Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

Transport and Fate of Volatile Organic Chemical in Soils
influence of soil physical properties
Petersen, Lis Wollesen

Publication date:
1998

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
Petersen, L. W. (1998). Transport and Fate of Volatile Organic Chemical in Soils: influence of soil physical
properties . Institut for Vand, Jord og Miljgteknik, Aalborg Universitet.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at von@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: January 09, 2025


https://vbn.aau.dk/en/publications/0b6fe014-faea-47bf-a600-f48b5bd34903

TRANSPORT AND FATE OF VOLATILE
ORGANIC CHEMICALS IN SOILS:

INFLUENCE OF SOIL PHY;%E PROPERTIES
| i

Environmental Engineering Laboratory
Aalborg University
Ph.D. Dissertation, 1994



TRANSPORT AND FATE OF VOLATILE
ORGANIC CHEMICALS IN SOILS:
INFLUENCE OF SOIL PHYSICAL PROPERTIES

LIS WOLLESEN PETERSEN

Environmental Engineering Laboratory
Aalborg University
Ph.D. Dissertation, 1994



The Environmental Engineering Laboratory Ph.D. Dissertation Series:

1.

10.

1l

16.

1

18.

PER HALKJAR NIELSEN. 1988. Svovibrintedannelse i biofilm fra spildevandsledninger (Hydrogen sulfide
formation in biofilm in sewers).

PER M@LDRUP. 1990 (minor updating 1993). New methods for modeling transport of water and solutes in
soils.

SOREN OLE PETERSEN. 1991. Nedbrydning af flydende organisk affald i jord - med saerligt henblik pa
anaerobe processer (Decomposition of liquid organic wastes in soil - with emphasis on anaerobic
processes).

JACOB H@YGAARD BRUUS. 1992. Filterability of wastewater sludge flocs.

JIMMY ROLAND CHRISTENSEN. 1992. A systematic approach to characterization of sludge conditioning
and dewatering.

PETER BORGEN SZRENSEN. 1992. Unified modeling of filtration and expression of biolegical siudge.

KAMMA RAUNKJAR. 1993. Characterization and transformation of wastewater organic matter in sewer
systems,

NIELS AAGAARD JENSEN. 1994. Air-water oxygen transfer in gravity sewers.

HANNE RASMUSSEN. 1994, Anaerobic processes in activated sludge with an impact on floe structure and
dewaterability.

BO FR@LUND. 1994, Qualitative and quantitative characterization of activated sludge exopolymers.

LIS WOLLESEN PETERSEN. 1994. Transport and fate of volatile organic chemicals in soils: Influence of
soil physical properties.

MIKKEL L. AGERB/AK. 1994. Occurrence of streaming potentials in sludge dewatering.
CHARLOTTE W. KRUSE. 1994. Factors regulating atmospheric methane consumption in soils.

RIKKE PALMGREN. 1996. Quantification of bacterial extracellular polymers in activated sludge - Using
Pputida as model organism.

BIRGITTE L. SORENSEN. 1996. Filtration of activated sludge.

HANNE L@KKEGAARD BJERRE. 1996. Transformation of wastewater in an open sewer: The Emscher
River, Germany.

TORBEN OLESEN. 1996. Nitrogen diffusion and transformations in and around soil/lorganic manure
hot-spots.

TJALFE G. POULSEN. 1997. Predicting soil-air and soil-water transport properties during soil vapor
extraction.

Printed in Denmark by

Centertrykkeriet, Aalborg University, February 1998
ISBN 87-90033-07-8

ISSN 0908-6159

Cover design: Hanne Rimmen



Preface

The present work including the enclosed six articles is hereby submitted in partial fulfillment

of the requirements for the Doctor of Philosophy (Ph.D.) degree.

The experimental work has been carried out partly at the University of California at Davis,
Soils and Biogeochemistry, Department of Land, Air, and Water Resources during my stay
in 1991/1992 and visit in Nov. 1993, and partly at Research Centre Foulum, The Danish
Institute of Plant and Soil Science, Department of Soils Science where I have stayed from
January 1993 until now. I am matriculated as a Ph.D. student since August 1991 at Aalborg
University, Environmental Engineering Laboratory, Department of Civil Engineering. The
studies have been funded in part by the U.S. EPA (R819658) Center for Ecological Health
Research at UC Davis, the Danish Ministry of Agriculture, the Danish Research Academy, and
the Danish Ministry of the Environment. Although the information in this document has been
funded in part by the United States Environmental Protection Agency, it may not necessarily

reflect the views of the Agency and no official endorsement should be inferred.

I want to gratefully thank my supervisors Dr. Per Mgldrup, Aalborg University, Professor
Dennis E. Rolston, University of California at Davis, and Dr. Ole Hgrbye Jacobsen, The
Danish Institute of Plant and Soil Science for their tremendous help, guidance, and pats on
my shoulder. Also I want to express my warmest thanks to Laboratory Assistant Dianne T.
Louie who with her warm heart and wonderful personality made my stay in Davis even better,
to all the other guys in Rolston’s Lab and at the Department of Soil Science, Foulum who
have always been ready with a helping hand, to Jens for surviving without a computer for half
a year, to Claus and Leonard for mental caring, to Yassar for everything, and to my parents
for all their love. Also thanks to Lizzy and Anne for careful preparation of figures and Anne

for being the best secretary in this world.

W &‘ 724
Lis Wollesen Petersen







Summary

Recently much attention has been paid to the behavior of volatile organic chemicals (VOCs)
in the environment. This is due to the fact that the environmental pollution with these
hazardous chemicals has drastically increased during the last decades. The present study is
limited to consider the transport and fate of VOCs in the gaseous phase, thus contributing to
the overall understanding of VOCs behavior in soil, which eventually will facilitate future

cleanup.

The diffusion and adsorption of YOCs were studied in several laboratory experiments on
different homogeneous soils. The effects of differences in soil-texture, and soil-water content
on adsorption, manifested in the vapor/solid partition coefficient, K;’, were investigated in
batch experiments for trichloroethylene (TCE) and toluene using the EPICS (Equilibrium
Partitioning in Closed Systems) method. For low relative vapor pressures it was found that
Ky -values for wet soils (> four molecular layers of water) were consistent with values
predicted by Henry’s constant (K;) and the aqueous/solid partition coefficient, K. Also under
wet conditions K" was linearly related to soil-water content, w. In dry soils (< four molecular
layers of water) sorption increased by up to several orders of magnitude, and K’ became
highly non-linearly related to soil-water content. A one parameter, exponential model was
developed, which described well the log K’-w curve in the non-linear region. Use of this
model can reduce the number of experiments necessary to obtain the K,’-w relationship for

a given soil. The model can be incorporated into existing numerical VOC transport models.

For the whole range of vapor pressures the applicability of the multicomponent BET
(Brunauer-Emmett-Teller) model to describe adsorption of VOC vapors in the presence of
water on soils was investigated. Adsorption isotherms were obtained by using both the EPICS
method (for low vapor pressures) and a High Vacuum Technique (for higher vapor pressures).
For relative humidities (RH) corresponding to less than one molecular layer of water coverage
and at low vapor pressures the model underpredicted the adsorbed amounts of VOC in binary
mixtures in which only water and one VOC was present. At RHs Corraspﬁnding to between
one and two molecular layers of water coverage, model predictions compared well with
experimental data. At RHs corresponding to about two layers of water, the model

overpredicted the adsorbed amounts.



Diffusion, with simultaneous adsorption, of TCE, toluene and freon,, was measured on packed
soil cores over a range of constant soil-water contents. Vapor retardation factors, calculated
from vapor partition coefficients, along with the measured diffusion allowed a calculation of
diffusion coefficients, Dy, for the three chemicals. Dp/D, (diffusion coefficient in soil divided
by diffusion coefficient in free air) values for the VOCs, TCE and toluene, agreed very well
with values for the non-reactive tracer freon,, for higher soil-water contents. Only values
obtained for air-dry soil were under-predicted. Hence in most cases considering transient
diffusion of VOC gases, it is reasonable to use simple equilibrium partition theory to account
for the adsorption. The experimental work for determination of effective diffusion of reactive
tracers can be limited to the determination of Dy/Dy-g relations (e is the volumetric soil-air
content) for a non-reactive tracer and measurements of partition coefficients for the reactive

tracers.

Diffusion, adsorption and emissions of TCE gas were also measured in column experiments
with fluctuating soil-water contents. Decrease in soil-water contents resulted in an increase in
the soil adsorption capacity up to several orders of magnitude. Both increase and decrease in
soil-water content had an effect on the volatilization flux, but not as significant as expected.
This could be explained by the fact that water vapor constantly was transported upwards from
more wet soil layers. Another reason could be a constant very high flux of gaseous VOCs that
was applied from the bottom of the soil column. This flux constantly maintained all adsorption

sites occupied. The volatilization flux was highly influenced by changes in temperature.

The time-domain reflectometry (TDR) technique was used to determine the changes in soil-
water content in the column experiments mentioned above. Small TDR-probes which could
be placed close to each other and close to the soil-surface were developed. The effect of
different diameters, spacings and lengths of probe rods was examined. The volume of soil that
influences the measurement was found to be highly dependent on the spacing of the rods and
not so much on the rod diameter. For rod spacings of 1, 2, and 5 cm, measurements could
accurately be made as close to the soil surface as 1, 1.5, and 2 cm, respectively. The data was
used to successfully validate a newly proposed model by Knight et al. (1994) which describe

the spatial sensitivity of TDR.



Dansk resumé (Danish summary)

I de senere ar er man blevet mere og mere interesseret i, hvorledes flygtige organiske
kemikalier (VOCer) opfgrer sig efter de er blevet udledt i vort miljg. Dette er begrundet i, at
forureningen med disse farlige stoffer drastisk er steget gennem de sidste &rtier. Det
foreliggende studium er afgrenset til at omhandle transport og jordfysiske reaktioner af VOCer
i gasfasen. Dette vil forhdbentlig kunne bidrage til den overordnede forstielse af VOCers

opfgrsel i jord, og dermed vare med til at lette de fremtidige oprensningsforanstaltninger.

Diffusion og adsorption af VOCer blev studeret i adskillige laboratorieforsgg pa forskellige
homogene jorde. Adsorptionens (udtrykt ved ligevagtskonstanter, K,’) afhzngighed af
@ndringer i jordtekstur og vandindhold blev undersggt i forskellige "batch"-eksperimenter for
trichlorethylen (TCE) og toluen, vha EPICS (Equilibrium Partitioning in Closed Systems)
metoden. For lave damptryk kunne det konkluderes, at K,'-verdier for vade jorde (> fire
molekylelag vand) stemte overens med verdier bestemt vha Henry's konstant (K,) og
vand/stof ligevaegtskonstanten, K,. Ligeledes i vad jord viste det sig, at der var en linezr
sammenhzng mellem K;” og jordens vandindhold, w. I tgr jord (< fire molekylelag vand) steg
adsorptionen med op til flere stgrrelsesordner og sammenhangen mellem K’ og w fik en
kraftig ikke-linezr karakter. Der blev udviklet en en-parameter model, som var 1 stand til at
beskrive log K,’-w kurven i det ikke-linezre omrade. Brug af denne model vil kunne reducere
antallet af eksperimenter, som er ngdvendige for at kunne fastlzgge sammenh&ngen mellem
K, og w for en given jord. Modellen foreslies indbygget i eksisterende numeriske VOC

transportmodeller.

Den multikomponente BET (Brunauer-Emmett-Teller) models evne til at beskrive adsorption
af VOC gasser med samtidig tilstedeveerelse af vand blev undersggt for hele omrédet af
damptryk. Adsorptionsisothermerne blev bestemt vha EPICS metoden (for lave damptryk) og
en Hgj Vacuum Teknik (for hgje damptryk). Ved lave relative fugtigheder (RH) svarende til
mindre end eet lags dekning med vandmolekyler og samtidig lave damptryk, underestimerede
modellen de adsorberede mangder af VOC for binzre blandinger, hvor udelukkende vand og
et enkelt VOC var tilstede. Ved RHer svarende til mellem eet og to lags daekning med
vandmolekyler, stemte modelsimuleringerne overens med maéit data. Ved RHer svarende fil

omkring to lags dekning med vandmolekyler overestimerede modellen de adsorberede
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mangder.

Diffusion og samtidig adsorption af TCE, toluen og freon,, blev malt p& pakkede jordsgjler
ved forskellige konstante vandindhold. Tilbageholdelsesfaktorer for gas (beregnet vha gas-
ligevaegtskonstanter), sammen med den mélte diffusion muliggjorde en beregning af
diffusionkoefficienter, Dy, for de tre kemikalier. Vardier af Dy/D;, (diffusionskoefficient i jord
divideret med diffusionskoefficient i fri luft) for TCE og toluen, stemte for hgjere vandindhold
godt overens med vardier bestemt for den ikke-reaktive "tracer" freon,,. Kun vardier for
lufttgrt jord var underestimerede. Man kan derfor i langt de fleste tilfalde af transient
diffusion af VOC gasser, anvende simpel ligevaegtskoefficientsteori til at tage hgjde for
adsorptionen. Ligeledes kan det eksperimentielle arbejde forbundet med beskrivelsen af
diffusionen af reaktive "tracere" begranses til en bestemmelse af Dy/Dg-€ forholdet (g er
jordens volumetriske luftindhold) for en ikke-reaktiv “tracer" suppleret med mélinger af

ligeveegtskonstanter for de reaktive tracere.

Diffusion, adsorption og emission af TCE gas blev ogsd mélt i kolonneforsgg med
fluktuerende vandindhold. Fald i jordens vandindhold resulterede 1 en stigning i jordens
adsorptionskapacitet pid op til flere stgrrelsesordner. Bade stigning og fald i jordens
vandindhold havde en effekt pd fordampningsfluksen, men denne var dog ikke sa signifikant
som forventet. Dette kunne delvis forklares ved, at der var en Kkonstant opadrettet
vanddamptransport fra dybereliggende vade jordlag. En anden grund kunne vare en konstant
hgj fluks af VOC-gasser nedefra, som forirsagede, at der hele tiden var VOC-molekyler i
overflod til at besztte tilstedeverende adsorptionspladser. Fordampningsfluksen var i hgj grad

afhangig af @ndringer i temperaturen.

Time-domain reflectometry (TDR) teknikken blev brugt til at bestemme @ndringerne i jordens
vandindhold i sgjleforsggene nzvnt ovenfor. Der blev udviklet sma mini TDR-prober som
kunne placeres tzt pd hinanden og ligeledes tzt pd overfladen. Effekten af forskellige
diametre, afstande og lengder af probebenene blev undersggt. Det kunne konkluderes, at
stgrrelsen af det jordvolumen, som influerede pd mélingen, var i hgj grad afhzngig af
afstanden mellem probebenene og ikke videre afhangig af valget af diameteren. For afstande

mellem probebenene pd 1, 2 og 5 cm kunne en mdling foretages ngjagtigt i afstande fra



jordoverfladen pa henholdsvis 1, 1.5 og 2 cm. Maleresultaterne blev med succes anvendt til
at validere en ny modél udviklet af Knight et al. (1994) som beskriver stgrrelsen af

malevolumen for TDR.
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1. Introduction

Over the past two decades the chemical contamination of our environment and its effects on
human life have created a fast growing concern at all levels in our society. The problem has
arisen due to the last 100 years of industrial development during which the soil has been used
as a disposal medium, often using the philosophy of: "Out of sight, out of mind”. But cliches
do not always hold true. In the United States alone $10 billion is currently being spent
annually on environmental cleanup and at this rate, cleanup will last well into the next century
(~ 75 years) costing approximately $750 billion (Bredehoeft, 1994). Likewise in Europe
(including Denmark) we see the effects of years of inconsiderate handling of chemicals,
resulting in numerous cleanup projects. Figure 1 shows a map of known polluted sites and
registered deposit sites in the county of Viborg, Denmark (where Research Centre Foulum is

located).

represent contaminated sites and stars represent registered waste deposit sites.



There is no reason to believe that the number of known sites here or anywhere will not
increase significantly during the next decade. This is, among other things, due to the fact that
groundwater movement is very slow, thus it often takes decades before society becomes aware
that contamination exists. Keeping in mind the third world, where industrial development has

only just begun, the intensity of future pollution problems might be severely increased.

The most common groundwater contaminants in the United States are volatile organic
compounds, VOCs, (Culver et al., 1991) and recently chemicals from this group were also
found in drinking water at several places in Denmark (e.g., Helweg, 1994). The principal
documented cases of VOC soil and groundwater contamination result from leaks or spills at
manufacturing plants, leakage at chemical waste disposal sites, and Jeakage from gas stations.
At the same time many household products, such as oil-based paints, drain cleaners, spot and
paint removers, fabric protectors etc. contain VOCs. This along with e.g. filling of gasoline,
visiting dry cleaners, inhalation of contaminated ambient air (especially in traffic, near filling
stations or in houses where VOCs have entered from the soil), and ingestion of contaminated
drinking water create the potential for a significant human background exposure (Barbee,

1994) (see Fig. 2).

Fig. 2. There are numerous sources resulting in human exposure to VOCs.



The potential for chronic low-level and short-term high level exposure is a more than
sufficient reason to develop a thorough understanding of the environmental fate and
toxicological effects of VOCs to minimize human exposures and health risks posed by these

chemicals.

Among the most common VOCs in the environment belong toluene and in particular

trichloroethylene, TCE (see Fig. 3).

Cl H CHs3

Cl Cl

Fig. 3. a: TCE (C,HCI,) is an unsaturated, chlorinated, aliphatic compound with a low
molecular weight (131.4 g/mol). At room temperature it is a volatile, non-viscous liquid with
a higher density (1.46 g/ml) than water. It is moderately soluble in water (1100 mg/l at 25°C)
and has a high vapor pressure (69 mmHg at 25°C). b: Toluene (C,Hy) is an aromatic
compound that consists of a benzene ring in which a single methyl group has been introduced.
It has a low molecular weight (92.13 g/mol), and is al room temperature a volatile, non-
viscous liguid with a lower density (0.6669 g/ml) than water. The solubility in water is low
(534.8 mg/l at 25°C) and the vapor pressure is relatively high (28.4 mmHg at 25"C). (Howard,
1990).

Chronic or repeated exposure to TCE and toluene can cause severe health problems, e.g.,
nausea, vomiting, abdominal cramps, sleepiness, swelling, loss of coordination, double vision,
anorexia, blindness, muscle pains, liver damage, kidney damage, brain damage, and coma.
Reproductive effects have been reported in animals. At high level exposure death may occur
from respiratory arrest. TCE and toluene are classified as "probably carcinogenic to humans".

(Fisher Scientific, 1991; CEPA, 1992; and CEPA,1993).

After TCE and toluene enter the soil medium several factors influence the transport,

accumulation, and fate of these chemicals. Because of their nature, they tend to be rather
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mobile in the subsurface. In the vadose zone they can move either dissolved in the soil-water
or much more importantly, due to their low molecular weight, low water solubility, and high
vapor pressure, volatilize and move by diffusion in the gaseous phase. Since the diffusion in
air is 10’ to 10* times faster than diffusion in water, these chemicals volatile character
drastically increases their overall spreading. This is leading to an accelerated movement
towards the groundwater and likewise to the atmosphere where gases can migrate in to houses
and office buildings and cause the risk of human inhalation. After entering the groundwater
they can move as dissolved constituents or dense (TCE) or light (toluene) non-aqueous phase
liquids (DNAPLs or LNAPLs, respectively). Since they are uncharged, non-polar molecules
and subsurface soils or aquifer materials typically have very low organic carbon contents, the

dissolved amounts do not adsorb strongly, but are on the contrary quite mobile.

Toluene and TCE are biodegradable in soils under specific conditions (e.g., Claus and Walker,
1964, Nelson et al., 1987; Armstrong et al., 1991; Ensley, 1991; Fan and Scow, 1993). After
having spread to the subsurface environment where microbial activity is low this might,
however, be a very slow process. Also at high concentrations, e.g. in the vicinity of a
contamination plume, the chemicals are toxic to the microbial population. Microbial
degradation can end up creating intermediate products, which are even more hazardous to

humans (e.g. in case of TCE: vinyl chloride) than TCE and toluene itself.

During gaseous movement through the soil TCE and toluene will simultaneously adsorb onto
the soil minerals. Because of the non-polar characteristics of these chemicals, water-vapor will
very strongly compete for adsorption sites. In addition VOCs also compete among themselves;
this phenomenon is labelled competitive adsorption. Adsorbed chemicals in the soil
compartment will cause an extended period of release and existence of VOCs in the

environment.

The objectives of the present work is to contribute to the overall understanding of the
movement and environmental fate of VOCs by determining some of the effects of changes in
soil physical properties like soil texture and soil-water content on the diffusion, adsorption,
and emissions of gaseous volatile compounds in and from soils. And, based on this, to develop

model concepts, which by incorporation into existing numerical VOC transport models can

14



improve predicting the spreading of gaseous VOCs in the soil environment.

Included in the objectives are development/implementation of soil physical measurement
methods, which are necessary for the above analysis, e.g. non-destructive measurements of
soil-water content with high resolution time domain reflectometry (Article V) and

measurements of specific surface area (Articles I and II)
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2. Diffusion of gaseous volatile organic compounds

Because of their high vapor pressure, VOCs almost instantly partition into the gas-phase. Thus
the gaseous movement, highly dominated by diffusion, plays an important role in the overall

spreading of a given contamination.

The diffusion of gases in soils can be described by Fick's first law (Eq. [1]), which states that
the rate of transfer of material by diffusion is directly proportional to the concentration

gradient or rate of concentration change with respect to distance (e.g., Rolston,1986)

-¢=_p (9€C 1
i DP(ax) [1]

B | ny

where F is the amount of gas diffusing (g gas), A is the cross-sectional area bf the soil (cm?
soil), t is time (s), f is the gas flux density (g gas cm? soil '), C is concentration in the
gaseous phase (g gas cm™ soil air), x is distance (cm soil), and D, is the soil-gas diffusivity
(cm’ gas cm’ soil s'). For unsteady diffusion in soils Eq. [1] is introduced into the equation
of continuity leading to Fick’s second law. Assuming D, is a constant and therefore

independent of C and t we get (e.g., Rolston, 1986)

e X _p FC 2]

a P

where € is the volumetric soil-air content (cm® air cm™ soil).

Several sink terms must be introduced into Eq. [2] in order to correctly describe the transport
since VOCs interact with the soil. Those sink-terms represent adsorption onto soil organic
matter and soil minerals, dissolution into soil-water, and biological and chemical degradation.
The two first mentioned will be addressed later, while the biological and chemical degradation

will not be addressed further in this study.

The value of D, is substantially lower than the diffusivity in bulk air, D, (cm® gas cm™ air s™),

since only a smaller fraction of the soil volume is occupied with continuous air-filled pores,
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which at the same time have a tortuous character. Dp/Dy, has been related empirically and
theoretically to € by numerous authors (e.g., Penman, 1940a,b; van Bavel, 1952; Currie, 1970;
Millington and Quirk, 1961; Troeh et al, 1982; Currie, 1984; Sallam et al., 1984; Shimamura,
1992). None of the proposed relationships have, however, shown to be universal applicable
for different soil types. Different laboratory and field methods for determination of D, are
described in Rolston (1986) and Glauz and Rolston (1989). Table 1 shows a comparison of
measured values of D/D, for diffusion of freon,, (a non-reactive tracer) in Yolo silt loam and
calculated values using four different models. The calculated values are given relatively to the

measured values.

Tabie 1. Relative Dp/D-values (i.e., compared to Dy/D, measured for freon,,) for Yolo silt
loam, predicted from four different models: Troeh et al., 1982: D/Dy=((e-u)/{(1-u))', where
u and v are fitting parameters equal to 0.12 and 1.23 for Yolo silt loam, respectively (Article
I), Penman, 1940: D/D,=0.66e, Millington and Quirk, 1961: Dy/D=c""/n’ where n is
porosity, and Currie, 1970: D/D,=¢'n*>. For easy comparison, the measured Dp/D, values
are set equal to 100%. From Petersen and Mpldrup (1993).

Dy/D,
Measured Predicted
€ Freon,, Troeh et al. Penman M-Q Currie
cm’/em® P % % % %
0.1225 100 7 930 45 16
0.1692 100 110 429 45 20
0.1810 100 110 351 45 21
0.2752 100 101 156 50 30
0.3792 100 99 112 69 51
0.4189 100 97 101 94 T

In general the Penman model over-estimates the measured values, whereas both the
Millington-Quirk(M-Q) and in particular the Currie model under-estimate the values. Note that
for increasing values of & the accuracy also increases. The Troeh et al. model is a fitting
model and therefore agree well with the measured values, except at the lowest € value (Article

I). The parameter u usually has a value larger than zero, which indicates that D, reaches zero
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while there still is some air-filled porespace in the soil. Very wet soils, for example, have a
volumetric air-content that will be in the form of isolated air pockets. Therefore D, reaches
zero at € > 0 because those air pockets are disconnected and the channels of diffusion

therefore blocked (Article I).

The Millington-Quirk equation has been widely used in the literature when modelling solute
transport in soils, including VOC transport (e.g., Jury et al.,, 1983; Jury et al., 1990; Culver
et al., 1991, Mgldrup and Hansen, 1993; Mgldrup et al., 1994; Lindhardt, 1994). Lindhart
(1994) suggests that the found discrepancies between modelled and measured (in laboratory
experiments) emissions of o-xylene may be partly related to the description of the tortuosity.
It can be concluded that in situations where diffusion in the gaseous phase plays a dominant
role for the overall transport the relationship between D,/D, for the actual soils should be

determined experimentally (Article I).

Like mentioned above VOCs do not behave as non-reactive tracers like freon,,. If adsorption

onto the soil solids and dissolution into the soil-water are taken into account, Eq. [2] becomes

¢ P ol o ot

%f_ &FC aSW _ _a_Sf 3]

where S, is amount of VOC-gas dissolved in soil-water (g VOC cm™ soil), and Sq is amount
of VOC-gas adsorbed onto soil solids (g VOC cm™ soil). Assuming that the dissolution of
VOC in soil-water can be described by Henry’s Law the relation between gas phase and
solution phase concentrations is

Cco
Rl (4]
v X,

where Ky, is Henry’s Constant (cm® H,0 cm™ air), and 6 is the volumetric soil-water content
(cm® H,0 cm™ soil). Similar, assuming that adsorption to soil solids happens from the aqueous
phase and can be described by the equilibrium aqueous/solid partition coefficient, K, (cm® g'),

the relation between aqueous and sorbed phase concentrations is
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C
Ss = KD FH pb [5]

where p, is the soil bulk density (g soil cm™ soil). Taking the derivatives of Sy and Sg with

respect to time and substituting Egs. [4] and [5] into Eq. [3] gives

™ .y 2L (6]
ot ax?
where R is the retardation factor and is given by
K
Reiw-0. g0 (7]
ek, ek,

When the soil becomes so dry that Henry’s Law is no longer valid and partition can not be

described using K, the solid/vapor partition coefficient Ky’ (cm® g") is introduced where

S;+S, = Kp C p, 8]

Using the same procedure as above the retardation factor for this case can be described as

/
Kp Py 9]
E

R=1+

Figure 4 shows results of diffusion experiments with TCE and toluene in which Eq. [6] has
been used along with Egs. [7] and [9] to determine the respective D, values for these two
chemicals. Since Dy/D, values for different types of gases are virtually identical at a specific
soil-air content the fact that Dy/D, values for the reactive tracers, TCE and toluene, are
identical to the values for the non-reactive tracer, freon;,, suggests that the
dissolution/adsorption processes can be adequately described by including simple retardation
factors as those given in Eqgs. [7] and [9]. Only at the highest soil-air content this approach
does not hold, which might be explained by faster diffusion at this air-content, and thus, lack

of equilibrium. Also, K" values for dry soils are very high and extremely dependent on very
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small changes in water content, which can result in uncertainty in the K -value used to
calculate D, (Article I). The K;,” dependency on soil water content will be discussed further

in Chapter 3.
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—=—=Penman Millington=Quirk =+ — Troeh et al.

