ABSTRACT

As inmscible organic contamnants migrate through the subsurface environnment, a
significant portion of non-agueous phase hquids (NAPL's) is trapped by capillary forces
and remains in the subsurface as i mobile blobs or ganglia. Residual saturations of NAPL
on the order of 0 - 30 percent have been observed in saturated subsurface systens. The
NAPL can partition into the aqueous phase and serve as a |ong-termsource of groundwater
contamnation. NAPL- aqueous mass transfer rates inmpact the distribution and the rate
of movenent of the contam nant within the subsurface. The mass transfer coefficient is a

function of many variables including aqueous phase velocity and NAPL-aqueous interfacia

One- di mensi onal col umm experinents were performed in which the NAPL (tol uene)
Isinitially at residual saturation while the velocity of the aqueous-phase flow through the
porous media (glass heads) is varied. Mass-transfer rates are quantified for the NAPL-
agueous phase systemas a function of aqueous- phase velocity, porous media size, and
percent NAPL saturation. Aqueous-phase velocities in the range of 0.1 to 35 md and
NAPL saturations in the range of 2.5 to 21 percent are studied. The results of colum
experinments are shown in dimensionless form and criteria are derived that show where the
assunption of equilibriumbetween the NAPL and aqueous phase is appropriate. Initial
solubility and mass transfer experiments were performed to determne the effect of humc
acid and a cosol vent (ethanol) on NAPL-aqueous solubility and nass transfer characteris-
tics.

The results of this research indicate that the rate of NAPL-aqueous interphase mass
transfer increases as a function of increasing aqueous phase velocity and percent NAPL
saturation. The data indicates that NAPL-aqueous equilibriumis a valid assunption under
the experinmental conditions addressed in this study.
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1 | nt roducti on

1.1 Background

In the United States groundwater has become one of our nost valuable natural re-
sources. Goundwater supplies 25 percent of our nation's domestic, agricultural and in-
dustrial water and approximately 50 percent of our popul ation's drinking water (DriscoU
1986). Reliance on groundwater has increased greatly in past decades as our population
has shifted to areas where surface water is not an abundant or reliable water source

As our reliance on groundwater has increased, so too has our concern for groundwater
quality. The United States Environmental Protection Agency considers groundwater pollu-
tionto be a myjor environmental issue in the 1980's (Hoag et al., 1986). Recent Iegislation
including the Conprehensive Environmental Response, Conpensation, and Liability Act
(CERCLA) and the Resource Conservation and Recovery Act (RCRA), has focused on
groundwat er contam nation and remediation. Efforts have been made to greatly increase
expenditures on site investigations, groundwater monitoring, and remediation. Despite
these efforts to address groundwater contamination, it has been estimted that approxi-
mately one percent of all groundwater in the United States is currently contamnated and
that further contamination will continue into the next decade (Hoag et al., 1986, Clark et
al, 1988).

The need for better protection of our groundwater and for effective remediation tech-
nologies is evident. Presently there are few documented techniques for aquifer restoration
and there have been no exanples of successful cleanups reported (Hvnt et al, 1988h).
Common renedi ation methods, such as "punp and treat" techniques, have proven to be
very expensive due to slow dissolution rates of organic conpounds. O eanup costs for a

single contamnated aquifer may cost as much as |Os of mllions of dollars and the actua
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remedation may take decades to conplete (MacKay et al., 1989).

Threats to groundwater quality include point sources fromvarious industries as well
as non-point sources associated with agricultural pesticides and fertilizers. The nost fre-
quently occurring and nmost persistent contamnants found in groundwater are immscible,
organi ¢ conpounds (MacKay et al., 1989). These conpounds are nost conmmonly found
inthe formof industrial solvents and aromatic hydrocarbons fromthe petroleumindustry.
Mbst groundwater contamination of this type is caused by |eakage from underground stor-
age tanks (UST) and associated piping. It has been estimated that as of 1986, as many as
100,000 UST's in the United States were |eaking (Hoag et al., 1986).

G oundwat er contaminated with partially-mscible organic conpounds poses a par-
ticularly challenging problemwth regard to containment and renediation. The tine for
conpl ete dissolution of such fluids into the groundwater is extremely [ong due to | ow ague-
ous solubilities of these organics (typically on the order of hundreds of parts per mllion).
Therefore, small volumes of a contamnant have the potential to pollute |arge quantities
of flowng groundwater. Furthernore, drinking water quality standards for many organic
contamnants require concentrations of less than 5-10 parts per billion, substantially |ess

than the aqueous solubilities of many organi ¢ conpounds.

As an organic contamnant is introduced into the subsurface, it will mgrate downward
under the influence of gravity. As a NAPL (Non-Aqueous Phase Liquid) noves through
the unsaturated zone, a portion of the contamnant will be retained within the pores by
capillary forces. This imobile NAPL is referred to as residual saturation. The extent
of residual saturation left behind is a function of the pore distribution of the media, and
the surface tension of the NAPL. If the volume of the contamnant spill is sufficiently
large, the NAPL will eventually reach the water table. A lowdensity (less than water)
solute (Figure 1 —1) will tend to spread |aterally above the table creating a "pool" or
"l'ens" of NAPL. Variations in the groundwater |evel, due to seasonal rechcurge, can carry a

NAPL deeper into the aquifer, creating a zone of residual saturation within the saturated
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zone. Wlson et al. (1986) report that the saturated zone has the potential to retain nore
hydrocarbons than the unsaturated zone due to the | esser magnitude of gravitational forces

in the saturated zone.

As a DNAPL (Dense Non- Aqueous Phase Liquid), shown in schematic formby Figure
1-2, reaches the water table, it will continue to mgrate downward into the saturated zone
leaving a region of residual saturation behind. Assuming that the spill is sufficiently large
the DNAPL will eventually be retarded by a region of |ow hydraulic conductivity. Here
the DNAPL can accunulate and forma pool, displacing the normal flow of groindwater.
In both the case of low and high density contam nants, the residual saturation and the
NAPL pool created will serve as a source of contam nation

Once the contaminant is introduced into the subsurface, a nultiphase systemexists
that consists of an agueous phase, a solid phase, a vapor phase, and a non-aqueous phase
Wthin this nultiphase system a conplex series of interphase mass transfer processes
occurs and with tinme the contamnant will exist in all phases

In the unsaturated zone, the solute can transfer fromthe non-aqueous phase, present
as residual saturation, to the vapor phase, to the solid phase or to the aqueous phase.
Once present in the vapor phase, contaninant transport may occur by nolecul ar diffusion
advection, and dispersion. The solute can also be transported to the groundwater via
i nterphase mass transfer fromthe non-aqueous phase or solid phase to percolating water,
which can originate fromnatural recharge or infiltration. Sorption of the solute to the
porous media will retard the transport of contam nant as the solute is released back into
the systemat a relatively slowrate

In the saturated zone, the solute can undergo interphase mass transfer fromthe non-
aqueous phase, present as residual saturation and/or as a pool of NAPL, to the flow ng
groundwat er. Once dissolved in the groundwater, the contamnant is transported through
the aquifer by advection and hydrodynam ¢ dispersion. As in the unsaturated zone, sorp-

tionin this region can also serve to retard contamnant transport.
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Mat hemati cal model s have been devel oped that describe multiphase flow and trans-
port of organic chemcal contamnants in the subsurface (Abriola, 1988). These nodels
are an inportant tool for predicting the movement of contamnants in the subsurface as
wel | as for assessing aquifer remediation efforts. An inportant assunption in many of the
publ i shed multiphase models is that of local equilibriumbetween fluid phases (Abriola et
al., 1985; Corapcioglu et al., 1987). The local equilibriumassunption inplies that equilib-
riumexists between phases at all [ocations and at all times. While the assunption of |oca
equilibriumis comonly made in mltiphase nodeling, there is [ittle experimental or field
data to suggest that this assunption is valid (Pfannkuch, 1984; Abriola, 1988). Further-
more, while chemical engineering literature describes numerous mass transfer processes,

there has been little focus on mass transfer in porous nmedia

1.2 Research Objectives

Thi's study focuses on interphase mass transfer between the aqueous phase and the
non-aqueous phase in a saturated, nultiphase porous media. The objective of this work
Is togainaaqualitative and quantitative understanding of the fundamental nature of the
I nterphase mass transfer process through |aboratory investigations. Mre specifically, the
study is aimed at determning if and under what conditions the assunption of interphase
local equilibriumis valid. The experiments focus on the relationship between mass transfer
and four specific systemparaneters: velocity, media size, fluid saturation, and sol vent
characteristics. The findings of this study will lead to better understanding and nore

accurate modeling of contamnant transport in the subsurface.
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2  Background

2.1 Miltiphase Flow Equations

Many subsurface contam nant problems result in nultiphase systens. Mathenatica
descriptions of nultiphase systems have been devel oped in the literature and aid in the
under standi ng of contamnant transport and fate in such systens.

The equations governing nul tiphase flow can be devel oped from mass and monent um
ljalance equations. The mass bal ance equation for a given species, i, in a single phase, rv,
can be used as a starting point upon which to devel op multiphase flow equations (Abriola,

1988). The equation is given as

VTR # VL TR # Ve O = 4 (2)

where v'* is the mass average velocity of the a pha.se, uf is the mass fraction of species i in
the a phase, e" is the fraction of volume occupied by the a phase, p" is the mass density
of the a phase, Jf is the non-advective flux of species i in the a phase, @ is the mass
transfer of species i due to Interphase diffusion or phase change, and Rf is an externa
source term

The first termof 2-1 accounts for the accunulation of species i in the a phase. The
second termaccounts for the movenent of species i due to advection of the a phase
The third termrepresents the novement of species i due to non-advective effects such as
mechani cal dispersion and nol ecular diffusion. The first termon the right hand side of the
equation takes into account interphase inass transfer and the second termaccounts for a
change in mass due to chemcal reaction and/or biological transformation. Based on 2-1

a mathematical description can be derived for fluid flow or contam nant transport for any
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nul ti conponent, multi phase system

Figure 2 —1 depicts the classification of subsurface water. The subsurface can generally
be divided into two areas: the vadose zone and the saturated zone. In the vadose zone
water tends to nove downward under the influence of gravity. However, a significant
volume of water is retained in the interstitial pores of the solid media due to molecul ar
attraction and capillary forces. The vadose zone is also referred to as the unsaturated zone
since the void spaces in the porous nedia are only partially water-saturated, although
the capillary region of the vadose zone, directly above the water table, can be conpletely
saturated. The saturated zone is the region below the water table in which the pore spaces
of the soil are conpletely water-saturated.

Consi der the cross-section of a porous media shown in Figure 2 —2. This is a typica
characterization of a contamnated groundwater site. Four phases are shown: a porous
medi a phase (s), an aqueous phase (a), a vapor phase (v), and a NAPL phase (n). Typically,
the NAPL phase is a multiconponent contamnant. In order to describe the interphase
mass transfer and transport of a contam nant conponent within the entire system it is
convenient to wite a species mass balance for the contamnant of interest, i, for each phase

a.

For a component, i, in the aqueous phase, a, the fol lowing mass bal ance can be witten

A(pheau::) + Voo (peb,viiupr) -h VEJAN = QN+ R (2-2)

Simlarly, for the vapor, NAPL, and soHd phases the fol | owing equations can be written

M) Y%;r) + v, (['6.,w) +v-]r =gr + M (2-3)

- ip"(,uin + Ve (ple,wWu) +V. J" =Q: + R (2-4)
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- (p''e,a,'n + Ve (ph6,VV) + Ve N = + H (2-5)

For a nulticonmponent system phase mass bal ance equations nmust be witten for each
conponent. In order to describe the transport of a conponent i within the system the
mass bal ance equations for each phase must be sol ved sinmul taneously.

The general formof equations 2-2 to 2-5 can be reduced to describe nultiphase flowin
the phreatic or saturated zone. The vapor phase equation 2-3 can be conpletely elim nated
since the vapor phase is not present in the saturated zone

If the solid phase is considered to be immobile, the advective termof the solid phase
equation 2-5 may be elimnated. For a systemin which the sorption of the contan nant
onto the solid phase is considered to be negligible, the solid phase terms for interphase mass
transfer, diffusion, accunulation, and external sources are zero. Effectively, the entire solid
phase equation is elimnated

Consi der the aqueous phase equation 2-2. If the contamnant i is considered to be
chemcal 'y and biologi cal |y nonreactive, the last termof the aqueous phase equation is

zero and the equation can be sinplified to

- ipreaujt) + V. (/,V,vV'n + Va JA = Q (2-6)

The first termof 2-6 accounts for the accumul ation of conponent i in the agueous phase
The second and third terms account for the advective and dispersive novenent of i in
the aqueous phase, respectively. The termon the right side of the equation accounts for
I nterphase mass transfer of i to the aqueous phase

Consi der the NAPL phase equation 2-4. |f the NAPL phase is assiuned to be a pvue
phase of conponent ?, the diffusion termis zero. If the NAPL phase i s considered to be at
residual saturation, the phase is inmobile and the advective termof the NAPL phase can

be elimnated. Furthermore, if the contaminant i is chenically and biologically nonreactive
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and in the absence of external sources i?" is zero. For a single conponent NAPL phase
uji = 1. Incorporating all of these assunptions, the general formof the nultiphase equation

for the NAPL pha.se reduces to

"(p"6,) = (?r (2-7)

Equation 2-7 states that the change in mass of the NAPL phase is due solely to interphase
mass transport.

