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ABSTRACT
Cyclodextrins, being microbially produced compounds, were investigated for their
potential to increase the removal of low-polarity organic compounds in subsurface
remediation.

It is found that the apparent solubilities of many hydrophobic organic
hydroxypropyl-~-cyclodextrin

compounds are significantly increased in

(HPCD)

solutions. The relative solubilities (S/So) of compounds increase linearly with increasing
HPCD concentrations. The solubilization power of HPCD is found to be much greater
than that of miscible cosolvents and to be less than that of synthetic surfactants.
The lower solubilization power of cyclodextrin can be increased by the addition
of a third component such as cyclopentanol.

The addition of 0.1% cyclopentanol

significantly enhances the solubilization power of

~-cyclodextrin (~-CD)

for pyrene,

acenaphthene, phenanthrene, and fluoranthene which are able to form 1:2 complexes with
~-CD

in the presence of cyclopentanol.

In contrast, cyclopentanol produces no

pronounced effect and a marked decrease in the solubilization power of

~-CD

for

naphthalene and anthracene, respectively. These two compounds form 1:1 complexes
with

~-CD

both in the absence and presence of cyclopentanol. The solubilization of all

six PAHs by y-cyclodextrin (y-CD) is significantly enhanced by 1% cyclopentanol. This
result indicates that cyclopentanol can increase the hydrophobicity of y-CD cavity
without inducing structure-dependent selectivity.
We investigated the ability of a modified cyclodextrin,

carboxymethyl-~

cyclodextrin (CMCD), to simultaneously complex with low-polarity organic compounds
and heavy metals. The results of this experiment show that CMCD could simultaneously

12
enhance the solubilities of the selected organic compounds and complex with Cd2+. The
complexation of Cd2+ by CMCD is not significantly affected by changes in pH or by the
presence of relatively high concentration of Ca2+.
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CHAPTER 1:

INTRODUCTION

Research Objective
The contamination of soil and groundwater by nonionic, low-polarity organic
compounds (NOCs) has caused increasing concern among the public. These compounds
have proven to be very difficult to remove from soil and aquifer due to one or more
factors related to contaminant sorption and transport. These factors include rate-limited
desorption, small aqueous solubility, rate-limited dissolution of immiscible liquids, and
porous media heterogeneity. Recent research has focused on chemical agents that might
be useful for enhancing contaminant removal during flushing. These chemical agents are
expected to increase the aqueous solubilities of NOCs and enhance their desorption from
porous media.
In order to be successfully used in pump-and-treat remediation, chemical agents
selected should satisfy a variety of requirements such as high affinity for contaminants,
low reactivity with porous media, absence of pore exclusion, biodegradability, low
toxicity and low cost. The search for good chemical agents which meet most of these
requirements has become a popular research topic.

Literature Review
Chemically Enhanced Removal of Organic Compounds
Chemical agents such as organic cosolvents and micelleftforming surfactants are

14
being considered for chemically enhancing the removal of organic compounds by pumpand treat remediation (1-3). Surfactants are amphiphilic compounds, possessing both
hydrophobic and hydrophilic moieties. Below the critical micelle concentration (CMC),
surfactants exist solely as monomers and have a minimal effect on the solubilities of
hydrophobic organic compounds. As the surfactant concentration approaches the CMC,
the lipophilic moieties of the surfactant monomers associate with one another to form
micelles consisting of a hydrophobic core surrounded by a hydrophilic shell. A dramatic
enhancement in the solubility of organic compounds is commonly observed above the
CMC, which is attributed to the incorporation of hydrophobic compounds within
surfactant micelles (4-5).
Aqueous surfactant solutions have been successfully used to remove
polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbon (PAHs), and
tetrachloroethene (PCE) from soil materials (2,6,7).

However, the applications of

surfactant solutions in fields are often not successful. It was reported that the immediate
plugging of soil column had occurred following the addition of surfactant solutions at
sites contaminated by gasoline and chlorinated solvent (8-9). The failure of these field
tests may have been due to reductions in permeability brought about by the dispersion
of fine particles and subsequent blockage of pore throats or by the formation of highly
viscous emulsions. In addition, many surfactants are affected by precipitation or sorption
(1,3,10). The sorption of surfactants not only reduces the effective concentration of the
surfactants in aqueous phase available for solubilizing the contaminants, but also
enhances the retention of organic solutes by providing an increase in stationary organic
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carbon.

Hence, the application of surfactants in environmental remediation has

limitations.
The ability of organic miscible cosolvents to increase the apparent aqueous
solubility and to reduce the sorption of low-polarity organic compounds has been widely
demonstrated (11).

In comparision to surfactants, cosolvents have much smaller

solubilization power. Hence, very high concentrations of cosolvents (> 30%) should be
used for the significantly enhanced desorption and transport of hydrophobic compounds
from soils (12).

Large concentration of cosolvents such as ethanol are generally

considered to be toxic to most microorganism, and therefore not biodegradable.
However, a big advantage of cos 01 vents over surfactants is that the sorption of cosolvents
by soil is generally extremely low. Little sorption is expected for alcohols such as
methanol and ethanol because of their high polarity and infinite aqueous solubilities.
Hence, these alcohols will be minimally retarded and will travel trough the subsurface
at essentially the velocity of water.

Properties of Cyclodextrins
Given the limitations associated with surfactants and cosolvents, there is interest
in evaluating the ability of other agents to facilitate the transport of organic contaminants
for application in subsurface remediation.
As an alternative, cyclodextrins may have potential for use as a chemical agent
for subsurface remediation. Cyclodextrins are cyclic oligosaccharides from the enzymatic

16
have a hydrophilic shell and a relatively apolar cavity. The cavity of cyclodextrin can
be considered to be

II

intramolecular micelle". Cyclodextrin solubilizes low-polarity

organic compounds through the formation of water-soluble inclusion complexes, in which
guest compounds are included in the cavity of cyclodextrins.
Cyclodextrins are composed of a-(1,4)-linkages of a number of D(+)-glucose
units. Cyclodextrins are designated by a Greek letter to denote the number of glucose
units: a- for 6,

~-

for 7, y- for 8 and so on (13). The diameters of the cavities of the

cyclodextrins are 4.7-5.3, 6.0-6.5, and 7.5-8.3

A for

a-, ~-, and y-cyclodextrins,

respectively. As the number of glucose units in the ring increases, the diameter of the
cavity increases. The height of the cavity (7.8 A) is the same for all these cyclodextrins
(14).

~-cyclodextrin,

which is the most practical to use, unfortunately has low aqueous

solubility, and its complexes are also often only slightly soluble (15). This is because
~-cyclodextrin

and its complexes are crystalline and tend to precipitate at low

concentration.

Chemical modification of cyclodextrins with such groups as

hydroxypropyl, methyl, carboxymethyl or sulfate has been used to increase the
solubilities of cyclodextrins and their complexes. Solubilities of modified cyclodextrins
higher than 60% are not uncommon (14).
The complexation of organic compounds by cyclodextrin is dependent on the size
of cyclodextrins.

Generally, a-cyclodextrin (a-CD) is used to complex with small

molecules containing four or fewer carbon carbon atoms, and y-cyclodextrin (y-CD) is
for large, and bulky molecules. For example, y-CD is the most effective solubilizer for
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bulky steroid molecules in comparision to a- and fl-CD (15). This is because the large
cavity of y-CD can incorporate bulky steroids much better than the relatively smaller
cavities of a- and fl-CD.

Among the current commercial cyclodextrin derivatives,

hydroxypropyl-fl-cyclodextrin (HPCD) was found to be the best solubilizer for steroids
(15). Many PAHs compounds such as pyrene have a size longer than the cavity of flCD. If fl-CD forms 1:1 complex with pyrene, part of pyrene will be exposed to aqueous
phase, and this partial inclusion reduces the stability of pyrene/fl-CD complex. Actually,
1:2 complex for pyrene/fl-CD was also reported (16). In this 1:2 complex, two fl-CD
molecules are combined together to completely incorporate one pyrene molecule. Thus,
1:2 complex of pyrene/fl-CD is predominant over 1:1 complex due to higher stability.
The addition of different alcohols can enhance the formation of 1:2 pyrene/fl-CD
complex by covering the opening of cavity and thus expelling water molecules from the
cavity (16). This approach was used to increase the solubilization power of cyclodextrins
for polycyclic aromatic hydrocarbons (see appendix B).

Application of Cyclodextrins
In the past, cyclodextrins are primarily used in pharmaceutical science to improve
the dissolution of nonpolar drugs. In addition, cyclodextrin are also widely used in
chemistry, food, agrichemicals t chemical processing, beauty aids, and cosmetics (14).
All of these applications are based on the principle that cyclodextrins can enclose guest
molecules, thereby modifing the physical and chemical properites of included guests.
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We are the first to investigate the potential use of cyclodextrins in environmental
remediation. It was found by us that the apparent solubilities of many low-polarity
organic compounds were significantly increased in cyclodextrin solutions (see appendix
A, B and C). The solubilization power of cyclodextrins is much greater than that of

organic cosolvents (e.g., ethanol) and slightly less than that of synthetic surfactants.
With this level of solubilization power, cyclodextrin has potential to reduce sorption and
enhance transport of highly sorptive organic contaminants (17).