Fig. 4. Change in D/D, with volumetric soil-air content for freon,, trichloroethylene, and
toluene (Article I).

Figure 5 shows an example of results from a diffusion experiment on @dum sandy loam which
is compared to numerical simulations where Eq. [6] and [7] have been used (Article III). The
introduction of a retardation factor (Eq. [7]) clearly retards the propagation of the
concentration front. The diffusion and simultaneous adsorption can as shown be very well
simulated by using the simple retardation concept. For all concentrations the simulated and

measured concentrations agree very well.
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Fig. 5. Measured and simulated concentration profiles for @dum sandy loam at four different
times after start of the transport process. Relative concentrations are calculated as the
measured concentration in a specific depths divided by the concentration at the VOC source
(here at depth -20 cm). The depths -20 to 0 (below the horizontal line) represent a chamber
with VOC gases in which diffusion takes place in air (Article 11I).

Therefore for all relative vapor pressures it is reasonable to use the simple equilibrium
partition concept. Thus, it would be convenient to use this concept incorporated into simple,
numerical models (Article ITT) and semi-analytical models (like the one presented in Article

VI) to simulate VOC transport and fate.
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3. Adsorption of gaseous volatile organic compounds

Adsorption is the process through which a net accumulation of a substance occurs at the
common boundary of two contiguous phases. It is a surface phenomenon that takes place
because of (and often changes) the forces active in the surface boundaries, which result in
characteristic boundary energies. Adsorption can be divided into two broad classes: Physical

and chemical adsorption.

Physical adsorption is relatively nonspecific and takes place because of weak forces of
attraction or van der Waals forces between molecules (same type of relatively nonspecific
intermolecular forces that are responsible for the condensation of a vapor to a liquid). The
adsorbed molecules are not fixed to a specific site on the adsorbent surface, but can move
around i.e., diffusion in the adsorbed phase is possible. The adsorbed gasses may condense
and thereby form several superimposed layers on the adsorbent surface. The equilibrium of
physical adsorption is attained very fast and is a reversible process. Physical adsorption is

usually only important for gases below their critical temperature, i.e., vapors.

Chemical adsorption can be either fast or slow and can occur both above and below the
critical temperature of the adsorbate. It happens as a result of strong forces that are
comparable to those leading to the formation of chemical compounds. It differs qualitatively
from physical adsorption since chemical specificity is higher and the energy of adsorption is
large enough to suggest that full chemical bonding has occurred. Normally the adsorbed
material forms only one molecular layer on the surface and molecules are not "free” to move
from one site to another. Gas that is chemisorbed may be difficult to remove (not reversible),
and desorption can be accompanied by chemical changes (e.g. heating of the adsorbent might

be necessary to remove the adsorbate).

Volatile organic compounds like TCE and toluene consist of non-polar molecules. Even
though much of the molecular framework of soil organic matter also is electrically uncharged
the non-ionic structure can nevertheless still react strongly with the uncharged part of the VOC
by van der Waals interactions. The induced van der Waals interaction is the result of
correlations between fluctuating polarizations created in the electron configurations of two

nearby non-polar molecules. Even though the time-averaged polarization induced in each
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molecule is zero (remember it is non-polar), the correlations between the two induced
polarizations do not average to zero, Therefore a net attractive interaction is produced between

the two molecules at very small intermolecular distances (Sposito, 1989).

When a molecule has been adsorbed its motion is restricted to two dimensions. Thus gas
adsorption processes are accompanied by a decrease in entropy, AS. Since also free energy,
AG, is decreased, the enthalphy (or heat of adsorption), AH, must be negative (Shaw, 1991)

because
AG = AH - TAS [10]

where T is temperature. Hence the adsorption of gases and vapors on solids is always an
exothermic process. The amount of gas adsorbed therefore increases with decreasing
temperature. The heats of physical adsorption of gases are usually similar to their heats of
condensations (Shaw, 1991). Ong and Lion (1991a) found values of AH for TCE as high as
-10 and -20 Kcal/mol for oven-dried sorbates (aluminum oxide, iron oxide, kaolinite, and
montmorillonite). Since this is in the range of the heats of condensation, this indicate that the
sorption of TCE is indeed a physical sorption process. Le., the molecules are adsorbed with

the van der Waals mechanism.

Different methods for determining solid/vapor adsorption isotherms for VOCs are described
and used in Articles I, II, III, IV. Brunauer (1945) suggested that there are five different

shapes of isotherms as illustrated in Fig. 6.
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Fig. 6. The five different types of adsorption isotherms (after Brunauer, 1945). P and P, are
vapor pressure and saturated vapor pressure, respectively.



Multi-layer adsorption

Figures 7a-d show measured adsorption isotherms for TCE single-component (no other VOCs
or water vapor present) adsorption onto four different oven-dry soils (Article IV, and Petersen
(1994) unpublished data). They all have a Type II shape. The Type II isotherms are in general
frequently encountered and represent multi-layer physical adsorption. The "kneepoint” (point
B) in Fig. 6 on the Type II isotherm is normally recognized as representing the formation of

an adsorbed monolayer.
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Fig. 7a-d. TCE adsorption isotherms for a. Yolo silt loam, b: @dum sandy loam, c¢: Lundgaard
coarse sand, and d: An aquifer material (Article IV, and Petersen (1994) unpublished data).

For high concentrations (i.e., high vapor pressures) typically very close to a concentration

plume ("hot-spot"), multi-layer adsorption will occur. In those cases the adsorption capacity

25



of the soil when both water (water vapor) and VOC are present can be estimated from the
multi-component BET equation, Eq. [11]. The isotherms shown in Fig. 7a-d can be used along
with the single-component BET equation (Article IV) to determine the monolayer capacity
W™, and the two constants B and n, which all are parts of the multi-component BET equation
for adsorption of species i from a vapor mixture containing s species (Article IV),

WsmEoXi [Bi(l -E") K “ (11]

- Ek-2 I_Erl-kﬂ
L (-B)E(1-EN|  E 55 )

where E, = izl:XiBi’ E =§Xi, W, is sorbed mass of species i per soil mass, W, is the monolayer
capacity (mass of species i required to form a monolayer coverage on adsorbent surface per
soil mass), X; is relative vapor pressure (P/P;), B, is related to the molar heat of adsorption
of the adsorbate on bare mineral surface, and » is an integer signifying the maximum possible
number of layers i on the adsorbent surface for single component systems. When n=1 Eq. [11]
yields the Langmuir equation, which is also represented by the Type I isotherm (Fig. 6) and

which is restricted to monolayer adsorption.

The maximum number of adsorption layers, n, is an important parameter in correctly
describing multicomponent adsorption. At low VOC relative vapor pressures, the amount
adsorbed is irrespective of the value of n and a simplified equation based on n=ee can be used.
At higher relative vapor pressures, the choice of n=co leads to overestimation of adsorption

and a finite n should be used (Article IV).

When using Eq. [11] for modelling purposes the values W, for the VOC of interest can be
introduced into Eq. [2] as a sink term which will then be dependent on the concentration of
both water vapor and other VOC species in the soil. Equation [11] can successfully be used
to model VOC adsorption on soils over the range of water content corresponding to between
one and two molecular layers. It under-predicts the adsorption amount at lower water contents
and low VOC relative vapor pressures. At higher water contents it lacks a suitable vapor
solution theory so that the measured adsorption isotherms have to be employed. However, the
amount of over-prediction may be small enough to render its use for modelling purposes

worthwhile (Article IV).
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Adsorption described by linear partitioning

The simplest method for modelling the effect of gaseous VOC adsorption on VOC transport
is to assume that the VOC partitions linearly to equilibrium between the adsorbed and gaseous
phases. This is then incorporated into the diffusion equation, Eq. [2], by introducing the
retardation factor, R, like described in Chapter 2. Traditionally R has been predicted by using
Eq. [7], which state that the partitioning can be described by employing Henry’s Law for

dissolution

Cgas = Ky Cliquid (12]

and the aqueous/solid partition coefficient Ky, (e.g., Jury, 1983; Jury, 1990; Mendoza and
McAlary, 1990; Mendoza and Frind, 1990; Mgldrup et al., 1994). Recently research has been
conducted which, though, question the validity of applying Ky, and Henry’s Law to predict the
vapor phase sorption (e.g., Chiou and Shoup, 1985; Peterson et al., 1988; Ong and Lion,
1990a,b; Culver et al., 1991; Ong et al., 1992; Articles I, IL, III). The solid/vapor partition
coefficient, K’ has been introduced and has been shown to be highly dependent on the
soil-water content. Figure 8 shows an example of this dependency for two different soil types

(Articles I and II).
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Fig. 8. Curves relating K,,"-values to change in soil-water content here expressed as number
of molecular layers of water adsorbed on the total specific soil surface. Note that for soil-
water contents higher than four molecular layers K,'-values fall on the lines indicating the
validity of applying Henry's Law and the aqueous/solid partition coefficient, K, (Article I,
II). For soil-water contents lower than four molecular layers K’ is highly underestimated if
predicted from Ky and K,
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For soil-water contents higher than what is equivalent to four molecular layers coverage of

water (w,) the Henry’s Law and K, assumption is valid, and K’ can be described by

K
K,; =2 ; » [13]
K, K,dp

where ¢ is the aqueous activity coefficient (=1), and p is the density of water (=1 g/cm®).
(Ong and Lion, 1991a,b; Articles ILII). (Note: Inserting Eq. [13] into Eq. [9] yields Eq. [7]).
For soil-water contents lower than four molecular layers this approach is clearly in error cf.
Fig. 8. At oven-dry conditions K’ is up to several orders of magnitude higher than at w,.
Thus when modelling transport of gaseous VOCs in dry soil layers, Ky’s extremely high

dependency on soil-water content should be taken into account.

To describe the shape of the curves in Fig. 8 from oven-dry conditions through to four
molecular layers of water ("non-Henry range") a one-parameter, exponential model for log Ky’

as a function of soil-water content, w (g H,0 g' soil) was suggested, Eq. [14] (Article II)

A=A, -Pe™+p 0<wsw [14]

where A=log K;'(w), A=logK,' (w=0), w is water content by weight, w, is the water content
at four molecular layers of water, P is a fitting parameter, and o is a function of B. To observe

the criteria A=A, for w=0, and A=(logK’ (w=w,))=A, for w=w,, o as a function of B is given

by Eq. [15],
A, - B
(4, - B [15]
a  e———

Wiy

where o is conceptualized as a measure of the exchange rate of adsorbed VOC molecules by
water molecules (Article IT). The two-part model for VOC vapor adsorption (K,’-w) where
Eq. [13] and Eq. [14] are valid for soil-water contents higher and lower than four molecular

layers, respectively, is illustrated in Fig. 9.

28



NON-HENRY | HENRY
T T paar
|
|
|
\
|
|

|
A= (Ag-Bllo—0W 48
¢ |

A = log(Kp')

|
}

Ko w
| - kS
| :‘ hg(KH * Kﬂ‘ﬁ)

0 Wam Wy
Soil—water content, w (g H,0/g soi)

Fig. 9. Two-part model concept for VOC vapor adsorption as a function of soil-water content.
The parameter w, is the saturated soil-water content (Article I1).

The K,’-w curve can therefore be determined by relatively few experiments: 1. Determination
of total specific surface area to determine the soil-water content equivalent to four molecular
layers of water. 2. Determination of K, which along with Eq. [13] describe the curve for w
higher than or equal to four molecular layers of water. 3. Determination of K" at oven-dry
conditions, and 4. Determination of K’ at one or more soil-water contents between oven-dry

and four molecular layers of water (Article II).

Often K, is determined by applying the widely used empirical equation Kp=foc Ko, where
foc is the fraction of organic carbon in the soil, and Kqc is the organic carbon partition
coefficient. By using Ky values of 138 cm*/g and 98 cm¥/g for TCE and toluene, respectively
(Jury et al., 1990) this equation over-predicts K, values measured on Yolo silt [oam (Article
I) with 150% for TCE and 18% for toluene. For a variety of sorbents, Schwarzenbach and
Westall (1981) found, that K-values for non-polar organic compounds could be estimated

from Eq. [16]

logk,, = 0.72 logK,, + logf,. + 049 [16]
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where Koy is the octanol-water partition coefficient. By using Kqyw values of 2.42 and 2.73
for TCE and toluene, respectively (Howard, 1990), Eq. [16] over-predicts the K;, values with
more than 200% for both chemicals. Accurate K values should therefore be determined

experimentally (Article I).

Inclusion of the model concept (Egs. [14] and [15]) for water contents lower than w, and the
Henry’s Law approach for water contents higher than w, into conventional VOC transport
models seems promising for analyzing the effects of VOC vapor adsorption upon VOC

transport.

Effects of soil-texture and specific soil surface area

Besides soil-water content, soil texture plays an important role considering the adsorption
capacities of soils, i.e., the magnitude of K and K;'. Under wet conditions, at which the
adsorption capacity can be described by using K, the amount adsorbed is highly dependent
on the organic matter content of the soil. Figure 10 illustrates this dependency, which has a

highly linear fashion.
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Fig. 10. Relationship between K, and % organic carbon. K, values reported by Ong and Lion
(1991b) are included (Article II).
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For dry soils, on the contrary, the mineral fraction of the soil is taking over, since adsorption
sites directly on the adsorbent will be free for VOC adsorption. Since the mineral fraction of
a soil generally contributes significantly towards the total specific surface area, SA (cm’/g)
(Foth, 1978), this is a factor which can indicate the extent of adsorption sites in the soil.
Methods for measuring this parameter has been described and used in (Cihacek and Bremner,
1979; Carter et al., 1986; ; Petersen and Jacobsen, 1994; Articles I, II, IV). For oven-dry
sorbents Ky’ has been found to be highly dependent on SA (Ong and Lion, 1991b). The
important role of the mineral fraction in the adsorption of gases under oven-dry conditions is
consistent with results of other researchers (e.g., Newman, 1987; Rhue et al., 1988; Ong and

Lion, 1991b). Figure 11 shows a plot of K’ at oven-dry conditions vs. SA.
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Fig. 11. Relationship between K’ -values at oven-dry conditions and total specific surface
area. K,)'-values reported by Ong and Lion (1991b) are included (Article II).

There is no significant relationship between the two factors. This might partly be explained

by the fact that mainly the external surface area of soil particles contribute to the adsorption
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capacity of VOC gases (Article IV), whereas SA determined above is total surface area. It is
therefore recommended that K’ values for oven-dry conditions be determined experimentally

and not by use of empirical equations (Article IT).

The coefficient o, given by Eq. [15], which is conceptualized as a measure of the exchange
rate of adsorbed VOC molecules by water molecules, has been found to be highly dependent
on the specific surface area of the soil (Article II). Figure 12 shows this dependency for four
different soil types (Article II). With knowledge of the specific surface area of a soil of
interest, o can possibly be determined from the regression equation shown in Fig. 12, thereby

reducing the number of experiments necessary for determining the K;,’-w curves.
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Fig. 12. Relationship between o and specific surface area (Article IT).

The decrease in the curves in Fig. 8 with an increase in soil-water content is really not as
much dependent on an actual increase in the amount of water present as the increase in water-
film thickness (or layers of adsorbed water molecules). The water-film thickness dictates how
strongly the attractive force (from the sorbent) acts on a VOC molecule i.e., the larger the
distance between sorbent and molecule the weaker the force. Asymptotically far from the
surface the force (potential) decreases as Z* where Z is the distance of the molecule from the

surface (Kreuzer and Gortel, 1986). This decrease is illustrated in Fig. 13a.
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Fig. 13a-b. a: The surface potential of physiosorption decrease with Z”. b: Decrease in K’
for Yolo silt loam (Article II) as a function of distance from the sorbent surface. The
soil-water contents corresponding to specific K,,'-values are transformed to distances from the
surface by first transferring soil-water content to molecular layers and secondly assuming that
the diameter of a water molecule approximately is given by 1.854-10"°m.

Keeping the shape of the curve illustrated in Fig. 13a in mind it can explain some of the
tendencies discovered in the curvature of the graphs shown in Fig. 8, and described
mathematically by Eqs. [14] and [15]. An example of the K,'-Z curves for Yolo silt loam is
illustrated in Fig. 13b in a non-logarithmical way. The reason why the actual decrease is
"stretched" (Fig. 13b) compared to theory (Fig. 13a) can partly be explained by the adsorptive
characteristics of the adsorbed water molecules, which is not included in Fig. 13a. An
adsorbed water molecule does not only add to the distance between the sorbent and the

molecule, but does, in it self, slightly increase the adsorption capacity.

The magnitude of the specific surface area of a soil is to a large extent dependent on the
amount of clay in the soil, and the type of clay mineral. The smaller the particles the higher
the surface area. Figure 14 shows the relation between specific surface area and clay size

fraction for 29 soils (Petersen and Jacobsen, 1994, Article II)
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Fig. 14. Relationship between total specific surface area and clay content (Article II).

It is obvious that the clay size fraction plays a dominant role in the specific surface area. The
scatter of the data may partly be explained by differences in the type of clay minerals in the
soils since Danish soils contain a variety of different clay minerals and by the fact, that the
percentage of clay mineral by weight can be more or less than the percentage of particles of
clay size (< 2 um). The surface area of both the silt and sand fractions is reflected in the curve
not intersecting O at 0% clay content. However, the contribution made by these fractions to

the overall surface area seems fairly small.

It is evident that the surface area, and therefore clay content will play an important role in the
adsorption of water molecules and in how readily they are desorbed during a drying period.
Figure 15 and 16 show the relationship between specific surface area and the soil-water

content at -15 bar and -0.1 bar pressure potential, respectively.
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Fig. 15. Soil-water content present at -15 bar pressure potential (the so-called wilting point)
as a function of specific surface area and clay content. (Petersen, 1994 unpublished data).

Fig. 16. Soil-water content present at -0.1 bar pressure potential as a function of specific

Soil-water content [g/g]
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surface area and clay content (Petersen, 1994 unpublished data).
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Figure 15 shows the same tendency as described above for VOC vapor, namely for dry soils
specific surface area, and thereby the mineral fraction, plays a dominant role for the adsorption
capacity (here adsorption of water). For the more wet soils illustrated in Figure 16, the specific

surface area does not play a significant role for the adsorption.

Transferring the soil-water contents at -15 bars pressure potential into molecular layers of
water and plotting it versus specific surface area (Fig. 17) it is interesting to notice that the
majority of points are located between 4 and 8 molecular layers of water. Only the very
coarse-textured soils are outside of this range. An explanation may be that small, water-filled

pores dominate for coarse-textured soils, rather than an average water-film thickness for the

other finer textured soils.
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Fig. 17. Relationship between specific surface area and molecular layers of water (Petersen,
1994 unpublished data).

Thus, there seems to be a connection between the soil-water content at the wilting point and
the soil-water content above which Henry’s Law and the aqueous/solid partition coefficient

can be applied. It might be that below this point water molecules stop acting as free water
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since they are highly adsorbed. Due to the negative charge of the soil surface and the polar
nature of a water molecule, water molecules tend to coat the surfaces of the soil particles.
Distinctly different than free mobile water, this bound water will be alinged in a well-
structured pattern. In fact, bound or hygroscopic water is held so tightly that much of it is
considered non-liquid. Henry’s constant for bulk water does not apply when the activity of the
water has been drastically changed due to binding on a surface. Conceptually, one can

consider bound water to be part of the soil. (Shoemaker et al., 1990).

Since water retention data are often available, the soil water-content present at the wilting
point can be used as an indication (rule of thumb) for whether adsorption can be described
the traditional way by applying Henry’s Law and the aqueous/solid partition coefficient or

whether non-Henrian adsorption onto the mineral fraction should be taken into account
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4. Emissions of gaseous volatile organic compounds

Emission of VOCs into the atmosphere, due to e.g., volatilization and VOC laden soil particles
carried by wind action, is a major pathway influencing the fate of these compounds. Emissions
take place from industrial sites, hazardous waste treatment and disposal facilities, above
shallow groundwater plumes and anywhere the contamination might have spread due to the
transport in the soil or migration in groundwater. This can cause human exposure at the
contaminated sites and also downwind from them. The VOC emissions are highly dependent

on the transport and especially the gaseous diffusion in the vadose zone.

Volatilization as used here is defined as the loss of chemicals from surfaces in the vapor
phase, i.e., vaporization followed by movement into the atmosphere (Spencer et al., 1982).
Volatilization of VOCs is rather complicated and difficult to predict because of the many
factors affecting their adsorption, movement, and persistence as discussed in the previous
chapters. Volatilization from soil involves desorption from the soil particles, movement to the

soil surface, and vaporization into the atmosphere.

When water is not evaporating, the volatilization rate depends upon rate of movement of the
VOC through the soil compartment towards the soil surface by diffusion. The rate at which
VOCs move away from the surface is also diffusion controlled. The chemical escapes to the
atmosphere by molecular diffusion in the gaseous phase through a stagnant air-layer at the soil
surface. The volatilization flux away from a surface by diffusion will be proportional to the
diffusion coefficient in air, Dy, and to the concentration of the chemical at the soil surface. If
the concentration of VOC in the atmosphere is assumed negligible the volatilization flux, g

(ug VOC cm™ min™"), is given by Eq. [17] (e.g., Jury et al., 1990; Mgldrup et al., 1994)

L (17]

where C; is the concentration of VOC at the soil surface [g cm™], and d is the thickness of

the stagnant boundary layer [cm].

Figure 18 shows an example of measured and simulated volatilization from a soil (Yolo silt
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loam) from which water is not evaporating (Article III) In the simulations adsorption is taken

into account by introducing the retardation factor as described in Chapter 2.
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Fig. 18. Measured and simulated volatilization flux for Yolo silt loam without evaporating
water. A thickness of the stagnant boundary layer (d) of 0.475 has been used as suggested by
Jury (1983), (Article III).

As illustrated, measured and simulated volatilization fluxes agree very well. The results of the
simulations are independent on the value of d. The magnitude of d depends on factors like air

flow rate and air turbulence.

Temperature influences volatilization rates mainly through its effect on vapor pressure.
Temperature may also influence volatility through its effect on movement of the chemical to
the surface by diffusion or mass flow in the evaporating water or through its effect on the soil-
water adsorption-desorption equilibrium. Increases in temperature are usually associated with
increases in volatilization rate (Spencer et al.,1982). Figure 19 illustrates the effect of change

in temperature on the volatilization flux for Yolo silt loam.
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Fig. 19. Change in volatilization flux as a function of temperature for Yolo silt loam

(Petersen, 1994 unpublished data).

As can be seen, the size of the volatilization flux clearly increases with increasing temperature.
The effect of changing temperature on D can be described by Eq. [18] (e.g., Shonnard and
Bell, 1993)

Dy(Ty) = DT)) ("?]" (18]

1

where T is temperature in degrees Kelvin, and the suggested range of n has been found to be
within 2.0 at low temperatures and 1.65 at high temperatures (Bird et al., 1960). The increase
in D, determined by Eq. [18] for the increase in temperature given in Fig. 19 can not explain
the increase in volatilization flux in Fig. 19. Instead factors like increased vapor pressure and

increased desorption (decreased adsorption) must be taken into account).

Due to the extreme dependency of soil mineral adsorption capacity on changes in soil-water
content (Fig. 8) the rate of volatilization must be highly dependent on fluctuations in soil
surface water contents. One will expect a diurnal cycle: During day time sun-shine and dry

wind (low relative humidity) may severely dry the upper-most part of the soil compartment,
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which will restrict emissions of VOCs to the atmosphere due to an highly increased adsorption
capacity. Increase in temperature will have an opposite effect, though, since adsorption
decreases with increasing temperature, cf. Chapter 1. During night time with dewfall and
increased relative humidity of the air, the polar water molecules will cause desorption of VOC
molecules and thus increased volatilization. Figure 20 illustrates the changes in adsorption
capacity due to changes in soil-water content in a soil profile, which was dried and rewetted

from above by sweeping the soil surface with air having a relative humidity of 0% and 100%,

respectively.
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Fig. 20. Change in soil-water content and K," for Yolo silt loam in six depths as a function
of time. Drying and wetting were obtained by sweeping a dry or wet air-stream across the soil
surface (Article III). Note the different y-axis values.



The change in Ky’ is determined by applying Eqgs. [14]-[15] (Articles II and III). The
increase in adsorption capacity is extremely pronounced in the top one centimeter of the soil.
The lowest soil-water content obtained is equivalent to 0.22 molecular layers of water, which
is well within the non-Henry range (cf. Chapter 2). If the soil simultaneously had been
influenced by increased temperature and thus all water molecules was removed (even
chemically bonded water) K’ would have increased to 3401 cm®/g (Article I) for this soil.
One would expect this phenomenon to highly restrict the volatilization from the soil
compartment and into the atmosphere. Hence even a few millimetefs of soil could store big
amounts of adsorbed VOC gas, which would be released as soon as water molecules were re-
introduced to the surface. Figure 21 shows the response in volatilization flux due to the
decrease in soil-water content shown in Fig. 20, and hence increase in adsorption capacity.

Also the response to the later increase in soil-water content (wetting) is shown.
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Fig. 21. Response in volatilization flux for Yolo silt loam due to drying and wetting with a
sweep air-stream across the soil surface (Article I1I). From start of the experiment and until
drying was initiated the relative humidity of the sweep-air was 100%. During the drying and
wetting periods RH in the sweep-air was maintained at 0% and 100%, respectively.
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As seen, the decreased soil-water content does not seem to have the expected effect of
decreasing the volatilization fluxes. Immediately after the drying is initiated, the volatilization
flux increased in a rapid peak. This phenomena may be explained by the fact that the water
which immediately start to evaporate contains dissolved VOC. This leads to a sudden increase
in VOC concentration in the liquid phase which, by Henry’s partitioning, will result in a
corresponding increase in YOC concentration in the gas phase.

Despite the large decrease in soil-water content and consequently the increase in adsorption
capacity during the drying period, the soil mineral adsorption does not seem to restrict the
volatilization flux. This could be explained by the fact that the constant very high flux of
gaseous VOCs that, for this specific case (Article IIT) was applied from the bottom of the soil
column, constantly maintained all adsorption sites occupied. Evidently, the increase in the
adsorption capacity is gradual enough that it does not decrease the volatilization flux
significantly. Even though K,,’ is increasing, so is the flux, q (since the air-filled porosity and
thefore D;, is increasing). Hence, it seems that the relative increase in q is more than enough
to overwhelm the gradual increase in the adsorption capacity. Overall, the flux keeps gradually
increasing. The situation is analogous for example to a leaky container of VOC, buried
relatively close to the soil surface. This is, however, in contrast to situations where the source
of contamination is deep under the soil surface and concentrations at the surface are quite low.
For these conditions, the top few mm of soil, in periods when the soil-water content is low
and adsorption capacity is high, may still temporarily restrict the volatilization flux of VOCs
to the atmosphere (Article III). When re-wetting is initiated, the volatilization flux again
increase drastically, which is expected since the adsorption capacity increases greatly during
drying. This behavior is a reflection of water molecules out competing the VOC molecules

sorbed on the soil particle surfaces.

