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Abstract

The development of innovative methods for cleaning contaminated soils has emerged as a significant environmental priority. Herein,
are investigated the effectiveness of cyclodextrin (CD) to solubilize and to extract organic pollutants from soils. The interactions in the
cyclodextrin/pollutant/soil system have been studied “step by step” using two kinds of polycyclic aromatic hydrocarbons (PAH), naph-
thalene (Nap) and phenanthrene (Phe), cyclodextrins and soils. Inclusion complex formation of PABtayittodextrin 3-CD) and
hydroxypropyl3-cyclodextrin (HPCD) has been investigated and was proposed as a way to facilitate the pollutant removal from soil. Little
effect of ionic strength was observed on CD complex formation for both compounds. The solubility of PAH in56fg1PCD was enhanced
20- and 90-fold for naphthalene and phenanthrene, respectively. Batch experiments were performed to study the adsorption—desorption of
two PAH on two soils and the influence of CDs over these processes. These experiments were also conducted with a mixture of two PAH. The
batch desorption results indicate that removal capacity of HPCD was higher than gy&Df Phenanthrene was strongly sorbed on soils,
this led to low desorption rates compared to that of naphthalene, whatever the extracting agent used. When HPCD solution was used as a
flushing agent, 80% of naphthalene and 64% of phenanthrene recovery from soil were observed. For both compounds, the slowest desorption
rate was found for the soil that had the greatest content of organic matter. CD sorption on soils, was relatively low and depended on soil type.
The soil organic matter (SOM) could favor the retention of both CD and pollutant involving the extraction rate to be decreased. A competitive
hydrophobic interactions of pollutant between SOM and CD molecules, and co-sorption were expected to be the mechanism for the inhibited
desorption.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction their combined technologies have been attempted to remedi-
ate organic-contaminated so[5-8]. The in situ microbial
Hydrophobic organic pollutants such as polycyclic aro- degradation of PAH is limited by their low bioavailability
matic hydrocarbons (PAH) are of special interest becauseand low water-solubility9]. Improvement of desorption effi-
they are strongly sorbed to soils or sedimeiit®]. PAHs ciency from soils, mobility and bioavailability in the aqueous
are receiving increasing attention because of their toxicity phase, of organic pollutants are essential to the remediation
(highly carcinogenic) and their continuous release in the en- of contaminated soils and groundwater. In order to enhance
vironment through human activities associated with combus- the desorption rate of organic pollutants, various extract-
tion and petroleum productiof3,4]. The contamination of  ing agents have been used: solvent mixtures (ethanol/water,
soil and water by organic pollutants is a widespread environ- methanol/water, etc.) and surfactant foams such as Triton
mental problem. Various physical, chemical, biological, and X-100 [10-12] More recently, cyclodextrins (CDs) have
been proposed as an alternative agent in order to enhance
water solubility of hydrophobic compound43,14] Cy-
fax: 433 04 72 43 87 17, clodextrins have a Iow-polanty cavity Wlthln which organic
E-mail addresseskhalilhanna@hotmail.com, compounds of appropriate shape and size can form inclu-
hanna@genserver.insa-lyon.fr (K. Hanna). sion complexe$15]. This property provides CD a capacity
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to increase the apparent solubility of several hydrophobic Table 1
pollutants such as PAH, chlorinated solvents, pesticides, and”hysico-chemical properties of naphthalene and phenantiitéid]

nitroaromatic compoundgl6—22] and thus their availabil- M.W. Sw at logKow M.V.  Hcat 25°C
ity for biodegradatiori23,24] Cyclodextrins present several (gmol!) 25°C (m®)  (atmn?
advantages over solvents and non-ionic surfactants such as (mgL™h) mol L)
their lower toxicity and their higher biodegradability. Naphthalene 128.17 34.4 337 0232 4610
Phenantrene  178.23 1.00 4.46 0.310 1.59%10

Moreover, surfactants may form high-viscosity emulsions
that are difficult to remov§10,11] The application of cy-
clodextrins in several soil remediation technologies has been Naphthalene and phenanthrene were provided from
increasingly studied, but little is known about the soil con- Sigma

X ) —Aldrich with a specified purity of 99%. Naphtha-
tents effects on their performanfs,26] Recently, impact  |one and phenanthrene were chosen in this study for their
of soil clay content on CD enhanced remediation has been

g . varying physico-chemical properties and their widespread
the focus in the study of Jozefaciuk et f25]. However,

. ; , Ipresence in contaminated sif@4]. Some of theses prop-
no reports have appeared concerning the soil organic matte erties are showed iffable 1 Sorbents used in this paper
effect on CD enhanced extraction process.

