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introduction

Environmental contamination problams commonly Involve
wastes consisting of complex mixtures of chemicals. The
behavior of these mixtures has not been well understood
because the primary chemodynamic properties (e.g.,
solubllity, sorption, fransport) of-organic chemicals have
usually been charactetized In aqueous salufions which are
simple in composition relative to many waste mixtures found
at or near disposal/splil sites. Typlcally, laboratory studiss
have focused on chemodynamics of single solutes In water or
In dilute electrolyte solutlons,

The research summarlzed In this report {ocuses on the
effects which organle cosolvents have on tha somtion and
moblility of organic contaminants, This work was initlated In
an effort to Improve our understanding of the environmental
consaquences assoclated with complex mixtures and to
enhance our abliity to deal with these consequences In a
lechnically responsible manner,

Spaciilc objactives of the projact wers to:

{1) measure solubllity and sorption for selected organlc
chamicals In complax solvent mixtures.conslsting of
mixtures of erganic cosolvants and water; and

(2) utllize Isocratic- and gradlent-alution tachniques to
characterize the Impacts of organic cosolvents on the
transport of hydrophoblc organic chemicals In solls and
aquifer media.

The results of this work have application to tho dofinltion,
prediction and ramediation of soll and groundwater conta-
mination problems. Since an Increass In the cancentration of
organlc cosolvents Is reflected In decreased sarplion, organic
contaminants at waste disposal/splil sites ara likely to be
present at higher concentrations in pore water. Decreased
sorption, in turn, will lead to organic contaminants belng
transportad furthor than predicted from aqueous-based
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iransport data. While this manifestation of cosolvancy can
axacerbate environmental problems, judiclous application of
the principles of cosalvency can assist In allaviating existing
problems. For example, removal of contaminated soils from
a dispasal/splli site and extraction with solvent mixiures (so-. -
called “solvant washing”) is one remedfatlon technique that is
racelving considerable attention. Thé results presented here
should be of direct uss in selectlon of the appropriate solvent -
mixtures.to extract the arganic'contaminants of intarest. ‘

Background

Woa dofine here complex mixtures as those systems having
multiple solutes and multiple solvents. - The solute mixtures.of-
Interost might consist of vartous combinations of nonpolar,.
shydrophubie organic chemicals:{(HOCs); hydrophoble, -
lonizable organic chemicals (HIQCs); and lonic organic -
chemicals (JOCs). The:solvent:may be-a:mixtura.ef- water

=gnd‘one-ormora.organic:cosolvents: Cosolveris that ars..:
soluble In water [n all proportions will be referred to as
‘completelymisclble:organic solvents.(CM®Ss). Other
solvents which have only a finite solubllity in water will be -
refarred fo as‘partially-misclble:organic solvents:(PMOSsh
Two types of solvent mixtures ars of interast: (i) solvents
conslsting of water and cosolvents In a single, homogensous
llquid phasa; and ({ly solvents containing waler and
cosolvents that form at least two distinet liquid phases. In
this repon, the first type will bs referred to as mixad solvonts,
whllllte the second type will be designated as multiphasic
solvents,

In recent years, several researchers have recognized the
noed to study the chemodynamics of complex mixtures; and
coordinated effarts were initlated to develop theorstical
approaches and data basgs. Thls work has besn fundsd
primarlly by the U.5. Environmantal Protection Agency (EPA),
the U.S. Department of Energy (DOE), and the U.S. Alr
Foree (USAF). Research funded by DOE, ¢onducted
grimarﬂy at Battelle PNL, has focused on competillve somtlon
y solls and clays from HIOC mixturss found in energy
wastes (Falica et al,, 1985; Zachara et al,, 1987). With
funding from EPA, researchers al the University of Florida
hava also studled the sorption from mixtures of HOCs and
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HIOCs (sslacted to rapresent the so-called Appendix VIl
compounds) that are commonly found at hazardous-waste
land-treatment facllities (Rao et al., 1986). EPA has also
funded much of the work completad to date on the affscts of
cosolvents on chemodynamics of organic contaminants
(Yalkowsky, 1885, 1987; Rao et al., 1985, Rao and Las,
1987; Nkedi-Kizza et al,, 1985, 1987, 1989; Woodbum &t
Guissepl-Ellie, 1988; Walters st al., 1988). Sorption of jet
fuel constituents from liquid and vapor phases has been
axamined with funding from the U.S. Air Force (Mcintyre and
dafFur, 1985; Rao et al., 1988).

