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Adsorptive removal of phenolic endocrine disrupting chem-
icals by finely powdered calix[4]crown oligomers has been stud-
ied. Batch adsorption experiments and electron microscope
measurements demonstrated that morphology of the adsorbents
played a central role in the control of the present adsorption
behavior.

A wide variety of chemicals are currently being released
into the natural environment, and some of these chemicals are
referred to as ‘‘endocrine disrupting chemicals (EDCs)’’ that
can interact with the endocrine systems of many species and af-
fect their growth, reproduction, and development.1 The presence
of EDCs in the environment has been a matter of great concern
because of the adverse health and ecological effects. As a natural
consequence, efficient processes to remove trace EDCs dis-
persed in the aquatic environment have attracted considerable
attention of scientific communities for the last decade. For this
purpose, a number of techniques have so far been investigated,
including adsorption, nanofiltration, chemical degradation, bio-
degradation, and coagulation.2 When we consider the real envi-
ronment, however, collection of trace EDCs is crucial for the fi-
nal destruction of them.We envisaged adsorptive removal as one
of the desirable candidates for establishing the efficient enrich-
ment of trace EDCs because of the attractive prospects, i.e.,
(1) simple operation, (2) no requirement of peculiar external en-
ergy, and (3) no generation of degradation products of unknown
toxicity. Activated carbon,2b,3a sugar-based organo gel,3b calix-
[6]arene polymer,3c,3d cyclodextrin polymer,3e,3f and quinoline
derivative3g were examined as adsorbents for the removal of
EDCs.

In the course of our study to develop a novel adsorbent
applicable to both organic and inorganic pollutants, we recently
reported that finely powdered p-tert-butylcalix[4]crown-4 C4C4
(Figure 1) could remove EDC from an aqueous medium through
solid–liquid adsorption phenomena which were controlled by
hydrophobic and hydrogen-bonding interactions on the solid sur-
face.4 While the removal mechanism in C4C4 was clarified, its
adsorption capacity toward EDC was not high enough to allow
the practical use as an adsorbent. Yilmaz and co-workers report-
ed that oligomerization of C4C4 increased the transport ability
of heavy-metal ions from aqueous phase to organic phase in
liquid–liquid extraction experiments.5b In the present study, to
improve the removal efficiency, we have prepared oligomers
C4C4OL and C4C4OH with low and high molecular weights
(Figure 1), respectively, and evaluated their abilities as adsorb-
ents to remove EDCs by solid–liquid adsorption phenomena.

Bisphenol A (BPA) and 17�-estradiol (E2) were used here as
model contaminants (Figure 1). Interestingly, highly contrastive
adsorption behaviors were observed in these calix[4]crown
derivatives; C4C4 and C4C4OL exhibited only the moderate
adsorptive removal of the EDCs, whereas C4C4OH behaved
as an excellent adsorbent that could remove the EDCs almost
perfectly from water under the experimental conditions exam-
ined herein. In this paper, an intriguing adsorption behavior
observed in these calix[4]crown derivatives is reported.

Monomer C4C4 with a cone conformation was synthesized
as described.5 According to the procedure of Yilmaz,6C4C4was
subjected to intermolecular bridging reaction with ethylene gly-
col ditosylate in the presence of sodium hydride to yield oligo-
mer C4C4OH with higher molecular weight. Another novel
oligomer C4C4OL with lower molecular weight was prepared
by the column filtration of the resultant C4C4OH through an
alumina short plug using CH2Cl2/hexane (5:5 then 10:0, v/v)
as the eluent. By means of vapor pressure osmometry, the num-
ber-averaged molecular weights of the oligomers C4C4OL and
C4C4OH in chloroform at 30 �C were determined to be 3620�
30 and 4980� 130, respectively, which correspond to n ¼ 4:1
and 5.7 in oligomer length (Figure 1; see also Figures S1 and
S2, and Table S1 in Supporting Information).

Adsorption abilities of the calix[4]crown derivatives were
evaluated by batch adsorption experiments in which finely
sieved samples of C4C4, C4C4OL, and C4C4OH with the uni-
form particle size of 63mm were used as adsorbents. Aqueous
solutions7 containing 4mg dm�3 of each EDC in 50 cm3 stopped
glass tubes were shaken at 300 rpm for 1 h at 25 �C with 50 molar
equivalent amounts of each calix[4]crown derivative.8 The con-
centration of the remaining EDC in the filtrate was determined
by means of HPLC analysis. Adsorbed ratios (%) of BPA and
E2 are summarized in Table 1. In general, depending on the hy-
drophobicity,9 greater removal of E2 than BPA was observed.
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Figure 1. Chemical structures of adsorbents and model EDCs.
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Besides, the adsorption efficiencies were strongly dependent on
the molecular structures of the adsorbents; both C4C4 and
C4C4OL showed moderate removal of BPA and E2, whereas
C4C4OH exhibited an excellent adsorption behavior toward
these EDCs.

To throw an insight into the observed difference in the ad-
sorption behaviors, adsorbent characteristics such as surface
area, surface property, pore size, and morphology of the calix[4]-
crown derivatives were studied. The three adsorbents examined
above retained similar and small specific surface areas, which
were estimated by means of adsorption of nitrogen gas onto
the finely powdered samples at 77K to give 6.3, 16, and 4.1
m2 g�1 for C4C4, C4C4OL, and C4C4OH, respectively
(Figure S3 and Table S2). From the chemical point of view,
C4C4OL and C4C4OH must have similar surface property
because of their identical skeleton, as reported in our previous
paper.4 Besides, scanning electron microscope (SEM) measure-
ments revealed that all the calix[4]crowns examined here did not
have any discernable pores on the solid surfaces at the SEM
level, as shown in Figure 2. Nonetheless, an astonishing dissim-

ilarity in morphology was observed in these calix[4]crowns.
C4C4 and C4C4OL possessed almost flat and smooth surfaces
(Figures 2a and 2b). By contrast, as shown in Figure 2c,
C4C4OH was composed of a cluster of small particles (ca. 1–
5mm in diameter) although the whole dimension after the parti-
cles gathered together was almost the same as those ofC4C4 and
C4C4OL. Accordingly, it is reasonable to presume that the
observed difference in the adsorption behaviors is attributable
to the morphology of the adsorbents. At present, fundamental
riddles of why onlyC4C4OH affords micrometer-scale particles
and of why minor difference in oligomerization degree of
C4C4OL and C4C4OH exerts a large influence on their mor-
phology remain unsolved, but it is experimentally true.

In summary, we have demonstrated that oligomerization
could much improve the removal efficiency of EDCs from an
aqueous medium through solid–liquid adsorption phenomenon.
SEM measurements clearly revealed that, among adsorbent
characteristics affecting adsorption phenomena, morphology of
the adsorbents played a crucial role in the control of the present
adsorption behavior. Further study of the removal mechanism is
still under progress.
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Table 1. Adsorbed ratio (%) of BPA and E2

EDC
Adsorbent

C4C4 C4C4OL C4C4OH

BPA 20� 2 17� 2 94� 2

E2 75� 7 67� 2 94a

aStandard deviation was not determined.
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c

Figure 2. SEM micrographs of (a) C4C4, (b) C4C4OL, and
(c) C4C4OH. Scale bar: 5mm.
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