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ABSTRACT: In this study, the effects of resorcin[4]arenes/cavitand structural properties: (i) hydrophobicity, aliphatic alkyl tails
elongation (methyl, propyl, hexyl, and nonyl) based on macrocycles 1−4 lower rims; (ii) H-bond and dipole−dipole importance,
resorcin[4]arene 4 vs its rigid core structure cavitand 5; and (iii) cavity order/disorder, crown (C4v) 4 vs chair (C2h) 6 isomers on
the remediation of methylene blue (MB) in water have been investigated. Additionally, the adsorption kinetics/isotherms of MB by
octols 1−4 were studied, indicating that the adsorption process follows pseudo-second order and Langmuir models, respectively.
Notably, the longest alkylated crown (C4V) conformer 4 was found to be the best adsorbent among the studied macrocycle family
with a remarkable adsorption capacity (Qmax = 769.230 mg/g), owing to its unique structural features and tail-to-tail aggregation
behavior in water. Hence, resorcin[4]arene 4 was further used to evaluate its adsorption efficiency toward other (non)ionic dyes, and
the results were considerable. Also, its recoverability/reusability toward MB removal from water was examined for five consecutive
cycles, and the results revealed a promising recovering capability with excellent adsorption efficiency, leading to confidence in its
effective use for manifold adsorption/desorption cycles.

■ INTRODUCTION
Since the industrial revolution, wastewater containing dye
pollutants has become amajor concern, leading to unexceptional
impacts on the environment and human health.1 Synthetic dyes
are generally consumed worldwide by small to large industries,
that is, the production of million tons all over the world in the
tannery, food, cosmetic, textile, and pharmaceutical sectors.2

Recent studies showed that about 12% of synthetic dyes are lost
during manufacturing and processing, and 20% of the color
enters the environment through industrial wastewater treatment
plants. In general, the structural complexity of dye substrates,
e.g., aromatic rings bearing different functionalities, rapid
solubility in water (the presence of many polar and/or charged
ionic sites),3 nonbiodegradability (aromatic hydrocarbons
stability),4 excellent light absorption within 380−700 nm
spectra (π-electron delocalization),5 and extreme toxicity, e.g.,
dyes containing azo (−N=N−) groups has been highly
carcinogenic due to amine and benzidine emissions, making
these chromophores a high-risk contamination on both
environment and living life.6 Several treatment methods have

been developed for removing and reducing the environmental
impacts caused by dyes such as oxidative processes,7

coagulation,8 electrochemical,9 biodegradation, and adsorp-
tion.10 However, adsorption among the mentioned techniques
has many benefits including simplicity, efficiency, cost-
effectiveness, relatively low sludge output, etc., making it a
convenient and reliable method for wastewater purification.11

Macrocyclic arenes (Figure 1), e.g., cyclotriveratrylene,
calix[4]arenes, resorcin[4]arenes, and pillar[5]arenes,12 have
unique structural properties, making them an important class of
molecular entities.13
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Among these identified macrocyclic hosts, resorcin[4]arenes,
which were first achieved by Adolf Baeyer in 1872 from the acid-
catalyzed cyclo-condensation reaction of resorcinol with
benzaldehyde,14 have since then attracted considerable and
still growing attention in different research areas, specifically
those associated with host−guest and supramolecular chem-
istry.15

Many conformational structures (Figure 2A), namely crown
(C4v),

16 boat (C2v), chair (C2h),
17 diamond (Cs),

18 saddle (S4),
19

and scoop isomers,20 can practically attained by these macro-
cycles. The (C4v) conformer, known for its thermodynamic
stability and semirigid structure, is the most standard and
commonly utilized isomer in scientific literature due to multiple

intramolecular hydrogen bonding interactions between adjacent
hydroxyl groups.21 Indeed, many applications have been
established by the C4v conformer including (i) starting materials
for cavitands and (hemi)carcerands formations;22 (ii) multi-
valent molecular platforms of spatial directionality appropriate
for attaching and directing different ligating sites;23 (iii)
microvessels and ionophores (multiple phenols along with a
hydrophobic interior cavity apposite for hosting a variety of
(non)ionic species);24 (iv) microreactors (π-electron rich cavity
suitable for organic transformations and chemical catalysis);25

and (v) supramolecular assemblies (dimeric/hexameric struc-
tures via noncovalent intermolecular interactions and metal
complexations).26 However, and to the best of our knowledge,

Figure 1. General structures of macrocyclic arenes.