In general further studies, both experimental and modeling, are essential in order to completely
describe the effects of fluctuating RH on the volatilization rates. The simultaneous effects of
diurnal changes in RH and temperature should be considered, both in laboratory setups and

under field conditions, at which the impact from the sun could have an important effect.
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5. Concluding remarks

During an environmental investigation of a contaminated site, the authorities often must
estimate whether a soil compartment contaminated with volatile organic compounds (VOCs)
will influence the outdoor and indoor environment, and hence cause human health risks. Le.,
whether a given soil contamination results in an unacceptable degree of chemical
volatilization. Calculations are often based on knowledge of chemical concentrations in the
soil or groundwater and some physical and chemical properties of the chemicals and the soil
(Miljgstyrelsen, 1992). Results of these calculations are also the basis for the selection of a

feasible cleaning or encapsulation method, e.g. soil-venting or protecting clay layers.

During the calculations of a potential contamination risk it is important to keep in mind that
soil characteristics like relationships between the soil diffusivity and the volumetric soil-air
content and between VOC partition coefficients and soil-water content should be carefully
considered. This study showed that empirical expressions or simplified equations often can

lead to wrong estimates of these transport dominating factors.

When planning a reasonable program for measurements of chemical concentrations and
chemical volatilization fluxes at a contaminated site, it must be kept in mind that
measurements at a specific time only represent a snapshot. Based on the findings in the
present work a snapshot at the "wrong" time can easily lead to erroneous conclusions. It was
shown in batch experiments, that the adsorption capacity of a soil is extremely dependent on
soil-water content. At very low soil-water contents the adsorption capacity increased with
several orders of magnitude compared to moist soils. A control measurement of concentrations
and volatilization flux during the daytime, where sunshine causes severe drying of the soil-
surface, might therefore result in different conclusions compared to measurements performed
during nighttime with dewfall or on a rainy day. In transient transport experiments the effects
of successive drying and wetting showed that this resulted in pronounced responses in the
volatilization flux. These responses should be taken into account in the estimations of risk, but
at the same time the risk could be over-estimated if conclusions are based on measurements

performed solely at a time where those fluctuations took place.

In conclusion measurements should be repeated over a carefully planned period of time
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including both daytime and nighttime. Additionally, VOC concentration and flux
measurements must be accompanied by measurements of soil-water content, temperature, and
soil organic matter content. As shown in this study a continuous and non-destructive
determination of soil-water content even in the uppermost centimeter of the soil, which highly
influences the VOC adsorption capacity, could relatively easy be performed by high resolution

time domain reflectometry.
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6. Related future perspectives

The present work has answered some of the questions related to gaseous VOC transport. At
the same time it has opened up for new ideas and inspired to continuous work in related areas,

of which some will be mentioned below.

- To do drying/wetting emission column experiments in which chemicals have been
incorporated into the soil compartment. Thus ensuring that the induced changes in
adsorption sites are not overwhelmed by the flux of VOC from a constant liquid
source. Meanwhile a heated drying method could be applied facilitating the removal

of chemically bound water

- Perform field studies in which relative humidity and temperature fluctuate naturally
and simultaneously and investigate the effects on the volatilization loss of VOCs and

surface applied pesticides

- Investigate the importance of adsorption kinetics for unsteady transport of VOCs and

pesticides

= Develop a numerical model taking into account competitive adsorption, adsorption
kinetics, immiscibility, and water-vapor transport and validate against experimental

column data

- Develop semi-analytical solutions based on simple equilibrium partition theory for

rapidly screening the relative fate of a large number of VOC compounds
- Investigate the importance of transport of VOCs or pesticides adsorbed onto colloids

through macropores or through surface runoff (erosion), thus taking into account soil

structure
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Volatile Organic Vapor Diffusion and Adsorption in Soils

L. W. Petersen,* D. E. Rolston, P. Moldrup, and T. Yamaguchi

ABSTRACT

Knowledge of the relationship between Dp/Dy (diffusion coefficient
in soil divided by diffusion coefficient in free air) and the volumetric soil-air
content, €, is important when medeling gaseous movement of volatile
organic compounds (VOCs) in soils. The effective diffusion (i.e., diffusion
and retardation) of trichloroethylene (TCE), toluene and freon in Yolo
silt loam (fine-silty, mixed, nonacid, thermic Typic Xerorthent) were mea-
sured in a two-chamber diffusion app The experiments were con-
ducted on packed soil cores over a range of water contents. Vapor retarda-
tion factors were calculated from soil parameters and equilibrium
partition coefficients. Partition coefficients were measured in batch ex-
periments. It was found that for water contents higher than four molec-
ular layers of water surface coverage, solid/vapor partition coefficients,
Kp', were consistent with values predicted by Henry’s Law constants
(Kw), and aqueous/solid partition coefficients, Kp. For less than four mo-
tecular layers of water, sorption increased by orders of magnitude. The
vapor retardation factors, along with the measured effective diffusion,
allowed a calculation of diffusion coefficients (Dp) for the investigated
species by using the analytical solution to diffusion in a two-chamber
apparatus. Yalues of the ratio Dp/Dqy were generally higher than the
values predicted by the Millington-Quirk equation, and lower than the
values predicted by the Penman equation. Compared with the nonreac-
tive tracer freon, Dp/Dy values for TCE and toluene agreed very well
for higher water contents. Values obtained for air-dry soil, however, were
under-predicted. The experimental work for determination of the effec-
tive diffusion of reactive tracers can, therefore, for sufficiently high wa-
ter contents be limited to the determination of De/Dy-e relations for a
nonreactive tracer and measurement of Kp, Kp ', and Ky values for the
reactive tracers.

ASEOUS TRANSPORT, especially gaseous diffusion, plays

an important role in the movement of VOCs in soils.

Since VOCs readily partition to the gas-phase from a lig-

uid spill, the overall spreading of the contamination is in-

creased, because the diffusion in air is 10° to 10* times
faster than diffusion in water.

Due to the importance of diffusion in the gaseous phase,
several investigators have attempted to find a relationship
between the ratio of the diffusion coefficient in soil to the
diffusion coefficients in free air, Dp/Dy, and the volumet-
ric soil-air content, € (e.g., Penman, 1940a,b; van Bavel,
1952; Millington and Quirk, 1961; Troeh et al., 1982; Cur-
rie, 1984; Sallam et al., 1984; Shimamura, 1992). This
previous work shows that no single relationship between
De/Dy and € is universally applicable for different soil
types. A specific relation must therefore, if possible, be
obtained experimentally for the soil of interest.
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It is generally assumed that the ratio of Dp/Dy is inde-
pendent of the nature of the diffusing gases. Shimamura
(1992) investigated this for three different nonreactive tracers
(N3, CH,, and H;) and found good agreement. Theoreti-
cally, it will therefore be sufficient to determine the
Dp/Do-¢ relationship for one gas and use that to deter-
mine the behavior of other gases knowing only their respec-
tive diffusion coefficients in free air.

Adsorption is another important abiotic process that
influences the fate and transport of VOCs in soils. This
process is highly dependent on the amount of moisture pres-
ent in the soil (Chiou and Shoup, 1985; Valsaraj and
Thibodeaux, 1988; Rao et al., 1989; Rhue et al., 1989;
Thibodeaux et al., 1991; Ong and Lion, 1991a,b), since
polar water molecules are strong competitors for adsorp-
tion sites relative to nonpolar organic compounds.

Experimental determination of diffusion coefficients for
adsorptive tracers is considerably more complex than for
nonreactive tracers since the decrease in concentrations
due to adsorption needs to be quantified.

The objective of this work was to examine whether or
not it is sufficient to establish the Dp/Do—¢ relationship for
a nonreactive tracer like freon-12 and use that to deter-
mine the effective diffusion of reactive tracers, like TCE
and toluene, using equilibrium partition coefficients to
quantify the adsorption.

THEORY
Unsteady diffusion of gas in soils can be described by the fol-
lowing equation,
ac 32C
eR[—) = —
( ar ) DF( 612) [1]

where £ is the volumetric soil-air content (cm’ air/em® soil), C
is the gas concentration (g gas/cm’ soil), D» is the soil-gas
diffusivity (cm® air/cm soil s), 7 is time (s), x is distance (cm),
and R is the retardation factor. Where Henry's Law is applica-
ble, R can be determined using Henry's constant, Ky, which
governs the equilibrium distribution of the VOC between ague-
ous and vapor phase, together with the aqueous/solid partition
coefficient, Kp (cm*/g), for sorption of dissolved VOCs onto soil
particles, i.e.,

(2]

EKH

where 8 is the volumetric soil-water content (em* H,O/cm’ soil),
and p, is the bulk density (g soil/em® soil). For low water con-
tents where Henry's Law and Eq. [2] are not valid, Eq. [3] can
be used;

Kbpy

R=]+ [3]

Abbreviations: VOC, volatile organic compounds; TCE, trichloroethylene,
EGME, ethylene glycol monoethyl ether; EC, electrical conductivity; CEC,
cation-exchange capacity; FID, flame ionization detector, EPICS, equilib-
rium partitioning in closed systems.
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€(x,0)=Cq ¢(x,0)=0
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=(L+H) =k 0 +L L4K

!
t

Fig. 1. Initial and boundary conditions for two-chamber diffusion ap-
paratus.

where K is the solid/vapor partition coefficient (em*/g) and R
is equal to 1 for a nonreactive tracer.

Initial and boundary conditions for the two-chamber diffusion
apparatus used in this work are illustrated schematically in Fig.
1. It is assumed that the gas within the air chambers is perfectly
mixed at all times due to the much larger diffusivity in air than
in soil. Sallam et al. (1984) provided evidence that this assump-
tion is valid. In this study it was experimentally confirmed that
concentrations of gas samples taken from two sampling ports
placed at each end of the inlet chamber (Fig. 2) were equal. The
boundary condition at the left soil boundary, x = —L (Fig. 1), is

G =G+ (DoH) | (00X w dt 4]
Q

and the boundary condition at x = L is
= —(Dp/K) \ (OC/AX)s - Lt (5]

where € and C, are inlet and exit chamber concentrations, Cy
is the initial concentration (g/em’), and H and K are the effec-
tive length of the inlet and exit chambers (Fig. 1) (Glauz and
Rolston, 1989).

The analytical solution to diffusion in a two-chamber diffusion
apparatus at the left soil boundary in contact with the inlet cham-
ber is (Glauz and Rolston, 1989)

1 -
. SR —Afa,)/B(a,)]exp(— a?
S TIET e L e
where ¥ B
H H Dpf
=t S Lo {7}
Y K P LeR eRI?
2
Ala,) = -y -« 18]
Bt
Bla) = aipiy) + o | =+ L+ L 41
™ B 2y 2
A AL 9]
+ !3] + 252 + 2{32
and a, are the roots of
e = 300 * B [10]
o’B’ — ¥

Teflon O-ring

:3{3—-‘ Sampling Yalve

Plston

Teflon O-ring

Soil Core

Teflon O-ring

%ﬁ:

Fig. 2. Nlustration of two-chamber diffusion apparatus, The apparatus
was placed horizontaily during experiments.

If sampling from the exit chamber is desired, Eq. [8] must be
substituted by

Ala,) = [an + (/B + (1 + vH(ai/p"” (1]

The D values, corresponding to a measured relative concen-
tration and time, were determined from Eq. [6] to [10]. Time,
t, was fixed at the measured time, and Dp iteratively changed
until the measured relative concentration was obtained.

The aqueous/solid partition coefficient, Ky, can be deter-
mined as the slope obtained from plotting the left hand side of
Eq. [12] against M/(Vis + A& KuVg:) (Peterson et al., 1988).
Equation [12] arises from combining mass balance equations for
bottles with sorbent, gas phase, and liquid phase and bottles con-
taining only gas phase and liquid to give

Cop(AMKiVop + Vin) _ % M
= Kp
Cos(AKuVos + Vis) Vis + MKuVos

where Vg and Vgg are liquid and gas volumes in a bottle with-
out sorbent (em’), Vis and Vgs are liguid and gas volumes in
bottles with sorbent, Cgp and Cgs are headspace concentration
in bottles without and with sorbent (g/em?), M is mass of sor-
bent (g), and A is the activity coefficient for VOC in 0.1 M NaCl.
Sodium chloride is used because it adequately swamps out any
ionic influences attributed to the sorbent (Gabarini and Lion,
1985). The values of X and K must be determined separately.
The values obtained by Garbarini and Lion (1985) and experimen-

+ 1012
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tally confirmed in this study for TCE are Ky = 0.397 and A =
1.06 and for toluene are Ky = 0.261 and A = 1.05.

For linear isotherms, the solid/vapor partition coefficient, K}
is the slope obtained from plotting the left hand side of Eq. [13]
against M/Vs (Ong and Lion, 1991a,b). Equation [13] arises
from equating mass balance equations for bottles with sorbent
to bottles without sorbent

Vi
kM iE)
VsCs Vs

where Vg and G, are the gas volume and concentration in bot-
tles without sorbent, and ¥ and C are the gas volume and con-
centration in bottles with sorbent. The Langmuir equation was
used to fit data from nonlinear isotherms,

_ CnVn - CsVs _ }V'"kcs []4]

M 1 + kCs

where W is amount adsorbed per mass of soil (g VOC/g soil),
W™ is the monolayer capacity (g VOC/g soil), k is a constant
related to the binding energy, and Ky' is given by W™ and is
applicable to the linear region of the isotherm.

MATERIALS AND METHODS

The soil used in the experiments was a Yolo silt loam, It was
collected from the top 20 cm of an agricultural field on the campus
of the University of California, Davis. The soil was air dried,
passed through a 2-mm sieve (no, 10), and mixed thoroughly
to obtain a homogeneous mixture. Some characteristics of the
soil are given in Table 1. Total surface area was determined by
the ethylene glycol monoethyl ether (EGME) method (Heilman
et al., 1965; Carter et al., 1986). Pretreatments to remove or-
ganic matter and saturation with Ca®* were omitted (Cihacek
and Bremner, 1979). The organic C content of the soil was ana-
lyzed by a modified Walkley and Black method (Nelson and Som-
mers, 1982). The pH was measured on saturated paste by pH
meter, while electrical conductivity (EC) was measured on satu-
ration extracts using a conductivity meter. Cation-exchange ca-
pacities (CEC) were determined by saturation with Ba acetate.
Particle size analysis to determine sand, silt, and clay fractions
was performed by hydrometer (Gee and Bauder, 1986). The soil-
water content corresponding to four molecular layers of water
was calculated using the total surface area determined by the
EGME method, assuming that a water molecule occupies an area
of 108 x 107" m? (Livingston, 1949).

For diffusion coefficient determinations, a two-chamber diffu-
sion apparatus was used (Glauz and Rolston, 1989). Stainless
steel and Teflon were used to build the apparatus to prevent the
VYOCs from adsorbing on or diffusing through the walls of the
chambers. The apparatus, consisting of two air-filled chambers
separated by a packed soil column, is illustrated in Fig. 2,

The effective length of the inlet and exit chambers was H =

w

Table 1. Characteristics of the soll (Yolo silt loam) used in the
diffusion and adsorption experiments.

Surface area, m?/g 805
Organic C, % 105
P ¥i
Electrical conductivity, milli-mhos/cm 077
Cation-exchange capacity, meq/100g 211
Sand, % 33
Silt, % 49
Clay, % 18
Four molecular layers of water (g water/g soil) 0089

255cmand K = 41.3 cm (actual length = 20 ¢cm and 30 cm),
respectively. Effective length corresponds to the volume of the
chamber divided by the surface area of the soil core. The length
of the soil column used was either 10 or 20 ¢m, depending on
water content, and the diameter was 7.67 cm. The optimum size
of the chambers were determined using the error analysis given
in Glauz and Rolston (1989).

Initially, the piston was closed, separating the inlet chamber
from the soil chamber. Gas was introduced to the inlet chamber
and allowed to equilibrate to an initial concentration, Cy, de-
termined by gas chromatography. The piston was pulled back
and diffusion through the soil column initiated. A volume of air
equal to the volume of the retracted piston rod was introduced
to the chamber to avoid pressure differences between the two
end chambers. Gas samples were taken at several successive times
from the inlet chamber. The Dy was calculated at each sampling
time and then averaged across the sampling period. The coefficient
of variation for Dy never exceeded 15% and was in general on
the order of 2 to 4%.

When sampling, 1 mL of gas was removed with a gas-tight
syringe (Hamilton 1001, Hamilton Company, Reno, NV) and
znalyzed on a Hewlen Packard 5890A gas chromatograph
equipped with a flame ionization detector (FID). For TCE and
toluene analysis, the packed gas chromatograph column was a
3.04 m (10 ft) 20% SP-2100, 0.1% Carbowax 1500, on 100/120
meth Supelcoport (Supelco Inc., Bellefonte, PA), operated iso-
thermally at 140 °C. For freon-12 analysis, the column used was
a 6 ft Haysept Q on 80/100 mesh (Alltech, San Jose, CA), oper-
ated isothermally at 140 °C. Zerograde helium was used as the
carrier gas.

For the higher water contents stainless steel cylinders were
packed with air-dry soil. Additional 10-cm columns were attached
to each end of the soil cores prior to packing. The middle part,
which was expected to have the most homogeneous packing, was
used in the experiment. The cores were carefully sprayed with
water to obtain the desired volumetric water and air contents.
The cores were allowed to equilibrate for 2 to 3 wk. The unifor-
mity of this packing technique was tested using gamma attenua-
tion. Also water content of soil in the cylinder and end pieces
was determined gravimetrically and showed no differences. For
the lower water contents the soil was sprayed with water before
packing, and additional end pieces were attached during pack-
ing. Water contents ranged from 0.04 cm’ H,0/cm? soil to 0.36
cm® H,O/em® soil, and air contents ranged from 012 em?
air/cm’ soil to 0.42 em’ air/cm’® soil. During the experiments,
the apparatus was placed horizontally and rotated frequently to
avoid differences in water content inside the soil column.

Since toluene and TCE are biodegradable (e.g., Claus and
Walker, 1964; Nelson et al., 1987; Armstrongetal., 1991; Ens-
ley, 1991), packed soil cores with water contents higher than air-
dry soil were irradiated to prevent microbial activity (McLaren
et al., 1962; Eno and Popenoe, 1964). Radiation was chosen
as the sterilization method because it offers a possibility for
minimizing changes in the soil since neither heat nor chemicals
are involved. Any possible changes due to radiation are mostly
associated with the organic matter content of the soil (Eno and
Popenoe, 1964); a soil like Yolo silt loam (fraction of organic
C, foc = 00105) will therefore not be altered nearly as much
as a highly organic soil. Preparation of experiments with sterile
soil were performed in a laminar flowhood to avoid airborne con-
tamination. Water content and bulk density were determined af-
ter each diffusion experiment by oven drying the soil for 24 h
at 105°C. The soil air content was calculated from porosity and
water content. Experiments were carried out at room tempera-
ture (=25°C).

The diffusion coefficients in free air were calculated using the
Fuller correlation (Fuller et al., 1966). The Dy values obtained
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for freon-12, TCE, and toluene were 0.0763 cm‘/s, 0.0835
cm’/s, and 00805 cm'/s, respectively.

The headspace technique. equilibrium partitioning in closed
systems (EPICS) (e.g., Peterson et al., 1988; Ong and Lion,
1991a,b) was used for determining partition coefficients. The
method can briefly be described as a mass balance technique
that involves measurement of an equilibrium headspace vapor
concentration in sealed glass bottles by gas chromatography. A
system with known gas volume and mass of sorbent is compared
with a control that contains no sorbent. Sorbent masses ranged
from 0.2 to 60 g. The amount of sorbent was increased for in-
creasing water contents. For each adsorption isotherm, seven
different sorbent masses were used with three replicates for each
mass. The sorbent was introduced to glass bottles with a volume
of 60 or 250 mL. The bottles were wrapped with paper to pre-
vent photodecomposition of the VOCs and sealed with Teflon
Mininert valves (Dynatech, Baton Rouge, LA). Two and a half
milliliters of air were withdrawn from and 2.5 mL of saturated
VOC vapor was introduced to each bottle. Saturated vapors were
taken from the headspace of a 5 L. flask containing 1 L of liquid
VOC (certified toluene and TCE were obtained from Fisher
Scientific, Fair Lawn, NI). All bottles were rotated for 24 to
36 h at 25 °C to reach equilibrium. Preliminary work showed
that equilibrium was reached after this period of time. One mil-
liliter of headspace was removed for concentration analysis,

The Koy values were determined from adsorption isotherms
of a water saturated system. Adsorption isotherms, used to cal-
culate Kp' values, were determined for ten different water con-
tents ranging from 0 to 21 g H,0/g soil. Water contents less
than air-dry (=68% relative humidity) were obtained by mix-
ing specific amounts of oven dry and air dry soils. Water con-
tents higher than air dry were obtained by spraying air dry soil
with a predetermined mass of water.

RESULTS AND DISCUSSION
Sorption

Figure 3 shows adsorption isotherms obtained with the
EPICS method using Eq. [13]. Linear isotherms were char-
acteristic for soil-water contents higher than or equal to
0.02 g H,0/g soil, i.e., from soil water contents slightly
less than air dry soil. This is in agreement with what other
investigators have found for hydrated sorbents (Chiou and
Shoup, 1985; Rao et al., 1989; Rhue et al., 1989; Ong
and Lion, 1991a,b). An increase in moisture content results
in a drastic decrease in Kt values for both gases (Fig. 3).
For Yolo silt loam, air dry soil corresponds to between
one and two molecular layer of water coverage. A strong
dipole interaction between the water molecules and the polar
surface of the soil particles may account for the inhibition
of nonpolar VOC vapor adsorption (Rao et al., 1989}, es-
pecially since VOC molecules are thought to be adsorbed
with relatively weak van der Walls forces. Partition
coefficients were, without exception, higher for toluene than
for TCE at the same water content. This was expected even
though the monolayer capacity for TCE on Yolo silt loam
is higher than that for toluene (Amali et al., 1994; W™
values for TCE and toluene on Yolo silt loam were 9.7 and
5.3, respectively). For the same relative vapor pressure (va-
por pressure divided by saturated vapor pressure, P/Pg)
of TCE and toluene, a larger mass of TCE will be adsorbed
per gram of soil; however, K} is a function of concen-
tration,

25
st A Ko =140.7 cm3/g
i ,"
5]
> 157 /’
= &
t.z 10 1 4 Ky’ =29.5 em¥/g
> ‘ / a
= % P
51 ‘ ,u"a’lﬂn' = 3.54 cm ¥/g .
‘ ’n,‘u' ; :Kn =1.72 em ¥/g
o T T T
0.0 0.1 0.2 0.3 0.4

M/Vs (g/cm?)
0.10g H,0/g soil

A Toluene

o TCE ————0.029 Hy0/g soil

Fig. 3. Adsorption isotherms for trichloroethylene and toluene on Yolo
silt loam at a soil-water content of 0.02 and 0.10 g H;O/g soil. Equa-
tion [11] is used and the K} values are determined as the slope of the
isotherms.

Cson. = Kb Cwpor [15]

Hence, relative vapor pressures must be converted to con-
centrations. For the same concentration of TCE and tolu-
ene, P/Py for toluene is much higher than that for TCE.
Thus, a larger mass of toluene adsorbs per gram of soil,
resulting in a higher X value.

The adsorption of freon-12 was also checked using the
EPICS method. The determined K b-values were very low
and within the error of the method. Therefore, the adsorp-
tion of freon-12 was assumed negligible.

Figure 4 summarizes the change in toluene and TCE va-
por phase partition coefficients with water content. From
oven dry conditions to 0.09 g H.0/g soil (=100% relative
humidity), Kb values decreased by several orders of mag-
nitude. For toluene, K}, decreased from 21645 cm?/g to
3.54 cm’/g and for TCE from 3401 cm’/g to 1.71 cm’/g.
For water contents higher than 009 g H,O/g soil (=4 mo-
lecular layers of H;0), Kb values increase due to VOC
dissolution into soil water. This phenomenon is represented
by the solid lines in Fig, 4. The lines arise from the fol-
lowing equation (Ong and Lion, 1991a,b) assuming that
water surface sorption and condensation are negligible,

K’D = & i
Ku Kuogp

where W is the water content by weight (g H:0/g soil),
@ is the aqueous activity coefficient (= 1), and p is the
density of water (= 1 g/cm?). The points where measured
Kb values fall on the line indicate the applicability of
Henry's Law.

Aqueous/solid partition coefficients, Kp, used in the
above equation were determined by the EPICS method and
Eq. [12]. The Kp values were 0.58 ¢cm*/g and 0.87 cm’/g

[16)
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Fig. 4. Change in trichloroethylene and toluene vapor phase partition
coefficients with soil-water content.

for TCE and toluene, respectively. Both values are
significantly smaller than values predicted by the widely
used empirical equation Kp = foc Koc. By using the Koc
values of 138 and 98 cm’/g for TCE and toluene, respec-
tively (Jury et al., 1990), this equation over-predicts the
Kp value with 150% for TCE and 18% for toluene. For
a variety of sorbents, Schwarzenbach and Westall (1981)
found that Kp-values for nonpolar organic compounds
could be estimated from Eq. [17].

log Kp = 072 x log Kow + logfoc + 049 [17]
where Kow is the octanol-water partition coefficient. By
using log Kow values of 2.42 and 2.73 for TCE and tolu-
ene, respectively (Howard, 1989), Eq. [17] over-predicts
the Kp values with >200% for both chemicals. Accurate
Ko values should therefore be determined experimentally.
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Fig. 5. Change in relative gas concentrations in the inlet chamber
of r!.be two-chamber diffusion apparatus with time. £ = (.28 cm? air/
cm soil.

Diffusion

Figure 5 shows examples of the decrease in relative con-
centrations for freon-12, TCE, and toluene with time, as
measured in the inlet-chamber of the diffusion apparatus.
Each packed soil column was run with all three gases. When
changing to another gas, excess gas from the previous run
was flushed out. Thus, only changes between the diffusion
coefficients in air and the retardation factors changed be-
tween runs with different gases. Examination of Dp-values
alone reveals that C/Cy for TCE would be expected to de-
crease slightly faster than for toluene, which would de-
crease slightly faster than freon-12. However, due to par-
titioning, the order is different as shown in Fig. 5. As
previously mentioned, partition coefficients for toluene were
higher than those for TCE; the decrease in VOC concen-
tration are, therefore, highly dependent on the retardation
of vapors. Generally, for all experiments, when plotting
log(C/Co) as a function of time, the relative concentration
decreased in a nearly linear fashion.