In comparision to

surfactants, cyclodextrin was found to have several advantages in that: (a) cyclodextrin
has no sorption and retardation in the soil columns; (b) cyclodextrin has no pore
exclusion; (c) cyclodextrin is nontoxic and biodegradable, thus posing no hazard to the
ecosystem.

Simultaneously Enhanced Removal of
Organic Compounds and Heavy Metals
A major factor complicating the cleanup of many sites is the co-occurrence of
organic compounds and heavy metals, so-called mixed wastes. There is also a great
interest to study the chemically enhanced removal of heavy metals from soil (1). Just
like cosolvents and surfactants used for the removal of organic compounds, there are
chemical agents which can enhance the removal of heavy metals. Hua et al. (18) found
that rhamnolipid, an anionic biosurfactant, complexed with Cd2+ in aqueous solution and
increased the desorption of Cd2+ from soil. A simple approach reported by Weizi et al.
(19) has shown that Ca2+ effectively enhanced the transport of Cd2+ and Ni 2+ in the soil
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column through cation exchange reactions. In addition, some traditional chelating agents
such as ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic acid (NTA) and
diethylenetriaminepentaacetic acid (DTPA) were also used to promote the desorption of
heavy metals from soil (20). However, the simultaneous complexation and enhanced
transport of both organic compounds and heavy metals by some chemical agents have
not yet been reported in the literature.
We hypothesize that it is possible to modify a cyclodextrin such that it could
simultaneously interact with low-polarity organic compounds and heavy metals. To test
this hypothesis, we investigated the ability of carboxymethyl-~-cyclodextrin (CMCD) to
complex with organic compounds and Cd2+ (see appendix C).
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CHAPTER 2: PRESENT STUDY
The methods, results, and conclusions of this study are presented in the papers
appended to this thesis. The following is a summary of the most important findings in
these papers.

Summary
As mentioned in the literature review, the currently used chemical agents for
enhancing the removal of organic compounds have their limitations in field remediation.
For the first time, this dissertation has investigated the potential of cyclodextrins in the
environmental remediation. As we can see from the appendix, cyclodextrins have indeed
several advantages over cosolvents and surfactants.

In comparision to cosolvents,

cyclodextrins have much greater solubilization power. Hence, cyclodextrins can be used
in the environmental remediation at a concentration that is much lower than that of
cosolvents for the same purpose. In addition, the nonvolatile property of cyclodextrins
make it possible to recover the cyclodextrin solution for the continual use. In contrast,
the recover of cosolvents seems to be impossible due to their high vapor pressure.
The comparision between cyclodextrins and surfactants is also encouraging.
Although cyclodextrins have a lower solubilization power relative to that of surfactants,
the former has several advantages over the latter, which will offset its disadvantage in
solubilization power. These advantages include the absence of sorption, precipitation,
pore exclusion and emulsion formation. In addition, cyclodextrins as a natural product
are more acceptable by the public in comparision to synthetic surfactants.
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An approach to increasing the solubilization power of cyclodextrins for polycyclic

aromatic hydrocarbons (PAHs) was made in this dissertation.

As we indicated in

appendix B, the addition of small amounts of cyclopentanol significantly increases the
solubilization power of (3-CD for nonlinear PAHs such as pyrene and fluoranthene, and
that of y-CD for both linear and nonlinear PAHs.

The configurations of ternary

complexes composed of (3-CD, PAHs and cyclopentanol were proposed to give a
reasonable explanation for the experimental results.
The results presented in appendix C may represent the first application of
simultaneous complexation of both organic compounds and heavy metals by a single
chemical agent to environmental systems.

Due to the co-occurrence of organic

compounds and heavy metals in the subsurface, our approach has practical significance.
The results from this study indicate that the complexation of organic compounds and
Cd2+ by carboxymethyl-(3-cyclodextrin (CMCD) is not significantly affected by the
change of pH and presence of large concentrations of Ca2+. In contrast, many synthetic
surfactants are affected by pH change, and the presence of salts. Since the synthesis of
CMCD is very easy, its potential use in enhancing the removal of organic compounds
and heavy metals is very promising.
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Table 1. Parameter Values for the Complexation of Organic Compounds
by Cyclodextrins
Cyclodextrin

Compound

Log I<..:w

MSR

HPCD

Trichloroethene

1.71

6.76x10- 1

HPCD

Chlorobenzene

1.92

S.06x10- 1

HPCD

Naphthalene

2.72

1.S4xlO-1

HPCD

Anthracene

3.47

1.19xlO-3

HPCD

DDT

4.0S

2.S6xlO-4

f3-CD

Acenaphthene

2.S9

9.20x10-3

y-CD

Acenaphthene

2.80

1.71 X 10-2

f3-CD

Anthracene

3.09

S.81xlO-4

y-CD

Anthracene

1.30

1.02xlO-s

f3-CD

Fluoranthene

2.70

6.83xlO-4

y-CD

Fluoranthene

2.S1

S.04xlO-4

f3-CD

Naphthalene

2.73

1.28x10-2

y-CD

Naphthalene

1.86

1.98xlO-2
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Table 1. Continued
Cyclodextrin

Compound

Log

K.:w

MSR

J3-CD

Phenanthrene

3.01

6.52xl0-3

V-CD

Phenanthrene

1.56

2.56xlO-4

J3-CD

Pyrene

3.25

1.48xl0-3

V-CD

Pyrene

3.22

1.57xlO-3

MCD

Anthracene

3.39

4.05xlO-2

CMCD

Anthracene

2.88

4.35xlO-4

CMCD

Biphenyl

3.03

6.61xlO-2

CMCD

Trichlorobenzene

2.56

5.01xlO-2

CMCD

DDT

3.87

1.55xlO-4

HPCD: hydroxypropyl-J3-cyclodextrin; J3-CD: J3-cyclodextrin; V-CD: Vcyclodextrin; MCD: methyl-J3-cyclodextrin; CMCD: carboxymethyl-J3-cyclodextrin.

Table 2. Summary of Experiments
----- ---------

-

Date

Experiment

i

. Jan 2-6, 1993

Results

Solubilization of chlorobenzene by HPeD

Significant solubilization

Jan 9-15, 1993

Solubilization of anthracene by HPeD

Significant solubilization

Jan 12-14, 1993

Solubilization of TCE by HPeD

Significant solubilization

Jan 15-17, 1993

. Solubilization of naphthalene by HPeD

Significant solubilization

Jan 19-25, 1993

Solubilization of DDT by HPeD

Significant solubilization

Feb 2,1993

Measure the surface tension of HPCD solution

HPCD reduces surface tension

April 2-5, 1993

Sorption of HPCD on glass beads

No sorption

Apr 8-11, 1993

Sorption of HPCD on Borden soil

No sorption

May 23-July 20,1993

Solubilization of TCE by Triton

No significant solubilization

July 6-July 20,1993

Solubilization of TCE by rhamnolipid

No significant solubilization

July 30-Aug 1, 1993

Solubilization of xylene by SDS

Significant solubilization

Aug 15-17, 1993

Enhanced transport of anthracene through
Borden soil by HPCD

Significant enhancement

Aug 18-20, 1993

HPCD transport through Borden soil

No retardation and pore exclusion

Aug 23-24, 1993

Enhanced transport of naphthalene through
Borden soil by HPCD

Significant enhancement

I

i

I\)

U1

Table 2. Continued
- -

Date

Experiment

----

Results

Aug 25-26, 1993

Enhanced transport of TCE through Borden soil
by HPCD

TCE has no retardation without and
with HPCD

Aug 27-28, 1993

Enhanced transport of biphenyl through Borden
soil by HPCD

Significant enhancement

Aug 29-31, 1993

Effect of HPCD concentration on biphenyl
transport through Borden soil

Transport Enhancement is dependent
on HPCD concentration

Sep 1-2, 1993

Enhanced transport of trichlorobenzene through
Borden soil by HPCD

Significant enhancement

Sep 3-4, 1993

Enhanced transport of 2-chlorobiphenyl through
Borden soil by HPCD

Significant enhancement

Sep 4-6, 1993

Enhanced transport of pyrene through
Borden soil by HPCD

Significant enhancement

Sep 8-9, 1993

Enhanced transport of trichlorobiphenyl through
Borden soil by HPCD

Significant enhancement

Sep 11-12, 1993

Enhanced transport of TCE through Mt.
Lemmon soil by HPCD

Significant enhancement

Sep 13-16, 1993

Enhanced transport of naphthalene through
Mt. Lemmon soil by HPCD

Significant enhancement

N
C7\

Table 2. Continued
Date

Experiment

Results

Sep 17-0ct 2, 1993

HPCD transport through Mt. Lemmon soil

No retardation

Oct 5-8, 1993

Sorption of HPCD on Mt. Lemmon soil

No sorption

Nov 1-2, 1993

Effect of CaCl 2 concentraion on solubilization
of anthracene by HPCD

No significant effect

Nov 2-3, 1993

Effect of pH on the solubilization of anthracene
by HPCD

No significant effect

Nov 8-21, 1993

Enhanced recovery of anthracene from Borden
soil by HPCD

Significantly enhanced recovery

Nov 30, 1993

Solubilization of anthracene by methyl-Jlcyclodextrin

Significant solubilization, similar to
HPCD.