Thus far, the multiphase system has been sinplified to an aqueous and a NAPL
equation, 2-6 and 2-7. Neglecting all other sources of i, Q represents mass gained or |ost
to interphase transfer. It is evident that interphase mass transfer in this systemoccurs
sol ely between the aqueous and NAPL phases. Fromthe concept of conservation of mass,
the mass of contamnant i transferred to the aqueous phase nust equal to the mass of

transferred fromthe NAPL phase. Mathematically this can be expressed as

Q1L = - O Cc2- s)

A constitutive expression to describe this interphase mass tran.sfcr termis required. In
order to develop a description of mass transfer processes, it is often necessary to make
fundanent al assunptions about the nechani sms of mass transfer and about the hydro-
dynam ¢ conditions near the phase interface. Miltiphase mass transfer nmodel s generally
assume that the resistance to mass transfer is confined largely to a thin region adjacent
to the phase interface (Sherwood et al., 1975). Resistance is defined as the ratio of the
gradient of the potential to mass fiux. The potential gradient serves as the driving force
for mass transfer and is nost often expressed as a concentration gradient. Concentration is
considered to be a reasonabl e measure of potential since the ma.ss flux approaches zero as
the phase concentrations equalize and concentration i s usually a known system pararmeter

(Sherwood et al., 1975).
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These nodel s frequently enploy a mass transfer coefficient that is defined as the
ratio of mass flux to potential or one over a resistance. It follows that the rate of mass
transfer is directly proportional to the mass transfer coefficient. This resistance type
conceptual interphase mass transfer model is frequently cited inthe literature and can be
mat hemat i cal |y described as (Sherwood, 1975; Hunt, 198Sh)

Ji =" KL(AG ) (2-9)

where Ji is the neiss flux (ML"-T) of species i across the phase boundary in the direction
of the concentration gradient, Ki is the mass tran.sfer coefficient with units of Iength per
time, and AC, is the difference in concentration across the phase interphase

I'n order to incorporate 2-9 into the multiphase equations, it is necessary to express
AG in terms of each single phase. This can be acconplished by incorporating stagnant
filmtheory. Filmtheory assumes that there is no resistance to mass transfer at the phase
interface. Based on boundary layer theory, the velocity of each phase is assumed to be
zero at the phase interface. Therefore, it is as.sumed that equilibriumexists at the phase
boundary and that the concentration at this location is equal to the aqueous solubility of
the NAPL. Based on this assunption, equation 2-9 can be written to describe interphase

mass transfer of species i to the aqueous phase

J: = KiACr-Cct) (2-10)

where C* is the aqueous sol ubiHy of species t, C' is the concentration of i in the agueous
phase. It is evident fromthe defiiaition of the concentration of species i in the a phase

that C' = p"ul”- Substituting this expression into 2-10 yields

IJN=Ki Ap' "u;r-p'"'u:t) (2-11)
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1M where ujf* is the equilibriummass fraction of species i in the a phase
I'n order to preserve dimensional consistency, equation 2-11 must be nultiplied by
the volume fraction of the appropriate phase and the specific surface area, a. Specific
surface area is defined as the interfacial surface area over the total volune of the phase
and has units of inverse length. Substituting this interphase mass transfer expression into

the multiphase aqueous equation 2 —6 as a source termyields

- (le,u;n + Voo (pheMviAut) + Ve J» = Ahae® (Ju- - p'utt) (2-12)

The sign convention used inplies that mass is transferred fromthe NAPL phase to the
agueous Phhas e . —

Based on the conservation of mass, the mass of i gained by the aqueous phase nust
equal the mass of i lost by the NAPL phase. Mathematically this can be expressed by

incorporating 2-11 into the multiphase NAPL equation 2-8 to give

-i p-en)~-KLaea(p''ur-p' ") (2-13)

The aqueous solubility of i can be expressed in terms of the NAPL phase by the use of a

partition coefficient Hwhere

H = ~-~ (2-14)

Substituting 2-14 into 2-13 yields

M(1L'6,) = -Klaea {Hp-u - pMut) (2-15)

For a pure phase NAPL, u;]* = 1. Therefore

2-8
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-(Ne,) = -/Juae,(frp"-pV) (2-16)

Equations 2-12 and 2- 16 can be sol ved sinultaneously to describe the transport of con-

tanminant i in the system

I'n order to solve these equations, an expression for the mass average velocity of the
agueous phase nust he obtained. Darcy's |aw provides an expression for velocity and has
been used extensively in the literature to nodel nultiphase flow (Abriola, 1985). Darcy's

law for a single fluid phase is given as (Bear. 1979)

-Kgrad (* + ~~) (2-17)

where v" is the fluid phase velocity, Kis the hydraulic conductivity tensor, P' is the fluid
phase thermodynam ¢ pressure, g is the acceleration due to gravity, and z is the elevation

head. Based on enpirical data, it has been determned that K can be expressed as (Bear
1979)

K = ~AAAR (2-1S)

where k™ is the intrinsic permeability, ;<, is the fluid dynamc viscosity.
For a multiphase fluid systemthe application of Darcy's Lciw becomes more comn

plex. Based on experimental data, a nodified Darcy's Law has ])cen devel oped which

incorporates a relative permeability finction. A-Va

"_}(V\agb,,g (V+-~) (2-19)

wher e
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k ,--

The relative perneability of a fluidis a finction of the fluid saturation which in-turnis
a function of the flviid pressure and the saturation history of the system The larger the
portion of porous media occupied by the fluid, the greater the relative perneability. It
shoul d be noted that the intrinsic permeability, k, is usually assumed to be solely a function
of the solid matrix and independent of fluid properties.

Substituting the mass average velocity expression into the aqueous phase equation

2-12, the following is obtained

/\(p" 6,,&; n-V- grad (P»+p-5r) + V-J? = KLGiea (Hp" - p-uf) (2-20)

The J" termis the non-advective flux of species i in the aqueous phase. This term accounts
for the motion of species i due to nolecular diffusion and nechanical dispersion and is

usual Iy characterized by Pick's First Law (Abriola, 1988)

J = -pMeaB'2 W (2-21)

where D' is a second rank dispersion tensor and is d(>fined as

D' = D' + or (2-22)

where D is a mechanical dispersion tensor and D'** is the effective nolecular diffusion
tensor for species i in the a phase. The dispersion tensor accounts for hydrodynam ¢

di spersion in the systemor novenent of the solute due to effects other than advection.

Hydr odynami ¢ dispersion is due to two phenomena: nechanical dispersion, and nol ecul ar

di f f usi on.
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4+

Mechani cal dispersion can be viewed as a mcroscopic process caused by three mech-
anisms: differential drag exerted on the fluid by the pore surfaces, differential nolecular
velocities due to differences in pore sizes along the flow path, and dispersion due to tortu-
osity and branching effects (Freeze and Cherry, 1979). A general formof the nechanical

di spersion tensor can be witten as

Dij =arv'"Si| +(aL - ar) -™v" + D (2-23)

where D,j is the ij termof the dispersion tensor, v is the average magnitude of the a phase
velocity, a/, is the longitudinal dispersivity, ot is the transverse dispersivity, and 8ij is the
Kronecker delta function {Sij =1 for i =) and Sij —0 for i *j).

Incorporating Fick's Lawinto 2-20 gives

5J (."..-?)-V p-eaujt-"grid (P "+p'fgz) Ve (fe,D" ¢ Va,") = (22

/vLa6, (ifp"-pV)

The saturation of a phase a, Sa, is defined as the volume fraction of the phase a to
the nedia void space. Thus, by definition e* = San. Substituting this relationship and

C' —p®ojf into the nultiphase equations 2-15 and 2-24 yiel ds

-(5,nCf) - V- -V-(5,nD»VC?) = KiaSaTiiCr - Cf)
(2-25)
(ﬂ—{nSnp") = -KLaSan{ Hp" - ) (2-20)

Assuming that p" and n are constant with time leads to
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Lisaay-v (Sgrad (PA +p'hgz) - ve (saprvor) = Kiasa (O - On
(2-27)

p"A = -K[.aSa(Hp"- n (2-29)

Simplifying 2-27 to one-dimensional flowin the x direction yields

dt AATAT A dX JaG "'P'a"'T“O!('A + P 9~) dx \ " N dx KLaSai Cr - Cf)
(2-29)

The aqueous phase fluid properties are assumed to remain constant despite the transfer
of contaminant i into the aqueous phase. Equation 2-29 is referred to as the advective-
di spersive-reactive equation and can be sol ved sinultaneously with the NAPL phase equa-
tion 2-28 to describe the transport of species i in the system

Simplifying the aqueous velocity termin 2-29, assinning a uniform NAPL saturation

along a:, and dropping the phase superscript a and the species subscript i yields

A(SHC) = -Vt + D, S,,A + KSa {U - C) (2-30)

Note that K = K*a where Kis a mass transfer coefficient with units of inverse tine.

Assumi ng that the agueous and NAPL saturations are constant with time yields

dC dC drC

dt |: _d)\(/’ 1 /\+/\p; dxu/\ + K{ Ck = C) (2' 31)

Note that the NAPL phase equation 2-28 goes to zero with this assunption. The steady-
state anal ytical solution to 2-31 can be derived using Laplace transformtion methods and

IS given as
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"X(V,-{vl +4KDr) ")

CGx) =C 1 —exp b (2-32)
Rearranging to solve for the mass transfer coefficient A yields
n(l-§8.)]"
‘ n(l-SE. -
41 >,

2.2 Mass Transfer Processes

I ntroduction

Mass transfer phenomena in multiphase systems are difficult to describe. Conditions
near the phase interface are often unknown and are difficult to observe experinentally
(Sherwood et al., 1975). It is therefore convenient to devel op mathematical nodels of the
mass transfer process. These nodels aid in the conceptual understcuiding of the process
and can generate quantitative information about the system The degree to which the

nodel describes the physical systemis an indication of the appropriateness of the nodel

Mass Transfers Model s

The conpl exity of multiphase mass transfer processes is conpoinded in the subsurface
by the physical media. Flow through porous media involves conplicated geonetries and the
hydrodynam cs of the systemis conplex and difficult to characterize. A logical approach
to describing mass transfer in porous nedia, therefore, is to begin by characterizing mass
transfer in sinpler, well-defined systens.

Mst of the experinental and theoretical devel opment of interphase mass transfer
processes has been made in the field of chemcal engineering. Al'though many of the
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model s have been directed toward gas-liquid and solid-liquid systens, much of the theory

can be applied to liquid- hquid systems (Pfannkuch, 1984a).

Fi | m Theory

Stagnant filmtheory was first proposed by Nernst in 1904 (Sherwood et al., 1975).
This theory assumes that there is a single resistance to mass transfer at the phase boundary.
Resistance is nodel ed as a stagnant filmlayer that is adjacent to the phase interface. This
sinplified conceptual model is derived fromfluid mechanics in that as a fluid flows over
a phase boundary, the velocity at the boundary approaches zero. Due to the absence of
advective flow, the dom nant nmechanismfor mass transport within the filmis nolecul ar
dif f usi on

Consi der the mass transport of fluid -4. into fluid B (Figure 2 —3a). The flux of mass

through the filmcan be described using Pick's Law of diffusion

Jarnd/rt' AT A (2-34)

where Ja is the flux of mass Ainto fluid B, Dab is the nolecular diffusion of a dilute
solution of fluid Ainfluid B, C isthe solubility of AinB, Cais the concentration of A
inthe bulk fluid B and 8 is the filmthickness. An inportant condition is this model is

that the two phases are zissumed to be at equihbriumat the interphase. Equation 2-34

can be witten as

Ja=KL{Cra-Ca) (2-35)

wher e

KI. = ~ (2-36)

\%
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[v'f, is the mass transfer coefficient for the systemand Is defined as the ratio of mass flux
to the potential difference or driving force and has units of length per tine.

It is evident that the mass transfer coefficient and hence the rate of mass transfer is
inversely related to the filmthickness, S, and is directly related to the nolecular diffusion,

Dab- Although the filmthickness is enployed in the nodel, it is difficult to obtain such a
measurenent in most systems. Filmthickness, however, is a function of the flow conditions

and can be characterized by the Reynolds Number, lie

where u* is velocity, [ is the characteristic length of the system and uis the fluid kine-
matic viscosity. At a high velocity or a high Reynolds nunber, fluid boundary layer profiles
becone flatter, creating a thinner filmthickness thus increasing the mass transfer coeffi-
cient. It follows fromthis nodel that the rate of mass transfer is a function of velocity,
characteristic length and fluid viscosity.

An extension to the stagnant filmnodel is the two-filmtheory model. This node
assumes that there are two resistances to mass transfer in the formof two stagnant films,
one on either side of the phase houndary. The solute nust first diffuse through its own
fiurd filmto the interface and nust then diffuse through the solvent filmto the bul k
fluid. Therefore, this theory is only meaningful for a multicomponent system The node
assumes that the resistance to mass transfer at the interface of the two flins is negligible or
that the phases are at equilibriumat the interface between the two films. The resistances
are nodeled in series and the overall resistance to mass transfer is sinply the sumof the
i ndi vi dual resistances in series

Sherwood et al. (1975) describes two-filmtheory inits sinplest form Figure 2 —3b
IlTustrates the case where a solute is being transferred at a constant rate fromthe bulk

fluid Ato the bulk fluid B, each being well mxed. Assumng equilibriumat the interface,
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the activity of each fluid at this point is equal

From conservation of mass, the steady-state flux can be given as

Ja=Ka(oab- Cat) = A6 (oft,- - abb) = K {ciab -abb) (2-37)

where Cab and ajj are the activities of the solute in the bulk fluid A and B, respectively. Ca
and Ubi are the activities of the solute within each respective fluid at the phase interface

The overal | resistance to mass transfer is nodel ed as two resistances in series so that

L-1 A

A/. Ka Afc

This leads to an overall mass transfer coefficient for the svstem of

A1 Aa -f Aft: J AN ( 2_ 38)

An alternative and nore rigorous approach to mass transfer is to consider the effects
of advective fluid notion along the boundary interface. Solving this type of problem
anal ytically, involves defining the boundary |ayer profile near the interface. This type of
anal ysi s has been done for fluid-solid and fluid-fluid systems that contain relatively sinple
velocity profiles, such as mass transfer froma single sphere (Bowman, 1961). However, as
Pfannkuch (1984a) points out, ancilytical solutions for nore conplex liquid-liquidinterfaces

becone difficult to develop due to conplex velocity profiles at the interface

Mass Transfer froma Single Sphere

Bownan et al. (1961) developed a theoretical description of mass transfer froma
fluid or solid sphere at |ow Reynolds nunbers. Bowman derived an analytical solution by
solving the streaniine function around a sphere in order to characterize the local velocity

profile and concentration boundary layer (Pfannkuch, 1984a).  The anal ytical solution
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applies specifically to steady-state diffusion froma single sphere to a continuous, |am nar
flow. Through dimensional analysis using the Sherwood nimber (Sh) and Peclet number
(Pe), Bowman devel ops an enpirical description of mass transfer as a function of velocity.

The Sherwood nunber is a dimensionless formof mass transfer and i s defined as

The Peclet nunber is the ratio of advective mass transport to diffusive mass transport and

i s defined as

where [ is the characteristic length of the system D' is the effective molecular diffusivity,

and y is the fluid velocity.