" ) are natural soils sampled from L&t Saint André, Isére,
Observed solubility enhancements of organic pollutants France, whose major characteristics are giverdble 2

by CDs in water and their desorption rate enhancements from-l-he soils are called S1 (culture soil) and S2 (meadow soil).

SOi_IS could be closely relgted to the _physico-c_hemical prop- They were aseptically collected, transported to the labora-
erties of pollutants, CD kinds, solution chemistry, and sor- tory in coolers, air-dried, crushed and passed through 2 mm

bent nature. The objective of this study is to examine More gje\ e 15 remove surface plant remains and coarse materials.
specifically the contribution of each factor using two kinds of ;|\ merous investigations have been done on these soils in

PAH (naphthalene (Nap) and phenanthrene (Phe)), CDs and, laboratory within this frameworfe8,29]
soils. The solubility of two aromatic pollutants in aqueous

CD solutions was measured at various ionic strength condi-
tions. On the other hand, batch experiments were performed
to study the adsorption—desorption of these compounds on
soils and the influence of CDs over these processes. Thes
experiments were also conducted with a mixture of two PAH
in order to test the efficiency of CD enhanced extraction in

this case. Potential “loss” of CD due to soil sorption may reverse-phase C-18 column (250 mmd.6 mm i.d., 5 mm)
significaptly increqsg the cyc!odextrin doses rgquired 10 €N" 110 mobile phase was a mixture of wat.er/aceu.)n.i,trile (26:80,
hance §|te remediation. Besides, thg adsorption of the de'v/v), with a flow rate of 1.0mL minl. The wavelengths
contaminant agent could lead to an increased adsorption Of(nm) used for detection were 209 for Nap and 250 for Phe
the contaminant and therefore, diminish the efficiency of the The PAH concentrations were quantified with an externall
extracting reagentf27]. Checking this hypothesis on two

soils containing different organic matter percentage was alsoStandard method.
) . ) ! Water used for solutions was purified by Milli-Q system
the aim of this paper using a fluorimetry method to deter- b y Q sy

mine the CD concentrations. The performance of CD en- (Millipore). The water contents in the used CDs were mea-

hanced removal process of organic pollutants from soils is sured by TG analysis using a Setaram (Labsys) calorimeter.
discussed P 9 P For solubilization experiments, UV-vis spectrophotometer

(Perkin-Elmer) was used to follow PAH concentrations.

2.2. Analytical methods

For adsorption and desorption experiments, agueous Su-
%ernatants were analyzed by reverse-phase chromatography
using a Waters HPLC system (Waters LC-module 1, Wa-
ters pumps 600) equipped with a UV-vis detector and a

2.2.1. CD determination by fluorimetric method
This method is based on enhancement of fluores-
cence intensity of fluorescent probe: [2t6luidino)

2. Materials and methods
2.1. Chemicals and sorbents
B-Cyclodextrin 3-CD) and hydroxypropyB-cyclodex- Table 2

trin (HPCD) were obtained from Roquette—Freres (France). Physico-chemical characteristics of two soils from Late€ Saint-Andeé,
All CDs were used without further purification. The sol- sere, France

ubilities of natural CDs in water are different based on Parameter S1 S2
the number of glucose unit.s (6, 7, or 8,1rgspectively for sang @) 398 209
a, B, or y-CD). B-Cyclodextrin (1135gmal™) is the least Slit (%) 425 42
expensive, but unfortunately, has a limited water solubil- Clay (%) 17.7 17.1
ity (15.8mmolL-1). HPCD (1420gmot?!) are the mod- ~ OM (%) 2.0 5.0
ified CDs the most used and their water solubility are CEC (mea/kg) 8.6 1
pH water 7.4 6.9

interesting.
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naphthalehe-6-sulfonic acid (TNS). The sodium salt of TNS of soil and 15mL of background solution were added to
was purchased from Sigma. The TNS fluorescence increasegach flask. Before analysis, the samples were centrifuged
rapidly when cyclodextrin is added to the aqueous solution. at a constant temperature of 22 at 3000 rpm for 30 min.

