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Remediating soil contaminated with polycyclic aromatic hydrocarbons (PAHs) presents a significant
environmental challenge due to their toxic and carcinogenic properties. Traditional PAHs remediation
methodsdchemical, thermal, and bioremediationdalong with conventional soil-washing agents like
surfactants and cyclodextrins face challenges of cost, ecological harm, and inefficiency. Here we show an
effective and environmentally friendly calixarene derivative for PAHs removal through soil washing.
Thiacalix[4]arene tetrasulfonate (TCAS) has a unique molecular structure of a sulfonate group and a
sulfur atom, which enhances its solubility and facilitates selective binding with PAHs. It forms host-guest
complexes with PAHs through p-p stacking, OH-p interactions, hydrogen bonding, van der Waals forces,
and electrostatic interactions. These interactions enable partial encapsulation of PAH molecules, aiding
their desorption from the soil matrix. Our results show that a 0.7% solution of TCAS can extract
approximately 50% of PAHs from contaminated soil while preserving soil nutrients and minimizing
adverse environmental effects. This research unveils the pioneering application of TCAS in removing
PAHs from contaminated soil, marking a transformative advancement in resource-efficient and sus-
tainable soil remediation strategies.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs), specifically those in
soil, have been recognized as significant hazards to public health
and the environment [1] because of their toxicity, mutagenicity,
carcinogenicity, and potential to cause premature mortality,
persistent asthma, and respiratory events in children [2]. Soil may
represent a constant source of PAHs, leading to long-term envi-
ronmental damage. Unfortunately, PAHs-contaminated soil is
prevalent worldwide, even in polar regions [3,4]. The high organic
carbon/water partition coefficient of PAHs makes soil organic
matter (SOM) a key factor in PAH adsorption in soil [5,6]. Moreover,
tightly bound PAHs present low bioaccessibility, which impedes
natural biodegradation-based soil attenuation. Thus, eliminating
PAHs from soil and increasing their bioavailability are important
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Most methods used to remediate soils polluted with PAHs have

significant drawbacks, including high costs based on oxidants and
thermal treatments and the potential to deteriorate soil fertility
[7,8]. Other methods, such as phytoremediation and microbial
degradation, can be time-consuming, decrease soil nutrients, and
produce hazardous degradation products [9,10]. Additionally, using
pumps and treatments can limit the mass transfer of the extracting
agents [11]. However, soil washing, which involves using washing
agents to enhance PAHs solubility and bioavailability and promote
PAHs desorption from the SOM, can overcome these limitations.

Surfactants and cyclodextrins are the most widely employed
and researched soil-washing agents for PAHs cleanup [12]. How-
ever, surfactants may require high concentrations as they can
become adsorbed to the soil and are not readily degraded; there-
fore, they may alter the soil's hydraulic conductivity and cause
long-term harm to the ecosystem [13]. Due to these drawbacks,
biosurfactants and cyclodextrins have received significant attention
because their biocompatibility may aid in biodegradation of PAHs.
We propose that an ideal soil-washing agent should (1) not be
ety for Environmental Sciences, Harbin Institute of Technology, Chinese Research
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Fig. 1. Synthesis scheme of TCA.
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adsorbed by soil or soil organic matter; (2) maintain the soil's
characteristics, fertility, and function; and (3) preserve soil micro-
biological activity. Calixarenes (CAs) meet these requirements
[14,15].

Unlike their predecessors, crown ethers (first generation), and
cyclodextrins (second generation), CAs have recently attracted
substantial interest. This is due to their selective binding properties
to hydrophobic aromatic cavities containing small organic mole-
cules, their efficient functionalized upper and lower rims, and their
biocompatibility with negligible toxicity [16]. Prior research on CAs
has not explored their potential as soil-washing agents or host-
guest interactions in organic pollutants remediation. Therefore,
our study sheds light on a novel application of CAs, offering valu-
able insights into their effectiveness in removing organic
contaminants.

CAs are a class of cyclic oligomers with distinct structures that
can be readily synthesized by reacting phenolic substrates with
aldehydes under acidic conditions. By replacing the CH2 linkers of
CAs with four S bridges, thiacalixarene (TCA) is endowed with
numerous novel properties, such as greater flexibility, which in-
dicates its potential to remove PAHs of various sizes. Moreover, it
has transition metal binding ability owing to the S bridges, lone
pairs of electrons, and empty 3d orbitals. TCA can remove PAHs and
heavy metals concurrently, a property attributed to the multi-
functionality of thiacalixarene and its interactions with organic
compounds and metals [17,18] by presenting a strong binding
capability through electrostatic contact owing to the resonance-like
interaction of the unoccupied 3d orbital of sulfide linkages with the
orbitals of nearby aromatic rings, which delocalizes negative
charges [19,20]. Despite its extraordinary capacity as a receptor,
TCA has limited solubility, preventing it from being an additive in
water [21]. TCAS, a sulfonated form of TCA, is highly soluble in
water and does not compromise cell viability [22]. Although TCA is
an excellent receptor, its poor solubility in water has hindered its
application as an aqueous additive. Our findings indicate that TCAS
presents a valuable alternative due to its water solubility and non-
toxic profile, enhancing the solubility of PAHs and heavy metals
without detriment to soil ecosystems. We believe our investigation
is pioneering in applying CAs and their derivatives to remove
organic pollutants via host-guest interactions.

This study examines the potential of TCAS to remove three types
of PAHs: naphthalene (Nap), fluoranthene (Flua), and pyrene (Pyr).
Our primary focus was on how TCAS interacts with Nap due to the
straightforward interaction, which can then be applied to Flua and
Pyr [ [23] [24]]. In addition, we evaluated the impact of TCAS on soil
ecosystem functions and observed its natural biodegradation
properties. This study aims to introduce the CAs family as a new
eco-friendly soil-washing agent and explore the possible environ-
mental applications of TCAS.

