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Abstract

The objective of this study is to evaluate the perchloroethylene (PCE) removal by an aqueous surfactant solutions based on influential
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actors (ionic strength, hardness) of various groundwaters and surface waters contaminated with PCE. The experimental meth
his study were separatory funnel experiments and batch experiments. Separatory funnel experiments were performed to dete
urfactants are good solubilizers for PCE. Batch experiments were performed to evaluate the effect of ions in sampled water for PC
he results of separatory funnel experiments indicated that the surfactant polyoxyethylene (20) sorbitan monostearate (Tween

o be a predominant solubilizer for the removal of PCE (87.3%). Separatory funnel experiments also showed that the hydrophilic
alance (HLB) number and the chemical structure of the surfactants were good indicators of surfactant effectiveness for removal o
ater. The results of batch experiments showed that non-ionic surfactants are affected by the ionic strength of sampled water. Th

emoval of the Tween 60 surfactant solution was measured to be 88.3% by batch experiments. This result was affected by the ch
f the surfactant (HLB, chemical structures) and the ionic strength of water. Therefore, the ionic strength of contaminated water
hemical structures of surfactants must be considered in surfactant-enhanced remediation.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Soil and water (groundwater, surface water) contamina-
ion by PCE has caused significant concern in industrial areas.
CE has been used in industrial and commercial applications
uch as metal degreasing, the cleaning of electronic compo-
ents, and dry cleaning. PCE contaminates aquifers through

ts infiltration into the under the groundwater table because
f its higher density. PCE can persist as a long-term source
f contamination in soils and water due to its low aqueous
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solubility and slow rates of dissolution[1,2]. From the view
point of motion, gravity and capillary forces are the m
physical parameters of PCE migration in subsurface e
ronments[3]. Many papers published on the study of re
diation dealt with issues of PCE by vapor extraction meth
or bioremediation[4,5]. A pump-and-treat method was f
quently evaluated by many researchers[6,7] and it used for
conventional remedial method of contaminated water. E
cially, the pump-and-treat method is a treatment techno
to remediate groundwater contaminated by organic mate
Treatment methods (air stripping, steam stripping, activa
by carbon filtration, etc.) are differently applied accordin
target compounds or field configurations[8–11]. Moreover
denser-than-water nonaqueous-phase liquids (DNAPLs
difficult to remediate from aquifers because these compo

304-3894/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2004.12.015



196 E.-S. Kim et al. / Journal of Hazardous Materials B119 (2005) 195–203

tend to remain in a separate phase[12]. The pump-and-treat
method is limited by parameters such as water flow rates,
the organic material’s composition, mass transfer rates, and
the surface area available for mass transfer of constituents
[13–15].

Surfactant-enhanced remediation techniques for remov-
ing PCE from soil and groundwater are now receiving a lot
of attention[16]. Moreover, surfactants can help the extrac-
tion of organic contaminants from an aquifer by reducing the
interfacial tension between DNAPLs and groundwater, and
by increasing the solubility of the contaminants. A surfac-
tant molecule contains a hydrophilic head and a hydropho-
bic tail. The hydrophilic head is a polar moiety, which has
an affinity for water and the other polar substances, while
the hydrophobic tail is nonpolar moiety[17]. The tail, usu-
ally a long hydrocarbon acts to reduce solubility in water
while the hydrophilic head has opposite effect[18]. Surfac-
tants enhance the remediation of PCE-contaminated sites by
increasing the PCE’s aqueous phase concentration via mi-
celle/emulsion formation. Surfactants are able to improve the
mass transfer of hydrophobic pollutants from solids[19]. The
unique amphiphilic structures and properties of surfactants
are able to be applied in many areas. Therefore, surfactants
are widely used for solubilization/mobilization purposes in
agricultural and industrial areas.
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removal of different aqueous non-ionic surfactant solutions
based on ionic strength and hardness of various groundwaters
and surface waters contaminated with PCE.

