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Abstract -The effects of dissolved organic matter (DOM) on the transport of hydrophobic organic 
compounds in soil columns were investigated. Three compounds (naphthalene, phenanthrene and 
DDT) that spanned three orders of magnitude in water solubility were used. Instead of humic matter, 
molecularly well-defined DOM represented by Triton X-100, a nonionic industrial detergent, and 
bovine serum albumin protein were used. In batch isotherm studies, the sorption of naphthalene 
to both model DOMs appeared to be hydrophobic in nature and quantitatively similar to the binding 
to humic materials. Equations were derived to model the enhanced transport of organic compounds 
by DOM based on octanol/water partition coefficients, KO,.,. For a specific soil and DOM level, it 
was shown theoretically and experimentally that all organic compounds with KO, values above a 
specific value should move at the same rate in ground water. In some situations, DOM can increase 
the movement of highly hydrophobic compounds, such as DDT, by a factor of a thousand or more. 
This enhanced transport in the presence of DOM can either be a problem, as with ground water con- 
taminant spreading, or a benefit, as with contaminated aquifer cleanup. 
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INTRODUCTION 
In recent years, the effect of naturally occurring 

dissolved colloidal materials on the fate of contam- 
inants in the environment has attracted much at- 
tention. The significance of dissolved colloidal 
material to the fate of contaminants depends on 
the following factors: (a) the identity and concen- 
tration of dissolved colloidal matter; (b) the nature 
of the interaction between the contaminants and 
the dissolved colloidal matter; and (c) the mobility 
of the colloidal matter in an aquifer. 

Dissolved humic and colloidal materials have 
been isolated from various aquatic sources [l-41. 
Ground water typically contains a few mg/L dis- 
solved organic matter, but the dissolved organic 
matter may reach a few hundred mg/L in surface 
water and in ground water near a dump site. Wer- 
shaw [ 5 ]  has proposed a membrane or micellar 
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double layer structure for humic materials wherein 
the thermodynamic affinity for contaminants is 
similar to that with surface active micelles. 

The partitioning of neutral organic compounds 
into dissolved humic materials can enhance the ap- 
parent solubility of contaminants and reduce the 
apparent partition coefficient to the soil [2,6-151. 
West [I] has reported that the sorption of hexa- 
chlorobenzene, bis(2-ethylhexy1)phthalate and 
DDT to dissolved humic materials isolated from 
pristine ground water to be of similar magnitude as 
the sorption of these contaminants to soil humate. 
Similar results were reported by Leo et al. [ 161 for 
the interaction of neutral organic compounds with 
numerous biological macromolecules. Baker et al. 
[4] evaluated the sorption of polychlorobiphenyls 
to sediments from Lake Superior and concluded 
that the apparent partition coefficient was inversely 
related to the suspended colloidal concentration. 

The mobility of dissolved colloidal materials is 
more difficult to assess. Thurman et al. [17] ob- 
served the movement of alkyl benzene sulfonate 
(ABS, a surfactant) at a field site that had been 
previously polluted with surfactants and found that 
ABS moved at about the same rate as that for a 
conservative tracer. Gschwend and Reynolds [ 181 
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detected mobile ferrous phosphate colloidal mate- 
rials in ground water and suggested that contami- 
nants associated with the colloidal materials will 
travel at the velocity of water. Enfield and Bengts- 
son [19] proposed that some of the dissolved or- 
ganic matter might be excluded from small pore 
structure and move faster than water. Using ideas 
from chromatography theory discussed by Said 
[20], scientists at Rice University [ 1,9-101 proposed 
the concept of “facilitated transport” of neutral or- 
ganic compounds by dissolved humic matter and 
derived the corresponding equations to predict 
contaminant transport in the presence of dissolved 
organic matter. 

In this work the potential importance of dis- 
solved organic matter (DOM) to the fate of organic 
contaminants is assessed using abiotic soil col- 
umns. For humic substances, DOM is generally 
proportional to dissolved organic carbon (DOC) by 
the relationship DOM = 1.724 DOC [21]. Model 
compounds were used as dissolved organic matter 
because ground water humic materials are not 
readily available and because commercial humic 
materials (e.g., Aldrich humic acid) may not be 
representative of soil or ground water humic ma- 
terials [22]. Two surrogate materials, i.e., bovine 
serum albumin (BSA) protein and Triton X-100 
surfactant, were used as models for natural dis- 
solved organic matter because these materials are 
molecularly well defined and their physical chem- 
ical properties are well known, as opposed to nat- 
ural humic materials. Both BSA and Triton X-100 
have similar affinity (probably hydrophobic in ori- 
gin) for small molecular weight neutral organic 
compounds as do naturally occurring ground wa- 
ter humic materials [5,16]. In addition, the use of 
surfactants in aquifer restoration has attracted 
much interest in the field and the following re- 
search may provide some mechanistic prediction 
for the effectiveness of Triton X-100 in mobiliza- 
tion of organic contaminants. 