2. Materials and methods

2.1. Material

We used naphthalene, fluoranthene, and pyrene for soil spiking
and to represent the PAH removal efficiency. These chemicals were
purchased from Sigma-Aldrich Co. and had a purity of at least 98%.
We selected naphthalene with a purity of at least 99.5% to inves-
tigate the interaction mechanism, binding stoichiometry, and
constants. The organic solvents included methanol, acetone,
dichloromethane (DCM), and dimethyl sulfoxide (DMSO), and they
were all high-performance liquid chromatography (HPLC) grade
with a purity of at least 99.9%. We prepared a solution with a
concentration of 100 mg L�1 for naphthalene (Nap), fluoranthene
(Flua), and pyrene (Pry) by weighing out 100 mg of each PAH and
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dissolving them in a specific volume of acetone in a volumetric
flask. The solution was shaken for one day at room temperature to
obtain a homogeneous mixture.

At the building site of the National Engineering Laboratory of
Sludge Safe Disposal and Resource Utilization Technology, clean soil
was collected to a depth of 50 cm (Harbin Institute of Technology,
No. 73 Huanghe Road, Harbin, China). The soil samples obtained
were denoted by the familiar nomenclature ‘Sandy Clay Loam’,
aligning with the parameters delineated by the united states
department of agriculture (USDA) classification system, thus
ascribing the classification of ‘Fine Sandy Clay Loam’ to this specific
soil type. The clean soil was air-dried, homogenized by handshak-
ing, and then pressed through a 0.50-mm screen to eliminate un-
desirable particles, such as roots and stones. The PAHs solutionwas
added to 1 kg of sieved soil in a plastic container with 120 cm in
diameter and 15 cm in height and mixed well with a spatula for
3 min before being vigorously shaken by hand for 3 min every hour
until the acetone evaporated. The soil was placed in a brown jar
(diameter: 10.16 cm; height: 15.23 cm) with a wide opening and
sealed with a Teflon-lined lid. The sealed soil was then aged for one
year in the dark before use.

TCA was first synthesized by Kumagai et al. using a one-step
method [25]. In this method, a mixture of p-tert-butylphenol,
elemental sulfur (S8), and NaOH was heated under nitrogen in
tetraethylene glycol dimethyl ether (Fig. 1). TCA was then sulfo-
nated using a direct sulfonation procedure initially proposed by Iki
et al. [26]. By controlling the amount of oxidizing agent, TCA
afforded a sulfonyl analog (Fig. 2).
2.2. Soil characterization

Before conducting batch experiments to assess soil washing
efficiency, the soil was characterized to determine its properties
and composition. Soil pH was measured at a soil-to-liquid ratio of
1:2.5 (weight/volume) using a pH meter (PHSJ-3F, Leici, Shanghai).
The relative proportions of clay, sand, and silt were calculated using
the hydrometer method described by Miller et al. [27]. The cation
exchange capacity (CEC) of the chosen soil was measured using the
Environmental Protection Agency (EPA) method 9081 [28]. The
total organic matter of the soil was measured by the method
described by Ramos et al. [29]. The total amounts of nitrogen,
phosphorus, and potassium were determined using the technique
described by Lin et al. [30]. The isolation of soil organic matter
fractions, encompassing humic acids (HAs), humins (HNs), and
fulvic acid (FAs), primarily adhered to the protocols detailed by
Ukalska-Jaruga et al. [31]. Subsequently, the distinct components of
soil organic matter were quantified utilizing the methodology
elucidated by Jez et al. [32].

The impact of TCAS on soil quality components, including ni-
trogen hydrates (NHs), humic acids (HAs), humic fractions (HFs),
total nitrogen (TN), and total potassium (TK), is defined by washing
100 mg of clean soil with 1 L of 0.3% TCAS solution and 3.0% TCAS
solution separately.



Fig. 2. Synthesis scheme of TCAS.
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2.3. Batch experiments

Triplicate batch tests were conducted to examine the desorption
kinetics and effects of pH, soil-to-liquid ratio, and TCAS concen-
tration on soil washing efficiency. Before each test, 0.5 g L�1 HgCl2
was added to inhibit the biodegradation of PAHs and TCAS. Each
sample was allowed to settle and centrifuged to generate a
moderately dry soil sample for PAHs extraction. HPLC analyses
were performed following each experiment.

For the kinetic investigations, 5 g of spiked soil and 10 mL of
TCAS (0.3 mM) were added to 100 mL Erlenmeyer flasks. The ki-
netic study was conducted at pH 7.0, a soil-to-liquid ratio of 10:1, a
TCAS concentration of 0.7%, and a temperature of 25 �C. The flasks
were shaken for 0e8 h at 200 rpm in an incubator shaker.

The soil-to-liquid ratio was studied at a constant pH of 7.0, a
TCAS concentration of 0.7%, and a temperature of 25 �C. The ratios
adjusted ranged from 1:5 to 1:20, and the samples were shaken for
12 h at 200 rpm.

TCAS solutions (0.1e0.9% w/v) were prepared for the concen-
tration study. This study was performed at a consistent pH of 7.0
and a soil-to-liquid ratio of 10:1. The samples were also shaken for
12 h at 200 rpm and 25 �C.