The log-linear cosolvency mode] and the UNIFAC model are
among the theoretical approaches that have been used to
examine cosolvent effects on solubllity and sorption. The lag-
linear cosolvency model (Yatkowsky and Roseman, 1981) s
based on the contral assumption thatthelogarithm:oi.the
solutesolubilty-In-a-mixed:solvent:s:glven:bythe:weighted-
average:of:the:logarithms-of:solubiiities:in:the:componant

esolvents-in-tho:mixture; the welghting costticient Is taken to
be the volume fraction of sach solvant componerit. Thus,

M

where S is solubility (mg/L), fis volume fraction of the
solvent, and the subscript m danotes mixed solvent while |
donotes a spaclfic solvent component. Note that averaging
the logarithms of solubllitlas Is eguivalent to averaging the
free energiss of solution in different solvents in the mixture,
The UNIFAG model (Fradenslund et al., 1875} Is a group-
contribution scheme for calculation of the agtlvity cosficients,
This-model Is based on the UNIQUAGC made! (Abrams and.
Prausnitz, 1975) and the solution-of-group concept (Wilson
and Deal, 1962). In this rodel, a mixture of ditferent
chernicals Is treated as a mixture of the functlonal groups
constituting the components in solution.

In many caseé, the UNIFAG madal rmay be preferred over the

log-linear model bacause: (i) it has a more sound theoretlcal
basis, (li) activity coefticients In mixtures can be calcufated
given only pure component data, and (i) all possible
Intoractlons among the components in the mixture are
explicitly considered. A limitation of the UNIFAC mode),
however, s that although the group interaction paramsters
required to estimate the solute activity coetficients are
continuously reviewed and updated, their values are not
avallable for a number of systems of Intarest here.

An extensive amount of data has shown that insbinary:mixeda
solvents,-HEG Solubllity-Increasss:-and sorption dacreasesdn.
@:log-linear-manner-as:the:volume-fraction-of-the-organic
‘cosolventincreases (Rao et al., 1885; Nkedi-Kizza et al.,
1985, 1987; Woodburn et al., 1986; Fu and Luthy, 19864,

- 1986b; Rublno and Yalkowsky, 1985; 1987a, 1987b, 1987c).
These experimental findings are consistent with the
predictions of both the UNIFAG model and the log-linear
cosolvency model, The successful extension of the jog-linaar
modsl to descritse solubllity and sorptlon in binary, ternary
and quinary mixed solvents has also been demonstrated
(Rao and Les, 1987; Rubino et al., 1984; Rubino and
Yalkowsky, 1985; Yalkowsky and Rubino, 1984),

In contrast to the large amount of data on solubliity and
sarption of HOCs In mixed salvents with completely-miscible

organic cosolvents (e.4y., alcohols), similar data for mixed
solvents Involving partlally-misclble organic cosolvents were
assentlally nonexlistent prior to this study. Only limiled data
for solubliity and sorption of HIOCs In mixed solvents are
availabla (Fu and Luthy, 1986a; Zachara ot al., 1988).
Cosolvent Impacts on Kinetlcs of phase partitloning have
boen sxamined, though mostly In a qualitative manner
(Fresman and Cheuny, 1881; Nkedl-Kizza et al., 1989;
Waltars et al., 1889).

Laboratory studies were conducted during this project to
colisct solublliity data, and these data were used to evaluate
two theoretical approaches (the UNIFAC modsl and the log-
finear model), Based on the solubllity data collected,
maditicatlons to the log-linear modsl were proposed fo
improve lis predictive capabllities. Batch aquilibration and
column displacement techniques were usad to characterize
eguifibrium and nonequilibrium sorption of HOCs and HIOCs
from mixed solvents. These data were used to compare
cosalvent effects on solubility and sorption and to assess
cosolvent Interactions with the sorbant which-impact - -

squllibrium and Kinstics of sorpion. Partitioning of HOCs into . o

water from complex mixturss of liquids was sxamined In
order to provide data essentlal for estimating solublilzation
and release of aromatlc constituents from fusls such as
gasoline, dlesel, and jet fual, and from such wastes as coal
tar and creosote. Retention of several HOGCs from mixed
solvenis by synthetlc sorbents (reversed-phase
chromatography supporis) and a surface soll was measured
at several temperatures to characterize the enargatics of
HOG sorptlon and to better understand the sorptive

mechanisms. i

In the followlng sactions, a brief summary bf-our-flndi'ngs in
vach of these areas Is presented. Detalls can be fouind in
sevaral publications listed in Appendix A and Appendix B.

Cosolvency

The effects on solubility and sorption (hence, on transport) of
organic chemicals upon addition of one or mors organic
cosolvents 1o an agqueous solution are defined here as
cosolvency . The alterations In solubility might result from the
followlng intaractions: solute-solute, soluie-cosolvant,
cosolvent-cosolvent, and water-cosolvent. <FGr:noripolar-- -
solutes-and-at:low.concentrations-of:polarfonizable.solutes;

<gol0ta-soluterinterdctionstare:likely:to be.negligible-and-are>
not considered further, The work presented here focuses on
the othar interactions listed above.