Figure 2.General structures of (A) resorcin[4]arenes conformational structures, (B) resorcin[4]arenes 1−4& 6 and cavitand 5, and (C) neutral/ionic
dyes.
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the use of these frameworks, especially in host−guest chemistry,
has been limited to neutral and ionic substrate accommodation/
stabilization and/or organic catalysis27−29 and has never been
reported in dye elimination from contaminated water.
Accordingly, using the advantages of the presence of
resorcin[4]arene structures, i.e., a well-defined hydrophobic
cavity environment along with multiple H-bond donor−
acceptor phenolic groups in dye removal from contaminated
water, is worth to be evaluated.

Herein, the efficiency of resorcin[4]arenes/cavitand (1−6,
Figure 2B) as molecular adsorbents for dye removal from
aqueous media is described. The effects of the adsorbent
structures: (i) hydrophobicity, aliphatic alkyl chains variation on
macrocycles 1−4 lower rims (−CH3, −C3H7, −C6H13, and −
C9H19); (ii) presence/absence of H-bonding and (ion)dipole−
dipole active sites, octol 4 vs cavitand 5; and (iii) cavity
(dis)order, crown (C4v) 4 vs chair (C2h) 6 on methylene blue
(MB) removal from water have been investigated. A set of
neutral and ionic dyes (Figure 2C) such as bromothymol blue
(BTB), methyl violet (MV), methyl red (MR), 2,7-dichloro-
fluorescein (DFC), carminic acid (CA), and Eriochrome black
T (EBT) have been involved in this study, and their remediation
from water using macrocycle 4 has been evaluated. In addition,
the capability of octol 4 as an efficient recoverable/reusable
adsorbent towardMB removal from water was examined for five
consecutive adsorption/desorption cycles.

■ RESULTS AND DISCUSSION
Synthesis of Resorcin[4]Arenes/Cavitand, Crown (C4v)

Conformers 1−4, Cavitand 5, and Chair (C2h) isomer 6. A
family of four octa-hydroxy resorcin[4]arenes in their crown
(C4v) conformers 1−4 bearing different length aliphatic chains
on their lower core structures, namely methyl, propyl, hexyl, and
nonyl, have been successfully synthesized via the traditional
acid-catalyzed condensation reaction of methyl resorcinol with
various aliphatic aldehydes. All cyclic tetramers 1−4 were
obtained in gram quantities (79−83%) by treating 2-methyl
resorcinol with ethanal, butanal, heptanal, and decanal,
respectively, in the presence of a catalytic amount of 37% HCl
in refluxing ethanol (Scheme 1).30

The aim of fluctuating the alkyl groups on the lower rim of
compounds 1−4 is to evaluate the hydrophobic effect on the
removal of MB from water. Moreover, macrocycle 4 was further
locked into its rigid “chalise” shape, cavitand 5, to examine the
outcome of phenolic group termination on MB adsorption from
water as compared to its corresponding starting material,
macrocycle 4. Cavitand 5 was achieved in a high yield (87%) by

bridging the adjacent hydroxyls with methylene linkers upon the
reaction of octol 4 with dibromomethane in the presence of
potassium carbonate in DMF at 70 °C (Scheme 1).
Furthermore, to investigate the role of the cavity system existing
in crown (C4v) conformer 4 onMB elimination fromwater, chair
(C2h) isomer 6, which lacks the cavity order within its
macrocyclic skeleton, was prepared. Octol 6 was obtained in
89% from the cyclo-tetramerization reaction of an ethanolic
solution of 2-methyl resorcinol with benzaldehyde in the
presence of 37% HCl (Scheme 1). The structures of all
compounds 1−6 were well-established from their respective
NMR, FT-IR, DSC, and HRMS spectral data. The related
spectra are provided in the Supporting Information section (SI).
The conformational dynamics of the studied resorcin[4]arene
derivatives could be further explored using variable-temperature
nuclear magnetic resonance (VT-NMR). However, the
insolubility of these compounds in water presents a significant
challenge for such investigations. While alternative solvents such
as DMSO-d6 or CDCl3 could be used for VT-NMR studies,31,32

