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Abstract

A solution property parameterϕ was defined to examine the distribution characteristics of organic compounds between the solids and four nonionic
surfactant solutions. The studied compounds consisted of BTEX (benzene, toluene, ethylbenzene, andp-xylene) and chlorinated pesticides (lindane,
�-BHC, and heptachlor epoxide), which span several orders of magnitude in terms of water solubility (Sw). The solid samples were composed
of a very low organic matter clay (Ca-montmorillonite), and a high organic matter natural soil (Shamou Mountain soil). The surfactants tested
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ncluded two alkyl chain surfactants and two containing aromatic group surfactants with added concentrations both below and above t
icelle concentration (CMC). By observing theKom or Ksf variation, the result indicates, besides theSw of the organic compounds, the distribut

oefficient is regarded as a function of the soil organic matter (SOM) constituents, and the chemical structure of the organic compoun
an be found the greaterϕ values represent the higher releasing ratios of the organic compounds from the contaminated soil to ground
he relatively higherSw compounds, such as BTEX, all of theϕ values are close to 1. Theϕ values for the relatively lowerSw compounds are fa
reater than 1, and increase with the increasing affinity of the compounds to the surfactants.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The problem of soil and groundwater pollution has become
n increasingly important issue in recent years. Surfactants
ffer a potential means for remedying contaminated soils or
ediments via a pump-and-treat or soil/sediment-washing oper-
tions because the presence of surfactants in the solution can
nhance the apparent solubilities of the compounds, more effec-

ive by washing organic compounds away from the contaminated
oil [1–7]. Aside from this above-mentioned application, sur-
actants in a soil–groundwater system may increase the SOM
ontent, which organic compounds can increasingly partition
o or enhance the organic compoundSw, which can cause the
rganic compounds to be released into the groundwater[8–10].
he mechanisms with regard to the surfactant adsorption on soils
ave already been widely discussed. Ionic surfactant adsorption
n solids is strikingly affected by electrostatic forces[11,12].

∗ Corresponding author. Tel.: +886 3 4227151x34658; fax: +886 3 4226742.
E-mail address: jflee@ncuen.ncu.edu.tw (J.-F. Lee).

Nonionic surfactant adsorption is mainly correlated with
properties of the soil mineral phase[13–15]. In addition, the
amount of organic compounds released to the surfactant
tion depends on the compoundSw and the surfactant polari
[16].

When soils are water-saturated, the predominated non
organic compound sorption is partitioning into the SOM bec
water suppresses the compound adsorption on mineral
ter. The distribution coefficients (Kd) of organic compound
between the solid and the solution may be expressed by a
relation[17].

x/m = KdC (1)

wherex is the compound uptake on the solid (mg),m the weigh
of the solid (kg) andC is the equilibrium compound conce
tration in the solution (mg/L). TheKd values of the selecte
compounds increase as the organic matter fraction (fom) of the
solid increases, furthermore for a specific soil they decrea
theSw of the organic compound increases. A more useful c
pound distribution coefficient would be when theKd for a soil
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.09.005
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is normalized to the corresponding soil organic carbon fraction
foc or soil organic matter fractionfom, i.e. [18]

Koc = Kd/foc (2)

Kom = Kd/fom (3)

with

Koc = 1.742Kom (4)

Although the SOM contents vary with the collection sites, the
normalized value,Koc or Kom, for an organic compound is simi-
lar [18]. However, some research has revealed that the polycyclic
aromatic hydrocarbon compounds (PAHs) in sediments have
relatively higherKoc values than those in other natural soils
[19–21]. The reason for this is ascribed to the presence of a
greater proportion of polycyclic aromatic group compounds in
the organic matter of the sediments, which enhances the affin-
ity of the PAHs to the organic matter. However, it is difficult to
conclude the above result due to the complex SOM constituents.
When the organic matter consists of the sorbed surfactant, the
structure and polarity of the surfactant has been known, and thus
the effects of the SOM constituents on the distribution coefficient
of a given compound can be realized. For a nonionic organic
compound in a surfactant–soil–water system, the linear relation
mentioned above in Eq.(1) can be rewritten as[8,10,22]
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are the most important key points. The effects of these param-
eters on the apparentK∗

d need to be determined. With regard to
the estimatedK∗

d, a considerable equation has been presented as
follows [31]:

