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Abstract: In this study, an existing thermodynamic model was used to predict equilibrium phase partitioning behavior of a cosolvent in
a two-phase nonaqueous phase ligiNAAPL)—water system. The activity coefficients are calculated using the universal quasichemical
functional group activity coefficier@JNIFAC) method. We examined an assortment of cosolvent—NAPL pairs of environmental interest
and compared the UNIFAC-predicted ternary phase diagrams against published experimentally derived ternary phase diagrams. Resu
show that the UNIFAC model is a promising method for predicting equilibrium cosolvent partitioning behavior in NAPL—water systems,
and thus can be useful in estimating the potential for NAPL solubilization and mobilization in remediation processes. The cosolvent
partitioning behavior is interpreted with regard to changes in the physical properties of the NAPL-water system. Changes in interfacial
tension between the two phases were estimated using an existing correlation. A viscosity experiment was conducted for selected mixture
of ethanol, toluene, and water; and the viscosity was found to increase with increasing amounts of the cosolvent.
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Introduction slund et al. 197y Universal quasichemical functional group ac-
tivity coefficient is a semiempirical model based on the group-
Groundwater contamination from nonaqueous phase liquids contribution theory, such that the compounds in a liquid mixture
(NAPLs) is a serious environmental problem. Common NAPLs are composed of functional groups and the mixture is described
have low aqueous solubilities, thus they may serve as long-termby its functional group composition. The main advantage of the
sources of groundwater contamination. Recently, the use of a co-UNIFAC method over other semiempirical thermodynamic mod-
solvent in remediating NAPL contaminated aquifers has received els (Peters and Luthy 1994s that activity coefficients can be
attention for its promising results, as has been demonstrated byestimated for systems where little or no experimental data are
experimental studies at the laboratory so@eandes and Farley  available. The UNIFAC method has been used for the prediction
1993; Imhoff et al. 1995; Lunn and Kueper 1997; Grubb and Sitar of NAPL solubility in the aqueous phagBroholm and Feenstra
1999; Harmon et al. 1999; Ramsburg and Pennell 2G0®2 at 1995; Lee and Chrysikopoulos 1995, 1998; Kan and Tomson
the field scalgRao et al. 1997; Falta et al. 199®epending on 1996; Chrysikopoulos and Lee 1998nd activity coefficients in
the phase partitioning behavior, a cosolvent m@y:reduce the multicomponent NAPLWang et al. 1998; Peters et al. 1999
NAPL-water interfacial tension thus enhancing NAPL mobiliza- We examined an assortment of NAPLs of environmental inter-
tion as a discrete phasg) enhance NAPL solubility in the aque-  est[benzene, toluene, and tetrachloroethyl@R€B)] and poten-
ous phase allowing for NAPL transport as an aqueous solute;tially useful cosolvents, and used ternary phase diagrams to com-
and/or(3) alter the NAPL phase volume, density, and viscosity. pare the UNIFAC-derived phase equilibria against published
In this study, an existing thermodynamic model was used to experimental data. We also used the phase equilibrium predictions
demonstrate how cosolvent phase partitioning can be predictedand an existing correlation to predict changes in interfacial ten-
and how this partitioning behavior is interpreted with respect to sion between the two phases. Furthermore, for one of the ternary
changes in NAPL solubility and physical properties. The equilib- systemgethanol—toluene—watgwe conducted a two-phase vis-
rium phase partitioning of a cosolvent in a two-phase NAPL— cosity experiment to simultaneously determine the viscosity of
water system was calculated using the universal quasichemicaleach phase in the presence of a cosolvent.
functional group activity coefficientUNIFAC) method(Freden-
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|nyi:|nyi0+|nviR 2) Results and Analysis
) . . For this study, we considered several two-phase, three-component

where superscript€ and R represent the combinatorial and re-  gystems. The selection of cosolvent—NAPL pairs was based on
sidual parts, respectively. The combinatorial part considers the gpyironmental relevance and the availability of experimental re-
size and shape of the molecules while the residual part considersyts for comparison. Two of the NAPLs considered, benzene and
group interactions between the molecules. The UNIFAC equa- ioyene, would not typically occur as environmental contaminants
tions for calculating the combinatorial and the residual parts are jj, pure form. Peters and Luth§1993, 1994 have demonstrated
widely published(Fredenslund et al. 1977; Lyman et al. 1982 oW cosolvent partitioning can be described for NAPLs that are
and thus are not listed in this paper. In this study the required complex chemical mixtures. Despite the added complexity of hy-
UNIFAC interaction parameters were obtained from Hansen et al. grocarbon mixtures, it is possible that a single component, such as
(1991. benzene or toluene, may serve as a representative chemical to

A FORTRANcomputer program was developed to calculate describe the overall phase partitioning behavior of some mixtures.
phase equilibrium in a ternary two-phase system by simulta- The ternary diagrams in Fig. 1 show the predicted tie liedid
neously solving Eq(1) for all three components. Because Eb. lines) and binodal curve for cosolvent—NAPL pairs consisting of:
must hold true for all three components, the fO”OWing function (a) ethan0|_benzene(b) isopropano|_benzene(0) ethanol—
(3) is minimized in order to compute mole fractions of every toluene, and(d) methanol-PCE, respectively. The temperature
component in each phase used for UNIFAC activity coefficient calculations is 25°C. The
experimental data for each system are superimposed on the ter-