For this aim, a TNS stock solution was prepared and pro- The Nap and Phe concentrations in the supernatants were
tected from light since TNS is a photosensitive molecule. determined by HPLC. The same procedure of equilibrium
Aliquots of 5mL of the TNS solution were pipetted into sorption experiments was carried out to study the behav-
10 mL calibrated flasks and diluted to volume with water ior of CD on soils. The CD concentration in supernatants
or with CD solutions at suitable concentration. The solu- was determined by fluorimetric technique as explained
tions were then analyzed by a spectrofluorimeter (KON- above.

TRON, SFM 25). The enhancement of fluorescence inten-

sity of TNS in aqueous solutions versus CD concentration 2.5. Batch desorption experiments

leaded to elaborate the calibration cuf@®,31] This lat-

ter allowed to determine the unknown CD concentration in  Extraction experiments were initiated immediately after

supernatants issued from adsorption experiments. precedent sorption experiments. After reaching the equilib-
rium, the suspensions were extracted and the solid was re-
2.3. Solubilization experiments captured for desorption experiments.

Once the supernatant was sampled, the remaining solu-

For the solubility measurements, 30 mL of solution con- tion was removed with a pipette and discarded. The mass
taining varying concentrations of CD were poured in 60 mL of each vial and its content was measured to determine the
bottles and the solid compound was added in quantities inexact volume of the supernatant removed. The vials were
excess of the solubility limit. Triplicate tubes were prepared then refilled with de-ionized water or CD solutio-CD or
for each CD concentration. Blanks were prepared in an iden-HPCD) containing 400 mgt! of HgCh. The flasks were
tical manner with the exception that no CD was added. All then shaken for 2 days at 22 in the dark. The content of
samples were equilibrated on a reciprocating shaker for atthe flasks was then extracted and the supernatants sampled
least 3 days in the dark. After equilibration, liquid sam- and analyzed by HPLC to quantify the PAH. After the suc-
ples were then extracted from the bottles by syringe and cessive desorption steps, solutions were decanted and the
filtered through a 0.2@m glass fiber filter to remove solid  wet sediments left in the vials (actual amounts were deter-
compound. An aliquot of the final filtered sample was with- mined by weighing).
drawn and diluted with 50:50 methanol/water solution in
volumetric flasks. Samples were then analyzed by UV-vis
spectrophotometry. The wavelengths used for UV detection 3. Results and discussion
of Nap and Phe were 250 and 270 nm, respectively. The
role of methanol is to decompose the CD—solute complexes,3.1. Phase solubility studies
thereby keeping the UV spectrum unchangts].

In order to study the ionic strength effect, the solubiliza-  The aqueous solubility of Nap and Phe measured in ab-
tion experiments for PAH were also carried out in pure wa- sence of CDs were, respectively, 1.3 and 31 m§ which
ter, 0.001, 0.01 and 0.1 moft of CaCbh aqueous solutions.  are in agreement with the solubility values reported in litera-
The pH was checked along the experiments. All experiments ture (Table J. The relative solubility & = apparent solubil-

were done at room temperature (222°C). ity/aqueous solubility) of Nap and Phe was significantly in-
creased in the CDs solutions as showirigs. 1 and 2This
2.4. Equilibrium sorption experiments increase was linear with respect to CD concentration, and

indicates the formation of 1:1 inclusion complex&3]. The

All equilibrium sorption experiments were conducted equilibrium constants of both compounds, obtained from
in triplicates, in 30 mL glass vials. The soil samples were linear regression, were also determined at different ionic
mixed with variable PAH concentrations and the vials were strength conditions. The constant values reportethisie 3
sealed and shaked for 24 h in the dark, at constant tem-are close to those found in literature HP@Rypcp =700
perature (22C). HgCh was added at a concentration of
400mgL! to minimize bacterial growth and biodegra- T4 3
dation during batch experiments. An incubation period of Equilibrium constants (L mott) for naphthalene and phenantrene com-
24h was chosen after a preliminary kinetic experiment plexes with CDs at various CagCtoncentrations (molt')
was conducted for 72 h. For each batch experiment, blank
samples were prepared and monitored (i.e. PAH solutions
without sediment). The blank samples did not indicate any
significant PAH degradation or sorptive losses on the glass-Naphthalene 471 482 478 520 611 590 610 630
ware during the course of the experiment. The adsorption Phenantrene 1226 1205 1220 1280 2749 2730 2766 2840
was conducted at a solid/liquid ratio of 1/3. Five grams The error percentage was about 5%.

