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a b s t r a c t

Preparation of glycine-�-cyclodextrin (GCD) was carried out by the reaction of �-cyclodextrin with
glycine in the presence of KOH and epichlorohydrin. The enhanced solubilization behavior of phenan-
threne and lead carbonate by GCD was studied, and the desorption behavior of phenanthrene and lead
from co-contaminated soil was also investigated. The results showed that GCD has obvious solubilization
for phenanthrene and lead carbonate. The solubility of phenanthrene in 30 g/L of GCD was enhanced about
30-fold. And the apparent aqueous solubilities of lead carbonate are also obviously increased with increas-
ing GCD concentration, when the concentration of GCD reached 20 g/L, the aqueous lead concentration
ead
lycine-�-cyclodextrin
emediation
o-contaminated soil

was 2945 mg/L. GCD could simultaneously increase the apparent aqueous solubility of phenanthrene and
complex with lead. The desorption process of GCD for phenanthrene and lead from co-contaminated soil
followed the pseudo-second-order kinetic model. The removal efficiencies of phenanthrene and lead in
soil increased dramatically with increasing GCD concentrations. At concentration of 40 g/L, GCD has a
removal efficiency of 85.8% and 78.8% for lead and phenanthrene, respectively, from the combined con-
taminated soil. The use of GCD as an extractant to enhance the removal of heavy and hydrophobic organic
contaminants (HOCs) from co-contaminated soils appears as a promising remediation method.
. Introduction

Heavy metals and hydrophobic organic contaminants (HOCs)
ave been frequently found together in contaminated soils [1,2].
he co-contamination of soils caused by heavy metals and HOCs
ttracts great concern in recent years due to the high tox-
city for plants and animals [3,4]. Thus, the remediation of
o-contaminated soil is an important environmental issue, the
evelopment of improved and effective remediation technolo-
ies for soils contaminated by heavy metals as well as HOCs
ave emerged as a significant environmental priority. How-
ver, to the best knowledge of the authors, most studies on
his technique have focused on soils contaminated by a single
ype of pollutant (i.e., either heavy metals or organic contami-
ants), whereas there are only a few studies on the simultaneous
emoval of heavy metals and HOCs from the co-contaminated soils

5–8].

Recently, cyclodextrins (CDs) have received increasing atten-
ion because of their forming inclusion complex with various
uest molecules with suitable polarity and dimension. There-

∗ Corresponding author. Tel.: +86 794 8258287; fax: +86 794 8258828.
E-mail address: wgh68611@163.com (G. Wang).
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fore, they have been proposed as an alternative agent to enhance
water-solubility of hydrophobic compounds [9,10]. However,
�-cyclodextrin cannot complex metal ions, thus, modified �-
cyclodextrin with coordination for metal ions was prepared, for
example, some studies have shown that that carboxymethyl-�-
cyclodextrin (CMCD) has the ability to complex heavy metals
such as cadmium, nickel, strontium and mercury in the presence
of various organic contaminants [11–13]. The ability of modified
cyclodextrins to increase the apparent solubility of organic and
metal compounds is the basis for exploitation in soil remediation.
In addition, cyclodextrins present several advantages over solvents
and surfactants because of their non-toxicity, higher biodegradabil-
ity and low affinity of sorption to the solid phase at a wide range of
pH values [11,14,15].

In this work, in order to improve the solubilization capacity of
�-cyclodextrin for HOCs and insoluble heavy metal salt, a novel
modified �-cyclodextrin, glycine-�-cyclodextrin was synthesized
by the reaction of �-cyclodextrin with glycine in the presence
of KOH and epichlorohydrin, which can be used for the simul-

taneous removal of organic pollutants and heavy metals from
co-contaminated soils. The enhanced solubilization behavior of
phenanthrene and lead carbonate by GCD was studied, and the des-
orption behavior of phenanthrene and lead from co-contaminated
soil was also investigated. This research will provide valuable infor-

dx.doi.org/10.1016/j.jhazmat.2010.08.094
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wgh68611@163.com
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ation for the remediation of co-contaminated soil caused by
eavy metals and HOCs.