THEORY 
The transport of contaminants in soil columns 

is generally modeled using a one-dimensional ad- 
vective dispersion equation (ADE) [23]: 

R(aC/at) = D(dZc/ax2)  - v,(ac/ax) (1) 

with 

where C (pg/ml) represents contaminant concen- 
tration in the flowing water, t (s) is time, x (cm) is 
distance, D (cm2/s) is the dispersion coefficient, 
u, (cm/s) represents the linear velocity of the wa- 
ter, pb (g/ml) is the solid bulk density, n is poros- 
ity and q (pg/g) is the amount of contaminant 
sorbed on the soil per gram of soil. R is called the 
“retardation factor.” If the contaminant in the 
aqueous phase sorbs to aqueous DOC, then C in 
Equations 1 and 2 refers to the total contaminant 
concentration in solution, i.e., that bound to aque- 
ous DOC (CDoc) plus that free in solution (Cfree): 

The concentrations in Equation 3 are in units of pg 
contaminant per unit volume of water. q in equa- 
tion 2 for the present research is assumed to be 
given by the following isotherm: 

When N = 1, Equation 4 is called a linear iso- 
therm, and when N # 1 Equation 4 is called a 
Freundlich isotherm. For most soil samples, N is 
found to be less than one. The significance of the 
constants in Equation 4 has been discussed by 
numerous authors [24-271. To differentiate q in 
Equation 4 with respect to C, Equation 2, it is nec- 
essary to express C,,,, in terms of C. This can be 
done by using the contaminant/DOC partition co- 
efficient, KDoc, defined as follows [ 1,101 : 

pg compound-bound/g DOC 
pg compound-free/ml water KDOC = 9 ( 5 )  

where g DOC refers to the mass of DOC in a mil- 
liliter of water. Combining Equations 3 and 5 for 
a corresponding volume of water, V,, and simpli- 
fying, Equation 4 can be written explicitly in terms 
of c: 

where DOC is in units of g/ml. Using Equation 6 
to calculate the slope in Equation 2, the retardation 
factor for DOC-facilitated transport becomes: 

R = 1 + (pb /n )  * (dq/dC), (2) 
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Facilitated transport of contaminants 255 

Note that when N i n  Equation 7a is equal to one, 
the retardation factor is simplified considerably: 

R = 1 + (pb/n)Ksoil/(l + KDocDOC). (7b) 

In previous transport experiments [28], the sorp- 
tion between naphthalene and the soil used in this 
study was determined to be best fitted by a Freund- 
lich isotherm where the Freundlich isotherm con- 
stant Ksoi, = 2.71 and the exponent N = 0.81. The 
naphthalene/soil isotherm also includes an empir- 
ical linear proportionality factor to account for the 
effect of pH [28]: 

where ApH = pH - 7. For natural ground water 
aquifers, the pH correction in Equation 8 is rarely 
greater than 20%. When N = 1, the partition co- 
efficient Ksoil in Equation 4 is generally found to 
be proportional to the soil organic carbon fraction, 
OC (wt/wt). A soil-independent partition coeffi- 
cient, KO,, is obtained by dividing Ksoi, by OC, the 
wt/wt fraction organic carbon in the soil [24]. 

(9) 

The driving force for partitioning to soil OC is as- 
sumed to be related to the hydrophobic effect and 
therefore proportional to the octanol/water parti- 
tion coefficient of a compound. Karickhoff 
et al. [29] demonstrated that the KO, in Equation 9 
could be calculated from the octanol/water parti- 
tion coefficient, Kow: 

KO, = 0.63 KO,, r = 0.98 (10) 

If the same proportionality holds for the partition- 
ing of compounds to dissolved organic carbon, the 
KDoc in Equation 5 becomes: 

The approximate validity of Equation 11 for naph- 
thalene, phenanthrene and DDT will be demon- 
strated below. 

MATERIALS AND METHODS 

Chemicals and soil 
Chemicals used in this research were reagent 

grade or better. Unlabeled naphthalene (98+% pu- 
rity) and phenanthrene (98+ '70) were purchased 

from Aldrich Chemical Co. (Milwaukee, WI). Ra- 
diolabeled [ ''C]naphthalene, -phenanthrene, and 
-DDT were purchased from Sigma Chemical Co. 
(St. Louis, MO) with specific activities of 4.7, 14 
and 13.4 mCi/mmol, respectively. Radiolabeled 
compounds were >98% purity (Sigma Chemical 
Co., St. Louis, MO). Tritiated water was purchased 
from Amersham Co. (Arlington Hts., IL). A 
pseudocumene-based scintillation cocktail (Ready- 
s o h  MP) was purchased from Beckman Instru- 
ment Co. (Fullerton, CA). 