The results for solid and noncirculating fluid spheres indicate that mass transfer is
i ndependent of velocity for Peclet nunbers |ess than 1. However, for Peclet nunbers
greater than 10, mass transfer varies with velocity and Peclet nunber to the one third

power. Mathematically, this can be described as

SsSh=2 FPe< 1

5/1 =0.978Pe°-" Pe > 10

This model has direct application to many two-phase contacting processes. Bowman de-
velops a simlar description of mass transfer for the case of circulating fluid spheres

Qther mass transfer correlations hased on theoretical and experimental work have been
devel oped for a variety of systems that are somewhat simlar to NAPL-aqueous dissolution
in porous nmedia. These correlations are summarized in Table 2 —1. The correlations
are valid for different ranges of Re. it should be noted that varying amunts of scatter
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have been reported in the experinmental data. The correlations jircdict thcit the Sherwood

nunber varies with the power of the Reynolds number in the range of 0.21 to 1.5.
Mass Transfer in Porous Media

Filmtheory and Bowman's anal ytical solution for mass transfer froma single sphere
are derived for relatively sinple systems. Based upon these theoretical analyses, mass
transfer is generally dependent on fluid properties, interfacial areas, and flow hydrodynam
icS. Miltiphase mass transfer in a porous media is mich nore conplex. Heterogeneity in
pore size will cause local velocity fluctuations, making the hydrodynamcs of the system
difficult to characterize. The shape and extent of the interfacial contact area is a func-
tion of the distribution of residual saturation, which is in-turn a function of porous media
and fluid properties. Smaller pore spaces will contain smaller blobs of NAPL; thus the
interfacial areain finer medias is higher for the same saturation. Interfacicd surface area
wi Il increase with increasing NAPL saturation to a maximumlevel and will then decrease
with increasing NAPL saturation until the interphase area is zero at 100 percent NAPL
saturation (Pfannkuch 1984a). While it is possible to develop analytical nodels for rel-
atively sinple systems, it is difficult to accurately determne the geometric and process
parameters, and nmass transfer mechanisns in a porous media. A common approach to
model i ng conpl ex systens, however, is to begin with and expand upon sinplified models

The general formof the mass transfer nodel described by equation 2 —9is

J.=A (C*-C,)

Al of the characteristics that affect the mass transfer process other than the concentration
difference are lunped together in the mass transfer coefficient. A In order to apply this
model to a specific physical system such as a porous nedia, one nust determne which

systemparameters affect mass transfer. A mathematical or functional relationship between
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to

to

Ref erence

Bowman etal . (1966)

Dwi vedittal . (1977)

Kurar etal. (1977)

Chashi etal . (1985)
from Roberts et al.

(1985)

Pfannkuch (1984b)
from Hof f man (1971)

W Ui amson et al. (1963)

W1son & Geankoplis (1966)

Table 2-1 Mass Transfer Correlation Equations

Experi nent al
System

Theoretical, flow
around a single si’ere

Fi xed and Fl ui di zed
beds; various fluid-
solid sytens
Gterature review

wat er, 60% propyl ene
gl ycol -water. Benzoic acid
pellets

Various organcis
activated carbon

light fuel ofl

soi |

Di ssol ution of benzoic
acid spheres by water

Water and 60%

pn*yl ene gl ycol - wat er
benzoi ¢ acid

Equat i on

Sh=0. 98 ReO 33sc0. 33
Sh = 2 + 9/16ReSc

Sh = 1.1068n-| ReO 18Sc0O 33
Sh = 0. 4548Re0-59s¢0. 33
Sh = e-15¢0-33 (0.765Re018 +
0. 365Re0. 61)

Sh="1.12994Re0- 21Sc0. 33
Sh = 03643n- | Re0- 32sc0. 42
Sh = 4. 2258Re0-21sc0. 33

Sh =2 + 1i8Re0 4Sc0 33
Sh = 0.55 + 0.25Pe0 67
Sh=2. 4eRe0- 34s¢0- 42

Sh = 2.5Re0 33s¢0 33
Sh=1. 09e- | Re0. 33sc0. 33

valid range

Pe>10
Pe< 1

+ 9/64 Re2Sc2 + o»

Re < 10
Re > 10
0.01 < Re < 15000

Re < 10
Re<10
Re<20

10-3 <Re < 5.8

0.6 < Pe <50

0.08 < Re < 125
150 <Sc< 1300
0.0016 < Re < 55

0. 0016 <eRe< 55
0.35<e<0.75
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the systemparaneters and mass transfer nust also be known. Intuitively, mltiphase
mass transfer in a porous media is a function of the hydrodynamcs of the system the
contamnant solubility, the interfacial contact area, and the extent of residual saturation
(Pfannkuch, 1984a). The problemof characterizing the mass transfer process becomes one
of determning the functional relationships between the mass transfer coefFcient and these

system paraneters.

Di nensi onal Anal ysi s

Di nensional analysis is a commonly used methodol ogy for determning the functional
relationships of a system(White, 1979). This approach involves formng dimensionless
groups out of the paraneters that affect the process and thereby reducing the number and
complexity of experinental variables that affect the physical phenonena. Through the use
of experimental data and dimensional analysis, enpirical relationships can be devel oped
to describe the mass transfer process. The use of dimensionless nunbers also creates a
means by which data froma wide variety of sources can be conpared. Mdels, based on
enpirical methods, can be used to describe systems that may be to complex too describe

anal ytically.

Inthe field of mass transfer and fluid mechanics, several dimensionless groups have
been devel oped and are frequently applied (Wite, 1979). These include Reynol ds nunber
(Re), Sherwood number (Sh), Peclet mmber (Pe), and the Schmdt number (Sc).

The Reynol ds nunber is a dimensionless group for velocity and is defined as

i Pe = — (2- 39)

1/

A dinensionl ess formof mass transfer coefficient is the Sherwood nunber. Shis the ratio

of the overall mass transfer and the mass transfer due soleh' to nolecular diffusion
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Sh=~~ ( 2- 40)

The Sherwood number as defined in equation 2-40 has been defined for a system described

by

y = A7a(AC)

where J is a mass volunetric flux with imts of mass/volume-time, ais the specific surface
area With units of inverse length, Ki is a mss transfer coefficient with units of length
per time, and ACis the concentration gradient. The mass transfer coefficient A" used in
Equation 2 —27, was devel oped with the specific surface area lunped into the coefficient

and therefore

A = Kia

Specific surface area is defined as interfacial area divided by total volume of the system
Since the interfacial surface area between the NAPL and aqueous phase is unknown, a
cannot be determned and nust remain lunped in wth the mass transfer coefFcient A, If
A is to be represented by the Sherwood number, the Sh nust be modified by a factor of
length to remain dinensionless. If it is assumed that specific surface area is related to the

characteristic length of a system / can be incorporated into Shto give

S/ »* =N (2-41)

The Peclet Nunber conpares the advective mass transport to the transport due to nolec-

ul ar di ffusion alone c
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Pe = ~ (2-42)

The Peclet Nunber can al so he expressed as the ratio of advective mass transport to
di spersive mass transport. Referring to equation 2 —20, the dispersion coefficient for

one-dimensional flowin the x direction can be expressed as

D = OLVr + D]

The dispersive Peclet Number, Pe* is expressed as

If the molecular diffusionis smll conpared to the mechanical dispersion termthen

Pe* = — (2-43)

The Schm dt number. 5c, is defined cis

5¢,= - (2-449)

where vA i's the velocity, / is the characteristic length of the system D' is the effective
mleciilar difFusivity, Ki is a mss transfer coefficient with units of length per time, and

uis the fluid kinematic viscosity.
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2.3 Research Overvi ew

I ntroduction

Few experinental studies have been perfornmed that focus on NAPL-aqueous mass
transfer in porous nedia. Those that have been reported in the literature have yiel ded
contradictory results regarding under what conditions equilibrium between the phases can
be expected (Abriola, 1988). Experinental systems have varied greatly fromstudy to
study and paraneters that may be inportant to mass transfer generally have not been
controlled. These include the extent and distribution of residual saturation, the effects of
sorption onto the sohd media, the effects of NAPL interaction with the vapor phase, and
the influence of multiconponent dissolution on aqueous sol ubilities (Pfannkuch, 1984a).
In light of these inconsistencies, previously collected data has been difficult to interpret
with certainty. Studies that have been performed, however, provide a starting point for

continued investigations into interphase mass transfer in porous me(Ha

Experi ment al

Van Der Warden et al. (1971) conducted |aboratorj" colum experinents using a glass
bead media. A mxture of hydrocarbons was injected at the top of a vertical colum and
the NAPL was al | owed to redistribute within the unsaturated porous media. Water was
then trickled down through the colum and concentrations of the effluent were measured.
The samples col lected at the colum effluent were observed to be at aqueous solubility. It

is difficult, however, to draw conclusions about the nature or existence of NAPL-aqueous

equi hbriumfromthis experiment. The distribution of the NAPL, and therefore the in-

terfacial contact area, varied along the colum. It is also unclear if the NAPL phase was

mobi | e or inmobile or what effect of the vapor pha.se had on the results.

Zilliox and Mintzer (1974) performed |aboratory experinents at the Institute of Fluid
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Mechanics in Strashourg to eval uate the nature of NAPL-aqueous dissolution in porous

nedia. The mathematical relationship used to evaluated the data was

: M = EAt (2-45)

where Mis the mass of the NAPL dissolved in the aqueous phase, Ais the area of NAPL-
aqueous phase interface, t is the contact time, and Eis a constant exchange coefficient.

It is apparent that the exchange coefficient is a mass flux defined as

J=Ff A"=E (2-46)

where J is mass per area per unit time. Three experinments were i”crformed that brought
a NAPL into contact with the aqueous phase. The first study brought nmoving water in
contact with oil in the absence of porous nedia. The contact area in this study was known.
The second experiment involved nmoving water in a porous media with NAPL floating on
top. Inthe third experiment, the flow of water was tlirough a porous nedia previously
contam nated with NAPL. Although the conditions of the experinment are vague and it is
uncl ear how the interfacial surface areas were calculated in the porous nedia, there was
mention of a dependence of E on the flow velocity: as the velocity increased, the exchange
coefficient increased. The investigators also noted a decrease in effluent concentration
and in the exchange coefficient E over a period of time, all other experimental conditions
remaining fixed. It was hypothesized that the interfacial contact area changed over tine
Addi tional experinents were also performed at Strasbourg and were published by
Fried, et al (1979). Two types of vertical colum experiments were performed. In the first
study, the entire 1-meter colum contained NAPL residual saturation and in the second
study, only the top portion of the 0.5-meter colum was contamnated. The col urms were

flushed with water at Darcy velocities in the range of 0.2 md to 30 md and sanples were
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collected at the hottomof the colum and were anal yzed for NAPL. The contam nants
consi sted of a toluene-isooctane mxture. The authors reported that equilibrium concen-
trations were reached within a fewtens of centineters. It is not clear, however, what the
extent and distribution of residual saturation was. The presence of a vapor phase and it's
effect on the mass transfer process was not considered.

Large scal e experinents were performed by Duffey et al. (1980) which involved a 90-
cm by 90-cmby 106-cmcolum. Crude oi |l was spilled on the sand media and was al | owed
to distribute by natural infiltration. The systemwas then irrigated with water and sanples
were collected at the bottomof the colum. It was reported that concentrations of the
effluent conpared well with the concentrations measured under a floating crude oil filmin
a heaker, [eading one to conclude that the effluent concentrations were at solubility. It is
not clear if the NAPL phase was mohile or immobile in these experinents.

Field scale experinents were performed by Dietz (1978) that utilized large, rectans
gular cement 2-mby 2-mcolums filled with a sandy porous media. A slab of media,
contamnated with a light fuel oil, was place directly above the groundwater |evel. The
coluns were then put in the ground and exposed to natural rainfall, which created an
estimted average downward velocity of 1-meter per year in the media. Sanples collected
beneath the contamnated slab were reported to be close to sol ubility.

Most recently. Hunt et al. (1988b) conducted experinents in a 91-cmlong horizontal
glass col um packed with an aqueous-saturated sandy porous media. NAPL was injected
into the centerhne of the colum and allowed to disperse naturally. The colum was
initially flooded with water at a relatively high rate of 15 md to check for NAPL displace-
ment and nass transfer hmted dissolution. The flow rate was then |owered to 1.5 nfd
to check for a change in effluent concentration. The NAPLs used were TCE, a tol uene-
benzene mxture, and gasoline. The effluent concentrations were observed to be at aqueous
solubility during the water flooding period. An average value for residual saturation was
calculated to be 2.5 percent, however, the distribution of the NAPL was imknown,
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Hunt et al. (1988a) theoretically estimted that at |ow velocities, NAPL mass transfer
is diffusion or mass transfer limted. Based on the experimental studies, the authors
concluded that since the colum effluent was at equilibrium the systemwas not mass
transfer limted. A'thovigh the experinental results contradict the theoretical predictions
the authors attempt to explain this inconsistency. The authors speculate that the residua
saturation was not uniformy distributed throughout the colum and that an artificially
high interfacial area caused the apparently high effluent concentrations

Theoretica

Pfannkuch (1984h) extended Bowman's (1961) analysis of mass transfer froma single
sphere to mass transfer in porous media. Pfannkuch recasted experinental data published
by Zilliox (1973) and Hoffman (1969) in dimensionless formand devel oped an enpirica
description relating mass transfer coefficient and velocity. He conpares the results of the
experinental data to those derived fromBowman's analytical description of flow around a
single sphere. The correlation nodels predicted fromBowman's work are shown in Table
2 —1. The results hased on the experinmental work of Hoffman and ZilUox can he expressed

as

Sh 0.55 Pe < 1

Sh = bPe" Pe > 10

where b and a are constants. Pfannkuch admts that a for hoth sets of experimenta
data is larger than 0.33, as Bowran predicted, but notes that in a porous media, velocity
dependent mass transfer may be enhanced by close juxtaposition of the tortuous flow
hnes and mechani cal di spersion and removal of the diffusion boundary Iayer (Pfannkuch
1984b). Pfannkuch also notes that for Pe < 1, the experimented value for Sh of 0.55 differs
consi derably from Bowrans predicted val ue of 2.

However, the experimental results predict conclusions simlar to the results fromthe
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anal ytical approach and Pfannkuch concludes that at Peclet nunbers |ess than 1, nass
transfer in a porous media is diffusion limted and is independent of velocity and at Pecl et

nunbers greater than 10, mass transfer is velocity dependent.
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3  Experinental Methods

3.1 Introduction

A one-di mensi onal col um apparatus and experinental procedure was devel oped to
study the nature of mass transfer between the aqueous phase and a non-aqueous phase
liquid (NAPL) in a porous media. The experiment was performed by punping water
through a colum packed with glass beads. At the beginning of the experinent, the col-
urm contained tol uene at residual saturation. The experiments were repeated varying
the aqueous-phase velocity, bead size, percent residual saturation, and packed bed |ength.
These variations allowed for conparison of nass transfer coefficients using parameters such
as velocity, media size, and NAPL saturation. Packed bed length variations allowed for
confirmation of the experimental effectiveness and reproducibility. Efforts were made to
performeach experiment using exact procedures in order to produce consistency, repro-
ducibility, and conparability among all the experinental runs

Fluoride tracer tests were performed on the experimental systems in order to charac-
terize the hydrodynam cs of the packed beds used in the ma.ss-transfer experinents wth
and without NAPL saturation. Tracer tests were also performed on the inlet/outlet por-

tions of the system

3.2 Materials

Chemi cal s

Alighter than water contamnant, toluene, served as the NAPL for the experinents. A
spectranal yzed grade hexane vas used a.s the extraction solvent for the analysis of tol uene
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and iso-octane was used as an internal standard for the gas chromatography analysis.
Et hanol was used as a co-solvent in sone of the mass-transfer experiments. Al of the
chem cal s were purchased from Fisher. The chemcal properties and solul*ilities of the

chemcals are given in Table 3.