Dec 23-27, 1993

Solubilization of pyrene by Jl-CD without and
with cyclopentanol

Cyclopentanol significantly increases
solubilization

Dec 28-29, 1994

Solubilization of biphenyl by Jl-CD without and
with cyclopentanol

Cyclopentanol decreases
solubilization

Jan 18-19, 1994

Solubilization of naphthalene by Jl-CD without
and with cyclopentanol

Cyclopentanol does not affect
solubilization

Feb 1-2, 1994

Solubilization of anthracene by Jl-CD without
and with cyclopentanol

Cyclopentanol decreases
solubilization

I
I
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Table 2. Continued
-~------

Date

- -

-

---

----

--

Results

Experiment
~-CD

Cyclopentanol significantly increases
solubilization

Feb 2-11, 1994

Solubilization of acenaphthene by
without and with cyclopentanol

Apr 9-12, 1994

Solubilization of pyrene by Triton without and
with cyclopentanol

Cyclopentanol does not affect
solubilization

Apr 13-15, 1994

Solubilization of pyrene by SDS without and
with cyclopentanol

Cyclopentanol does not affect
solubilization

Apr 18-26, 1994

Solubilization of phenanthrene by
and with cycIopentanol

without

Cyclopentanol significantly increases
solubilization

May 23-24, 1994

Solubilization of phenanthrene by y-CD without
and with cycIopentanol

CycIopentanol significantly increases
solubilization

May 24, 1994

Solubilization of naphthalene by y-CD without
and with cycIopentanol

CycIopentanol significantly increases
solubilization

May 25, 1994

Solubilization of pyrene by y-CD without and
with cycIopentanol

Cyclopentanol significantly increases
solubilization

May 26,1994

Solubilization of anthracene by y-CD without
and with cyclopentanol

Cyclopentanol significantly increases
solubilization

May 27, 1994

Solubilization of acenaphthene by y-CD
without and with cyclopentanol

CycIopentanol significantly increases
solubilization

~-CD

t\)
CX)

Table 2. Continued
- - - -

Date

~---

--

_._--

Results

Experiment
~-CD

May 29,1994

Solubilization of fluoranthene by
and with cyclopentanol

without

Cyclopentanol significantly increases
solubilization

May 30- June 1,
1994

Solubilization of fluoranthene by y-CD without
and with cyclopentanol

Cyclopentanol significantly increases
solubilization

July 27, 1994

Complexation of Cd2+ by sulfated cycIodextrin

Significant complexation

Aug 1, 1994

Effect of CaCI 2 on the complexation of Cd2+ by
sulfated cycIodextrin

CaCl 2 completely inhibits
complexation

Aug 2, 1994

Effect of KN03 on the complexation of Cd2+ by
sulfated cyclodextrin

KN03 reduces complexation

Aug 8,1994

Solubilization of anthracene by sulfated
cycIodextrin

Almost no solubilization

Aug 30, 1994

Complexation of Cd2+ by CMCD

Significant complexation

Sep 5-8, 1994

Solubilization of anthracene by CMCD without
and with Cd2+

Significant solubilization
Cd2+ has no effect

Sep 22, 1994

Complexation of Cd2+ by CMCD in the
presence of anthracene

Anthracene has no effect

I

r-.J

\0

Table 2. Continued
Date

Results

Experiment

Sep 30-0ct 8, 1994

Effect of CaCl 2 on the complexation of Cd2+
by CMCD

CaCl 2 reduces the complexation

Oct 12-18, 1994

Effect of pH on the complexation of Cd2+
by CMCD

Almost no effect

Oct 22, 1994

Effect of CaCI 2 on the solubilization of
anthracene by CMCD

No effect

Nov 3, 1994

Solubilization of biphenyl by CMCD

Significant solubilization

Nov 10-11, 1994

Solubilization of DDT by CMCD

Significant solubilization

Nov 28, 1994

Solubilization of trichlorobenzene by CMCD

Significant solubilization

Mar 10-20, 1995

Enhanced transport of Cd2+ by CMCD

Significant enhancement

Mar 22-May 1,
1995

Enhanced transport of phenanthrene through
Hayhook soil by CMCD

No results due to column clogging

June 5-12, 1995

Effect of cyclopentanol on the solubilization of
DDT by ~-CD

Cyclopentanol decreases
solubilization

w
o

31
REFERENCES
(1) Palmer, C.O.; Fish, W. Chemical Enhancement to Pump-and Treat Remediation; U.S.
Environmental Protection Agency: Ada, OK, 1992; EPN540/S-92/001.
(2) Fountain, J.e.; Klimek, A; Beikirch, M.G.; Middleton, T.M. J. Hazard. Matter. 1991,
28, 295.
(3) Brusseau, M.L. Complex Mixtures and Groundwater Quality, Environmental
Research Brief; U.S. Environmental Protection Agency, R.S. Kerr Environmental
Research Laboratiry: Ada, OK, 1993; EPN600/S-93/004.
(4) Edwards, D.A.; Luthy, R.G.; Liu, Z. Environ. Sci. Technol. 1991, 25, 127.
(5) Kile, O.E.; Chiou, C.T. Environ. Sci. Technol. 1989, 23, 832.
(6) Abdul, AS.; Gibson, T.L. Environ. Sci. Technol. 1991, 25, 665.
(7) Ellis, W.O.; Payne, J.R.; Mcnab, G.O. Treatment of Contaminated soils with Aqueous
Surfactants; U.S. Environmental Protection Agency: Cincinnati, OH, 1985;
EPN600/S2-85/129.
(8) Nash, J.H. Field Studies of In-Situ Washing; U.S. Environmental Protection Agency:
Cincinnati, OH, 1987; EPN600/2-87/110.
(9) Ziegenfus, P.S. M.S. Thesis, Rice University, 1987.
(10) Jafert, e.T.; Heath, J.K. Environ. Sci. Technol. 1991, 25, 1031
(11) Rao, P.S.C.; Lee, L.S.; Wood, AL. Solubility, Sorption and Transport of
Hydrophobic Organic Chemicals in Complex Mixtures, Environmental research
Brief, U.S. Environmental Protection Agency, Washington, D.C., 1991.
(12) Brusseau, M.L.; Wood, A.L.; Rao, P.S.C. Environ. Sci. Technol. 1991, 25, 903.
(13) Bender, M.L.; Komiyama,M. In: Cyclodextrin Chemistry; Springer-Verlag: New
York,1987.
(14) Schench, F.W.; Hebeda, R.E. In: Starch Hydrolysis Products: VCH Publisher Inc.
New York, 1992.
(15) Pith a, J.; Pitha, J. J.Pharm.Sci. 1985, 74,987.

32
(16) Munoz de la Pena, A.; Ndou, T.T.; Zung, T.B.; Greene, K.L.; Live, D.H.; Warner,
I.M. J. Am. Chern. Soc. 1991, 113, 1572.
(17) Brusseau, M.L.; Wang, X.; Hu, Q. Environ. Sci. Technol. 1994, 28, 952.
(18) Hua, T. M.S. Thesis, University of Arizona, 1993.
(19) Weizi, W.; Brusseau, M.L; Artiola, J.F. Submitted to Environ.Sci. Technol. 1995.
(20) Peter, R. W.; Shem, L. Use of Chelating Agents For Remediation of Heavy Metal
Contaminated Soils, Environmental Remediation, Ameaican Chemical Society,
1992.

33
APPENDIX A

SOLUBILIZATION OF SOME LOW-POLARITY ORGANIC
COMPOUNDS BY

HYDROXYPROPYL-~-CYCLODEXTRIN

By:
Xiaojiang Wang and Mark L Brusseau'

Soil and Water Science Department
429 Shantz
University of Arizona
Tucson, Arizona 85721

Published in :
Environmental Science and Technology
Vol. 27, pp 2821-2825, 1993

*

Corresponding Author

34
Abstract
Hydroxypropyl-~-cyclodextrin

(HPCD), a microbially produced compound, was

investigated for its potential to increase the apparent aqueous solubilities of low-polarity
organic compounds. The results show that the apparent solubilities of trichloroethene,
chlorobenzene, naphthalene, anthracene, and P,P'-DDT were significantly increased in
HPCD solutions. The relative aqueous-phase concentrations (S/So) of the compounds
increased linearly with increasing HPCD concentration. The solubilization power of
HPCD is dependent on the size and relative polarity of its cavity and, unlike surfactants,
HPCD has no critical micelle concentration. The partition mechanism was shown to be
a valid approach for interpreting the solubilization activity of HPCD. The potential
application of HPCD in the remediation of contaminated groundwater is briefly
discussed.
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Introduction
The pollution of groundwater by nonionic, low-polarity organic chemicals (NOCs)
has caused increasing concern among the public. These compounds have proven to be
very difficult to remove from aquifers, due, in part, to their small water solubilities.
Agents such as organic cosolvents and surfactants are being considered for chemically
enhancing the removal of NOCs by pump-and-treat remediation (1,2). However, both
cosolvents and surfactants have disadvantages for such applications (3).