2. Materials and methods

2.1. Materials

Four different surfactants – POE (polyoxyethylene)
(20) sorbitan monolaurate (Tween 20), POE (20) sorbitan
monopalmitate (Tween 40), POE (20) sorbitan monostearate
(Tween 60) and POE (20) sorbitan monooleate (Tween 80)
– were used in this study. Tween series surfactants (Tween
20, Tween 40, Tween 60, Tween 80) are non-ionic surfac-
tants, which have been noted for their unfavorable tendency
of sorption to aquifer solids, and low critical micelle concen-
tration (CMC). Non-ionic surfactants do not have any ionic
group of dissociated in the solution of contaminant materials.
Tween 20 had 12 carbons in a hydrophobic moiety named
“laurate” and Tween 40 had 16 carbons in a hydrophobic
moiety named “palmitate”. Tween 60 and Tween 80 each
have 18 carbons, but are different in their organic saturation.
Their nomenclatures were “stearate” and “oleate”, respec-
tively. These surfactants were selected because they have a
s . In
a ple,
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8 series
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T
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In recent years, surfactant-enhanced remedial me
ave been employed to remove PCE from contamin
roundwater[20]. Results from several laboratory studies

he use of surfactants for washing hydrophobic contamin
rom soils have shown that this enhanced washing metho
good potential[13,21]. Results collated from many pap

howed the % of PCE removal[5] between 33 and 85% a
otal petroleum hydrocarbon (TPH) recoveries betwee
nd 90%[22]. Published papers on surfactant research r
ulated deionized water in their experiments[3,10,13,15,18
nd field tests[23]. Natural water (groundwater, surface w

er) has various anions and cations that affect the formin
urfactant micelles. Also, the ionic strength of natural w
ffects its activity. Therefore, more laboratory work is nee

o understand the factors affecting PCE removal using su
ant. The objective of this study was to evaluate the % of

able 1
he characteristics of Tween series surfactants

ommercial name Tween 20a Tw

hemical name Polyoxyethylene
(20) sorbitan
monolaurate

Po
(2
m

olecular weight (g/mol) 1227.5
ensity (g/ml) 1.11 1
MCb (mM) 0.05 0
LBc 16.7 1
ype Nonionic N
hase Liquid L
a Data from MSDS (Material Safety Data Sheets).
b CMC: critical micelle concentration.
c HLB: hydrophile–lipophile balance.
imilar HLB number but different hydrophobic moieties
ddition, their carbon structures are different. For exam
ween 60 has a saturated organic carbon bonding and T
0 has an unsaturated organic carbon bonding. Tween
urfactants were purchased from Yakuri Chemicals, Ja
he characteristics of Tween series surfactants are sho
able 1, and their chemical structures are shown inFig. 1.
ween 60 was in a gel state and the other surfactants w

iquid states at room temperature. The PCE used in this
as an analytical-grade reagent. The molecular weig
CE (Cl2C CCl2) is 165.83 g/mol and its density and aq
us solubility are 1.6227 g/ml and 150 mg/l, respectiv
CE (>99% purity) was purchased from Merck Chem
SA.
The separatory funnel experiments used deionized w

hat was distilled with a Milli-Q distillation system (Mill

0a Tween 60a Tween 80a

thylene
itan
mitate

Polyoxyethylene
(20) sorbitan
monostearate

Polyoxyethylene
(20) sorbitan
monooleate

1311.7 1309.7
1.07 1.06

0.02 0.04
14.9 15

c Nonionic Nonionic
Gel Liquid



E.-S. Kim et al. / Journal of Hazardous Materials B119 (2005) 195–203 197

Fig. 1. Chemical structures of test surfactants: (a) polyoxyethylene (20) sorbitan monolaulate, (b) polyoxyethylene (20) sorbitan monoplamitate, (c) poly-
oxyethylene (20) sorbitan monostearate and (d) polyoxyethylene (20) sorbitan monooleate.

pore). The groundwater and surface water used for batch
experiments originated from Yeongwol, Gangwon, Korea.
Samples 1 and 4 were shallow groundwater from a gran-
ite bedrock and they had a high nitrate concentration be-
cause they were contaminated by an anthropogenic source
(Table 2). The difference between sample 1 and sample 4
was in their ionic strength value. Sample 4 had the high-
est ionic strength value in sampled water due to local geol-
ogy. Samples 2 and 3 were deep groundwater from a shale-
sandstone bedrock and a limestone bedrock, respectively.
Samples 5, 6 and 7 were surface water from a tributary
of the south Han-river. Ordovician limestones and Permo-
carboniferous coal-bearing sedimentary rocks are widely dis-
tributed in the study area. Moreover, the limestones are lo-
cally skarnized by intrusion of the Mesozoic granites. Sam-
pled groundwater and surface water properties are presented
in Table 2.

