APPENDIX B

SOIL ANALYSIS REPORT
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APPENDIX C

TRACER STUDY BREAKTHROUGH CURVES
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APPENDIX D

BATCH ISOTHERMS
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APPENDIX E |

LEACH RATE CURVE FITS AND PARAMETERS
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Figure E.15 Leach Rate Curve Fit Column T4-1 and MC
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Figure E.16 Leach Rate Curve Fit Column T4-1 and TCE
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