For investigating the impact of pH on the removal efficiency of
TCAS, each assay commenced with a calibration of the pH meter
against citrate, phosphate, and borate buffer solutions at pH 4.0, 7.0,
and 10.0, respectively, to ensure accurate pH control in the soil
washing solution. The pH was initially set using HCl or NaOH, then
strategically adding these buffers to maintain constant pH levels,
facilitating a targeted investigation into the pH's influence on soil
washing efficiency. The experiments were conducted at 25 �C, a
TCAS concentration of 0.7%, and a shaking duration of 12 h at
200 rpm.

2.4. PAHs analysis

The PAHs in the spiked were first extracted using the US EPA
1996 technique [33], followed by quantitative analysis using HPLC.
Briefly, 5 g of soil was pulverized with 10 g of sodium sulfate, fol-
lowed by Soxhlet extraction with 300 mL of acetone/hexane (1:1)
(v/v) for six cycles per hour for 16 h. The solvent was then reduced
to approximately 1.5 mL using a rotary evaporator and nitrogen
blower. After extraction, the solvent was removed by adding 50 mL
acetonitrile, followed by the same procedure until the liquid
reached 1 mL. They were then passed through an Al2O3-filled
Pasteur pipette for cleaning. The cleaned solvent was transferred to
an HPLC chromatography vial and subjected to gradient HPLC on an
Agilent 1200 Series system with an Agilent ZORBAX Rapid Reso-
lution High-Definition Eclipse-threaded polynuclear aromatic hy-
drocarbon (PAH) (2.1 � 100 mm, 1.8 mm) columns. The HPLC
parameters included 0.9 min of isocratic elution by acetonitrile/
water (4:6) (v/v), followed by 14.5 min of gradient elution to 100%
acetonitrile at a flow rate of 0.42 mL min�1 at 30 �C. The UV de-
tector was set at 220 and 230 nm. The final PAHs concentrations
and soil characteristics are listed in Table 1.

The quantification of PAHs liberated into the TCAS soil-washing
3

solution was performed using a rigorous liquid-liquid extraction
method. In brief, a 5 mL aliquot of the washing solution was pro-
cured after the soil-washing step. This aliquot was centrifuged at
7000 rpm for 10 min and then passed through a 0.45 mm filter to
remove residual soil particulates. The filtrate was then diluted
tenfold with deionized water and introduced into a 500 mL sepa-
ratory funnel. Then, 20 mL of dichloromethane (DCM) was added.
The mixture was vigorously shaken for 2 min and then left to settle
for 5 min to separate the layers. The PAH-containing organic layer
was collected, and the extraction process was repeated twice. The
combined organic extracts were dried over anhydrous sodium
sulfate with the volume subsequently to 1 mL using a rotary
evaporator followed by a nitrogen stream. The concentrated extract
was then transferred into vials suitable for high-performance liquid
chromatography (HPLC) analysis. The removal efficiency was
calculated as follows:

RE¼1�WSPAHs �WSolPAHs
ISPAHs

� 100% (1)

where RE stands for Removal Efficiency (%); WSPAHs refers to the
residual concentration of PAHs in the soil post-washing; WSolPAHs
indicates the PAHs mobilized from the soil into the washing solu-
tion; ISPAHs denotes the baseline concentration of PAHs in the soil
before applying any washing procedures.

2.5. TCAS adsorption experiment

The adsorption experiments were performed to quantify the
uptake of a novel soil washing agent, TCA, on two soil types: pris-
tine and PAHs-contaminated. The procedure maintained a constant
temperature of 25 �C and a pH of 7.0. A soil-to-liquid ratio of 1:10
was employed, with 5 g of soil used for each trial.

TCAS solutions were prepared at concentrations ranging from
0.0 to 1.0% (w/v) for adsorption. Each soil sample was contacted
with the TCAS solution, and the mixtures were incubated in an
orbital shaker set at 100 revolutions per minute for 12 h, which was
determined to be the equilibrium time in preliminary studies. Post
incubation, the concentration of the remaining TCAS was estimated
based on the decrease in TCAS concentration during soil cleaning.
The TCAS concentration was determined by adding an excessive
quantity of Nap to 2 mL supernatant, shaking the solution at 30 �C
for 48 h to achieve equilibrium, centrifuging it at 5000 rpm for
10 min, and filtering out any Nap precipitation. A 1 mL solutionwas
diluted with 9 mL (5:5) methanol/water to fully extract Nap from
the TCAS-Nap complex. Based on the results of the spectrophoto-
metric measurements, the concentration of Nap determined via
HPLC was approximately equivalent to that of TCAS.

2.6. Characterization of TCAS-Nap complex

As the mechanisms underlying the ability of TCAS to remediate
pollutants have never been exhaustively studied, this research fo-
cuses primarily on the binding methods of Nap-TCAS to avoid po-
tential misunderstandings. Based on the findings of the
spectrophotometric experiments, the TCAS-Nap complex with a
1:1 M ratio was produced in DMSO. After shaking for 24 h, the
solutionwas freeze-dried and evaporated using a rotary evaporator,
and then the powder was collected for further characterization.

PXRD was performed on TCAS, Nap, and TCAS-Nap using Cu K
radiation and a Rigaku Ultima IV diffractometer. The fourier-
transform infrared (FT-IR) spectra were recorded on a Thermo
Scientific Nicolet iS20 using the KBr disc technique with a resolu-
tion of 4 cm�1. The 1H NMR spectra were acquired using a BRUKER
AVANCE 400 NMR spectrometer with 4 mg of the powder



Table 1
Physicochemical property, texture, and PAHs concentration of the spiked soil.