2.2. Ionic strength and hardness

To interpret the results, the ionic strength of groundwater
and surface water samples was calculated. The results of ionic
strength and hardness are shown inTable 2. Ionic strength and
hardness were calculated by the equation[24] and theirCi

unit were mmol/l and mg/l, respectively.

2

epa-
r para-
t and
f nts
w e-
p atory

funnel experiments. The concentrations of the used surfac-
tants were 10% (v/v) for selected surfactants (50 ml) (Tween
20, Tween 40, Tween 60 and Tween 80). We took the high
concentration of surfactants because of fast distributions
of mixed solution in a separatory funnel during the test.
PCE (15 ml) was chosen as a model contaminant. Deion-
ized water volume was 150 ml. Three liquids (deionized
water, contaminants and surfactant solutions) were added
to a 500-ml beaker at once and stirred for 1 h. Then, the
mixed solutions were put into separatory funnels and placed
on stands for 90 h at constant room temperature. During
the 90 h, the mixed solutions separated into different lay-
ers, namely an aqueous layer and an organic layer. After
90 h, acquired samples from the aqueous and organic layers
were diluted withn-hexane for analysis by gas chromatogra-
phy.

Batch experiments in this study considered the charac-
teristics of groundwater and surface water, such as ionic
strength and hardness. Both a rotary shaker table (GFL-
TUV product service, Germany) and a centrifugal sepa-
rator (Biofuge pico-Heraeus instruments, Germany) were
used in these experiments. Batch experiments with 28 sam-
ples were conducted in glass vials (Wheaton) sealed with
Teflon films. Twenty-eight samples are shown inTable 3.
The 20-ml sample vials contained 4.6 ml of surfactant solu-
t CE)
a The
v ) at
r n-
c imes
a vials
w d at
1 ans-
f tog-
.3. Experimental procedures

The experimental methods used in this study were s
atory funnel experiments and batch experiments. Se
ory funnel experiments provided a rapid, qualitative
airly reliable methods for determining which surfacta
ere good solubilizers[25]. Sample solutions were pr
ared in a constant temperature laboratory for separ
ion (Tween series surfactant), 1.4 ml of contaminants (P
nd 14 ml of sampled groundwater or surface water.
ials were stirred on a rotary shaker table (100 rpm
oom temperature (23± 2 CircC) for 144 h. The organic co
entration of the aqueous layer was measured four t
t 18, 36, 72 and 144 h. At the selected times, the
ere removed from the shaker table and centrifuge
0,000 rpm for 7 min. The centrifuged samples were tr

erred into a gas tight syringe for analysis by gas chroma
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raphy. Each batch experiment yielded a data set of the % of
PCE removal of non-ionic surfactants versus experimental
time.

2.4. Analytical methods

Prior to the analysis of samples by gas chromatography,
a calibration curve was prepared. The quantitative determi-
nation of PCE concentrations was based on internal standard
reference compounds, so that sample peak areas could be
compared with those of their respective internal standards
[26]. A Tekmar 3000 Purge and Trap concentration instru-
ment (Tekmar, USA) coupled on-line with the GC system and
equipped with a Supelco’s BTEX trap, was used to extract
the samples. A HP 6890 series gas chromatograph (Agilent
technologies, USA) equipped with flame ionization detec-
tor (FID) was used for GC-FID analysis. Helium was used
as the carrier gas, and chromatographic separation was per-
formed in a HP-VOC capillary column. Signal acquisition
was performed using the HP Chemstation program (Agilent
technologies, USA).n-Hexane was used as a solvent to cal-
ibrate the quantitative analysis of the gas chromatography.

Table 3
T

ml)

1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2

he characteristics of test solutions in batch experiments

Water (14 ml) Contaminant (1.4 ml) Surfactants (4.6

1 Groundwater 1 PCEa Tween 20b

2 Groundwater 1 PCE Tween 40c

3 Groundwater 1 PCE Tween 60d

4 Groundwater 1 PCE Tween 80e

5 Groundwater 2 PCE Tween 20
6 Groundwater 2 PCE Tween 40
7 Groundwater 2 PCE Tween 60
8 Groundwater 2 PCE Tween 80
9 Groundwater 3 PCE Tween 20
0 Groundwater 3 PCE Tween 40
1 Groundwater 3 PCE Tween 60
2 Groundwater 3 PCE Tween 80
3 Groundwater 4 PCE Tween 20
4 Groundwater 4 PCE Tween 40
5 Groundwater 4 PCE Tween 60
6 Groundwater 4 PCE Tween 80
7 Surface water 1 PCE Tween 20
8 Surface water 1 PCE Tween 40
9 Surface water 1 PCE Tween 60
0 Surface water 1 PCE Tween 80
1 Surface water 2 PCE Tween 20
2 Surface water 2 PCE Tween 40
3 Surface water 2 PCE Tween 60
4 Surface water 2 PCE Tween 80