The de-ionized water used in all the experinental and analytical methods was distilled

by a Corning Water Purifier LD-2A The water was cool ed to roomtenperature |)cfore

use.

Packed Bed Medi a

To preclude the effects of NAPL sorption onto the porous media and to preserve a pure
NAPL- aqueous system the colum was packed with a gla.ss |)ead nedia. The experiments
were run with two different sizes of beads, each differing in mean particle diameter and

porosity. The bead characteristics and sources are sunmarized in Table 3 —2

The bead size distribution and mean particle diameter were determned by sieve anal -
ysis. The particle density, bulk density, and porosity were determned for each bead size
based on techniques fotmd in Black (1965).

The particle density was cal culated fromthe mass of the sanple and its volume. The
weight of a dry 100-n volumetric flask was measured and approximately 50 grams of air-
dried beads were added to the flask. The flask was then filled approximtely half full wth
dei oni zed water. The water was boiled for several mnutes to remove trapped air in the
bead sanple. The flask and contents were cooled to roomtenperature and deionized water
was added to the flask for a total volume of 100 m. The mass of the flask and contents
were measured on a Mettler H20 balance. The bead sanple was then enptied fromthe

flask and the mass of the flask filled with 100 nl of deionized water was neasured. The

particle density was cal culated as foll ows:


NEATPAGEINFO:id=D64EB287-7B08-4C9F-914B-8345C1E805B7


Table 3-1.  Chemical Properties

Chemi cal Densi ty* Vapor ** Aqueous
(g/nt) Pressure Sol ubi lity

20° C 25* C

(nmm (mg. 1)

Tol uene 0. 867 22 515**
Hexane 0. 663 120 9. Gr**

I so- oct ane 0.688 0.56%*
Ethyl Al cohol 0.789 44 ni sci bl e

Manuf act ur er

Mackay & Welfe, 1973

*%

¥k Verschueren, 1983
Table 3-2.
Mean Particle Di anet er
Di amret er Range
(M (M
400 351- 495
650 595 - 710

Packed Bed Media Characteristics

Parti.cle Bul k Porosity Sour ce
Density Density
(glcng)  (glcng)
2.43 1.48 0.39 Coni ng
2.98 1.74 0.42 Ferro
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Where /9,, IS the density of water at 25°Cin grams per cubic centineter, Algis the mass
of the flask plus bead sample, Mais the mass of the fla sk filled with air, Mu, Is the mss
of the flask filled wth the bead sanple and water, and A',, Is the mass of the flask filled

with water.

The bulk density of the head sanple was calculated as the ratio of the mss of the
sanple to the macroscopic volune of the sanple. A Mettler H20 balance was used to

neasure a given mass of beads. The sanple was then saturated with deionized water
and slurried into a 25-m vol umetric cylinder. The volume of the satvirated sanple was
measured in mlliliters and the bulk density was calcul ated as:

Pb=~-y- (3-2)

where il/] is the mass of the bead sanple and V] is the saturated volume of the sanple.
The porosity was calculated fromthe experimentally determned particle and bulk

densities as follows:

The beads were cleaned and soaked with acetone and a 10 percent nitric acid solution
prior to use to renove any organic materials, which may have affected mass transfer or

caused sorption.

Humi ¢ Acid Sol ution

The humc solution that vas used in the solubility experinents was prepared from
hum ¢ acid purchased from Adrich.  The solution was prepared by dissolving 200 g of
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huric acid in 500 nf of deionized water. The pHof the solution was raised to 11.5 by the
addition of sodiumhydroxide. In order to assure maximumdissolution, the humec solution
Was mxed wth a magnetic stirrer for 15 hours. The solution was then adjusted to a pH
of 7by the addition of hydrochloric acid and diluted to 1 liter. The solution was filtered

through a 0.45 mcron Metricel menbrang filter to remve particulate matter. The total
organi ¢ carbon (TOQ) content was then determned )y TOC analysis.

3.3 Solubility Experinents

I ntroduction

Experiments were performed to determne and verify the solubilit]" of toluene in the

agueous systens that were studied. These systens included a deionized water, deion-
| zed vater with dissolved hume acid, and a deionized vater-ethyl alcohol solution. The

solubilities mea sured in these experinents were used in the calculation of mass- transfer

coefficients.

Experinental Procedure

The same sol ubi Hy experimental nethod vwas used to mea.sure the solubility of tol uene
inall of the solutions. The method consisted of placing 50 nf of the test aqueous-samle
intoa 60-n glass centrifuge hottle. Approximately 2to 3 m of toluene vere added to

the hottle, which vas then sealed with a Teflon-coated septa cap, |eaving a head space
of approximately 7to 8 nl. The bottle and contents were then mxed on a mechani cal

shaker for a period of 24 hours at 25°C Insulation ves placed between the bottle and the

mehing to avoid heating of the sample. To separate the toluene phase fromthe agueous
phase, the bottle was then centrifuged at 2300 rpmfor 30 mnutes on a Damon CRU-5000

centrifuge. The bottle ves centrifuged upside down S0 that the [1ghter-than-vater tol uene
Was on top of the aqueous |ayer and the aqueous Iayer vas against the septa cap.
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The bottles were carefully renoved fromthe centrifuge upside down, and a 3-m
sanple vas pull ed through the septa with a syringe. The agueous sample was | mrediately
njected intoa 20-nf vial containing 10 m of hexane and was sealed with a Tefl on-coated
septa cap. The centrifuge bottle was centrifuged again and a second sample was taken in
the same manner. The samples were anal yzed by W-spec as described in Section 3 7.

A stock solution of 60 my/L humc acid was prepared as described in Section 3 —2
The stock sol ution was diluted with deionized vater to prepare humc solutions of 0, 2
10, 20, 30, 40, and 50 my/1. The solubility of toluene in each of these solutions vas then
nmeasur ed.

A W-spec scan of hexane that had been extracted with a humc acid solution, was
performed to verify that the humc acid would not interfere with the analysis of tol uene,
The results of the scan shoved that extraction with a humc-aqueous solution had no affect
on the hexane W-absorbance. There was no indication that himic material in the aqueous
solution was extracted into the hexane.

A 50 percent stock solution of ethyl al cohol was prepared by making a L1 dilution
With deionized water. The stock solution ves diluted with deionized water to prepare ethyl
al cohol solutions of 0, 10, 20, 30, 40 and 50 percent. The solubility of tolueng in these
sol utions was then neasured.

A W-scan of hexane that had extracted a 50 percent ethyl alcohol solution was
perforned to determne the effect that the absorbance of the ethyl alcohol would have on
the toluene analysis. It vas found that the absorbance Increased by 0.02 absorbance units,
Thi's corresponds to 3.7 my/L increase in the calculated toluene concentration. Since a
50 percent solution ves the highest ethyl alcohol concentration used (i.e., 3.7 g/l vas
the largest error which vas introduced), the error introduced by the ethyl alconol was
consi dered negligiole. This decision was also based on the goal of these solubility test,
Whi ch Vs to measure approximate changes in toluene solubilities based on ethyl al cohol

concentrations,
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3.4 Experimental Apparatus

Experiments were conducted in a vertical glass "Adjusta-Chron col um nmanufac-
tured by Ace Glass, Inc. A schematic description of the experinental apparatus is shown
in Figure 3. The colum vas 90-mmlong with an inside diameter (10 of 25-m
and was equi pped with two Teflon plungers to allow for adjustment of the packed bed
length. The plungers were fitted with a coarse glass frit disc, which served to retain the
porous media without restricting flow After passing through the glass disc, the flow vas
funneled into 2-nm 1D Teflon tubing. The tubing was valved at the inlet and outlet of
the colum with stainless steel/Teflon Omifit two-vay connectors. A the colum outlet,
2-mm Teflon tubing served as the sanpling port.

The samples were col lected directly into an extraction solvent in order to mninmze
NAPL [ osses to volatilization. The sample containers were 20-nt or 40-nt glass vials
seal ed vith Tefl on-coated septa caps. The roomtenperature was monitored during each
experinent and fromexperiment to experiment. The temperature varied from?25° to 26°
C. Al of the experiments were run upflowwith the colum in a vertical position,

A Harvard Apparatus Nodel 22 syringe infusion purp vas used to punp the agueous
solution through the colum. The pxunp was rated for £ 1 percent accuracy and 0.1

percent reproducibility. A Sherwood- Noject 140-mt pol ypropylene syringe uas used to
feed the aqueous solution. ATl tubing and conngctions fromthe syringe to the col um were

made from Teflon or stainless steel.

3.5 Mass-Transfer Experinents

Experinmental Apparatus

The col um apparat us, previously described in Section 3-4, vas used in the mss-
transter experiments. The first step in preparing the packed bed consisted of packing,
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saturating, and bringing the porous media to a level of residual saturation. The following
procedure was used consistently for each of the experinental runs:

1. For each experinent a given mass of glass beads was neasured on a Mettler H0
balance. This mass of beads remined constant for each experimental run of a given
bead size. Amss of 9.0 g and 7.5 ¢ was used for the 650 /imand 400 *m bead
sizes, respectively. The beads were poured into a dry, vertically-upright colum with
the bottomplunger in place. The aqueous phase was punped up through the porous
media until conplete saturation was reached

2. A predetermned volune of NAPL, hased on the targeted residual saturation, was
added to the media through a mcroliter syringe. The media was thoroughly stirred
With a stainless steel spatula in order to achieve imformdistribution of NAPL in the
packed bed.

3. The top Teflon plunger was put into place and the packed bed length was measured.
The packed bed Iength was chosen based on the maxinum|ength which produced
effluent concentrations [ess than solubility. The bed Iength varied among experinmenta
runs with the majority of the runs having a [ength in the range of 0.010 mto 0.0L1

4, To assure a state of residual saturation, the agueous phase vas pumped through the
colum at arelatively high interstitial velocity, approximately 23 nfd for 30 mnutes
The top plunger and sample port tubing was then removed and flushed with acetone

and deionized water in order to remove any NAPL that may have been mobilized and
trapped during the flushing period.

5. The top plunger and sanple port was replaced and the aqueous-phase was punped
until the entire systemwas filled. The inlet and outlet valves were then closed unti

the experiment began.
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Experinental Procedure

The experinent consisted of punping deionized water through the col um and sam
pling the effluent at a variety of velocities. Amnimmof one bed volume of the agueous
phase was al lowed to pass through the packed bed before samples were taken. This pro-
cedure al | owed steady-state dissolution to be achieved. To increase accuracy of the data,
two to three sanples were collected for each velocity. One of the assunptions made for
each experimental run was that the residual saturation of the packed bed remained con-
stant during the course of the experinent. To mnimze the NAPL mass [ost to aqueous
dissolution in the packed bed during the experinental run, the effluent vas sampled at a
maxi num of five different interstitial velocities. Calculations showed that this procedure
mnimzed the change in residual saturation during an experimental run to 10 percent or

| ess.

Since toluene and hexane are very volatile conpounds, precautions were taken to
mnimze [osses due to evaporation. The aqueous samples were col lected in 20-m or 40-
m vials, sealed with Teflon-coated septa caps. Prior to sampling, the vials were filled
Wth5to 10 m of hexane. The exact volume of the hexane was determned through
MasSS neasurements nade on a Mettler H20 balance and known chemcal density which
are tabulated in Table 3 —1. The colum sanpling i"ort or Teflon tubing was inserted
down through a Tefl on-coated septa cap, which was screwed onto the vial during sampling.
A stainless steel tube wth an 1D of <0.5-mmwas placed through the cap to allow for
atmospheri ¢ pressure equanzation. To further decrease tol uene [osses during sanpling, the
Teflon tubing was mmersed directly into the hexane. At the end of the sampling period,
the sample vol une was neasured using mass differencing and the density of vater. The
saml e vials were shaken by a mechanical sieve shaker or by hand for a two mnute period.
In-order to mnimze the change in residual saturation during the experiment, samples of
Lnlor Tess were collected. This produced an extraction ratio (volume of sol vent/vol ume
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of sanple) of five toten. Inthe majority of experinental runs, the sanples were analyzed
within 24 hours of the experinent. Wen storage was necessary, samples were stored
upside down at 4°C to minimze sanple volatilization,

Test vials containing hexane were carried along with actual sanple vials to measure
the volatilization losses of hexane during the sanpling period. These vials were treated
in the same manner as the sanple vials, including replacing the storage caps with the
sanpling caps for the duration of a sanpling period. This procedure verified that there
was no significant 1oss of the solvent during the sanpling jDeriod.

At the end of each experinent, the ending residual saturation for that run was cal cu-
lated using a extraction technique. The top plunger and sanpling apparatus was renoved
and 10 nl of hexane was pipetted into the colum. The solvent was then thoroughly
mxed into the porous media, which extracted the remaining NAPL in the packed bed. A
sample of the hexane was then placed in a Teflon-sealed vial and was later diluted 0.1:10
and anal yzed with the effluent samples. This measurenent, conbined with porosity and
packed bed vol une data, allowed for calculation of the ending residual saturation.

An estimte of the NAPL lost to aqueous dissol ution during the course of each ex-
perinent was nade hased on sanple volunes and conc(Mtrations collected during the
experinent. TIiis data, conbined with the calculated ending residual saturation, allowed

for a back calculation of the beginning residual saturation. The interstitial velocities were
comput ed by

At = - T-c- (3-4)

for

o -1 i>n

Where v is the interstitial velocity, Qs the volumetric flowrate, ii is the porosity of the
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packed bed, r is the radius of the packed bed, Sa I's the percent aqueous phase saturation,
and 5, is the percent NAPL saturation.

Al of the glassware used in the experinents vas soaked in a fifty percent nitric acid
bath and rinsed with deionized water between runs to remove any organic naterial. The
plungers, valves, and Teflon tubing were rinsed with acetone and deionized water to remove

any trapped tol uene.

3.6  Tracer Experinents

The col unn apparatus described in Section 3 —4 was used to performthe tracer tests.
The packed bed was prepared in the same manner as described in Section 3 —5. Tests
were performed for both the 650 nmand 400 //mnedia dianeter bead sizes. In order to
determne the effect of residual saturation, tests were performed wth and without toluene
present in the packed nedia. Sodiumfluoride was added to the feed solution of deionized
water and the solution was introduced into the systemas a step input (continuously fed at
t > 0). The fluoride solution was pumped through the systemand aqueous samples were
collected at the colum efffuent. The sanples were then analyzed for fluoride. The tine
at which the fluoride was introduced to the systemand the time at which each sanple vas
t aken was recorded.