Bovine serum albumin (essentially globulin free; 
No. A7638) was purchased from Sigma Chemical 
Co. Triton X-100 (No. 23,472-9) was purchased 
from Aldrich Chemical Co. Triton X-100 is the 
trade name for octyl-phenyl polyoxyethylene ethers, 
C,4H21(OCH2CH2)nOH, where n = 5-15. Triton 
X-100 is a polydisperse nonionic surfactant with 
properties close to the homogeneous compound 
with n = 10. The critical micellar concentration of 
Triton X-100 is 207 mg/L [30]. The micelle typi- 
cally has a molecular weight of 90,000 and an ag- 
gregate size of 139 monomers [3 11. BSA is a small 
protein, M.W. = 69,000, and has water solubility 
of 5% (wt/wt) [32]. BSA contains 50% carbon and 
Triton X-100 contains 63% carbon. 

Water used in this research was prepared by 
passing deionized water (Continental Water Co., 
Bedford, MA) through a Barnstead Ultrapure 
Mixed Bed Cartridge (Barnstead Co., Boston, 
MA; Part No. D8911) to remove silica and C02.  
The water was further purified with an Amberlite 
XAD-2 resin (Rohm & Haas Co., Philadelphia, 
PA) column to remove trace organic materials. 
The Amberlite XAD-2 resin was first purified ac- 
cording to the procedure of Thurman and Mal- 
colm [3] and packed into a glass column (5.1 cm 
i.d. by 60 cm long, ACE Glass Inc., Vineland, NJ) 
to a depth of 38 cm. Water quality was monitored 
by UV spectrophotometry between 200 and 300 nm 
wavelength. 

Unlabeled naphthalene stock solution (1,000 
mg/L) was prepared in methanol. Upon receipt of 
the radiolabeled naphthalene, a stock solution of 
0.1 mCi per 10 ml methanol was prepared. Appro- 
priate amounts of unlabeled and labeled naphtha- 
lene stock solutions were mixed to yield a specific 
activity of 0.5 mCi/mmol naphthalene. Labeled 
and unlabeled phenanthrene stock solutions were 
prepared similarly with a specific activity of 1 
mCi/mmol. Radiolabeled DDT stock solution in 
methanol was used without dilution with unlabeled 
DDT. The purity of naphthalene stock solution 
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was monitored by gas chromatography with Flame 
Ionization Detector (FID) to assure that no auto- 
radiolysis had occurred. 

Surface soil (Lincoln fine sand) was obtained 
from R.S. Kerr Environmental Research Labora- 
tory, Ada, Oklahoma. The soil contained 92% 
sand, 6% silt and 2% clay [33]. The soil was sieved 
through 10 mesh sieve and cheesecloth to remove 
vegetative matter and washed five times with an ex- 
cess of 0.01 M CaCI, solution and air dried before 
determining the organic carbon content. Organic 
carbon content was found to be 0.26%, 0.26% and 
0.28% in triplicate experiments using the LECO 
combustion method corrected for inorganic car- 
bonates (Galbraith Laboratories, Inc., Knoxville, 
TN). Brunaeur, Emmett, Teller (BET) surface area 
was determined to be 1.24 m2/g using nitrogen 
(Micromeritics Instrument Co., Norcross, GA). 

Batch sorption isotherm 
Sorption isotherms of naphthalene to BSA and 

Triton X-100 were evaluated using dialysis proce- 
dures similar to West, Carter and Suffet [ 1,2]. Tri- 
ton X-100 at 2000 mg/L and BSA at 250 mg/L, 
1,000 mg/L and 2,000 mg/L were pipetted into di- 
alysis bags (Spectra/Por 6, 1,000 mol. wt. cutoff). 
The dialysis bags were sealed with cotton-coated 
polyester sewing thread and submerged in 125-ml 
Erlenmyer flasks, which contained naphthalene so- 
lutions with no headspace. The flasks were closed 
with ground-glass stoppers and sealed with Phynal 
grease (Reliance Glass Works Inc., Bensenville, 
IL), a hydrophilic grease that does not sorb hydro- 
phobic compounds [l]. The solutions were con- 
stantly mixed with a glass-covered magnetic stirrer 
at 20°C for 4 d and concentrations inside and out- 
side of the bag were quantitated via scintillation 
counting. UV absorbance at 280 and 275 nm were 
used to quantitate BSA and Triton X-100 concen- 
trations, respectively. At 1 g/L the optical absor- 
bance of BSA is 0.667 [34,35] and of Triton X-100, 
2.221. The mass balance of naphthalene for the di- 
alysis experiments was 99 * 3 070. 