Sorption of organic solutes, especially HOCs, Is Inversely
related to solubility. Thus, an increase in solubility resuiting
from the addition of a cosolvent leads to a proportional
decreass In somtion. {n additlon 1o the interactions listed for
solubliity, sorption is influsnced by solute-sorbent, and
sarbent-cosolvent Interactions. Both solute and cosolvent
interactions with the serbent wers investigated In this project,

A conveniant meastre of cosolvancy Is the<cosolvency=:
«powar:definad:.here:on:therbasie.of-the:inherent:ability-of.a
«cosolvanttorproducaan:alteration:in:the:solubllity,or sorption

upon:addition:of-a:cosofvent. Behavior in a purs (neat)

aqueous solution and a pure (neat) organic solvent will sarve

as the basis for quantifying the cosolvency power.



The cosolvency power (o, ) of a cosolvant for a solute
(subscript s) may be defined as:

6,0 = 0018, o/ 8,,] (2)

whore S Is the solute solublity (mg/L) In neat cosolvant
(subscript ¢) or pure water (subscript w). Since HOC solubllity
In organic solvents Is larger than that In water, g, . » 0,
Larger values of o, . Indicate a greater selubllizing power of
the solvent for a spacific solitte.

it may be sxpsctad that with decreasing polarity of the
cosolvent, o, , will Increase for hydrophobls solutes, Thus,
0, values stould be inversely related to various indicas of
s&fent polarity (8.g., dislectric constant, Rohrschnalder
polarity Indsx, E(30), and others). Rubino and Yalkowsky
(19872, 1987b) have investigatad such telatlonships for
solubilization of pharmaceutical drugs. The inverse relation-
ship balween o, . and E(30) for solubilization of anthracene

In several solveris is shown in Figure 1. For a given solvent,

. . O, values should increase with Increasing hydrophobiclty of

" thé'solute. Morris et al, (1988) have shown that ¢ values are’
Indeed positively correlated with Jog K, values, Two
axamplas of such a relationshlip are shown in Figurag 2A
and 2B. Itis evident from the data In Figures 1 and 2 that
ths cosolvency power (o, ) valuss can be estimated given
spocific properties of the solute and the solvant. Data
prasently available for several solute-solvent systems can be

effectively utllized to estimate o, , for other systems.

The measurad HOC solubility profiles In binary solvent
mixtures generally doviate from the expscted log-linear plot,
primarily because of water-cosolvant interactlons. The extent
of such teviations may then be taken as an indox for the
magnitude of such Interactions, The observed cosolvency
powst In & binary mixed solvent is deflned here for solubility
as,

Opm = 10081,/ S, 4] (3)
and for sorption as,

Opm = 100 Ky T K o] (4)
where o, ., 6 the experimentally-measured value-of

cosolvenay power, Sis the measured HOG solubllity (mg/L),
and K Is the measured sorption coefficient (ml/g), with the
subscripts m and w denoting a binary mixed solvent and
water, respactively.

For operational convenlence, In calculating ¢ values in eqs
(3) and (4) we use solubility or sorption values measured in
50% (vAV) solvent mixture for CMOS-water systems and
saturated solutlons for PMOS-water systems. This choice
also precludes problems associated with. mutual miscibility of
organic coslvents (8.9., methanol, acetone) with liquid solutes
{e.g., bonzens, taluena), When cosolvent-water Interactions
are significant, the predicted (sq 2) and measured (eqs 8 or
4) cosolvency powers are not squivalent, We may therafore
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Figure 1. Inverse ralationship betwosn cosolvency power (os' o) and solvent polarity index E,(30). Values for E((30) were taken {rom Reichardt

(1948).



Methanol-Wator Mixtvures A

Cosolvency Power
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Figure 2. Direct relationship between cosolvency power (o, ) and solute ostanal-wator partition coofficiont (Ko for (A) mathanol-water, and (B)

acelone-water mixtures,

define for solubility,

Gs.m = B Us,c (5)
and for sorption,
Oy =0 p Tee (6)

where the empirical constants o and B account for water-
cosolvent and sorbent-cosolvent interactions, respactivaly,
that lead to deviations {rom the expected log-linear bshavlor.
Note that B = 1 implies the absence of water-cosolvent
Interactions, and o = 1 suggests that the sorbent-cosolvent
interactions are negligible. Wark done during this project was
almed at examining the devlations from the log-linear
cosolvency modsl, and to provide a phenomenological basis
for the empilrical constants o and p.

