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phthalene can be simultaneously
leached from a combined contaminated soil using
carboxymethyl-b-cyclodextrin as a biodegradable
eluant

Changming Yang, *ab Yanzhang Haoa and Hanyu Wanga

In this study, we have investigated the removal efficiency of antimony (Sb) and naphthalene (Nap) from

a combined contaminated soil by carboxymethyl-b-cyclodextrin (CMCD) leaching and reveal its

remediation mechanisms by FTIR and 1H NMR analyses. The results show that the highest removal

efficiencies of Sb and Nap were 94.82% and 93.59%, respectively, with a CMCD concentration of 15 g

L−1 at a pH of 4 and a leaching rate of 2.00 mL min−1 over an interval-time of 12 h. The breakthrough

curves show that CMCD had a stronger inclusion capacity of Nap than Sb, and Sb could enhance the

adsorption capacity of Nap, while Nap weakened the adsorption of Sb during CMCD leaching.

Furthermore, the FTIR analysis suggests that the removal of Sb from combined contaminated soil

involved complexation with the carboxyl and hydroxyl groups on CMCD, and the NMR analysis suggests

that the inclusion of Nap occurred. These results indicate that CMCD is a good eluant for remediating

soil contaminated by a combination of heavy metals and polycyclic aromatic hydrocarbons (PAHs), and

its remediation mechanisms depend on the complexation reactions between the surface functional

groups and inclusion reactions in the internal cavities.
1. Introduction

With the rapid development of society and economy, soil and
environmental safety, as well as ecological health, become
increasingly important as they concern the safety of agricultural
products, industrial constructions and people. In recent years,
combined inorganic–organic pollution of the soil is wide-
spread1 and is caused by heavy metals (HMs)2 and polycyclic
aromatic hydrocarbons (PAHs) discharged from the oil
industry,3 the disposal of electronic waste,4 smelting in mining
areas,5,6 fuel wastewater,7 and coal coking.8

Among the several heavy metals and refractory organic
pollutants in the industrial soil, antimony (Sb) is used in the
production of ame retardants, lead-acid batteries, paint coat-
ings, and plastic ceramics, and poses an ecological threat to soil
organisms.9 The background content of Sb in the soil ranges
from 0.38 mg kg−1 to 2.98 mg kg−1, and its risk screening value
is 20 mg kg−1 for the development land in China.10 The
maximum allowable Sb content recommended by the Word
Health Organization is 3.5 mg kg−1.11 However, the soil Sb
vironment of the Ministry of Education,

hina. E-mail: cmyang@tongji.edu.cn;

com; Fax: +86-21-65986313; Tel: +86-21-

ineering, Tongji University, 1239 Siping

749
content has reached several hundred mg kg−1 in some urban
industrial areas.12 Simultaneously, the soil PAH content (espe-
cially in industrialized soil) has increased and ranges between
0.004–186 mg kg−1 due to anthropogenic emissions over the
last three decades.13 Among the PAHs, naphthalene (C10H8,
Nap) pollution is the most serious in urban industrial soil,
especially in coking plants and metal smelters.14 As Nap is
adsorbed to soil particles or combined with other pollutants, its
melting and boiling point increases.15 Therefore, soil contami-
nation, especially by a combination of pollutants, needs to be
controlled and remediated urgently.

Numerous remediation technologies have been explored for
HMs-contaminated soil, such as solidication/stabilization,
electric remediation, chemical leaching and
phytoremediation.16–18 Among these, the leaching remediation
technology has been widely used for HM-contaminated soils
found in metal smelting units and urban industrial parks19–21 as
it effectively separates and removes heavy metals from
contaminated soil through desorption or solubilization,
resulting in high remediation efficiency within a short dura-
tion.22 Various other technologies, such as heating, soil
washing/solvent extraction, chemical oxidation, bioremediation
and integrated remedial approaches, have also been explored
for the remediation of PAHs-contaminated eld soils.23 Of
these, solvent extraction is a viable cleanup technique based on
the desorption of PAHs from the solid matrix using organic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The simulated device for leaching Sb and Nap from the
contaminated soil column.
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solvents and surfactants, which may be non-toxic and serve as
biodegradable ushing agents.24 However, most of the eluents
are chemically synthesized polymer compounds, difficult to
degrade in the soil, and easily rise secondary pollution risk,
affecting soil health.25 In addition, the leaching technology is
oen mainly aimed at the remediation of HMs-contaminated
soil and is mostly not inefficient for organic pollutant-
contaminated soil.26