Kg-co Khpcp
0 0.001 0.01 01 0 0.001 0.01 01
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Fig. 1. Plot of the relative solubility vs. HPCD concentration for naphthaldhgand phenantrene@®).

and 3200 L mot?! for Nap and Phe in water, respectively 2gL~1 of B-CD concentration. This tends to limit the use
[13,14] of B-CD as an extracting agent. The formation of insoluble
Inspection ofTable 3reveals that the solubility enhance- aggregates, due to low solubility of{CD, has been also
ment of Phe was much greater than that of Nap. This is observed by Hanna et 482] and Cao et al[33].
likely due to the greater hydrophobicity of Ph&able 1), Little increase in the apparent solubility of both com-
which favors its partition within the low-polar cavity of CD.  pounds in CD solutions was observed with increasing gacCl
This is in agreement with the results of Wang and Brusseau concentrationKigs. 3 and % Kcp values obtained are re-
[13], where the solubilization of organic compounds in CD ported inTable 3 Varying ionic strength conditions exhib-
solutions was found to be octanol/water partition coefficient ited little effect on the aqueous solubility of Nap and Phe
dependent. HPCD was found to be more effective to solubi- and therefore their complex formation with CD, presumably
lize both compounds tha@-CD at the same concentration. because of the non-polar characteristics of pollutants. This
Moreover, the higher water solubility of HPCD allowed a is in agreement with the results of Whitehouy84] where
greater solubilization of the compounds compared to that of the aqueous solubilities of PAHs were found to be insen-
B-CD. As example, the Nap and Phe solubilities increased sitive to small changes in salinity. At the opposite, in our
20 and 90-fold, respectively, at 50 gt of HPCD. How- previous work, the ionic strength significantly influenced
ever, a precipitation was observed in solute solutions at aboutthe aqueous solubility of pentachlorophenol (weak acid) and

3.5 -
y = 1226x + 0.9532
3 1 R?=0.9943
2 2.5 4
g
> 24
o
(7]
[}
2 1.5 4 y=471.2x + 1.016
s R? = 0.9978
o
1
0.5 4
0 L} 1] T 1
0 0.0005 0.001 0.0015 0.002

CD concentration mol.L™"

Fig. 2. Plot of the relative solubility vg8-CD concentration for naphthalen®) and phenantrenc).



T. Badr et al./Journal of Hazardous Materials B112 (2004) 215-223 219

6.2 1
6 4
: 1
g
g 5.8 4
z
S 5.6 1
°
w
G 5.4
&
g
< 521
5 Ll | Ll L] L] L
0 0.02 0.04 0.06 0.08 0.1 0.12
CaCl, concentration / mol.L™
Fig. 3. Apparent solubility of Nap in HPCD solution (5%) vs. Ca€bncentration.
therefore, its complex formation with C[385]. The small 3.2. Batch experiments

increase in PAH-CD complexation with increasing ionic

strength Table 3 appears to be within statistical limits of Adsorption isotherms were determined for Nap and Phe
the estimated 6% increase expected due to PAH “saltingused separately and in mixture, on two types of soil (S1,
out” [36]. Similar results have been previously reported for S2), at 22C. They were obtained by plotting the amount of
PAHs patrtitioning to micelles formed by the non-ionic sur- PAH adsorbed by the soil versus the respective concentra-
factant Tween 8(36]. Wang and BrusseajB7] have re- tion in equilibrium. The adsorption isotherms obtained are
ported that the presence of Ca®las a negligible effect on  practically straight lines (two examples are showkigs. 5

the solubilization of anthracene by CD. They also affirmed and 6, so in this case it is appropriated to use the dis-
that the solubilization capacity of CD for non-ionisable or- tribution coefficient Kg) as a measurement of adsorption
ganic compounds is not affected by high concentrations of capacity of the soil. This coefficient represents the relation-
salts in the aqueous phase, because cations do not interacthip between the amount of PAH adsorbed by the soil at
significantly with the low-polarity cavity of CD. In contrast, equilibrium, and the equilibrium concentration in solution
solution ionic strength played a major role in the partitioning (Table 4. Adsorption rates of compound in mixture are
of PAHs to SDS micelles (anionic surfactants), presumably lower than those of each compound used separately. In fact,
because the micelle structure itself was chandB&j. when both pollutants are in contact with soil, a competition

0.57 4
0.56 1

0.55 4

8

0.53 4

0.52 4

Apparent solubility / mmol.L?