Soil properties Value

Physicochemical properties pH 6.24 ± 0.13
CEC (cmol kg�1) 17.93 ± 0.87
TOC (g kg�1) 40.52 ± 0.92
TN (g kg�1) 1.92 ± 0.04
TP (g kg�1) 1.06 ± 0.02
TK (g kg�1) 17.89 ± 1.62
NHs (mg kg�1) 2.91 ± 0.25
HAs (mg kg�1) 8.13 ± 0.78
HFs (mg kg�1) 2.51 ± 0.24
HNs (mg kg�1) 15.31 ± 1.78

Texture Clay (%) 35.62
Silt (%) 26.58
Sand (%) 36.80

PAH concentration after spike Nap (mg kg�1) 90.25 ± 3.98
Flua (mg kg�1) 91.69 ± 3.07
Pry (mg kg�1) 92.53 ± 2.81

Abbreviations: CEC: Cation exchange capacity; TOC: Total organic carbon; TN: Total
nitrogen; TP: Total phosphorus; TK: Total potassium; NHs: Nitrogen hydrates HAs:
Humic acids; HNs: Humins; FAs: Fulvic acid; Nap: Naphthalene; Flua: Fluoranthene;
Pry: Pyrene.
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completely dissolved in DMSO d6. The morphology was examined
using a Zeiss Sigma 300 microscope.

Ultraviolet (UV) spectrophotometric analysis was performed
using a SHIMADZU UV-3600 dual-beam UVevisible spectropho-
tometer (Kyoto, Japan). The fluorescence spectra were obtained
using a Hitachi f7000 fluorescence spectrophotometer. The exci-
tation wavelength was 280 nm, and the excitation and emission
bandwidths were 2 nm.
2.7. Computational strategy

The interaction between TCAS and Nap was analyzed using
density functional theory and Gaussian 09 [34], a computational
chemistry tool for electronic structure modeling licensed from
Gaussian, Inc. The M06-2X [35] hybrid exchange-correlation func-
tional with 6-31G (d,p) basis sets were used to determine and
calculate the electronic energy. The thermodynamic energy of each
species consisted of the computed electronic energy (Emol), ther-
mal correction to the Gibbs free energy (DGc), and solvation energy
of the copper complex (DGsol). The solvation energy at the M05-2X
[36]/6-31G* [37] level was determined using the Solvation Model
based on Density (SMD) within the framework of computational
chemistry. An independent gradient model based on the inde-
pendent gradient model of Hirshfeld (IGMH) [38] analysis was
performed, and it revealed a weak interaction between TCAS and
NAP. The IGMH spatial 3D output was rendered using VMD soft-
ware. The Multiwfn and Gnuplot packages processed color-filled
maps for the specified cross-section. An electrostatic potential
map was created using the cubegen tool in the GaussView 5.0
program and processed using the Multiwfn package [39]. Visuali-
zation work was performed using the VMD package. Time-
dependent density functional theory (TDDFT) was used to
compute the electronic spectrum of TCAS-Nap. Twenty excitation
states were computed by appropriately truncating the excitation
energy (2 eV for TCAS-Nap) to plot the theoretical spectrum.
2.8. Soil respiration rate and enzyme activity measurement

We conducted soil respiration and enzyme assays under
controlled laboratory conditions. Fresh soil (10 g) was placed in a
1 L amber glass jar and incubated at 15 �C with 85% relative hu-
midity for 24 h in a dark environmental chamber. We adjusted the
4

soil moisture content to approximately 65% of its field capacity by
adding 6.5 mL of a TCAS solution prepared at concentrations of 0.3%
and 3.0%.

The rate of CO2 evolution in TCAS-washed soil was assessed
using the method described by Angers et al. [40]. The amount of
CO2 generated was estimated by back-titrating NaOH with 0.5 M
HCl in 5 mL of 1.5 M BaCl2.

To investigate the effect of TCAS on soil quality, we analyzed
changes in the activity of b-glucosidase (bGA) soil enzymes: Clean
soil washed with 0.3% TCAS and 3.0% TCAS was incubated at 20 �C
and 80% of its water-holding capacity for one week. The enzyme
activity of bGA was measured as previously described by Tabatabai
et al. [41].

2.9. Statistical analysis

In this study, soil samples were washed in three independent
experiments to assess changes in nutrient concentrations. Results
are reported as mean ± standard deviation, and we performed the
analysis using SPSS 16.0 software. Statistical significance between
the treated and untreated soil samples was determined using a
one-way ANOVA, followed by a post hoc Tukey's HSD test. Signifi-
cant distinctions are indicated by varying letters.

3. Results and discussion

3.1. Experimental analysis of interaction mechanism

FT-IR, PXRD, and 1HNMR spectroscopy provided information on
the binding mechanism of TCAS and Nap.

The FT-IR spectra underwent a considerable transformation af-
ter fixation with TCAS and Nap (Fig. 3a). A broad and strong band
for TCAS, which was ascribed to the typical “polymeric” OH
stretching at 3350 cm�1, shifted up to 3386 cm�1 in the presence of
Nap; nevertheless, a tiny and sharp peak at 3472 cm�1 indicated the
presence of the hydroxyl group, as shown by the redshift of up to
10 cm�1 [42,43]. The strengths of both peaks decreased once the
complex was produced. A “pit” covering the whole region from
3697 to 3100 cm�1 was developed when the separation between
the two peaks decreased. This may be because the TCAS-Nap
complex increased the density of accessible states owing to its
poor symmetry and increased number of normal modes [44].
Moreover, the red shift of the OH stretch may be a direct result of
intramolecular OH interactions between the OH group and
segment of the Nap p-electron plane embedded near the lower rim
of the cavity, and such a weak interaction may also have contrib-
uted to the decrease in the intensity of the OH stretch [45].