Therefore, there is an urgency to develop more economical
and environment-friendly agents and surfactants for leaching
heavy metals from contaminated soil. Currently, green and
biodegradable eluents, such as cyclodextrin (CD), rhamnoli-
pid,27 and saponin,28 are the research hotspots toward HMs-
contaminated soil remediation through leaching. Of these,
CD is a high-performing surfactant with a structure containing
hydrophilic outer edges and a hydrophobic inner cavity. In
addition, lots of functional groups are present on the CD
surface, such as the carboxyl group, mercapto group, and sul-
fobutyl group, which complex with heavy metals.29 Hence, CD
and its derivatives are deemed as eco-friend leaching agents and
promising for the remediation of contaminated soil due to their
high efficiency, low cost and avoidance of secondary pollution;
however, further studies are needed to explore their efficiency
and mechanisms toward removing HMs and PAHs from
combined contaminated soil.

The objectives of this study are: (1) to gain optimum
parameters for Sb and Nap removal from urban contaminated
soil using the modied CD, namely carboxymethyl-b-cyclodex-
trin (CMCD); (2) to probe the remediation potential of CMCD
leaching against Sb–Nap combined contaminated soil; (3) to
assess the remediation of Sb–Nap combined contaminated soil
by CMCD through FTIR and 1H NMR analyses. These results
would provide novel ideas for remediating soil contaminated by
a combination of HMs and PAHs.
2. Materials and methods
2.1. Soil sampling and preparation

The combined contaminated soil sample was taken from Taopu
Industrial Park, Shanghai City. Aer removing the debris and
stones, these samples were dried naturally and passed through
a 40-mesh sieve for further chemical analysis. The contents of
Sb and Nap in the tested combined polluted soil were 101.47 mg
kg−1 and 98.45 mg kg−1, respectively. In addition, the tested soil
was yellow-brown with a soil organic matter content of 11.40 g
kg−1, moisture content of 12.6%, pH value of 7.9 and a cation
exchange capacity of 8.60 cmol kg−1.

The soil column leaching equipment was mainly composed
of a peristaltic pump and a leaching column (Fig. 1). The design
parameters of the soil column were as follows: inner diameter=
6.00 cm; height= 35.00 cm, and 5 sampling holes were installed
at every 5.00 cm interval. Aer the test soil samples were lled
into the column, 100 mL of a 1 g L−1 potassium pyroantimonate
solution in ethanol was added to the tested soil to ensure that
the water level was higher than the soil surface, stirred and
dried naturally in the dark for two weeks.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.2. Batch experiments

To obtain the optimal leaching parameters through pilot exper-
iments at a solid/liquid ratio of 1 : 40 (w/v),30,31 1.00 g of the
prepared contaminated soil was added to beakers, and 40.00 mL
of 0.50–30.00 g L−1 CMCD solution was added. The pH values
were adjusted between 2–9, the temperature was controlled from
10 °C to 60 °C, and the beakers were shaken at 160 rpm for 24 h.
At the end of these experiments, 5.00mL of each supernatant was
taken to analyze the Sb contents; another 5.00 mL of the super-
natant was taken and mixed with 20.00 mL extraction solution
(methanol : H2O = 10 : 10) to measure the Nap content.
2.3. The soil column leaching experiment