5 Surface water 3 PCE Tween 20
6 Surface water 3 PCE Tween 40
7 Surface water 3 PCE Tween 60
8 Surface water 3 PCE Tween 80
a PCE: tetrachloroethylene.
b Tween 20: polyoxyethylene (20) sorbitan monolaurate.
c Tween 40: polyoxyethylene (20) sorbitan monopalmitate.
d Tween 60: polyoxyethylene (20) sorbitan monostearate.
e Tween 80: polyoxyethylene (20) sorbitan monooleate.
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n-Hexane was purchased from Mallinckrodt, USA. The GC
column was cleaned after every 20 samples.

3. Results and discussion

3.1. Separatory funnel experiments

A total of 90 h runs were completed during the separa-
tory funnel experiments. The variations in the volume of the
layers during 90 h are shown inTable 4andFig. 2. Table 4
shows that PCE volume of each layer in separatory funnel
and the % of PCE removal after 90 h. This removal was cal-
culated from PCE’s absolute quantity volume and percentage
showed that the ratio of initial volume of PCE and residual
volume of PCE.Fig. 2is the photograph of the initial and final
steps using Tween 60 and Tween 40 surfactants in separatory
funnel experiments. In these experiments, PCE degradation
products such as trichloroethylene (TCE), dichloroethylene
(DCE), vinyl chloride (VC), and evaluated chloride ions were
not observed during the experimental periods. As a result,
the organic layer showed a much larger variable range than
the aqueous layer when the mixture had reached equilibrium

F
(

Table 4
The results of separatory funnel experiments after 90 h

Sample Layer PCE volume
(ml)

PCE removal (%)

Tween 20 + PCE Organic layer 11.8 78.7
Aqueous layer 2.7

Tween 40 + PCE Organic layer 12.2 81.3
Aqueous layer 2.4

Tween 60 + PCE Organic layer 13.1 87.3
Aqueous layer 1.6

Tween 80 + PCE Organic layer 12.0 79.8
Aqueous layer 2.4

state. The organic layer was supposed to need a number of sur-
factant monomers in building up the micelle. The decreased
volume of PCE solutions were 13.8% of organic layer and
2.4% of aqueous layer as average. These total volumes con-
tained the volume of macro- and micro-micelles. Each of
them could be estimate the equilibrium states.Fig. 3 shows
the % of PCE removal by surfactant solutions in separatory
funnel experiments. The % of PCE removal means that [(PCE
concentration in the surfactant solution)/(initial PCE concen-
tration in water)]× 100. Such results could be anticipated on
the basis of the physical or chemical characteristics of the
ig. 2. The variation of layer (aqueous layer, organic layer) in separatory fu
after 90 h).
nnel experiments (Tween 40, Tween 60): (a) initial time (0 h) and (b) finish time
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Fig. 3. The % of PCE removal by non-ionic surfactant in separatory funnel
experiments.

surfactant types. In comparison of surfactants’ removal abil-
ity, Tween 60 was the best result of PCE removal. For this
result, there were many factors affecting the extent of the
surfactant’s solubilization. Factors may include the structure
of the surfactant, CMC value, HLB number, temperature, pH
and ionic strength[27]. Tween series surfactants in non-polar
solvents possess low critical micelle concentration values.
In considering Tween series surfactants’ removal, Tween 60
had the highest the % of PCE removal than others. Tween 40
showed the second high the % of PCE removal and Tween
20 and Tween 80 have almost equal value of PCE removal.
Using visual observation, there were no differences of solu-
bility between Tween 60 and Tween 40, but gas chromatog-
raphy analyses showed different results in each layer, due
to the chemical structure of the hydrophobic moiety[27].
The HLB number of a surfactant could be calculated from
their structural group[28]. The molecular structure and the
HLB number of the surfactants were found to be essential in
determining their solubilization power for the hydrophobic
olubilizates[27,28]. The hydrophobic solubility meant the
hydrophobicity. The hydrophobicity of surfactants could be
roughly estimated from its HLB number[25,27,28]. In aque-
ous solutions, surfactants with lower, but not too low HLB
numbers, will tend to form micelles that contain a more hy-
drophobic environment in their cores. The HLB number of
s d
t ants
a tant
H een
4
w ctant
d ety.
R val
w nts.
T 8 or-
g ween
8 ween
6 n and
T n hy-