The formation of an inclusion complex resulted in the disap-
pearance of the out-of-plane CH vibrations of aromatic rings at
approximately 800 cm�1 for Nap, indicating a constraint on the
out-of-plane CH vibration of aromatic rings [46]. Furthermore, a
blue shift of approximately 4 cm�1 was observed for the C]C
stretching of aromatic cavities at 1662 cm�1 and the phenolic units
at 1123 cm�1 of TCAS. The distortion of the TCAS cavity may have
been caused by electrostatic withdrawal induced by the electro-
philic outer side of the Nap molecule, which is also valid for
structural optimization.

Furthermore, powder X-ray diffraction (PXRD) was used to
determine the probable solid-state complex formation process. The
XRD patterns of TCAS, Nap, and their 1:1 M ratio-powered systems
are shown in Fig. 3b. The uniqueness of the XRD pattern displayed
by TCAS and its Nap complex was readily apparent. Compared with
the XRD pattern of TCAS, as observed in zones 1, 2, and 3, the Nap-
guest complex had broader and weaker peaks, and the background
noise also increased. These discrepancies suggest that the addition



Fig. 3. The FT-IR (a), XRD (b), and NMR (c) analysis of TCAS, Nap, and TCAS-Nap.

L.-Y. Xing, G.-H. Meng, J.-X. Yang et al. Environmental Science and Ecotechnology 21 (2024) 100422
of Nap may impair the crystallinity of the structure, which is
consistent with the discovery that the interaction between the
guest and host can expand and diminish the XRD peaks [47].
Despite the formation of the TCAS-Nap complex, the characteristic
peaks shared by TCAS and the newly created complex and slight
changes in distinct peaks were surprising (Fig. 3b, black hearts).
This resemblance may be attributable to the fact that the TCAS
cavity (1.78 Å) was greater than the size of Nap (1.37 Å), which
interfered with the TCAS structure; hence, the crystalline structural
arrangement varied slightly [48].

The overlay of the NMR spectra for TCAS, Nap, and their 1:1 ratio
complex in DMSO (Fig. 3c), serves to illustrate the likely binding
mode between Nap and TCAS, evidenced by shifts in chemical shift
values (Dd). TCAS assigns AreH and Ar-OH to aromatic protons and
hydroxyl and uses a,b,c-H to protons in the upper, middle, and
lower Nap molecular positions. The NMR result should be inter-
preted in light of the particularly inconvenient coincidence that the
AreH signal, which peaked at 7.81 ppm, was close to the protons of
Nap, which peaked at 7.91 and 7.52 ppm. As a result, some Nap
proton signals may be obscured by the TCAS signal. Due to the p-p
interaction between the aromatic wall of TCAS and Nap, the Nap
protons likely experience a shield effect after complexation, and
their chemical shift values will be placed in the upfield region
[49e51]. Although a sizeable upfield shift was found in the Nap
protons, the formation of a new peak was highly unexpected
because such a phenomenon has rarely been reported in prior
research [52e55]. Despite the novelty of the newly created peak,
there may be a rationale for this observation. Nap is inserted
partially into the anisotropic aromatic TCAS cavity, and the p-
electron plane of Nap forms an OeH bond with the hydroxyl group
located in the lower rim of the TCAS cavity; consequently, the CeH
protons of Nap have a more pronounced chemical upshield. These
results are complementary to those obtained via FT-IR
spectroscopy.

In addition, the incorporation of Nap considerably widened the
AreH peaks. The expanded peak of the aromatic protons of TCAS
may be attributed to the local field experience of TCAS aromatic
nuclei caused by the complexation of Nap as the molecule tumbles,
inducing relaxation [56].
Fig. 4. SEM images of TCAS and TCAS-Nap complex. a, TCAS microstructure at low
magnification; b, Zoomed-in detail of TCAS microstructure. c, TCAS-Nap complex
microstructure at low magnification. d, Zoomed-in Detail of TCAS-Naphthalene com-
plex microstructure.
3.2. Structure and morphology of TCAS and its host-guest complex

The TCAS-Nap complex was obtained after Nap complexation.
SEM was then used to study the structure and morphology of the
two types of particles (Fig. 4). In the presence of Nap, the particle
size decreased from approximately 0.2e0.8 to 0.1e0.5 mm, and the
surface became rougher than that of the unmodified TCAS. The
crystalline structure of the complex underwent considerable
modification. The TCAS particles comprised 3e15 irregular, mostly
5

prismatic thin plates with poor and uneven crystalline morphol-
ogies. The XRD spectra confirmed that the plate-shaped particles
acquired a crystalline morphology following their appearance. The
Nap-TCAS complex particles resembled a TCAS particle rotated by
90�, although theywere smaller and had fewer defined boundaries.
The structural resemblance between the host and host-guest
complexes has been infrequently observed in previous studies
[53,55,57,58].

3.3. Binding stoichiometry and binding constant by spectral
titration

As shown in Fig. 5a, the UVevis spectra of Nap, TCAS, and their
mixtures at various molar ratios were compared to determine the
binding stoichiometry of the TCAS and Nap complex. The TCAS and
Nap concentrations were mixed up at different concentrations,
whereas the total concentration of [TCAS]þ[Nap] was kept con-
stant. The molar ratio of Nap was expressed as RNap

