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Surfactant-enhanced remediation (SER) is a promising technology for the
removal of hydrophobic organic contaminantsin subsurface. Because chlo-
rinated hydrocarbons are preval ent contaminantsin soilsand ground, much
attention has been paid to the ways and techniques to remove them. In this
paper, the water solubility enhancements of chlorobenzene by solutions of
an anionic surfactant, sodium dodecyl sulfate (SDS), anonionic surfactant,
Brij 35, and their mixture SDS-Brij 35 were conducted and compared. Batch
washing of chlorobenzene from loess soil was studied using single SDS,
Brij 35, the mixed SDS-Brij 35, another nonionic surfactant Tween 80 and its
mixtures with SDS. It was found that the apparent solubility of chloroben-
zene in solutions was linear with the surfactant concentration. The values
of themass sol ubilization ratios (SR) were 0.0728, 0.0921, 0.0961, 0.144 and
0.193 of single SDS, Brij35, 1:3, 1:1 and 3:1 SDS-Brij 35 (w/w), respectively.
Themixed SDS-Brij 35 exhibited alarge solubilization capability for chlo-
robenzene. In soil-water systems, the water phase concentrations of chlo-
robenzene increased with the initial concentration of surfactants at large
and varied with the kinds of surfactant and ratios. The mixed surfactants at
the given mass ratios of anionic to nonionic one exhibited a relative high
washing efficiency for chlorobenzene-spiked loess while single ones did
poorly. This paper indicated that the mixed anionic-nonionic surfactant
could be an aternative ways to clean up the soils and groundwater con-
taminated by chlorinated solvents. © 2008 Trade Science Inc. - INDIA
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INTRODUCTION

Chlorinated hydrocarbonsarewidespread contami-
nantsand prevaently found in subsurface. Dueto their
seriousenvironmentd effect, they aretermed astheprior
contaminants by EPA and much attention hasbeen paid
ontheir clean-up from soilsand groundwater. USEPA
estimates that about 60% of Superfund sites have a
mediumto highlikelihood of containing chlorinated sol-

ventsy,

Many researcheshaveindicated that in Situ flushing
and ex situ washing using surfactant sol ution become
promisefor the remediation of soilsand aguiferscon-
taminated with nonagueousphaseliquids (NAPLS) and
aremoreeffectivethan thetraditional pump-and-treat
method®4. In generd, theflushing and washing tech-
nologiesinvolvethe addition of surfactantsto accel er-
ate the dissolution or displacement of NAPLsfrom
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contaminated sites. Surfactant-enhanced flushing and
washingisthrough micellar solubilization and mobiliza-
tiont>4. The mohilization mechanisminvolvestheim-
miscibleremova of NAPLsasfreeproduct, duetothe
adsorption of surfactant molecules (monomers) at the
interface between oil and water and reductionin the
interfacial tension (IFT), which are derived from en-
hanced ail recovery®®. Because chlorinated solventsare
denser than the surrounding water, therisk of down-
ward migration of them asfreeproduct into uncontami-
nated regionsof aquifershasbeen alimitation for the
implementation of thismethod for chlorinated solvents
remediation®. Inthe meanwhile, reducing IFT would
allow thedisplaced free products enter smaller pores
that may belessreadily access ble during remediation
effortg¥. Solubilizationisusudly to usethemicellar sur-
factant sol utionstoincrease the agqueous apparent solu-
bilitiesof contaminant inasinglephasemicroemulsion®4,
Thismethod hasbeen shown to beeffectivein numer-
ousexamples ™3, which poseslessrisk of uncontrolled
migration and arelesscomplex to design.

The common surfactantsused in remediation sudy
are ethoxylated nonionic and anionic ones. Theformer
such as Triton X-100, Tween 80, etc. havereceived
much attention dueto their relative high solubilization
capacity™S, However, their adsorption onto subsur-
face mediumg?*® and partitioning fromwater phaseinto
organic solvent phasd'¥ are concernswith the use of
them for remediation application, which couldresultin
largelossesof surfactant and reducing the efficiency for
dissolutionremova of contaminants. Ingenerd, anionic
surfactants do not adsorb onto soils much because of
therepulsion force of negative charges between sur-
factantionsand soil surfaces'® and partition into the
organic phase®. However, they can solubilizelessor-
ganic compoundsthan nonionic onesin unit mass'#9,
Anionic and nonionic surfactants usual ly form mixed
micellesin agueous phase, whose propertiesare often
different fromthoseof theindividud ones??3. Thismay
leadsto abetter flushing and washing efficiency for chlo-
rinated hydrocarbonsin soilsand groundwater.