The

solubilization effect of cosolvents is usually not significant until their volume-fraction
concentrations are above ten percent. Conversely, surfactants have a large solubilization
power, but they may form high-viscosity emulsions that are difficult to remove (1,2).
In addition, many surfactants are affected by precipitation or sorption (1,3,4).

As an

alternative, cyclodextrins may have potential for use as a chemical enhancement agent
for subsurface remediation.
Cyclodextrins are cyclic oligosaccharides formed from the enzymatic degradation
of starch by bacteria. The unique property of these compounds is that they have a
hydrophilic shell and a relatively apolar cavity (see Figure 1). Cyclodextrins solubilize
low-polarity compounds through the formation of water-soluble inclusion complexes (5).
Cyclodextrins are widely used in pharmaceutical sciences to improve the dissolution of
nonpolar drugs (6). So far, the potential use of cyclodextrins in the remediation of
contaminated soil or groundwater has not been investigated. The objective of this paper
is to evaluate the ability of a selected cyclodextrin to increase the apparent aqueous
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solubility of several low-polarity organic compounds that are representative of widely
found groundwater contaminants.
Theory
The apparent solubilities of organic compounds in aqueous solutions containing
cyclodextrin have been observed to increase linearly with the concentration of
cyclodextrin (6,7). This phenomenon is attributed to the formation of 1: 1 inclusion
complexes, as described by eq 1 (7,8):

S + CD .... CD-S

(1)

where S is the concentration of uncomplexed dissolved compound, CD is the
concentration of uncomplexed cyclodextrin, and CD-S is the concentration of complexed
solutes. The stability constant (l<,;) of the complex can be determined by:

l<,; = [S-CD]/[S][CD]

(2)

In cyclodextrin solutions where the free and complexed solutes exist, the total
aqueous-phase concentration (SI) includes both free and complexed species.

For a

solution in contact with separate-phase organic compound, the concentration of free
solutes can be regarded as the aqueous solubility of the compound (So), and the
concentration of complexed solute can be calculated from [S-CD] = SI - So. The initial
cyclodextrin concentration (Cci) has been used to represent the free cyclodextrin
concentration [CD] with the assumption that the cyclodextrin concentration is not
depleted to an appreciable extent by complexing with solutes (8).

With this

approximation, a linear relationship is predicted between total aqueous-phase
concentration (SJ of solute and cyclodextrin concentration:
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(3)
This assumption may often be inaccurate because the concentration of free
cyclodextrin can be reduced appreciably by complexation with compounds having
relatively large aqueous solubilities. If the depletion of cyclodextrin is considered, the
concentration of free cyclodextrin can be calculated by [CD] = Co - (SI-SO)' Equation 2
can be rearranged to give:
(4)
For low-solubility compounds, So is negligible and eq 4 will reduce to eq 3 (Le.,

~So

< 1).

Since the interaction between the solutes and the cavity of cyclodextrin is of a
nonspecific type, the solubilization of solutes by cyclodextrin may be regarded as the
partition of solutes from water into the cyclodextrin cavity. Hence, a linear partition
model of the type presented by Chiou and colleagues for the solubilization of NOCs by
dissolved organic matter and surfactants (9,10) can be used to represent the solubilization
of NOCs by cycIodextrin:
(5)
where

~

is

~he

partition coefficient of the NOC between cyclodextrin and water, and

XeD is the concentration of cyclodextrin (kg/I).

Equation 3 and 5 are identical except for

the different definitions of ~ and Kcw' Hence, the 1:1 complex model and the partition
model can describe the same interaction between cyclodextrin and low-polarity
compounds.
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Experimental Section
Among the three cyclodextrin homologues (n,
least expensive. Unfortunately,

~-cyclodextrin

~,

and y),

is the

has only a limited water solubility, and

its complexes are therefore only slightly water soluble. Thus,
chemically modified to enhance its water solubility.
hydroxypropyl-~-cyclodextrin

~-cyclodextrin

~-cyclodextrin

is often

One of its derivatives,

(HPCD) was found to be very water-soluble (6). Hence,

HPCD is used in this study.
Hydroxypropyl-~-cyclodextrin

was purchased from Aldrich with no purity

reported. Its molecular weight is 1500. Trichloroethene (>99% pure), chlorobenzene
(>99% pure), naphthalene (>99%), anthracene (>99%) and P,P'-DDT (98%) were also
obtained from Aldrich. Methanol, used for standards preparation and sample dilution,
was purchased from Baker as HPLC-grade solvent. Glass beads (212-300 microns) were
purchased from Sigma.
The influence of HPCD on surface tension was measured with a Sensa Dyne
(Milwaukee, WI) 6000 surface tensiometer, which uses the maximum bubble pressure
technique (11). For the solubility measurements, 25ml of solution, containing varying
concentrations of HPCD, were added to 50 ml corex centrifuge tubes. Triplicate tubes
were prepared for each HPCD concentration. The selected organic compound was then
added to each tube in quantities in excess of the solubility limit. Blanks were prepared
in an identical manner with the exception that no HPCD was added. All samples were
equilibrated on a reciprocating shaker for at least 2 days at 23 ± 1DC. After equilibration,
the samples were centrifuged at 7500 xg for 20 min. A 0.5 ml aliquot of the supernatant
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was then withdrawn and diluted with 50:50 methanol/water solution in 10 ml volumetric
flasks. Samples were then analyzed by UV-VIS spectrophotometry. The wavelengths
(nm) used for UV detection were 220 for DDT, 240 for trichloroethene and anthracene,
260 for chlorobenzene, and 270 for naphthalene. The role of methanol is to inhibit the
formation of HPCD-solute complexes, thereby keeping the UV spectrum unchanged. The
effect of HPCD on the UV spectra of the compounds was negligible in 50:50
methanol/water solutions for HPCD concentrations below 5 mM. This is illustrated in
Figure 2, which shows The spectrum of chlorobenzene with and without 5mM of HPCD.
The dissolution and complexation of DDT seemed to be very slow compared to
the other compounds. Apparently, one week was not sufficient to achieve equilibrium.
To address this problem, the generator-column approach, which has an advantage in
attaining a rapid eqUilibrium, was used to determine the solubilization of DDT by HPCD.
To assure comparability with the batch experiments, the generator-column approach was
also used to determine the solubilization of anthracene.
The generator column used in this work was a 30-cm long glass chromatography
column packed with prewashed glass beads (212-300 microns) coated with excess DDT
or anthracene. The column was plugged with glass wool at both ends and contained a
large pore-diameter fritted disc sealed in the outlet. The HPCD solutions were passed
through this column and a fraction of the effluent was immediately analyzed for solute
concentration. The remaining effluent was then repeatedly passed through the column
until a relatively constant effluent concentration was obtained. The aqueous solubility
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of DDT is smaller than the detection limit of UV spectrophotometry, so the 80 value is
taken from the literature as 5.4 J.lg/I (10).

Results and Discussion
8urface tension decreases with increasing concentration of HPCD (see Figure 3).
Unlike surfactants, there is no sharp break of the slope that marks the appearance of the
critical micelle concentration. The ability of HPCD to reduce the surface tension may
be attributed to its relatively apolar cavity. The magnitude of the reduction of surface
tension is much less than that typically obtained with surfactants.
The relative aqueous-phase concentrations (8/80) of five organic compounds are
plotted against the HPCD concentration in Figures 4-8.

Linear regressions were

performed for these data following the partition model (eq. 5). Inspection of these
figures shows that the linear equation fits the observed data extremely well for all
compounds studied.

The HPCD/water partition coefficients

compounds, obtained from linear regression of 8/80 versus
Inspection of Table I reveals that the calculated Log

~

Xcn,

(~)

for the five

are listed in Table I.

values for trichloroethene,

chlorobenzene, naphthalene, and anthracene are about 1 order of magnitude smaller than
their corresponding log

K"w values, whereas the log ~ value for DDT is two orders of

magnitude smaller than its log
log

K"w value.

The greater difference between log ~ and

K"w for DDT, together with its slower attainment of solubility equilibrium, indicate

that the incorporation of DDT by HPCD may be different from that for the other four
compounds.
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Stereoselective interaction was considered in an attempt to explain the unusual
lower solubility enhancement of DDT. The size of the

~-cyclodextrin

cavity is reported

to be 0.346 nm 3 (12). The prerequisite for solutes to fit completely in the cavity is that
their molecular volume (MY) must be smaller than the cavity volume. Since the entry
of solutes into the cyclodextrin cavity is a diffusion-controlled mechanism, it is
reasonable to represent the molecular volumes of the solutes with the diffusion volume
(cm3fmol), which can be estimated by using Fullers group contribution method (13). The
ratio of the diffusion volume to Avogadro's number gives an estimate of molecular
volume (nm3). In this way, the molecular volume of the five compounds are calculated
and shown in Table 1.
Among the five compounds studied in this work, only DDT has a molecular
volume that is larger than the cavity volume of HPeD. Hence, DDT can achieve only
a partial entry into the HPeD cavity, leaving a part of its volume in the solution phase.
As a result, the inclusion complex formed by DDT and HPeD will have a nonpolar end,

and a reduced aqueous solubility. This partial non-polar characteristic could contribute
to the relatively smaller solubility enhancement observed for DDT.
A plot of log
(~w)

~

versus the logarithm of the octanol/water partition coefficient

is provided in Figure 9. Inspection of Figure 9 reveals that log

proportional to log

~w.