Soil column 
Sieved soil was air dried and packed into a bo- 

rosilicate precision glass column (0.9 cm i.d., Spec- 
trum, Inc.) to a depth of about 15 cm. The soil 
column was wetted with 0.01 M CaCl, solution at 
20 pl/min for 7 d. The column end fitting had a 
10-pm membrane to retain soil particles. Each new 
soil column was flushed with 200 mlO.01 M CaCl, 
solution to stabilize the column. Formaldehyde, 
CH20, was added to the solution at 0.01 M con- 

centration to control microbial growth. Formal- 
dehyde at this concentration (1.8 x lop4 mole 
fraction) should not affect the solubility properties 
of water [36]. A Sage extended-range, multichan- 
nel infusion pump (Cole Parmer Instrument Co., 
Chicago, IL) was used to deliver the aqueous solu- 
tion. Chemicals in the effluent were detected by 
scintillation counting of the [ I4C] tracer (Beck- 
man, LS3801 scintillation counter). Two columns 
were used in this research: Column A was used for 
Triton X-100 experiments and Column B was used 
for BSA experiments with pH adjusted to 9. The 
porosities are 0.400 and 0.418 for column A and B, 
respectively, determined by tritiated-water break- 
through method. These values are consistent with 
the porosity values of similar soil columns reported 
previously [28]. 

Soil column breakthrough experiments 
For most transport studies, the feed solution 

contained 0.01 M CaCl, and 0.01 M CH,O. For 
transport studies involving BSA, the above solu- 
tion was adjusted to pH 9.0 with 0.02 M borax to 
increase the negative charge of BSA and reduce the 
interaction of BSA with soil (isoelectric point of 
BSA = 4.7 pH). Pore volume was determined from 
the retention volume of tritiated water. Organic 
contaminants were diluted in methanol and spiked 
into the feed solution at a ratio of less than 1500. 
Methanol at this concentration (<0.2%) would 
only increase the solubility of organic compounds 
in water by about 1% or less, which should be neg- 
ligible for purposes of this study. For this study, 
initial total concentrations were 2 mg/L naphtha- 
lene, 0.5 mg/L phenanthrene and 0.05 mg/L DDT. 

Most experiments were performed in a 20°C 
constant-temperature room. In a typical experi- 
ment, the feed solution was pumped into the soil 
column via a Sage syringe pump at a flow rate of 
19 pl/min to yield a pore velocity of 4.3 cm/h. 
Back pressure of the column was typically 1 psig 
measured with a pressure transducer (Omega En- 
gineering Co., Stamford, CT; Part No. PX236- 
0606V). Fractions of the column effluent were 
collected in vials containing 10 ml Beckman MP 
scintillation cocktail, which helped trap the vola- 
tile organic compounds. 

A total of 11 breakthrough experiments were 
run with naphthalene, phenanthrene and DDT in 
the presence of BSA and Triton X-100. Naphtha- 
lene breakthroughs were run at both unbuffered 
solution pH ( 5  ? 0.2 pH) and pH 9. Two Triton 
X-100 (457 and 1,882 mg/L) and two BSA (250 
and 2,000 mg/L) concentrations were used with 
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naphthalene experiments to evaluate the transport 
of naphthalene in the presence of dissolved organic 
matter. Three phenanthrene breakthrough exper- 
iments were evaluated in the presence of 0 and 
2,000 mg/L Triton X-100 and 2,000 mg/L BSA. 
DDT breakthroughs were measured in the presence 
of 1,OOO and 2,000 mg/L of Triton X-100 and BSA, 
respectively. 

Breakthrough data simulation 
Concentration versus time breakthrough data 

were simulated using both analytical and numerical 
solutions via the ADE, Equation 1. All parameters 
were determined using nonlinear least-squares pro- 
cedures and reported intervals were as 95% confi- 
dence intervals. A finite difference transport model 

was used [37]. The size of the time steps and nodes 
were first determined by testing a set of theoretical 
breakthrough curves created with the analytical so- 
lution to insure that the procedure converged accu- 
rately. A maximum of 3,000 to 4,000 time steps 
and 60 nodes was found to be more than adequate. 
For naphthalene experiments, average AT was 9 x 
lop3 k 1 x h. 