Fig. 4. Relation of HLB number and the % of PCE removal by Tween 20,
Tween 40 and Tween 60 surfactants in separatory funnel experiments.

drophobic moiety. The % of PCE removal of these surfac-
tants showed remarkable difference in experimental results.
In these cases, the results were consistent with references to
the % of PCE removal being correlated with the degree of
saturation, and it could explain the result of the experiments.
Surfactant molecules of hydrophobic moiety were thought to
be correlated with surfactants’ removal. In these separatory
funnel experiments, it could be used to estimate the equilib-
rium states of Tween surfactant solutions and to evaluate the
chemical structures affected to equilibrium states.

3.2. Batch experiments

Batch experiments were conducted to evaluate ionic effect
(ionic strength and/or hardness) of groundwater and surface
water in surfactant-enhanced remediation. Sampled ground-
water and surface water showed the difference of ionic dis-
tribution. The chemical compositions of the water samples
used are shown inTable 2. The groundwater and surface wa-
ter samples showed major chemical ion (Cl−, Na+, Ca2+,
NO3

−, SO4
2−, HCO3

−, Mg2+) distribution and these major
ions comprised more than 90% of the sampled water com-
position. Results of these experiments were analyzed for the
% of PCE removal in each surfactant solution. Generally,
the results showed similar trends to the separatory funnel re-
s te at
3 state
a bility
w s by
t

wa-
t al in
T wn in
F t is
t dis-
s onic
s H),
w
s tivity,
urfactants showed from 14.9 to 16.7. Rosen[27] suggeste
hat the HLB numbers were low for hydrophobic surfact
nd high for hydrophilic surfactants. The effects of surfac
LB number on the % of PCE removal in Tween 20, Tw
0 and Tween 60 solutions are shown inFig. 4. Tween 80
as excluded from the plots because Tween 80 surfa
iffered in the chemical bonding of its hydrophobic moi
esults inFig. 4 show a decrease in the % of PCE remo
ith an increase in HLB numbe r of non-ionic surfacta
ween 80 also had approximately HLB number 15, and 1
anic carbons. The difference between Tween 60 and T
0 was the degree of saturation in organic carbons. T
0 was composed of a saturated organic carbon chai
ween 80 had an unsaturated organic carbon chain i
ults. Tween 40 and Tween 60 had the equilibrium sta
6 h and Tween 20 and Tween 80 had the equilibrium
t 72 h. These trends were attributed to aqueous solu
ithin surfactant micelles. The removal of contaminant

he surfactant solution is shown inTable 5andFig. 5.
The trend of ionic strength magnitude in the sampled

er corresponded to the trends of the % of PCE remov
ween series surfactant solutions. These results are sho
ig. 6. The micelle formation theory of non-ionic surfactan

hat the hydrophilic moieties in non-ionic surfactant are
olved into water, because hydrophilic moieties of non-i
urfactant contained oxygen or the hydroxy group (–O
hich is easy to bond with hydrogen in water[28]. The ionic
trength of aqueous phase had a strong effect on ac
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Table 5
The % of PCE removal of Tween series surfactant solutions in batch
experiments

Water type Surfactant PCE removal (%)

0 h 18 h 36 h 72 h 144 h

Groundwater 1

Tween 20 0.0 66.7 75.1 75.0 75.4
Tween 40 0.0 72.1 77.7 79.6 78.6
Tween 60 0.0 76.4 79.8 79.7 80.1
Tween 80 0.0 70.4 73.4 74.0 74.7

Groundwater 2

Tween 20 0.0 73.7 77.4 79.0 79.5
Tween 40 0.0 76.5 80.7 81.0 81.4
Tween 60 0.0 80.1 84.6 85.4 86.6
Tween 80 0.0 71.1 76.5 78.5 78.7

Groundwater 3

Tween 20 0.0 70.6 73.1 76.9 77.5
Tween 40 0.0 74.6 76.7 77.3 77.9
Tween 60 0.0 78.4 81.9 82.7 83.1
Tween 80 0.0 73.9 74.1 77.6 78.1