{RNap ¼ ½Nap�
½TCAS� þ[Nap]}. TCAS could absorb UV light with maxima at

257.2 and 310.5 nm. However, no adsorption bands were observed
in the 300e360 nm range, and weak absorbance bands were
observed in the 254e300 nm range without recognizable adsorp-
tion maxima. As the Nap fraction increased, TCAS adsorption bands
gradually transformed into Nap adsorption bands, and the 1:1 ratio
host-guest complex exhibited a fusion of the Nap and TCAS
adsorption maximum features. This suggests that TCAS and Nap
form host and guest inclusion complexes. The reliable job plot
method was used to evaluate the stoichiometry of the inclusion
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complexes [59]. A solution containing 2 mM Nap and TCAS was
prepared, and the combined concentration of the components was
maintained at 0.2 mM. Nap solutions with molar fractions ranging
from 0 to 1 were then prepared and analyzed. In our analysis, the x-
coordinate designated as ‘RNap’ corresponds to the molar fraction of
Nap, while the term 'DA � RNap’ refers to the product of the change
in absorbance (DA), which is the absorbance differential of Nap in
the presence and absence of TCAS and themolar fraction of Nap. For
further clarity and reference, the comprehensive titration strategy
employed is detailed in Table S1. Similar to many other CAs com-
plexes, the highest point of the job curve was reached at a Nap
molar fraction of approximately 0.5, indicating a 1:1 stoichiometry
(Fig. 5b). Computational investigations further validated these 1:1
binding characteristics. More developed structures were optimized
[60e62].

Fluorescence emission spectra were used to investigate the
binding processes. Fig. 5c shows the fluorescence emission spectra
of 0.2 mM Nap in the presence of different concentrations of TCAS.
As shown in Fig. 5c, the introduction of TCAS reduced the fluores-
cence intensity of the Nap molecule. Adding TCAS increased the
polarity around the Nap molecule, which typically leads to solid
quenching owing to hydrogen bonds and electrostatic interactions.
To further analyze the data from the fluorescence emission spectra,
the Benesi-Hildebrand approach was used, which effectively in-
terprets the binding stoichiometry of the host and guest complexes
[63e65]. The job plot indicates that the inclusion behavior adheres
to a 1:1 binding pattern. Therefore, the Benesi-Hildebrand equation
is as follows:
Fig. 5. a, UVevis spectra of different mole ratios of TCAS and Nap. b, Job’s plot for UVevis
Hildebrand plot for fluorescence titration.
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1
∅0

f �∅f
¼ 1
∅f �∅complex

� 1�
∅f �∅complex

�
K½TCAS�

(2)

where ∅0
f ðAFUÞ and ∅f ðAFUÞ represent the emission intensities

either exclusive or inclusive of TCAS, respectively, and
∅complexðAFUÞ estimates the fluorescence intensities of all Nap
molecules in TCAS. The line of best fit is plotted at 1 divided by the

denominator of ∅complexðAFUÞ versus 1
½TCAS� ðM�1Þ, as shown in

Fig. 5d. The K ðM�1Þ value, which is calculated from the slope and
intercept of the fitted line, was 4.56 � 103 M�1, indicating a strong
interaction. Using equation (2), the standard Gibbs energy change
(DG0) was �20.9 KJ.

DG0 ¼ � 2:303RT lg K (3)

where R is the gas constant (equal to 8.3145 J mol�1 K�1), T rep-
resents the experiment temperature.
3.4. Computational study of the interaction mechanism of TCAS and
PAHs

The geometric structures of TCAS, Nap, and their complexes
were optimized. The TCAS structure with the lowest energy
adopted a cone conformer, with the phenolic OH groups on the
lower rim linked by sulfide and sulfonate groups on the upper rim,
as depicted in Fig. 6a. The distance between O1 and O3 on the lower
titration. c, Fluorescence titration of different molar ratios of TCAS and Nap. d, Benesi-
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rim was 3.68 Å. Thus, TCAS can easily accommodate the Nap
molecule (1.42 Å) due to their size compatibility, as shown in
Fig. 6b. Fig. 6c shows the docking of Nap to TCAS. Our computa-
tional findings were consistent with the NMR spectra, inwhich Nap
was partially enclosed in the TCAS cavity from the top of the TCAS
cone. The lowest negative binding energy (DG) of the most stable
TCAS-Nap configuration was �253.6 kcal mol�1. The complexation
with Nap significantly altered the size of the TCAS cavity. For
instance, in the TCAS-Nap complex, the distance between the
intramolecular hydrogen bonds on the upper and lower rims pro-
duced by the OH and SO3

� groups, as determined by the lengths of
H1eO2 and S1eS2, respectively, was elongated by approximately
0.18 and 0.294 Å, compared to that of the single TCAS. The steric
barrier between the flexible TCAS cavity and Nap explains the
expansion of the host cavity. Other studies have also reported
variations in the cavity diameter [66e68].

To further elucidate the TCAS-binding sites and charge distri-
bution in the TCAS-Nap complex, we measured the electrostatic
potential of individual molecules on the van der Waals (vdW)
surface. The entire vdW surface had a negative electron potential
because of the highly electronegative and electron�withdrawing
properties of the SO3

� group (Fig. 6eeh). The SO3
� groups of TCAS

process the highest negative electrical value (�9.64 to �9.79 eV) of
electrostatic potential, mostly located on the O atom of the sulfo-
nate groups. A less electron-negative area formed around the TCAS
cone due to the withdrawal of the aryl rings' electron density; a
Vmax zone with a value of about �7.17 eV may even be detected. In
conclusion, depending on the nucleophilic and electrophilic nature
of the guest molecule, an active binding site may be found on either
the lower or higher rim of the TACS cavity. Fig. 6f and i show the
electrostatic potential distributions of the Nap molecules. A nega-
tive adjacent bond forms in the core of the Nap molecule, and the
blue areas around it show the positive sections of the molecule that
lack electrons. The greatest positive and negative values were 14.33
and �17.16 eV, respectively. The electron-rich sites of the Nap
molecule were located at the center of the Vmin sites on the upper
rim of TCAS to maximize electron attraction. Despite the strong
electron attraction, repulsion will likely occur between the unsat-
urated negative p regions of the aromatic rings of TCAS and Nap.
The flexible TCAS cavity enlarged because the SO3

� facing the
negative sides of the Napmolecule became increasingly unattached
and even formed a rhombus. Fig. 6g and j shows that the TCAS-Nap
complex was electron-negative after encapsulation. Only 40% of the
vdW surfaces had a relatively negative molecular electrostatic po-
tential (MESP) value (7.5 eV), whereas 90% of TCAS had a more
negative value. In addition, the SO3

� group visibly withdrew elec-
trons from Nap. A charge transfer occurred between TCAS and Nap.
When interacting with a guest molecule, the negative MESP on the
TCAS vdW surface may behave as a hydrogen acceptor. The IGMH
analysis could provide a more visual understanding of the host-
guest hydrogen bond.

The electron transfer behavior in excitations of the TCAS-Nap
complex was analyzed. Fig. 6m shows the topologies of a few
molecular orbitals involved in the host-guest electron transitions,
and Fig. S1 shows the theoretical absorption spectra. At oscillator
strengths of 0.039, 0.414, 0.196, and 0.040, four primary absorption
bands at 279.86, 272.66, 266.12, and 258.98 nm were calculated,
respectively (Table S2). Because the highest occupied molecular
orbital (HOMO) entirely resides on the Nap molecule and the
lowest unoccupied molecular orbital (LUMO)þ3 is confined over
Nap and the TCAS cavity, the band at 279.86 nm results from the
interaction between the Nap molecule and the hydrophobic cavity
of TCAS. Because the most predominant electron transition from
(HOMOþ1, HOMOþ3) to (LUMOþ4, LUMOþ2) occurs on the
phenolic OH group and part of the Nap molecule that enters the
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TCAS cavity, this phenomenon indicates hydrogen bonds between
TCAS and Nap. The experimental results also confirm the devel-
opment of hydrogen bonds.

For the assembly configuration, the independent gradient
model of Hirshfeld (IGMH) analysis was performed to better un-
derstand the interactions between the host and guest (TCAS and
Nap) molecules. In particular, the second Hessian eigenvalue (l2)
allowed us to discriminate between the distinct forms of interac-
tion. The sign (l2) function, which signifies repulsive or attractive
interactions, was mapped onto isosurfaces using different colors to
visually define the nature of the interactions. l2 < 0 stands for
bonding interactions; l2 > 0 represents nonbonded contact, such as
steric repulsion; and l2 slightly below 0 represents vdW in-
teractions [69], and r designates the product of electron density.
The isosurfaces are colored according to the following sign (l2)
color scheme: blue for attractive weak interactions like hydrogen
bonds, green for vdW interactions, and red for repulsive in-
teractions like steric and electrostatic repulsion (Fig. 6i). The OH
bond (blue area) and electric repulsion (red zone) can also be found
in the inner Nap, as predicted by theMESP analysis. Fig. 6kel shows
a green-blue region between the peripheral of Nap and TCAS,
which is representative of the p-p interactions. However, as pre-
dicted by the MESP analysis, an OH bond (blue area) and electric
repulsion (red area) could also be found in the inner Nap. The
negative-negative electron repulsion between the inner Nap and
TCAS can explain this repulsion.

3.5. Removal efficiency of PAHs

The desorption capabilities for Nap, Flua, and Pyr are displayed
in Fig. 7, and the sequence of desorption efficiencies observed was
as follows: Nap exhibited a higher rate than pyrene Pyr, which in
turn was more efficient than Flua. Under controlled conditions,
with a soil-to-liquid ratio of 1:10 and at pH 7, applying 0.7% TCAS
facilitated the removal of 55.12% of Nap, 47.66% of Flua, and 49.98%
of Pyr.

The molecular size is a critical determinant in the efficacy of CAs
in host-guest interactions, with a marked preference for TCAS for
smaller guest molecules [70]. However, modulation of the TCAS
cavity size may offer a route to optimize host-guest interactions
[66], potentially mitigating the influence of molecular dimensions
on desorption efficiency. In the case of TCAS-Nap, electrostatic
forces predominantly facilitate the interaction, with a discernible
correlation between removal efficiency and the resonance energy
(RE) of the PAHs, a function of their electron count.

A time-course analysis over 480 min indicated that PAH
desorption reached an equilibrium within the initial 100 min,
beyond which the desorption levels plateaued (Fig. 7a). Notably, a
TCAS concentration of 0.7% was identified as optimal for PAH
removal. Further increments in TCAS did not proportionally in-
crease desorption rates, possibly due to the saturation of binding
sites, leading to a hypothesized 1:1 stoichiometric complex be-
tween TCAS and Nap (Fig. 7c). The soil-to-liquid ratio was opti-
mized at 1:10; deviations from this ratio did not enhance the PAHs
desorption efficiency, likely attributable to decreased TCAS inter-
action (Fig. 7b). The desorption efficiency of TCAS for PAHs is
significantly influenced by pH levels. In acidic conditions, the sul-
fonate groups on TCAS are protonated, creating electrostatic
repulsion that impedes close interaction with PAHs, thus reducing
desorption efficiency. However, as the pH becomes basic, these
groups deprotonate, decreasing electrostatic repulsion and
enhancing the affinity between TCAS and PAHs. This deprotonation
at higher pH values improves interaction through mechanisms
such as p-p stacking, which is crucial for desorption [71]. The
reduction in repulsion under basic conditions also aids in releasing



Fig. 6. aeb, Optimized structures of TCAS: the front (a) and top (b) view. ced, Optimized structures of TCAS-Nap: the front (c) and top (d) view. eeg, Electrostatic potentials on the
van der Waals surface of TCAS (e), Nap (f), and TCAS-Nap (g). hej, Distribution analysis of TCAS (h), Nap (i), and TCAS-Nap (j) highlighting electrostatic potential regions. kel, IGHM
analysis of TCAS-Nap complex: RGD scatter plots (k) and isosurface density maps (l). m, Molecular orbital topologies of TCAS-Nap: HOMO to LUMO progression.
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Fig. 7. The impact of time (a), soil-to-liquid ratio (b), concentration (c), and pH (d) on the desorption efficiency of PAHs.