The tested soil was lled in the soil column, and the optimal
CMCD content of 15.00 g L−1 (selected based on pilot experiments)
was added into the column to ensure an appropriate water level.
We conducted leaching experiments continuously and at intervals,
as detailed below: 1760.00 mL CMCD solution was continuously
pumped into the soil column, and the eluent samples were
collected every 10 min at the ve holes. In the interval leaching
experiment, 880.00mL of the CMCD solution was injected into the
soil column rst, and then another 880.00 mL was pumped into
the soil column aer 12 h. We also collected the effluent samples
every 10 min at the ve holes. The remaining Sb and Nap contents
in the effluent were measured. In addition, soil column penetra-
tion curves were analyzed at the end of the leaching experiment.
2.4. Determination of the Sb and Nap concentrations

The total Sb content in the soil was determined by acid diges-
tion, as described by Verbeeck.32 Briey, 50 mg of soil was
RSC Adv., 2023, 13, 12742–12749 | 12743
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weighed into Savillex beakers with screw caps (Savillex, Eden
Prairie, MN, USA); HNO3 (65%), HClO4 (70%) and HF (48%)
were added for digestion in the closed system, which was then
evaporated to a near-dry state, and the residual was dissolved in
2.5 M HCl. The Sb content in the digest was determined by ICP-
MS (Agilent 720ES) at m/z = 121. A standard sample (PACS-2
marine sediment, National Research Council of Canada,
Ottawa, Canada) was also analyzed for quality control.

The soil Nap content was determined using the high-
performance gas chromatography method described by
Krauss33 with some modications. Briey, 10 g of the soil
sample was weighed into a tube, and Nap in the tested soil was
extracted by an accelerated solvent analyzer (Dionex ASE-300)
with 1 : 1 dichloromethane acetone as the extraction solution.
The extraction temperature was 140 °C, and the pressure was
1.03 × 107 Pa. The sample was preheated for 5 min, extracted
statically for 5 min, and puried on a silica gel chromatography
column. The Nap content in the ltrate was analyzed by an
Agilent 7890GC-5975MS equipped with a 3.9 mm × 200 mm
XDBC18 column. The limit of detection (LOD) for Nap deter-
mination was 10 ng kg−1, and the average recoveries ranged
from 82.2% to 114.2% with relative standard deviations (RSDs)
of 4.1–7.2%.
2.5. The mechanisms of Sb and Nap removal and
characterization of CMCD-Sb–Nap

In order to clarify the mechanisms of Sb and Nap removal from
the combined contaminated soil, 1.00 g tested soil and
40.00 mL of an 8 g L−1 CMCD solution were added to a beaker,
the pH was adjusted to 4, and shaken at 160 rpm for 24 h at
25 °C. The tested sample was evaporated and concentrated by
nitrogen purging, and the residue was freeze-dried to achieve
the complexation of CMCD-Sb–Nap. The FTIR spectra of
CMCD and the prepared CMCD-Sb–Nap were obtained on
a TENSOR 37 (Brock, Swiss) by using the potassium bromide
tablet method, with a resolution of 4 cm−1 in the full scanning
range of 4000–400 cm−1. In addition, CMCD and the prepared
CMCD-Sb–Nap were dissolved in D2O at the concentrations of
Fig. 2 The effects of CMCD concentration on the removal of Sb and N

12744 | RSC Adv., 2023, 13, 12742–12749
5, 10, 20, 40 and 100 g L−1, and their NMR spectra were
analyzed on an NMR (Fourier 80, Bruker, Germany) spec-
trometer. The conditions were set as 400 MHz, a temperature
of 298 K, and the internal standard was the deuterium solvent
reagent.
3. Results and discussion
3.1. The effect of CMCD concentration on Sb and Nap
removal

The removal efficiency of Sb from the contaminated soil
increased from 20.17% in the control treatment (no CMCD) to
94.82% at a CMCD concentration of 15.00 g L−1, and we found
that the removal efficiency of Sb increased with an increase in
CMCD concentration (Fig. 2). The possible reason is the pres-
ence of functional groups on CMCD, such as carboxymethyl and
hydroxyl, which would complex with Sb in the contaminated
soil. In addition, the viscosity of the leaching solution increased
as the CMCD concentration was increased beyond 15.00 g L−1,
causing the removal rate to remain at a stable level.

