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a b s t r a c t

p-tert-Butyl-calix[4]arene-SBA-15 mesoporous silica molecular sieves have been prepared and charac-
terized by Fourier transform infrared (FT-IR) spectroscopy, powder X-ray diffraction (XRD) and nitrogen
adsorption–desorption measurements. FT-IR spectra showed the presence of methylene (–CH2–), methyl
(–CH3) and phenyl bands on the modified SBA-15. Powder XRD data indicated the structure of p-tert-
eywords:
esoporous silica molecular sieves

alix[4]arene
henol
dsorption

butyl-calix[4]arene-SBA-15 remained the host SBA-15 structure. Brunauer–Emmett–Teller (BET) surface
area analysis revealed a decrease in surface area and pore size. The adsorption capacity of the materials to
diethylstilbestrol and bisphenol A was studied via the dynamic adsorption experiments. The maximum
dynamic adsorption capacity on modified materials was 34.8 and 2.9 times higher than SBA-15 particles
for diethylstilbestrol and bisphenol A, respectively. The results indicated that p-tert-butyl-calix[4]arene-
SBA-15 particles could be used to the enrich the various compounds in water samples before the further
analysis.
. Introduction

Silica materials with functional groups have been widely used
s solid phase in high performance liquid chromatography (HPLC)
1] and solid phase extraction (SPE) [2]. Mesoporous SBA-15 silica

olecular sieves with large pore diameter (up to 30 nm) and area
up to 1000 m2 g−1) [3], show excellent homogeneity and stabil-
ty and can be well controlled for adsorption/desorption processes
4]. Recently, mesoporous SBA-15 silica molecular sieves have been

odified with 3-mercaptopropyl, 3-aminopropyl, octyltrimethoxy
r octadecyltrimethoxy siloxanes [5–8] for the separation and anal-
sis of inorganic ions, organic compounds and biological molecules.
epending on the different chemical groups, the modified materi-
ls normally exhibited different properties and had the flexibility
o be further modified for a variety of applications.

A calixarene is a macrocycle or cyclic oligomer based on a
ydroxyalkylation product of a phenol and an aldehyde, which
ave been widely used as platforms to build receptors that are
ble to bind ions and molecules of biological and environmental

elevance [9]. Calixarenes and their derivatives could be selected
o use in analysis and separation fields because of the size of

acrocycle and the properties of substituted chemical groups. We
roposed a convenient and effective procedure for the modifi-
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cation with p-tert-butyl-calix[4]arene on the mesoporous SBA-15
silica materials. