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organic compounds made of two or more 
aromatic rings, fused together in linear, 
angular, or cluster arrangements. They can 
be also referred as low-molecular weight 
PAHs (two or three rings) and high-molec-
ular weight PAHs (four or more rings).[3] 
These ubiquitous compounds can be gen-
erated from both anthropogenic activities, 
such as industrial, residential, and vehic-
ular emissions, and natural pheno mena, 
i.e., open burning, volcanic activities, and 
spills from coal deposits.[2,3,5–7] The occur-
rence of PAHs has been assessed world-
wide in different aquatic systems including 
influents and effluents from wastewater 
treatment plants, groundwater, surface- 
and sea-water.[3] Currently, over 400 PAHs 
and derivatives have been identified and 
classified, but most regulations, analyses, 
and data are focused on only 14 to 20 PAH 
compounds.[2,3,7]

PAHs are well-known toxic, mutagenic, 
either carcinogenic or suspected carcino-

genic compounds, accumulating in human and animal tissues.[2,3] 
These compounds are characterized by high hydrophobicity 
and good lipid solubility due to their aromatic and delocalized 
structure: when their molecular weight increases, their aqueous 
solubility diminishes, whereas resistance to oxidation and reduc-
tion rises.[2–4] PAHs absorption and bioaccumulation in several 
tissues, as well as their ubiquitous occurrence in the environ-
ment, pushed US EPA (United States Environmental Protection 
Agency) and EEA (European Environment Agency) to identify  
24 PAH compounds as priority contaminants, thus introducing 
strict regulations for their monitoring.[8–11] The 16 PAHs considered 
as priority pollutants by US EPA are: naphthalene, acenaphthylene,  
acenaphthene, fluorene, phenanthrene, anthracene, fluoran-
thene, pyrene, benz[a]anthracene, chrysene, benzo[b]fluoran-
thene, benzo[k]fluoranthene, benzo[a]pyrene, indeno[1,2,3-cd]
pyrene, dibenz[a,h]anthracene, and benzo[ghi]perylene (Chart S1,  
Supporting Information). The European Union has set the 
maximum limit of 0.1  µg L−1 as sum of benzo[b]fluoranthene, 
benzo[k]fluoranthene, benzo[ghi]perylene, and indeno[1,2,3-cd] 
pyrene in water for human consumption, with a particular atten-
tion to benzo[a]pyrene limited to 0.01  µg L−1.[12] The removal of 
PAHs represents one of the current challenges in environmental 
chemistry. Methods are based on biodegradation, chemical, and 
physical removal processes, often combined in order to obtain 
the highest degree of PAHs removal.[2–4,6,7,13] Despite biological 
treatment methods have been proposed in municipal wastewater 
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1. Introduction

Water pollution and shortage of clean water are general global 
issues that are becoming urgent with the ongoing climate 
warming. Among the several pollutants present in water, poly-
cyclic aromatic hydrocarbons (PAHs) have received particular 
attention in the last years, because of their carcinogenicity and 
persistency in the environment.[1–4] PAHs are a class of hazardous 
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treatment plants,[2,3,13] the most commonly applied methods are 
based on physicochemical processes, including photodegradation, 
oxidation, coagulation, and sorption.[2–4,6,7] However, current treat-
ments involving advanced oxidation and ozonation processes are 
affected by the formation of partial oxidized by-products which, in 
several cases, are more toxic than the parent molecules.[14]

Adsorption is the simplest, fastest, and broadly applicable 
remediation technology: in the past 15 years, several materials 
have been proposed for PAHs removal from water, including 
activated carbon, nanotubes, biochar, engineered clays, and 
amberlite XAD-2.[3,6,7,15,16] The main disadvantage in the use of 
particle sorbents relies in the difficult removal of the material 
from the remediated water. Another approach gaining increasing 
attention is the use of polymeric membranes due to the high 
energy efficiency, low-cost, ease of preparation, mechanical prop-
erties, and easy separation from the remediated solution.[6,7,17–20] 
Recently, electrospinning has been proposed as an efficient and 
convenient technique for the production of nanofibrous mem-
branes for the removal of several aquatic pollutants, including 
PAHs. The main advantages of electrospun materials rely on 
good mechanical properties, high surface area-to-volume ratios, 
and possibility to tune the membrane porosity, combined with 
the ease of the approach and scalability.[21,22] Functionalization 
with activated carbon[23] and laccase[24,25] has been proposed 
either to improve fiber adsorption capabilities or to promote 
PAHs degradation. Another interesting approach is the use of 
membranes embedded with molecular receptors to increase 
membrane selectivity. There are only a handful of reports on 
this topic, using cyclodextrins.[26–29] Cyclophanes and metallacy-
cles have proved to be selective receptors for the uptake of some 
PAHs in water,[30–32] but their recognition prowess has not been 
exploited into polymeric membranes so far.

Calixarenes and cavitands are synthetic macrocycles pre-
senting enforced cavities of molecular dimensions, which 
have been used as adsorbent materials for organic pollutants 
in water.[33–37] In particular, polymer adsorbents based on qui-
noxaline cavitands are effective in the uptake of chlorinated 
aromatic[38] and aliphatic[39] hydrocarbons. Their complexation 
properties in water are defined by the combination of two major 
factors: the hydrophobicity of the guest, which determines its 
affinity for the hydrophobic cavity, and shape complementarity.[35]

Here, we introduce a new, regenerable functionalized mem-
brane for the removal of PAHs from water, featuring high filter 
performance and pH-driven release, thanks to the integration 
of an ad hoc synthesized deep cavity cavitand in electrospun 
polyacrylonitrile (PAN) fibers.

2. Results and Discussion

Quinoxaline–based cavitands have shown to be suitable receptors 
for the selective uptake of aromatic and chlorinated compounds 
from water[34–36,40] and air,[41] leading to their use as adsorbent 
materials in sensors for BTEX monitoring.[42–44] However, qui-
noxaline cavitands (QxCav, Figure 1a) are not suitable for PAHs 
uptake, since PAHs are too large to fit into their 5.8 Å deep cavity. 
Cavitands equipped with deeper hydrophobic cavities, suitable to 
host bulky guest molecules, are required to reach the goal.

Based on these premises, we designed and synthetized the 
new deep cavity cavitand BenzoQxCav (Figure  1a), extending 

the length of the aromatic walls through the functionalization 
of the resorcinarene scaffold with four benzoquinoxaline walls 
at the upper rim. The resulting BenzoQxCav features a 2.5 Å 
deeper hydrophobic cavity compared to the parent QxCav, to 
promote PAHs inclusion.

2.1. BenzoQxCav Synthesis

The receptor was prepared following a convergent synthetic 
approach (Scheme S1, Supporting Information), which com-
prises: i) synthesis of the benzoquinoxaline bridging unit 1, and 
ii) synthesis of the target cavitand BenzoQxCav. The 2,3-dichlo-
robenzoquinoxaline wall 1 was synthesized in two steps starting 
from 2,3-diaminonaphthalene, accordingly to a modified litera-
ture procedure.[45] Hexyl-footed resorcinarene was reacted with 
the bridging unit 1 in presence of potassium carbonate as base 
and DMF as solvent. BenzoQxCav was obtained as a bright 
yellow solid in 86% yield after recrystallization from ethyl ace-
tate and characterized by NMR spectroscopy (Figures S1 and 
S2, Supporting Information) and MALDI-TOF spectrometry 
(Figure S3, Supporting Information).

2.2. Crystal Structure Determination

The structure of the new cavitand was investigated through 
X-ray diffraction analysis and computational studies. Suitable 

Figure 1. a) Chemical structure of QxCav versus BenzoQxCav; b) side view 
of the molecular structure of BenzoQxCav (capped stick style); and c) top 
view of BenzoQxCav (space fill style) with cavity opening dimensions. The 
lower rim alkyl substituents of the receptor are pruned for clearness. Color 
code: carbon: gray; nitrogen: blue; oxygen: red; hydrogen: white.
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single crystals were obtained by slow evaporation of a solution 
of BenzoQxCav in DMF (Figure S4, Supporting Information).

The molecular structure shows that the cavitand adopts the 
closed vase conformation in the solid state. Two DMF molecules 
are present in the crystal structure: one among the alkyl chains 
and one disordered over two positions with equal occupancy, 
either perched on top of the cavity or enfolded by it. The intro-
duction of an additional fused ring at the upper rim provides a 
deeper cavity (≈8.3 Å deep, Figure 1b) compared to the parent 
QxCav (≈5.8 Å deep). These values refer to the distance between 
the mean plane passing through the eight oxygen atoms of the 
resorcinol-based cavity and the eight external carbon atoms of 
the upper aromatic rings. The choice of the plane crossing the 
oxygens as floor of the cavity is dictated by the evidence that, in 
all crystal structures of host–guest complexes between QxCav 
and aromatic guests, the guest never gets deeper.[41] The intro-
duction of the benzoquinoxaline walls provides a cavitand with 
an upper rim opening of ≈9.1 Å x 7.0 Å (Figure 1c, the shortest 
distances between carbon atoms of the upper aromatic rings 
belonging to opposite walls have been reported). The dimen-
sions of the cavity entrance partially limit the PAHs uptake, 
although the cavity walls are breathing even in the solid state, 
so they can adjust their distance to some extent according to the 
size of the guest.[46]

The crystallographic data were used as starting point to ana-
lyze the dimension of the cavity through theoretical methods. 
The molecule surface was evaluated with Yasara computational 
software, which allows to estimate the cavity size (Figure S5, 
Supporting Information).[47] The accessible free volume inside 
the cavity was calculated using Caver software and Depth web 
server, obtaining an internal volume of 247 Å3 against the 166 Å3 
of the parent QxCav (Figure S6, Supporting Information).[48,49]

2.3. Solid-Phase Microextraction-Gas Chromatography-Mass 
Spectrometry (SPME-GC-MS) Analysis

SPME-GC-MS analyses were preliminarily performed in order 
to evaluate the extraction capabilities of the developed Benzo-
QxCav toward the target PAHs in water samples. Commercial 
silica fibers properly coated with the powdered BenzoQxCav 
were used for the extraction of the 16 PAHs. The thermal sta-
bility of the BenzoQxCav was assessed by means of thermo-
gravimetric analysis (TGA), resulting in a weight loss lower 
than 10% up to 400 °C (Figure S7, Supporting Information). 
The thermal stability was further confirmed by the absence of 
bleeding when the fibers were desorbed at 270 °C in the GC 
injection port.

Finally, the performance of the BenzoQxCav-coated silica 
fibers was investigated in terms of enrichment factors (EFs),[50] 
by analyzing tap-water samples spiked with 100  ng L−1 of 
each analyte (Figure  2), obtaining EFs in the 11 760(±970)–
119000(±12 000) range. The obtained results demonstrate the 
high affinity of the developed coating for all the investigated 
analytes. As expected, the lowest EF values were achieved for 
the heaviest PAHs, namely indeno(1,2,3-cd)pyrene, dibenzo[a,h]
antracene, and benzo(ghi)perylene: this behavior can be ration-
alized considering that the bulkiness of these compounds 
limits their uptake by the hydrophobic cavity.

2.4. Electrospun Fibers Preparation and Characterization

The efficient filtration of micropollutants from water requires 
the integration of BenzoQxCav into a polymeric membrane. 
Electrospinning was selected as the technology of choice to pro-
duce flexible membranes with high surface area and intercon-
nected microporosity,[51,52] and to guarantee efficient adsorption 
and high flow rate. This technology is notably advantageous 
in this framework, since fibers can be doped with functional 
molecules by simply dissolving the cavitand in the starting 
electrospun solution. This straightforward one-step approach 
for the preparation of ready-to-use fibers is prospectively more 
easily scalable when compared to multistep routes, such as sur-
face covalent grafting or physical absorption.[53,54]

Several polymeric matrices have been used for the incorpo-
ration of cyclodextrins into electrospun fibers, including poly-
styrene,[55] polymethylmethacrylate,[56] and cellulose.[26] In our 
case, PAN was chosen as fiber matrix for the BenzoQxCav 
embodiment, since PAN is a common material used in potable 
reuse membranes; it has an acceptable mechanical strength, 
improved by electrospinning process, good hydrophilicity,[57] 
and it is stable under both basic and acid conditions.[58,59] More-
over, PAN does not form inclusion complexes with quinoxaline 
cavitands.

A new filtrating material was prepared by electrospinning 
PAN dissolved in DMF after the addition of a proper amount of 
cavitand to achieve a final concentration of 6 wt% BenzoQxCav 
in the fibers. Being the cavitand completely soluble in DMF 
under the applied concentration, the obtained solution was 
homogeneous, consequently no loss of cavitand was evidenced 
during the process. The resulting membrane was made up 
by thin continuous defect-free fibers with average diameter  
0.25 (±0.06) µm (Figure 3). The addition of BenzoQxCav to the 
starting solution slightly, albeit significantly, increased the fiber 
diameters (p < 0.0001) as well as the fiber hydrophobicity. This  

Figure 2. Enrichment factors (EFs) of the BenzoQxCav silica fiber. Extrac-
tion time: 45 min, extraction temperature: 60 °C, desorption temperature: 
270 °C, desorption time: 2 min (n = 3). Benzo(b) and benzo(k)fluoran-
thene are detected together.
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is evident from the water contact angle behavior: water almost 
instantaneously penetrates the pores of sole PAN membrane 
(inset Figure 3b) while it is not absorbed by PAN-BenzoQxCav 
mat (inset Figure  3e). This finding, together with the strong 
fluorescent emission of cavitand loaded fibers (Figure 3f) and 
ATR-IR spectra (Figure S8, Supporting Information), con-
firms the presence of BenzoQxCav at the fiber surface. The 
macroscopic appearance of the electrospun PAN and PAN-
BenzoQxCav mats detached from the metallic collector are 
shown in Figure S9 (Supporting Information).

2.5. Membrane Performance in PAHs Removal

The filtration experiments were carried out by using water 
samples containing 16 PAHs, each at 100  ng L−1. This con-
centration level was selected taking into account the possible 
use of the membrane for drinking water purification. Both 
unfunctionalized and functionalized membranes were used in 
a frit-type filter and tested for PAHs removal (Figure S10, Sup-
porting Information). The removal capability of the developed 
material was assessed by calculating the amount of analytes 
present in the filtered solution with respect to the concentra-
tion levels spiked into the water sample prior to membrane 
filtering.

As shown in Figure  4, the functionalized material (green 
bars) was characterized either by better or not significantly 
different performance compared to unfunctionalized PAN 
mats (yellow bars), depending on the PAHs nature. More 
precisely, the low-molecular weight and less hydrophobic 
PAHs (128–202  Da) were weakly adsorbed by the unfunc-
tionalized PAN, whereas higher adsorption was observed 
for the heaviest PAHs, for which removal percentages in the 
82.2(±3.6)–96.4(±0.4)% range were obtained. PAN membranes 
containing BenzoQxCav (green bars) were characterized by 

enhanced removal capabilities toward low-molecular weight 
and less bulky PAHs (from naphthalene to chrysene), with the 
exception of acenaphtylene. It is interesting to note that the 
heaviest PAHs were also retained in a very efficient way, up to 
99.1 ± 0.4%.  The slight difference in terms of high-molecular 
weight PAHs removal between the functionalized and unfunc-
tionalized materials suggests the existence of physisorption pro-
cesses mainly via hydrophobic interactions with PAN polymer 
chains that favor the adsorption of the heaviest pollutants onto 
the membranes. Therefore, not all the PAHs removal can be 
attributed exclusively to cavity inclusion. For these PAHs, the 
sum of the specific and unspecific sorption process leads to 
their almost complete removal after a single filtration step.

The size of the 16 PAH micropollutants was estimated by 
density functional theory (DFT) calculations and modeled 
using Mercury 2020. The data are reported in Table S2 (Sup-
porting Information). The seven most retained PAHs by the 
PAN-BenzoQxCav mat have dimensions compatible with the 
almost complete engulfment into the cavity (length < 10 Å and 
width < 7 Å), supporting the experimental adsorption data.

The adsorption kinetics of the pristine PAN and PAN-Benzo-
QxCav membranes were evaluated to assess the influence of the 
cavitand on the overall adsorption, by analyzing water samples 
spiked with 50 µg L−1 of each PAH (800 µg L−1 overall). During 
the first 30 min, a fast adsorption stage occurred, followed by a 
second step during which the adsorption rate was slowed down 
(Figure S11, Supporting Information). These findings suggest 
that during the first step a greater number of adsorption sites 
are available, thus allowing the fast removal of the analytes; 
then, when the availability of these sites is reduced, the adsorp-
tion rate is slowed down. The functionalized membrane is 
characterized by higher sorption capacities compared to those 
of bare PAN (Figure S11, Supporting Information).

The adsorption kinetics of the functionalized membrane 
was investigated by calculating the correlation coefficients of 

Figure 3. a,b) SEM images of polyacrylonitrile (PAN) fibers; d,e) SEM images of PAN-BenzoQxCav fibers; c) fiber diameter distributions; f) confocal 
scanning fluorescence images of PAN-BenzoQxCav. Scale bars: a, d = 5 µm; b, e = 2 µm; f = 100 µm. Insets: shape of a water drop on b) PAN and  
e) PAN-BenzoQxCav fibers (WCA = 117 ± 5°).
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both the pseudo-first order and pseudo-second order models, 
being the R2 value of pseudo-second-order model (R2  = 
0.9996) superior to that achieved by the pseudo-first-order one  
(R2  = 0.9632) (Figure S12, Supporting Information). By 
using the pseudo-second-order model, a very good agree-
ment between the calculated and the experimental qe value 
was obtained (Table  S3, Supporting Information), as already 
reported in previous studies.[22,28]

2.6. Regeneration and Reuse of the Electrospun Membranes

A critical issue in water purification is the regeneration of the 
contaminated membranes. In the case of activated carbon, 
the workhorse of water purification, thermal regeneration 
is commonly applied due to its simplicity and versatility.[60] 
However, restoring the initial performances can be difficult, time- 
consuming, and expensive. In this context, reusable mem-
branes featuring a molecularly controlled uptake and release 
of the trapped contaminants are appealing alternatives. Despite 
of the attractiveness of the approach, there is just a couple of 
studies reporting the salt[61] or light-driven[62] release of organic 
pollutants from a porous material. To address this issue, we 
leveraged the unique ability of quinoxaline cavitands to switch 
between two equivalent conformations, namely the close vase 
and the open kite.[63] The PAH cavity inclusion takes place in 
the vase form, while the release requires the switch to the kite 
form (Figure 5a).

The conformational equilibrium between vase and kite forms 
is influenced by several factors[64] operating also in polymeric 
matrices,[65,66] among which the pH is the easiest to imple-
ment in the present case.[67] The mildly basic behavior of the 
N-atoms of benzoquinoxaline walls (the pKa of the protonated 

quinoxaline nitrogen is 1.67),[68] makes possible their protona-
tion by a strong acid, such as trifluoroacetic acid (TFA). The 
protonated form of the quinoxaline walls leads to a mutual elec-
trostatic repulsion and the consequent opening of the cavitand 
from the vase to the kite form.

The deepening of the cavity does not affect the unique 
vase-kite conformational equilibrium, as demonstrated by UV 
and fluorescence experiments in solution on BenzoQxCav 
(see Figures S13–S18, Supporting Information, for the detailed 
analyses and control experiments in solution).

The pH-driven conformational switch was then investigated 
in the PAN membrane integrated with BenzoQxCav, to verify 
its effectiveness in the solid material. The filtration of a TFA 
aqueous solution through the electrospun material provided a 
partial quench of the fluorescence emission in the solid state 
(Figure  5c), as observed in the solution tests (Figure  5b), as 
indication of the progressive vase-to-kite conformational switch 
of the BenzoQxCav. The saturation was achieved after the fil-
tration of 20  mL of TFA solution, leading to a 50% reduction 
of the total fluorescence emission of the pristine material. The 
subsequent filtration of an ammonia aqueous solution over the 
quenched electrospun material allowed the complete restore of 
its fluorescence emission, leading to the reverse switch to the 
vase conformer. The incomplete switching in the solid state is 
justified by the partial solvent accessibility of BenzoQxCav in 
the PAN matrix. Part of it is deeply buried into the PAN matrix, 
rendering it inaccessible to the acid/base water solutions.

The pH-driven vase-to-kite switch in the solid state was then 
exploited to regenerate the PAN-BenzoQxCav fibers. After 
the first extraction cycle was completed (Figure  5d), the PAN-
BenzoQxCav mats maintained unaltered their original fibrous 
morphology (Figure S19a, Supporting Information), and were 
regenerated using 30 mL of a TFA aqueous solution (pH = 1.5) 

Figure 4. Desorption profile of pristine polyacrylonitrile (PAN) electrospun (yellow bars) and PAN-BenzoQxCav (green bars).
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to induce the opening to the kite form and the release of com-
plexed PAHs. This was followed by filtration with 20  mL of 
distilled water until neutral pH. Then a basic treatment was 
performed to restore the BenzoQxCav vase form. The PAN-
BenzoQxCav composite was treated with 20 mL of an ammonia 
aqueous solution (pH = 10) to deprotonate the nitrogen atoms 
of the benzoquinoxaline walls. An additional washing step 
with 20  mL of distilled water was performed to return the 
PAN-BenzoQxCav mats to neutral pH (for details see the regen-
eration procedure in the Supporting Information). SEM analysis 
assessed that membrane morphology was unaffected by both 
acid and basic treatments (Figure S19b,c, Supporting Informa-
tion). After the first regeneration protocol was completed, the 
membrane was reused for new cycles of PAHs removal. More 
precisely, the regeneration capability of the membranes was 
tested by performing four filtration cycles each followed by 
the already described regeneration steps (Figure  5d). A good 
reusability of the BenzoQxCav membranes was observed: the 
analysis of variance did not show the presence of significant 
differences (p  > 0.05) in the removal of 12 out of 16 PAHs, 
whereas a remarkable decrease in the adsorption capability of 
the mats was observed in the case of naphthalene and fluorene, 
after the first regeneration step. The morphological stability of 
the membrane was also assessed by SEM analysis (Figure S19d, 
Supporting Information). As expected, no significant differ-
ences in terms of removal capability were observed when the 
unfunctionalized PAN membrane was used (Figure S20, Sup-
porting Information).

We also tested the leakage of the membrane under acidic, 
neutral, and basic water conditions to verify any release of 
BenzoQxCav in water. The filtered water in all three cases was 
analyzed by fluorescence spectroscopy since BenzoQxCav is 
highly fluorescent and it can be detected even at very low con-
centration. No fluorescence was detected in the filtered aqueous 
medium, thus ruling out any leakage of the cavitand under the 
membrane working conditions.

3. Conclusions

A reusable membrane for the removal of PAHs from con-
taminated water has been produced by embedding a cavitand 
receptor in an electrospun PAN matrix, with a straightforward 
and scalable one step production process. The crafted cavitand 
presents a 8.3 Å deep hydrophobic cavity capable to engulf the 
PAH pollutants with high efficiency at the solid–water inter-
face, and works as molecular gripper[69] to allow their reversible 
encapsulation/release via a pH-driven conformational switch. 
Exposure of the PAN-BenzoQxCav electrospun membrane to 
water contaminated with trace amounts of 16 PAHs resulted 
in a significant boost in the removal of the eight lighter con-
taminants compared to the pristine PAN membrane, driven 
by cavity inclusion. The regeneration of the PAN-BenzoQxCav 
membrane relies on the release of the bound PAHs upon con-
formational switch from the closed vase to the open kite form, 
triggered by exposure of the membrane to a water solution of 

Figure 5. a) Schematic representation of pH-driven PAHs uptake and release by BenzoQxCav; b) changes of the fluorescence emission of BenzoQxCav 
(1.9 × 10−5 m) in DCM solution upon addition of TFA and NEt3; c) changes of the fluorescence emission of PAN-BenzoQxCav after filtration with trif-
luoroacetic acid (TFA) and NH3 aqueous solutions; d) removal capability of PAN-BenzoQxCav membranes after four regeneration steps.
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TFA, followed by aqueous ammonia treatment to restore the 
vase conformer. Repeated regeneration cycles do not signifi-
cantly alter the morphology and activity of the membrane.

Overall, the unique absorbance and regeneration proper-
ties of the PAN-BenzoQxCav membrane are the result of the 
incorporation of a switchable cavitand receptor featuring a large 
hydrophobic cavity into a robust, high surface area electrospun 
PAN membrane.

4. Experimental Section
A detailed description of cavitand synthesis, mats fabrication process, 
computational studies, crystallographic analyses, GC-MS analyses, and 
characterizations can be found in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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