To account for the sorption of Triton X-100 on 
soil, the time steps were adjusted explicitly for each 
data set to allow Triton X-100 to saturate one node 
within an integer number of time steps (generally 
within five time steps). It was shown that the input 
of Triton X-100 can be assumed to be a step func- 
tion by ignoring the apparatus dispersion effect 
1281. 

1s - 
0 
0 

Triton X-100 \M 
B 12 - 

c ( p g  Naph free /ml water) 

- 
0 
0 
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Linear Portion : 
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I I 

" 0  0.5 1.0 1.5 2.0 

C ( p g  Naph freelml water) 
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mg/l BSA 

Fig. 1 .  Sorption isotherms of naphthalene with Triton X-100 (A) and BSA (B). BSA was evaluated at (a) 2,000, (b) 
1,000 and (c) 250 mg/L. X axis is pg naphthalene-free/ml water and Y axis is pg  naphthalene-bound/g dissolved 
organic carbon. 

D
ow

nloaded from
 https://academ

ic.oup.com
/etc/article/9/3/253/7861248 by Tshw

ane U
niversity of Technology user on 14 January 2025



258 A. T. KAN AND M. B. TOMSON 

For naphthalene adsorption to the soil phase a 
Freundlich isotherm was assumed, Equation 4. Be- 
cause of limited data, a linear isotherm was assumed 
for phenanthrene and DDT transport (N = 1 in 
Equation 4). Linear isotherms were assumed for 
naphthalene, phenanthrene and DDT with dissolved 
organic matter, Equation 5 .  The breakthrough 
curves were also simulated with the analytical so- 
lution of a one-dimensional convective dispersion 
equation assuming local equilibrium and linear iso- 
therms [38]. 

RESULTS AND DISCUSSIONS 

Batch sorption isotherms 
Figure 1 presents the sorption isotherms of 

naphthalene to BSA and to Triton X-100 using the 
batch dialysis procedure. There was 53 * 9 mg/L 
Triton X-100 outside the dialysis bag equilibrating 
with 1,230 mg/L Triton X-100 inside the bag. The 
Triton X-100 on the outside was assumed to be 
monomer Triton X- 100 since the critical micelle 
concentration (CMC) is 207 mg/L. The Triton 
X-100 monomer does not enhance the solubility 
of contaminants [39]. Therefore, the isotherm was 
determined based on 1,177 (1,230 - 53) mg/L mi- 
cellar Triton x-100. Using a linear isotherm, the 
sorption isotherm of naphthalene with Triton X- 
100 (Fig. 1A) was best fitted with KDOC = 103.31 
( r  = 0.998, n = 5) where Kooc is the dissolved 
organic carbon-based partition coefficient, Equa- 
tion 5. 

Figure 1B presents the sorption isotherms of 
naphthalene to BSA at three BSA concentrations 
(250, 1,000 and 2,000 mg/L). In the 2,000 mg/L 
BSA solution, the sorption is linear between 0 and 
2 mg/L naphthalene (Fig. lB, curve a). For the 
1,000 mg/L BSA solution, the sorption is linear 
between 0 and 0.8 mg/L naphthalene (Fig. IB, 
curve b). In 250 mg/L BSA solution, the sorption 
is linear between 0 and 0.20 mg/L naphthalene 
(Fig. IB,  curve c). The linear portions of the iso- 
therms at the three BSA concentrations have the 
same slope. The lower two sets of data in Figure IB, 
curves b and c, deviate from linearity at about the 
same ratio of naphthalene to BSA. This might sug- 
gest a saturation phenomenon, which has not been 
investigated further. When the linear portions of 
the three curves were fitted with a linear isotherm, 
Equation 5, the slope was KDoc = i03.18(r= 0.992). 

Sorption of small organic chemicals by BSA has 
been reported by numerous authors where the BSA 
concentrations have typically been greater than 

0.2% [40-421. Helmer et al. [40] studied the sorp- 
tion of naphthalene with BSA. When the data of 
Helmer et al. [40] is expressed in terms of DOC, a 
partition coefficient, KDOC = 103.38, at pH 7 is ob- 
tained. Helmer's value is slightly higher than the 
experimental values of this study, lo3.''. The dif- 
ference may be caused by the difference in sorption 
at pH 7 and 9 (see Equation 8). 

Movement of BSA and Triton X-I00 
in soil columns 

The mobilities of BSA and Triton X-100 in soil 
columns were studied. The soil column break- 
throughs of Triton X-100 at 150 and 2,000 mg/L 
were measured. The differences between the break- 
throughs of Triton X-100 and the water front cor- 
respond to the amount of Triton X-100 sorbed 
onto the soil. The amount of Triton X-100 needed 
to saturate the soil column was 0.26 and 0.28 mg/g 
soil at 150 and 2,000 mg/L Triton X-100, respec- 
tively. The hydrophobic partition coefficient of 
Triton X-100 is very low (octane-based K = 0.257 
[16]), from which it can be shown that the sorption 
of Triton X-100 to soil is not caused by hydropho- 
bic interaction. 