~

is linearly

The impact of the partial incorporation of DDT by HPeD is

evident by comparing the slopes of the two regressions. The apparent correlation between
~

and

~w

supports the use of the partition model for evaluating the solubilization

action of HPeD. Since both hydroxypropyl and hydroxyl groups are located outside the
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hydrophobic cavity, only the cavity carbon atoms make a contribution to the
solubilization power of HPCD. Hence, K.:w can be normalized according to the mass
fraction of cavity carbon atoms, which is about 0.336 for HPCD. The normalized log
K.:ws, shown in Table I, are slightly smaller than the log

K"wS.

This result is due to the

fact that the cyclodextrin cavity is not nonpolar. The glycosidic oxygen bridge gives the
cavity a polarity that is about the same as that of ethanol (14). This polarity causes the
HPCD cavity to be less attractive for nonpolar compounds in comparison to octanol.
Despite the fact that the cavity of HPCD has a polarity similar to that of ethanol,
the former could have a much stronger solubilization power in comparison to miscible
cosolvents, especially in the lower range of additive concentrations. This conclusion is
supported by a comparison of the solubilization data reported in this study and those
reported for miscible cosolvents (15). The solubilization power of HPCD is less than
that of typical surfactants (9).

However, HPCD may have some advantages in

comparison to surfactants in that: (1) HPCD is extremely water-soluble relative to many
surfactants. Hence, sorption of HPCD by soils is expected to be much less than that of
many surfactants; (2) HPCD does not form emulsions as do surfactants.

This is

beneficial for situations when emulsion formation is undesirable; (3) HPCD is nontoxic
and biodegradable, thus posing no hazard to the ecosystem; (4) HPCD is reported to
enhance the biodegradation of low-polarity compounds (7). Hence, HPCD may be useful
for both chemical and biological remediation-enhancement techniques.
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Summary
The results from this study indicate that HPCD produces a significant increase
in the apparent aqueous solubilities of low-polarity organic contaminants. A linear
relationship between the relative aqueous-phase concentration of the solute and the
HPCD concentration was observed for all solutes. The solubilization effect is attributed
to the formation of inclusion complexes within the relatively nonpolar cavity of HPCD.
The HPCD/water partition coefficients calculated from solubility data are directly
proportional to the octanol/water partition coefficients. This finding suggests that the
solubilization action of HPCD can be viewed as a microscopic organic-phase extractant.
The solubilization power of HPCD is midway between that of miscible organic solvents
and surfactants. Nevertheless, HPCD may have several advantages over surfactants in
practical uses. Further studies should focus on the interaction of HPCD with porous
media and on the potential for enhanced transport of NOCs in soils.
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Table 1. Parameter Values
Chemical

Solubility· (mgll)

Log~w

Log

K.:w

Log

K.:w·c

MV (nm3)

Trichloroethene

1155 (23°C)

2.61c

1.71

2.18

0.155

Chlorobenzene

456 (22°C)

2.84d

1.92

2.39

0.180

Naphthalene

25 (22°C)

2.72

3.19

0.232

Anthracene

0.048 (22°C)

3.37d
4.45 d

3.47

3.94

0.315

DDT

0.0054 (24°C)

6.36b

4.05

4.52

0.508

• measured in this work. b from Chiou et al (10). c from Rutherford et al (16).
d from Hansch et al (17). c normalized to cavity carbon atom content of HPCD.
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Figure 1. Structure of Hydroxypropyl-~-cyclodextrin
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Abstract
The effect of cyclopentanol on the solubilization of six polycyclic aromatic
hydrocarbons (PAHs) by fl-cyclodextrin (fl-CD) and y-cyclodextrin (y-CD) is reported
in this paper.

The addition of 0.1% v/v cyclopentanol significantly enhances the

solubilization power of fl-CD for pyrene, acenaphthene, phenanthrene, and tluoranthene,
which form 1:2 complexes with fl-CD. However, the solubilization of acenaphthene and
phenanthrene by P-CD in the presence of cyclopentanol decreases at higher fl-CD
concentrations following an initial increase.

This phenomenon is attributed to the

cyclopentanol-induced formation of insoluble fl-CD

aggregates.

In contrast,

cyclopentanol produces no pronounced effect and a marked decrease in the solubilization
power of fl-CD for naphthalene and anthracene, respectively. These two compounds
form 1:1 complexes with fl-CD.

The solubilization of all six PAHs by V-CD is

significantly enhanced by 1% v/v cyclopentanol. This result indicates that the addition
of cyclopentanol increases the "hydrophobicity" of the V-CD cavity and increases the
solubilization power of V-CD without inducing structure-dependent selectivity. Based
on the linearity and nonlinearity observed in the solubilization curves of the six PAHs
in the presence of cyclopentanol, it is suggested that naphthalene, anthracene,
acenaphthene, and phenanthrene form 1:1 complexes with V-CD, while tluoranthene and
pyrene form both 1:1 and 2:2 complexes.
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. Introduction
It has become apparent that the cleanup of soils and aquifers contaminated by

hazardous chemicals is a costly. complex endeavor. Furthermore, it is clear that standard
technologies such as pump and treat and soil flushing are not capable of remediating
many sites.

Recent research has focused on the development of methods that can

enhance the performance of hydraulic-based approaches. One such method is the use of
solubilizing agents such as surfactants and cosolvents. Recently, we have demonstrated
the ability of cyclodextrins to increase the apparent aqueous solubilities of low-polarity
organic contaminants and to enhance their removal from soils (1-2).
Cyclodextrins (CDs) are cyclic oligosaccharides formed from the enzymatic
degradation of starch by bacteria.

Due to their unique ability to form inclusion

complexes with various organic solutes, cyclodextrins are widely used in chemistry,
pharmaceutical science, and several other fields (3).

In comparison to common

surfactants, cyclodextrins have several advantages for environmental remediation (2).
However, a disadvantage is that they have a smaller solubilization power compared to
that of high-performance surfactants (1). This is due to the lower "hydrophobicity" of
the cyclodextrin cavity relative to the interior of micelles.
The addition of a third component such as alcohol or surfactant has been found
to increase the attraction of the f3-CD cavity for pyrene (4-6). By using fluorescence and
NMR spectroscopy, Munoz de la Pena et al. (6) reported that a ternary complex of 2:1:2
stoichiometry is formed for a f3-CD/pyrene/alcohol system. The role of alcohol is to cap
the two open ends of the cyclodextrin cavity and to exclude water molecules from the
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cavity.

Other reports have shown enhanced complexation of pyrene and a-

naphthloxyacetic acid by y-CD upon the addition of alcohol (7-10). It was proposed that
pyrene forms a 1:1 complex with y-CD in the presence of alcohols (9).
Sufficient evidence has been collected to demonstrate that the complexing of

~

CD and y-CD with pyrene and some naphthalene derivatives can be enhanced by the
addition of alcohols. However, the effect of alcohols on the solubilization of a series of
PAHs by

~-CD

and y-CD has not yet been investigated. In addition, previous studies

on ternary complexes are limited to systems not in contact with excess solute, which may
limit their direct application to the evaluation of solubility enhancement.
The main purpose of this work is to investigate the solubilization of six PAHs by
~-CD

and y-CD in the presence of cyclopentanol. Cyclopentanol was selected because

it has the most compatible size with

~-CD

and strong interaction between them has been

reported (6). This work employs PAHs of different size and structure in an attempt to
study the effect of PAH structure on the formation and configuration of ternary
complexes.
Experimental Section
Naphthalene (99+%), anthracene (99+%), phenanthrene (98%), acenaphthene
(99%), fluoranthene (98%), pyrene (99+),

~-CD

(no purity reported), and cyclopentanol

(99%) were purchased from Aldrich and used as received. y-CD (99.4%) was supplied
by American Maize-Products Company (Hammond, Indiana 46320-1094) and used as
received. Methanol, used for standard solution preparation and sample dilution, was
purchased from Baker as HPLC-grade solvent.
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The solubility measurements of all PAHs were performed by use of the Generator
column method (11).

The Generator column used was a 30-cm-Iong glass

chromatography column packed with prewashed glass beads (212-300 urn) coated with
1% w/w of the PAHs. The PAHs were coated on glass beads by dissolving the PAH in
ethanol, dispersing the glass beads in the solution, and then evaporating the ethanol
completely. Glass wool was placed in the outlet to prevent the loss of glass beads.
Before use, the column was flushed with 1 L of deionized water.
The cyclodextrin solutions with and without cyclopentanol were passed through
the column, and a fraction of the effluent was immediately analyzed for solute
concentration. The remaining effluent was then repeatedly passed through the column
until a constant effluent concentration was obtained. All experiments were done at room
temperature (24±1°).
The concentration of all samples was measured by UV-Vis spectrophotometry.
The wavelengths (nm) used for detection were 270 for naphthalene, 250 for anthracene,
230 for acenaphthene and fluoranthene, 240 for pyrene, and 260 for phenanthrene.
Before measurement, all sample solutions were subject to a 10-fold dilution with
methanol. The role of methanol is to decompose the cyclodextrin complexes, thereby
keeping the UV spectrum of PAHs unchanged (1).
The cyclodextrin concentrations used for the experiment were selected based on
two factors. For ease of comparison, the concentration of cyclodextrin used for the
solubilization of PAHs in the absence of cyclopentanol should be low enough to avoid
any precipitation of cyclodextrin complexes.