0.51 4

0.5 T T T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12

CaCl, concentration /mol.L™!

Fig. 4. Apparent solubility of Phe in HPCD solution (5%) vs. CaCbncentration.
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Fig. 5. Naphthalene adsorptiollj and desorption isotherms on S1 soil employing as desori#®htgionized watexA)B-CD solution (5gL-1) (@)
HPCD solution (5gL1).
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Fig. 6. Naphthalene adsorptiollj and desorption isotherms on S2 soil employing as desori#hidgionized wateA)B-CD solution (5gL-1) (@)
HPCD solution (5gLY).

is expected between them for sorption sites. In the sorption (Figs. 7 and 8 For both compounds, S2 has a greater sorp-
isotherms, the presence of Phe exhibited a significant sorp-tion capacity towards the hydrophobic compounds due to its
tion competition over Nap, regardless of the concentration. relatively higher organic matter contef@9—-41] This ex-
Figs. 5 and &how the Nap adsorption—desorption isotherms plains the lower release of pollutants from this soil (S2),
on S1 and S2, respectively. The desorption isotherms ob-whatever flushing solution used. This implies competitive
tained show a hysterisis with respect to the adsorption onehydrophobic interactions of contaminants between total soil
whatever extracting agent used. The same behavior wasorganic matter and CD molecules.

observed for Phe (data not shown). This phenomena was The lower desorption on S2 may also be due, in part, to an
also observed with Perez-Martinez et @l1] and Huang adsorption of the CD molecules on this soil preferentially.
et al.[38]. Desorption of Nap and Phe using HPCD is more This hypothesis has been verified by carrying out batch ad-
easy than §-CD or deionized water. It is corroborated by

Figs. 7 and 8in which the percentages of PAHs desorbed

with deionized water and CDs solutions are presented. TheTable 4

efficiency of CD extraction of pollutants decreases when Kq values for naphthalene and phenantrene used separately and in mixture
two compounds are previously sorbed on soil indicating a °n S1 and S2 soils

competition occurred between the two compounds for the S1 S2

extracting agent. In this case, the fraction of desorbed pol- Naphthalene 40 0.2 104+ 05

lutant was significantly increased as showirigs. 7 and 8 Phenantrene 46.F 2.3 74.4+ 3.7
Due to its higher hydrophobicity, Phe is strongly sorbed Naphthalene in mixture 3+ 01 54+ 03

on both soils Table 4, this leads to low desorption rates Phenantrene in mixture 25813 311+ 1.6

compared to that of Nap whatever the extracting agent usedror sorption isotherms line&? = 0.98-0.99.
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Fig. 7. Extraction percentages of pollutants from S1 using various flushing solutions.

sorption experiments of both CDs on S1 and S2. Resultswell as the retention of organic compounds. Because the soil

show that the affinity of CDs is relatively low for both soils
and 3-CD is more sorbed than HPCIFify. 9. This may
stem from the low water solubility o-CD (compared to
HPCD) which may favor the interactions with soil organic
matter (OM). The sorption d8-CD has been shown in sev-
eral studies using as sorbent (soil: 25% slit and 1.4% OM)
[21,42] Other works shown that HPCD (that has negligible
surface activity) was not significantly sorbed by kaolinite,
illite or topsoil [14,22] In recent studies, the sorption ca-
pacity of soils towards CD was found to be clay content de-
penden{25,26] In this work, both S1 and S2 have the same
clay content, but their organic matter content are clearly dif-
ferent (Table 2. Inspection offig. 9 reveal that both CDs
are more sorbed on S2 (5% OM) than on S1 (2% OM). This

sorption of organic contaminants is usually predominated by
interactions with organic mattefyf,) [39—41] sorbed CD
molecules which increase the effectiyg, of the soil, could
also increase contaminant sorption. Therefore, it may make
less easy the contaminant release from soil and diminish the
performance of CD enhanced removal process.

The sorption of CD by soils is much less than that of
many surfactantf27]. This is beneficial for situations when
strong decontaminate sorption by porous media is undesir-
able. CD is also non-toxic and biodegradable, thus posing
no hazard to the ecosystem. As the application of CD to in
situ soil bioremediation, could be suitable, we are looking to
see whether increased percolation of complexed pollutants
results in increased groundwater pollution and how this can

affirms that the soil organic matter favors the CD sorption as be reduced.