Cosolvency and Solubility

The solubilities of several HOCs were measured In binary
mixtures (waler-CMOS, watsr-PMOS) and In ternary
mixtures (water-CMOS-PMOS). Several aromatic
hydrocarbons (all sollds) were used in thesa studles in order
to minimize specille solute-solvent and solute-solute
interactions. The cosolvents used pormitted measurement of
cosolvancy over a broad range of solvent propeities, The
measurad HOC solubilization proflles wera comparad with the
predictions of the log-linear modsl and the UNIFAT mods!
[refs. 2, 12, Appendix A; 16k, 7, Appendix B .

Our-resulisIndicatethat:PMOSs can:indeed:significantly
<increase:he-solubllity-of:HOCs,: provided thatthe:PMOS
«concentration.s-about-19%:(vA)-or:larger.s In an aqueous or
predominantly aquaous solvent, PMOSs such as o-ctesol
and aniline which hava strong polar functional groups (a.g.,
-OH, -NO,) would axhibit considerable cosolvency. Nonpolar
PMOSs;such as trichlorosthylene (and other haloalkenes)
and foluene (and other arematlc hydrocarbons),arenot e
-oxpeciedta:show-appreciable cosolvency: (<. 20%:increase), <
Only in the presence of a CMOS can the concentration of
these PMOSs be sufficlently high 1o have a measurable
impact on HOC solubllity.

X,

Preliminary evidance suggests that the greater cosolvency of
polar-PMOSs relative to that of nonpolar-PMOS can bo
attributed, in large part, to water-PMOS interactions allsing
from the polar moieties such as -OH and -NO,. The
presence of strong polar functional groups has a dual sffsct:
(1) aqueous solubllity of the PMOS Is highet, such that
relatively high cosclvent concentrations can be achievod; and
() the Iikelihood of water-PMOS Interactions s increased,

%Q/

Modifications to the log-linear model wers proposed to
account for such spacific interactions [ref. ¥, Appendix B 1,
In Figures 3A and 3B, the measured solubility profiles for
anthracens in CMOS-water (acetons-water) and in PMOS-
water (bulanone-water) mixtures are compared with those
predicted by the modified log-finear model. While good
agresment betwaen the predicted and measured solublity
profiles Is encouraging, further work to undersiand the
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spaciiic nature of the cosolvent-water Interactions {s
rocommended,

Results similar to those for HOCs have baon observed for
lonizable organlc chemlcals (Yalkowsky, 1985, 1986;
Yalkowsky and Roseman, 1981; Fu and Luthy, 1986a). As
solute polarity Increased relatlva to the solvent, Yalkowsky
and Roseman (1981) observed that cosolvency curves
became Incraasingly more parabolic in shaps until an Inverse
relationship was actually obseived (Le,, a dacreasa In
solubility with cosolvent additions). Such behavior was
explained on the basis of the solute-solvent Interactions.

HOC Partitioning from Complex Solvent Mixtures
An understanding of solubility (or partitioning) of HOGs from

complex liquids Is essential for predicting comaminant
release from mixtures such as gasoline, coal tar, and

craosote. The solubllity of a given component in & mixture
may be altered by ather components that may act as
cosolutes or cosolvents, We lnvestigated partitioning of
various aromatic compeunds into water from several
gasoclines and from known mixiures of aromatlc and aliphatic
solvent mixtures [ref. 9, Appendix A, The pumposes of these
studlas were to assess: (i) the varlablity in gasoline-water
partitioning of aromatle hydrocarbon constituents arlsing from
variablltty In gasoline composition (source varlations); (i) the
application of Raoult's law for the partitioning of aromatic
hydrocarbons from complex solvent mixtures; and (iii) the
cosolvent effects from oxygenated additivas (e.g., methanol,
ethanol, MTBE).

Aromatic hydrocarbon concentrations In watar extracts of 31
gasoline samples varied over an order of magnitude,
reflacting the diversity in gascline composltion. However, the
fusl-water pantition coefficients (K, ) varled by less than 30%



among these samples. HOC partitioning betwean water and
known mixtures of aromatic and aliphatic solvents was
measured and used to astimate the upper and lowsr bounds
of K, values for more complex solvent mixtures such as
gasc'mne and diesel fusl.

Assuming that gasoline Is an Ideal mixture of solvents, the
following relatlonship can be derlved:

log Ky, = A-log &Y (7a)
A =log [ 10° (S/MW,) ] (7b)

whore & and MW, are the averaga liquld denstty (g/mL) and
molecular weight (g/mole), respsctivaly, of the gasoline; and
S 1s the aqueous solubllity (ug/mL) of a specific gasoline
companent. The absetvad inverss, log-log linear
dependenca of K, valuss on aquaous solubllity {Figure 4)
could be wall pre{:ﬁoted by eq (7). Thess resufts suggest that
given tha gasoline composttion, rellable astimates of fikely
concentrations in groundwatar can be made.