Assuming that each Triton X-100 molecule oc- 
cupies about 2 nm2 of surface area, adsorption of 
0.3 mg/g would correspond to a soil-specific sur- 
face area of 0.6 m2/g. BET surface area of this 
soil was 1.24 m2/g (Micromeritics Instrument Co.). 
The difference in the surface areas may be a con- 
sequence of the smaller N2 molecule being able to 
penetrate into smaller pores. Triton X-100 probz- 
bly coats the soil with a monomolecular coverage 
before it migrates at the water velocity. The amount 
of Triton X-100 sorbed to the soil only increases 
the soil organic carbon content by about 6%. The 
sorption capacity of the soil should not be affected 
significantly by this amount of added organic 
carbon. 

It was shown that 0.018 mg BSA is adsorbed 
per gram soil at pH 9 by comparing the break- 
through of 250 mg/L BSA with that of tritiated 
water. This soil demand is considerably less than 
that for Triton X-100 and was ignored in the BSA 
breakthrough simulations. When 2,000 mg/L BSA 
was flowed through the column, the 0.018 mg/g 
adsorption was negligible, but the BSA moved 
through the column 1.16 times faster than water. 
This suggests that BSA is excluded from 16% of 
the pore volume. A similar size exclusion effect 
was observed by Enfield and Bengtsson [ 191 with 
blue dextran. This 16% pore volume exclusion was 

D
ow

nloaded from
 https://academ

ic.oup.com
/etc/article/9/3/253/7861248 by Tshw

ane U
niversity of Technology user on 14 January 2025



Facilitated transport of contaminants 259 

taken into account when the BSA-facilitated trans- 
port experiments were modeled in the next section. 

Contaminant transport in the presence of 
dissolved organic matter 

The typical breakthrough curves of naphthalene 
in the presence and absence of BSA and Triton X- 
100 are shown in Figure 2. The breakthrough of 
naphthalene is enhanced to almost 50% in the pres- 
ence of 2,000 mg/L BSA or Triton X-100. Since 
the column breakthrough experiments are highly 
reproducible, the observed enhancement of naph- 
thalene breakthrough cannot be the result of col- 
umn channeling. Table 1 lists the simulation results 
of 11 column breakthrough data sets of contami- 
nants in the presence and absence of BSA and Tri- 
ton X-100. Retardation and dispersion values listed 
in Table I were obtained using the analytical solu- 
tion of the one-dimensional advective dispersive 
equation assuming linear isotherm, Equation 7b. 
This analytical solution is commonly used in ground 
water modeling and is a good first approximation 
of the relative retardation factors. The simulated 
results are compared to the calculated retardation 

factors of naphthalene, phenanthrene and DDT. 
The retardation factor of naphthalene is calculated 
using the batch sorption data via Equation 7b. The 
retardation factors of phenanthrene and DDT are 
calculated from KO, via Equations 7b, 10 and 11 
since the corresponding batch sorption data for 
phenanthrene and DDT are not available. The 
sorption of phenanthrene and DDT on BSA or 
Triton X-100 probably follows similar proportion- 
ality as suggested by Equations 10 and 11 if the 
sorption is hydrophobic in nature. The overall 
good agreement of the experimental data with the 
predictions of Equation 7b is apparent for Rexp 
and Rcalc in Table 1. 

Examining the data in column 7 of Table 1 ,  it 
is seen that the transport of naphthalene in the 
presence of 1,882 mg/L Triton X-100 or 2,000 
mg/L BSA is over twice as fast as the transport in 
the absence of dissolved organic matter. The trans- 
port of phenanthrene in the presence of 2,000 
mg/L Triton X-100 or BSA is more than 26 times 
faster than that in the absence of dissolved organic 
matter. The transport of DDT in the presence of 
1,000 mg/L Triton X-100 or 2,000 mg/L BSA is 
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Fig. 2. Facilitated transport of naphthalene in the presences of Triton X-100 and BSA. Fig. 2A: (a) 1,887, (b) 457 
and (c) 0 mg/L Triton X-100. Fig. 2B: (a) 2,000, (b) 250 and (c) 0 mg/L BSA. The points are experimentally observed 
concentration and the solid curves were drawn using the simulated breakthrough results via Equation 7a of the text. 
The constants of Equation 7a are listed in columns 2 and 3 of Table 2, with N =  0.81. 
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Table 1. Breakthrough of naphthalene (2 mg/L), phenanthrene (0.5 mg/L) and DDT (0.05 mg/L) 
in the presence of Triton X-100 and BSA 