Volumetric flowrates of 2 and 3 n/hr were used during the runs. The samples were
collected in 20-m vials at approximately 10-mnutc intervals during the breakthrough
period. Sanple volunes were measured by mass differencing using a Mettler H20 bal ance.
At the end of the run, the NAPL ves extracted fromthe packed bed, and the residual
saturation was calculated as discussed in Section 3 —6.

In order to estimate the dispersion in the packed bed, the residence tine of the inlet
and outlet flowportions of the systemuwere subtracted fromthe recorded sampling tines.
To neasure the volume of the inlet and outlet portions of the system the colum was
prepared without a packed bed (i.e., the plungers were placed flush together). Deioni zed
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water was punped throiigh the systemand the residence time of the fluid vas cal culated.
The vol ume was back cal culated fromthe time and the flowate.

Inorder to distinguish dispersion in the packed bed fromdispersion in the rest of the

system a dispersion test vas performed on the inlet/outlet portion. Both plungers were
put in place with the glass fritts flush together and the test was performed as described

above.

3.7 Analytical Methods

Specific lon Electrode Method

An analytical nethod, based on Part 413 B in APHA (1985), was vised to measure
fluoride concentrations in the colum effluent. The nethod utilized a fluoride selective-

electrode and a double-junction reference el ectrode, both manufactured by Fisher. A Fisher
Accumet potential neter was used to neasure nmllivolts.

A stock fluoride solution vas prepared, which .served as the colum feed solution. The
stock sol ution was prepared by adding 1. 31392 g of sodiumfluoride to 0.25 1 of deionized
water to obtain a 2378.04 my/1 fluoride solution. A standard solution of 546.95 ny/1
fluoride was prepared by diluting the stock solution. Additional standards of 54.7, 5.47,
0.55°0.88, and 0.33 my/1 were prepared from successive dilutions the 546.95 /1 standard
sol uti on.

The calibration curves produced for the fluoride-selective electrode analysis were |inear

inthe region of calibration (I.e 0.33 ppmto 2378.04 ppn). Alinear regression produced
an R = 10,9997, The slope of the calibration curves were within the manufacturers Huts

of -59+4 mllivolts. Atypical calibration curveis shownin Figure 3 —2
An Qrion brand Total Tonic Strength Adjustment Buffer (TISAB) was added to the

standard sol utions and sanples in the anount of 5-m TISAB to a 50-nl sample. The
TI'SAB served to provide a uniformionic strength backgroind.
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Figure 3-2.  Fluoride Selective Electrode Calibration Curve
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The aqueous ef f| uent sanples were collected in 20-n vials containing the agueous-
TI'SAB sol ution. The sanple vol umes were cal culated by mass differencing using a Mettler
H0 bal ance. After collection, samples were diluted to 25 ni.

The el ectrodes were imersed in the sanple and equilibriumwas established while
the solution was stirred with a magnetic stir bar for approximtely three mnutes. A piece
of cardboard was placed between the magnetic stirrer and the sanple beaker to mnimze
solution heating. The sanple tenperature was monitored and mllivolt readings were
recorded at a tenperature of 25°C. Between sample neasurements, the electrodes were
rinsed with deionized water and blotted dry. The potential meter was calibrated every 30
mnutes with a standard solution at 25°C to insure accuracy of the sample neasurements.

Utra-Violet Spectrophotometry

An anal ytical nethod was required to neasure the tol uene concentration in the ague-
ous phase col iman effluent. The nethod used for all of the mass-transfer experinents vas
one in which the toluene was extracted fromthe agueous pha.se by a hexane and the sanple
was then anal yzed by ultra-violet spectrophotometry (W-spec). ' o

The hexane sanpl es were analyzed for toluene on a Cary 219 spectrophot onet er
manufactured by Varian, using 1-cmpath length Fisherbrand spectrophotometer cells.
A vavel ength scan of toluene and hexane was performed and verified by a conparison to a
pubhshed scan (Atlas of Organic Conpounds, 19Gb). The tol uene scan is shown in Figiire

3 —3. Al analysis were made at a wavelength of 262 nanoneters in order to maxinmze
absorbance | evel s.

A cahbration curve was produced fromstandard concentrations of toluene in hexane
Two standard curves were run each time the W-spec was used—once at the beginning
and once at the end of the sample analysis. Atypical calibration curve i's shown in Figure
3 —4. Each sanple was anal yzed once on the W-spec. Standards were made froma stock
solution of 1040.0 ny/L toluene, made by diluting 120 //1 of toluene in 100 m of hexane

' 315
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The stock solution was diluted 1:50, 6:50, 3:10 to obtain standards of 20.8 ng/1, 124.8 ny/1
and 312.0 ny/1, respectively. Standards were stored in volunetric flasks with a parafilm
seal ed stopper a 4°C. A new stock solution was made every three weeks. Comparison of
new and ol d standards typically showed a difference of 0.010 absorbance units. The tol uene
concentration was |inearly proportional to absorbance and all calibration curves correlated

with the a regression R* > 0.9999
Gas Chronat ogr aphy

The accuracy of the W-spec method was verified by analyzing a set of sanples by
gas chromatography in addition to U-spec. The analysis was made on a Hew ett Packard
5890A gas chromat ograph equi pped with a flanme-ionization detector and a 5 neter DBS
capillary colum with 0.25 nm[.D. and a 0.25 filmthickness. Ntrogen was used as the
carrier gas. The sanples were run iso-thermally at a colum tenperature of 75"F and
injector and detector tenperatures of 225 and 300°F, respectively. Automatic injection
of a 2-fil sanple was perfornmed in duplicate by a Hew ett Packard auto-injector. The
auto-injector used 2-n sanple vials sealed with a Teflon-coated caps

I so-octane was used as an internal standard because of its chemcal simlarity to
toluene and sufficient peak resolution. The chenical properties of iso-octane can be found
in Table 3 —1. The internal standard was added to the stock solution of hexane prior to
sanple collection. A stock solution of 99.8 ng/1 iso-octane was prepared by diluting 580
fil of iso-octane into 4 1 of hexane. A standard curve was nmat the beginning and end of
the sanple analysis and were linear in the range of cahbration. A typical caHoration curve
I's shown in Figure 3 —5. The same standard sol utions of toluene in hexane that were used
for the UV-spec analysis were used in the GC analysis

Al'though the standards and sanples contained 99.8 ng/1 iso-octane during the U-
spec analysis as wel| during the GC analysis, a W-spec scan was performed to anal yzed
for iso-octane absorbance. It was noted that iso-octane, present at 99.8 ng/1 in hexane
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Figure 3-4. W-Spec Tol uene Calibration Curve
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did not absorb at significant |evels.

Total Organic Carbon Analysis

The stock humic acid solution, used in some of the n*ass transfer experiments, was
anal yzed for Total Organic Carbon (TOC) on a TOC Anal yzer Mdel 700, manufactured
by the 01 Corporation. The anal yzer oxidizes the TOC to CO2 with sodium persul fate

and anal yzes the CO2 with an infrared detector.
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4 Resul ts and D scussi on

4.1 Tracer Studies

I nt roducti on

Fluoride tracer studies were performed in order to estimate hydrodynam ¢ di spersion
through the packed bed media. A dispersion coefficient was estimted for each size nedia
using sodiumfluoride experinental breakthrough curves. Based on the estimated disper-
sion coefficient, advective velocity, degree of NAPL saturation and the molecul ar diffusion
of fluoride through the colum, a dispersivity for each size media was cal cul ated. The
dispersivity was used in conjunction with the other systemparaneters to characterize the

hydrodynami ¢ di spersion of NAPL during the mass transfer experinents.
Experimental Results

Tracer studies were perfornmed for each size media with and wthout NAPL contam na-
tion. Atracer test was also performed to determne the significance of dispersion through
the inlet and outlet portion of the colum apparat us.

The breakt hrough curves were adjusted to reflect dispersion through the packed bed
media by subtracting the residence time of the inlet/outlet systemfromthe sanple times.
The theoretical residence time based on the advective velocity through the col um was
calculated fromthe volunmetric flowate, the porosity, the percent residual saturation, and
the length and cross-sectional area of the packed bed. Theoretically, the residence time of
the col um shoul d correspond to the time when approxi mtely 50 percent of the tracer's
feed concentration arrives at the effluent. In tests where the conplete volume in the inlet

and outlet portions of the systemcould not be accointed for. the curves were shifted so
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that the true residence time of the colum corresponds to the approximately 0O percent
br eakt hr ough.

A tracer test was performed on the inlet/outlet portion of the system in order to
determine if significant dispersion occurred through the valves and fittings of the apparatus
The breakthrough curve for the inlet/outlet section is shown in Figure 4 —1. The sharp
front on the curve indicates that the flow through this portion approaches plug flow Based
on the shape of the breakthrough curve, the dispersion in the inlet/outlet portions of the

system was assumed to be negligible.

Estimation of Dispersion Coefficients

The fluoride ion is considered to be a nonreactive or conservative tracer since it is not
subject to any chemcal changes, interactions, or reactions. The novement of a conservative
tracer through a packed bed is affected only by the hydrodynanics of the systemand is
therefore governed by the advective-dispersive (AD) equation. Gven a source function and
initial and boundary conditions of a system many analytical solutions to the AD equation
can be found in the literature (Bear, 1979).

The tracer study was assuned to followthe initial and boundary conditions

C(x,0) =0 >0
¢o0,t) = Co />0
G oold) = Q

Solving the AD equation subject to these conditions, the follow ng one- dimensional ana-

l'ytical solution can be derived (Bear 1979):

X-\it) f\g X\ X + Vrt
1+ I

— erf (4-1)

where erfc is the conplenentary error finction, x is the distance along the flowpath, and
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Figure 4-1. Fkioride Breakthrough Curve for Test 5
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SenrEs -

v-C IS the average |inear velocity inthe x direction, i is the time, Dr is the dispersion

coefficient inthe x direction, CCois the normalized concentration at Xx.

By mninzing the sumof the square error between the predicted effluent concentra-
tions and the experinental |y measured effluent concentrations for a wide range of disper-
sion coefficients, a best fit dispersion coefficient Z)* was determned. The experinenta
breakt hrough curves and the best fit curves predicted by the analytical solution are shown
inFigures 4 —3 through 4 —6. The best fit dispersion coefficients axe listed in Table 4 —1

Mat hemat i cal Description of Dispersion

As previously discussed in Section 2.1, hydrodynam ¢ dispersion describes the degree

to which the NAPL novenent deviates from advective flow. This deviation is due to two

phenonena: mechani cal dispersion, and nol ecular diffusion. For one-dinmensional flow the

di spersion coefficient, Dy, can be described as (Bear, 1979)

Dr = OLVr+D, (4-2)

where ai is the longitudinal dispersivity of the porous media, i*r is the advective velocity
inthe x direction, and D* is the effective molecular diffusion through the porous media

The aLVx termaccounts for mechanical dispersion, and the D termaccoints for
mol ecul ar diffusion. It is evident fromequation 4-2 that at high velocities, diffusionis due

primarily to mechanical mxing and at |ow velocities, diffusionis the domnant dispersive

process.
Mechani cal M xi ng

The oiLi'x termin Equation 4-2 describes the movement of a solute due to mechan-
ical dispersionandis a function of velocity, t',, and longitudinal dispersivity, n*. The
dispersivity is an empirical coefficient that accounts for the mxing of the solute due to
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Figure 4-2. Fluoride Breakthrough Curve for Test 1

4-5


NEATPAGEINFO:id=344076E8-FE58-4505-A129-6EA907646738


1.2

1.0 N A A
Y°r
iD
o 0.8
0) J3
LI
o 0.6
TEST 2
Z5 .
m Experi ment al
LJ 0.4 - Anal ytical
Dp = 650 [lut
0.2 D, 4.5 X 10
0.0 D' D° DQ
- T 2 4

Time  (h)

Figure 4-3. Fluoride Breakthrough Curve for Test 2
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Table 4-1. Tracer Test Results

Vel ocity
(cn's)

2. 9x10-4
4.0 X 10-4
4.8x10-4
4.4x10-4

4.4x10-4

et*

0.23

Mol ecul ar
Diffusiwi
(cn/s)
1.09 x 10-5
1.09x10-5
1.09x10-5

1.09 X 10-5

1.09x10-5

Di spersion
Coefficient

(cn/s)
3.8 X 10-5
4.5 X 10-5
4.8x10-5
3.6 X 10-5

4.3 X 10-6

Dispersivity
(cm

0.12

0.1
0.09

0. 07


NEATPAGEINFO:id=2A472736-C140-4E48-951C-4FB19E577E58


the presence of the porous nmedia. Dispersivity is solely a function of the nedia geometry

(Bear, 1979).
Mol ecul ar Diffusion

Mol ecul ar diffusion is a process whereby a solute moves inder the influence of kinetic
activity in the direction of a concentration gradient (Freeze and Cherry, 1979). Diffusion

occurs in the absence of advective flow and can be described by Pick's first |aw

dc
Jm =-Di —

az

where Jmis the mass flux, dGdx is the concentration gradient, and Dd is the free nolec-
ular diffusion coefficient. In a poroiis media, the apparent nolecular diffusionis [ess than
the free molecular diffusion. This phenomena is due to the tortuous diffusional path Iength
that is caused by the presence of the media particles as well as to a decreased cross-sectiona
area through which diffusion can occur. The effective molecular diffusion through a porous

nedia, £)», can be described as

where r* is a tortuosity termless than one, and Dd is the free nolecul ar diffusion (Bear

1979). Tortuosity is an enpirical termthat takes into account the effect of the poious
media on diffusion (Freeze and Cherry, 1979).

Geankopl is (1978), describes molecul ar diffusion through a porous media as

DD =n,rDd

where n* is the effective porosity of the media, r is a tortuosity term and Dd is the

free-phase nolecular diffusivity. The effective porosity accounts for the decreased cross-
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sectional area through which diffusion can take place and the tortuosity termaccounts for
the increased diffusional path length due to the pore geonetry.