. Materials and methods

.1. Materials

�-CD was obtained from Seebio Biotechnology Inc. (Shanghai,
R China), and used without further purification. Phenanthrene was
elected as a representative polycyclic aromatic hydrocarbon (PAH)
o model the hydrophobic organic contaminants, it was purchased
rom Jingchun Chemical Reagent Co. (Shanghai, PR China), with a
urity of 99%. Glycine, lead carbonate and lead nitrate were ana-

ytical pure, also purchased from Jingchun Chemical Reagent Co.
Shanghai, PR China). Epichlorohydrin was obtained from Fuchen
hemical Reagent Co. (Tianjing, PR China). HNO3 and NaOH were
sed to adjust the pH values of solutions. All other reagents and
olvents used were of analytical reagent grade unless otherwise
tated. The water used throughout the work was deionised by a
illi-Q Water Purification system.

.2. Soil characteristics and preparation of contaminated soil

An uncontaminated natural soil was collected from Fuzhou City,
hina, the soil was air-dried and sieved to obtain particles less than
mm in all experiments. The soil has a pH of 6.80 and organic
arbon content of 1.82%. Preparation of co-contaminated soil was
arried out as follows: firstly, the Pb-contaminated soil was pre-
ared by completely mixing clean soils with Pb(NO3)2 solution,
he soils were air-dried at room temperature for a week. Secondly,
henanthrene was initially dissolved in hexane, and then phenan-
hrene solution was mixed with above Pb-contaminated soils, the

ixture was then ventilated in a fume hood for 8 d to stabilize the
ontaminated soil (it is uncertain if the phenanthrene in soil is in
sorbed or precipitated state). The contaminated soils have a final

oncentration of 0.157 and 2.12 mg/g of phenanthrene and lead on
ixed contaminated soil, respectively.

.3. Analytical methods

The UV absorbance spectra of phenanthrene solution were
ecorded with spectrophotometer UV-1601 (Shimadzu, Japan). The
haracteristic absorbance peak was at 254 nm. Fluorescence spec-
ra of phenanthrene and its inclusion complex in aqueous solutions
ere recorded with a Hitachi F-4500FL fluorescence spectropho-

ometer (Tokyo, Japan), the fluorescence intensity was measured
n a 1 cm quartz cell. Excitation wavelength used was set at
49 nm. Phenanthrene in aqueous solution was determined by
PLC [Shimadzu LC-10ATVP pump, Shim-pack VP-DDS-C18 col-
mn (4.6 mm × 150 mm, 5 �m)] with a flow rate of 1.0 mL min−1

nd UV detector (Shimadzu UV–Vis detector) at 254 nm. The mobile
hase was methanol/water mixture (90/10, v/v). The injection vol-
me was 20 �L. The retention time of phenanthrene was about
.0 min. The concentrations of lead in aqueous solution were
easured by a Perkin–Elmer analyst 700 atomic absorption spec-

rophotometer (AAS). Measurements were made in triplicate in
ach experiment with errors less than 5%.

.4. Preparation of glycine-ˇ-cyclodextrin

Eight gram of �-CD was dissolved in 70 mL of 96% KOH. The

olution was agitated and heated in 50 ◦C water bath for 1 h, and
hen 7.5 g of glycine was added, simultaneously, 10 g of chloroe-
oxy propane was added dropwise into the above solution and
eacted for 1 h at 60 ◦C, and then cooled to room temperature.
H was adjusted to about 5.5 with sulphuric acid, and 150 mL of
Materials 184 (2010) 690–695 691

absolute ethylalcohol was added, and then filtered, evaporated and
concentrated in water bath for removal of residual ethylalcohol.
Then, 300 mL of methanol was added and kept overnight, filtered
and dried to give white, solid glycine-�-cyclodextrin, the reaction
scheme for the synthesis was shown in Fig. 1. GCD was confirmed by
Nicolet FT-IR 5700 infrared spectrophotometer (Thermo, Madison,
USA).

2.5. Solubilization experiments

For the solubility measurements of phenanthrene, 10 mL of solu-
tion containing varying concentrations of CD (0–12 g/L for �-CD,
0–30 g/L for GCD and 0–30 g/L for CMCD) were poured in 50 mL
conical flasks with caps and the solid phenanthrene was added in
quantities in excess of the solubility limit. The conical flasks were
equilibrated on a reciprocating shaker for 24 h at 25 ± 1 ◦C, and
then the mixture solution was centrifuged at 4000 rpm for 30 min.
The solubility of phenanthrene was determined by measuring the
solution absorbance at 254 nm after being diluted with 50:50
methanol/water. The role of methanol is to decompose the CD
inclusion complexes, hereby keeping the UV spectrum unchanged
[16].