No. Contaminants 

1. Naphthalene 
2. Naphthalene 
3. Naphthalene 
4. Naphthalene 
5. Naphthalene 
6. Naphthalene 
7. Phenanthrene 
8. Phenanthrene 
9. Phenanthrene 

10. DDT 
11. DDT 
12. DDT 

Dissolved 
organic 
matter 

None 
Triton X-100 
Triton X-100 

None 
BSA 
BSA 
None 

Triton X-100 
BSA 
None 

Triton X-100 
BSA 

Velocity 
(cm/h) PH 

0 
457 

1,882 
0 

250 
2,000 

0 
2,000 
2,000 

1,000 
2,000 

- 

4.339 
4.292 
4.198 
4.238 
4.009 
4.966 
4.386 
4.480 
4.867 

4.433 
4.402 

- 

7.35 f 0.08 8.5 
6.95 f 0.04 6.7 
3.17 f 0.03 3.4 
5.93 f 0.13 8.5 
5.31 f 0.12 7.3 
3.06 f 0.04 4.0 

234.23 k 7.11 249.4 
7.88 k 0.11 9.1 
9.50 f 0.30 10.5 

- 15,315.0 
9.56 f 0.10 17.8 

12.11 i 0.27 10.8 

D 
(cm2/h) 

2.4 i 0.2 
1.8 * 0.1 
2.0 f 0.2 
2.9 ? 0.6 
5.1 ? 0.9 
9.4 f 0.8 
5.5 f 1.3 
6.1 f 0.7 
9.3 f 1.9 

5.4 f 0.5 
10.0 f 1.3 

- 

r 

0.999 
0.999 
0.999 
0.995 
0.994 
0.999 
0.999 
0.998 
0.994 

0.998 
0.996 

- 

~~ ~ ~ ~ ~ _ _ _  

Data simulated with the analytical solution of I-D advective dispersion equation assuming local equilibrium and 
linear isotherm. 

"DOC in Equations 6 and 7 is DOM times 0.63 for Triton X-100 and 0.50 for BSA. 
bRcalc for naphthalene was calculated from Equation 7b using K,,, slopes in Fig. 1 and previously measured soil 
KO, of 708 [28]. For phenanthrene and DDT, Equations 10 and 11 were used to calculate KO, and KDOC,  respec- 
tively. The values of KO, for DDT (lo6 36) and phenanthrene (lo4 57) were obtained from Carter and Suffet [2] and 
Karickhoff et al. [24], respectively. 

'Numbers in parentheses are approximate pH in that no buffer was added. 

over 1,000 times faster than would be estimated 
based upon the KO, = 0.63 *KO, value (Eqn. 10) for 
DDT and neglecting facilitated transport (Rcalc. = 

, calculated from Eqn. 7 with DOC = 0, N = 
1, and KO, = 106.36 for the same soil column). 

Naphthalene breakthrough data at 0, 457 and 
1,882 mg/L Triton X-100 were modeled simulta- 
neously (Table 2). A Freundlich model was used 
for the sorption of naphthalene to the soil. Previ- 
ous studies had shown that for a Freundlich model, 
N = 0.81 yielded the best fit to the sorption of sev- 
eral hydrophobic compounds to soil [27-281. For 
naphthalene with the Freundlich model, only the 
values of Ksoil and KDoc in Equation 7a were al- 
lowed to vary in the least-squares procedures. The 
corresponding naphthalene breakthrough data with 
0, 250 and 2,000 mg/L BSA is also presented in 
Table 2. The correlation coefficients of the two sets 
of data where three breakthrough curves were fitted 
simultaneously were only slightly less than that in 
Table 1, where the breakthrough curves were fitted 
individually. The least-squares-calculated KDoc 
values for naphthalene sorption to Triton X-100 
and BSA are 103.53 and 103.26, respectively, which 
compare reasonably well with the batch experiment 
data (Fig. 1, 103.3' and lo3."). The differences 
may be due to the differences in data interpretation 
between the batch and flow-through experiments. 