K∗
d = Kd(1 + fsfKsf/Kd)/(1 + XmnKmn + XmcKmc) (8)

whereXmn is the concentration of the surfactant as monomer
in water (mass/mass, dimensionless),Xmc the concentration
(dimensionless) of the surfactant as micelle in water,Kmn
the partition-like coefficient of the solute between surfactant
monomer and water (dimensionless), andKmc is the parti-
tioning coefficient between the aqueous micellar phase and
water (dimensionless). The effects of the solubility enhance-
ment onK∗

d have been incorporated in Eq.(8). For the char-
acteristics ofK∗

d in Eq. (8), the lowSw compounds in a given
surfactant–soil–water system show the lowerK∗

d values, result-
ing from the surfactant in the solution enhances the apparentSw
of the compounds[10,16]. However, it is difficult to estimate the
effects of the surfactant on either solid or liquid phase because
of the unknown parameters, such asKsf, Kmn andKmc. There-
fore, a simply approach to quantitatively determine these effects
need to be developed. In this study, we elucidate the charac-
teristics ofKsf and furthermore establish a solubility property
parameter that quantitatively describes the effects of surfactants
on organic compounds released from contaminated soils to the
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hereK∗
d is the distribution coefficient of the compound in

urfactant–soil–water system. The observedK∗
d is significantly

ffected by the characteristics of the soil, the surfactants an
ompounds[16,23–27]. With a very low SOM (≈0) soil, the
orbed surfactant is regarded as the sole SOM. ThusK∗

d in Eq.
5) is directly expressed as follows:

∗
d = fsfKsf (6)

herefsf is the sorption fraction of the surfactant with respec
o the soil andKsf is the distribution coefficient of the organ
ompound between the sorbed surfactant and the solution
haracteristics offsf have already been stated in the litera
8,28–30]. The magnitude ofKsf is not a direct function offsf,
ut is primarily correlated with the properties of the sorbed
actants and the compounds. On the other hand, for a natura
lthough surfactant adsorption on the soil surface can enh

he SOM, the physico-chemical properties of the sorbed su
ants relative to those of the natural SOM have quite obv
iversity. A more detailed equation would be

∗
d = fomKom + fsfKsf (7)

he above-mentioned equation can differentiate the discrep
etween the SOM and the sorbed surfactant, but the for

he surfactants attracting the organic compounds into the
ion might cause the bias in Eq.(7). The desorptions of organ
ompounds from various organic matter content soils usin
onionic surfactant solution have been studied[8,10]. The adde
urfactant concentration, the SOM content and the compouSw
e
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roundwater.
To eliminate the influence of electrostatic forces in this st

our nonionic surfactants are used in the sorption experim
ncluding TritonX-305 (TX-305) and TritonX-405 (TX-40
ontained the aromatic ring and only alkyl chain C12E5 and
12E9. Differences inKsf, resulting from differently structure
urfactants, are elucidated so as to further understand the e
f the SOM constituents on the distribution coefficients. A v

ow SOM clay, Ca-montmorillonite, was used to obtain theKsf
alues of the selected compounds relative to the surfactan
igh SOM soil, Shamou Mountain soil, was selected to con

he variation in the solution property parameters of the di
ntSw compounds. TheKom characteristics of the differentSw
ompounds relative to the surfactant properties are discuss
pproach was established to obtain the solution property pa
ter. Currently organic compound desorption from the so

requently observed with a practical surfactant washing p
owever the method (or parameter) developed in this stud
etermination of the distribution coefficient, given the app
urfactant levels, should facilitate the evaluation of the pote
mpact of this and similar surfactants on the compound d
ution behavior in natural water and/or at waste-disposal
he results can be applied to predict the amount of organic
ounds that may be released from contaminated soil int
roundwater.

. Experimental methods

.1. Chemicals

The selected compounds, which have a wide range oSw
ndKow, were the four BTEX compounds (benzene, tolu
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Table 1
Selected properties of BTEX and chlorinated pesticides at room temperature

Compound MW MP (◦C) logSw
a (mol/L) logKow

b

Benzene 78 5.5 −1.64 2.13
Toluene 90 −95 −2.25 2.69
Ethylbenzene 102 −95 −2.84 3.15
p-Xylene 102 13.2 −2.73 3.15
Lindane 291 113 −4.57 3.72
�-BHC 291 160 −5.16 3.72
HPOX 389 161 −6.29 4.97

MW: molecular weight, MP: melting point,Sw: water solubility (25◦C), Kow:
octanol–water partition coefficient (25◦C).

a As cited in ref.[8].
b Estimated from ref.[18].