To our knowledge, few studies have been con-
ducted for dissolution of chlorinated hydrocarbonsin
soil mediumsby mixed anionic-nonionic surfactant. In
this paper, Brij 35, Tween 80 and sodium dodecyl sul-
fate (SDS) were used asthe representative nonionic
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and anionic surfactantsand chlorobenzene (CB) asthe
chlorinated solvents. Theobjectivesareto test and com-
parethe apparent sol ubilization extentsin agueous so-
lution and the dissol ution of CB from spiked loesssoil
by singleand mixed surfactant, using batch experiment.
The results may demonstrate an implication for the
remediation of soilsand groundwater contaminated by
chlorinated solvents.

EXPERIMENTAL

Chemicals

Sodium dodecyl sulfate(SDS) withandyticd grade
waspurchased from Layang Chemicd Company, China
Both of Tween 80 and Brij 35wereobtained fromAcros
Organics, USA and used asreceived. Chlorobenzene
with analytical grade was obtained from Tianjin
Suzhuang Chemicd Company, China. Thephysicd and
chemica parametersof reagentsarelistedin TABLE
1. Methanol wasanalytica grade and purified water
wasusedfor dl tests.

Material preparation

A vadosezoneloess soil collected from Lanzhou,
Chinawasairdried and sevedthrougha0.28-mmseve.
Thesoil hasapH of 8.14 and organic matter of 0.20%.
Thissoil wasthen spiked with chlorobenzeneand mixed
homogeneoudy in reagent bottle sed ed with Parafilm
(ParafilmM, USA).

Solubilization tests

The proceduresweresimilar to thosein theprevi-
ousreport?, Surfactantswere used assingleor mixed
with thefollowing concentration, 100, 500, 1000, 2000,
4000 and 6000 mg/L.. The mixed surfactant solutions
wereused a theinitial massratiosof 3:1, 1:1and 1:3 of
SDSto nonionic one. A seriesof surfactant solutions

TABLE 1: Physical and chemical parameter sof reagents

ity @
Molar Solubility cMCP

Reagents '\ﬁgrlfncﬁ::r weight mg/oL, 25 mg/L
g/mol C
ChlorobenzeneCgHsCl 11256 390.7
C17H3sCO0Ss
Tween 80 (OCH,CH,),00H 1309 73.76
Br” 35 Clz(CH2CH20)23 1198 66.0
SDS C,H,50S0;Na 288.38 1586

a. Water solubility?®; b. The critical micellar concentration!(?
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weretransferred into 250-mL flasks. Chlorobenzene
wasseparatdy added to each flask inan amount dightly
morethanrequired to saturatethe solution. Thesamples
were tapped and sedled with Parafilm. Duplicate
samples were prepared. Then these samples were
equilibrated on areci procating shaker (CHA-S Shaker,
Jintan Danyang Instrumental Company, China) for 24 h
at aspeed of 120 rpm and atemperature of 25+1°C.
The sampleswere subsequently centrifuged for 30min
at aspeed of 3000 rpm. An appropriatealiquot of the
supernatantswasthen carefully transferred and diluted
to 25 mL inflaskswith methanol and water. The absor-
banceof diluted sampleswastested at 210 nm on spec-
trophotometer (Modd 752, Shangha Spectrum Instru-
mental Company, China) with 1.0 cmquartz cell. The
concentrationsof chlorobenzenewere quantified from
thecaibration.

Soil washing tests

Batch soil washing experimentswere conducted by
placing aconstant ratio (1 gto 20 mL) of soil to surfac-
tant solutionwhilethedissol ution of chlorobenzenewas
evauated. A seriesof 1 gof chlorobenzene-spiked loess
soil wasadded and 20 ml of surfactant solutionswith
theinitial concentrationsmentioned abovewere placed
intoflasks. Thecontrolswere prepared using chloroben-
zene-freesoil. These samplesand controlswere shaken,
centrifuged and quantified using method mentioned
above.

RESULTSAND DISCUSSION

Solubilization

FHgure 1 showstherdationship of thegpparent solu-
bilities of chlorobenzene (S*) asafunction of surfac-
tant concentration of SDS, Brij 35, 3:1, 1:1and 1.3
SDS-Brij 35, respectively. Thelinear rel ation wasob-
served between the gpparent solubilitiesand surfactant
concentrations. Thefigureindicatesthat thereisnosg-
nificant differenceof chlorobenzenesolubility by single
and mixed surfactant when their concentrationswere
low. Below 1000 mg/L, the moleculesof SDS could
not aggregateto form miceleduetoitscritica micelle
concentration is1586 mg/L. The effectsof surfactant
monomerson sol ubility enhancement of organic com-
poundsare negligible®. Although Brij35 hasformed
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micelleaboveits CMC (66.0 mg/L), the solubility en-
hancements of those organic compoundswith highin-
tringcwater solubility (i. e water solubility of chloroben-
zeneis390.7 mg/L) are not significant yet™. Onthe
basis of ideal mixing principle of mixed anionic-non-
ionic surfactantg?”, the CM C of mixed Brij35-SDS
are between that of single anionic and nonionic one.
Thus, no obvious solubility enhancement by mixed
Brij35-SDSwas observed at lower surfactant concen-
trations.