104.19 

Table 2. Breakthrough of naphthalene in the 
presence of Triton X-100 and BSA 

Dissolved organic 
matter (DOM) Triton X-100" B S A ~  

Contaminant/soil 

Contaminant/DOM 

K S O , ,  2.14 2.72 

sorption isotherm Freundlich Freundlich 

sorption isotherm Linear Linear 

103.00 
103 53 103.26 

K::l ,A 103 17 103.17 

K O = =  102 90 

KDOC 

D (cm2/h) 4.5 9.2 
r 0.997 0.993 

Data simulated by Equation 7a using a finite difference 
procedure and a Freundlich isotherm for the sorption 
of naphthalene to the soil, assuming N = 0.81. Only the 
values of Kso,, and KoOc in Equation 7a were allowed 
to vary in the least-squares procedures. 

aData of experiments 1-3 (Table 1) simulated via Equa- 
tion 7a with N = 0.81. 

bData of experiments 4-6 (Table 1) simulated via Equa- 
tion 7a with N = 0.81. 

'Calculated from Equation 9 ( K O ,  = K,,,,/OC). These 
values are included for comparison to the theoretical 
KO, values. 

dTheoretical KO, and KO,, values calculated from Equa- 
tions 10 and 11: K::' = K S ,  = 0.63K0, with naphtha- 
lene KO, = lo3 37 [16]. 
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Using the relationship KDoc = 0.63 * KO,, the 
naphthalene KDoc is calculated to be lo3 17. The 
higher than expected least-squares-calculated KDoc 
values may reflect a real affinity difference be- 
tween DOC and soil OC, or it may be a numerical 
consequence of using a Freundlich isotherm for the 
soil. 

The results in Table 2 indicate that the facili- 
tated transport equation reported by West [ 11, Hut- 
chins et al. [43], and Enfield [44] can model the 
transport of contaminants in the presence of dis- 
solved organic matter. Ignoring the effect of pH 
and concentration generally yields an error in the 
calculated retardation factor of  less than one order 
of magnitude [20,28], but ignoring the effect of 
dissolved organic matter may result in an error of 
several orders of magnitude for very insoluble con- 
taminants. The sorption coefficients for both the 
soil and dissolved macromolecules can be predicted 
within a factor of 2.5 by KO, values using the rela- 
tionships developed by Karickhoff et al. [29]. 

A further consequence of facilitated transport 
can be developed using a linear isotherm, for sim- 
plicity, by substituting Equations 9, 10 and 11 into 
Equation 7b to calculate the retardation factor: 

0.63 KO, OC P b / n  
R = l +  (12) 1 + 0.63 KO, DOC ' 

For either highly hydrophobic compounds (i.e., 
large KO,) or high DOC water, a relatively negli- 
gible fraction of the compound will be free in the 
water and the following inequality will hold: 

0.63 KO, DOC >> 1 (13) 

or 

R = 1 + ( P b / n )  (OC/DOC). (14) 

Equation 14 is independent of KO, and suggests 
that for any given soil and DOC all compounds 
with KO, values larger than some cutoff value will 
move in an aquifer with the same average velocity 
relative to water. This theory is supported by the 
experimental results of phenanthrene and DDT 
breakthroughs in the presence of 2,000 mg/L BSA 
(Table 2). In Figure 3, several constant DOC 
isopleths are plotted for log R vs. log KO, using 
Equation 12 with OC = 0.27%. Figure 3 shows 
that facilitated transport has little effect with more 
soluble contaminants such as benzene, toluene and 
xylene (KO, < lo3), which concurs with the find- 
ing of two API reports [45-461, while it has sig- 
nificant consequences to the movement of PCBs 
(KO, > lo5) as reported by Ellis et al. [47]. 

In conclusion, this study demonstrates the 
enhanced or facilitated transport of organic com- 

/- 

R 

2 
10 - - 

- 500 mg/l DOC 
* 1000 mg/i DOC 

1 I 1 1 1 I 
lo6 lo 7 4 lo2 J 10 10 

0 mg/l DOC 

1 mg/l DOC 

10 mg/l DOC 

100 mg/l Doc 

Fig. 3. Plot of the logarithm of relative retardation racror (R) vs. the logarithm of the octanol/water partition coef- 
ficient (KO,) at DOC concentrations from 0 to 1,000 mg/L. The curves were drawn using Equation 7b of the text, 
R = 1 + (0.63KoW0C pb/n) / (  1 + 0.63KOwDOC) with OC = 0.0027, Pb = 1.572 and n = 0.4. 
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pounds under the influences of dissolved macro 
molecules and micelles Both BSA and Tri ton 
X-100 micelles enhance the transport  o f  the less 
soluble organic contaminants (e.g , KO, > lo3 
for this soil) All less soluble organic contaminants 
(e.g., KO, > lo4 5 ,  are likely to travel at the same 
velocity in this soil when the dissolved organic car- 
bon content is greater than 100 mg/L. 

Acknowledgement- We thank Drs J C Parker and J B 
Kool for providing most of the numerical codes used for 
this report and for their valuable advice on numerical 
analyses of breakthrough data 
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