Using Eq. [6] to [10], it was investigated whether the
faster decrease in C/Cy for toluene and TCE compared
with freon-12 could be accounted for by the equilibrium
partition coefficients measured by the EPICS method.
Retardation factors (Eq. [2], [3]) were calculated based
on equilibrium partition coefficients and introduced into
Eg. [6] to [10]. Calculated Dp values for the three gases
divided by their respective Dq values should be identical
at a specific volumetric air-content, if in fact equilibrium
partition coefficients can be used. Figure 6 compares
Del/Dy values for freon-12, TCE, and toluene across a
range of volumetric air contents. The Dy/Dj values for
TCE and toluene agree very well with values for freon-12.
This indicates, that diffusion is slow enough to allow ad-
sorption sites to be filled and, hence, to aliow equilibrium
to be reached. Differences between the values can be ex-
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Fig. 6. Change in Dy/Do with volumetric soil-air content for freon-12,
trichloroethylene, and toluene. The Penman model is given by Dy/
Do = 0.66 &, the Millington-Quirk model by Dp/Do = & 19372 where
Jis porosity, and the Troeh et al. (1982) model by Dp/Dy = ((£ — u)/
(1 = u))", where u and v are fitling parameters.
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plained by experimental errors and uncertainties in the cal-
culation of Do. The only exception is for the highest air
content, which corresponds to air dry soil (water content
of 003 g H,O/g soil). The reason for the deviation may
be explained by faster diffusion at this air content, and thus,
lack of equilibrium. Also, Kp values for dry soils are
very high and extremely dependent on very small changes
in water content, which can result in uncertainty in the
K'b. We have investigated this low end of water content,
since top soils in arid areas can dry out to water contents
as low and lower than this during the summer period.
The measured Dp/Dy data were compared with three
models. The Penman model (Dp/Dy = 066 X €) greatly
overestimates, and the Millington-Quirk model (Dy/Dy =
£'%/f2 where fis porosity) underestimates the measured
data. At low air contents, the Millington-Quirk model is
fairly accurate. This is in agreement with what Sallam et
al. (1984) found for low air-filled porosities. The data are
best fitted with the model introduced by Troeh et al. (1982),

5= (=) ]

where « and v are fitting parameters.

The parameter « usually has a value larger than zero,
which indicates that Dp reaches zero while there still is
some air-filled porespace in the soil (Troeh et al., 1982).
Very wet soils, for example, have a small volumetric air-
content that will be in the form of isolated air pockets. De
reaches zero because those air pockets are disconnected
and the channels of diffusion therefore blocked. The e-value
where zero diffusion occurs is not universal, but for sev-
eral soils it has been found to be between 0.1 and 0.2 (Wes-
seling and Van Wijk, 1957). The parameter v controls the
curvature of the line representing the equation on a graph.
Troeh et al. (1982) stated that 0 = u < Lu <= g < |,
and 1 = v < 2. For our measured data, u = 0.12 and
v = 1.23 with an R? of 0.997. The values for u and v are
within the above limits and in agreement with what Troeh
et al. (1982) found for various experimental data, over a
range of soil types. For the data from 15 different studies
considered by Troeh et al. (1982), u ranged between 0 and
0.15, and v between 1.1 and 2.

CONCLUSIONS

The following conclusions can be drawn from the pres-
ent study:
(i) Effective diffusion of reactive tracers like TCE and tol-
uene can be determined from relatively limited experimental
work; i.e., determination of Dp/Dg-E relations for a non-
reactive tracer and measurement of Kp, Kp', and Ky values
for the reactive tracers,
(ii) This approach has better accuracy at higher water con-
tents, where the relatively slower diffusion allows adsorp-
tion sites to be filled, and where vapor/solid partitioning
is small. At very low water contents the approach highly
under-predicts the diffusion coefficients. This might be ex-
plained by faster diffusion, lack of equilibrium and uncer-
tainties in the Kp' values.
(iii) For the investigated Yolo silt loam, Henry's Law is
applicable for water contents higher than four molecular

layers of water. Thus, for water contents greater than four
molecular layers of water, retardation factors can be de-
termined from knowledge of only XKp and Ku. For less
than four layers, however, the approach is inaccurate, and
Kp' should be measured.

(iv) The measured data for Yolo silt loam were fitted very
well with the model that was introduced by Troeh et al.
(1982), Dp/Dy = ((8 — w)/(1 — u))". Values of u and v
were determined to be 0.12 and 1.23 respectively.
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ABSTRACT

The fate of volatile organic compounds (VOCs) moving as vapors
in the subsurface is dependent on their interaction with the soil.
Adsorption of VOC vapors is greatly influenced by soil texture and
soil-water content. The effects of differences in texture and soil-water
content on vapor partition coefficients for trichloroethylene (TCE)
were examined. Batch experiments were conducted for a variety of soils
and at different soil-water contents, w, to determine the relationship
between the vapor/solid partition coefficient, Ky, and w. In dry soils,
Kp' was nonlinearly related to soil-water content because, in that range,
water molecules compete with VOC molecules for adsorption sites on
the soil surface. Under wet conditions, Kp' became linearly related to
water content according to Henry’s law, indicating that adsorbed water
molecules were acting as a solvent for VOC molecules. In general,
Kp' under oven-dry conditions did not relate well to total specific
surface area of soils, most likely because VOC molecules adsorb only
on the outside surfaces of soil particies {due to their nonpolarity),
rather than the total surface area present. In the dry range, adsorption
was dominated by soils with high specific areas (j.e., high clay content},
while soils with higher organic carbon content manifested higher
adsorption amounts in the wet moisture range. A one-parameter,
exponential model well described the log Kp-w curve in the nonlinear
region. The model parameter, a, was found to be highly dependent
on the specific surface area of the soil. The propoesed Kp'(w) model
incorporated in conventional YOC transport models seems promising
for analyzing the effects of YOC vapor adsorption on VOC subsurface
transport.
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THE EXTENT of pollutant sorption on soils is greatly
influenced by the physical and chemical composition
of soils. Properties like soil organic matter and clay
content can be directly linked to magnitudes of chemical
adsorption. In addition, when VOC vapors are involved,
soil water content, w, (g water/g soil) becomes another
factor greatly affecting sorption. Numerical analysis by
Culver et al. (1991) and Ong et al. (1992) suggested
that vapor sorption onto soil minerals significantly retards
the transport of VOCs under dry conditions. Thus, in
modeling the transport and fate of VOC vapors, the
relationship between the vapor partition coefficient and
the soil water content must be fully determined to obtain
correct estimates of chemical amounts adsorbed onto the
soil.

In general, soil-water content defines whether clay
content or organic carbon content dominate adsorption.
In dry soils, surface reactivity is dominated by the clay
fraction of the soil. Under oven-dry conditions, solid/
vapor partition coefficients have been correlated to the
specific surface area of soils and, thus, their clay content
(e.g., Jurinak, 1957, Rhue et al., 1988; Ong and Lion,
1991a,b). On the other hand, under wet conditions the
aqueous/solid partition coefficient has been highly corre-
lated to the organic carbon content of a soil (e.g., Chiou et
al., 1979; Ong and Lion, 1991b). Methods for predicting
vapor sorption coefficients across water contents and
various soil types do not exist.

The relationship between the vapor partition coefficient
and water content consists of two regions: linear and

Abbreviations: YOC, volatile organic compound; BET, Brupauer-
Emmett-Teller; EGME; Ethylene Glycol Monoethyl Ether; EPICS : Equi-
librium Partitioning In Closed Systems; GC, gas chromatograph; TCE,
trichloroethylene; RMSE, root mean square error.
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nonlinear. The linear region occurs in the wet soil range
in which dissolution of VOCs can be described by Henry’s
law. The nonlinear region occurs in soils at the very
dry water content range. Ong and Lion (1991a, b) and
Petersen etal. (1994) presented data sets for very different
textured soils, illustrating this highly nonlinear behavior.
It is important to note, however, that the concept of
partition coefficients only applies at the low range of
VOC relative vapor pressures, at which adsorption is
linearly related to the vapor pressure. At high vapor
pressures, the Brunauer-Emmett-Teller (BET) theory
(Jurinak and Volman, 1957; Chiou and Shoup, 1985;
Poe et al,, 1988; Amali et al., 1994) can be used to
describe the whole adsorption isotherm over the full
range of relative vapor pressures.

The main objective of this work is to determine the
shape of the curve relating vapor partition coefficients
to soil-water content over the full range of water contents
at low VOC relative vapor pressures, and to present a
realistic VOC vapor adsorption model for water contents
from oven-dry to saturation. The VOC used was TCE
(toluene data from Petersen et al. [1994] were included
in the model analysis). This work also attempts to de-
scribe how different soil fractions dominate adsorption
as water contents vary.

THEORY

The aqueous/solid partition coefficient, Kp (cm/g), can be
determined as the slope obtained from plotting the left-hand
side of Eq. [1] against M/(Vis + AKuVs) (Peterson et al.,
1988). Equation [1] arises from combining mass-balance equa-
tions for bottles containing sorbent, a gas phase, and a liquid
phase with bottles containing only a gas phase and a liquid
phase 10 give

CGB(kKHVGB + Vig) o M
Cos(AKuVos + Vis) Vis + AKuVss

where Vis and Vg are liquid and gas volumes in a bottle
without sorbent (cm?), Vs and Vgs are liquid and gas volumes
in bottles with sorbent, Cse and Cos are headspace concentration
in bottles without and with sorbent (gfcm?), M is mass of
sorbent (g), Ky is the dimensionless Henry's constant, and A
is the activity coefficient for VOC in 0.1M NaCl. NaCl is
used because it adequately swamps cut any jonic influences
atiributed to the sorbent (Gabarini and Lion, 1985). Values
of A and Ky must be determined separately. Petersen et al.
(1994) determined these to be Ky = 0.397 ¢cm?® air/cm?® H,0
and A = 1.06 which are in agreement with the values measured
by Garbarini and Lion (1985).

For linear isotherms, the solid/vapor partition coefficient,
Ko'(cm'/g), can be determined as the slope obtained from
plotting the left hand side of Eq. [2] against M/V, (Ong and
Lion, 1991a, b). Equation [2] arises from equating mass balance
equations for bottles with sorbent to bottles without sorbent:

VaCa ., KD'M (2]
VsCs Vs

where VM and Cy are the gas volume and concentration in

bottles without sorbent and Vs and Cs are the gas volume and

concentration in bottles with sorbent. For nonlinear isotherms,

the Langmuir equation is used to determine Kyp' as follows

(Ong and Lion, 1991a,b):

+1 [1]

_ GV — GsVs _ W™kCs
M L4=kC;

where W is amount adsorbed per mass of soil (g VOC/g soil),
W™ is the monolayer capacity (g YOC/g soil), k is a constant
related to the binding energy, and Kp' is given by W™k and
is applicable to the linear region of the isotherm (i.e., low
Cs)n

W

[3]

MATERIALS AND METHODS

Adsorption experiments were conducted on four different
soils: a coarse aquifer sand, a Yolo silt loam (fine-silty, mixed,
nonacid, thermic Typic Xerorthent), a sandy loam (@dum,
Denmark) (fine-sandy, mixed, mesic, calcareous, Typic Agru-
dalf), and a sand (Lundgaard, Denmark) (coarse sand, mixed,
mesic, Orthic Haplohumod). The soils were initially air-dried,
passed through a 2.0-mm sieve (no. 10), and mixed thoroughly
to obtain a homogeneous mixture, Some characteristics of the
soils are given in Table 1.

Total surface area was determined by the Ethylene Glycol
Monoethyl Ether (EGME) method (Heilman et al., 1965;
Carter et al., 1986). Pretreatments to remove organic matter
and saturation with Ca** were omitted (Cihacek and Bremner,
1979). The organic carbon content of the soils was analyzed by
a modified Walkley and Black method (Nelson and Sommers,
1982). The pH was measured on saturated paste by 2 pH meter
while electrical conductivity (EC) was measured on saturation
extracts using a conductivity meter. Cation exchange capacity
(CEC) was determined by saturation with barium acetate.
Particle-size analysis to determine sand, silt, and clay size
fractions was performed by hydrometer (Gee and Bauder,
1986) and sieve. The soil-water content corresponding to a
specific amount of molecular layers of water was calculated
using the total surface area determined by the EGME method,
assuming that a water molecule occupies an area of 10.8 x
107 m? (Livingston, 1949).

In addition, different soils from the Danish Soil Library
(#54-70) were used in this study. Characteristics for these
soils are given in Hansen (1976). Specific surface areas were
determined for all these soils using the EGME method, and
adsorption isotherms at oven-dried conditions were determined
for selected soils.

The headspace technique, Equilibrium Partitioning In Closed
Systems (EPICS) (e.g., Peterson et al., 1988; Ong and Lion,
1991 a, b; Petersen et al., 1994; Amali et al., 1994) was used
for determining partition coefficients. The method can briefly
be described as a mass-balance technique that involves mea-
surements by gas chromatography of the headspace vapor
concentration in sealed glass bottles. A system with known
gas volume and mass of sorbent is compared to a control that
contains no sorbent. The sorbent masses ranged from 0.2 to
60 g. The amount of sorbent was increased for increasing
water content. For each adsorption isotherm, six different

Table 1. Characteristics of the soils used in the experiments.
Aquifer Yolo @dum Lundgaard

Surface area, m'/g 18.7 80.6 40.1 10.84
Organic carbon, % <0.1 1.05 1.41 1.12
pH 82 79 71 6l
EC, milli-mhos/cm 0.36 0.77 0.47 0.21
CEC, meg/100g 43 Lr BY 8.78
Sand, % 94 33 518 80.2
Silt, % 4 49 264 132
Clay, % 2 18 13.7 4.8

Water content at four molecular
layers of H;O coverage, g H;O/g soil 0.021 0.089 0.044 0.012
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Fig. 1. Adsorption isotherms for oven-dried soils. Kp-values were
determined by fitting the measured data using Eq. [3). Vp and G
are the gas volume and concentration in bottles without sorbent
and Vg and Cs are the gas volume and concentration in bottles with
sorbent.

sorbent masses were used, with three replicates for each mass.
The sorbent was introduced into amber glass bottles with a
volume of 63 or 248 mL, which were then sealed with teflon
Mininert valves (Dynatech, Baton Rouge, LA). A volume of
2.5 mL of air in each bottle was replaced by an equivalent
volume of saturated VOC vapor. All bottles were rotated for
24 to 36 h at 25°C to reach equilibrium; earlier work showed
that equilibrium was reached afier this period of time (Petersen
et al., 1994). One milliliter of headspace was removed from
each bottle with a gas-tight syringe (Hamilton 1001, Hamilton
Co., Reno, NV) and analyzed on a Hewlett-Packard 5890
gas chromatograph (GC, Hewlett Packard, Avondale, PA),
equipped with a flame-ionization detector. The packed GC
column was a 10 ft 20% SP-2100, 0.1% Carbovax 1500, on
100/120 mesh Supelcoport (Supelco, Inc., Bellefonte, PA),
operated isothermally at 140°C.

For each of the four soils, adsorption isotherms were deter-
mined for up to 10 different water contents ranging from 0 to
21 g H;O/g soil. Water contents less than air-dry were obtained
by mixing specific amounts of oven-dry and air-dry soils. After
mixing the soils were left to equilibrate. Water contents higher
than air dry were obtained by spraying air-dry soil with a
predetermined mass of water. After the experiments the soil-
water contents were measured by weighing samples dried in
an oven for 24 h at 105°C on a five digit scale.

RESULTS AND DISCUSSION

Figure 1 shows adsorption isotherms for the four
different sorbents under oven-dry conditions. The shapes
of the isotherms are all nonlinear, which is in agreement
with what other researchers have found for oven-dry

Table 2. Vapor/solid partition coefficients Ky, under oven-dry
conditions and aqueous/solid partition coefficients, Kp.

Ko Clay size
(oven-dry) Ko fraction
cm'/g cm'lg %
Aquifer 1464 0.52 2
Yolo 3401 0.58 18
{Pdum 174.3 1:21 13.7
Lundgaard 60.8 0.69 4.8
Renhave (58A) 2174 16.3
Askov (54C) 7246 23.2
Jyndevad (56A) 24.3 39
Roskilde (57D) 6579 27.6
Arslev (60A) 110.4 10.9
Silstrup (64B) 6060.6 23.5
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Fig. 2. Relationship between total specific surface area and clay con-
tent. The surface areas were determined by using the ethylene
glycol monoethyl ether (EGME) technigue.

soils (e.g., Amali et al., 1994; Ong and Lion, 1991a,
b). The Kp' values therefore are determined by fitting
Eq. [3] to the data. Table 2 gives Kp' values for the four
soils under oven-dry conditions along with Kp-values
for six different soils from the Danish Soil Library. As
can be seen, there is a tremendous difference between
the adsorption capacities of the 10 different soils. This
might be explained by differences in texture and, hence,
in specific surface area. Soil specific surface area is
highly correlated to clay content, as can be seen from
Fig. 2, in which surface areas, determined by the EGME
method for the four soils and several soils from the
Danish Soil Library, are plotted against clay size fraction.
The data correlate very well (R? = 0.91) and the scatter
can mainly be explained by differences in surface areas
for different clay minerals. In this case it may be more
correct to use a nonlinear expression since, as seen from
Fig. 2, with a clay-content of O there is some surface
area present corresponding to the silt and sand fractions.

In Fig. 3, Kp*-values for oven-dry soils are plotted
against EGME surface areas. Included in the plot are
Kp'-values reported by Ong and Lion (1991b). Kp'-values
do not correlate well with specific surface area (R* =
0.61). Although surface area and clay size fraction is well
correlated independent of the mineralogical components,
the VOC sorptive affinity for different minerals may be
independent of bulk surface area and dependent more
on the mineralogical composition. The low correlation
may also partly be explained by the fact that mainly the
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Fig. 3. Relationship between Ky'-values for oven-dry soil and total
specific surface area. Kp-values reported by Ong and Lion (1991b)
and Petersen et al, (1994) are included.
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external surface area of soil particles contribute to the
adsorption capacity of VOC gases (Amali et al., 1994),
whereas the surface areas determined in this study are
total surface areas. The EGME method to determine
surface area was used in the present study because of
its simplicity and to be able to compare results with the
measurements performed by Ong and Lion (1991a,b)
since this is the only study, to our knowledge, which
presents data for Kp' at oven-dry conditions and specific
surface area. In conclusion we recommend that Kp'-
values for oven-dried conditions be determined experi-
mentally and not by using empirical equations relating
surface area and Kp'.

In general, as water content increases, adsorption iso-
therms tend to take on a linear form and the adsorption
capacity decreases. This is due to water molecules out-
competing YOC molecules for adsorption sites, since
the former is highly polar. Figure 4 shows adsorption
isotherms for @dum sandy clay at five different water
contents. The slope of the isotherms, and hence the
Kp'-values, decreases with increasing water content and
then stabilize at an almost constant value. This phenome-
non is illustrated in Fig. 5 for all four soils. Kp' values
are plotted against the numbers of molecular layers of
H,O equivalent to the different water contents used in
the experiments. The solid and dashed lines are produced
from Eq. [4] (Ong and Lion, 1991b; Petersen et al.,
1694):

T . 4]

Ku  Kupp

where w is the water content by weight (g H,O/g soil),
¢ is the agueous activity coeflicient (=1), and p is
the density of water (= lg/cm?). The points at which
measured Kp'-values fall on the lines indicate the applica-
bility of Henry’s law; this point seems to be located at
approximately four molecular layers of water for all soils
except the aquifer material. We believe that the problem
with the placement of the line for the aquifer material,
lies in the determination of Kp. The regression of Eq.
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Fig. 4. Adsorption isotherms for @dum sandy loam at five different

waler contents, Kp’ were determined by fitting the measured data
using Eq. [3].
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[1] to the data only had an R? of 0.71 (several repetitions
of the experiment did not increase the accuracy) whereas
for the other soils it was close to 1. Using the EPICS
method and Eq. [1] can give problems on soils with
very low adsorption capacity, since experimental errors
overwhelm measurable differences due to different treat-
ments. Ong and Lion (1991a) found the applicability of
Henry's law to be above approximately five molecular
layers of water for TCE adsorption on a variety of
minerals, and thus in agreement with our findings. Kp*-
values increase slightly for water contents higher than
four molecular layers. This is due to dissolution of VOC
molecules in the surface-bound water, that is, the ad-
sorbed water molecules start to act as real water when
sufficient amount of layers are present. Aqueous/solid
partition coefficients, Kp, used in Eq. [4], were deter-
mined at saturated moisture conditions by the EPICS
method and Eq. [1]. Kp-values for the four soils are
given in Table 2. Kp-values are highest for the two
Danish soils, which was expected because of their higher
organic carbon contents. Figure 6 shows the relation
between Kp and percentage organic carbon; using results
from this study together with values from Ong and Lion
(1991b). The correlation is very good (R* = 0.97). The
adsorptive effect of the amount of organic carbon can
also be seen in Fig. 5. At very low water contents the
mineral surfaces are the main contributor to the sorption
capacity. The two American soils adsorb the highest
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Fig. 5a-b. Relationship between Kp-values and soil-water content
expressed as number of molecular layers of water molecules ad-
sorbed on the total specific soil surface. Values of Ky’ falling on
the solid and dashed lines indicates the applicability of Henry’s
law.,
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Fig. 6. Relationship between Kp and percentage organic carbon. Kp-
values reported by Ong and Lion (1991b) are included. The Ko
value for the aquifer material was omitted.

amounts which for the aquifer material cannot be ex-
plained by the total surface area and clay content. After
only a few layers of water molecules have been adsorbed
the two Danish soils with the higher amount of organic
carbon adsorb the highest amount of VOC.

Petersen et al. (1994) concluded that accurate determi-
nation of Kp should be done experimentally and not from
the widely used empirical equations. We suggest that a
whole curve (like the one in Fig. 5) describing the
Kyp'-values dependency on water content can be deter-
mined by only a few experiments: First determination
of total surface area to determine the water content
equivalent to four molecular layers of water, and determi-
nation of Kp (aqueous/solid partition coefficient) to be
used along with Eq. [4] to describe the curve for water
contents higher than four molecular layers of water mole-
cules. To describe the shape of the curve from oven-dry
conditions to four molecular layers of water molecules
(non-Henry-range) we have used a one-parameter, expo-
nential model for log Ko’ as a function of w, Eq. [5],

A=A —Pe™+B O=w=wpm [5]
where A = logKp'(w), Ao = logKp'(w = 0), w is water
content by weight, wiy is the water content at four
molecular layers of water, P is a fitting parameter which
also is introduced to handle possible negative log Kp'
values and a is a function of 3. To observe the criteria
A=Aoforw =0and A = log Kp' (W = wyn) = Ay
for w = wam, @ as a function of B is given by Eq. [6],

Aq_B
) In LH—O = 5}

Wy

(el

yielding i
(,,,l"‘_'”l}:
A= (4o - Benln (71
Equation [7] can be curve-fitted to the measured logKp'-w

data by finding the B-value that minimizes the root mean
square error (RMSE),

RMSE = (1 5 s = A,mu)’) (8]

i=|

where n is number of data points.

Table 3. Result of curve-fitting Eq. [7] to the measured VOC
adsorption data (Kp'-w) within the pon-Henry range (water
content less than four molecular layers) for the different soil
types. The table shows the measured A = log Kp' values at the
start (A = A) and the end (4 = A,) of the non-Henry range,
the number of data points (n), the fitted B values, the corre-
sponding root mean square error (RMSE) and the a values
calculated from Eq. [6].

Ao Wamt Ad

n
Yolo (TCE) 3.532 0.088 0.294 6 0.17 0.105 375
Yolo (toluene)§ 4.336  0.092 0.549 6 0.38 0.078 343
Aquifer (TCE) 3.166 0.015 -0.252 5 -1.9 0215 749
i
3

B RMSE a

©Odum (TCE) 2.241 0.050  0.483 039 0 58.9
Lundgaard (TCE) 1.784 0.015  0.389 -022 0 773

1 Chosen as the actual w value (g H,0/g soil) closest to the estimated soil
water content at four molecular layers.

{ The log Ko’ value measured at the specific water content w,a.

§ Adsorption data from Petersen et al. (1994) used.

Values of B, determined by using the least square fit
of Eq. [7] to the measured data, and a calculated from
Eq. [6] are given in Table 3 along with the RMSE of
the fit. Equation [7] gives a very close fit to the measured
data. Note that o increases with decreasing surface area
of the soils as expected. For Yolo loam we have included
adsorption data for toluene. Data for Yolo loam were
measured by Petersen et al. (1994). It is interesting to
note that a-values for TCE and toluene are almost identi-
cal. Thus a seems to be independent of the nature of
the VOC, which is only bound by weak van der Waals
forces, and indeed dependent on the surface area of the
soil. Comparisons between the a-values (Table 3) and
the measured total surface areas (Table 1) show that a
is related to the specific surface area of a soil in a highly
linear fashion. This is illustrated in Fig. 7. With an R?
of 0.994, a relate linearly to the specific surface area,
SA, as given in Eq. [9],

a=284.1—0.585 x 54 9]

Figure 8a-d show the curve-fits to measurements for
TCE or toluene on three soils using Eq. [7] and [8].
As seen, the extreme increase in Kp' with decreasing
soil-water content, w, is accurately represented by an
exponential relationship between log K’ and w. The
suggested model (Eq. [7]) therefore seems appropriate
to include in VOC transport models to analyze the effects
of VOC vapor sorption onto soil minerals. We note that
a simple, exponential relationship between Kp' and water

100
v Lundgaard

80 4 &‘aAquL[er
Ttee... @dum
60 -
40 4 e
& = 841 - 0585 - SA E
2042 = 0994
0410sSAs80mfg
T O L (WA | B DA AL UL L ;
0 10 20 30 40 50 60 70 80 90

Surface area, SA (m¥/g)

Fig. 7. Relationship between a (Eq. [5] and [6]) and specific surface
area for the four soils.
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Fig. 8a-d. Examples of curve-fitting Eq. [7] to measurements of Kp-values at different water contents. Toluene data from Petersen et al. (1994).

content within the non-Henry range as assumed in the
numerical analysis of Culver et al. (1991) did not fit our
data well. This relationship would indicate that the log
Kp"-w curves shown in Fig, 8a-d should be straight lines
which is obviously not the case. Hence, Culver et al.
(1991) may have underestimated the nonlinearity of the
Kp'-w relation in their calculations.

To reduce the numbers of experiments necessary to
establish the Kp'-w curve in the non-Henry range we have
investigated whether the Kp-w curve could be estimated
correctly from only three data sets [w; A]. The data
points at w = 0 (4 = Ag) and w = wam (4 = A4) must
be used (cf. Eq. [7]) along with a point at w = wx (4 =
A} placed somewhere in between these two target points.
We have concluded that w, should be chosen well within
the non-Henry range in such a way that A, be placed
approximately between A and A that is, A, = 0.5 4o.
Since typical values of A4 and P are negligible compared
to Ay (cf. Table 3), A can be expressed as A, = Age™*¥
(cf. Eq. [7]). The corresponding optimal water content
at which to conduct the adsorption experiment can there-
fore be determined from Eq. [10],

_ In[0.5)
—-a

Wy [10]
where an estimate for o may be obtained from Eq. [9].
Applying this procedure on the Yolo silt loam data using
w, = 0,02 g H;0O/g soil (corresponding to the w value
calculated from Eq. [10] and [9]) yielded nearly the same
a-values (o = 43,1 for TCE and a = 35.6 for toluene)

compared to fitting Eq. [7] to all six measured data peints
within the non-Henry range (o = 37.3 for TCE and
a = 34.3 for toluene cf. Table 3).

In the above model (Eq. [5]-[7]) the point of four
molecular layers coverage of water has been chosen as
the matching point in agreement with the findings of
Ong and Lion (1991a, b). In some applications it could
be an advantage to apply a continuous function covering
the whole range of soil-water contents from oven-dry
conditions to saturation, instead of a two-part model.