Cosolvency and Equilibrium Sorption
Sorptlon of HOCs from Mixed Soivents

Sorption of several HOCs by two solls was measursd from
mixod solvonts containing CMOSs and/or PMOSs. The utliity
of the log-linear cosolvency model for predicting casolvency

was evaluated, Thae cosolvent effects on HOC solublilty and
sorpllon wera compared In order to examine cosolvent-
sorbent Interactions (l.e., estimation of o and B) [rofs. 1,3,
Appendlx A; ref.-2, Appendix B 1,

As anticlpated from the solubliity studies, nonpolar- PMOSs
{8.9., toluene, trichloroethylane) had small or no effect an
HOC sorption. Sufficlently high concantrations of these
PMOSs nesded 10 measurably decreass HOC sorption could
only be achisved when CMOS concentrations wars high (ca.
30% by volume or larger). In contrast, the cosolvency of
polar-PMOSs was sufficlently high to cause significant
reduction in sorptlon In predominantly aguecus solutlons;
however, the measured cosolvency for sorptlon was differant
{usually highsr) from that predicted from solubllity data, For
axample, sorplion of anthracene by Eustls fine sand (organic
carbon content of 0.39%) with increasing amounts of o-cresol
was less than would be pradicted based on measursd
solubilities (l.e, ot > 1) (Figure 54), However, fluoranthsne
sorption measurad In butanone-wator mixtures (Figure 58)
z}/as greater than.that predicted from solubility. measuremonts
a8, a<1).

A serles of batch and column studies was performed to
further investigate the Interactions of polar- PMOS (e.g., 0-
cresol, anlline, butanone, MTBE) with selected solls with a
broad range of organic carbon contents [ref. 2, Appendix B 1.
it was hypothesized that uptake of polar-PMOS by the
sorbent organic matter decreased sorbent hydrophoblcity
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rasulting In reduced HQG sorption by the soll. The
magnitude of such an affect would depend on the following
factors: (1) the polarity and functionallly-of the PMOS, which
determine the manner and the amount of sorption/uptake by
soll; (if) the hydrophoblcity of the solute,,as Indicated by fs
Ko, and (lii) the hydrophobicity of the sorbent, as indicated
by its organic carbon content,

Energetics of HOC Sorptlon from Mixed Solvents

Reversad-phase liquid chromatography (RPLC) techniques
have been used to investigate retantjon of hydrophoble
solutes In solls and sedirments (e.q., Veith et al., 1979; Swann
et al,, 1981; McCall ot al,, 1980; Szabo et al,, 1990a, 1930b,

1690¢). We conducted & setles of RPLC studles to evaluate
the sultablity of RPLG suppotts as experimental surrogates
for solls and sediments with high OC contant. The tetention
data collected at several temperatures during Isocratis,
Isothermal alution with binary mixtures of methanolwater and
acetonitrile/watar moblle phases were used to assess
solacted chromatographle moedels and tolnvestigate the
mechanisms of hydrophoble solute retentlan In the presence
of mixed solvents [ref. 7, Appendix A; refs. 3,4,5,6,

Appendix 8 1,

Changes In chromategraphic retention factors (k) wers
correlated with the following indices of solute hydrophoblcity
and moleaular topology: octandl-water partition coofficlent



{K_. ), hydrophoblc surface ared (HSA), and first-ordar
maolacular connectivity ('y); and with solvent indices, such as,
solvent surtace tenslon (y) and dielactric constant index ().
Also, the solvophable mode! (Horvath et al, 1976) and the
entropy-enthalpy compensation model (Malander et al.,
1978)) were succassfully applled to dascribethe dependence
of solute ratention an solvent composition and temparature,
Carrslations obtained between solute retention tactors and
varlous solute Indlces, along with the tharmodynamic analysls
of the retentlon data using the entropy-enthalpy
compensation medsl showed that alkylbenzenes behaved
differantly from the polycyclic aromatic hydrocarbons and the
monohalobenzenss, Such distinctive thermodynamic
bahavlor is Indicatlve of the differances In mechanisms of
ratentlon of thase compounds.