it is well-known that changes in the solvation environment can
significantly influence molecular conformations, intermolecular
interactions, and the host−guest complexation process.33

Optimizing the Adsorption Parameters of MB from
Aqueous Media Using Octols 1−4. Initially, the equilibrium,
kinetics, and thermodynamics features of the adsorption process
were demonstrated upon evaluating the effect of pH variation,
contact time, and adsorbent dosage onMB substrate elimination
from water using macrocycles 1−4. These parameters would
provide the ideal adsorbent structure upon investigating the
influence of the hydrophobic alkyl tails variation on MB
elimination, as well as the best adsorption condition applied for
further studies.

Effect of the Aliphatic Alkyl Chains Elongation Based
on Octols 1−4 Lower Rims on MB Removal from
Aqueous Media. The hydrophobic effect based on the
aliphatic alkyl chain elongation existing in octols 1−4 on MB
adsorption was investigated under the following adsorption
condition: MB = 10 mg/L, contact time = 1440 min, adsorbent
dosage = 50 mg, and pH = 7 at 25 °C. Interestingly, it was found
that varying the length of the hydrophobic tails based on the
macrocyclic lower rims has a significant impact on the
adsorption process in which the adsorption yields were
effectively increased with extending the length of the alkyl
chains, that is, 77.7, 91.7, 95.8, and 97.9% for octols 1−4,
respectively (Figure 3A). The poor adsorption yield of MB
afforded by octol 1 can be elucidated by its slight solubility in
water owing to its high hydrophilic character (multiple phenols

Scheme 1. Synthesis of Resorcin[4]Arenes, Crown (C4v) Conformers 1-4, Cavitand 5, and Chair (C2h) Isomer 6
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vs short alkyl tails) as compared to the longer alkylated
structures 2−4. Hence, replacing themethyl groups presented in
macrocycle 1 with longer aliphatic chains such as propyl, hexyl,
and nonyl in octols 2−4 elevates their structural hydrophobicity,
and thus, lower solubility in water along with higher adsorption
ability toward MB has been accomplished.

Effect of Initial pH on the Adsorption of MB from
Aqueous Media Using Octols 1−4. Manipulating the surface
charges of the adsorbents upon varying the pH value of the
solution has a considerable influence on the adsorption process.
The impact of pH on MB removal was therefore studied at
different levels, pH = 3, 5, 7, and 9. All measurements were
performed in triplicate, and the average amount of MB removed

was calculated to ensure the reliability and reproducibility of the
results (Figure 3B). The results show that the highest adsorption
yields were achieved at pH = 7 for all studied macrocycles
(Figure 3C). On the other hand, lowering the pH value from pH
= 7 to 3 resulted in a decrease in MB adsorption, that is, from
77.7 to 30.1% for 1, 91.7 to 35.6% for 2, 95.8 to 38.7% for 3, and
97.9 to 40.3% for 4. Such reduction in the adsorption efficacy
can be clarified by increasing the concentration of hydronium
ions (H3O+) in acidic media that may compete with the cationic
MB for free active zones on the adsorbent structures (Figure
3D).34 No impact on the solubility of the studied structures
(octols 1−4) in water at pH 3−5 has been detected. However, at
a higher pH value (pH 9), octol 1 was completely soluble in

Figure 3. (A) Adsorption yields of MB removal from aqueous solutions using octols 1−4. (B) Influence of pH on the adsorption of MB by octols 1−4.
Proposed adsorption mechanism of MB by octol 4 in (C) neutral (pH = 7) and (D) acidic (pH = 3−5) media. (E) Effect of contact time on the
adsorption of MB by octols 1−4 and (F) effect of adsorbent dosage on the adsorption of MB by octols 1−4.
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water, while octols 2−4 remained insoluble. Additionally,
complete studies examining the effects of contact time,
adsorbent dosage, and pH value on the adsorption process
were conducted exclusively on crown conformers 1−4 but not
on cavitand 5 or chair conformer octol 6. Moreover, at pH 9, the
effectiveness of methylene blue (MB) removal was slightly
reduced by octols 2−4, while a significant decrease of 15% was
observed when the shortest alkylated octol 1 was used. This
reduction can be attributed to its complete solubility in solution
at this pH, limiting its adsorption efficiency.

Aqueous Media Using Octols 1−4. Figure 3E illustrates
the effect of contact time on MB elimination by octols 1−4 over
a period ranging from 0 to 1440 min with a fixed initial dye
concentration of 10mg/L, pH= 7, and 25 °C. From the results, a
rapid uptake of MB was observed in the first 100 min, followed
by a slower adsorption rate until saturation was completed. At
this point, the amount of adsorbed MB dyes reached a dynamic
equilibrium state with the amount of dyes in the solution.35 The
time taken to complete this equilibrium stage is referred to as the
equilibrium time, which represents the maximum MB uptake
under the experimental conditions used. Besides, a rapid
adsorption rate was achieved at the initial stage owing to the
adsorbent’s vacant active sites availability, which are parallelly
occupied MB molecules with time.36 Though, after a certain
time, the remaining untenanted sites became difficult to engage
in the adsorption process because of the possible repulsive forces
between the solute molecules on the solid/bulk phases.

Effect of Adsorbent Dosage on the Adsorption of MB
from Aqueous Media Using Octols 1−4. To examine the
impact of adsorbent 1−4 dosage on MB removal, adsorbent
amounts ranging from 20 to 100 mg have been conducted under
similar adsorption conditions used previously. As shown in
Figure 3F, raising the adsorbent dosage from 20 to 100mg led to
an increase in the adsorption yields, i.e., 37.1 to 80.1%, 47.6 to
95.8%, 52.2 to 98.0%, and 65.2 to 99.6% for octols 1−4,
respectively. All measurements were conducted in triplicate, and
the average amount of MB removed was calculated to ensure the
accuracy and consistency of the results. Clearly, this enhance-
ment in MB adsorption is due to the increasing number of
binding sites attained by adsorbent enrichment in solution.

Adsorption Kinetics. To validate the adsorption mecha-
nism of MB onto macrocycles 1−4, kinetic models including
pseudo-first-order, pseudo-second-order, Elovich, and intra-
particle diffusion have been studied (SI).37 The kinetic model
parameters are summarized in Table 1. The results indicate that
the pseudo-second-order model is a better fit for describing the

adsorption mechanism of MB by the studied adsorbents 1−4.
Complete data are provided in the Supporting Information
section (SI). It was observed that the adsorption capacity (qe)
generally increases with chain length; however, this increase is
not as pronounced as initially expected. This behavior can be
attributed to two main factors: (i) saturation of adsorption sites
as the chain length increases and (ii) steric hindrance, which
may reduce the accessibility of adsorption sites.38−40

Adsorption Isotherms. Several isotherm models are
available in the literature, and for equilibrium result evaluation,
three commonly usedmodels, that is, Langmuir, Freundlich, and
Temkin isotherms,41 were selected (SI). The results for each
model are presented in Table 2. From the results, it was

indicated that the Langmuir isotherm model fits suitably for the
adsorption process of MB from water by the studied structures
1−4. Complete data are provided in the Supporting Information
section (SI).

Remarkably, it was determined from the results that the
adsorption capacity was amplified by the aliphatic chain lengths,
i.e., Qmax (mg/g) = 41.84, 70.92, 250.00, and 769.23 for octols
1−4, respectively. This spectacular increase in the adsorption
process can be expressed by the ability of the studied adsorbents
to self-assemble via tail-to-tail aggregation in water,40,42,43 which
can be controlled by manipulating the length of the hydrophobic
tails based on the macrocycle lower rims. To support this
hypothesis, scanning electron microscopy (SEM) was used to
study the surface morphology of macrocycles 1−4 before/after
the adsorption of MB substrates (Figure 4A−H). Evidently, the
surface morphology of the adsorbents has notably changed, and
by means of this, the surface became smoother, which indicates
the adsorption of MB by the adsorbents.

Table 1. Parameters of Kinetic Models of MB Adsorption by Octols 1-4

octol 1 octol 2 octol 3 octol 4

pseudo-first order qe, exp (mg/g) 7.93 9.24 9.7 9.8
k1 (min−1) 0.0071 0.0088 0.0044 0.0065
qe, cal (mg/g) 5.27 7.1 5.6 6.1
R2 0.988 0.9976 0.920 0.987

pseudo-second order k2 (g/mg·min) 2.62 × 10−3 2.57 × 10−3 2.62 × 10−3 2.01 × 10−3

qe, cal (mg/g) 8.37 9.7 10.37 10.43
R2 0.9993 0.9990 0.9986 0.9999

Elovich equation α (mg/g·min) 8.241 19.362 5.984 3.659
β (g/mg) 1.699 2.075 1.836 1.816
R2 0.9363 0.9354 0.9839 0.9684

intraparticle diffusion model kid (mg/g·h0.5) 1.70587 ± 0.12617 1.95219 ± 0.16134 1.93758 ± 0.09707 2.08491 ± 0.09558
C (mg/g) 8.91549 × 10−16 ± 0 1.16957 × 10−15 ± 0 1 × 10−14 ± 0 1 × 10−14 ± 0
R2 0.81765 0.79834 0.88104 0.90394

Table 2. Isotherm Parameters of MB Adsorption by Octols 1-
4

model octol 1 octol 2 octol 3 octol 4

Langmuir Qmax (mg/g) 41.84 70.92 250.00 769.23
RL 0.247 0.735 0.454 0.536
R2 0.994 1 1 0.999

Freundlich K (mg/g) 10.530 90.614 385.390 1186.040
n 0.961 0.859 0.994 1.039
R2 0.999 0.975 0.999 0.988

Tempkin A (mg/L) 1.876 1.160 2.782 3.900
B 8.814 24.825 17.674 20.026
R2 0.782 0.934 0.885 0.920
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Furthermore, a clear indication of self-assembledmaterials has
been detected bymonitoring the adsorbents 1−4 size variations;
that is, the size of the material became larger as the length of the
hydrophobic tails became longer (Figure 4I). Macrocycle 4 that
has the longest alkyl chains on its lower core was found to have
the highest adsorption capacity, Qmax (mg/g) = 769.23,
suggesting that the aliphatic networks resulted from the tail-
to-tail self-assembly in solution, and not only the upper rim
active sites (cavity system and multiple phenolics groups) have a

significant role in providing a suitable hydrophobic environment
for MB in water (Figure 4J). A comparison between the results
attained in this work and those of other reported adsorbents on
MB dye removal from aqueous media is presented in Table S1.

Real Sample Application. Tap water was used to examine
the applicability of macrocycles 1−4 for MB adsorption in real
samples. For this purpose, a certain amount of dye was added
into real samples to prepare a 10 mg/LMB neutral solution, and
adsorption experiments were carried out in 10, 50, 200, and 400

Figure 4. SEM images of octols 1−4 (A−D) before the adsorption of MB and (E−H) after the adsorption of MB, magnification x500. (I) Proposed
tail-to-tail self-assembly by octols 1−4 and (J) Octol 4 active sites (hydrophobic cavity, multiple phenols, and hydrophobic environment based on tail-
to-tail aggregation).
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min at 25 °C. From the ultraviolet−visible (UV−vis) spectra,
Figure 5, it was found that the adsorption yield of MB was lower

in real samples compared with the results obtained previously
when deionized water was used. The decrease in MB adsorbate

Figure 5. UV−Vis spectra for MB adsorption by octols (A) 1, (B) 2, (C) 3, and (D) 4 in tap water.

Figure 6. (A) UV−vis spectra forMB adsorption by octol 4, cavitand 5, and octol 6. Proposed adsorptionmechanism ofMB by (B) cavitand 5 and (C)
octol 6. (D, E) SEM images of cavitand 5 and octol 6 before and (F, G) after adsorption of MB, magnification x500.
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Figure 7.UV−vis spectra of (A) BTB, (B)MV, (C)MR, (D) DFC, (E) EBT, and (F) CA after treatment with octol 4. SEM images of octol 4 after the
adsorption of (G) BTB, (H) MV, (I) MR, (J) DFC, (K) EBT, and (L) CA, magnification ×750.
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removal is due to the interaction of the studied adsorbents with
the ionic contaminations presented in tap water that compete
with MB substrate on the active sites based on the adsorbent
structures.44

Evaluating the Effect of Phenols Termination, Octol 4
vs Cavitand 5, and Cavity Order/Disorder, Crown (C4v) 4
vs Chair (C2h) 6 Conformers, on MB Adsorption from
Aqueous Media. Reaching this point of success in
demonstrating the best adsorption condition as well as
identifying the ideal adsorbent, octol 4, for MB removal from
water, the effect of the adsorbent structure, i.e., the absence of H-
bond and dipole−dipole active sites in cavitand 5 along with the
lack of cavity order in octol 6 on the adsorption process, was
examined following the typical adsorption condition used inMB
adsorption study (Figure 6A).

From the results, it was determined that the crown (C4v) 4 has
the maximum adsorption yield (97.7%) as compared to cavitand
5 (35.4%) and chair (C2h) isomer 6 (15.5%), suggesting that all
structural features including (i) a semirigid cavity, (ii) multiple
phenolic groups, along with (iii) long aliphatic chains existing in
octol 4 have an important role in hosting/stabilizing MB in
water. Indeed, the resulting rigid core in cavitand 5 still offers a
suitable hydrophobic cavity and long aliphatic alkyl tails for
aggregation purposes. However, the lack of H-bond donor−
acceptor stabilizing agents within its backbone structure after
terminating the multiple phenolic hydroxyls with methylene
linkers diminished its effectiveness toward MB molecules in
aqueous solution (Figure 6B). Furthermore, the notable
reduction in the adsorption capability of octol 6 (15.5%)
supports the hypothesis of the cavity order importance that
exists in octol 4 in which the chair (C2h) isomer, which consists
of outward-facing resorcinol units within its skeleton, lacks a
suitable lumen environment for MB accommodation. However,
other nonbonding interactions such as H-bond/dipole−dipole
forcesmay contribute to the adsorption process by the attraction
between the hydroxyl groups presented in octol 6 with the
positive charge on the MB center (Figure 6C). Additionally,
SEM was further used to confirm the surface morphology of the
studied structures before and after the adsorption of MB (Figure
6D−G). A noticeable smoothness of cavitand 5 surface after the

adsorption process (Figure 6E) has been obtained, indicating
the partial adsorption of MB (35.4%), while no significant
changes on the surface morphology of octol 6 were detected
(Figure 6G), signifying its poor adsorption toward MB in
solution (15.5%).