For this purpose we suggest the model given in Eq.
[11] and [12], which results in a smoother transition
between the nonlinear and linear regions

A= (Ao — Bw)e™ + B(w) [11]
where
XD w
=log|— + —— 12
B(w) = log (KH Kuwp) [12]

For this suggested approach (Eq. [11] and [12]), physical
significance is attached to the variable B(w) because it
represents the aqueous/solid and vapor/agueous compo-
nents of the overall partitioning. The parameter « is still
a function of the minimum A(w) and the degree of
curvature of the nonlinear part of the curve. The results
of a sensitivity analysis using Eq. [1}) and [12] with
different choices of « is given in Fig. 9a.

The model given by Eq. [11] and [12] has an disadvan-
tage in a fitting process since many measurement points
are needed to establish a good fit. For our data it was



758

o5

Yolo/TCE @

— a=10
------ a = 20
——-- O = 40
—— o =80
o = 160

A = LoglKg')
i

B L S (L0 2 LB e e e

0.00 0.05 010 Q.15 0.20 0.25
Water content, w (g H,0/g soil)

4
Yolo/TCE ©)

2 34

<

g 2]

W o =417

« o) RMSE = 0.114
04

T T T
000 005 010 0.15 020 025

L L T

Waler content, w (g H,0/g soil)

© Measured — Curvefitted, Eq. 11

Fig. 9a-b. Alternative, continuous model for VOC vapor adsorption
as function of soil-water content (Eq. [11] and [12]). (a) Used for
sensitivity analysis to illustrate the effects of changing a values and
(b) fitted to TCE data for Yolo silt loam. a is defined by Eq. [11],
Ao = logKp'(w = 0), and B(w) is given by Eq. [12].

only possible for the TCE data on Yolo silt loam. This
is illustrated in Fig. 9b. On the contrary it obviously
has an advantage (no discontinuities) when used for
sensitivity analysis in, for example, existing chemical
transport models. Here it could be used as an easy
approach to evaluate the effects of vapor/solid adsorption
on chemical fate and transport.

The EPICS method used to determine the above ad-
sorption isotherms is only valid for the relatively low
vapor pressure range (Peterson et al., 1988; Ong and
Lion, 1991b; Amali et al., 1994), since the Kp'-values
are determined for the linear part of the adsorption
isotherms. For high concentrations and hence high rela-
tive vapor pressures of VOCs, adsorption isotherms can
be described by the BET-theory (e.g., Jurinak and Vol-
man, 1957; Chiou and Shoup, 1985; Poe et al., 1988;
Amali et al., 1994).

CONCLUSIONS

1. For VOC adsorption, at oven-dry conditions, Kp'
does not correlate well to the total specific surface area of
soils. Thus, Kp' at these conditions should be determined
experimentally and not from empirical equations relating
total specific surface area to Kp'.

2. Water molecules apparently start acting as a solvent
to VOC molecules at water contents equal to or greater
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Fig. 10. Suggested two-part model concept for VOC vapor adsorption
as function of soil-water content. 4q = logKyp'(w = 0), P is a fitting
parameter, a is given by Eq. [6], and w, is the saturated soil-water
content (g H,0/g soil).

than four molecular layers, for all soils examined in this
paper. Consequently, that is also the point where Henry's
law becomes applicable.

3. For the lower VOC concentration range where
the partition coefficient concept is applicable, we have
suggested a two-part model for A = log Kp' as function
of the soil-water content (w). Part 1: An exponential,
closed-form model (Eq. [7]) within the non-Henry part
(water contents less than four molecular layers) where
the model parameter a is shown to be highly dependent
on the specific surface area of the soils. Part 2: A linear
model within the Henry part according to Henry's law
{yielding A = log [Kp / Ky + w/(Ky ¢ p)]}. The two-part
model concept for VOC-vapor adsorption (log Kp~w) is
illustrated in Fig. 10. Inclusion of this two-part model
concept and especially Eq. [7] in simulation models for
VOC transport is suggested for analyzing the effects of
VOC vapor sorption onto soil minerals.

4. The Kp™-w curve should be determined experimen-
tally. This, though, can be done by relatively few experi-
ments: 1. Determination of total specific surface area to
determine the water content equivalent to four molecular
layers of water. 2. Determination of Kp which along
with Eq. [4] describe the curve for w higher than or
equal to four molecular layers of water. 3. Determination
of Kp' at oven-dry conditions, and finally 4. Determina-
tion of Kp' at one or more water contents between oven
dry and four molecular layers of water. For choosing
at which intermediate water content Kp' should be deter-
mined we suggest using Eq. [10].
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Transient Diffusion, Adsorption, and Emission of Volatile Organic Vapors
in Soils with Fluctuating Low Water Contents

L. W. Petersen,* Y. H. El-Farhan, P. Moldrup, D. E. Rolston, and T. Yamaguchi

ABSTRACT

Laboratory experiments were conducted on large packed soil col-
umns (15 cm diam., 40 cm length) under unsaturated conditions.
Trichloroethene (TCE) was introduced at the bottom of the columns.
The emissions of TCE from the soil surface were monitored. The
soil-water content at the soil surface was changed by alternating
dry and water-saturated air sweeping over the column surface, thus
changing the vapor sorption capacity of the soil. The retardation of
VOC gas transport, due to the change in adsorption capacity with
change in soil-water content, was determined by sampling the soil-air
and the sweep air flushing the column headspace. Soil-water content
was ed by the ti reflectometry (TDR) technique.
The transport of YOC gases from experiment initiation until steady-
state was simulated using a numerical simulation model, in which
diffusion and equilibrium partition theory were incorporated, Mea-
sured and simulated concentration profiles as well as volatilization
fluxes agreed very well. The decrease in soil-water content, caused
by sweeping dry air over the column surface, resulted in an increase
in the soil adsorption capacity up to several orders of magnitude
(mainly in the top few centimeters of soil). Both increase and decrease
in soil-water content affected the volatilization flux manifested in large
rapid peaks of TCE volatilizing from the surface. This behavior was
likewise simulated using a numerical model with changing diffusion
coefficients and retardation factors as function of soil-air content, and
good agreement was obtained between model simulations and measured

data.
THE PRESENCE AND PERSISTENCE of volatile organic
compounds (VOCs) in soil and groundwater systems
are of serious concern, due to their potential hazardous
effect on human health. Accurate prediction of the move-
ment and fate of these compounds is very complex, since
many of the processes occur simultaneously, interact
among themselves and have high dependency on changes
in soil physical properties. Because of their volatile char-
acter, VOCs readily partition to the gas-phase and thereby
increase the overall spreading of the contamination in
soil. This contamination front will eventually reach the
soil surface and cause emissions into the atmosphere,
creating potential for human exposure. Emissions take
place from industrial sites, hazardous waste treatment
and disposal facilities, above shallow groundwater
plumes, and anywhere the contamination might have
spread due to transport in soil or migration in groundwa-
ter. Emissions of VOCs are highly dependent on their
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transport (especially gaseous diffusion) in the vadose
zone. Emissions of chemicals have been studied for
pesticides (e.g., Spencer and Cliath, 1973), and recently
research has been conducted on the emissions to the
atmosphere of VOCs (e.g., Drivas, 1982; Stiver and
Mackay, 1984; Jury et al., 1990; Shonnard and Bell,
1993; Nye et al., 1994).

Both experimental work (e.g., Chiou et al., 1985;
Chiou and Shoup, 1985; Peterson et al., 1988; Rhue et
al., 1988; Ong and Lion, 1991a,b; Petersen et al., 1994,
1995a) and computer models (e.g., Culver et al., 1991;
Ong et al., 1992) have shown that vapor-phase sorption
in dry soils is substantially higher (several orders of
magnitude) than in wet soils. This is due to the extremely
high sorptive capacity of dry soil particles. This behavior
will also have an impact on the emissions of VOCs to
the atmosphere, since the top soil layer can become very
dry, and therefore have the potential of putting a cap
on the emission of VOCs from the soil.

The objectives of the present work are (i) to examine
the effects of alternating soil-water contents on the diffu-
sion, adsorption, and emissions of TCE in and from
unsaturated soil above a liquid contamination source; (ii)
to examine whether simple equilibrium partition theory,
incorporated into a numerical diffusion model, can be
used to describe experiments on transient transport and
emission of TCE at constant and fluctuating low soil-
water content; and (iii) to examine whether a layer of
dry soil at the soil surface potentially can put a cap on
the emissions of VOCs.

MATERIALS AND METHODS

Transient diffusion, adsorption, and emission experiments
were conducted on Yolo silt loam (fine-silty, mixed, non-acid.
thermic Typic Xerorthent) and a sandy loam from @dum.
Denmark (fine-sandy, mixed, mesic, calcareous, Typic Agru-
dalf). Some relevant characteristics of the two soils are given
in Table |. Analysis methods are described by Petersen et al.
(1994, 1995a).

The experiments were conducted in a diffusion apparatus
consisting of only stainless steel and polytetrafluoroethene
(PTFE) to prevent the VOC from adsorbing on or diffusing
through the walls. The apparatus consisted of a bottom reservoir
containing pure liquid TCE and TCE vapor in air, a middle
column (15 ¢cm in diam. and 40 cm high) packed with prewetted
soil, and a top chamber through which sweep-air could be
flushed over the surface of the soil column (Fig. 1). Initial
soil-water contents and bulk-density for the different experi-
ments are given in Table 2. Additional columns were attached
to each end of the soil column before packing. The middle
part, which was expected to have the most homogeneous
packing, was used in the experiments. Immediately after pack-

Abbreviations: VOC, volatile organic chemical: TCE, trichloroethene:
TDR, time-domain reflectometry; GC, gas chromatograph.
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ing, two stainless steel screens were placed at the bottom of
the soil column. One was a fine-mesh screen to prevent grains
from falling through (but not affecting diffusion) and the other
a strong coarse-mesh screen to carry the weight of the soil.
Finally, the bottom and the top chambers were attached to the
column.

Thirteen mini TDR-probes were installed horizontally into
the soil column at the following depths from the soil surface:
1, 2, 4, 6, 8, 10, 12, 14, 16, 20, 25, 30, and 35 ¢cm. The
probes were constructed as described in Petersen et al. (1995b),
with a rod diameter, rod spacing, and rod length of 2 mm,
2 cm, and I2 cm, respectively. The only exception was the
probe placed closest to the soil surface. This probe had a rod
spacing of 1 ¢m to achieve a smaller sample velume around
the probe (Petersen et al., 1995b) and thus provided the ability
to measure close to the soil-surface without any influence on
the measurement from the higher impedance of the air above
the soil. The TDR rods were fitted with small PTFE plugs to
prevent any contact between the rods and the stainless steel
wall. Miniature o-rings were placed on the outside of the PTFE
plugs, making a compression fit against the steel wall and thus
preventing any VOC leaks around the TDR rods (Fig. 1). The
TDR probes were pressed against the column wall by a plastic
bar screwed into the column as indicated in Fig. 1.

Each TDR probe was calibrated individually to obtain the
correct relationship between the volumetric soil-water content
and the soil dielectric constant. Calibration curves were ob-
tained by fitting measured values of the dielectric constant and
the volumetric soil-water content to a third-order polynomial.
These calibration curves were used along with probe-specific
values of trace offset and probe length (Petersen et al., 1995b)
to determine the volumetric soil-water content at each depth
as a function of time. -

The TDR measurements were done automatically using a
Tektronix 1502B cable tester (Tektronix Inc., Beaverton, OR)
equipped with an RS 232 computer interface (Tektronix model
SP232 option port module) and connected to a Tektronix TSS
45, 13 port relay scanner, a control box, and a personal
computer (Fig. 1). Software for controlling the total TDR
system and collecting and analyzing TDR traces is described
by Thomsen and Thomsen (1994), Thomsen (1994), and Pet-
ersen et al. (1995b). The TDR measurements were taken once
every hour.

Gas samples could be obtained at the outlet of the top
sweep-air chamber and at 13 locations in the soil column. In
the top chamber, a Mininert (Dynatech, Baton Rouge, LA)
PTFE sampling valve was screwed directly into a specially
made, stainless-steel fitting, thus allowing for gas sampling.
In the soil column, the same principle was used along with
3 c¢m long needles that were introduced into the column after
packing (Fig. 1). Before installment, 2 metal wire was placed
inside the needle to prevent clogging during the installment.
The Mininert provided a compression fit onto the needle and
thus prevented any leakage. The needles were placed in the
soil column at the same depths as, but in a 90 degree angle
from, the TDR probes. During gas sampling, 25 uL of gas
was removed from each sampling valve, Since gas samples
were only 25 pL out of a total vapor phase in the column of
approximately 3 L, convective flow of gas due to sampling
was not likely to be induced. Gas samples were analyzed on
a Varian 3000 Series gas chromatograph equipped with a flame
ionization detector (FID). The packed GC column was a 3 m
(10 ft) 20% SP-2100, 0.1 % Carbowax 1500, on 100/120 mesh
Supelcoport (Supelco Inc.), operated isothermally at 140°C
with N; as the carrier gas.

The experiments were initiated by separating the bottom

Table 1. Characteristics of the soils used in the experiments.
Analysis methods are described by Petersen et al. (1994, 1995a).

Characteristic Yolo Qdum
Surface area, m? g=* 80.6 40.1
Organic carbon, % 1.05 1.41
pH 1.9 7.1
EC, milli-mhos cm~! 0.77 0.47
CEC, meq 100 g~* 21.1 13.97
Sand, % 33 57.5
Silt, % 49 26.4
Clay, % 18 13.7
Four molecular layers of H:0,

g H,0 g~! soil 0.089 0.044

chamber from the apparatus by a stainless steel/PTFE piston
(Fig. 1). The liquid TCE was introduced into the bottom
reservoir and left to equilibrate for approximately 20 min. At
time zero, the piston was pulled back and diffusion through
the soil column initiated. Simultaneously, a constant flow of
air was swept over the soil surface through the top flow
chamber. The flow was controlled by an ADC air supply unit
with mass flowmeter (Analytical Development Co. Ltd., Herts,
UK) that adequately swept away TCE emissions from the soil
surface. The flow rate was kept constant at 400 mL min~' and
350 mL min~' for experiments on Yolo silt loam and @dum
sandy loam, respectively, replacing the air of the flow chamber
every few minutes. The relative humidity of the sweep air
was alternated between 100 and 0% (measured with a Testo
610 Hygrometer, Buhl & Benspe A/S, Denmark) by either
bubbling it through four bottles of distilled water or passing
the sweep air through bottles containing silica gel.

The course of the experiments was divided into three periods:
Period I, which covers from the start of the experiment until
the concentration profile was at steady-state — during this period
the relative humidity of the sweep air was kept constant at
100%; Period Il (drying), in which the relative humidity of
the sweep air was changed to 0% and kept constant; and Period
T (wetting), in which the relative humidity of the sweep air
was changed to 100% and kept constant.

Adsorption isotherms, and partition coefficients at different
soil-water conlents for the two soils are presented in Petersen
et al. (1994, 1995a) and will not be discussed here.

THEORY

Under conditions where the VOC is only a small fraction
in the VOC-air mixture, Ficks 2nd law can be used to describe
diffusion (Amali and Rolston, 1993). Very high relative vapor
pressure of TCE was only present in the vicinity of the bottom
chamber containing liquid TCE. Baehr and Bruell (1990) did
not observe any significant deviation from Ficks law when
ternary systems containing one VOC diffused in a stagnant
mixture of O, and N;. Therefore, in this study, Ficks law was
thought to be applicable to describe diffusion in favor of the
Stefan-Maxwell equations. Also the soil-gas diffusivity, De
(em* soil airem ™" soil min~'), can be assumed to be independent
of the gas concentration, C (g VOC em™ air). Hence, the
unsteady gaseous diffusion with dissolution and sorption in
soils, under steady state water regime corresponding to Period
I of the experiments, is given by

ac a*C 3§ a5
g =Dp— — o =22 [

ar ax?  ar ar
where € is the volumetric soil-air content (cm' air cm™ soil),
x is distance (cm), # is time (min), Sy is amount of VOC-vapor
dissolved in water (g VOC em™" soil), and Ss is amount of
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Fig. 1. Experimental apparatus. The middle compartment was packed with soil. TDR probes and PTFE Mininerts were installed for measurement
of volumetric soil-water content and gas sampling, respectively. The bottom compartment was filled with liquid TCE maintaining a constant
concentration boundary. Through the top-compartment air swept through maintaining a zero concentration boundary. TDR measurements
were done automatically with a computer-controlled multiplexing system.

VOC-vapor adsorbed to soil solids (g VOC em~? soil). For
high soil-water contents, w (higher than four molecular layers)
(Petersen et al., 1994, 1995a), dissolution of VOCs can be
described by Henry's Law (Eq. [2]), which governs the equilib-
rium distribution of the VOC between aqueous and vapor phase

C= KH CAQ {2]

where Cag is the VOC concentration in the aqueous phase,
and K\ is the dimensionless Henry's constant (0.397 for TCE;
Petersen et al., 1994), yielding

Sw = o [3]

where 0 is the volumetric soil-water content (cm® H,O ¢m™*
soil).

Under the same assumptions, and neglecting adsorption
kinetics, the sorption of dissolved VOCs onto soil particles
can be described by the aqueous/solid partition coefficient, Ky
(cm® g"), yielding

(&l
Ss=Kp X Po [4]
where py is the soil bulk density (g soil cm™? soil). Taking

the derivatives of Sy and Ss with respect to time and substituting
into Eq. [1] gives
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Table 2. Initial soil-water and soil-air contents and dry bulk
density in packed columns, Calculated number of molecular
layers of water correspond to the initial soil-water content.

Soil type Yolo @dum
Soil-water content, g H,0 g~' soil 0.074 0.1187
Dry bulk density, g soil cm~’ soil 1.3 1.4
Soil-air content, cm* air cm = soil 0.4132 0.3027
Initial number of molecular layers of H;O 33 10.7
ac aC
Re—= Dp = [5]
ar ax
where R is the retardation factor and is given by
(¢] » Kp
L 161
eKn eKu

For low soil-water contents (<4 molecular layers of H,0)
the adsorption capacity of soils increases drastically (Ong and
Lion, 1991a,b; Petersen et al., 1994, 1995a), and Henry's
Law is no longer valid. Thus, the adsorption/dissolution should
instead be described by applying the solid/vapor partition co-
efficient Kp (ecm?® g7'), yielding

Ss+ Sw=Kb Cps 71
Using the same procedure as above, the retardation factor for
this case can be described as

Rw | 4500 8]
E

It is assumed that sorption will be linear. This assumption is
correct for low relative vapor pressures. Also, above relative
humidities (RH) of 0.5, sorption isotherms for VOCs are linear
when their relative vapor pressures are less than 0.5 (Chiou
and Shoup, 1985). Since relative vapor pressures were very
high only at the bottom of the soil column where also RH was
constantly high the assumption of linear isotherms will only
introduce minor errors.

For the conditions of the experimental apparatus given sche-
matically by Fig. 2, the following transport equations apply

ac a'C [9a)

RE;:DPE Xy=x=xn
é-(;=.D|Ja_c OSX511,12$ISI3 [91)]
at dx?

where Dy is the gaseous diffusion cofficient in free air (cm?
min~') and with the initial and boundary conditions as follows.

Initial Conditions

Liquid TCE was introduced to the inlet chamber with the
surface of the liquid TCE being at x = x; and + = —1, with
the soil column isolated from the bottom TCE reservoir using
a piston mechanism (see the Materials and Methods section).
After a period of time (r = r,) passed, the piston was slowly
pulled back from the soil surface (+ = 0) and the experiment
initiated. Some mixing of the VOC vapor might have occured
during movement of the piston. This will influence the concen-
tration profile only at very early times. The vapor concentration
as a function of distance within the bottom chamber was
calculated according to Eq. [9b] for the period 1, < r < 0 as
well as for the period r > 0. The initial conditions can be
represented mathematically by

C(_l',—h) =)
Cx,0)=0

forall x [10a]
0=<x<xn [10b]

Sweep air chamber

Stagnant boundary, d

Soil column

‘TCE reservoir

Pure TCE

Fig. 2. Schematic of initial and boundary conditions for the diffusion
apparatus.

Cx,0)=fx) xx=x<x3 [10c]

where Eq. [10c] represents the vapor concentration profile
within the TCE reservoir at r = 0.

Boundary Conditions

C0,n) =0 [11a]
Cls, ) = Gy [11b]
—Dga—c= -D ac x=xrandx =x; [llc]

ax " ax
where G is the vapor concentration of TCE at the surface of
the liquid TCE.

VOC Diffusion and Adsorption
during Unsteady Water Regime

During unsteady water regime, corresponding to Period II
and II1, the retardation factor and the volumetric soil-air content
are changing with time. Likewise, the soil-gas diffusivity is
varying in space. Therefore, the following transport equation
applies instead of Eq. [9a] during Period II and III:

d d ( BC)

—ERC)=—\D;— 12

RO =g \Pe 2]

For Yolo loam, the soil-gas diffusivity function, Ds(E),

could be determined from the relationship given in Eq. [13]

(Troeh et al., 1982, Petersen et al., 1994), which was estab-
lished specifically for this soil.

e — 0.12)"”
=012

The value of the diffusion coefficient in free air, Dy, was
calculated using the Fuller correlation (Fuller et al., 1966) to

DP=D0( [13]

Table 3. Parameter values used in Eq. [14] and [15]. Values are
from Petersen et al. (1995a); details on the determination of
the parameters can be found herein.

Parameter Yolo silt loam @dum sandy loam
As 3.532 2.241

Ay 0.294 0.483

a 31.5 58.9

B 0.17 0.39

wit 0.088 0.050

t Chosen as the actual w value (g H,0 g~ soil) closest to the estimated
soil-water content at four molecular layers (Petersen et al., 1995a).
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Fig. 3. Measured and simulated concentration profiles for TCE transport, in Yolo silt loam, from start of the experiment until steady-state
(Period I). The sweep-gas was kept with a constant relative humidity of 100% te prevent evaporation and thus drying of the soil surface. The
depths —20 to 0 cm (below the selid horizontal line) represent the bottom VOC chamber, Depths 0 to 40 cm is the soil column,

give 0.0835 cm? s™' for TCE (at 25°C). For the @dum sandy
loam, a Dy value was determined from the transient flux data
(Fig. 5b). This value agreed well with the Dy value predicted
from Eq. [13]; thus, Eq. [13] was also used for calculating
Dy for this soil.

The change in TCE retardation and thus in K{, with changing
soil-water content is predicted by applying Eq. [14] and [15]
(Petersen et al,, 1995a) for soil-water contents less than the
equivalent of four molecular layers of water as follows

A=A —Pe™+B O=w=w) [l4

where 4 = log Ku(w), Ao = log Kp(w = 0), wis water content
by weight, wi is the water content at four molecular layers of
water, [} is a fitting parameter, and o as a function of B is

given by
1 (AD - B)
_-—_—

Wy

[15]

where @ is a constant related to the specific surface area of
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Fig. 4, Measured and simulated concentration profiles for TCE transport, in (d)dum sandy loam, from start of the experiment until steady-state
(Period I). The sweep-gas was kept with a constant relative humidity of 100% to prevent evaporation and thus drying of the soil surface. The
depths —20 to 0 cm (below the solid horizontal line) represent the bottom VOC chamber. Depths 0 to 40 cm is the soil column.

the soil, and A; = log Kb(w:). Values of Ay, A4, a, B, and
ws for TCE adsorption onto Yolo silt loam and @dum sandy
loam were determined by Petersen et al. (1995a) and are given
in Table 3. For seil-water contents higher than four molecular
layers, Eq. [16] is used instead to determine K as a function
of w

[16]

where @ is the aqueous activity coefficient (=1), and p is the
density of water (=1 g em™).

RESULTS AND DISCUSSION
Period I: From Start until Steady-State

The concentration profiles along the soil column at
different times after the start of the experiment and until
steady-state are given in Fig. 3 and 4 for Yolo silt loam
and @dum sandy loam, respectively. The profile reached
steady state relatively fast where the concentrations in-
creased linearly toward the TCE reservoir. During this
period the soil-water content was constant with depth.
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The transport and retardation of TCE can be simulated
numerically by discretizing Eq. [9a,b]. The Crank-
Nicholson Finite Difference method was used to solve
the equations for the three regions— (i) TCE vapor reser-
voir; (ii) soil; (iii) the stagnant air boundary layer— with
the continuity of flux condition enforced at each interface
between the different regions. Depth increments used
were 0.1 cm and time increments were adjusted to main-
tain mass balance (typically 0.001-5 min). No model
parameters were fitted; instead, all were taken from
related studies (Petersen et al., 1994, 1995a).

Results of the numerical simulations are shown by the
solid lines in Fig. 3 and 4. For Yolo silt loam, the
soil was initially dryer than what is equivalent to four
molecular layers; hence, the retardation factor (R) was
determined by Eq. (8] using a K& value of 2.147 cm®
g~" (from Eq. [14]). The air-filled porosity for Yolo silt
loam was fairly high (see Table 2). Thus, the diffusion
was fast compared with ®dum sandy loam, and equilib-
rium was therefore reached sooner. In general, measured
and simulated values agree extremely well with slightly
more noise in the data for the ()dum sandy loam. This
may be attributed to the smaller air-filled porosity in
this soil due to its high water content causing the accuracy
of soil-air sampling to decrease.

The amount of VOC lost by emission from the soil
compartment can be simulated by assuming that the gas
escapes by molecular diffusion in the gaseous phase
through a stagnant air layer, o, at the soil surface.
Assuming that the concentration above the stagnant layer
is zero, the volatilization flux, ¢ (g VOC em™? soil
min~"), can be calculated using Eq. [17]

erd»

g =Dy e [17]
where C,-4, is the concentration of VOC at a distance
dx from the top of the stagnant air layer. The distance
dx is smaller than d, where d is the thickness of the
stagnant boundary layer. A value of 0.1 cm (equivalent
to the general depth increment used in the simulations)
was used for dx for the determination of the flux in Eq.
[17]. A value of d = 0.475 cm was used in the simulations
(Jury et al., 1990). Sensitivity analysis showed that the
simulated emission was virtually unaffected by changing
d between 0.2 and 1.0 cm.

The measured flux of TCE from the soil surface was
determined using Eq. [18]

co
A,

where C is the TCE concentration in the outlet sweep
air (g VOC em™ air), @ is the sweep-air flow rate
(cm® air s7'), and A, is the cross sectional area of the
soil-column surface (cm?). Measured and simulated vola-
tilization fluxes from the start of the experiments until
steady state was reached are shown in Fig. 5a and 5b
for both soils. Measured and simulated fluxes agreed
very well, indicating that simple partition theory can be
applied to describe gaseous diffusion and emission of
VOC in these experiments.

q= [18]
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Fig. 5. Measured and simulated volatilization fluxes for (a) Yolo silt
loam, and (b) @dum sandy loam. From start of the experiment
until steady state (Period I).

Periods IT and III: Drying and Wetting

After steady-state was reached, the relative humidity
of the sweep air was changed to 0% RH (Period II).
The change in soil-water content with time at selected
depths (measured with TDR) is shown in Fig. 6 and 7.
The predicted increase in adsorption capacity (Kp) due
to the decrease in soil-water content {molecular layers
of water) is shown in the same figures.