A similar removal trend of Nap from contaminated soil was
observed; the maximum removal efficiency of Nap reached
93.59% at the CMCD concentration of 10.00 g L−1, and we also
found that less Nap was removed at low CMCD concentrations
(Fig. 2). The solubility of Nap in CMCD could explain the above
phenomena; we found that the solubility of Nap was linearly
related to low CMCD concentrations, and the tting result
showed that the solubility of Nap in CMCD at 10.00 g L−1 was 17
times higher than that in water (Fig. 3).

However, the solubility of Nap in CMCD conformed with
the equation (StS0 = KsC0 + 1) at CMCD concentrations higher
than 10 g L−1.34 Here, C0 is the initial concentration of the
CMCD solution (mg L−1), St is the solubility of Nap in the
CMCD solution (mg L−1), S0 is the solubility of Nap in water
(mg L−1), Ks is the constant of inclusion between CMCD and
Nap. This indicated that the adsorption capacity of CMCD was
not fully utilized. Hence, it is necessary to explore high-
performing leaching agents for removing PAHs from
contaminated soil.
ap.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The dissolution curve of naphthalene in CMCD solutions.
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3.2. The effects of pH and temperature on Sb and Nap
removal

The removal efficiency of Sb varied with changing pH values and
temperatures (at a CMCD concentration of 15.00 g L−1), and the
Fig. 4 The effects of pH and temperature on the removal of Sb and Na

© 2023 The Author(s). Published by the Royal Society of Chemistry
highest removal efficiency of Sb was observed at pH = 4,
reaching 91.23% (Fig. 4). In soil, generally, Sb(V) mainly exists in
the form of Sb(OH)6

− or SbO3
− at pH greater than 7.0;35 and

Sb(OH)6
− complexes with CMCD and is subsequently leached

from the contaminated soil. Under weakly acidic conditions,
most of Sb(V) would exist in the form of low polymer
Sb12(OH)64

4−,36 which complexes with the carboxyl groups and
hydroxyl groups on the surface of CMCD and forms stable inner
layer complexation; this complexation reaction is stronger
compared to electrostatic adsorption. However, the carboxyl
groups and hydroxyl groups on the surface of CMCD reduce as
pH is lowered, and a large amount of H+ would compete with
Sb5+, inhibiting the complexation of Sb with CMCD. In addition,
we found that the temperature variations had little effect on the
removal of Sb by CMCD leaching.

We also found that the Nap removal efficiency of CMCD
increased with increasing pH under acidic and neutral condi-
tions, while it decreased rapidly at pH > 7.0 (Fig. 4). The possible
reason is the destruction of the cavity structure of CMCD under
strong alkaline conditions,37 resulting in the decreased inclu-
sion ability for Nap. Simultaneously, in the range of 10–60 °C,
p.

RSC Adv., 2023, 13, 12742–12749 | 12745
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the removal rate of Nap increased at higher temperatures,
which suggested that the adsorption of Nap by CMCD was
endothermic. The temperature would alter the time for
achieving PAH adsorption equilibrium in the soil, and an
increase in temperature would enhance Nap desorption from
the contaminated soil.
3.3. The effects of leaching rate on Sb and Nap removal

The removal trends of Sb and Nap were investigated at the
leaching ow rates of 0.66 mL min−1, 2 mL min−1, 4 mL min−1

and 10 mL min−1, and the cumulative quantities of Sb and Nap
removed from the combined contaminated soil were calculated
(Fig. 5). We found that Sb and Nap could be effectively removed
from the combined contaminated soil column under a CMCD
concentration of 15 g L−1, and they displayed similar removal
trends, that is, the effluent Sb and Nap contents increased
rapidly before 1 pore volume (220 mL) and then decreased to
the lowest value.