Scoping the Adsorption Effectiveness of Octol 4
toward Different Neutral/Ionic Dyes from Aqueous
Solutions. Next, the ability of octol 4 as a molecular adsorbent
capable of removing contaminated materials from aqueous
media was explored toward different neutral/ionic dyes,
including bromothymol blue (BTB), methyl violet (MV),
methyl red (MR), 2,7-dichlorofluorescein (DFC), carminic acid
(CA), and Eriochrome black T (EBT). All adsorption studies
were accomplished using similar adsorption conditions
subjected toMB elimination, i.e., adsorbate initial concentration
= 10mg/L, contact time = 1440min, adsorbent dosage = 50 mg,
and pH = 7, at 25 °C (Figure 7A−F). From the results, excellent
removal of CA, MR, EBT, and MV from aqueous solutions was
achieved, i.e., 83.3% for CA, 87.7% for MR, 94.0% for EBT, and
95.5% for MV, while lower adsorption efficiencies were attained
for DCF (56.5%) and BTB (61.1%). The significant adsorption
of CA, MR, EBT, and MV adsorbates is due to their strong
binding affinity toward various attraction forces with the
macrocyclic active sites, i.e., inclusion complex within the
adsorbent hydrophobic cavity andH-bond and/or (ion)dipole−
dipole stabilizations by the phenolic sites. Indeed, favorable
dipole−dipole interaction between DCF and BTB dyes with the
adsorbent hydroxyl groups may contribute to their elimination
from water. However, their low adsorption, i.e., 56.5% for DCF
and 61.1% for BTB, is due to their structural rigidity that may
interrupt their host−guest complex formation with the
adsorbent interior cavity. SEM was also used to validate the
adsorption process of all dyes by octol 4 (Figure 7G−L).

Adsorption/Desorption Studies of MB by Octol 4
Using XPS. XPS was applied to confirm the adsorption−
desorption of MB upon determining the changes in the S 2p and
N 1s signals in the XPS spectra (Figure 8A). Initially, the XPS
data of a freshly prepared macrocycle 4 sample revealed no
signals in the S 2p and N 1s regions, while strong signals
corresponding to sulfur (S 2p) and nitrogen (N 1s) for the MB

Figure 8. (A) XPS spectra of S 2p and N 1s of octol 4 (black), MB (purple), octol 4 − MB (blue), and octol 4 after desorption of MB dye (green) and
(B) regeneration studies of MB dye adsorption over octol 4.
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sample were detected. Moreover, successful adsorption of MB
by adsorbent 4 has been confirmed by the appearance of strong
signals in the S 2p and N 1s areas in the XPS spectra of the
resulting material, octol 4 − MB, which are attributed to sulfur
and nitrogen in the MB substrate. Interestingly, the S 2p and N
1s signals completely disappeared from the XPS spectra after
subjecting the material to methanol washing and centrifugation,
authenticating the desorption of MB from the adsorbent
structure.

Recoverability/Reusability of Octol 4 toward MB. Octol
4 underwent five consecutive adsorption/regeneration cycles
upon washing the acquired material after the adsorption
experiment with methanol solvent and centrifugation, followed
by subjecting the recovered adsorbent 4 to the next adsorption
cycle (Figure 8B). The results show a slight decrease in the
maximum adsorption ability of MB over octol 4 with each
successive cycle, e.g., the initial adsorption yield of a freshly used
macrocycle 4 was 769.230 mg/g, which was reduced to 750 mg/
g after completing the fifth adsorption cycle. Despite this
reduction, macrocyclic structure 4 exhibited a promising
recycling capability with excellent adsorption efficiency, leading
to confidence in its effective use for multiple adsorption and
desorption cycles in dye removal from contaminated water.

■ MATERIALS AND METHODS
Materials and Equipment. Methyl resorcinol, ethanal,

butanal, heptanal, decanal, benzaldehyde, hydrochloric acid
(37%), ethanol, dimethylformamide (DMF), dibromomethane,
ethyl acetate, hexane, potassium carbonate, sodium sulfate,
hydrochloric acid (37%), dyes including methylene blue (MB),
bromothymol blue (BTB, 95%), methyl violet (MV), methyl red
(MR), carminic acid (CA), and Eriochrome black T (EBT)were
purchased from Sigma-Aldrich.

General Procedure for the Synthesis of Resorcin[4]-
Arenes 1−4 and 6. 2-Methyl resorcinol (10.0 mmol) was
dissolved in 80mL of ethanol and 18.5 mL of 37% aqueous HCl.
The solution was cooled in an ice bath, and aldehyde (10.0
mmol) was added slowly in a 10 min period. The reaction
mixture was stirred at 0 °C for 5min, which was then refluxed for
12 h. The precipitated compound resulting from the reaction
was filtered out using a Buchner funnel and washed several times
with cold ethanol and distilled water. The product was collected
and dried in a vacuum oven at 40 °C.