For example, the

naphthalene/~-CD
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complex will precipitate when the concentration of fl-CD is above 1.32 mM. Hence, the
highest fl-CD concentration used for solubilization of naphthalene was 0.88 mM.
Conversely, we used cyclodextrin concentrations as high as possible to produce
significant solubility enhancement. The cyclodextrin concentrations ranged between 0.1
and 10 mM.
Cyclopentanol concentrations of 0.1 and 1.0 % v/v were used for the fl-CD and
y-CD experiments, respectively. Considering cosolvency theory, these concentrations are
not sufficient to influence the solubilities of the six PAHs. To test this, preliminary
experiments were performed to investigate the impact of cyclopentanol on PAH
solubility.

The results showed that a 1% concentration of cyclopentanol had no

measurable impact on PAH solubility.

Equilibrium Equations for the Ternary Complexes
Previous studies have shown that fl-CD can form two types of ternary complexes
with PAHs and alcohol depending on the structure of the PAHs. In the presence of
alcohol, pyrene forms a 1:2 complex with fl-CD (6), while acridine forms a 1:1 complex
with fl-CD under the same conditions (12). Considering these two cases, we use two
general eqUilibrium equations to describe the interaction between dissolved PAHs (P),
fl-CD, and alcohol (A):
P + fl-CD + A -. P(fl-CD)A
P(~-CD)A

+ ~-CD + A -.

The associated equilibrium constants are given by:

P(~-CD)2A2

(1)

(2)
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K1= [P(f3-CD)A]/[P][f3-CD][A]

(3)

K2= [P(f3-CD)2A2]/[P(f3-CD)A][f3-CD][A]

(4)

Given these equilibria, there are several species of PAHs existing in the aqueous
phase. The apparent solubility (SJ of PAHs is the sum of all dissolved species:
SI= [P]+[P(f3-CD)A]+[P(f3-CD)2A2]

(5)

Based on eq.(3) and eq.(4), [P], [f3-CD], and [A] can be substituted in place of
[P(f3-CD)A] and [P(f3-CD)2A2] in eq.(S). Thus, eq.(5) becomes:
SI= [P]+Kl[P][A][f3-CD]+Kl~[P][A]2[f3-CD]2

(6)

In our f3-CD experiments, the concentration of alcohol is fixed at 0.1 %. Thus, [A] is a
constant. Assuming a1=Kl[A] and a2=Kl~[A]2, eq.(6) is reduced to:

(7)
In the presence of excess pure solutes, the concentration of free PAHs [P]
corresponds to the aqueous solubility (So) of the PAHs.

Since in this work the

concentration of f3-CD is much greater than the PAH concentrations, the following
simplification can be applied:
[f3-CD]=[f3-CD]o-[P(f3-CD)A]-2[P(f3-CD)2~]" [f3-CD]o

(8)

where [f3-CD]o is the initial concentration of f3-CD. Under these assumptions, we have:

(9)
If the stability of [P(f3-CD)2A2] (1:2 complex) is much greater than that of [P(f3CD)A] (1:1 complex), [P(f3-CD)A] can be eliminated from eq.(5), and eq.(9) can be
reduced to:
(10)
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If PAHs form only a 1:1 complex with f3-CD in the presence of alcohol, [P(f3-CD)2A21
can be removed from eq.(5), and eq.(9) will be given by:
(11)
If both [P(f3-CD)A] and [P(f3-CD)2A2] exist in the solution and neither is predominant,
eq.(9) cannot be simplified.
The relationship between S/So and [f3-CD]o can be used to differentiate the type
of ternary complexes prevalent for a specific system. A linear relationship as described
by eq.(ll) indicates that PAHs form primarily 1:1 complexes, whereas a nonlinear
relationship as described by eq.(9) or (10) suggests that PAHs could form 1:2 complexes
with f3-CD in addition to 1:1 complexes.
The situation is not as clear for the case of y-CD ternary complexes. Hamai (13)
reported that pyrene could fonn 1:1, 2:1, and 2:2 complexes with y-CD. He suggested
that the 2:2 complex is predominant among the three species and results from the
association of two 1:1 complexes. Conversely, other authors (7,9) have suggested a 1:1
stoichiometry between pyrene and y-CD in the ternary complex. Optimal filling of the
y-CD cavity should be achieved with the 2:2 pyrenely-CD complex in which two
parallel pyrene molecules share two y-CD cavities.

The stacking of two pyrene

molecules inside the cavity is favorable due to 1C-electron interaction of aromatic rings.
Alcohol molecules will fill the void space near" the open ends of the y-CD cavity and
form a closed "hydrophobic" system. Given the above, the 2:2 pyrenely-CD complex
should be more stable than the 1:1,2:1, or any other complex. The formation of the 2:2
complex has not been observed in previous studies (7-10) probably because the
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concentrations of pyrene that were used were too low and the resulting low
concentrations of the 1:1 complex were insufficient to produce significant bimolecular
association. In contrast, undissolved pyrene is in excess in our experiment and serves
as a continual source with increasing y-CD concentration. These conditions may favor
the formation of the 2:2 complex.
Based on the above assumptions, the following stepwise equilibria should govern
solubilization of pyrene and other PAHs by y-CD (as before, we use P and A to
represent PAHs and alcohol in the equation, respectively):
P + y-CD + nA ... P(y-CD)Au

(12)

2 P(y-CD)Au ... P2(y-CD)2A2n

(13)

Kl = [P(y-CD)Au]/[P][y-CD][A]n

(14)

K2 = [P2(y-CD)2A2n]/[P(y-CD)Aut

(15)

For y-CD, the number of alcohol molecules involved in the ternary complex is unknown.
Hence, we use Au where n represents the number of alcohol molecules.
The apparent solubility (SI) of PAHs is the contribution from all dissolved
species:
SI= [P]+[P(y-CD)Au]+2[P2(y-CD)2~n]

(16)

Using the same assumptions and treatment as that for f3-CD, we have:
S/So=l +b1[y-CD]o+b2[y-CD]o2

(17)

where b1=Kl[At and b2=2K12K2So[A]2D. Similarly to the case of f3-CD, the S/So vs. [yCD]o relationship should be linear if only [P(y-CD)Au] can be formed, or nonlinear if
both [P(y-CD)Au] and

[P2(y-CD)2~n]

can be formed.
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Results and Discussion
Effect of Cyclopentanol on the
Solubilization Power of ~-CD
The relationship between S/So and concentration of

~-CD

is given in Figure 1.

It is interesting to note that different PAHs exhibit different behavior in the presence of

cyclopentanol. The effect of cyclopentanol on the solubilization of pyrene is strongest
in comparison to the other five PAHs. The increase in S/So for pyrene in the presence
of cYclopentanol is a nonlinear function of the concentration of

~-CD.

This behavior

indicates the formation of [P(~-CD)2A2]. A regression between S/So and [~-CD]/ (Le.,
eq.l0) exhibits an excellent correlation (R2=0.992).
stoichiometry between pyrene and

~-CD

This result supports the 1:2

in their ternary complex with cyclopentanol.

Cyclopentanol also causes a pronounced enhancement in the solubilization of
fluoranthene by

~-CD.

The predominance of

[P(~-CD)2A2]

for fluoranthene was also

substantiated based on the good correlation between S/So and [~-CD]02 (R2=0.985).
The effect of cyclopentanol on the solubilization of acenaphthene and
phenanthrene by

~-CD

is more complicated. The S/So ratios of these two compounds

in the presence of cyclopentanol initially increase with increasing
reach a maximum value, and then decrease at higher

~-CD

~-CD

concentration,

concentration. It is important

to note that the initial increase of S/So with increasing ~-CD concentration for these two
compounds is nonlinear as described by eq.(9) or (10), suggesting the existence of [P(~-

CD)2Az]. The reason for the decrease of the S/So ratio at higher ~-CD concentration will
be discussed later.

65
The impact of cyclopentanol on naphthalene and anthracene solubilization is
different from that observed for the other PAHs. Cyclopentanol produces no significant
change in the solubilization of naphthalene by f3-CD, and it causes a marked decrease
for that of anthracene. For both compounds, the SISo ratio is a linear function of the

13-

CD concentration in the presence of cyclopentanol. Hence, a 1:1 stoichiometry can be
assumed between these two compounds and f3-CD in their respective ternary complexes
(Le., eq.ll). The result obtained for anthracene is similar to that of acridine, which has
a structure similar to that of anthracene. Addition of alcohols was shown to cause a
decrease in the binding strength between acridine and f3-CD (12).