Several nodels of tortuosity through a porous media have |”een applied in the literature
(Bear, 1972; Geanopolis, 1978; Jury et al., 1983; Parker et al.. 1987). A comonly used
estimate of tortuosity is the MIlington-Quirk mod«' | which was enpirically devel oped for
air-gas diffusionin partially saturated soil (MIlington and Quirk, 1961). This model has

al so heen applied to water-liquid diffusionin soil inthe form(Jury et al., 1983)

DA = TADd
wher e

IS

a

where r™ is the MUngton-Quirk tortuosity, e, is the volumetric water content and Oj, is
the free-phase nol ecul ar diffusion. For multipha.se porous systems, the volumetric water
content can be expressed as nSa, where nis the porosity of the media and Sa i s the aqueous-
phase saturation. By substituting for the volunetric water content and rearranging the

terms of r” to separate the effects of diffusional area and path Iength, an analogy to the

CGeankopol i s model can be made

Tm=------ 2—= 8" [nASIN = n, T, (4-3)

where n* = nSy, and r = nsSa- This model states that tortuosity is a function of the
NAPL saturation, 5,, since Sa =i —S,. NAPL saturation is defined as the volume fraction
of NAPL in the solid media pore space. The nodel predicts that as the NAPL saturation
increases, tortuosity through the media decreases thereby decreasing the effective molecular

il n = ¥ w_m = n <> F m _ —
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Free Ml ecular Diffusion Calculations

Val ues for the free molecular diffusion of fluoride and tol uene in water are required
to cal cul ate hydrodynani ¢ dispersion. The molecular diffusion of fluoride in water was
estimated by an electrolyte estimtion method (Treybal, 1951). For concentrated sol utions

of electrolytes, the diffusion in water was calculated as

Dc = dA mn'ys (0 t/ft

wher e

RTUHY [ ] 1
R UER (N v S

where mis the molality of the solution, 7+ is the mean ionic activity coefficients, Vb is
the partial molal volume of water in solution in cnf/g-nole, cbis the number of gram
mol es of water per cnf' of solution, /i™ is the viscosity of water, /x is the viscosity of the
solution, R is the gas constant, T is tenperature, U'” and U~ are absolute velocities of
the cation and anion, and Z'* and Z~ are the valences of the cation and anion. Based on
this nmethod, the molecular diffusion of sodiumfluoride in water is calculated to be 1.09 x
10-7* cns.

The free molecular diffusivity of toluene in water was calcul ated using the Hayduk

and Laudie nethod (Lyman, 1982)

(13.20) (10-1)
"~ 1 MT10.589
where n, is the viscosity of water at a given tenperature, and Vb is nolar volume cnt/mol.
The LeBas Method (Lyman, 1982) was used to calculate Vb- The free molecular diffusivity

of toluene in water at 25°Cis calculated to be 9.1 x 10~" cm/s.
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Di sperai vHy Cal cul ations

Rearranging equation 4-2, the dispersivity for each nedia was cal cul ated as

The dispersion coefficients were obtained fromthe tracer studies and the tortuosity was
cal cul ated based on the MIlington-Quirk model (1961). The cal cul ated dispersivities for
each nedia are listed in Table 4 —1.

The free mol ecular diffusion of fluoride in water is relatively high conpared to the
mechani cal dispersion at the operating velocity and thus played a significant role in the
di spersion process during the tracer studies. Qverall, the dispersivities for both nedias are
smal | conpared to typical values neasured in the field Freeze and Cherry (1979), indicate
that dispersivities obtained fromcolum tests invariably yield values in the range of 0.01
cmto 2 cm Dispersivities under field conditions are generally larger due to the effects of
heterogeneity in nmacroscopic flow Since the porous media used in the experiments are
relatively honogeneous, small dispersivities are expected

H gher val ues of dispersivity were calculated for the media containing NAPL residua
saturation for both head sizes. There is little theoretical or experimental work addressing
the effect of NAPL contam nation on dispersivity in a NAPL contam nated porous nedia
However, since dispersivity is a function of the pore geometry, intuitively, one would expect
that the presence of a NAPL would change the flow geonetry and the hydrodynam c
flow conditions. Whether the effect of NAPL contam nation is to increase or decrease the
dispersivity would most |ikely depend on the shape of the physical NAPL at the m croscopic
level. Due to the limted data obtained in this study, it is not clear if the presence of a
NAPL significantly affects the dispersivity. Since the calculated val ues of dispersivity with
and without NAPL residual are on the same order of magnitude, the value for 0 percent

residual saturation was used in all subsequent cal cul ations

= 2 4-13
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Dispersivity was ultinmately used in equation 2-33 to cal cul ated mass transfer coef-
ficients of toluene in porous media. The accuracy of the mass transfer calculations is
dependent on the accuracy of the dispersivity calculations. A sensitivity analysis was per-
formed to determne the effect of dispersivity on the mass transfer coefficient, Jv. Figure
4 —6 shows A" in dinensionless formas a function of dimensionless dispersivity for several
val ues of C/C.

It is apparent that A" is insensitive to dispersivity for values of ai/x less than 1.0
and increasingly sensitive for greater values. The range of a"/x values calculated for the
experimental media with and without NAPL contamination is on the order of 7.0 x 10~"
to 1.2 X 10~" and falls within the insensitive range. Athough the dispersivity of the
nmedia will change from experiment to experinent as a function of NAPL saturation, the
sensitivity analysis predicts that for the media used, this variationis not of significance
when cal culating A'. Therefore, dispersivity was not expressed as a function of NAPL

saturation in this study.
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4.2 Mass Transfer Experinents

I ntroduction

The data fromthe colum experiments was analyzed to determne qualitative and
quantitative information about NAPL-aqueous phase mass transfer in porous media. Data
was collected for a wide range of NAPL- agueous saturations and agueous phase velocities
typically observed in the field. The data was correlated using dimensionless groups to incor-
porate the effect of the physical media and NAPL saturations on mass transfer. The results
were then interpreted in light of the NAPL- aqueous phase local equilibriumassunptions
typically made in the devel opnent of groundwater contamnant fate and transport models.

Experinmental Measurenents and Sensitivity Analysis

Based on the anal ytical solution to the nultiphase equations developed in Section

2 —1, the NAPL-aqueous phase mass tran.sfer coefficient can be described by Equation
2-33 as

x - coMn(l-nfiy

4D,

The fol [ ow ng assunptions are made in the devel opnent of the systemequations and thus
apply to the analytical solution for A

1. Steady-state NAPL aqueous dissol ution

2. (ne-dinensi onal aqueous phase flow

3. No sorption of the NAPL onto the porous nedia
4. A single conponent NAPL
5
6

. An immobile, informy distributed NAPL phase

. No vapor phase present
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7. No chemcal or hiological reactions

The experimental procedure was designed to conformto the above assunptions, thus
al lowng the calculation of mass transfer coefficients fromEquation 4-4

Under steady-state conditions, the aqueous phase concentration at every location . x
along the colum is constant and independent of tine. In order to achieve steady-state
dissolution within the experinental colum, at |east one bed volume of deionized water
was al [ owed to pass through the colum before effluent samples were taken. Steady-state
was verified in that concentrations of sanples taken consecutively over a period of 0.05 to
L hour at a given velocity did not vary significantly. Gass beads were used as the porous
media in order to prevent sorption of the NAPL onto the nedia. The beads were washed
Wth nitric acid and acetone to remove any organic material associated with the beads.
The absence of a vapor phase was achieved in the colum by filling the porous media
Wi th deionized water upflow thereby allowng trapped air to escape. The media was also
stirred when the NAPL vas added to al low further removal of air and to assure a unifornty
distributed NAPL. The col umm was flushed with water at a relatively high rate after NAPL
Was added to the media to assure that the NAPL was immobile at each sanpling velocity.
Bi odegradation was not a concern in these experiments since the experimental nns |asted

a maxi mnum of four hours.

The experimental |y neasured parameters used in estimting A were interstitial ve-
locity, colum length, hydrodynamc dispersion, effluent concentration, and the NAPL-

agueous solubility. The error inestimting A is a function of the experimental error in

neasuring these paraneters. Analyses were perforned to determne the sensitivity of K
to these parameters.

NAPL Sat urati on

Interstitial velocity is defined as
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Q.
ACa

where Q15 volumetric flowrate, A1s cross-sectional area of flow and £, 15 the fraction of

Vol une occupied by the aqueous phase. Since Ca ="(1—5',), the interstitial velocity for
each experiment was cal cul ated as

An{l - Sn)

The NAPL residual saturation was neasured using a mass-bal ance technique. At the end
of each experimental run, the remaining NAPL was extracted fromthe packed bed with a
solvent and anal yzed for NAPL using W-spec. The NAPL lost fromthe colum during
the experimental runs was estimted based on the concentration and vol ume of the effluent
col lected during the runs. Based on the analytical method and allowing for solvent and
NAPL vol atilization losses, It s estimated that the error in neasuring residual saturation
s less than 0.5 percent. Mass transfer is a function of residual saturation, 5,, since the
interfacial area for mass transfer is a function of Sn- Therefore, the experimental error
inSnwill lead toanerror in A, The sensitivity of A toS, duetointerfacial areais
not known because there is no available mathematical description of interfacial area as
function of Sn- Based on 4-4, interstitial velocity is also a function of § and therefore, an
error in'5, wll produce an error in A" This error can be quantified since the relationship
Detween 5, and U, 1S known (4-5). Figure 47 shows the sensitivity of the mass transfer
coefficient expressed as the Sherwood number to saturation for a constant volumetric flow
rate of 16 m/hour and G/C* = 0.7G This figure shows that a 0.5 percent change in
residual saturationwll produce a change in A" equal to 0.02 1/d.

During the course of one experimental run, the colum vas samled at several ve-
[ocities, each velocity producing one data point, Al of the data points produced from
3 $ingle run were assumed to represent the same residual saturation.  Theoretically, the
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Figure 4-7. Sensitivity of Mass Transfer Coefficient to Changes in Interstial Velocity due
to Changes in Residual Saturation
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NAPL residual saturation changed continuously during each experiment as NAPL disso-
lution occurred. The amount of mass [ost to dissolution is significantly affected by the
total volume of agueous phase that flows through the colum during a run. Therefore, the
total volume of aqueous phase used in an experiment was controlled to limt the change
inresidual saturation during the run to less that 10 percent. This was acconplished by
taking small sanples (approximately 1 nl) and by mnimzing the bed vol umes passed
through the col um between sanpling and vel ocity changes. For rims with |ow residual
saturations (less than 5 percent), only one sanple was taken for each velocity. Data were
di scarded for colum runs in which more than 10 percent, of the original mass was | ost.
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Ef fl uent Concentration Measurenents

For experiments with NAPL residual saturation greater than 5 percent, effluent con-
centrations were calculated as the average of three sanples. Scatter in the analytically
determned effluent concentrations varied fromrun to run. The 95 percent confidence in-
tervals for effluent concentrations were calculated for the best and worst cases of scatter
and are shown in Figure 4 —8. For the case of greatest scatter anong effluent concen-
trations, the outer [imts of the intervals are on the average within 5 percent of the mean
concentration. Figure 4 —9 shows the sensitivity of the mass transfer coefficient to the
percent error in concentration for several values of CjC*. The mass transfer coefficient is
expressed in dinensionless form Mass transfer is insensitive to changes in effluent con-
centration for GC less than 0.7. As CjC increases, mass transfer becomes increasingly
sensitive. It should be noted that most of the data was collected for CjCt in the range of
0.7, thereby mnimzing error in the estimte of A

Hydr odynam ¢ Di spersion

The hydrodynam ¢ di spersion was cal cul ated using an experinental |y measured dis-
persivity (Section 4 —1), a theoretically estimated molecular diffusion coefficient (Section
4-4), and the interstitial velocity. As discussed in Section 4 —1, mass transfer is insensitive

to hydrodynamc dispersion within the range or the experinental paraneters

In order to estimate A", the colum effluent concentration must be [ower than sol -
ubility. It is evident fromEquation 4 —4 that as the effluent concentration approaches
the aqueous solubility limt, the error in estimating the mass transfer coefficient increases
The effluent concentration is a function of the mass transfer and the length of the colum,
X Trial and error experinents using col umm lengths ranging from6.0 cmto 0.5 cmwere
performed to determne the ideal colum length for the velocity and NAPL saturation
range of interest. It was determned that a length of 1 cmproduced effluent concentra-
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tions less than solubility for the range of velocities and residual saturations used in this

study. The colum length was measured in mllineters for each experimental run. In order

to mnimze the error in A, all data points within two percent of solubility were discarded.
Experimental Results

Twenty-five col umm experinents were performed for two media sizes and a wde range
of NAPL residual saturations and velocities. The experiments yielded 103 data points
representing effluent concentrations |ess than 98 percent of the aqueous phase sol ubility
for toluene. For the 650-"mnedia, residual saturations ranging from3.9 percent to 12.3
percent were obtained. Residual saturations in the range of 4.3 percent to 21 percent were
obtained for the 400-/imnedia. Residual saturations in this range have been reported by

other researchers (Hunt et al., 1988).

ne of the nmost fundamental results obtained fromthe col um experinents is the
rel ationship between NAPL-aqueous phase meiss transfer and aqueous phase velocity. Fig-
ures 4-10 and 441 present mass transfer coefficient versus Reynol ds number for nine
i ndependent experimental runs. The Reynol ds number is anal ogous to velocity in this case
since the data shown in each figure is fromsystens with the same nolecular diffusion
and characteristic length. Figure 420 shows data collected from650-/<mnmedia at four
different NAPL saturations. Each curve represents one colum run at a constant NAPL
saturation. Note that although each run was sanpled at the same volunetric flowrate
the interstitial velocities vary slightly due to the difference in residual saturation. For the
same flowrate, interstitial velocity is higher at a greater residual saturation. Mss transfer
coefficients in the range of 100 1/d to 2000 1/d were obtained for velocities on the order of
0.5to 13 nfd. The data for each run indicates that mass transfer increa.ses as a function
of velocity. At lowvelocities, mss transfer is more sensitive to velocity and the slope of
the curve is steep. At higher velocities, mass transfer is ess sensitive to velocity as indi-

cated by the relatively fiat portion of the curve. Figure 4 —11 shows data collected from
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400-/imnedia at five residual saturations. This data indicates a trend in mass transfer as
a function of velocity simlar to the 650-"mdata. The slope of the curves increase with
increasing NAPL saturation indicating that the sensitivity of mass transfer to velocity
increases with increasing 5,. Note that the data sets for 13.3 percent and 21 percent are
inconpl ete since at the intermediate velocities, the effluent concentrations were within 2
percent of solubility and were discarded. The data is shown in Figures 4 —12 and 4 —13

representing a log-1og relationship between mass transfer and velocity.

Data representing a wider range of interstitial velocities is shown in Figure 4 —14.
This figure is a plot of effluent concentration normalized by the NAPL-aqueous solubility
versus the interstitial velocity of the agueous phase. The data was obtained fromthree
I ndependent |y perfornmed experiments with simlar residual saturations. The parabolic
shaped curve represents a trade of f" between NAPL-aqueous contact time and mass transfer
At Towvelocities the effluent concentrationis [imted by the rate of mass transfer and at
high velocities the concentration is limted by the residence time in the colum. The

continuity of the curves indicates that the experiments are repeatable and that consistent

results can be obtained.