For the solubility measurements of lead carbonate, 10 mL of
solution containing varying concentrations of GCD, CMCD and �-
CD were poured in 50 mL conical flasks with caps, and the solid
lead carbonate was also added in quantities in excess of the solu-
bility limit. The background ionic strength was controlled by 50 mM
KNO3. Hydrogen ion activity was adjusted to pH 6.00 ± 0.05 in all
GCD, CMCD and �-CD solutions before adding the metal salts. The
pH was not controlled during the experiment to avoid interfer-
ence with buffering compounds, the final pH varied from 5.3 to
7.3. The conical flasks were equilibrated on a reciprocating shaker
for 24 h at 25 ± 1 ◦C, and then the mixture solution was centrifuged
at 4000 rpm for 30 min. The aqueous lead concentration was sub-
sequently analyzed with AAS.

2.6. Batch desorption experiments

The desorption of lead and phenanthrene from contaminated
soils with different solutions were measured in batch experiments.
A weight of 0.5 g of contaminated soil samples was weighed into
50 mL conical flasks, to which 25 mL of GCD solutions with different
concentrations were added. All aqueous solutions for soil test con-
tained 50 mM KNO3 to keep a constant ionic strength and 0.01%
(w/w) NaN3 to inhibit microbial growth. The pH of soil suspen-
sion was adjusted to 6.0 with 0.1 mol/L HNO3. The conical flasks
were equilibrated on a reciprocating shaker for 24 h at 25 ± 1 ◦C, and
then the mixture solution was centrifuged at 4000 rpm for 30 min.
The phenanthrene concentration in the solution was determined
by HPLC, and the aqueous lead concentration was analyzed with
AAS.

3. Results and discussion

3.1. Characterization of GCD

The FT-IR spectra of glycine, �-CD and GCD are shown together
in Fig. 2. Compared with the FT-IR spectra of �-CD, the FT-IR
spectra of GCD is similar. Some characteristic absorption peaks of
�-CD at 857, 946, 1028 and 1159 cm−1 have been also found in

the FT-IR spectra of GCD [17], which indicates that cavity struc-
ture of �-CD was kept in GCD molecular. In addition, absorption
peaks obviously shifted to higher wave number and ranged widely
between 3500 and 3100 cm−1. It is because that addition reaction
happened between ring opening epoxy groups and amino groups,
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Fig. 1. Reaction schem

nd a kind of new NH bond was obtained and exhibited overlap-
ing absorption peaks with hydroxyl groups. The characteristic
bsorption peak of carboxyl group at 1408 cm−1 was also found
n the IR spectra of GCD, which indicates that amino group and
arboxyl group from glycine were grafted to molecular scaffold of
-CD.

.2. Characterization of complexation of phenanthrene and lead
y GCD

GCD can form host/guest inclusion complex with phenanthrene,
he inclusion complex was characterized with fluorescence spectra,
he results are shown in Fig. 3. Fig. 3 shows that the fluorescence
ntensity of phenanthrene decrease with increasing concentration
f GCD. Coordination of lead with GCD was characterized with UV
pectra, absorbance spectra for GCD, Pb2+, and lead–GCD mixtures
re presented in Fig. 4. For addition of GCD to Pb2+ solutions, the
pectral shifts were more dramatic, absorbance below 270 nm was
ignificantly increased, and a shoulder peak was also appeared at

pproximately 240 nm. These spectral changes indicate the forma-
ion of a GCD–Pb2+ complex. For GCD, nitrogen and oxygen in the
mino group and carboxyl group are likely responsible for lead
inding.

Fig. 2. FT-IR spectra of �-CD (a), GCD (b) and Glycine (c).
Fig. 3. The fluorescence spectra of phenanthrene/GCD inclusion complex; [phenan-
threne] = 0.01 mg/L; �ex = 249 nm.