The increase in adsorption capacity was very pro-
nounced in the top 1 cm of the soil columns, especially
for Yolo silt loam. The lowest soil-water contents ob-
tained for Yolo silt loam and @dum sandy loam was
equivalent to 0.22 and 0.88 molecular layers of water,
respectively. If the soils simultaneously had been infiu-
enced by increased temperature and all water molecules
removed (even chemically bonded water), Kt would
increase to 3401 and 174 cm® g=' for Yolo silt loam
and (dum sandy loam, respectively (Petersen et al..
1995a). One would expect this phenomenon to greatly
restrict the volatilization from the soil compartment and
into the atmosphere. Hence, even a few millimeters of
soil could store large amounts of adsorbed VOC gases,
which would be released as soon as water molecules
were reintroduced to the soil surface (represented here
in Period IIT by sweeping air with RH 100% over the
soil surface after the drying period). Figure 8 shows the
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different y-axis for the 1-cm depth.

response in volatilization fluxes for the two different
soils due to the decrease in soil-water content (Fig. 6
and 7), obtained by sweeping dry air over the soil surface,
and hence an increase in adsorption capacity. Also, the
figures show the response to the later increase in soil-
water content. The decreased soil-water content did not
seem to have the expected effect of decreasing the volatil-
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ization fluxes. Immediately after drying was initiated,
the volatilization flux increased in a rapid peak. This
phenomenon may be explained by the fact that the water
that immediately started to evaporate contained dissolved
VOC. This led to a sudden increase in VOC concentration
in the liquid phase which, by Henry's partitioning, would
have resulted in a corresponding increase in VOC concen-
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Fig. 7. Change in soil-water content and Kp for @dum sandy loam in two depths as a function of time after start of the experiment.
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Fig. 8. Response in volatilization flux due to drying (Period IF) and
wetting (Period III) as a function of time for (2) Yolo silt loam and
(6) Pdum sandy loam. The lines show the simulated volatilization
fluxes.

tration in the gas phase. This effect was especially pro-
nounced in the @dum sandy loam, which had the higher
water content, and hence more VOC mass in the liquid
before the initiation of drying.

Despite the large decrease in soil-water content and
consequently the increase in adsorption capacity during
the drying period, the soil mineral adsorption did not
seem to restrict the volatilization flux. This could be
explained by the fact that the constant, very high flux
of gaseous YOCs from the bottom of the soil column
constantly maintained all adsorption sites occupied. Evi-
dently, the increase in the adsorption capacity was grad-
ual enough that it did not decrease the volatilization flux
significantly. Even though Kb was increasing, so was
the flux, g (since the air-filled porosity and therefore Dp
was increasing). It scems that the relative increase in g
was more than enough to overwhelm the gradual increase
in the adsorption capacity. Overall, the flux kept gradu-
ally increasing. The situation is analogous for example
to a leaky container of VOC, buried relatively close to
the soil surface. This is, however, in contrast to situations
where the source of contamination is deep under the soil
surface and concentraticns at the surface are quite low.
For these conditions, we suggest that the top few millime-

ters of soil, in periods when the soil-water content is
low and adsorption capacity is high, may still temporarily
restrict the volatilization flux of YOCs to the atmosphere.

When rewetting was initiated (Period III), the volatil-
ization flux again increased drastically for both soils and
especially for Yolo silt loam (Fig. 8a,b), which was
expected since the adsorption capacity had increased
greatly during the drying cycle (Fig. 6 and 7). This
behavior is a reflection of water molecules out competing
the VOC molecules sorbed on soil particle surfaces. We
cannot explain the sudden decrease in the volatilization
flux that occur for the experiment on ¢)dum loam. After
the initial peak resulting from wetting, the fluxes re-
mained at a higher level than during Period II. This
might be due to the water molecules slowly penetrating
the dry soil and desorbing VOC molecules from adsorp-
tion sites. The rapid peak observed during this stage
emphasizes the importance of knowing changes in soil-
water contents when studying emissions. To quantify the
maximum VOC emissions from a soil surface, two- or
threefold error in the prediction may occur if measure-
ments were made with disregard to sudden changes in
soil-water contents (for example such changes may occur
in the morning where the soil surface dries out or evenings
when water vapor condenses on the soil surface).

Figure 8 also shows simulations of the emissions of
TCE during period II and III. In these simulations, it is
taken into account that Dp becomes a variable since €
is changing with time and Dy is a function of €. For this
purpose soil-water contents measured with the TDR were
read into the numerical model, and, using linear interpo-
lation, soil-water contents were determined for each time
step, which consequently allowed for the explicit deter-
mination of D, R, and € throughout the simulation. For
both soils, the second peak resulting from wetting is
predicted by the model whereas the first peak is not
predicted for any of the soils. For the @dum soil the
simulated second peak is smaller than the measured. As
discussed, the first peak must be caused by other physical
phenomena than those incorporated into the numerical
model. In general, measured and simulated volatilization
fluxes agree well for the whole duration of the exper-
iment.

CONCLUSIONS

The transient diffusive transport and volatilization
fluxes of gasecus VOCs could be described well by
applying simple partitioning theory. Simulations of gas-
eous emissions were not highly dependent on the size
of the stagnant boundary layer.

Theoretically, a decrease in soil-water content should
greatly increase the adsorption capacity of the soil. When
decreasing the soil-water content in the experiments, the
increased adsorption capacity had some effect on the
volatilization flux, but not as much as expected. This
may partly be explained by the fact that a constant high
flux of VOC vapor from the source of contamination
was maintaining all adsorption sites occupied.

Measurements of VOC emissions are extremely depen-
dent on soil-water contents. Full knowledge of fluctua-
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tions in soil-water content can be critical for measuring
emissions correctly. A sudden increase in soil-water
content can cause a sharp increase in VOC emissions
that may be overlooked if the measurements were not
concurrent to the soil-water changes.
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Abstract

Volatile organic chemical (VOC) and water vapors are present simultaneously in the soil
gas phase. Any modeling of VOC vapor flow must account for the strong competition they
experience from water and any competition between themselves. To account for these
competitions, the multicomponent form of the Brunauer-Emmett-Teller equation with finite
number of adsorption layers was tested. Of the three input constants required in the
multicomponent model, two can be obtained from single species adsorption experiments. The
third constant was found to be bounded within a fairly narrow range; although its physical
meaning is debatable, its value can be approximated fairly accurately. The data used to
check the applicability of this model were for the adsorption of trichloroethylene and toluene
on a sand and Yolo silt loam (fine-silty, mixed, nonacid, thermic Typic Xerorthent). For
relative humidities (RHs) corresponding to less than one molecular layer of water coverage
and at low to very low toluene and trichloro ethylene (TCE) vapor pressures, it underpredic-
ted the adsorbed amounts of both species from their binary mixtures with water on both soils.
At RHs corresponding to between one and two molecular layers of water coverage, predic-
tions compared well with data. At RHs corresponding to about two layers of water, the model
overpredicted the adsorbed amounts. At toluene relative vapor pressures above 0.1 the model
reasonably described the adsorbed amount on sand at two RHs corresponding to one to two
water layers. This model was further tested on published adsorption data of para-xylene and
water on soil. It was reasonably successful in describing adsorption of para-xylene from its
binary mixture with water above para-xylene relative vapor pressure of 0.069 and water
relative humidity of 0.084. No competition between TCE and toluene was observed at the low
vapor pressures in our experiments. Simulations of adsorption in the ternary systems of TCE,
toluene, and water followed the same pattern as for the binary simulations.

1. Introduction

Realistic modeling of vapor flow for volatile organic chemicals (VOCs),
especially in fairly dry soils, requires models of adsorption of these vapors to
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soil particles. The strong competition of polar water with nonpolar VOC
molecules for adsorption sites has been recognized by many researchers [1-5].
Under dry conditions, adsorption on the external surfaces of minerals is the
primary VOC vapor sorption mechanism [4, 6-9]. The vapor adsorption iso-
therms on dry soils follow the Brunauer-Emmett-Teller (BET) isotherms
[3,6, 8]. The most observed of the BET isotherms is the Type II which is
characteristic of vapor condensation forming multilayer adsorbates on non-
porous or macro-porous adsorbents [10]. As the relative humidity (RH) in the
soil increases from zero, strong polar interactions between water molecules
and soil minerals predominate over the relatively weak Van der Waals forces
between the VOC vapor molecules and mineral surfaces (7, 8]. Chiou and Shoup
[3] showed that BET adsorption isotherms of a few chlorobenzenes became
linear as RH increased to 0.50. Above a RH of 0.50, isotherms became linear for
VOC relative vapor pressures (actual vapor pressure/saturated vapor pressure)
of less than 0.560. Rhue et al. [9] found that at RH values close to a monolayer of
water coverage on a kaolinitic soil and on a silica gel, the adsorption of
para-xylene decreased much more noticeably than at lower or higher RH
values. At higher RH values, Henry’s partitioning into water and partitioning
into soil organic matter become the dominant uptake mechanisms for VOC
vapors over adsorption on external mineral surfaces [5]. Jurinak and Volman
[6] obtained data on adsorption of ethylene dibromide on soils up to a relative
vapor pressure of 0.9. They obtained a good fit of the BET equation to the data
up to relative vapor pressures of 0.6-0.7. Poe et al. [8] used the BET equation to
fit adsorption data of a few widely different chemicals on four types of soils.
Their correlation coefficients indicate good fits over the range of data used. The
success of the BET equation to fit single vapor adsorption data, particularly in
the 0.05-0.3 relative vapor pressure range, has prompted its widespread use in
calculations of monolayer coverage and soil surface area from nonpolar com-
pounds (Sing et al. [10]).

Models of multicomponent adsorption must account for the competition of
water vapor with the VOC vapors and any competition between the individual
VOC vapors. Even though competition between nonpolar VOC species for
adsorption sites is expected to be much less intense than competition with
water, the strength of competition is expected to increase with the polarity of
the species [8, 8]. The extension of the single component multilayer BET
isotherm to a multicomponent form presented by Hill [11,12] may offer some
possibilities in this regard. Valsaraj and Thibodeaux [4] used a binary form of
Hill’s general equation to get simplified isotherms to estimate partial pressures
of VOCs above soils. They point out that this equation applies best to results at
low VOC relative vapor pressures. Their equation allows an infinite number of
adsorption layers thereby assuming that a free liquid surface can be formed on
the surface of soil minerals. Thibodeaux et al. [13] used a similar equation to
theoretically investigate the adsorption of slightly volatile organic chemical
(SVOC) vapors and water on atmospheric aerosols. Their equation indicated
the correct behavior of the SVOC isotherm at various RHs. However, the
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applicability of their equation to soils is not clear. Rhue et al. [9] proposed
a formula for the mass fraction of an adsorbed species in the total mass
adsorbed from a binary vapor system. An equation derived based on their
equation greatly overpredicts the total mass adsorbed at low water contents
but its predictions are reasonably close to measured values at higher RHs.
Pennel et al. [14] compared the results of the Valsaraj and Thibodeaux [4]
equation and Rhue et al. [9] equation. They collected single and binary adsorp-
tion data of para-xylene on a kaolinitic soil at low to medium parae-xylene
relative vapor pressure ranges and at RHs corresponding to less than one
molecular water layer. The models used in their paper also assume that an
infinite number of adsorption layers could form on the surface. They concluded
that at low RHs, the binary BET equation underestimated the adsorption of
both water and para-xylene due to noncomplete monolayer coverage by water.
However, it is not known how the BET equation performs at higher RHs and
VOC relative vapor pressures.

In this paper we will investigate the applicability of the multicomponent
BET model to adsorption of VOC vapors in the presence of water on soils. We
will set the maximum number of adsorbed layers (n) to be finite and investigate
the implications of this choice for multicomponent adsorption modeling. The
predictions of the multicomponent BET equation can be compared theoret-
ically against the forms used by Valsaraj and Thibodeaux [4] and Thibodeaux
et al. [13], to investigate the possible strengths and limitations of choosing
a finite n value. Moreover, we will compare the predictions of the multicompo-
nent BET model with measured trichloro ethylene (TCE) and toluene vapor
adsorption data from binary and ternary mixtures with water on a sand and
a Yolo silt loam. Finally, we will compare the multicomponent BET model
predictions with the results obtained using the equation of Rhue et al. [9] and
with their measured data on adsorption of para-xylene on Na-saturated kaolin
at various water contents.

2. Theory

The single species multilayer BET model [15, 16] is based on the following
assumptions: (1) energetically and geometrically homogeneous adsorbent sur-
face, (2) no lateral interaction among the adsorbed molecules, (3) adsorption of
the molecules of the second and higher adsorbed layers follows the condensa-
tion—evaporation properties of the liquid state. Hill [11] assumes the last
postulate to be equally applicable to adsorption from a mixed vapor system.
Assuming that the adsorbed solution obeys Raoult’s law, namely that the
mixture of sorbed species behaves as an ideal solution at all compositions, eq.
(14) in Hill [11] takes the following form for adsorption of species i from a vapor
mixture containing s species,

wi'Eox; [Ba(1~E") c ]

TA-B+E,(—E) =R

1
Eq k=2 w

Wi
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where Ey=Yi-,x,B;, E=)i_ x;, w; is sorbed mass of species i per soil mass,
w? is mass of species i required to form a monolayer coverage on adsorbent
surface per soil mass, x; is relative vapor pressure (vapor pressure/saturated
vapor pressure), and B; is related to the molar heat of adsorption of the
adsorbate on bare mineral surface [3]. Finally, in eq. (1), n is an integer
signifying the maximum possible number of layers of i on the adsorbent surface
for single-species systems. In eq. (1) the summation is only taken when n > 2.

In eq. (1), the assumption of ideality leads to the simplified form of the
parameter E. However, one would expect eq. (1) to be less applicable to
sparingly soluble compounds than to more soluble ones. Furthermore, the
applicability range would be expected to be restricted to lower VOC relative
vapor pressures.

All the various forms of the BET equation presented in the literature are
simplifications of the general multicomponent BET (MBET) form. When con-
sidering adsorption of a single species and n=co0, eq. (1) reduces in a linear
form to

X _ i (Bn_ 1)xl
w;(1 _'xi)m wi"B; wi"B,

@)

This form is applied to 0.05 < x; < 0.3 to obtain w?", B;, and adsorbent surface
area [10]. For single species adsorption and finite n, eq. (1) gives the form used
by Jurinak and Volman (1957) and Poe et al. (1988) to fit adsorption data of
single species of VOC vapors on dry soils. When applied to a binary vapor
system and n= oo, it furnishes the form used by Valsaraj and Thibodeaux [4],
Thibodeaux et al. [13], and Pennell et al. [14]. When n=1 (i.e., adsorption is
restricted to a monolayer), the single species form of eq. (1) reduces correctly to
a Langmuir type equation.

The effect of the parameters B and n on the shape of eq. (1) for adsorption of
a hypothetical VOC species on dry soils is plotted in Fig. 1. As B increases,
a ‘knee’ is formed at the lower x; values and w/w{" increases to give a sharp drop
to zero. The point where the knee occurs is often taken to indicate the stage at
which monolayer coverage is complete and multilayer adsorption is about to
begin [10, 17]. As n increases, higher adsorption is predicted at higher x; values
until for n=o00, w;—1 as x;—1. As x; decreases, the difference in adsorption
between isotherms for various values of n also decreases. This shows that the
choice of n=c0 in the MBET equation may be appropriate in modeling multi-
component adsorption at low VOC relative vapor pressures but leads to gross
overestimation of adsorption capacity at high relative vapor pressures. Even
though the BET theory does not provide a physical basis for why the number of
layers should be restricted to a finite value, the presence of capillaries in soils
is possibly one cause of this [17]. Fig. 1 indicates that proper choice of n and
B may allow various isotherms to be fitted if the monolayer capacity w!" is
known. In binary form, eq. (1) can be used to look at the effect of increasing RH
on the shape of the isotherm and strength of adsorption for a given VOC on
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Fig. 1. The effect of B and n on the shape of eq. (1) applied to a single vapor system.
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Fig. 2. Effect of water relative vapor pressure (RH) on MBET isotherms of toluene adsorption
on Yolo silt loam at 25 °C.

soil. Fig. 2 illustrates theoretical isotherms for toluene on Yolo silt loam at
various RH values. The major effects are a linearization of the isotherm with
an accompanying reduction in adsorption amounts as RH increases. These
effects have been experimentally documented by Chiou and Shoup [3], Rao et
al. [18], and Rhue et al. [9], among others.

Rhue et al. [9] presented equations similar to BET which could be used to
quantify competitive adsorption in a binary system. Their derivation assumes
that the two adsorbates form immiscible films on the adsorbent surface. This
assumption is opposite to what is used in deriving eq. (1) which requires the
adsorbates to form an ideal solution on the adsorbent surface. When S, (bare
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mineral surface) in their equations is substituted by the external surface area
for their soil (given in their paper), their equations lead to an expression giving
the mass of a given compound in the total mass adsorbed from a binary vapor
system. The final equation obtained is

- M
(1‘1'5)2

3

w;= aiBiScxl

where ¢; is the mass of adsorbate i occupying unit area of surface and is given
by Rhue et al. [9] to be 0.50 mg/m? for para-xylene, S, is the soil specific
external surface area (m?/g), and additional parameters have previously been
defined.

The parameter n in eq. (1), when applied to single species adsorption,
signifies the maximum number of adsorption layers. However, in a multicompo-
nent situation, the physical meaning of n requires further investigation. A first
hypothesis is that as in a single species system, n in a multispecies system
refers to the maximum number of layers of the multispecies adsorbate. A sec-
ond hypothesis is that n refers to an ‘equivalent’ maximum number of layers of
species i on the surface of a soil-water adsorbent complex. We will look at
which of these hypothesis may better explain the data.

3. Materials and methods

Adsorption was measured on a coarse riverbed sand and Yolo silt loam (fine-
silty, mixed, non-acid, thermic Typic Xerorthent). Some relevant characteristics of
the two soils are given in Table 1. Total surface areas were determined by the
ethylene glycol monoethyl ether (EGME) method [19, 20]. Pretreatment to remove
organic matter and saturation with Ca’* were omitted [21]. The organic carbon
content of the soils was analyzed by a modified Walkley and Black method [22].
The pH was measured in a saturated paste by pH electrode, while electrical

TABLE 1

Characteristics of the soils used in adsorption experiments

Characteristic Riverbed sand Yolo silt loam
EGME surface area (m?/g) 18.7 80.6

Organic carbon (%) <0.1 1.05

pH 8.2 7.9

EC (milli mho/em) 0.36 0.77

CEC (meq/100g) 2.3 21.1

Sand (%) 94 33

Silt (%) 4 49

Clay (%) 2 18
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conductivity (EC) of saturation extracts was measured using a platinized plati-
num-iridium conductivity electrode and a conductance-resistance meter. Cation
exchange capacities (CECs) were determined by saturation with barium acetate
[23]. Particle size analysis to determine sand, silt, and clay fractions was per-
formed by hydrometer [24]. Initially the soils were air dried, passed through
a 2.0-mm sieve (No. 10), and mixed thoroughly to obtain a homogeneous mixture.

To obtain adsorption data in the very low relative vapor pressure range, the
equilibrium partitioning in closed systems (EPICS) method [5,25] was used.
The method can briefly be described as a mass balance technique that involves
measurement of the headspace vapor concentration in sealed glass bottles by
gas chromatography. A system with known gas volume and mass of adsorbent
is compared to a control which contains no adsorbent. The adsorbent masses
ranged from 0.2 to 60g. Amount of adsorbent was increased for increasing
water content. For each adsorption isotherm, six different adsorbent masses
were used with three replicates for each mass. The adsorbent was introduced
into glass bottles with a volume of 63 or 248 ml. The bottles were wrapped in
paper to prevent photo-decomposition of the VOCs and sealed with teflon
Mininert valves (Dynatech, Baton Rouge, LA). A volume of 2.5 ml of air in each
bottle was replaced by an equivalent volume of saturated VOC vapor. All
bottles were rotated for 24-36 h at 25 °C to reach equilibrium. Preliminary work
showed that equilibrium was reached after this period of time. One ml of
headspace was removed from each bottle with a gas-tight syringe (Hamilton
1001) and analyzed on a Hewlett-Packard 5890 gas chromatograph equipped
with a flame ionization detector. The relative humidity at each water content
was determined by measuring it in similarly prepared bottles. Relative humid-
ity of the samples was measured with a certified NIST traceable digital hy-
grometer (Fisherbrand) with an error of +1.5% in the 10 to 90% range. Water
contents were measured by weighing samples dried in an oven for 24h at
105°C. The water contents and the corresponding relative humidities used in
the EPICS experiments are summarized in Table 2.

A high vacuum (HV) technique [26] was used to obtain data at the higher
relative vapor pressure range than was obtained with the EPICS method up to
near saturation. In this technique, an electrobalance located inside a glass
vacuum chamber measured the weight change of about 0.5 g of a soil sample
upon adsorption. The chamber is evacuated with a mechanical pump and
a turbomolecular pump to vacuums as low as 10~ Pa. Care was taken so as not
to have any static charge interference with the weight measurements. The
temperature measured at the vicinity of the soil sample was monitored continu-
ously and was within +0.5°C of the experimental temperature of 25 °C. Liquid
sources of water, TCE, and toluene connected to the chamber via Kontes high
vacuum glass valves were opened to allow evaporation into the chamber. The
vapor pressures were determined by a capacitance manometer. The relative
vapor pressures were then determined by dividing the measured vapor pres-
sures by the published values of the saturated vapor pressure at 25°C. For
binary experiments of water and toluene, water was first allowed to evaporate
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TABLE 2

Water content (W) (mg/g, dry weight basis) and corresponding relative humidities (RH) in
the soils used in the adsorption experiments

EPICS® Toluene on  TCE on Tolueneon TCE on Toluene and TCE on
sand sand loam® loam

sand loam

W RH W RH W RH W RH W RH W RH

iL 0.12 <1 0.07 8 016 8 016 2 013 32 065
5 0.32 5 026 24 038 23 038
7 0.65 7 0656 31 066 31 0.65
HV* Toluene on sand
W RH
1 0.10
T 0.656

* EPICS = equilibrium partitioning in closed system technique.
*Yolo silt loam.
*HV =high vacuum technique.

from the liquid reservoir into the chamber. Once equilibrium at the desired
relative humidity was reached, toluene was allowed to evaporate in increments
until equilibrium was attained. One set of measurements of toluene adsorption
at each relative humidity was obtained. The water content and relative humid-
ity data are given in Table 2.

4, Results and discussion

4.1. Single species systems

Figs. 3 and 4 contain isotherms of TCE and toluene adsorption on the oven-
dried Yolo silt loam and sand at 25°C, respectively. They indicate that the
EPICS data connect reasonably well with the HV data for TCE and less so for
toluene. The EPICS data are used to investigate the applicability of MBET at
low x; values. The value of B; and w? for our VOCs and soils were obtained by
fitting eq. (2) to the x; range between 0.05 and 0.3. These values were then used
to fit the linearized form of eq. (1) for single species adsorption [27] to the full
range of the adsorption data to find the best value of n. These data and the
R? values for the fit of eq. (2) are summarized in Table 3. Figs. 3a and 4a show
that the MBET equation generally underpredicts adsorption capacity at low
x; values. Even though there was some difficulty in obtaining a good match
between the EPICS and the HV data for toluene, the underprediction is most
likely the result of the presence of adsorption sites of a higher heat of adsorp-
tion than those which are occupied at monomolecular surface coverage [28].
After the most active sites have been covered, the properties of the rest of the
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Fig. 3. Adsorption isotherms of TCE and toluene on Yolo silt loam at 25°C. The values of
n given on the figures are the best fit values and the solid lines are the resulting curves. Fig.
3a shows the EPICS method as well as the first few of the HV method data. Fig. 3b includes
only the HV data at higher x range.
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Fig. 4. Adsorption isotherms of TCE and toluene on sand at 25°C. The values of n given on
the figures are the best fit values and the solid lines are the resulting curves. Fig. 4a shows
the EPICS method as well as the first few of the HV method data. Fig. 4b includes only the
HV data at higher x range.

surface are similar to those of a homogeneous surface for which the MBET is
much more suited. We subsequently used the method of Joyner et al. [27] in
which the full range of adsorption data (EPICS+HV) is used to fit B;, w", and
n. However, the resulting values did not model the low x; range any better (data
not shown).

Table 3 indicates that the monolayer capacities, w, are higher on Yolo silt
loam than on sand in accordance with the silt loam’s higher external surface
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TABLE 3

Values of B, w", and the goodness-of-fit R* values for the fit of eq. (2) to the appropriate range
(relative vapor pressure from 0.05 to 0.3) of the adsorption data for TCE, toluene, and water
on dry sand and Yolo silt loam. The value of n was then obtained by fitting the single species
form of eq. (1) to the full range of adsorption data with the calculated values of B, and w{

Compound Quantitiy Adsorbent
Sand Yolo silt loam
TCE B 184 23.1
w™ (mg/g) 3.3 9.7
R? 0.998 0.999
n b 6
Toluene B 55.3 16.1
w™ (mg/g) 13 5.3
* 1.000 1.000
n 5 5
Water B 25.7 17.6
w™ (mg/g) 2.3 8.5
el 0.999 0.999
n 5 7

area. The monolayer capacity for water should probably be accepted only as
a fitting parameter since water does not coat the surface uniformly [29]. The
B values for Yolo silt loam and sand do not correlate well with the trend in
polarity. The B values for water are expected to be higher than the VOC
species considering energy of adsorption alone. The B values reported by
Chiou and Shoup [3] increase as polarity of adsorbates increases. The data of
Poe et al. [8] indicate similar behavior for adsorption of nonpolar to more polar
compounds on a sandy loam and a silty loam soil. However, the correlation
between B and polarity breaks down in their silty clay loam soil. On this soil,
the least and the most polar compounds have similar B values which are
smaller than the values for compounds of intermediate polarity. The parameter
B directly reflects the relative strength of adsorption arising from the different
heats of adsorption. Higher strengths of adsorption are signified by higher
negative values of AH,. Therefore, the actual value of B is indicative of the
degree to which a compound might compete for adsorption sites with other
compounds and would be expected to increase with the polarity of adsorbate
species. However, the exact relationship between B and AH, is at best only
qualitative [10]. This is since, firstly, the actual amount adsorbed depends on
the site distribution of energies for adsorption. The uniform distribution of site
energies, as assumed by the BET theory, cannot be assumed for soils due to
differences in the chemical nature of the surfaces [30] and the nature of the
cations present on different exchange sites [14]. Secondly, porous adsorbents
like soils are characterized by a range of pore sizes arising from particle size
distribution, structure, and packing [31]. The actual surface area available for
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Fig. 5. Toluene vapor adsorption isotherms on sand at two relative humidities. Squares are
data measured using the HV apparatus and the lines are from the MBET model with the
given best-fit n.

adsorption of any given compound depends on whether the adsorbate molecule
can reach the adsorbing sites. The larger the adsorbate molecule relative to the
pore size, the less adsorption is expected to occur at any given relative vapor
pressure.