3
_ NN W W nary diagram as squares, and the experimental tie lines are repre-
F_zl ABSOGy =X ) sented by dotted lines. The experimental results plotted in Figs.
1(a—0 are from Sgrensen and AL979, and in Fig. 1d) are
The BCPOL function subroutine of the IMSEORTRANnumeri- from Imhoff et al.(1995. In general, for the systems depicted in
cal libraries(Visual Numerics, Houstons utilized for minimiza- Fig. 1, there is fairly good agreement between the UNIFAC-
tion of Eq. (3), which is subject to the following constraints: derived and experimentally derived ternary diagrams with regard
3 to the slopes of the tie lines and the phase compositions at lower
N cosolvent concentrations. The UNIFAC model has mixed perfor-
“~ X =1 (4) mance in its ability to predict phase compositions at higher cosol-
vent concentrations and consequently the size of the two-phase
3 region may be underestimated or overestimated. Additional re-
xV=1 (5) search is needed to address the performance of the UNIFAC
i=1 model at higher cosolvent concentrations, but is beyond the scope

of the current work.
A negatively sloped tie linge.g., Fig. 1d): methanol cosol-
o=x;<1 (6) vent with PCE NAPL indicates that the cosolvent preferentially
partitions to the aqueous phase relative to the NAPL phase. Such

The computer program was designed to construct an entire ter-a cosolvent would have a limited effect on the physical properties
nary phase diagram by initially determining, in the absence of any of the NAPL phase, but may be effective in enhancing the aque-
cosolvent, the equilibrium mole fractions of the NAPL compo- ous solubility of the NAPL. Conversely, a positively sloped tie
nent in the aqueous phase and the water component in the NAPLUine [e.g., Fig. 1b): isopropanol cosolvent with benzene NAPL
phase. Once this baseline is established, the computer progranindicates that the cosolvent preferentially partitions to the NAPL
incrementally increases the cosolvent mole fraction in the aque-phase relative to the aqueous phase. Large amounts of this type of
ous phase and calculates new equilibrium mole fractions for all cosolvent would be needed to enhance NAPL solubility, but it
remaining components in both phases. The computer programmay beneficially cause the NAPL phase to swell in volume, and it
repeats the calculation process until the two phases converge tanay significantly alter its density and viscosity. For example, con-
the plait point. sider two different cosolvents in the benzene—water sy§kgs.

Ternary diagrams depicting phase equilibria for cosolvent par- 1(a and B]. If ethanol is added such that the overall mole per-
titioning in NAPL-water systems have been described by Peterscentages are 40% benzene, 40% water, and 20% ethanol, the
and Luthy (1993. The binodal curve separates overall system aqueous phase contains approximately 28% ethanol and has dis-
compositions that exist as a single phase from those that exist asolved benzene up to a concentration of 2%. Conversely for a
two phases. Each point on the binodal curve indicates the com-system with the same proportions but in which the cosolvent is
position (expressed in mole percenh one of the phases. In the isopropanol, the aqueous phase contains only about 5% isopro-
ternary diagrams presented in this paper, points on the binodalpanol and 0.2% benzene. However, the benzene phase contains
curve on the left side represent the aqueous phase and points oapproximately 29% isopropanol and its volume would increase by
the right represent the NAPL phase. Within the two-phase region, a similar amount. Furthermore, the model predictions shown in
the straight line connecting points on the binodal curve is the tie Figs. 1a and ¢ show that at low cosolvent concentrations, the
line. Points along this line represent overall system compositions ethanol tends to favor the NAPL phase but at higher cosolvent
corresponding to the liquid—liquid phase equilibria represented by concentrations the ethanol favors the aqueous phase. This pre-
the tie line end points. When the system contains enough cosol-dicted behavior, however, is not verified by the experimental tie
vent such that the system is single phase, the point is called thelines.
plait point (open circlg. For a description of how ternary phase- As noted earlier, the main advantage of the UNIFAC method is
diagrams are used to predict NAPL behavior in solvent extraction that activity coefficients can be estimated for systems where little
remediation process, the reader is referred to the work of Faltaor no experimental data are available. As such, depending on the
(1998. remediation objective, the UNIFAC method can be used to pre-

and
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Fig. 1. Comparison between universal quasichemical functional group activity coefficient derived ternary phase disglidnises and
experimental resultésquaresfor cosolvent-nonaqueous phase liquid pafgs:ethanol-benzenéb) isopropanol-benzené;) ethanol—toluene,

and(d) methanol-tetrachloroethylene. Bold number on top of each universal quasichemical functional group activity coefficient-generated tie line
is predicted interfacial tensiofdyne/cn). For (c), italic bold numbers represent viscosity measureméps Axes are in mole percents