Table 2
Selected properties of surfactants used in solubilization and partitioning
experiments

Surfactants Molecular formula MW (g/mol) CMC (mg/L)

C12E5 C12H25(OCH2CH2)5OH 406.6 25
C12E9 C12H25(OCH2CH2)9OH 582.6 44
TX-305 C8H17C6H4O(CH2CH2O)30H 1526 1068
TX-405 C8H17C6H4O(CH2CH2O)40H 1966 1592

ethylbenzene andp-xylene) and three pesticides�-BHC (hex-
achlorocyclohexane,�-isomer), lindane (hexachlorocyclohex-
ane,�-isomer) and heptachlor epoxide (HPOX). The four BTEX
compounds were supplied by the Aldrich Company, Milwaukee,
WI. The three pesticides were obtained from the Riedel de Haën
Company, Germany. All these compounds were of analytica
grade or better and were used as received. The selected physic
chemical properties of the compounds are given inTable 1.

2.2. Surfactants

The molecular structures, molecular weights and CMCs of
the selected surfactants are given inTable 2. The alkyl surfac-
tants, C12E5 and C12E9, had a purity of >98%. The Triton series
of surfactants supplied by the Riedel de Haën Company were
mixtures, with an indicated average ethylene oxide (EO) chain
numbers of 30 for TX-305 and 40 for TX-405. The sorption
capacities of the surfactants on the tested solids as a functio
of surfactant concentration were determined by adding 0.1 g
(for alkyl chain surfactants) or 1.0 g (for Triton series surfac-
tants) of the solid samples to 20 mL of deionized water in Corex
centrifuge tubes. The concentration of each surfactant adde
covered a large range from below to above the nominal CMC o
the surfactant in deionized water. The suspensions were equil
brated in a reciprocating shaker for 48 h at 25◦C. The solution

and solid phase were separated by centrifugation at 8000 rpm
(7649× g) for 30 min in a Sorvall RC-5C centrifuge. A 1 mL
aliquot sample of the supernatant was removed and analyzed
for the Triton series surfactant by UV at wavelength of 275 nm;
no major changes in UV spectral pattern of the two Triton sur-
factants were observed after equilibration for the solid samples.
Since only the surfactant’s aromatic component can be mea-
sured at a UV wavelength of 275 nm, the amounts of alkyl chain
surfactants sorbed were determined by a TOC Analyzer (O.
I. Analytical Corporation). The amounts of surfactants sorbed
could be simply computed by the difference between the ini-
tial and final surfactant concentration in the solution. Although
the dissolved organic matter could release from the SOM to the
surfactant solutions which affect the above-mentioned analysis
result, the significant influence do not be found in this study. The
obtained result is therefore considered as the effective data.

2.3. Pretreatment and soil properties

A natural soil and a clay were selected for the sorption
mediums. The Ca-montmorillonite purchased from Source
clay Minerals Repository in University of Missouri–Columbia,
designated as Ca-Mon, could be used directly and did not
need to be pretreated further. A natural organic-rich top soil
from Shamao Mountain designated as SM, in Taipei County,
T , the
n btain
p ation,
t
t mined
u gen
a using
a arrier
g s are
g

2

elow
a sam-
p uan-
t of
t ubes.
T
s bes.
F
t

uids
u ded

T
P

S )

C
S

S : cati
able 3
roperties of studied solid samples

olid Clay (%) SA (m2/g)
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hamou Mountain soil 8 57.2
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aiwan, was used. Before all of the sorption experiments
atural soil samples were air-dried and then sieved to o
articles of less than 2.0 mm. For surface area determin

he soil and clay samples were outgassed at 135◦C prior to
he measurement. The surface areas (SAs) were deter
sing a Brunauer–Emmett–Teller (BET) plot of the nitro
dsorption data taken at the temperature of liquid nitrogen
Quantasorb Jr. sorption apparatus, with helium as the c

as. The dry SAs and other properties of the solid sample
iven inTable 3.