3.3. Solubilization of phenanthrene
The solubilization effects of �-CD, GCD and CMCD on phenan-
threne are plotted in Fig. 5. The results show the apparent aqueous
solubilities of phenanthrene are linearly increased with increas-
ing �-CD, GCD and CMCD concentration. This phenomenon is

Fig. 4. Absorbance spectra of for GCD, Pb2+, and lead–GCD mixtures; [GCD] = 0.5 g/L;
[Pb2+] = 0.01 g/L.
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experimental data [18,19].
The pseudo-first-order kinetic model is given as:

ln (Qe − Qt) = ln Qe − k1t (2)
ig. 5. Solubilization curvers of phenanthrene in �-CD, GCD and CMCD; T = 25 ◦C;
H 6.0; time = 24 h.

ttributed to the formation of 1:l inclusion complexes [10]. The
inear relationship can be expressed by as follows:

St

S0
= 1 + KfC0 (1)

here St is aqueous-phase concentration of phenanthrene in the
resence of CD, S0 is concentration of phenanthrene in the absence
f CD, C0 represents the initial concentration of CD and Kf is the
tability constant of inclusion complexes for phenanthrene with
D, and it was used to evaluate solubilization capacity of CD for
henanthrene. As shown in Fig. 5, the stability constant of inclusion
omplex for phenanthrene with �-CD, GCD and CMCD is 0.78904,
.96355 and 0.74429, respectively, higher binding constant was
ound for phenanthrene with GCD than with �-CD (or CMCD),
hich indicates that solubilization capacity of GCD for phenan-

hrene is higher than that of �-CD (or CMCD) for phenanthrene. The
CD has obvious solubilization for phenanthrene, the solubility of
henanthrene in 30 g/L of GCD was enhanced about 30-fold.

.4. Solubilization of lead carbonate

Because of coordination between lead and GCD, GCD can
nhance the solubility of lead carbonate. The solubilization effects
f GCD on lead carbonate are plotted in Fig. 6. The results show
he apparent aqueous solubilities of lead carbonate are obviously

ncreased with increasing GCD concentration, when the concen-
ration of GCD reached 20 g/L, the aqueous lead concentration was
945 mg/L, and the solubilization effects of GCD on lead carbon-
te are obviously higher than those of CMCD on lead carbonate. In
ddition, the aqueous solubilities of lead carbonate did not change
Fig. 6. Enhanced lead carbonate solubility as a function of GCD concentrateion;
[KNO3] = 50 mM; T = 25 ◦C; pH 6.0; time = 24 h.

with the concentration of �-CD. It was because that �-CD does not
complex metal ions but GCD (or CMCD) does.

3.5. Adsorption of GCD onto soils

During the desorption process, the adsorption of CDs onto soils
is also an important parameter in affecting the removal efficiency of
phenanthrene and lead from contaminated soils. Under the condi-
tions of 0.5 g clean soils, pH 6.0, 25 ◦C and initial CD concentration
(2.0, 4.0, 8.0 and 10.0 g/L). The adsorption of �-CD and GCD onto
soils was shown in Fig. 7. The results show that adsorption effi-
ciencies of �-CD and GCD onto soil are both below 10%, and the
adsorption efficiencies of GCD onto soil are lower than those of
�-CD onto soil, it was because that the water-solubility of GCD is
higher than that of �-CD. These data illustrate the higher poten-
tial capacity of GCD than �-CD to enhance phenanthrene and lead
desorption from the contaminated soils.

3.6. Desorption kinetics of phenanthrene and lead

Under the conditions of 0.5 g contaminated soils, pH 6.0, 25 ◦C
and 50 mL of 10 g/L GCD, the desorption kinetics of phenanthrene
and lead from contaminated soils was studied. The pseudo-first-
order and pseudo-second-order models were used to test the
Fig. 7. The adsorption of �-CD and GCD onto soils; T = 25 ◦C; pH 6.0; time = 24 h.
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Table 1
Desorption kinetic parameters of phenanthrene and lead from co-contaminated soil.

Kinetics model Value

Phenanthrene Lead

Pseudo-first-order
kl (min−1) 0.03437 0.02696
Qe,cal (mg g−1) 0.04860 0.790
R2 0.9573 0.9081

Pseudo-second-order
k2 (g mg−1 min−1) 1.393 0.06534
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contaminated soils. The removal of both phenanthrene and lead
from the co-contaminated soils by GCD were presented in Fig. 9.
The removal efficiencies of phenanthrene and lead increased dra-
matically with the increasing GCD concentrations. At concentration
of 40 g/L, GCD has a removal efficiency of 85.8% and 78.8% for lead
Qe,cal (mg g−1) 0.08756 1.259
R2 0.9968 0.9938

Qe,exp (mg g−1) 0.08338 1.230

here Qe is equilibrium desorption amount (mg/g), Qt is desorp-
ion amount at time t (mg/g) and k1 is the pseudo-first-order rate
onstant (min−1). A straight line plot of ln (Qe − Qt) versus t will give
he values of k1 and Qe from the slope and intercept, respectively.
he rate constant and correlation coefficient for phenanthrene
nd lead desorption are shown in Table 1. The calculated value
f desorption amount for phenanthrene and lead is 0.04860 and
.790 mg g−1, respectively, both of them are lower than the value
f experimental desorption amount (0.08338 mg g−1 for phenan-
hrene, 1.230 mg g−1 for lead). The Qe,cal and Qe,exp values both for
henanthrene and lead were not in agreement with each other.
herefore, one can conclude that desorption of phenanthrene and
ead did not follow pseudo-first-order model.