However, when the surfactant addition weremuch
more (i.e. 1000-6000 mg/L ), the obvioussolubility en-
hancementswere observed and the difference of solu-
bilization capacity by tested surfactant occurred, which
aretheresultsof partitioning of hydrophobic compounds
from agueous phaseinto pseudo-micel lar phase. From
thedopesof the solubilization curves, it was observed
that theextents of solubilization by the surfactantsfol-
lowed the order 3:1 SDS-Brij 35> 1:1 SDS-Brij 35
>1:3 SDS-Brij 35 ~ Brij35 > SDS. To compare the
solubilization efficacy, themass solubilizationratio (SR)
isintroduced, which arethe measurement of the effec-
tivenessof aparticular surfactantinsolubilizingagiven
solute?!. The SRisdefined as:

ic = Seme

SR= cirjrf —cMC (1)

whereS* __ istheapparent solubility of organic com-
pound at the CM C of surfactant; S* . isthetotal ap-
parent solubility of organic compoundinmicelar solu-
tion at aparticular surfactant concentration at which
S* .. isevaluated. SR can be obtained from the slope
of solubilization curves. The calculated valuesof SR

1600

: & 1:1 SD5-Brij 35 o
1400 | 0 4.3 5D5-Brj 35
1200 | o 3:1 SD5-8r 35 "
1 ygop | WBAi3S
D * 503 g
E =m f s
- i ]
& 6ot 8 .
oo |
400 P
200 F
o 1

1000 2000 3000 4000 5000 8OO0
Surfactant concentration, mg/L

Figurel: Relationship between theappar ent solubilities
of chlorobenzene (S’) and SDS, Brij 35and mixed SDS-
Brij 35 concentrations
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TABLE 2: Calculation of masssolubilization ratiosof SDS,
Brij 35and SDS-Brij 35

Surfactant Regression equation R? SR
DS S o= 0.0728C,,; + 277.28 0.9946 0.0728
1:3SDSBrij35  S* i = 0.0961 Cqys + 269.86 0.9499 0.0961
1:1SDSBrij35 Sty = 0.1444 Cop + 279.51 0.9945 0.1444
3:1SDSBrij35  S*pic =0.1928 Cy,¢ + 220.86 0.9477 0.1928
Brij3s S* o= 0.0921 Coyr + 289.90 0.9909 0.0921
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Figure2: Theconcentration of chlorobenzenein aqueous

phase (C") versusSDS, Brij 35and themixed SDS-Brij35

concentrationsin soil-water system
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Figure3; Theconcentration of chlorobenzenein aqueous

phase(C") ver susSDS, Tween80and themixed SDS-Tween

80 concentrationsin soil-water system

S*, mg/L

areshownin TABLE 2. The SR by single SDS was
lessthan those by themixed SDS-Brij 35, whichindi-
cated SDS had alow solubilization capacity for chlo-
robenzene. The SR values by single Brij 35 was ap-
proximately equivalent to that by 1:3 SDS-Brij 35 but
muchlessthanthoseby 1:1and 1:3 SDS-Brij 35, which
demonstrated that mixed SDS-Brij 35 had relatively
high solubilization capacity in proper ratios, compared
with singlenonionicand anionic surfactant.

In our previous study®!, the solubilization of chlo-
robenzene by mixed SDS-Tween 80 wasinvestigated
withasmilar equilibrium method. Thesolubilization ef-
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fectsof chlorobenzeneby mixed SDS-TW80weresig-
nificant compared with thesingle SDS. Theval uesof
SR by SDS, TW80 and mixed SDS-TW80 followed
theorder TW80>1:3SDS-TW80> 1:1 SDS-TW80
> 3:1 SDS-TW80 > SDS, which are some different
fromtheorder by SDS-Brij 35. Solubilization capacity
is related to structure of surfactant, properties of
solubilizates, effects of additives, temperature, and so
on?, The solubilization extent by mixed anionic-non-
ionic surfactant for agiven organic compound isaso
related to the solubilization capacity of each compo-
nent surfactant, theratiosof surfactant, themixed CMC,
and thesynergistical solubilization effects®. Thesyn-
ergism can be presented asthe mixed surfactant solu-
bilizemoresol utesthan singleoneand partidly depends
on matching of the structure of anionic and nonionic
surfactant molecules. Theresearch indicated that the
synergistical solubilization of phenanthrene by mixed
SDS-Brij 35 were larger than that by mixed SDS-
TW801%2, At same conditions, the synergismby Triton
X-100 mixed with SDSwaslittle. Thus, thehigh solu-
bilization capacity of chlorobenzeneby mixed SDS-
Brij 35isprobably duetothe synergism.