Mass transfer coefficients generated fromthese data are shown in Figure 4 —15 as a
function of velocity. The mass transfer-velocity trend is consistent with the data shown in
Figures 4-10 and 4 —11. Mass transfer is very sensitive to velocity in the range of 0.1 to
20 md and is relatively insensitive to velocity at velocities over 20 nd

The phenomena of increasing mass transfer with increasing velocity is also predicted
by stagnant filmtheory that was devel oped in Section 2 —2. This theory nodel s mass
transfer as a product of a mss transfer coefficient and a concentration gradient. The mass
transfer coefficient is defined as molecular diff"usivity over the thickness of a theoretica
stagnant filmlocated at the phase boindary. As the filmthickness or difFusional |ength
decreases, the model predicts that the rate of mass transfer increases. Filmthickness is

a function of the hydrodynamcs of the systemand can be characterized by the Reynol ds
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nunber; as Reynol ds nunber increases, the filmthickness decreases. In reality however, a

velocity profile exists at the phase boundary (Bowman, 1961).

Figures 440 and 4 —11 show a qualitative relationship between mass transfer
and percent NAPL saturation. The results fromthe experinents using both 650-"fm
and 400-;m nedia sizes consistently indicate that systenms with a greater percentages
of residual saturation have higher nmass transfer rates. This phenomenon may indicate
that a larger NAPL-aqueous phase interfacial area is present at higher residual saturations

thus increasing the rate of mass transfer.

The relationship between mass transfer and percent NAPL saturation is also shown
inFigures 4 —16 and 4 —17 for flow through 650-/i mand 400-/m nedia, respectively
Each curve represents an average aqueous phase velocity. For NAPL saturations |ess than
approxi mately 10 percent, the data clearly indicates that mass transfer increases as a
function of residual saturation. Above 10 percent the effect of saturation on the mass
transfer coefficient is |ess apparent; in sone cases the mass transfer appears to |evel off
or decrease. As described in Section 2 —2, interfacial surface area will increase with
increasing NAPL saturation to a maxi numlevel and will then decrease with increasing
NAPL saturation until the interphase area is zero at 100 percent NAPL saturation. Thus,
interfacial area plotted against percent NAPL saturation will produce a parabolic shaped
curve. However, due to the lack of data at high saturations it is not clear if mass transfer
or interfacial area is increasing, decreasing or leveling off. In other words, it is not clear
where the systemis located along the interfacial area versus percent NAPL saturation
curve. The data does indicate however, that the sensitivity of mass transfer to residua
saturation decreases with increasing percent NAPL saturation at |ow saturations. Data at
hi gher residual saturations is required to confidently describe mass transfer as a function
of residual saturation at higher saturations. It should be noted that interfacial surface cirea
is largely dependent on the pore geonetry and NAPL shape and can not be characterized

fromthe results of these experinents
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Mass Transfer Correl ations

In the previous section, only qualitative results based on mass transfer for a given
medi a size were discussed. Based on the data froman experinmental run, a nodel can be
devel oped to quantitatively describe mass transfer as a function of velocity and percent
residual saturation for a given nedia size. However, a nore general nodel that is valid for
any nmedia or NAPL is sought. Dinensionless groups, such as those described in Section
2.2, can be used to fornmulate correlations between mass transfer and system paraneters.
The di mensional groups incorporate the influence of media and fluid properties (particle
diameter, viscosity, nolecular diffusivity) as well as flow characteristics (hydrodynam cs).
Since only one NAPL was used in these experiments, a correlation based on fluid properties
can not be validated fromthe data. However, the data fromboth nedia sizes at different

NAPL saturations can be compared and correl at ed.

Figure 4 —18 and 4 —19 are plots of the nodified Sherwood number, S/j*, devel oped
in Section 2 —2 verses Reynol ds nunber, Re. Figure 4-18 shows four independent
experinmental runs fromboth nedia sizes at two simlar residual saturations. The Sherwood
nunber and Reynol ds nunmber represent mass transfer and velocity, respectively. The nmean
particle dianmeter of the media is used as the characteristic length, /, in the calculation of
Sh* and Re. This substitution is typically made for packed bed systems (Dwivedi et al.
1977). Theoretically, data collected at the same Reynol ds number should produce the
same Sherwood nunber, independent of nedia size, all other system paranmeters being
equal . Therefore, the runs shown in Figures 4 —18 and 4 —19 with approximately the
same NAPL saturation for the two nedia sizes should produce the same data, within
experimental error. It appears that this is not the case for these runs. Figure 4 —19
shows data fromruns with smaller percentages of residual saturation. Again, the curves
representing the same residual saturations appear to differ significantly. In all of the cases

the 650-//m nedia produced hi gher Sherwood nunbers at a given Reynol ds nunber.
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Sone of the difference in Sherwood nunbers versus Reynol ds number for simlar NAPL
saturations can be explained by experinental error. Error in calculating the mass transfer
coefficients and error in calculating residual saturation could contribute to this discrepancy
The lack of agreement between the curves coul d al so suggest that the particle diameter is
not a representative measure of characteristic |ength.

In order to conpare all of the experinental data quantitatively, nodel fitting is emn
ployed. The object of nodel fitting is to obtain the sinplest model that will fit the data
wel | and that can be used for predictive purposes. Power functions that incorporate di-
nensi onl ess groups have been used frequently to correlate experinental data from mass
transfer studies (Dwivedi et al., 1977; Pfannkuch, 1984; Roberts et al, 1985). Table 2-1
lists several models that have been developed for a variety of mass transfer systems. |t
is evident fromthese nodel s that the Sherwood nunber or dependent variable is often
witten in terms of Reynolds nunber and Schm dt nunber or independent variables. Since
only one NAPL was used in these experinents, the Schmdt nunmber is constant for all of
the experinental data and is therefore not required in these correlations. However, since
the specific surface area is not known in the NAPL-aqueous system the percent saturation
of each data point nust be included in the correlation nodel. The follow ng expression is

used as a nodel to describe the data collected in this study

Sh* = bRc' Si (4- O

where Sh* is a nodified Sherwood number. Re is the Reynolds nunmber, 5, is the NAPL
phase saturation, and fe, ¢, and d are constants. A multiple regression analysis using the
| east squares nethod was used to fit this nodel to the entire data set. In addition, the
nodel was fit separately to the 650-/7, mand 400-*mdata. The results of the regression
anal ysis are shown in Table 4 —2

For the entire data set, the nodel predicts that the Sherwood nunber varies with
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Table 4-2. Paraneter Estimation Results

Model Dat a Coeffcient St andar d Per cent 95%
Set Estimate Error Standard Confi dence

Error I nterval
Sh = bReCSnd Al b 3.91 0.61 16 2.26 - 5.57
c 0.46 0.03 7 0.39 - 0.53
d 0.72 0.04 6 0.57 - 0.88
| ogSh = | ogb + Al b 2.52 0.29 12 2.00 - 3.03
¢ logRe + d | ogSn c 0.36 0.01 3 0.33 - 0.39
0. 36 0.05 14 0.28 - 0.44
Sh = bReCSnd 400 jun b 6.57 3.42 52 1.90- 11.2
c 0. 64 0. 08 13 0.47 - 0.80
d 0.63 0.14 22 0.44 - 0.81
Sh = bReCSnd 650 Jim b 1.36 0.45 33 0.40 - 2.31
¢ 0.37 0.03 .8 0.31 - 0.43
1.13 0.13 12 0.84 - 1.41
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approxi mately the 0.46 power of the Reynolds nunber and with the 0.72 power of the
NAPL saturation. Referring to Table 2 —2, the exponent of the Reynolds nunber falls
within the range of reported Mass transfer-velocity correlations for other systens. The
nodel was also fit to data fromeach size media separately. As shown in Table 4 —2, the
nodel s differ significantly fromeach other and fromthe overall nodel. For the 650-;im
data, the model predicts that Sherwood number varies to the 0.37 power of the Reynol ds
number and to the 1.13 power of saturation. For the 400-"<m media, the model predicts
that the Sherwood nunber varies to the 0.64 power of the Reynolds nunmber and to the
0.63 power of satviration. Figure 4 —20 is a plot of the predicted models for typical val ues

of Reynol ds number and NAPL saturation

Table 4 —2 lists the standard error associated with each pfirameter estimte. The
standard errors are calculated as a percent of the estimated paraneter in order to determne
which nmodel fits the data best. The nost inportant parameters for determning the
fundanental relationships in the mass transfer process are ¢ and d since these are related
to Reynol ds nunber and NAPL saturation. Overall, the data correlates well to these
paraneters as indicated by the |ow standard error and small confidence intervals. The case
in which the model was fit to all of the data indicates the data fit Re and 5, equally well
based on the error as a percent of the coefficient estimate. Overall the log transformation
model fit the data with [ess error and correlated better to Re than to 5,. In both of the
cases that the nodel was fit to data fromone nedia size, the data correlated better to the

Reynol ds nunber than to the NAPL saturation

It should be noted that the true mass transfer relationship for a single nedia size
cannot be determined independently of a, the specific surface or interfacial area, since the
mass transfer coefficient measured in the experinents is the |unped product of Kj” and
a. It is assumed in the devel opment of the nodified Sherwood nunber that a is directly
related to the characteristic length of the system or in this case the mean particle dianmeter

of the media. The discrepancy between the predicted nodel for the 650-//mand 400- //m
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media could be explained if the characteristic length of the nmedia is not a good pseudo
parameter for NAPL-aqueous interfacial area. The characteristic length of the system may
need to be modified by some shape factor in order to better describe interfacial area as a
function of NAPL saturation. A simlar technique was used by Roberts, et al. (1984) to
correct for deviations fromideal spherical geonetry in the study of external mass transfer

rates of fixed bed adsorption.

A final factor that may explain the poor conparisons of correlations between the
650-/imand 400-//mmedia is related to the experinental procedure. After the nedia was
contamnated with the NAPL, the colum was flushed with deionized water at a high
flowrate for approximtely 30 mnutes to assure that the NAPL was present at residual or
i mmobi | e conditions. In the process of flushing the colum it is suspected that a significant
portion of NAPL was removed at the inlet side of the colum creating a non-uniform NAPL

di stribution. This phenomenon woul d produce artificially |ow effluent concentrations and

cause | ow estimtes of nmass transfer coefficients. It should be noted that the true mass of
NAPL in the columm runs are known since the nmeasurenment was nade at the end of each
experiment. However, the assunption of a uniformy distributed NAPL saturation may be
violated. Initial estimates based on 30 mnutes of flushing and an effluent concentration
of 300 ng/1 indicate that as nuch as 14 percent of NAPL may have been renoved due to

dissolution during the flushing period

In order to test this hypothesis, two colum runs were performed using a nodified pro-
cedure. In lieu of flushing the colum wth deionized water, the colum was flushed with
a NAPL-saturated solution. Theoretically, only free NAPL woul d be removed fromthe
col um since NAPL-aqueous dissolution would not occur into a NAPL saturated sol ution
The results of the runs are shown in Figure 4 —21. The normalized effluent concentra-
tion versus velocity are shown for both nodified and unnodified runs. As expected, the
nodi fied runs produced relatively high effluent concentrations conpared to those observed

in previous runs. Figure 4 —22 conpares Sherwood nunber as a function of Reynol ds
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nunber for the runs using the nodified experimental method to runs using the unmodi -
fied method with simlar NAPL saturations. The data using the unnmodified experinental

method indicate that the actual mass transfer coefficients are higher than those cal cul ated

fromthe unnodified runs. This data nakes sense if indeed a nonuniformdistribution of
NAPL was present for the unnodified runs. It should be noted that the results fromruns
using the unnodified experimental nethod produced conservative results with regard to
the assunption of NAPL-aqueous equilibrium However, violation of the assunption of

uniformy distributed NAPL could significantly affect the mass transfer correlations

4.3 Solubility Enhancenent Experinents

Hum c Acid

Backgr ound

Hum ¢ substances make up 50 to 75 percent of the dissolved organic carbon found
in naturcd aquatic systems. These organic nolecules are present in groundwaters at con-
centrations of 0.03 to 0.1 ng/1 (Thurman, 1985). Studies have shown that at very |ow
concentrations, humc mterial my influence the fate and transport of organic chemcals
in the environment by enhancing the apparent sol ute aqueous-solubility (Wrshaw et al.
1969; Hassett et al., 1979; Haas et al., 1985, Chiou et al., 1986). The nechani sns of
interaction between humcs and organi ¢ conpounds are not well understood. It has been
suggested by Chiou, et al. (1986) that a partition-like interaction of the solute with the
m croscopi ¢ environment of dissolved humc nol ecul es may explain the sokibility enhfnte-
ment. Wershaw, et al. (1969) studied the effect of humics on the aqueous-sol ubility of
DDT and concl uded that humcs influenced the organic in two ways: (1) the humc mate-
rial interacted directly with the DDT through sorption, and (2) the himics increased the

sol vency of the DDT by decreasing the surface tension of the water
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Based on these studies, the effect of naturally occurring humc material in groundwater
on the fate and transport of organic contaminants is of concern. Initial solubility studies

were performed to deternine the effect of humc acid on the aqueous phase solubility of

t ol uene.

Resul ts

Figure 4 —23 shows the experimental |y nea.sined atjueous soluliility of toluene as
a function of humic acid concentration. These results indicate that humic acid did not
significantly enhance the aqueous solubility of toluene, especially at |ow humc concentra-
tions found in natural groundwater systems. The |argest increase of toluene solubility was
5.1 percent, which occurred in the presence of a 40 my/1 humic acid solution. At higher
hum ¢ concentrations, the solubility of toluene began to decrease. The data conmpares well
to studies described by Haas, et al. (1985) in which a maxinum 8 percent increase in
tol uene solubility occurred in the range of 0 to 70 ng/1 hunic acid. Haas suggest that
the decrease in toluene concentration at higher humc concentrations coul d have occurred
due to the formation of mcelles. Wile the results of this experinent show that humc
material s enhance tol uene solubility, the effect of this enhancement on tol uene transport
in the environnent seens to he fairly limted

It should be noted that previous studies focused on the sol ubihty enhancenent of fairly
i nsol ubl e organic chemcals. Chiou et al. (1988) suggests that large sol ubihty enhancenents
by dissolved co-solutes in relatively dilute concentrations would be largely restricted to
solutes that are thenselves extremely insoluble in water. In light of this observation, the
lack of solubihty enhancement of toluene is not surprising since toluene is relatively soluble

inwater at 515 ng/1.
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Et hanol

Backgr ound

Most remediation of contami nated groundwater sites is based on punp and treat
net hods (Mackay and Cherry, 1988). These nethods usual |y involve punping contam -
nated water fromthe ground and treating the water on- site. This technol ogy has proven to
be expensive and ineffective rehabilitating a contamnated aquifer. Organic contam nants
tend to have |ow aqueous sol ubilities and therefore renoval of contam nants by dissolution
requires large quantities of water to be punped and treated. Practical experience indi-
cates that this type of cleanup process can take decades and is expensive, particularly for
contamnants in the saturated zone (Mackay and Cherry, 1988). At best, punp and treat
options can be used as a tool for hydraulically controlling the migration of NAPL once a
spill has occurred. Froma technol ogical and economcal standpoint, it is clear that there

is aneed for more efficient aquifer remediation technol ogies

The use of cosolvents in groundwater renediation is a technology that has not been
widel'y studied or applied in the field to date. There has been considerabl e research on the
effect of solubility enhancenent of solutes in cosolvent systems. Furthernore, it has been
experinental |y shown that the presence of a cosolvent in an aqueous phase has the effect

of increasing hydrocarbon sol ubi hty (Yal kowsky 1974, Fu et al., 1986, Goves, 1988).