Sarptlon of four polycyclic aromatic hydrocarbons by Wabster
slity loam (OC = 3%) from a methanol-water mixture (30:70
vv) at three temperatures was measured using batch
equilibration methods [ref, 7, Appendix A]. Resulis from a
thermodynamic analysis of the sorption data ware slmilar to
those obtalned from the RPLG supports. This suggests that
machanisms for sorption/retention of polycyslic aromatic
fydrocarbons from methanol-water are similar for RPLC
supports and the Webstar soil; howover, comparable somtion
data for alkylbanzenes on solls have not been measured,

Sorption of HOCs from Multiphasic Solvents

For HOC sorption In muttiphasic solvents disirlbution between
the three phases (soll, water, PMOS) can be described by
the soll-water and PMOS-water paititlon coetficlents it HOC
sorption on soll Is assumed to occur only through the
aqueous phase (i.e., no direct solute transfer betwsen the
FPMOS and soll) and if the dissolved PMOS has a negligible
cosolvency effact. Sorption of the herbicide diuren (a
substituted urea) by Wabstar siity loam and a Eustis sand

was measured from aquaous electrolyte solutlons (0.09 N
CaCl,) saturated with a PMOS, and from several biphaslc
solvents, The PMOSs used wara n-actanol, toluans, p-
xylena, and TCE, which are considered nonpalar PMOSs [ref.
3, Appendix A). The sorptlon data are shown In Flgure 8,
These results suggest that even if present in a separate liquid
phase, nenpelar PMOSs did not Influence HOGC somtion for
these solls, As previously discussed, nonpofar PMOSs had
liftle aﬂ?ct on HOC sorption due to thelr limited aqueous
solubliitles,

Cosclvency and Transport
Isocratic Elution

Miscible displacament exparimants were conducted o
measure the transport of three HOCs (naphthalens,
phenanthrene, anthracene), a substituted urea hearbickde
{diuron), and an lonizable compound (pentachioropheriol)
with methanol-water mixtures as the moblle phase {rafs.
4,5,6,8,10, Appendix A 1. - The objectives, of those. studies
were: (i} to utllize the column-measured retardation factors ai
sevaral cosolvent contents to estimate-equliibrium sorptlon
constants (K, mL/g) lor aqueous systems, and (il) to
datermine sorption rate coefticlents (k,, hr) to assess the
Impacts of cosolvents on sorption kinetics,

Solute retardation factors were determined from

breakthrough curves measured for HOC displacement with
methanol-water mixtures. The column- and batch-measured
K values were generally in agreement at all cosolvant
contents, Indicating that cosolvency power can be sstimated .
using either technlque. Extrapolation of the mixed solvent
datatof_ =0 (l.e., aqusous solutions) ylelded K values that
wara generally equal to or larger (by a factor of < 2) than the .
batch-measured agqueous K values (Figure 7). it was
suggaestod that the oxtrapolated values were, in fact, more
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rellable bacause direct measurament af sorpt!oh for strangly
hydrophoble solutes was sublect to several artitacts [ref. 5,
Appendix A].

The valldity of the log-linear model for describing the Impact
of cosolvents on the mobllity of organic solutes s confirmed
by the batsh and the solumn data, For transport, this model
can be written In tarms of the cornmonly ussd retardation
factar (R) as follows:

In R 1) =1n R,1) - oo, (8)

whore the subscripts m and w denote values obtalned in
mixad solvents and water, respoctively; and other parameters
are as defined previously,

The column data were slso used to assess nonequilibrium
sorption during HOG displacerment with mixad sclvants [refs,
6,8,10, Appendlx A . The blcontinuum sorption model was
fitted to the measured breakthrough curves to estimate
sorption rate constants (k). In this model, sorption is
represented as a two-step process: initial rapid
{Instantaneous) serption is followed by a slower, diffusion-
controlled approach towards equilibrium; k,, Is the rate
constant for the slow step (Brusseau et al., 1980). A log-
linear Increase In k, was noted with Increasing volume
Iraction coselvent (f ) (Figure 8), Implying faster sorption
Kinetics In mixed sofvents, This relationship was expected
based on the existance of a log-log, invarse relationship
batween K and k, and log-linear, Inverse relatlonship

between K and f,. The regresslon cosfficlents for the
measured log k, vs. f, plots were In agreament with
Independant esfimate’s based on simple emplrical squations.
Also, the maasured k, values in aqueous solutions compared
wall with the estimates based on extrapolation of the mixed-
solvents data, lending further support to the log-linear model,
it was proposed that somtion kinetics are controlled by
sorbate diffusion within the sorbent organic matter; the
addition of a cosolvant appears to alter the conformation of
the polymerlc matrix of the organic matter, hence, the rate of
solute diffusion frefs. 4,5,6, Appendix A 1.

Gradient Elutfon

Most studies deallng with HOC transport In mixed solvents
have used time-Invarlant solvent composition (L.e., Isocratic
elution). From a practical point of view, environmental
contamination problems involving solvent mixtures normally
exhiblt a constantly changing solvent phase, Thus, it ls
Important to understand the behavloer of contaminants under
conditions of variable cosolvent composition. Therefore, we
examined the utlity of classical gradient-alution
chramatography theory for describing HOC transpert through
solls under such condttions Jref. 11, Appendix A }.