The pseudo-second-order kinetic model is given as:

t

Qt
= 1

k2Q 2
e

+ t

Qe
(3)

here k2 is the rate constant of pseudo-second-order desorption
g mg−1 min−1). A straight line plot of t/Qt versus t will give the
alues of Qe and k2 from the slope and intercept, respectively.
he rate constant and correlation coefficient for phenanthrene and
ead desorption are also shown in Table 1. The calculated value
f desorption amount for phenanthrene and lead is 0.08756 and
.259 mg g−1, respectively, both of them are close to the values
f experimental desorption capacity (0.08338 mg g−1 for phenan-
hrene, 1.230 mg g−1 for lead). In addition, both for phenanthrene
nd lead, the correlation coefficient of the pseudo-second-order
esorption equation is higher than that of the pseudo-first-order
esorption equation. Therefore, it could be suggested that des-
rption of phenanthrene and lead from contaminated soil follows
seudo-second-order better than pseudo-first-order model, thus,
he pseudo-second-order equation is suitable for desorption pro-
ess of phenanthrene and lead from contaminated soil.

.7. Simultaneous removal of phenanthrene and lead

The results from the FT-IR spectra of GCD show that CD cav-
ty, amino groups and carboxyl groups were kept in the molecular
tructure of GCD. In order to investigate simultaneous complexa-
ion of phenanthrene and lead in aqueous systems by GCD, firstly,
he same dosage of lead carbonate was added to aqueous solu-
ion with 10 g/L GCD and different concentration of phenanthrene.
olubilization experiments of lead carbonate were investigated in
he presence of phenanthrene, the results show that the apparent
queous solubilities of lead carbonate are almost not affected by
oncentration of phenanthrene, which indicates that the presence

f phenanthrene has a negligible effect on the complexation Pb2+

y GCD (Fig. 8a). Secondly, the same dosage of phenanthrene was
dded to aqueous solution with 10 g/L GCD and different concen-
ration of Pb2+. Solubilization experiments of phenanthrene were
lso investigated in the presence of Pb2+, the results show that the
Fig. 8. Simultaneous complexation of phenanthrene and lead; [GCD] = 10 g/L;
[KNO3] = 50 mM; T = 25 ◦C; pH 6.0.

apparent aqueous solubilities of phenanthrene are also not affected
by concentration of Pb2+, which indicates that the solubilization
of phenanthrene by GCD was also not influenced by the presence
of Pb2+ (Fig. 8b). It was because that phenanthrene and Pb2+ are
complexed at different locations. The amino group and carboxyl
groups of GCD complex the Pb2+ outside the cavity, whereas the
phenanthrene was complexed by inclusion in the cavity.

Based on the above studies, GCD has the potential for simul-
taneous removal of heavy metal and PAHs from co-combined
Fig. 9. Removal efficiency of phenanthrene and lead from co-contaminated soil;
T = 25 ◦C; pH 6.0; time = 24 h.
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nd phenanthrene, respectively, from the combined contaminated
oil.

. Conclusions

GCD could simultaneously increase the apparent aqueous sol-
bility of phenanthrene and complex with lead. The solubility
f phenanthrene in 30 g/L of GCD was enhanced about 30-fold,
hen the concentration of GCD reached 20 g/L, the aqueous lead

oncentration was 2945 mg/L. The desorption process of GCD for
henanthrene and lead from co-contaminated soil followed the
seudo-second-order kinetic model. The removal efficiencies of
henanthrene and lead increased dramatically with the increasing
CD concentrations. At concentration of 40 g/L, GCD has a removal
fficiency of 85.8% and 78.8% for lead and phenanthrene, respec-
ively, from the combined contaminated soil. GCD could be suitable
or the removal of heavy metal and HOCs from co-contaminated
oils.
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