4.2. Binary systems

Fig. 5 contains the fit of the MBET model to toluene adsorption data on sand
at two relative humidities. At RH=0.10 the mass of toluene adsorbed is only
slightly less than for adsorption on dry sand (Fig. 4b). At this RH, the amount
of water is less than half a monolayer of water coverage on sand (Table 1).
According to Quirk [29], water adsorbed at this RH is not thought to cover the
soil surfaces uniformly but to congregate around high adsorption sites. Even
though the adsorption of toluene on mineral matter is expected to be mostly
curtailed by the presence of water molecules [3], higher energy (possibly still
bare) sites are apparently still available for toluene adsorption. A similar
conclusion was reached by Pennell et al. [14] when looking at para-xylene
adsorption on Na-saturated kaolin at RHs lower than required to form a mono-
layer of water coverage. The value of n=4 fitted to the data is one less than
n=>5 fitted to the dry adsorption data on the same soil. At RH=0.65 (Fig. 5b),
sorbed amount levels out with increasing toluene relative vapor pressure. The
last two measurement values are actually slightly less than the previous two
possibly from electrical drift of the microbalance [26]. The value of n used to fit
the data is reduced to three in accordance with lower adsorption amounts at
the higher water contents.

Figs. 6a—d contain the fit of the MBET model to adsorption data of toluene
and TCE at low x; range on sand and Yolo silt loam at several RH values. The
lowest RH values in each graph correspond to less than one molecular layer of
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Fig. 6. Binary vapor adsorption of TCE or toluene at several RHs on sand and Yolo silt loam.
The solid lines are the MBET predictions with the corresponding RH and the best-fit value of
n. (a) Toluene on sand, (b) TCE on sand, (c) toluene on silt loam, and (d) TCE on silt loam.

water coverage on the adsorbent surface. At the lowest RHs, the MBET
underpredicts the sorbed mass for values of n ranging from 2 to the value fitted
to dry adsorption data. This behavior is similar to the underprediction of
adsorption on dry adsorbents in the low vapor pressure range. The explanation
of this behavior is similar to the one given for the single-species cases and
indicates that water does not coat the soil surfaces uniformly as Quirk [29] has
discussed. No such behavior was seen at the higher toluene vapor pressures
(Fig. 5a) most likely because a monolayer of water and toluene was already
formed on the sand surface. Further adsorption, therefore, took place on
a more energetically uniform surface.

The intermediate RH values correspond to water contents between one and
two molecular layers of coverage. The fit of the MBET model is much better
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than for the low RH cases. Most, if not all, of the energetic heterogeneity on
sand surfaces has been eliminated by water coverage [28], resulting in a more
homogeneous surface for further adsorption. The MBET fit is less satisfactory
on the more heterogeneous silt loam than the sand. Notice that the fitted
values of n are becoming smaller as RH increases and are associated with
lower adsorption amounts of TCE and toluene.

At RH =0.65, or about two molecular layers of water coverage, the measured
isotherms show reduced adsorption capacity. The MBET overpredicts adsorp-
tion for both VOCs on both soils even at the lowest possible n value. The MBET
assumes ideal mixed liquid adsorbate corresponding to complete miscibility of
adsorbed species. As the number of water layers on the adsorption surface
increases, the dissolution in water is thought to dominate the uptake process of
VOCs on saturated soils [5]. The adsorption process of water and VOCs on
mineral matter changes to a dissolution process of VOCs in water. It is,
however, doubtful that the MBET equation leads to an adequate vapor-
liquid solution theory at this and higher RH values [13].

The final binary system studied is that of para-xylene and water adsorption
on Na-saturated kaolin performed by Rhue et al. [9]. Their measured adsorp-
tion values, the MBET model predictions, and the predictions using eq. (3)
which was derived from the basic equations given in the Rhue et al. (1989)
paper are included in Table 4. The B and w values used in the MBET model
were obtained by fitting eq. (2) to appropriate range (x from 0.05 to 0.3) of the
single-species data given in their paper. The lowest and the highest para-xylene
relative vapor pressures are within the range of HV data used in our experi-
ments with TCE and toluene. At low to intermediate RH values, the fit of the
MBET equation to the para-xylene adsorption data is much better than the fit
of eq. (3). The predictions of eq. (3) become comparable to MBET only at high
RH values when both predict the sorbed mass of para-xylene well. At lower
RHs, the MBET slightly underpredicts the measured sorbed amount. However,
at RHs close to 0.65, the measured sorptions are predicted well. The pare-
xylene solubility in water is 198 mg/1 (25 °C) compared with 1100 mg/l for TCE
(25 °C) and 515 mg/l1 for toluene (20 °C) [32]. Even though solubility values alone
cannot be used to partition adsorption between water and mineral phases at
these water contents [5], we would still expect the ideal solution assumption in
MBET to be more restrictive for less soluble para-xylene than the more soluble
toluene and TCE. The relatively good prediction of para-xylene adsorption at
these higher water contents is perhaps indicative of the fact that the ideality of
the adsorbed mixture is not a very restrictive assumption in developing the
MBET model at these water contents. The MBET model shows much improve-
ment over eq. (3) in predicting adsorbed amounts of para-xylene over a relative-
ly wide range of water and para-xylene vapor pressures.

4.3. Ternary systems
Data were obtained on adsorption of TCE and toluene from mixtures with
water on our adsorbents using the EPICS method. The comparisons between



TABLE 4

Comparison of MBET model predictions with predictions from eq. (3) and with the measured values of adsorption of para-xylene and water
vapors on Na-saturated kaolin reported in Rhue et al. [9)

Water relative para-Xylene relative para-Xylene mass Simulated sorbed mass (mg/g) Best fit n
vapor pressure vapor pressure sorbed (mg/g)
Eq. (3) MBET

0.084 0.390 711 31156 5.90 6
0.095 0.379 6.56 29.55 5.54 5
0.100 0.132 3.96 10.18 2.45 5
0.190 0.086 2.61 5.37 1.40 4
0.22 0.18 3.87 10.43 2.63 5
0.228 0.424 7.04 24.06 5.70 b
0.239 0.281 5:23 15.49 3.89 5
0.262 0.171 3.5 8.87 2.43 5
0.39 0.166 2.34 5.63 2.08 5
0.517 0.187 1.85 4.15 1.75 3
0.658 0.069 0.45 0.77 0.34 2
0.67 0.286 2.71 2.97 2.87 4
0.676 0.164 1.41 1.64 1.38 3
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TABLE 6

Comparison of measured and calculated adsorption of TCE and toluene from their ternary mixture with water on the adsorbents. The
n values given are the best fit values. Measured RHs are 0.10 for sand and 0.65 for loam

TCE relative Toluene relative Mass TCE Mass toluene Simulated sorbed mass (mg/g)
vapor pressure vapor pressure sorbed (mg/g) sorbed (mg/g)

TCE Toluene
Sand n=4 n=4
0.034 0.036 0.543 0.530 0.428 0.571
0.014 0.004 0.516 0.244 0.231 0.084
0.012 0.003 0.419 0.184 0.198 0.066
0.008 0.002 0.386 0.152 0.142 0.041
Silt loam n=1 n=1
0.0021 0.0016 0.0126 0.0080 0.0379 0.0109
0.0012 0.0007 0.0084 0.0038 0.0218 0.0048
0.0010 0.0006 0.0071 0.0030 0.0176 0.0038
0.0008 0.0005 0.0061 0.0024 0.0147 0.0031
0.0005 0.0003 0.0049 0.0018 0.0096 0.0022
0.0005 0.0003 0.0044 0.0016 0.0082 0.0019
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measured values and values from the MBET model are summarized in Table 5
for sand at RH=0.10 and Yolo silt loam at RH =0.65, respectively. With two or
more VOCs adsorbing, the adsorption sites not occupied by water molecules
are divided between the VOC species based on their strength of adsorption. The
higher value of parameter B for toluene compared with TCE on sand indicates
higher preference of this soil for toluene than TCE. Not much difference was,
however, observed between the adsorption strengths of either TCE or toluene
compared with their binary adsorption experiments. At these low concentra-
tions, the major competition for each VOC species seems to be with water and
not with each other. At the low RH on sand, the MBET simulates lower
adsorbed amounts than what is measured. This is similar to what occurred in
the single and binary experiments. At the higher RH on Yolo silt loam, the
MBET overpredicts the measured amounts for both VOCs at this RH as
similarly occurred in the binary cases. At low VOC relative vapor pressures at
these two RHs, their behavior is mainly determined by the presence of water
and not the other species.

4.4. Significance of n

The fitting of n in addition to B and w™ enables the single-species isotherms
to be well characterized over a good portion of their vapor pressure range. The
physical meaning of this parameter in such systems is straightforward and is
the maximum number of adsorbed layers which can be formed on the adsorbent
surface [6]. By analogy, this parameter is the number of layers of mixed
adsorbate layers in a multicomponent case [11]. In binary formulations used to
date [4, 13], there was no need to define n, since n= o0 was used. This is because
the amount adsorbed is independent of n at low relative vapor pressures as
shown in Fig. 1. The same behavior is observed in Fig. 5 for binary systems of
toluene adsorption on wet sand. It is only at the relatively higher x; range that
the n=o00 formulation diverges from a finite n formula. The extent of diver-
gence increases as x; increases and leads to serious overpredictions of adsorp-
tion amounts. Many contaminations of soil and groundwater involve low
concentrations of the VOC species. Therefore, setting n=co in eq. (1) is a good
approximation at low x; (Fig. 1). However, in cases where higher concentra-
tions are involved, as with concentrations existing close to immobile residual
liquid VOCs or around high liquid concentrations from accidental spills or
deliberate dumpings, an n=co would lead to overestimation of adsorption.

Two hypotheses were proposed earlier to elucidate the correct physical
significance of the parameter n. The first one is that n is the maximum number
of mixed adsorbate layers on the adsorbent surface as in Hill’s original paper.
In this case, when one species has a much higher relative vapor pressure
compared with other species, the value of n in the isotherm for all species is
expected to approach the n for the one species with high relative vapor
pressure. However, in our simulations the value of n for all VOC adsorbents
decrease as RH increases rather than approaching the n values fitted to water
adsorption data. We therefore investigate our second hypothesis in which n is



S. Amali et al.{J. Hazardous Mater. 36 (1994) 89-108 105

an ‘equivalent’ maximum number of layers. It applies to adsorption of VOCs
onto a soil-water complex and is a function of RH (or water content). In this
soil-water system, VOC molecules can penetrate the surface (e.g., dissolve in
water) as well as adsorb onto mineral surfaces directly. The minimum value of
n (nmin) 18 equal to the total amount adsorbed w; spread over the adsorbent
external surface area S, It is given by

w,'A.'N

Rin = MS.. (4)

where w; is a measured mass of adsorbate per mass of adsorbent (g/g), 4, is the
projected area of one molecule (m?/molecule), N is the Avogadro number
(=6.022 x 10** molecules/mol), and M, is the molecular weight for species
i (g/mol). The parameter A;=1.091(M;/d;N)** [33], where d, is the liquid density
of the species. Eq. (4) indicates that n,,;, increases as w; increases. Note that the
value obtained from eq. (4) 1s not an integer. The value of n chosen for fit to eq.
(1) must at least be the integer higher than n,,;, determined from an experiment
which involves the highest VOC concentration deemed probable for the case
being modeled. The value of n ranges from this minimum value to the maximum
used to fit the dry adsorption isotherm. For example, for toluene adsorption
data on sand (Fig. 5), the highest measured w; at an RH of 0.18 and 0.65 give
Nmin=2.3 and n,;,=0.73, respectively. The fitted values of n are 4 and 3,
respectively, Both of the fitted n values are higher than n,;, and lower than the
n fitted to dry adsorption data (n=»5, cf. Table 1). Similar results were observed
for Rhue et al. [9] data. For ternary and larger multinary cases, the value of
n for less highly adsorbed species would not only depend on RH but also on the
vapor pressures of the other more highly adsorbed species. Based on these data
alone, the second hypothesis cannot be exclusively accepted or rejected. How-
ever, the decrease of the value of n is over a relatively small range which would
make its use as a fitting parameter relatively convenient in modeling multi-
component adsorption.

5. Conclusions

The extension of the general BET adsorption equation to multicomponent
adsorption as proposed by Hill [11,12] was tested on binary and ternary
systems of TCE, toluene, and water vapors on a sand and Yolo silt loam soil.
The model inputs are the monolayer adsorption capacity (w), a constant
related to heats of adsorption (B;), and a constant signifying the number of
adsorbed layers on the adsorbent surface (n). The first two constants were
obtained by application of the model to single-species adsorption isotherms.
The last constant ranges from a minimum integer value larger than the total
amount adsorbed spread over the soil external surface area to a maximum
value obtained from the single species adsorption isotherm.
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This model was reasonably successful in describing adsorption of toluene
from its binary vapor mixture with water on the sand over toluene vapor
pressures range above about 0.1 and at two relative humidities (RH) corre-
sponding to less than one and about two molecular layers of water. At lower
TCE and toluene relative vapor pressures, the model was applied to their
adsorption on the sand and Yolo silt loam at three RH values. At RH values
corresponding to less than a monolayer of water coverage, it underpredicted
adsorbed amounts. At intermediate RH values corresponding to between ap-
proximately one and two molecular layers of water coverage, predictions were
successful. At the highest RH value of 0.65, corresponding to about two
molecular layers of water, the MBET equation overpredicted the adsorbed
amounts. The MBET equation was more successful than a method based on the
equations of Rhue et al. [9] in describing adsorption of pare-xylene from its
binary mixture with water over a wide range of para-xylene and water relative
vapor pressures. Adsorption experiments in the ternary systems of TCE, tol-
uene, and water did not indicate any major decrease in adsorption of any of the
VOCs as a result of the presence of the other compounds at the RHs studied.

The maximum number of adsorption layers is an important parameter in
correctly modeling multicomponent adsorption. Even though its physical sig-
nificance is still somewhat ambiguous, its value was confined to a narrow
range for the VOCs and soils tested in this study. For simulations at low VOC
relative vapor pressures, the amount adsorbed is irrespective of the value of
n and a simplified equation based on n=co can be used. At higher relative
vapor pressures, the choice of n= oo leads to overestimation of adsorption and
a finite n should be used.

The MBET equation can successfully be used to model VOC adsorption
on geological material and soil over the range of water content correspond-
ing to between one and two molecular layers. It underpredicts the adsorp-
tion amount at lower water contents and low VOC relative vapor pressures.
At higher water contents it lacks a suitable vapor solution theory so that
the measured adsorption isotherms have to be employed. However, the
amount of overprediction may be small enough to render its use for
modeling purposes worthwhile.
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HIGH-RESOLUTION TIME DOMAIN REFLECTOMETRY:
SENSITIVITY DEPENDENCY ON PROBE-DESIGN

L.W. PETERSEN,' A. THOMSEN,' P. MOLDRUP,* O.H. JACOBSEN,' AND D.E. ROLSTON*

When using the time domain reflectometry
(TDR) technique in laboratory experiments,
e.g., with packed soils columns, it is often of
great importance to obtain high depth reso-
lution with minimal disturbance of the soil
and to be able to measure close to the soil
surface. This requires the use of fairly small
TDR probes that can be placed near each
other. In laboratory experiments on packed
soil, we have examined the importance of re-
lations between the probe-rod diameter,
probe-rod length, distance between probe
rods, and distance from the probe to the soil
surface for accurate determination of volu-
metric water content. The experiments were
conducted on a coarse sand with three differ-
ent rod diameters (1, 2, and 3 mm), three
different rod spacings (10, 20, and 50 mm),
two rod lengths (50 and 150 mm), and at
distances to the soil surface varying from 5
to 50 mm. Theoretical work by Knight et al.
(1994, Symposium and workshop on time do-
main reflectometry in environmental, infra-
structure and mining applications, North-
western Univ., Evanston, Illinois, Sept 7-9,
1994, pp. 93-104) has been used to evaluate
the results. In general, theory and measure-
ments agreed very well. Both measurements
and theory showed that the volume of soil
contributing to the measurement is highly
dependent on the spacing of the rods and, to
a lesser degree, on the rod diameter. For rod
spacings of 10, 20, and 50 mm, measurements
were accurately made as close to the soil sur-
face as 10, 15, and 20 mm, respectively.

During the last decade, Time Domain Reflec-
tometry (TDR) has become a widely used tech-
nique for determining the volumetric water con-
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tent of soils. Initially, it was used mainly in field
experiments, but now it is also a popular method
in laboratory experiments (Heimovaara et al.
1993; Plagge et al. 1992; Wraith and Baker 1991),
in which probe diameter and distance between
probes become relevant issues.

An important question when using this tech-
nique is: What is the region of influence around
TDR rods? Topp and Davis (1985) stated that
parallel transmission lines having rods with a
center-to-center spacing of about 50 mm are a
practical compromise to obtain reasonable reso-
lution. They suggested that the soil measured by
TDR is a cylinder whose axis lies midway be-
tween the rods and whose diameter is 1.4 times
the spacing between the rods. For a spacing of
50 mun, this gives a sphere of influence covering
an area of 38 em? in a plane perpendicular to the
axis of the transmission line. Baker and Lascano
(1989) presented a more detailed study of the
spatial sensitivity of TDR using water-filled glass
tubes placed at various distances from the TDR
probe axis. For their probe design, in which TDR
rods were placed 50 mm apart, they found that
probes can be placed as close to the soil surface
as 20 mm with little loss in accuracy. De Clerck
(1985) stated that for a probe with a rod spacing
of 25 mm, 94% of the energy was restricted to a
cylinder with a diameter equal to 50 mm (twice
the distance between the two rods). For the same
rod spacing, 99% of the energy would be within
a diameter of 120 mm. Knight (1992) presented
a theoretical investigation of the size of the cylin-
der of influence. He recommended that probes
be designed with a ratio of rod diameter divided
by spacing of rods (B/D) to be higher than 0.1,
so that too much energy will not be concentrated
closely around the rods. Additionally, Knight
et al. (1994) presented a design rule for using a
probe near a surface. They concluded that for all
values of B/D, at least 94% of the energy is below
a surface of height ¥ = % (B + D) when the probe
is installed with its two wires in a plane at y = 0
and parallel to the surface.

The objective of this work was to examine how
the spatial sensitivity (volume of influence) of
the TDR technique is dependent on the design of
the TDR probes, i.e., length, spacing, and diame-
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ter of probe rods. This was done in laboratory
experiments on packed soil. Only relatively short,
unbalanced, two-rod probes suited for laboratory
experiments were investigated in this study.

THEORY

Principles of the TDR technique have been de-
scribed elsewhere (e.g., Topp et al. 1980; Topp
and Davis 1985; Heimovaara 1993). Figure 1
shows the TDR probe configuration for the two-
rod TDR probes used in this study.

Assuming that the soil-water content distribu-
tion differs only slightly from a uniform distribu-
tion, Knight et al. (1994) gave an approximation
for the relative accumulated energy below a sur-
face at height h above the probe axis (h = ' B,
0<P<g])

nf1 + 1)
P(hBD) =1 - - L0<P<L (D)
2
where
Ci= 4 - BY @)

g=an(Z (2] - ®

where B is the diameter of the rod, and D is
the center-to-center distance between the rods

(Fig. 1) R |
By inverting this equation, the critical height,

h,, below which a certain proportion, P, of the

total energy is contained can be calculated as:

G 4
R = v Q D @
where

PR
q= (3 + V|5 ®)

Figure 2 illustrates the theoretical critical
height h = h,, below which a certain proportion,
P = P, of total energy is contained. The k. is
especially dependent on rod spacing, e.g., for a
2-mm rod with P. = 0.95, the critical height k.
will be 6.4, 11.0, and 22.9 mm for a spacing of
10, 20, and 50 mm, respectively. However, h, is
not as dependent on rod diameter. For a rod spac-
ing of 1 cm, and with P. = 0.95, k. will be 5.5, 6.4,
and 7.1 mm for a diameter of 1, 2, and 3 mm,
respectively.
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Fic. 1 TDR probe configuration. B is the diameter of
the rods, and D is the center-to-center spacing between
the rods.

We note that by differentiating Eq. (1) with
respect to h, applying the chain rule of differenti-
ation, we determine what could be called the
homogeneity or linearity of the energy distribu-
tion around the TDR probes as a function of h,
B, and D:

dP(hBD) 2 (Lf h )(6)
dh TG Nk R+ C,

where C, and C, are given by Egs. (2) and (3),
respectively.

MATERIALS AND METHODS

The soil used in the experiments was a coarse
sand (mixed, mesic, Orthic Haplohumod). It was
collected from the top 20 em of an agricultural
field on the Danish Ministry of Agriculture’s Ex-
perimental Field station in Lundgaard, Denmark.
The soil was air dried, passed through a 2-mm
sieve (No. 10), and mixed thoroughly to obtain a
homogeneous mixture. Some characteristics of
the soil are given in Table 1.

All measurements in this study were made with
a Tektronix 1502B cable tester (Tektronix Inc.,
Beaverton, Oregon) equipped with an RS 232
computer interface (Tektronix model SP232 op-
tion port module). The transmission lines con-
sisted of 2-m-long, 50-Q coaxial cable leading
from the cable tester directly to the two-rod
probes, without impedance-matching balun be-
tween the rods and the coaxial cable (i.e., unbal-
anced probes). Eighteen different probes were
fabricated. They differed regarding rod diameter
(1, 2, and 3 mm), rod length (50 and 150 mm),
and rod spacing (1, 2, and 5 cm). The probes
were made of stainless-steel rods with the ends
installed in a small Deldrin block. Holes were
drilled in the Deldrin blocks, and the rods were
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TABLE 1
Characteristics of the soil used in the experiments

Lundgaard Coarse Sand

Sand/silt/clay (%) 80.2/13.2/4.8
Organic carbon (%) 1.12
Particle density (g/cm?) 2.63
Surface area (n%g) 10.84
Bulk density (g/cm™) 14

pH 6.1
CEC (meq/100g) 8.78
EC (milli-mhos/cm) 0.21

inserted in the holes and soldered to the cable
ends and then locked into place by filling the
holes with a two-component adhesive, ensuring
that the probes were waterproof. When cable and
rods are soldered together inside the Deldrin
block, the impedance of the transmission line
increases sharply, resulting in a well defined
trace segment. This reflection is used for locating
the approximate beginning of the measuring
probe. The true beginning, though, is offset by a
small time difference proportional to the rod
length embedded in the Deldrin block. This offset
(Aty) [s] is a probe property (Heimovaara 1993).
The electrical length of the probe embedded in
soil (L) [m] is also a probe property. The shift
and the electrical length of the probe were deter-
mined by measuring the travel time in air and in
water at a known temperature as described by
Heimovaara (1993). The travel time in the probe
between the first reflection and the reflection
from the open end (At,(s)) is:

Al =At+At=Al+2LN/K e ()]

where K, is the apparent dielectric constant, and
¢ is the speed of light (m/s) in free space. The
Aty and L can be determined by substituting the
correct values for K, into Eq. (7). It is assumed
that K, for air is 1 (Weast 1980) and that K, for
water at a specific temperature can be deter-
mined from (Hasted 1973)

K,=87.749—-0.400087+9.398 X 10~ T
-1.410x10°°7? (8)

where T is temperature (°C). For each probe,
L and At, were used along with the empirical
calibration function from Topp et al. (1980) when
calculating the volumetric water content.

The soil was packed in a plastic box con-
structed such that the bottom could be moved
upward with a small hydraulic jack with mini-
mum disturbance of the soil. By raising the bot-
tom and scraping off the excess soil extending
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Fi. 2 Theoretical critical height below which a cer-
tain proportion of total energy is contained (calculated
using Egs. (4) and (5)).

above the top of the box, the installed probe was
moved toward the soil surface. The bottom was
raised in increments of 5 mm, and measurements
were made at distances to the soil surface varying
from 50 to 5 mm.

For every experiment, the box was packed
with soil having a water content of W = 0.156 g
H,0/g soil, to a bulk density of 1.4. A probe was
installed using specially fabricated guides to en-
sure the best installment possible. For every
depth increment, five measurements of water
content were performed. This was repeated for
all 18 probes.

The TDR trace analysis was done automati-
cally by a computer program (Thomsen 1994;
available from the Danish Institute of Plant and
Soil Science, Tjele, Denmark). The software, de-
veloped in Turbo Pascal and used for the analy-
sis, is based on the work by Baker and Allmaras
(1990), Heimovaara and Bouten (1990), and
Thomsen and Schjgnning (1994). The analysis in-
cluded the following steps (see also Fig. 3, which
shows an example of the TDR-trace output with
indications of the following points 1-6):

1. The input trace is filtered using a moving aver-
age filter

2. The local slope (first derivative) of the
smoothed trace is calculated
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3. x-values of the global minimum and maximum
points on the first derivative curve are located

4. Regression lines are fitted to sections of the
original trace, centered on the x-values of the
first derivative curve maximum point

5. The initial reflection is located where the first
regression line intersects a horizontal line
through the minimum point of the initial
reflection

6. The final reflection (end of transmission line)
is located where the second regression line
intersects a line following the trace segment
before the final reflection.

RESULTS AND DISCUSSION

Figure 4 shows the measured dependency on
rod diameter for 15-cm-long rods with a spacing
of 1 em. The critical height is not greatly affected
by diameter, at least for the three fairly small
diameters used in this work. This is also in
agreement with Fig. 2. In a field situation, larger
diameters might be desirable, and in that case
the critical height might be affected. Scatter in
the measurements increased slightly with in-
creasing rod spacing and drastically with de-
creasing rod length (results not shown). This
might be explained partly by the experience that
probes with large rod spacings and small diame-
ters are more difficult to accurately install. Also,
Knight (1992) concluded that rod diameter
should be as large as possible compared with
the rod spacing to minimize the so called “skin-
effect” with high energy density around the rods,
resulting in local nonuniformities close to the
rods having great effect on the determined water
content. Measurement inaccuracy with short
rods is attributable to much shorter pulse travel
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time. Therefore, errors with short probes will be
larger than those with longer probes, and we sug-
gest that probes be designed as long as practi-
cally possible.

Figure 5 shows the dependency on rod spacing
for TDR-probes with 15-cm-long rods having di-
ameters of 1, 2, and 3 mm. The relative soil-water
content, S, is determined as the measured soil-
water content at any specific depth divided by
the soil water content measured at the 5-cm
depth. Every plotted point is an average of five
determinations of the volumetric soil-water
content.

In general, the critical height decreases with
decreasing spacing of rods (see Fig. 5). In situa-
tions where good depth resolution and measure-
ments close to the soil surface are required, the
smallest rod spacing possible should be used. It
was possible, with minimal loss of accuracy, to
place TDR probes as close to the surface as 1,
1.5, and 2 cm for probes with rod spacing of 1,
2, and 5 cm, respectively. The result for a rod
spacing of 5 cm is in agreement with that found
by Baker and Lascano (1989) for a probe with
similar rod spacing. The solid lines in Fig. 5 (de-
termined from Eqgs. (1) through (5)) give the rela-
tive accumulated energy as a function of the criti-
cal height. It is evident that the theoretical critical
height, h,, agrees very well with the measured
values. The reason the theory for balanced
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FiG. 4 Depth resolution dependency on TDR rod
diameter.
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(1-5)-

probes agrees well with the measurements per-
formed in the present study— with unbalanced
probes—is because the unbalanced character
probably does not have a major effect on the
relative sensitivity in the vertical dimension for
horizontally installed, unbalanced, two-rod
probes. In the horizontal plane, though, most of
the sensitivity resides in the vicinity of whichever
waveguide is connected to the central conductor.

153

This should be taken into account if probes are
installed in small scale laboratory setups with
short horizontal distances to, e.g., a column wall
or if probes are installed with the rods placed on
top of each other instead of next to each other,
even though this would be rather unusual.