.4. Analytical conditions of organic compounds

The initial surfactant concentrations were set to be b
nd above the nominal CMC in deionized water. 0.1–1.0 g
les of the tested solids, determined by adding varying q

ities of a given test compound, were mixed with 20 mL
he above-mentioned surfactant solution in a Corex glass t
he target compound concentrations, about 30–70%Sw in the
urfactant–soil mixture solution, were then added into the tu
or convenience of analysis, the highSw BTEX and lowSw pes-

icides were treated individually.
The BTEX compounds were added directly as neat liq

sing a Hamilton microliter syringe. The pesticides were ad

fom (%) pH CEC (mequiv./100 g

0.30 8.03 120
27.3 5.21 53.9

on exchange capacity.
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as stock solutions in methanol. It was assumed that the small
amount of methanol in the water solution (<2%) would have an
insignificant effect on the distribution of the tested compound, as
has been found in similar studies on the organic compound sorp-
tion on soils. After the above process, the tubes were closed with
Teflon foil-lined screw caps and equilibrated for 48 h in a recip-
rocating shaker. The resultant slurries were then centrifuged for
30 min at 8000 rpm to separate the solution and solid phases.
Aliquot samples of the solution phase (1 mL) were then trans-
ferred into glass vials containing 2 mL of carbon disulfide (for
BTEX solutes) or of hexane (for lindane,�-BHC, and HPOX).
These vials were sealed with Teflon foil-lined screw caps and
shaken for 3 h on a reciprocating shaker. The extracts were
injected into a GC to obtain equilibrium concentrations of the
selected compounds under various added surfactant concentra-
tions. According to Eqs.(1) and (5), the distribution coefficients
(Kd or K∗

d) of the compounds in the system were determined by
a linear regression.

The GC analysis was performed on a Model 5890A Hewlett
Packard gas chromatograph equipped with either a flame ioniza-
tion detector (for the BTEX compounds) or an electron capture
detector (for lindane,�-BHC, and HPOX). A 5% sp-1200/1.5%
Bentonite 34 on 100/120 Supelcoport packed steel column
(1.8 m× 3.2 mm i.d.) was used for the separation of the BTEX
compounds; a 1.5% sp-2250/1.95% sp-2401 on 100/120 Supel-
coport packed glass column (2.4 m× 6.4 mm i.d.) was used for
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Fig. 1. The relationship between the added surfactant concentration (X) and the
uptake (fsf) on Ca-montmorillonite.

anism of the surfactant uptake is adsorption that is easily to
be understood. For the SM with the higher SOM content, the
above-mentioned result indicates the effects of the surfactant
partitioning to the SOM can be neglected in the experiments.
On the other hand, the polarity of the surfactant, i.e. the EO
chain numbers, is regarded as a dominator factor in determining
the adsorption capacity. As expected, the limiting monolayer
adsorption capacity of the surfactants, for Ca-Mon and SM,
is closely related to the EO chain numbers, in the following
order: TX-405 > TX-305 > C12E9 > C12E5. The results indicate
the opposite order with respect to the literature[12,13]. A major
difference for this is the micromole per gram is generally applied
in the literature to express surfactant uptake unit for soils. On
the basis of the adsorptive surfactant mass, the higher EO chain
number surfactants have a more significant affinity with the
soil’s mineral phase surface which causes the higher surfactant
uptake. Also, it should been noted if the surfactants possess the
obviously different homologs, the obtained result might have
some bias. To compare Ca-Mon with SM, the Ca-Mon has a
relatively higher surface area, resulting in the higher mono-
layer adsorption capacity for the surfactants. The results further
demonstrate that the mechanism of the selected surfactant uptake
on the solids is adsorption. In other words, Eq.(7) can be con-
firmed, regardless of the influence of the surfactants in liquid
phase.
he separation of the pesticides. Each experiment was dupl
nd the data was averaged. If the bias of the repeated e
ents exceeded 15%, triplicate repetitions were made. B

xperiments, without solid, were performed for the tested c
ounds for each batch experiment; the recoveries ranged
0 to 95%. The measured equilibrium concentrations wer
djusted for the recoveries.