In addition, the effluent Sb concentrations reached the peak
values of 29.51, 33.67, 9.81, and 5.44 mg L−1 at the leaching
rates of 0.66 mL min−1, 2 mL min−1, 4 mL min−1 and 10
mL min−1, respectively. Aer leaching with 1760.00 mL (8 pore
volumes) of CMCD solution, 71.43%, 78.93%, 41.25%, and
Fig. 5 The effects of leaching rate on the effluent Sb and Nap contents

12746 | RSC Adv., 2023, 13, 12742–12749
22.93% of total Sb were removed from the contaminated soil
column at the rates of 0.66 mL min−1, 2.00 mL min−1, 4.00
mL min−1, and 10.00 mL min−1, respectively. Similarly, the
effluent Nap concentrations reached the peak values of 45.11,
39.03, 35.69 and 13.25 mg L−1 at the owing rates of 0.66
mL min−1, 2 mL min−1, 4 mL min−1 and 10 mL min−1,
respectively. Aer leaching with 1760.00 mL of CMCD solution,
84.29%, 88.27%, 55.52%, and 23.29% of Nap were removed at
the rates of 0.66 mLmin−1, 2.00 mL min−1, 4.00 mLmin−1, and
10.00 mL min−1, respectively.

The leaching rate was one of the key factors inuencing the
removal efficiency of the combined contaminants. Low leaching
rates ensured the diffusion of CMCD and complete contact time
with the pollutants in the contaminated soil, which facilitated Sb
and Nap to be complexed by the functional groups on the surface
or interior of CMCD. However, the high leaching rates decreased
the pollutant removal efficiency due to the short contact time.
Therefore, the removal efficiencies at the rates of 0.66 mL min−1

and 2.00 mL min−1 were higher than those at the rates of 4.00
mLmin−1 and 10.00mLmin−1 in this study. However, the CMCD
solution would also be retained in the tested soil column at
slower rates, which would decrease the removal efficiency of Sb
and Nap. Considering these, the optimal leaching rate was
chosen as 2.00 mL min−1 in this study.
and the cumulative removal efficiencies.

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00581j


Fig. 6 The effluent (a) Sb and (b) Nap contents during continuous and interval CMCD leaching.
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3.4. The effects of the leaching method on Sb and Nap
removal

The effluent Sb and Nap concentrations were analyzed during
continuous and interval leaching processes (Fig. 6). The interval
points were observed in the interval leaching curves of Sb and
Nap. We also found that the effluent Sb and Nap concentrations
suddenly increased at the interval points, and stayed slightly
higher at the second stage compared with those observed in
continuous leaching. The sudden increase in the effluent
contaminants is caused by the desorption of complexed Sb and
Nap at the second stage of leaching, which suggests that the
interval leaching facilitated the removal of the desorbed
pollutants from the contaminated soil column. In this study,
the cumulative Sb and Nap quantities removed from the
combined contaminated soil increased by 3.4% and 4.1% while
using interval leaching compared with those achieved by
continuous leaching.
Fig. 7 The vertical distribution of antimony and naphthalene in the
surface soil (0–15 cm) column.

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.5. The Sb and Nap permeability curves and their removal
mechanisms

The Sb and Nap permeabilities were assessed by measuring the
retained Sb and Nap concentrations in the surface soil (0–15 cm)
at the end of the leaching experiment (Fig. 7). The permeability
results showed that the remaining Sb and Nap migrate to the
lower layer of the soil column. Sb in the upper (0–6 cm) soil was
mainly transported to the middle layer (9–12 cm), while Nap
mainly migrated from the middle-upper layer to the lower layer
(12–15 cm), and the migration distance of Nap was longer than
that of Sb. In addition, we also found that the surface soil
accounted for 82.94% and 91.57% of removed Sb and Nap,
respectively. These indicate that the CMCD solution had a stronger
complexation ability with Nap compared with Sb, and the strong
solubilization enabled Nap transport to the lower soil layer.