B Deionized water
®b-CD
OHPCD

ol |

Naphtalene

Naphtalene in
mixture

Phenantrene in
mixture

Phenantrene

Fig. 8. Extraction percentages of pollutants from S2 using various flushing solutions.
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Fig. 9. Sorption concentrations (gk} of dry soil) of B-CD and HPCD on S1 and S2.

4. Conclusion of surfactants and CDs for polluted-site remediation is not
found in the literature. However, since the cost of CDs has

Results of this paper affirm that CD complex formation continuously decreased in recent yep#3], investigations
has great utility as a rapid way of dissolving organic pollu- regarding their technical merit for subsurface remediation
tants, making easier their removal from porous media. Over- are justified.
all process of site decontamination is found to be closely
related to pollutant hydrophobicity, CD and soil types. The
solubilization power of HPCD as well as its removal capac-
ity from soil were greater than those RfCD. The higher
solubility of HPCD allowed a greater increase of the solute ) ) ]
solubility in water. Varying ionic strength conditions exhib- [} M:L- Brusseau, complex mixtures and groundwater quality, Envi-
: . . ronmental Research Brief, U.S. Environmental Protection Agency,
ited little effect on the complex formation. It was also ob- R.S. Kerr Environmental Research Laboratory, Ada, OK, 1993,
served that the desorption rate of PAH compounds from soils EPA/600/S-93/004.
depended on their hydrophobicity and on CD type. Low des- [2] B.R. Magee, L.W. Lion, A.T. Lemely, Transport of dissolved organic

orption rates were found for phenanthrene and especially on macromolecules and their effect on the transport of phenanthrene in
porous media, Environ. Sci. Technol. 25 (1991) 323-331.

S2, whatever the e_xtrgg:tmg agen_t lflsed' Desorption for both [3] C.A. Menzie, B.B. Potock, J. Santodonato, Exposure to carcinogenic
compounds was significantly inhibited for S2 that had the PAHs in the environment, Environ. Sci. Technol. 26 (1992) 1278-
greatest content of organic matter (5% OM). SOM impacted 1284,
desorption as evidenced by a 30% decrease in desorbed Phd4] D.M. Wagrowski, R. Hites, PAH accumulation in urban, suburban,
fraction compared with when the soil only contained 2% and rural vegetation, Environ. Sci. Technol. 31 (1997) 279-282.
oM (Sl). In the case of Nap, the SOM caused a decrease of [5] J.C. Fountain, A. Kllmgk, M.G. Bglklrch, T.M. Mlddleton, The use

. . . . of surfactants for in situ extraction of organic pollutants from a
average 13% '.n desorbed fra?F'O” compared. W'th S1. .ThIS contaminated aquifer, J. Hazard. Mater. 28 (1991) 295-300.
could be explained by competitive hydrophobic interactions [g] c.D. Palmer, W. Fish, in: Chemical Enhancements to Pump and
of pollutant between SOM and CD molecules. Thus, the soll Treat Remediation; U.S. Environmental Protection Agency, Ada, OK,
organic matter content is an important element which can 1992, EPA/540/S-92/001.

favor the sorption of both contaminant and decontaminant 7] Y-S Environmental Protection Agency (US EPA) 1992. Contaminates
P and Remedial Options at Wood-Preserving Sites, EPA-600-R-92-182.

and therefore, a_ffe_cts the performance of cyclodextrin-aided [8] R. Stegmann, G. Brunner, W. Calmano, G. Matz, Treatment of

pollutant remediation. Contaminated Soil, Fundamentals Analysis Applications, Springer—
The solubilization power of CD is midway between that Verlag, Berlin, 2001.

of miscible organic solvents and surfactafit$]. Neverthe- [9] S. Guha, P.R. Jaffé, Biodegradation kinetics of phenanthrene parti-

less. CD may have several advantages over surfactants in tioned into the micellar phase of non-ionic surfactants, Environ. Sci.
’ Technol. 30 (1996) 605-611.

_practlcal uses as described above. Based on pUb“Sh_ed dat 0] K.D. Pennell, L.M. Abriola, W.J. Weber, Surfactant-enhanced sol-
it would appear that CDs are becoming comparable in cost ubilization of residual dodecane in soil columns. 1. Experimental
with surfactantd43]. A detailed comparison on the costs investigation, Environ. Sci. Technol. 27 (1993) 2332—2340.
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