Influence of PAH Structure on
the Nature of Ternary Complex
In order to evaluate the effect of PAH structure on the nature of their ternary
complexes with f3-CD and cyclopentanol, it is necessary to examine the configurations
of their ternary complexes. According to our experimental results, it is suggested that
pyrene, fluoranthene, phenanthrene and acenaphthene can form 1:2 complexes with f3-CD
in the presence of cyclopentanol, while anthracene and naphthalene form 1:1 complexes
with f3-CD under the same conditions. The orientation of these PAHs in their ternary
complexes can be predicted based on the principal of size matching and maximum
contact between PAHs and the f3-CD cavity. Estimates of the dimensions of the six
PAHs calculated by using the standard bond length of 0.139 and 0.108 nm for the ring
C=C and C-H, respectively, are listed in Table 1. The diameter and depth of the f3-CD
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cavity are 0.75 and 0.78 nm, respectively. The study of Munoz de la Pena et al (6), who
have proposed the most probable configurations of

pyrene/cyclopentanoIl~-CD,

served

as a basis of the proposed configurations.
Based on all above information, we have suggested the most probable
configurations of the ternary complexes for the six PAHs and presented them in Figure
2. For pyrene, we used the configurations presented by Munoz de la Pena et al (6). The
ternary complexes of pyrene and phenanthrene may have two possible configurations due
to their specific structure, while the others have only one. An interpretation of the
solubilization phenomena observed herein can be based on these configurations.
The addition of cyclopentanol increases the solubilization power of

~-CD

for

pyrene, fluoranthene, phenanthrene, and acenaphthene due to the formation of specific
ternary complexes (see figure 2). These PAHs are enclosed in a non-aqueous system
composed of two cyclopentanol-capped
cyclopentanol fills the openings of the

~-CD

~-CD

cavities.

The nonpolar part of

cavities, preventing water molecules from

interacting with the included solutes. The exclusion of water is a primary cause of the
increased solubilization power of ~-CD for these PAHs. The decreasing solubilization
power of ~-CD for phenanthrene and acenaphthene at higher ~-CD concentration is most
likely due to the formation of insoluble aggregates, which may form by H-bond
interactions.
The behavior for naphthalene and anthracene can also be explained on the basis
of the configurations provided in Fig. 2.
dimensions, anthracene extends through the

Due to the differences in their molecular
~-CD

cavity, whereas naphthalene occupies
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only a portion. Since the length of naphthalene is only slightly smaller than the diameter
of the f3-CD cavity, maximum contact with the f3-CD cavity is obtained when the short
axis of naphthalene is parallel to the axis of the cavity. The cavity has sufficient space
to include a cyclopentanol molecule without competition with naphthalene because the
depth of f3-CD is much larger than the width of naphthalene. Thus, the addition of
cyclopentanol neither enhances or reduces solubilization of naphthalene.
In contrast, the length of anthracene is larger than the diameter and the depth of
the f3-CD cavity. Therefore, anthracene must be oriented coincident with the cavity axis,
which results in a portion of anthracene being exposed to the aqueous phase. The
addition of cyclopentanol will compete with anthracene for inclusion, and cause
anthracene to be further extruded out of the cavity. This would result in decreased
complexation of anthracene by f3-CD and a resultant decrease in solubility.
If we characterize PAHs as linear and nonlinear based on their width, those PAHs
whose widths are approximately 0.5 nm are considered as linear, while those PAHs
whose widths are greater than 0.5 nm are nonlinear. Based on our results, there appears
to be a trend that in the presence of cyclopentanol nonlinear PAHs tend to form 1:2
complexes with f3-CD while linear PAHs tend to form 1:1 complexes.

A possible

explanation is that the formation of 1:2 complexes (f3-CD dimer) leads to a decrease of
entropy in comparison to 1:1 complexes. The loss of entropy should be compensated by
the increase of enthalpy. Nonlinear PAHs, with their bulky structure, have more contact
with the f3-CD cavity, and thus produce sufficient Van der Waal interaction energy to
offset the loss of entropy. In contrast, linear PAHs with a streamlined structure have a
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less contact area with

~-CD

cavity in comparision to nonlinear PAHs. As a result, linear

PAHs are unable to fonn stable 1:2 complexes with

~-CD.

The same thing can be found

in the case of DDT. Although DDT has a big size, its structure is streamlined. Hence,
the addition of cyclopentanol decreases the solubilization power of ~-CD for DDT ( see
fig. 3), suggesting the formation of 1:1 complex.

Effect of Cyclopentanol on the
Solubilization Power of y-CD
Unlike the case for

~-CD,

the addition of 0.1 % cyclopentanol cannot produce

significant change in the solubilization power ofy-CD for any of the PAHs. Hence, we
investigated the effect of increasing concentration of cyclopentanol on the solubilization
power of y-CD for acenaphthene (see Figure 3). It is clear that the concentration of
cyclopentanol is crucial for producing a significant enhancement in the solubilization of
acenaphthene by y-CD. The same holds for the other five PAHs.
cyclopentanol is less effective for y-CD than for

~-CD

The reason that

is related to the larger diameter

of the y-CD cavity (0.85 nm). Hence, the binding strength between cyclopentanol and
y-CD is much weaker than that between cyclopentanol and

~-CD.

concentration of cyclopentanol, compared to the case for

As a result, a higher

~-CD,

is needed for the

formation of significant concentrations of y-CD ternary complexes.
The addition of 1% cyclopentanol causes a significant enhancement in the
solubilization power of y-CD for all of the PAHs used in this work (see figure 4). This
fact indicates that the y-CD cavity and cyclopentanol constitute a system that can
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solubilize PAHs without structure-dependent selectivity. The "hydrophobicity" of this
system increases with increasing concentration of cyclopentanol.
Inspection of Fig. 4 shows that cyclopentanol causes a linear enhancement in the
solubilization power of y-CD for naphthalene, anthracene, acenaphthene; and
phenanthrene, and a nonlinear enhancement in the solubilization power of y-CD for
fluoranthene and pyrene. Application of eq.(17), (18), and (19) suggests that anthracene,
naphthalene, phenanthrene, and acenaphthene form 1:1 complexes with y-CD, while
fluoranthene and pyrene form both 1:1 and 2:2 complexes with y-CD. An excellent
correlation (R2=O.991) between S/So and [y-CD]o supports the predominance of the 2:2
complex for pyrene.

In comparison to pyrene, there is only a small degree of

nonlinearity for fIuoranthene (see Fig. 4). Because the nonlinearity results from the
existence of the 2:2 complex, a small degree of nonlinearity implies that the 2:2 complex
is not predominant with respect to the 1:1 complex. The reason that fIuoranthene and
pyrene can form 2:2 complexes with y-CD may be due to their larger size in comparison
to the other four PAHs. Unfortunately, a complete configuration of the y-CD ternary
complex cannot be constructed because the number of cyclopentanol molecules in the
ternary complex and the exact orientation of PAHs and cyclopentanol in the y-CD cavity
are not known.
The solubilization power of y-CD for the six PAHs is enhanced by cyclopentanol
without exception, while that of f3-CD can be decreased by cyclopentanol in some cases.
This is because y-CD has a larger cavity that can incorporate two or more molecules
without competition. In addition, it is unlikely that cyclopentanol will compete with

70
PAHs for inclusion given the relatively weak interaction between cyclopentanol and yCD. In contrast, a single

~-CD

cavity may not have enough space to include both PAH

and cyclopentanol. In addition, since cyclopentanol has a strong tendency to bind with
~-CD,

it can compete with PAH for inclusion. These factors lead to a decrease in the

solubilization power of

~-CD

for some PAHs.

Conclusion
Based on the results obtained in this paper, the use of cyclopentanol to increase
the solubilization power of cyclodextrins for PAHs seems promising. It appears that the
complexing of

~-CD

with nonlinear PAHs can be enhanced by the addition of

cyclopentanol, while that of ~-CD with linear PAHs is decreased or not affected under
the same conditions. Since most PAHs are nonlinear, cyclopentanol may increase the
solubilization power of ~-CD for most PAHs unless they are too large to fit in the
cavity.

~-CD

The solubilization of all six PAHs by y-CD was significantly enhanced by

cyclopentanol, demonstrating the absence of structural selectivity effects.
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Table 1. Selected Properties of PAHs used in study.
PAHS

Solubility (mM)

Width (nm)

Length (nm)

Naphthalene

0.22

0.5

0.71

Anthracene

3.9xlO-4

0.5

0.92

Acenaphthene

2.1x10-2

0.71

n.a. •

Phenanthrene

8.1xlO-3

0.58

0.92

Fluoranthene

1.2 x 10-3

0.71

0.92

Pyrene

1.2xlO-4

0.71

0.89

DDT

1.5 x 10-5

0.54

1.20

* The length of acenaphthene cannot be estimated become it has a nonplanar
cyclopentane ring in this direction.
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Abstract
The cleanup of contaminated soil and groundwater at hazardous waste sites has
become a major focus of research and policy debate. A major factor complicating the
cleanup of many sites is the co-occurrence of organic compounds and heavy metals, socalled mixed wastes.

We investigated the ability of a modified cyclodextrin to

simultaneously complex low-polarity organic compounds and heavy metals. The results
of the experiments showed that

carboxymethyl-~-cyclodextrin

(CMCD) could

simultaneously increase the apparent aqueous solubilities of the selected organic
compounds (anthracene, trichlorobenzene, biphenyl, and DDT) and complex with Cd2+.
This complexation was not significantly affected by changes in pH or by the presence
of relatively high concentrations of Ca2+. It is possible that this reagent can be used
successfully to remediate hazardous waste sites contaminated by mixed wastes.
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Introduction
The cleanup of contaminated soil and groundwater at hazardous waste sites has
become a major focus of research and policy debate. It has been estimated that more
than 1 trillion dollars would be required to remediate hazardous waste sites in the U.S.
to levels that meet stringent remediation criteria (1). A major factor complicating the
cleanup of many sites is the co-occurrence of organic compounds and heavy metals, socalled mixed wastes.