Fig. 8. CO2 evolution rate (a), cumulative CO2 emission rate (b), and b-glucosidase activity (c) response to 0.3% and 3.0% TCAS over 14 days.
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PAHs from the TCAS, facilitating desorption. Essentially, a basic pH
environment alters the chemical interactions and conformation of
TCAS, optimizing it for effective PAH desorption.

3.6. Soil quality, enzyme activity, and respiration change

The investigation into TCAS as a soil-washing agent offers
promising insights into its application for soil remediation with
mindful consideration of its concentration. Fig. 8a indicates that at a
lower concentration of 0.3%, TCAS does not severely hinder mi-
crobial activity, as evidenced by the CO2 evolution rate, which
suggests a stimulated microbial response initially. This stimulation
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reflects an adaptive microbial activity, possibly due to the utiliza-
tion of TCAS components or the degradation of existing soil
contaminants.

Moreover, the b-glucosidase activity, a key indicator of soil
health and microbial function [72], peaks in conjunction with CO2
evolution, further signalling an active, functioning microbial com-
munity (Fig. 7c). The enzyme’s activity, onlymoderately diminished
at the lower TCAS concentration, indicates a resilience within the
soil's microbiota. This resilience suggests that these bacteria can
maintain their function despite introducing a remediation agent.

This balance illustrates that TCAS can potentially be optimized
to enhance soil decontamination processes while sustaining, or



Table 2
Soil quality change before and after soil washing.

Treatment status NHs (mg kg�1) HA (mg kg�1) HFs (mg kg�1) TN (g kg�1) TP (g kg�1) TK (g kg�1)

Before soil washing 2.19 ± 0.02 a 8.74 ± 0.14 a 2.54 ± 0.10 a 1.82 ± 0.09 a 1.14 ± 0.06 a 17.87 ± 0.06 a
0.3% TCAS washed soil 1.91 ± 0.11 b 8.73 ± 0.02 a 2.25 ± 0.05 b 1.76 ± 0.08 b 0.94 ± 0.07 b 17.73 ± 0.86 b
3.0% TCAS washed soil 1.82 ± 0.04 c 8.72 ± 0.09 a 2.14 ± 0.03 b 1.61 ± 0.03 c 0.95 ± 0.04 b 17.71 ± 0.82 b

Note: The table presents the measured parameters for unwashed soil and soils washed with 0.3% and 3.0% TCAS. Significant differences (P < 0.05) are indicated by distinct
letters (a, b, c), following Tukey’s HSD post hoc test, with comparisons made within the same soil fraction across different treatments.
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even possibly promoting, microbial functions critical to soil health.
The maintenance of b-glucosidase activity is particularly notable, as
this enzyme plays a vital role in carbon cycling and nutrient
availability in soils.

In conclusion, careful calibration of TCAS concentration could
harness the agent's soil-washing capabilities without compro-
mising the vitality of the soil microbial ecosystem. This approach
underscores a sustainable pathway to soil remediation, offering a
silver lining in the quest for environmental restoration strategies
that support microbial allies within the soil.

Table 2 shows the nutritional differences before and after
washing the soil. The NHs and HFs contents decreased slightly
among the four SOM, which may be related to the high molecular
weight of SOM and its larger size relative to the TCAS cavity [73].
According to the hard and soft acids and base hypothesis, TCAS can
selectively attract soft metal ions because the O and S atoms on the
lower bridge are soft bases; nevertheless, this only modestly re-
duces the total K in the soil. Moreover, significant changeswere also
not observed in the amounts of N or P.

3.7. TCAS adsorption on soil

Soil quality and ecosystems may be permanently harmed if the
soil-washing agent is adsorbed on the soil [74]. The effectiveness of
TCAS adsorption on clean and spiked soils is shown in Fig. S2.
Despite slightly higher TCAS adsorption, even in PAH-contaminated
soils, over 90% of the TCAS remained in the soil washing solution,
with the remaining TCAS potentially decomposing within 15 d. The
TCAS adsorption results supported the insignificant environmental
impact of TCA.

4. Conclusions

In this study, we synthesized thiacalix[4]arene tetrasulfonate, a
novel, highly water-soluble, size-adjustable CAs derivative, as a soil
cleaning agent. This study aims to comprehensively examine the
desorption efficiency, interaction mechanism, and soil fertility
response to TCAS. Both experimental and theoretical analyses
indicate that TCAS interacts with PAHs through p-p stacking, OH-p
interactions, hydrogen bonding, van der Waals interactions, and
electrostatic contact. Compared to the control, the soil underwent
minimal nutritional loss after TCAS soil washing, with increased
soil respiration and enzyme activity. This study provides a better
understanding of the CAs pollutant removal mechanism by
analyzing a novel soil-washing agent. However, our primary focus
is on the interaction mechanism for a single PAH. Further research
is needed on the simultaneous removal of PAHs and heavy metals
using TCAS. The insights from this study may benefit future
research into TCAS's interactions with other PAHs and pollutants.
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