Selactad HOCs were displaced through laboratory soll
calumns using standard Isocratic- and gradient-elution
chramatography techniques, The mobile phase consisted of
blnary mixtures of water and methanol or acetonitrile. First,
Isocratic elutlons ware used to confirm the log-linear
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functionality betwesn scivent composition and the retertion
factor, k {equivalent to R-1). Second, retention factors ware
maasured lar elutlons with several linear solvent gradlents.
Third, the followlng equatlon, adapted from gradient-slution
theory, was used to predict observed R valuas:

Y eV 0, PPLK,
R,1) (o“'ch )1n[1+(-6-~—— N @

where R Is the retardation factor (dimensionless) measurad
tor a spetified gradient elution, v [s average pors-water
veloclty (cm/min), o, . Is the cosolyency power, b Is the slope
of the linear solvent gradlent (min¥)(l.e., the constant rate at
which the fraction cosolvent content Is changad), L s the
column length (cm), p Is the soil bulk denstty (g/cm®), 6 Is the
valumetric liquid content (em%em?), and K, is the sorption
caefilclent (mL/g) valua at the Initial fraction cosolvent when
the gradient elution Is Initlated. The sorption and eosalvency
paramsters for this model were measurad Indepandently
fram batch or Isccratic slutlon data.,

In general, the agreemant was good betwsen measured and

‘predicted capacity fagtors (Figure 9). These results suggest

that gradlent-elution techniques and theory developad from
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revarsad-phase chromatography are also useful for
Invastigating cosalvent effects on HOC sorptlon and transport
In solis and aquifer media. -

Practical Applications of Project Findings
Magnltude of Cosoivent Effects

A varlety of organic cosolvents ray bae expoctad at and near
waste disposal sitas, espaclally If codisposal of a number of
waste$ had been practiced. However, protocols for slte
Investigations usually do not call for monitoring of organic
cosolvents in groundwater. Shte-specific information on
concentrations and types of cosolvents that may be present
can be surmised only If waste composttion Is known, Thus,
estimating the magnitude of cosolvent Impacts In enhancing
solubllity and decreasing sorption/ratardation is often diffleult.
Although direct field-scale evidencs for cosolvency s lacking,
anecdotal avidence from site invastigations suggests that
organle cosolvents ars prasent and may have contrlbuted to
Taciltated ttanspon of organic contaminants at waste
disposal facllities,

This study was almed at developing the necessary data base
irom laboratery studies and thearetical approaches that can
bo used In evaluating the likely magnitude of cosolvent
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effacts, ‘Our-dataand'model-calculations suggest.that
solublity-enhancement-for:most organic contaminants:lss
likely:to-be:small (< 20% Increass).as:long as cosolvent,
concentrations in.pore water.are <-2% by.volume._(or.about.
20;000.mg/l:)» Thus, dramatic atterations of chemo-dynamic
proparties are to be expected only In close proximity to a
disposal site {l.e,, the “nearleld” reglon) where high
concantrations of cosalvents are liksly. With Increasing
distance from the site, cosolvent effects should diminish in
propottion to dacreasing cosolyent concentrations.

Partfally-miscible cosolvents (a.g., MTBE, o-cresal, butanons)
have greator cosolvency powsr compared to completaly-
misclble cosolvents (e.g., methaao, ethanol, acetone) and as
aresult they should be expectsd 1o enhance solubllity or
decrease retardation to the same extent at much lower
concantratlons. Usually equivalent decreass in retardation
may be noted with a partially-miscible organic solvant at
concentrations 2 to 4 times fass than that of a completoly-
miscible organkc sofvant. Properties, such as high aquecus
solubility, of the polar-PMOS that causa them to have greater
cosolvency power than nonpolar-PMOS also lead them to be
sorbed less and to have a greater mobility In solis and
aqulfers. Thus, signliicant concentrations of polar-PMOSs
may be detected al considerable dlstancas from waste
disposal sites, Completely-miscible organic solvents, such as
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alcohols, are generally not sorbed by solls and they can
readlly leach with water, Hence, cosolvent effects of CMOSs
and polar-PMOSs may be of concern In the “far-fleld” reglons
as well,

Dissolution of Gasoline Canstituents

Our data Indicate that Racult's law can be used to provide
rellable estimates of arganie contaminant concentrations In
groundwater in contact with multl-component nonagueous-
phase liquids (NAPLs) such as gasoline and diese! fual,
Even though thess fuels are complex solvent mixtures, the
nonldealty resulting from Interactions with other constitusats
is apparently sutficlently small to be neglected for most
practical applications., Equilibrium or maximum concentration
of a fual constituent In groundwatar, G, (mg/L), can be
astimated as ollows: '

Coa =[Gy / Kyt (10)

where G, Is the concentration (ixy/L) of the constltuent In the
{uel and & Is the fuel-water partition cosfficlent which can
ba calcutalst using eq (7).