Soil washing

Soil washing testswere conducted to eval uatethe
extent of surfactant solutionsto dissol ve chlorobenzene
fromloess soil. The mixed surfactant solutionswere
employed in the washing process at the same experi-
menta conditionsasthe snglesurfactant solutions. For
each surfactant system, chlorobenzene concentration
inwater phase (C*) was quantified asafunction of the
initid surfactant concentrations. Figure 2 showsthere-
lations between chl orobenzene concentrationinwater
phaseandtheinitial SDS, Brij 35, and mixed SDS-Brij
35 concentration from 100 mg/L to 6000 mg/L. Asthe
plotsindicted, the clorobenzene concentration in water
phaseincreased with the surfactant concentration in-
creasing, a large. When the surfactant concentrations
werelarge, aleveling off of the chlorobenzene concen-
tration occurred. However, thewashing efficienciesby
various surfactantsweredifferent. Thewashing extent
using singleBrij35wasbetween that of angleSDSand
of mixed SDS-Brij 35. Themixed SDS-Brij 35 exhib-
ited high capacity to wash chlorobenzene, amongwhich
1:3 SDS-Brij 35wasthe best one. Theresultsdemon-
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strated that themixed SDS-Brij 35 at special massra-
tios could solubilize more organic compound, which
could reduce expenditure and the operation cost in
remedi ation application. Figure 3 showsthe aqueous
concentration of chlorobenzeneasafunction of SDS,
TW80 and mixed SDS-TW80 concentrations. A Smi-
lar result were observed, i. e. alargest agueous con-
centration of chlorobenzene occurred when the 1:3
SDS-TW80 was used.

Ingenerd, surfactant-enhanced soil washing results
from two mechanismg?. Surfactant monomersarere-
spongblefor thesoil roll-up mechanisms. Frgtly, mono-
mersaccumulated at the soil-contaminant and soil-wa:
ter interfacesand increase the contact angle(i. e. en-
hancing thewettability of the systems). Surfactant mol-
eculesadsorbed on the surface of the contaminant cause
repul sion between the head group of surfactant mol-
eculeand thesoil particles, thereby, promoting the sepa-
ration of the contaminant from soil particles. Secondly,
micellar solubilization isthe main mechanism. Surfac-
tant-enhanced sol ubilization resultsin contaminant par-
titioning into the hydrophobic coreof surfactant micelles.
Thus, concentration well abovethe CM Cisnecessary
for thisenhancement to be significant. However, the
water soubilization capacity of surfactant in soil-water
systemissomewhat different fromthat in solution sys-
tem. Many factorssuch asinorganic sats(existingin
soil and groundwater), adsorption of surfactant onto
soil particlesand precipitation of anionic surfactant by
hardwater (i.econtaining Ce?*, Mg?*) could significantly
affect the solubilization efficiency of surfactant. Nar,
Mg?* and Cea?* could increasethe apparent solubility of
chlorobenzenein the mixed SDS-TW80 sol utionsg?!,
In the presence of anionic surfactant (SDS), the ad-
sorption of nonionic surfactant (Triton X-100) onto soil
matrix decreased whilethe precipitation of SDSaso
decreased in the presence of TX 100, Therefore, the
mixing of anionic and nonionic surfactantswas conduc-
tiveto solubilizing and washing organi ¢ contaminants.
Theresultsfrom afew researches al so demonstrated
thisconclusion? %1, Laboratory experimental results
showed that the sorption of TX100 onto soilswas se-
verely restricted in the presence of SDSin batch and
column systemsand decreased with theincreasing mass
fraction of SDSin mixed surfactant solutions. Theen-
hancing solubilization of phenanthreneby SDS-TX100
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wasgreater than that by individua surfactant®. The
column flushing and batch washing showed that des-
orption efficienciesfor phenanthrene-contaminated soil
by SDS-TX100wasgreater thanthat by individua sur-
factant(2"2,

CONCLUSION

The work presented here demonstrates that the
SDS-Brij 35 at massratios of 1:1 and 1:3 enhanced
the agqueous solubility of chlorobenzene to a much
greater extent than single SDS or single Brij 35. In soil
washing, the water phase concentrations of
clorobenzeneincreased withtheinitia concentration of
surfactantsat large and varied with thekinds of surfac-
tant and ratios. Themixed anionic-nonionic surfactants
at agivenratio exhibited arelative high washing effi-
ciency whilesingle onesdid poorly. This paper indi-
cated that the mixed anionic-nonionic surfactant could
bean dternativewaysto clean up thesoilsand ground-
water contaminated by chlorinated solvents.
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