Groundwater 4

Tween 20 0.0 77.1 79.8 80.7 81.4
Tween 40 0.0 78.9 80.1 82.4 83.5
Tween 60 0.0 85.4 87.1 88.2 88.3
Tween 80 0.0 76.1 78.2 80.7 81.4

Surface water 1

Tween 20 0.0 69.7 75.8 77.4 78.9
Tween 40 0.0 74.1 76.8 79.8 81.5
Tween 60 0.0 78.9 81.6 83.9 85.7
Tween 80 0.0 70.9 74.8 77.4 79.4

Surface water 2

Tween 20 0.0 71.0 73.5 74.9 75.1
Tween 40 0.0 74.2 75.1 76.8 77.4
Tween 60 0.0 74.6 77.4 79.0 79
Tween 80 0.0 69.4 70.5 72.4 73.7

Surface water 3

Tween 20 0.0 67.7 69.8 71.9 72.9
Tween 40 0.0 70.6 72.9 74.1 74.7
Tween 60 0.0 72.0 73.9 76.4 77.6
Tween 80 0.0 70.4 72.7 73.8 74.4

Fig. 5. The % of PCE removal by non-ionic surfactants solution in batch
experiments after 144 h.

Fig. 6. Relation of the % of PCE removal by differences of ionic strength.

which decreased when ionic strength was increased. When
the activity was decreased, the formation of hydrogen bond-
ing between the water molecules and the hydrophilic moiety
was weakened, so that solubilization by surfactant solution
was increased. Solubilization by surfactant solution meant the
forming micelles[27]. The trend of the % of PCE removal
in Tween series surfactants showed a similar trend with ionic
strength. However, when these results were compared with
the hardness value of the sampled water, there was no cor-
respondence with the trends of ionic strength. In the case of
hardness differences, the % of PCE removal was affected by
cation concentration and it affected to anionic surfactants’
removal ability[29]. Also, Mezzanotte et al.[30] and Sta-
siuk and Schramm[31] suggested that a non-ionic surfactant
was not affected by hardness and the CMC was determined
by surfactant in different hardness. Because the hydrophilic
ions of anionic surfactants were converted into anionic hy-
drated ions and a suitable quantity of inorganic cations in
aqueous phase could improve the solubilization capacities of
anionic surfactants. In addition, the % of PCE removal in an-
ionic surfactants considered counter-ion effects. Almost all
anionic surfactants have a Na+ ion or cation in the hydrophilic
moiety. This Na+ ion affects the counter-ion that dissociated
into the aqueous solution. Rosen[27] suggested the addition
of electrolytes to an anionic surfactant solution decreases the
C s mi-
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i eri-
m d by
i
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f non-
i were
d onic
s hese
MC, increases the aggregation number and increase
elle size. Moreover, Bystryak et al.[32] reported an unusu
ncrease in conductivity upon the binding of anionic to w
olyelectrolytes, which was attributed to an enhanced m

ty of the Na+ counter-ions. In accordance with these exp
ents results, non-ionic surfactants were more influence

onic strength in water than water hardness.

. Conclusions

Separatory funnel experiments on PCE removal were
ormed at the constant temperature laboratory using
onic surfactants and distilled water. These experiments
esigned to evaluate the solubilization capacity of non-i
urfactants by different chemical structures. Moreover, t
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experiments show that the partitioning ability of surfactants
by similar HLB value. Experimental results show that the
Tween 60 surfactant has the highest removal of PCE and its
value is about 87.3% of the initial PCE concentration. Also,
this non-ionic surfactant has clear partitioning patterns during
the 90-h experimental times. That means that solubilization
by surfactant solution for aqueous solution was higher than
Tween series surfactants (Tween 20, Tween 40 and Tween
80) that were used in this experiment.

In batch experiments, various groundwater and surface
waters were used to indicate the ionic effect for surfactant
remediation. The results of batch experiments confirm the
effects of ionic strength in sampled water and the % of PCE
removal by non-ionic surfactants in the presence of resid-
ual PCE. The results showed that high ionic strength value
was related to high PCE removal. In the similar results of
separatory funnel experiments, Tween 60 has the best % of
PCE removal in various sampled water. Its highest PCE re-
moval was 88.3% when ionic strength of sampled water was
8.56 mM. In addition, Tween 40, Tween 20 and Tween 80 also
showed high PCE removal when ionic strength values were
high, but they had different % of PCE removal according to
their aqueous solubility resulted from separatory funnel ex-
periments. This is because, the ionic strength of water could
effect on activity, which decreased when ionic strength was
i ation
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