Fu and Luthy (1985) studied the solubility of aromatic organic conpounds in aqgueous
sol utions containing mscible polar solvents. Experinental data was conpared to severa
theoretical models that estimate solute solubility in miscible solvent-agueous systens. The
results of the experinental work showed that sol ute-aqueous solubility can be enhanced sig-
nificantly in the presence of a cosolvent. It was general |y observed that a sem-logarithnic
increase in solute solubility occurred with an increasing volume fraction of cosolvent. The

study predicted that the |og-linear approach holds for systems in which the solubility
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parameter of the solute is at least three units less than that of the sol vent

The use of cosolvents is routinely used as an aid in solubilizing drugs and has been
a focus of cosolvent solubility enhancenent research. Yal kowsky points out that although
it has been shown that cosol vents can enhance solute solubility by orders of magnitude
it is also possible that a cosolvent can have little or no effect or can actually decrease
solute solubility. Yal kowsky has found that the effectiveness of solubility enhancenment by
a cosol vent is dependent on the polarity of the solute with respect to the cosolvent and the
aqueous phase. He uses the octanol -water partition coefficient, PC, of the solvents and
solutes as a nmeasure of polarity. The nost effective means of increasing solute solubility is
to have a nonpol ar solute. A nonpolar solute is defined as a solute that is Iess polar then
the aqueous phase or cosol vent based on the PCs. Yal kowsky derived an expression for
nonpol ar solutes that relates the solute solubility in the cosolvent- aqueous solution to the

vol ume fraction of cosolvent present in the agueous-phase

log Sm=1log S u, + ct/c (4-7)

wher e

(7 =1log PCoiw - |og PColc

where Smis the solute solubility in the cosol vent-aqueous solution, Swis the solute sol ubil-
ity in the pure aqueous-phase, /c is the volume fraction of cosolvent in the agueous-phase
PCo/w is the solute octanol -water coefficient, and PCy/c i s the octanol- cosolvent parti-
tion coefficient of the solute. Equation 4-7 predicts an exponential increase in log Smwith
i ncreasing cosol vent conposition

Initial solubility and mass transfer experinents were performed to determne the effect
of a cosolvent on the solubility and mass transfer characteristics of toluene in porous media

syst ens.
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Resul ts

Figure 4 —24 shows the experinental |y measured aqueous solubility of toluene as a
function of percent ethanol in the aqueous phase. The results indicate that a 50 percent
solution of ethanol enhances tol uene aqueous solubility by a factor of 25. However, the
relationship between solubility and percent ethanol is not log or sem-log as has been

reported by other researchers (Yal kowsky, 1974, Fu et al., 1986).

Mass transfer colum experinents were perforned using an ethanol - aqueous feed
solution to determne the effect of ethanol on mass transfer. The results of the experiment
are shown in Figures 4 —25 and 4 —26. Figure 4 —25 conpares the results of @0-fj.m
media runs using 10 percent and 25 percent by vol ume ethanol solutions with a run with
a simlar NAPL saturation using a O percent ethanol solution. The results indicate that
mass transfer in the presence of ethanol decreases the rate of mass transfer. Figure 4 —26
conpares data from 400-/amruns. This data suggests that the rate of mass transfer is
unaffected by the presence of ethanol. These inconsistencies suggest that nore data is

needed to come to a conclusion regarding the effect of ethanol on NAPL-aqueous mass

transfer.

The results of this initial investigation indicate that the use of a cosolvent, such as
ethanol, incorporated into a punp and treat renediation scheme may offer an effective
means of aquifer cleanup. An increase in the aqueous solubility of toluene by a factor
of 25 inplies that the use of a cosolvent may significantly decrease the renediation tinme
and vol une of waste water generated when conpared to normal punp and treat nethods.
However, any cosol vent used in a remediation scheme should not cause additional risk to
the mgration of the contamnant or to the quality of the groundwater. A cosolvent such
as ethanol is highly biodegradable and shoul d not be of concern. However, as indicated
by the experinental results, ethanol acts to remobilize the NAPL and thus there is risk

of spreading the contam nant to previously tntontamnated areas. Based on the results of
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this study, further investigation into the use of cosolyents is needed.
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ST ATEE T SRR BERE

5 Concl usi ons

5.1 Concl usi ons

The results of the mass transfer experiments yield both quantitative and qualitative
i nformation about NAPL-aqueous dissolution in porous nedia. It is stressed that these
results apply only to the type of systemaddressed in this study, namely, saturated flowin
the velocity range of 0.1 md to 32 mid and for uniformor nearly uniformNAPL (tol uene)
saturations in the range of 2.5 percent to 21 percent. Sorption and biodegradation have
been negl ect ed.

Qualitatively, the results of this study indicate that NAPL-aqueous mass transfer
increases with aqueous phase velocity. Mw-ss transfer is nore sensitive to velocity at |ower
vel ocities and becomes increasingly |ess sensitive as velocity increases.

The data al so indicates that mass transfer increases as a function of increasing resid-
ual saturation. At |ow NAPL saturations, mass transfer is very sensitive to changes in
saturation and becomes increasingly |ess sensitive as saturation increases. This trend is
consi stent with NAPL-aqueous interfacial area as a function of NAPL saturation. Theo-
retically, NAPL-aqueous interfacial area increases at a decreasing rate as NAPL saturation

increases to a maximumlevel. The interfacial surface area then decreases as the NAPL sat-

uration approaches zero. However, it is not clear at what NAPL saturation the interfacia
area and therefore the rate of mass transfer reaches a nmaxi mum

Correlations based on the Sh* —bRe' S nodel indicate that mass transfer increases
to the ¢ power of velocitj' and the d power of NAPL saturation where c is in the range of

0.4-0.6anddisintherange of 0.6 to 1.1

One of the major notivations for this study is to determine if and under what condi-

tions the assunption of local equilibriumis valid. The qualitative data fromthis research
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indicates that mass transfer coefficients are fairly high under all of the experinmental con-
ditions (velocities in the range of 0.1 md to 32 md and NAPL saturations in the range
of 2.5 percent to 21 percent). Hgh mass transfer coefficients inply that NAPL-aqueous
solubility is attainable in a short period of tinme or, more inportantly in groundwat er

contam nant problems, within a short distance of groundwater flow.

It should be noted that the rate of mass transfer as well as the NAPL- aqueous contact
time determne the NAPL-aqueous concentration at any |ocation x. This phenomena is
important with regard to punp and treat remediation techniques. In designing a remedi-
ation plan, a tradeoff exists between the time required to conpletely renmove NAPL from
the subsurface, and volume of aqueous phase that is required to be punped and treated
At low flowrates, a NAPL-saturated aqueous phase can be removed fromthe subsurface
and at higher flowrates, a |ess than NAPL-saturated aqueous phase may be observed
The data in Figures 4 —27 and 4 —28 illustrate this phenomena. These data show a
sinulation of the concentration of the agueous phase verses distance x through the porous
medi a based on experimental |y measured mass transfer coefficients. The data in Figure
4 —27 shows data for a NAPL residual saturation equal to 2.5 percent and the data in
Figure 4 —28 shows data for a saturation of 12.5 percent. At a relatively | ow aqueous
phase velocity of 0.5 md, equilibriumis attained in a shorter distance than for aqueous
flowat 13 md. However, for all of the cases shown, equilibriumis attained in a very
short distance of less than 0.3 neters. Wth regard to aquifer remediation this suggests
that NAPL saturated water can be removed for a wide range of flow rates. Contam nant
plunes extending from0.5 to 5 kiloneters have heen reported in the Uerature (Mackay
and Cherry, 1989). Based on the magnitude of the areal extent of these plumes, it appears
that NAPL- aqueous local equilibriumis a reasonable assunption to make in modeling fate
and transport of contamnants under the conditions studied. As expected, equilibriumis

attained in a shorter distance at a higher residual saturation

Restdts of initial humc studies indicate that humc acid, at naturally occurring con-
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centrations, does not significantly enhance the solubility of toluene. This may be due to the
relatively high aqueous-solubility of toluene. Based on this study it appears that naturally
occurring humc acids do not play a large role in the transport of organic contam nants
chemcally simlar to toluene

The results of the ethanol solubility experinents indicate that ethanol significantly
enhances the solubility of toluene. However, the results regarding the effect of ethanol on
NAPL- agueous mass transfer rates are inconclusive. Overall, the ethanol studies indicate

that the use of cosolvents in aquifer remediation warrants further investigation
52 Recommendat i ons

As indicated by the mass transfer results obtained using the nodified experinmenta
method described in Section 4 —2, it appears that significant mass was |ost to dissolu-
tion during the initial flooding stages. It is therefore recommended that experiments be
performed using the modified experinental method to determne to what extent the as-
sumption of a uniforny distributed NAPL phase was violated in the presently performed
experiments. It is expected that the results will show that the mass transfer coefficients
presented in this report are artificially low However, this finding would strengthen the
validity of the NAPL-aqueous mass transfer local equilibriumassunption.

The extent and shape of residual saturation within the subsurface is a function of
the geometry of the pore network, fluid-fluid properties such as interfacial tension, density
ratio and viscosity ratio, and fluid-soil properties (Wlson et al., 1986). Therefore, residua
saturation can exist as both isolated bl obs of NAPL within individual pore spaces and as a
continuumor lense of NAPL occupying many pore spaces (Hunt et al., 1988a). The shape
of the NAPL saturation will influence the geometry of the aqueous phase flow as well as
the NAPL- aqueous interfacial area. Mass transfer characteristics in NAPL contaninated
porous nmedia are expected to vary as a function of the NAPL configuration within the

media.  This study has considered the case of residual saturation present as uniforny
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di stributed NAPL blobs within individual pore spaces. Further research is needed to
characterize NAPL-aqueous interfacial area and NAPL shape as a function of porous nedia
and fluid properties

Fromthis study it appears that very |ow NAPL saturations nmay prove to be the nost
persistent source of contam nation and the nost difficult to remove. Experinents shoul d
be performed for NAPL saturations less than 2.5 percent in order to validate equilibrium
assunptions under these conditions.

Mass transfer correlations based on NAPL fluid properties were not addressed in this
study. Experinents using other NAPL's, including DNAPL's, should be performed in

order to develop a nore general description of NAPL-aqueous mass transfer in porous

medi a.
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6 Not ati on

a activity.

A area (L")

6 constant in equation 4-6.

c constant in equation 4-6.

G 3 nunber of grammoles of water per cnt of solution (M~").
O concentration of species i in the a phase (M""").

Ct equilibriumconcentration of species i inaj)hase (M""").

d constant in equation 4-6

Do dispersion coefficient (L-~t"").

Dc mol ecul ar diffusion of concentrated species in water (LM~").
Dd free nmolecular diffusion (L t~").

DM+ effective molecular diffusion of species i in the a phase (L'*t"").
Dd nol ecul ar diffusion of dilute species in water (L' "f*).

Dij nmolecular diffusion of species i influidj (L't"").

D' mechani cal dispersion coefficient (L' f').

Dx X conponent of the dispersion coefficient (L'"t"").

fc volume fraction of cosolvent in aqueous phase [dimensionless).
F volunetric flowrate (L''t~").

g gravity vector (Lt~").

|, - mass flux of species i (M~'t~').

JM mass flux of species / to or fromthe a phase (MM At"').

k permeabi hty (L").

Ne" relative perneability {dimensionless).

K second order tensor (L' "tM*).
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A" mass transfer coefficient (t~').

Ka mass transfer coefficient (Lt~M

Kb mass transfer coefficient (Lt~').

A"l mass transfer coefficient (Lt~*).

| characteristic length (L).

L | engt h.

m nol aUt y.

Mo Mass of air filled flask (M.

Ms Mass of bead filled flask (M.

Msw Mass of bead and water filled flask (M.
Mv Mass of water filled flask (M.

n porosity or volume of void per total volune {dimensionless).
PC octanol -water coefficient ((ft'meji”ion/e"s).

P'" thermodynam ¢ pressure of a phase (M.~H'").

Pe Pecl et nunber {dinensionless).

Q' interphase mass transfer of species i to or froma phase (M~'"t'~").

Rl gas constant (LAt-AT"").

Re Reynol ds number {di mensionl ess).

R-* external source of species i to or froma phase (M~'t~').
Sc Schm dt number {di nensionl ess).

Sh Sherwood number {di nensi onl ess).

Sh* nodified Sherwood nunber {dimensionless).

Sa saturation of a phase or volume cv phase per void vol ume {dimensionless).

Smsolute solubility in cosolvent system (M~").

Sw sol ute aqueous solubility (M."").

t ti ne.

T tenperature.
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V velocity (Lt~").

v" velocity of the a phase (Lt~").
Vb partial nolal volunme of water in solution (cm”g-nolo"").
U™ absolute velocity of cation

U~ absolute velocity of ion

Z ~ val ence of cation
Z~ val ence of ion

a | longitudinal dispersivity (L).

am di spersivity (L).

ax transverse dispersivity (L).

6i] Kronecker delta function (dinrnsionless).

6 filmthickness (L).

e volume fraction (dinensionless).

7+ mean ionic activity coefficient.

[i dynamic viscosity (M~"t~").

[1f] dynamc viscosity of water (MA"t"").

V kinematic viscosity (L*t~").

i]" mass fraction of species i in a ph<i.se {(linmnsioiilcss).
p" mass density of the a phase (M""").

Pi bul k density (M~").

Pp particle density (M"'").

Pu, density of water at 25°C (M~'").

<r sol ubilizing power of cosolvent ((iinctnsioitlcs.s).

T tortuosity (dinensionless).

T* tortuosity {dimensionless).

Tm M I hngton- Quirk tortuosity [dimensionless).
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