For fuels enriched with oxyganated additives such as
mathanol (a CMOS) ar methyl-tertiary butyl ether {a polar-



PMOS), solubllity enhancernent of aromatic hydrocarbons by
thesa cosolvents appears 1o be small. The concentrations of
the oxygenated additives in fuels an the markel now Is
usually less than 10% by volume. Assuming that residual
NAPLs In the saturated zone do not occupy more than 20~
30% of the pore spaces, the likely concantrations of the
oxygenated additives in groundwater will ba less than 1% by
volume. Our fusl-water partitioning data are consistent with
this expectation.

Alternative Fuels

Consldoration Is belng given to wide-scale use of fuals that
have much greater quantities of oxygenates, aspeclally
mothanol, Foraxample, the often mentioned “alternative
fuel” M-85 Is a 85:15 mixture of methanol and gasoline. This
mixture will be completely miscible in water, and the aromatle
constituonts are llkely to ba transported with little or no
retardation as a result of cosolvengy from high methanal
concantrations,

Consider a hypothetical scenario of p-xylene transport in
groundwaler as a rasult of a continuous leak of gasofine
containing 10% methano! contrasted to a leak of M-85 fual,
The volume fraction of methanol in groundwater would be
about 1% In the first case and about 80% in the latter case.
Assuming o, = 1 and o = 2.5, eq (8) would predict an 8-fold
increase In the mobllityof p-xylene as a result of the
prasence of methanol from the M-85 fuel. For the case of M-
10 fuel, the enhancement In p-xylene mobility would be too
small to be measurable and may be neglectéd for all prateleal
purposes.

In the foregoing analysis we have assumad that the methanol
.content would be constant all along the flow path; this
assumption would be reasonabls for a farge fusl spiillleak,
Far a smaller spiilleak, however, the methanol content In
groundwater will decrease with increasing distance. For such
a case, the concepts developad for gradient-slution (aq 9)
could be used to provide an approximate estimate of the
liksly reduction In retardation.

Accidental release of atemative fuels such as M-85 into
rivers or other surface water bodies with contaminated
sediments might also result In the releass of highly-
hydrophabic organic contaminants (such as PCBg, PBBs,
dloxins, etc.) Into the watar column. The environmental
consequences of release of such contaminants and thelr
transport furthar downstream ought to be caretully evaluated,

Remedlntlon of Contaminated Solis

The remediation of contaminated solls or sediments removed
from waste disposalisplll sites by extraction with erganic
solvents Is balng evaluated at present., The data coflacted
during this project may be used In developing critaria for the
selectlon of solvents or solvent mixiures to achleve optimal
extraction of the contaminants of interest, For sxample,
other factors being equal, it may be preferable to choose a
solvent with greater cosolvency powar so that the
contaminants can be extracted using less solvent. If
aconomic or other constraints prevent the use of pure
organic solvents and a mixture of water and cosolvents are 10
ba used, the log-linear cosalvency mode| might provide
reasonable eslimates of the leve] of extraction achlevable
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with various combinations of cosolvents. if a CMOS-water
mixture ls to be used as the extracting sojution, the
concentration of a CMOS needsd may be decrsased by
adding a small amount of a polar-PMOS (a betlter solvent).
Our data suggest that for a glven addition of PMOS, the
reduction in the amount of CMOS s proportional to the ratios
of tha cosolvency powers of the two solvents. If a mixture of
water and & polar-PMOS are to be used as the exiractant,
the addition of a small amount of a CMOS c¢an Increass the
maximum concentration of PMOS and still achleve the same
lavel of extraction sfficlancy.

Laboratory Protocols

Our results suggest that sorption data (for both equilibtum
and kinetics) collsctad using mixed solvents can be rellably
extrapolatad to estimate HOC sorptlon from aquaous
solutions, Thls is an Important finding because mixed
solvents can be used to facllitate the experimental
maasurament of sorption and transpart behavlor of strongly
hydrophoblc organic solutas (log K__ > 5}, The use of mixed
solvents reduces the time nesded 3 conduct the sorption
expariments and may also reduce various artifacts, including
losses via volatilization, degradatlon, and sorption to
glassware. Qur column studles with methanol as the
cosolvent suggest that long-term exposurs 1o this cosolvent
had little effect on sorptive and transport propertles of a
surtace soll. This result further fonds support to our
recommendation that mixed solvents, in particular methanol-
water mixtures, bs used for expsrimental facilitation,
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