General Procedure for the Synthesis of Cavitand 5.
Octa-hydroxy resorcin[4]arene 4 (5 g, 4.8 mmol) was dissolved
in 110 mL of DMF. Potassium carbonate (10.5 g, 76.3 mmol)
was added into the solution and stirred for 10 min at room
temperature. Dibromomethane (5.4 mL, 76.3 mmol) was then
added, and the reaction mixture was heated to 70 °C overnight.
The reaction mixture was monitored by TLC using (1:9) ethyl
acetate/hexane. After completion, the reaction mixture was
cooled at room temperature, and the obtained salt was filtered
out using a Buchner funnel. The collected mixture was diluted in
200 mL of water and extracted using 100 mL of ethyl acetate,
which was then washed with water (3 × 100 mL). The organic
phase was collected and dried over Na2SO4.

MB Adsorption Capability from Aqueous Media. The
batch adsorption method was utilized to adsorb MB on cyclic
oligomers 1−4. To prepare the test solution, 500 mg of MB dye
was dissolved in 500 mL of distilled water. For all experiments, a
dilution of 10 mg/L was used. The experiments were carried out
in an Erlenmeyer flask, where 50 mg of adsorbent and 50 mL of
MB solution (10 mg/L) were mixed and stirred at 25 °C and pH

7. The mixture was centrifuged, and the solution in the
supernatants was analyzed at 663 nm using a UV−vis
spectrophotometer.

■ CONCLUSIONS
In conclusion, a family of six macrocycles, i.e., variable alkyl-
tailed crown (C4v) conformers 1−4, cavitand 5, and chair (C2h)
isomer 6, have been used as molecular adsorbents toward dye
removal from aqueous media. The ideal adsorption condition
was established by evaluating the effect of pH variation, contact
time, and adsorbent dosage on the adsorption process of MB
from water using adsorbents 1−4. The adsorption kinetics and
isotherms were also studied, and the results reveal that the
adsorption process of MB by octols 1−4 follows pseudo-second
order and Langmuir models, respectively. Additionally, the
effects of (i) hydrophobicity, aliphatic chain variation based on
octols 1−4 lower rims; (ii) H-bond and (ion)dipole−dipole
terminations, octol 4 vs cavitand 5; and (iii) cavity (dis)order,
crown (C4v) 4 vs chair (C2h) 6 isomers on MB removal have
been evaluated. Valuable information associated with the
macrocyclic structures was achieved, revealing that the
combination of (i) long aliphatic tails, (ii) multiple phenolic
groups, and (iii) a well-defined cavity system has a significant
impact on the MB adsorption process. Resorcin[4]arene 4,
which exhibits all of these structural features, was found to be the
best molecular adsorbent with an outstanding adsorption
capacity of Qmax = 769.230 mg/g, owing to its unique tail-to-
tail self-assembly behavior in aqueous media. Furthermore, the
efficiency of macrocycle 4 was further examined with other
neutral/ionic dyes, and the results were considerable. In
addition, excellent recoverability/reusability of octol 4 toward
MB removal from water was accomplished, i.e., five consecutive
cycles, leading to confidence in its effective use for multiple
adsorption/desorption cycles.

From the results, there are many advantages over other
complexed structures reported in the literature, such as (i)
preparation simplicity, that is, a single-step process with high-
yielding desired products, (ii) dual active adsorbing/stabilizing
sites, i.e., host−guest cavity system with multiple phenolic
hydroxyl groups, (iii) sizable hydrophobic environment based
on tail-to-tail aggregation process suitable for accommodating a
variety of neutral guests and ionic species, and (iv) remarkable
recoverability and reusability that make C4v resorcin[4]arenes
suitable adsorbent templates for removing contaminated
materials from water. Such an approach, thus, is essential for
establishing a simple, easy, convenient, and low-cost method for
wastewater treatment as well as other environmental aspects.
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