Previous and current research on remediation technologies has

focused on either organic compounds or metals, with very little focused on mixed wastes
(2). An in-situ method that could simultaneously remove organic compounds and heavy
metals from soils and aquifers would improve our ability to remediate hazardous waste
sites.
In previous investigations, we have shown that cyclodextrin, a cyclic
oligosaccharide formed from the enzymatic degradation of starch by bacteria,
significantly increased the apparent aqueous solubilities of several low-polarity organic
compounds (3). We have also shown that this cyclodextrin significantly enhanced the
transport of organic compounds in, and removal from, soil (4). Although we have found
no reported environmental applications of cyclodextrins for heavy metals, there is
evidence that metal cations can be complexed by cyclodextrins. In an alkaline soiution
(pH>12), Mochida et al. (5) found that Cu2+ could form coordination complexes with the
deprotonated hydroxyl groups of cyclodextrin. In addition, Tabushi et al. (6) synthesized
a modified cyclodextrin, in which polyamines were coupled with the small end of

p-

cyclodextrin, that could complex with metal ions at pH>lO. These two examples are not
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directly applicable to environmental remediation because of the high pH requirement
(>10).
We hypothesize that it is possible to modify a cyclodextrin such that it could
complex metal cations under environmentally relevant conditions.

Furthermore, we

hypothesize that the modified cyclodextrin will simultaneously complex low-polarity
organic compounds as well as the metal cations.

To test these hypotheses, we

investigated the ability of carboxymethyl-~-cyclodextrin (CMCD) to complex four lowpolarity organic compounds and Cd2+.

Experimental Section
Materials. Anthracene (99+%), 1,2,3-trichlorobenzene (99%), biphenyl (99%), and p,p-DDT (98%) were selected as low-polarity organic compounds representative of common
contaminants at hazardous waste sites. Cadmium (cadmium nitrate, 99+%) was used as
the representative heavy metal. All compounds were purchased from Aldrich with the
purity reported in parentheses, and used as received.

Carboxymethyl-~-cyclodextrin

(CMCD) was supplied by American Maize-Products Company (Hammond, Indiana
43620-1094), with no purity reported. Its average molecular weight is 1375, and its
average degree of carboxymethyl substitution is 3. The pH of a 1% CMCD solution is
6.8.
Methods. The solubilities of all compounds were measured by use of the Generator
column method (3).

The Generator column used was a 30-cm-Iong glass

chromatography column packed with prewashed glass beads (212-300 J.tm) coated with
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1% w/w of the selected compound. The compounds were coated on the glass beads by
dissolving the compounds in chloroform, dispersing the glass beads in the solution, and
then evaporating the chloroform. Glass wool was placed in the outlet to prevent the loss
of glass beads. Before use, the column was flushed with one I of distilled water.
The CMCD solutions were passed through the column, and a fraction of the
effluent was immediately analyzed for solute concentration. The remaining effluent was
then repeatedly passed through the column until a constant effluent concentration was
obtained. All experiments were done at room temperature (23±1°C).
The concentrations for all samples were measured by UV-Vis spectrophotometry
(Hitachi, U2000). The wavelengths (nm) used for detection were 250 for anthracene, 230
for trichlorobenzene, 240 for biphenyl, and 220 for DDT. Before measurement, all
samples were diluted lO-fold with an aqueous solution containing 50% methanol. The
role of methanol is to decompose the CMCD complexes, thereby maintaining the
aqueous-based UV spectrum of the compounds (3). The CMCD has a weak response in
UV range. This effect was eliminated by subtracting the UV response of blank CMCD
solutions from the total UV response of the sample solutions.
The complexation of Cd2+ by CMCD was performed by standard batch method.
Aliquots (100 ml) of 10 mgll Cd2+ solutions, containing no and varying concentrations
of CMCD, were added to 200 ml flasks and equilibrated on a reciprocating shaker for
at least 2 hours at 23±1°C. After equilibration, the samples were analyzed by a cadmium
selective electrode (Orion, Model 94-98), with the assumption that the electrode measures
the activity of the free (uncomplexed) Cd2+.
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For measuring the effect of anthracene on the complexation of Cd2+ by CMCD,
all sample solutions containing varying concentrations of CMCD were first passed
through the generator column to produce anthracene-saturated solutions.

Then, the

anthracene-saturated CMCD solutions were used for the complexation experiments with
Cd2+. The effect of Cd2+ on anthracene solubilization was detennined by adding Cd2+ (10
mgll) to the CMCD solutions.

CaCl2 was used to study the effect of Ca2+ on the

complexation of Cd2+ by CMCD. To eliminate the influence of Cd-Cl complexes on
measurement of Cd2+, standard curves were prepared containing 100, 500, and 1000 mgll
CaCI2 • These standard curves were then used for the measurement of Cd2+ for the
corresponding solutions used in the experiment.

Results and Discussion
The relative solubilities (apparent solubility/aqueous solubility) of the organic
compounds were significantly increased in the CMCD solutions (Figure 1). This increase
was linear with respect to CMCD concentration, as observed previously, and indicates
formation of a 1:1 inclusion complex (3). The solubility enhancement ofp,p'-DDT was
much greater than that of the other compounds because DDT has a lower aqueous
solubility (5.4

~gll).

The solubilization power of cyclodextrin increases with decreasing

solubility of the solutes (3).
The CMCD complexed approximately 90% of the Cd2+ (Figure 2). A conditional
stability constant, Log K (L mol-l), of 3.66 was calculated for the binding of cadmium
by CMCD ( at CMCD concentration < 1000 mgll and pH range of 6.2-6.8). This value
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is comparable to the complexation capacity of fulvic acids and anionic biosurfactants for
heavy metals (7,8).

The presence of anthracene had a negligible effect on the

complexation of Cd2+by CMCD (Figure 2). In addition, the solubilization of anthracene
by CMCD was not influenced by the presence of Cd2+ (data not shown). These results
indicate that CMCD can simultaneously complex organic compounds and Cd2+. We
speculate that this simultaneous complexation is possible because the two molecules are
complexed at different locations. The carboxyl groups of CMCD complex the Cd2+
outside the cavity, whereas the organic compounds are complexed by inclusion in the
cavity (Figure 3).
The presence of cations such as Ca2+, Mg2+, K+, and Na+ can affect the solubility
and complexation capacity of polyelectrolytic molecules by interacting with their
functional groups. This is an important consideration for field applications because of
the prevalence of these species in soil and groundwater systems. The addition of up to
10,000 mgll of CaCl 2 did not cause precipitation of CMCD. For comparison, sodium
dodecyl sulfate, a widely used anionic surfactant, precipitated in the presence of 200 mgll
CaCI2• The CMCD has a high resistance to precipitation because it has nine hydroxyl
groups, which only weakly interact with Ca2+ or other metal ions.
The complexation capacity of CMCD for Cd2+ decreased with increasing
,

concentration of CaCI 2. However, significant complexation occurred even at CaCl2
concentrations of 1000 mgll (Figure 4). This result indicates that Cd2+ is selectively
complexed by CMCD, as would be expected. The presence of CaCl2 had a negligible
effect on the solubilization of anthracene by CMCD (Figure 5). The solubilization
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capacity of CMCD for organic compounds is not affected by high concentrations of salts
in the aqueous phase because cations do not interact significantly with the low-polarity
cavity of CMCD.
Proton activity may also influence the solubility and complexation capacity of
polyelectrolytic molecules by affecting their protonation status or by inducing the
formation of metal hydroxides. As shown in Figure 6, the complexation capacity of
CMCD for Cd2+ was similar at pH values of 5.0 and 6.5. This is due to the fact that the
PI<.. values of carboxyl groups are typically less than 5. Hence, the carboxyl groups of
CMCD will be predominantly deprotonated at pH 5 or above, and their complexation
capacity should, therefore, be independent of pH. The relatively high concentration of
OH- at pH 8 leads to the formation of Cd-OH complexes (1%), which reduces the
amount of Cd2+ available for complexation by CMCD (see Figure 6). As expected,
proton activity had little effect on the solubilization of anthracene by CMCD for pH
values between 4 and 8 (Figure 7).
The results presented herein indicate that CMCD, being a water-soluble carrier
for both organic compounds and metal cations, may be useful for enhancing removal of
mixed-waste contaminants from subsurface systems. However, to be used successfully
as a reagent for enhanced "pump-and-treat" systems, additional criteria must be met
(9,10).

For example, the reagent should have low reactivity with soil, should be

sufficiently small such that pore exclusion does not occur, and should be non-toxic.
Contrary to many surfactants, cyclodextrins are generally non-toxic and, based on
previous work (4), are not affected by soil reactivity or pore exclusion.

Thus, the
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application of CMCD and similar compounds for use in hazardous waste site remediation
deserves further consideration.
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