. Results and discussion

In this study, a clay and natural soil listed inTable 3are
sed to elucidate distribution characteristics of organic c
ounds in a surfactant–soil–water system. The clay, Ca-
cted as the reference material to obtain theKsf at selected com
ounds partitioned to the sorbed surfactants because the
f the natural SOM on organic compounds partitioning to
on could be neglected. The natural soil, SM was sele
ecause of its higher SOM content. When the data for SM fi
xpectations, the obtained results could also be applied to
oils with a relatively lower SOM content. Generally, the ex
ted sorption isotherms of the nonionic surfactants on soil
he “L-type” curves and the surfactant uptake reaches a pl
t equilbrium concentration (Ce) around 1–2 times the n
al CMC in pure water[8,10,13,15,30]. To more convenientl
stimatefsf and Ksf, changes in thefsf values of the differen
dded surfactant concentrations (X) sorbed on Ca-Mon and S
re illustrated inFigs. 1 and 2, respectively. All show the “L

ype” curves with maximum uptake atX about 1–2 times th
MC. This indicates that there was competition of the ads

ive sites for a given surfactant relative to the selected so
ue to the very low SOM content of Ca-Mon, the major me
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Fig. 2. The relationship between the added surfactant concentration (X) and the
uptake (fsf) on Shamou Mountain soil.

Both Koc andKom are frequently used to evaluate the char-
acteristics of the organic compounds partitioning to the SOM.
In this study, two Triton series surfactants are composed of th
different EO chain number surfactants. The surfactant uptak
on the solids varies with the different EO chain number, leading
to the uncertain organic carbon fraction (foc). Accordingly, the
Kom is a better parameter which is used to explain difference in
the organic compound distributions between the solids and th
surfactant solutions. As mentioned earlier in Eq.(6), the Kom
obtained from the surfactant sorbed on Ca-Mon can be replace
with theKsf while the sorbed surfactant is the sole organic mat-
ter source. The identical SOM constituents purified with a given

surfactant can clarifyKoc or Kom bias for the natural solids. As
a result, theKsf values of the target compounds relative to the
tested surfactants need to been determined before applicability
of differentSw organic compounds in Eq.(7)is considered. It was
well known that theKsf value is a function of the compoundSw
and the surfactant properties such as their polarity and chemical
structure. The averageKsf values as well as standard deviation
of the target compounds with respect to the tested surfactants at
three added concentrations are presented inTable 4. The striking
features are as follows: (i) according to the observed standard
deviation, there is a similarKsf value for a given compound asso-
ciated with a specific surfactant. Also, the relative standard devi-
ation values of the selected compounds increase as theSw value
decreases; (ii) theKsf values of the compounds relative to a given
surfactant roughly increased as the compoundSw decreased.
However, there are some differences in theKsf values for the
different surfactants; (iii) for the selected surfactants, theKsf
values of the aromatic compounds have the order: C12E5 > TX-
305 > TX-405 > C12E9. This is not related to the EO chain num-
bers, but those of the pesticides are inversely proportional to
surfactant EO numbers; (iv) theKsf values of the higherSw aro-
matic compounds are similar to estimations from the literature.
TheKsf values of the relatively lowerSw compounds are signifi-
cantly different from those in the literature, especially for HPOX.

The above results can be understood on the basis of the
distribution characteristics of the organic compounds in the
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Table 4
AverageKsf (standard deviation) values of the target compounds for the select

C12E5
a C12E9

a

Benzene 24.0 (1.74) 17.6 (1.54) 8
Toluene 36.6 (2.60) 30.9 (3.52) 7
Ethylbenzene 78.5 (4.29) 60.6 (2.32)
p-Xylene 87.5 (4.44) 67.9 (4.13)
Lindane 1675 (238) 1403 (203)
�-BHC 4277 (691) 3684 (628)
HPOX 6958 (1042) 5163 (836)

a The respectively added concentrations (mg/L) for C12E5 are 10, 31.9 and 85.1; f -405
they are 600, 1500, and 3000.