screen cosolvent selection. Fig. 2 illustrates the flexibility of the developed by Fu et al(1986. The correlation was developed
UNIFAC method by showing the UNIFAC-derived ternary dia- from an interfacial layer model and has been proven to give sat-
grams for a wide variety of cosolvents in a PCE—water system. isfactory results for a large number of ternary systems. The cor-
This figure shows a diversity of cosolvent partitioning behavior. relation for estimating the interfacial tension for a ternary mixture
With the exception of methangFig. 1(d)], the predicted tie lines  is

show that each of the cosolvents in Fig. 2 has higher affinity for KRTX dyne
the NAPL phase than for the aqueous phase. These findings sug- o'= A X ™ T ( @)
gest that remediation of a PCE-contaminated aquifer would best wo EXAUX) (X101 Xa02 + Xgr(la) | €M

be achieved with a design that targets PCE phase swelling andvhereA,,,=2.5x 10° cn?/mol=van der Waals area of a standard
modification rather than a design aimed at PCE dissolution in the segment; K=0.9414=fitted constant; R=gas constant; T
aqueous phase. The size of the two-phase region of the ternary=temperature in kelvinX= —In(x;+x,+X5,); X;=mole fractions
phase diagram is a measure of the amount of cosolvent requiref the ith component in the phase where that component is a
to completely solubilize two phases. Assuming the UNIFAC pre- solute; x5, =mole fraction for the third component in the phase
dictions in Fig. 2 are accurate, the most effective cosolvent, with where it is richer; andy};=pure component area parameter de-
regard to solubilization, is dimethyl formamide, and the least fined by the model UNIQUAQUniversal Quasi Chemicafor
effective cosolvent is acetone. vapor-liquid and liquid—liquid equilibria. For ternary or higher
The interfacial tension between an aqueous phase and a NAPLsystems, the interfacial tension correlation of Fu et al. generally
phase is an important determinant in the potential for NAPL mo- provides the best predictiorfSeo and McCray 2002The pre-
bilization as a discrete phagPemond and Lindner 1993For a dicted interfacial tensions are shown in dyne/cm for each pre-
three-component system, it can be estimated using the correlatiordicted tie line in Figs. 1 and 2. As expected, the interfacial tension
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Fig. 2. Universal quasichemical functional group activity coefficient-derived ternary phase diagrams for tetrachloroethylene—water system and
various cosolvents includinga) acetone(b) butylamine,(c) dimethyl formamide (d), dimethoxyethane(e) propylamine, andf) propylene
glycol. Bold number on top of each tie line is predicted interfacial tengityme/cm
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between the NAPL and aqueous phases has a maximum value aqueous solubility of mixtures of chlorinated solvent&rivir. Toxi-

when no cosolvent is present and decreases as more cosolvent is col. Chem.14(1), 9-15.

added to the system. At the plait point, the interfacial tension is Chrysikopoulos, C. V., and Lee, K. Y1998. “Contaminant transport

zero. resulting from multicomponent nonaqueous phase liquid pool disso-
Currently, there are no suitable correlations to predict viscosity ~ !ution in three-dimensional subsurface formationd.”Contam. Hy-

of ternary liquid mixtures, especially aqueous mixtur&eid drol, 31, 1-21. o _ _

et al. 1987. For this work, a two-phase viscosity experiment was PeMond. A. H., and Lindner, A. S1993. “Estimation of interfacial

conducted to simultaneously measure the viscosity of each phase t2e7nig>n2t;elt;ve§g3cl>rgan|c liquids and wateEfviron. Sci. Technol.,

in the presence of a cosolvent. A commercially available falling- E (12), R ) .

. . . . alta, R. W,(1998. “Using phase diagrams to predict the performance of
t?all Vlscometer(G,"mont Instruments, Bamngton’)lwas mOd" cosolvent floods for NAPL remediationGround Water Monit. Rem.,
fied to measure simultaneously the NAPL phase viscosity and the 18(3), 94-102.
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the experimental phase diagrai@erensen and Arlt 1979The weight alcohol flushing for subsurface nonaqueous phase liquid reme-
viscosity of each phase for four different experimental tie lines diation.” Water Resour. Res35(7), 2095-2108.

(gray shaded squanewas measured and the results are presented Fredenslund, A., Gmehling, J., and Rasmusseri1$77. Vapor-liquid

in Fig. 1(c). The viscosity experiments were conducted at 25°C equilibria using UNIFAG Elsevier, New York.

and the density of each component is assumed to be invariantFu, J., Li, B., and Wang, Z1986. “Estimation of fluid-fluid interfacial

Results show that for the ethanol-toluene—water system, the vis- tensions of multicomponent mixturesChem. Eng. Sci.A41(10),

cosity of each phase increases as the cosolvent mole fraction in- 2673-2679.

creases. Grubb, D. G., and Sitar, N(1999. “Mobilization of trichloroethene
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under confined conditions\Water Resour. Res35(11), 3275-3289.
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In this study, an existing thermodynamic model was used to pre- 5355

dict the equilibrium phase partitioning of a cosolvent in a variety Harmon, T. C., Kim, T. J., Dela Barre, B. K., and Chrysikopoulos, C. V.
of NAPL—water systems. The activity coefficients were calcu- (1999. “Cosolvent-water displacement in one-dimensional soil col-
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