The volume of influence will be asymmetric in
the vertical plane for both balanced and unbal-
anced probes for cases in which probes are
placed close to a surface. This effect can be illus-
trated clearly by placing a TDR-probe at the soil
surface, with half the diameter of the probe em-
bedded in soil and the other half in free air; a
determination of water content will not be 0.5
of a determination in which the probe is totally
embedded in soil. The measured water content
will instead be between 0.6 and 0.7 of an embed-
ded probe because the probe “weighs” the contri-
bution from the soil highest as a result of higher
impedance in air than in soil.

Knight et al. (1994) states the probe-design rule
that B/D should not be less than 0.1. We agree,
as mentioned above, that one should attempt to
have as large a rod diameter as possible com-
pared with rod spacing. In the case of laboratory
column experiments, one important option,
though, is to minimize the disturbance of the soil.
A small diameter (B) is thus desirable. We found
good determination of water content with B/D =
0.02, but we agree that the smaller this ratio, the
more caution should be taken during installation.
When a small volume of influence is desired (i.e.,
good depth resolution), D should be as small as
possible, which results in a higher B/D and subse-
quently less “skin-effect.”

Figure 6 illustrates an example of what can be
called the homogeneity of the energy distribution
around the TDR-probes. The solid lines arise
from Egs. (6), (2), and (3) and the symbols from
finding arithmetically the slope of the measured
S values at two consecutive (neighboring) mea-
surement points. This value is referred to an h
value in between h values of the two measure-
ment points. The shown data is for 15-cm rods
with a diameter of 0.2 cm and three different
spacings. Both data and theory show a fairly het-
erogeneous energy distribution, with a steep in-
crease in energy close to the probes correspond-
ing to the major part of the energy being located
closely around the probes. Again, a good
agreement between measured and calculated
curves is seen.

CONCLUSIONS

By careful design, small TDR probes can be
used in laboratory experiments where high reso-
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lution is required, especially when computer soft-
ware is used for analyzing TDR traces, making
measurements fast and accurate.

The sphere of influence around the TDR rods is
fairly independent of rod diameter (B) but highly
dependent on rod spacing (D). The smaller the
rod spacing, the higher the resolution and the
closer measurements can be made to the soil
surface. Good determination of water content
was found with B/D as small as 0.02.

For rod spacings of 1, 2, and 5 cm, measure-
ments were accurately made as close to the soil
surface as 1, 1.5, and 2 cm, respectively, which
is in excellent agreement with the theory pre-
sented by Knight et al. (1994).
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A SEMI-ANALYTICAL SOLUTION FOR ONE-DIMENSIONAL SOLUTE
TRANSPORT IN SOILS!

T. YAMAGUCHI? P. MOLDRUP,;? D. E. ROLSTON, anp L. W. PETERSEN®

Analytical solutions to the convection-
dispersion model (CDM) of solute transport
require linear reaction terms, strict initial
and boundary concentration conditions,
and are often complex to evaluate because
of the inherent mathematical functions.
We present a flexible and mathematically
very simple solution to the CDM at steady
water flow, labeled a semi-analytical (SA)
solution. The SA solution allows for non-
linear reaction terms, variable initial and
boundary conditions, and is based on the
recently presented moving concentration
slope (MCS) model for solute transport. To
derive the SA solution, a solute flux ap-
proximation at the upper boundary and a
small, constant depth increment of 0.5 ecm
are used, and two features of the MCS
model are exploited, i.e., an explicit,
depth-integrated flux equation is already
inherent in the model and all numerical
error and stability equations are unique
functions of the solute unit mean travel
distance (SUMTD). The SA solution con-
tains seven constants; one is the solute dis-
persivity, and the remaining six are func-
tions only of the SUMTD. Excellent agree-
ment between the SA solution and
ordinary analytical solutions to the CDM
was obtained. For variable boundary con-
ditions, the SA solution was also tested
against data for chloride transport in
sandy soil columns. Measured and calcu-
lated outlet concentrations compared well.
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The SA model allows for linear or nonlin-
ear reaction terms without increasing the
complexity of the solution. In the case of
nonlinear reactions, the SA model offers a
simple solution in situations where conven-
tional analytical solutions are not avail-
able. This was illustrated by successfully
comparing the SA solution, including a
Michaelis-Menten reaction term, with
measured data for simultaneous transport
and reduction of nitrate in porous media
columns.

Recently, we have presented a number of nu-
merically simple but accurate models for trans-
port processes in soil systems (Yamaguchi et al.
1992; Moldrup et al. 1989, 1992, 1993). Although
easy to program and apply, these models still
require the use of a traditional numerical cal-
culation procedure, i.e., with special concern
toward calculating the correct boundary fluxes
and continuous control of numerical stability.
In contrast, analytical solutions represent ex-
plicit functions to be solved directly but require
strict boundary and initial conditions and eval-
uation of fairly complex mathematical functions
(erfc, Bessel and others) that can represent
problems at certain combinations of parameter
values, time, and soil depth (van Genuchten
1985). Also, analytical solutions are not avail-
able in the case of nonlinear terms for adsorp-
tion, decay, and production.

The purpose of the present study was to derive
a flexible, semi-analytical solution for solute
transport, at steady water flow, that gives an
accurate solution, avoids the use of complex
mathematical functions, and allows for nonlin-
ear reaction terms and variable initial and
boundary solute concentrations. The derivation
was based on the Moving Concentration Slope
(MCS) solute transport model using the reason-
ing that i) all the numerical stability and error
terms for the MCS model are unique functions
of the pore-water velocity (u) times the time
increment (At) “regardless of the individual val-
ues of u and At” (Moldrup et al. 1992); ii)
numerical dispersion is efficiently removed in
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the MCS model; and iii) an explicit, depth-
integrated flux equation is already inherent in
the MCS model.

DERIVATION OF A SEMI-ANALYTICAL (SA)
SOLUTION

Solute transport and transformations are tra-
ditionally described by the convection-disper-
sion model (CDM), including a reaction term.
The governing flux and continuity equations in
case of steady water flow are, Eqgs. (1) and (2),

Pt B i i (1
az

dc ad

Fraair i @

where c is the solute concentration (mg L), J
is the solute flux (cm mg h™ L"), w is the pore-
water velocity (cm h™', assumed constant), D is
the dispersion coefficient (em? h™*, assumed con-
stant), ¢ is time (h), z is soil depth (cm) and S is
the solute removal rate (mg L™ h™").

The MCS solution of Moldrup et al. (1992) to
the CDM is shown in Egs. (3)-(5),

_ u Dnum
ivsae™ —(;rrm—_—l Y ) o
. (Ci-{-&z _C:} + U.C,l
Az At uAz
Doe=tig gt g 1 ~0 @)

At
csz = czr + (Jtz—\&éz = z+'--‘:Az)$ = S:lAt (5)

where D, is the numerical dispersion coeffi-
cient (cm?® h™!'), which corrects the model for the
artificial dispersion created by the calculation
scheme itself; At(h) is the time increment and
Az (cm) is the depth increment used in the
calculations; the superscript t denotes time, the
subscript z denotes depth (i.e., Jiv1/24- is the
solute flux on the grid boundary between the
consecutive calculation depths z and z + Az in
the soil profile); the power term (w/D)Az in Eq.
(3) is equal to the Peclet number; and Eq. (3)
represents the solute flux equation (Eq. (1))
integrated with respect to soil depth.

To enable the derivation of a simple, closed-
form solution, the solute flux at the soil surface
(z = 0) was approximated using Az instead of
1/2 Az in the first parenthesis of Eq. (3). Using
1/2 Az was proposed by Moldrup et al. (1992)

and corresponds to the distance between the soil
surface and the first calculation point within the
soil profile. However, both strategies are essen-
tially non-accurate due to the ever-occurring
upper boundary problem, i.e., the concentration
and flux calculation points are both placed at
the soil surface, which makes an approximation
of the flux (Eq. (3)) and continuity (Eq. (5))
calculations necessary if a numerical solution is
applied. Initial comparisons between the MCS
model (using the two different flux approxima-
tions) and analytical solutions to the CDM
showed that if Az < 0.5 cm, the herein suggested
flux approximation did not introduce significant
errors compared with the flux approximation of
Moldrup et al. (1992). Both MCS solutions
yielded an accumulated error in concentration
typically <1%, which was considered sufficiently
accurate for most applications.

Using this suggested flux approximation at
the soil surface, together with a small, constant
Az = 0.5 cm, and introducing the solute disper-
sivity () and the solute unit mean travel dis-
tance (®),

g = 5— (em), @& = uAt (cm) (8)

the combined Egs. (3)-(6) simply reduce to
e =g = 2 Be,t + 4P(0.56 — & — 28)c,f
+ 2®cio5 — 28(0.5 — @ ~ 28)ctgs

— 28(0.5 — & — 2B)ctios — SAL

1e.,

e = (@ + 29° + 4®P)cios
+ (1 — 48* — 88f8)c. (7)
+ (—"i’ + 2‘52 + 4¢B)C;+0_5 o S;lAt

where the time increment At must be chosen as
(cf. Eq. (6))

$
Bl (h) (8)

Writing Eq. (7) in closed form gives the follow-
ing expression for the solute concentration pro-
file after Npay time steps, i.e., after t = Ny, At
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= Npa: &/,
Neay Zmax
cllmnabt = NE 202 (K, + KB)eiNgi
=1 z=0.5
+ (Kat+ K B)c, N 9)

+ (Ks + Kof)ciliad™
o S,(N_“m-ﬂt]

K, =&+ 28

Kz = 4%

Ky =1 - 49°

K, = —8%

K5 = —¢ + 2‘1’2

Ky =49

where N[1,2,3, ..., Nm.] is an integer repre-

senting the time step number, each time step is
equal to ®/u (h), and 2 [0.5,1.0,1.5,..2,n,,] are the
soil distances (cm) under consideration. It is
noticed that Eq. (9) also provides the temporal
variation in solute concentration at any soil
distance under consideration. We label the new
solution semi-analytical (SA) because of the
summation terms in Eq. (9) that makes an eval-
uation from time ¢ = 0 necessary and, also, the
inherent integrated flux equation (Eq. (3)). The
latter is a parallel to the classical semi-analytical
(or quasi-analytical) solutions for water infiltra-
tion problems (e.g., Philip and Knight 1974;
Philip 1987).

Analytical solutions for simultaneous trans-
port and nonlinear transformations are not
available. Because of the separate reaction term
in Eq. (9), the SA solution can easily incorporate
any linear or nonlinear expressions for solute
transformations without making the solution
more complex. For example, in the case of a
solute undergoing first-order adsorption, decay
following Michaelis-Menten kinetics, and zero-
order production, the reaction term of Eq. (9)
simply becomes
S?(N—lj.n‘ At= (klcz(!\a‘—ll.\: (10)

Czlj\'r-ll.ﬁ{ @

M e
where, for the processes under consideration, &,
is the first order reaction rate coefficient (h™),
Umax 18 the maximum reaction rate (h™), K, is
the Michaelis-Menten coefficient (mg L"), and
ky is the zero order reaction rate coefficient (mg
L™ h™). Thus, any combination of linear and
nonlinear processes can be accommodated.

The lower soil depth (2..) to be used in Eq.
(9) should be chosen so the lower boundary is
placed sufficiently deep to avoid any effects on
the calculations. Based on our experiences, we
recommend choosing

s (2 + g)Nm,xu._\t
= (2 + B)®Npax

(11)
(cm)

where N,., u At represents the mean travel
distance of the solute front, the factor (2 +
D/u) represents a maximum additional travel
distance for some of the solute due to hydrody-
namic dispersion, and where u and D are in
units of cm h™ and cm? h™, respectively. In
cases of long-term or rapid flow simulations
where the z.., value cf. Eq. (11) would become
nonfeasibly large, a lower boundary condition of
Cio-05 = C5,. at a depth well outside the zone of
interest (e.g., Zmax = 300 ¢m for simulation of a
100 cm soil column) could conveniently be used
instead.

To use the SA solution (Eq. (9)), the initial
(ci*°) and boundary (c!-, and ci-,_) solute con-
centrations and the values of the solute disper-
sivity () need to be known a priori, and a value
of the solute unit mean travel distance (®) that
does not introduce instability in the calculations
must be chosen.

CHOICE OF ¢ VALUE

The value of ® to be used in Eq. (9) is chosen
on the basis of the three numerical stability
criteria for the MCS model (Moldrup et al.
1992),

Az gw/paz 1

Al < '; e__(“/D)A‘ 1 (12)
At
— < (), 13
uy 0.3 (13)
D
num 1
r—_D <9 (14)

Inserting Egs. (2) and (4) and Az = 0.5 cm in
Egs. (12)-(14) and rearranging yields

Criterion 1:

eD.b,’;.i =]

<08 G
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Criterion 2:

$ < 0.15 (16)

Criterion 3:

1 0.5
-2 < 5(0'25 + w78 = 1)
an

= I%(0.5@ +p8) <2

These three criteria must all be observed when
using the semi-analytical solution. Criterion 3
will normally be observed except in cases of very
small g values (<1 cm). This is seen by using
the series approximation for the exponential
function,

. 2w
e=l+;+§—!+§!'+z ..... (18)
in Criterion 3 yielding
0.25
8
. 1
¥ o (0.5/8)" , (0.5/8)* , (0.5/8)°
2! 3! 4
—0.5%—1(.2 (19)

which will always be fulfilled for small ¢ values
(we recall that & must be <0.15 cm, cf. Criterion
2) and 8 = 0.25 em. Hence, only for small 8
values (8 < 0.25 e¢m) is it necessary to insure
that Criterion 3 is observed.

0.25
Criterion 1
0.20 +
/Criterion 2

E 0.15 |7 A —
:
- 0.10 1

0.05 A

0 . / : 77
0 2 4 6 8 10

Dispersivity, 8 (cm)

F16. 1. Maximum allowable value of the solute unit
mean travel distance (®..) to be used in the semi-
analytical solution (Eq. (9)) according to the stability
criteria of Eqgs. (15) and (16). The shaded area repre-
sents ® values that ensure numerical stability.

Criteria 1 and 2 as functions of § are shown
in Fig. 1. Criterion 1 is the stricter criterion for
B8 > 0.8 cm. However, it is not convenient for
each transport experiment and, thus, for each
new 3 value to find the optimal & value from
Criteria 1 and 2 and then calculate the new
values of the six constants K,-K; to be used.
Instead, based on Criteria 1 and 2, Table 1 shows
recommended values of ® and K,-K; for differ-
ent § intervals. For example, if a number of
transport experiments are to be simulated and
B < 2.5 cm in all cases, a ® value of 0.05 cm and

TABLE 1
Recommended values of the solute unit mean travel distance (® = u At) and the corresponding values of the
constants K,-K; to be used in the semi-analytical selution (Eq. (9)) for different intervals of the solute
dispersivity (8 = D/u)

8 & K, K, Ks K, K Ks
cm cm
<1* 0.12 0.1488 0.48 0.9424 —-0.96 -0.0912 0.48
<1.5 0.08 0.0928 0.32 0.9744 —0.64 —0.0672 0.32
<2 0.06 0.0672 0.24 0.9856 -0.48 —0.0528 0.24
<25 0.05 0.0550 0.20 0.9900 —0.40 —0.0450 0.20
<3 0.04 0.0432 0.16 0.9936 —0.32 —-0.0368 0.16
<4 0.03 0.0318 0.12 0.9964 —0.24 —0.0282 0.12
<6 0.02 0.0208 0.08 0.9984 —0.16 —0.0192 0.08
<l12.5 0.01 0.0102 0.04 0.9996 —0.08 —0.0098 0.04

aFor # < 0.25 ¢cm, ® = 0.12 cm can be used only if Eq. (17) is observed. If Eq. (17) is not observed, a & value

< (.12 that observes Eq. (17) must be used instead.
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the corresponding values of K,-Kg can conven-
iently be used for all calculations.

TEST OF SA SOLUTION AT CONSTANT
CONCENTRATION BOUNDARY CONDITION

The semi-analytical solution was tested
against the analytical solution to the CDM of
solute transport by Lapidus and Amundson
(1952; also cf. Eq. (3) of Yamaguchi et al. 1989)
for the initial and boundary conditions,

0 =0;cto=200mg LY i, =0 (20)

Excellent agreement between the SA solution
(Eq. (9)) with S, = 0 and the solution of Lapidus
and Amundson (1952) was obtained for a wide
range of parameter values. Figure 2 shows an
example of one test using ¢ = 0.05 cm for two
different 8 values <2.5 cm (choice of & value cf.
Table 1).

For the same boundary conditions (Eq. (20))
and with various values of the first order reac-
tion rate coefficient (k;), the semi-analytical
solution with & = 0 and gma = 0 in Eq. (10) was
tested against the analytical solution of van
Genuchten (1985; also cf. Eq. (5) of Yamaguchi
et al. 1992). Also in this case, excellent agree-

Solute Concentration, ¢ (mg L™1)
0 50

100 150 200 250

301

40

Soil Depth, z (cm)

50
u=1.0cm h-!

60 -

o Semi-analytical solution
Analytical solution

F1G. 2. Test of the semi-analytical solution (Eq.
(9) with & = 0.05 cm) against an analytical solution.
Test conditions: Constant upper boundary condition
(cf. Eq. {20)).

ment was obtained for a wide range of k, values
{not shown).

TEST OF SA SOLUTION AT VARIABLE
CONCENTRATION BOUNDARY CONDITION

To illustrate the use of the semi-analytical
solution and, also, test it for variable upper
boundary conditions, the solution with S.' =
was compared with

1) a data set for chloride transport in an unsat-
urated, sandy soil from Hiroshima, Japan
(packed column, 20 cm in diameter and 50
cm in length, temperature T = 10°C) used in
the study of Yamaguchi et al. (1994, manu-
script submitted);

2) data for chloride transport in an unsaturated,
sandy soil from Jyndevad (Southern Jut-
land), Denmark (packed columns, 6.75 ¢cm in
diameter and 50 c¢m in length, temperature
T = 30°C) measured during this study;

3) the analytical solution of Lapidus and
Amundson (1952) modified for a quasi-sta-
tionary input function corresponding to the
upper boundary condition of the column ex-
periments (cf. Egs. (21) and (22)).

The experimental conditions and the physical
and chemical properties of the Hiroshima coarse
sand (texture: <0.1% organic matter, 0.8% clay
and silt, and 99.2% sand) were given by Yama-
guchi et al. (1990, 1994). The soil-water content
during steady-state flow was 0.31 cm® ¢em™, The
pore-water velocity (u = 3.2 em h™') and the
dispersion coefficient (D = 3.1 cm?® h™) were
simultaneously estimated from the solute break-
through curve (for z = 50 cm and ¢ < 30 h) by
the method of Yamaguchi et al. (1989). Hence,
the solute dispersivity 8 = D/u = 0.97 cm. The
experiment was performed under the initial and
boundary conditions

el?=0
ctao=c, =400 mgchloride ! t=43h ©21)
Ctag=0 t>43h

Crazg =0

Three replicate, rapid infiltration experi-
ments with the Jyndevad sand (packed homo-
geneously to a bulk density of 1.4 g cm™) were
carried out according to the procedure described
by van Genuchten and Wierenga (1986). The
Jyndevad sand (texture: 4% organic matter, 8%
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clay and silt, and 88% sand) was the same as
used in the soil-water sorptivity study of Mold-
rup et al. (1994). The soil-water content during
steady-state flow was 0.30 cm® em ™. The pore-
water velocity (w = 7.6 cm h™') and the disper-
sivity (8 = 0.8 cm) were obtained by fitting the
semi-analytical solution (Eq. (9)) to the first of
the three measured solute breakthrough curves
(i.e., for z = 50 cm and ¢ < 12 h; Column no. 1
in Fig. 4) by conventional least mean squares
technique. The three experiments were per-
formed under the initial and boundary condi-
tions

e0=0
ci-o=cs="T700mgchlorideL™'t<9.17h (22)
cto=0 t>9.17h

Cis =0

As can be seen from Fig. 3 (Hiroshima sandy
soil}) and Fig. 4 (Jyndevad sandy soil), good
agreement was obtained between the measured
data and the semi-analytical solution (Eq. (9)
with & = 0.12 equal to the recommended ¢ value

1.2

Hiroshima
Sandy Soil

u=3.2cmh!
£=0.97T cm

1.0 ¢

©
o

Relative Solute Concentratiion
C/Cs
o
(o]

02 T

0 + + + +
0 20 40 60 80 100
Time, t (h)
o Measured

Semi-analytical solution
Analytical solution

Fic. 3. Test of the semi-analytical solution (Eq.
(9) with ¢ = 0.12 cm) against an analytical solution
and measured data for solute transport in a coarse
sandy soil. Test conditions: Variable upper boundary
condition (cf. Eq. (21)).

1.2

Jyndevad
Sandy Soil

e/cy
& £ o =
'S ) @ =}

Relative Solute Concentratiion

=
]

Time, t (h)

o Measured, column 1

o Measured, column 2

A Measured, column 3
Semi-analytical solution
Analytical solution

FiG. 4. Test of the semi-analytical solution (Eq.
(9) with ¢ = 0.12 ¢m) against an analytical solution
and measured data for solute transport in a sandy soil.
Test conditions: Variable upper boundary condition
(cf. Eq. (22)).

in Table 1 for 8 < 1 em). The CDM is not able
to simulate the tailing of the solute “breakdown
curves,” most pronounced for the Hiroshima
sandy soil (¢ > 60 h). The discrepancies are
probably due to a small amount of immobile
water that can be present even in a sandy soil
(Wierenga and van Genuchten 1989). The SA
solution and the modified analytical solution of
Lapidus and Amundson (1952) are in practice
identical (cf. Figs. (3) and (4)).

EXAMPLE OF MODEL USE: SIMULTANEOUS
TRANSPORT AND REDUCTION OF NITRATE IN
POROUS MEDIA COLUMNS

The SA solution was used to describe data for
rapid, continuous leaching of nitrate through
water-saturated porous media columns at steady
water flow, presented in Yamaguchi et al. (1990).
The purpose of this example is to illustrate the
possible application of the SA solution for a
transport problem where an ordinary analytical
solution is not available. It was therefore as-
sumed that the nitrate reduction (denitrifica-
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tion) in the columns could be described by non-
linear, Michaelis-Menten kinetics correspond-
ing to using Eq. (10), with &, and k&, both equal
to zero.

The column set-up and materials and methods
for the experiments were described in detail by
Yamaguchi et al. (1990) and will only briefly be
presented here. Two column experiments
(packed columns, 20 ¢cm in diameter, 60 cm in
length) were considered. The porous media used
was 98% Hiroshima weathered granitic rock
mixed with 2% finely textured agricultural soil
(41% clay and silt). Inlet nitrate concentrations
of ¢, = 20 and 40 mg N L, respectively, were
applied. The temperature was 10°C for both
experiments. The constant u and D values (Fig.
5) were estimated from breakthrough curve ex-
periments using the parameter estimation meth-
ods of Yamaguchi et al. (1989). The experiments
were carried out under noncarbon-limiting con-
ditions by adding sufficient amounts of metha-
nol (to obtain a C/N ratio >1). Only the meas-
ured nitrate profiles in the top half of the col-
umns (z < 30 cm) were considered in the present
study since different reduction kinetics were
seen in the top and bottom half of the columns
(Yamaguchi et al. 1990).

The data material did not suffice to simulta-
neously estimate K, and pm., in the Michaelis-
Menten term. Therefore, a tentative K,, value
of 168 mg L' was used equal to the K, value
for a similar type of experiment (fine sand,
glucose added) estimated by Bowman and Focht
(1974). Assuming K,, = 168 mg L', the SA
solution was fitted to the measured steady-state
nitrate profiles using pm.x @s the only fitting

F1G. 5. The semi-analyti-
cal solution including a Mi-

chaelis-Menten reaction term 10

ROLSTON, AND PETERSEN

parameter. Initial and boundary conditions were
(23)

Simulated, steady-state profiles were obtained
using Npax = 2000 in Eq. (9) for both columns.
Fitted pmax values were umex = 21 h™ for ¢, = 20
mg N L™ (Fig. 5a) and pmex = 4.5 h™" for ¢ = 40
mg N L™ (Fig. 5b). Figure 5 also shows the
effect of varying K,, (Fig. 5a) and un. (Fig. 5b).
Assuming the same K, value for both experi-
‘ments, the lower pm.. value (4.6 h™) estimated
for the highest inlet N concentration (40 mg
L") indicates that the high inlet N concentra-
tion combined with the very high water appli-
cation rate (rapid infiltration) resulted in a
higher N application than the denitrifying mi-
croorganisms were able to use optimally at this
low temperature (10°C).

t=0 5 o v b Py
¢’ =0; Cimo = Cs} Cimsp,, = 0

CONCLUSIONS

The proposed semi-analytical solution to the
convection-dispersion model of solute transport
is able to correctly simulate one-dimensional
solute transport during steady water for both
constant and variable concentration boundary
conditions. Advantages/disadvantages of the SA
solution compared to traditional analytical so-
lutions are,

Advantages:

« The SA solution is very simple to program
and evaluate (cf. Egs. (9) and (10)).

« The SA solution allows for highly variable
initial and boundary conditions (no re-
strictions on the variation of ¢,'=0 and

Nitrate Concentration, ¢ (mg N L™%)

15 20 25 Q 10 20 30 50

used on data from two contin-
uous nitrate leaching experi-
ments. Measured, steady-state
NO;-N profiles together with
calculated steady-state pro-
files for different values of the
kinetic parameters K, and
Hmax are shown. Remaining pa-
rameter values: (a) ¢, = 20 mg
NO»NL Y Lu=29cmh™ 8

Soil Depth, z (cm)

Hpe=21 071

Ku=168 mg L-!

Q

| Hmx=40h")

101

20+

Ke=500 mg L-1

301

HBmux=21h7}

Kw=1688 mg L-!

= 2.41 ¢m, and ® = 0.05 cm;
(b) e, =40mg NO3-NL ™, u=
21cmh™, 8=2.0cm, and &
= 0.05 cm.

40

O Measured (Yamaguchi et al. 1990)

Semi-analytical solution
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Ci=o) and linear or nonlinear sink/source
terms without making the solution more
complex. In the cases of nonlinear reac-
tion terms, i.e., situations where analyti-
cal solutions are not available, the simple
SA solution represents a convenient alter-
native to using conventional numerical
solutions.

Disadvantages:

+ The SA solution often requires more com-
puter time since the summation terms in
Eq. (9) must be evaluated from time ¢ =
0. However, all tests carried out were per-
formed in less than a minute on a 486
computer. The quick progress within rel-
atively cheaper and more rapid personal
computers makes the question about com-
puter time less important compared with
just a few years ago.
An accumulated error of typically 0-1%
in solute concentration compared with the
traditional analytical solutions is intro-
duced when using the SA solution. How-
ever, this is acceptable for most purposes.
Thus, the proposed semi-analytical solu-
tion (Eq. (9)) to the CDM in many ways builds
a bridge between the traditional analytical
and numerical solutions by combining the
good qualities of both, i.e. the functional sim-
plicity of an analytical solution with the flex-
ibility of a numerical solution. The SA solu-
tion seems a good alternative to existing so-
lutions to the CDM, especially in cases of
nonlinear sink/source terms and variable ini-
tial and boundary conditions.
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