b logK = 0.729logS + 0.01;S : mol/L [18].
om w w
e
e

e
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urfactant–soil–water system. It has been mentioned earlie
he Kom values of an aromatic compound relative to the v
us soils or sediments have the obvious bias. The result
uite similarKsf value under the different added surfactant c
entrations indicates that theKom value of a given compoun
pproaches a constant if the SOM constituent is identical. H
ver, a smallKsf (or Kom) bias is found for sorbed surfacta
ith the different polarity and the chemical structure, fur
emonstrating the properties of the surfactants will affec
istribution of the organic compounds between the surfa
olution and the solids. For the higher standard deviation o
ow Sw compounds, the major factor that influence theirK∗

d val-
es is the solution properties as shown in previous investig

8,10,16,31]. A possible reason for the higher standard devia
s that the surfactants form micelles in the solution, offerin
etter hydrophobic environment in the solution to reduce thKsf
alues.

ed surfactants on Ca-Mon

TX-305a TX-405a Estimationb

22.4 (1.11) 20.3 (0.92) 15.
34.1 (1.98) 32.5 (1.25) 44.
73.5 (2.62) 63.5 (2.79) 118

80.1 (5.04) 70.6 (3.17) 98.0
899 (168) 695 (143) 3746

2755 (411) 2080 (388) 10085
3637 (582) 2890 (536) 67214

or C12E9 are 10, 47.5 and 166.4; for TX-305 are 500, 1000, and 2000; for TX
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Over the last decade,Sw of the organic compounds has come
to be regarded as the main parameter influencing organic com-
pound partitioning to the SOM. This is because the partitioning
behavior is controlled by the affinity of organic compounds to
the SOM. SOM is classified as a very low polarity medium,
and thus a compound with a relatively lowerSw (or higher
Kow) generates a higher normalized partitioning coefficientKom.
According to the standpoint, when the surfactant sorbed to be
the enhanced SOM has a higher affinity with the organic com-
pounds, and then higherKsf values should be expected. In theory,
a low polarity organic compound relative to the sorbed surfactant
with the higher EO chain numbers can generate lowerKsf values
because EO chain numbers can represent the quantified surfac-
tant polarity in this study. Similarly, theKsf values of the various
compounds for a given surfactant are closely inversely propor-
tional to the compound’sSw. However, the partial results that do
not correspond to the above characteristics indicate existence
of other parameters dominates organic compound distribution.
The discrepancy might be a result of other parameters competes
with the compound’sSw. The differences in chemical structure
between the compounds and the surfactants are considered to
be an important factor[22]. The functional groups of aromatic
and aliphatic chemicals play a key role in dictating their parti-
tioning behavior[22,32]. Generally, aromatic compounds with
instable� bonds are more polarizable, thus promoting molecu-
lar attractions by the induced dipole-induced dipole force[33].
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environment. On the basis ofSw enhancement theory, the lower
Sw organic compound indicates a more significant amount ofSw
enhancement in the surfactant solution[34]. As expected, the
three pesticides in the surfactant solutions can lead to the reduc-
tion of pesticides uptake into the sorbed surfactants. In particular
for the less water-soluble compounds in a surfactant–soil–water
system, the solution’s properties lead to a greater difference in
theKsf values from the estimated values. As a result, for a rel-
atively lowerSw compound, such as HPOX, there is a dramatic
increase in theKsf value.

In the previous descriptions, it can be found that the character-
istics of the sorbed surfactant and the natural SOM are different.
Although effects of the surfactants in soil–water system on the
organic compound distribution have been discussed in the lit-
erature, the obtained result cannot differentiate the effects of
surfactants from solid phase or liquid phase. In Eq.(8), the char-
acteristics of theK∗

d value for a natural soil can be obtained
from the distribution change of the organic compounds between
the solid and solution. However, too many unknown parameters
lead to difficultly quantified the effects the surfactants on the
K∗

d values. Thus, we develop a simply approach to examine the
result. The SM with the high natural SOM soil was selected as
target. A solution property parameterϕ for surfactant attracting
organic compounds released into solution is defined as follows:
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ompounds for the relatively higher SOM soil, SM, without
urfactants are given inTable 5. The obtainedKom values can
e compared with theKsf values inTable 4. It can be found

heKom values of the relatively highSw BTEX compounds ar
ore consistent with theKsf values obtained from the sorb

urfactant and withKom values estimated according to the
rature. However, the lowSw pesticides indicate the lowerKom
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oluene 10.5 38.
thylbenzene 24.8 90
-Xylene 25.2 92.3
indane 488 1788
-BHC 1460 5348
POX 5450 19963
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Fig. 3. The averageϕ values and standard deviation of the relatively higherSw

BTEX in the selected surfactant–soil–water system.

values than those estimated from literature and the higherKom
values thanKsf values inTable 4. There are two interpreta-
tions for the above difference. The first is the SOM constituent
diversity. Besides the difference in the natural SOM constituent,
the sorbed surfactants have a practical polarity difference with
the natural SOM. The second is theSw estimation error. Pre-
ciseSw values for lowSw compounds are often difficult to be
obtained.