FTIR spectra showed that there were lots of functional
groups on CMCD, such as –CH3, –CH, –OH, –COO–, C–O–C and
Fig. 8 The functional groups of CMCD and CMCD-Sb–Nap, as
revealed by FTIR spectroscopy.

RSC Adv., 2023, 13, 12742–12749 | 12747
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Fig. 9 The hydrogen NMR spectra of CMCD and CMCD-Sb- Nap.
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O–H (Fig. 8), and we also found that the peak of the hydroxyl
groups shied to low frequencies and the intensity became
weak in CMCD-Sb–Nap. This indicated that O–H played an
important role in the complexation and formation of the O–
Sb(V) bond.38,39 In addition, variations in –COO– were observed
in the FTIR spectrum of CMCD-Sb–Nap, which could indicate
the –CO–Sb(V) bond.40–42 However, we found that no relative
groups complexed with Nap according to the FTIR spectrum,
which indicates that Nap could be enclosed by the CMCD
solution.

In order to further understand the mechanisms of CMCD
enclosing Nap, the 1H-NMR spectra of CMCD and its inclusion
form CMCD-Sb–Nap were comparatively analyzed (Fig. 9). In
the 1H NMR spectrum of CMCD, a series of hydrogen signals
were observed, including H-1 representing the cyclodextrin
glucose residue at 5.22 ppm, –O–CH2COO at 4.77 ppm, and
other hydrogen peaks in the range of 3.20–4.30 ppm.
Compared with CMCD, there were many signals within the
7.00–8.00 ppm range, and the signal of Nap appeared at near
1.10 ppm in the CMCD-Sb–Nap spectrum,43 which conrmed
that Nap had been incorporated into CMCD during the process
of leaching. However, the chemical shi of a few CMCD-Sb–
Nap peaks was observed compared to CMCD, and no chemical
bond was formed during the inclusion of Nap. This suggests
that Nap was incorporated into CMCD due to weak intermo-
lecular forces, such as hydrogen bonds, hydrophobic force,
and van der Waals force. In addition, we also found that H-1
was shied slightly to the low-eld direction, while the
signals in the range of 3.20–4.30 ppm were shied to the high-
12748 | RSC Adv., 2023, 13, 12742–12749
eld direction with the inclusion of Nap in the CMCD cavity.
These indicated that Nap was incorporated into the narrow-
mouth segment of CMCD, and the interactions between
CMCD and Nap were stronger compared with those of other
surfactants.44
4. Conclusions

In this study, a series of batch experiments were conducted to
gain the optimal parameters for removing Sb and Nap from
a combined contaminated soil sample, and their removal effi-
ciency was assessed by soil column leaching experiments. We
found that CMCD concentration, pH and the leaching method
were the important factors impacting the removal of Sb and
Nap, and the best removal efficiency of Sb and Nap could be
reached by interval leaching with a CMCD concentration of 15 g
L−1, the leaching rate of 2.00 mL min−1 and at pH 4. In addi-
tion, the results showed that 94.82% and 93.59% of Sb and Nap
were removed from the combined contaminated soil column
under the above optimal parameters, respectively.

Furthermore, the mechanisms of Sb and Nap removal by
CMCD leaching relied on complexation and inclusion. During
CMCD leaching, the functional groups, including –OH and –

COOC–, present on the surface of CMCD complex with Sb and
form the Sb(V)–O bond. Simultaneously, Nap is enclosed into
the intra-cavity and bonds with CMCD at its narrow mouth. The
above results indicate that CMCD is a good leaching agent for
remediating soil contaminated by a combination of heavy
metals and polycyclic aromatic hydrocarbons.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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