SinceSw is a very important factor for determiningϕ values,
the higherSw BTEX and the three lowerSw pesticides need to
be described separately. InTable 4, the presence of surfactants
in the system does not make obvious diversity for theKsf values
of BTEX. Therefore, we plot the averageϕ values of BTEX in
the four surfactants solution with the identical concentrations
in Table 4against theirSw in Fig. 3. As expected, all of theϕ
values of the selected compounds are close to 1 and the standard
deviation values are low. In addition, the linear regression line
indicates that all of theϕ values have a low sensitivity onSw.
The relatively higherSw compounds, such as BTEX, indicate a
low trend of released to the surfactant solution to cause small
changes inϕ values. Moreover, most of the surfactants in the
soil–water system do not influence the distribution coefficient
(Kd) of these organic compounds.

Although surfactants in the solution can attract the lowSw
organic compounds into the solution has been discussed in the
literature, theϕ values offer a good reference to quantify the
d ted
t con-
c
X sur-
f sing
S rfac-
t con-
c
t sur-
f com-
p
(

Fig. 4. Theϕ values of the relatively lowerSw pesticides on Shamou Mountain
soil for the added surfactant concentrations (X) below and above their CMC.

condition is far higher than those underX < CMC. It is known
that C12E5 and C12E9 have the lower CMC values. In the other
words, these kinds of surfactants easily reach to the CMC in
a soil–water system to attract the lowSw organic compounds
partitioning into the solution. With a view of soil remedia-
tion by surfactant washing, these surfactants are capable of
effectively remedying the soils contaminated by the lowSw
compounds. If the partitioning of organic compounds between
soil and groundwater is taken into account, the presence of
these surfactants in soil–groundwater system leads to organic
compounds release from the contaminated soil to the ground-
water, which generates a possible impact on human being. As
for TX-305 and TX-405, two possible reasons cause only lit-
tle difference in theϕ values of the given organic compounds.
One is that surfactants with the relatively higher EO chain num-
bers have a poor solubility enhancement effect, and the other
is that surfactants have not formed micelles in the solution.
The presence of high concentrations of these surfactants in the
soil–water system can form micelles. However, it is difficult for
the above surfactants up to CMCs to be found in a real environ-
ment. Thus, the presence of these surfactants does not signifi-
cantly influence the distribution coefficientsK∗

d of the organic
compounds.
ata.Fig. 4 illustrates theϕ values of three pesticides rela
o their Sw for the lowest and highest added surfactant
entration (X) of the four selected surfactants inTable 4. The
values include below and above CMCs of the selected

actant. Theϕ values obviously increase with the decrea
w and with the decreasing EO chain numbers of the su
ants, which correspond with the solubility enhancement
ept. For theX < CMC condition, the maximumϕ value reach
o about 1.5 that reflects the relatively low concentration
actant in the soil–water system has already generated a
arable effect. Theϕ values of the lowestSw compound HPOX
logSw =−6.29 mol/L) for C12E5 and C12E9 underX > CMC
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4. Conclusions

Usually studies over the past few years regarding the dis-
tribution coefficients of organic compounds in the surfactant–
soil–water system have focused on surfactant adsorption on the
soils which enhance the SOM. Although sorbed surfactants can
be thought of as enhanced organic matter, the properties of the
natural SOM and sorbed surfactants still need to be discussed
separately due to the obvious polarity variation. As the SOM
is purified by the sorbed surfactant, the effects of the SOM
constituents on the distribution characteristics of the organic
compounds can be understood according to variation in the
chemical structure. In order to precisely delineate the effects of
the surfactants in the solution on the distribution coefficients, we
need to present the solution property parameterϕ. The obtained
ϕ values can be applied during the surfactant washing of con-
taminated soil or the study of organic compound partitioning to
groundwater.
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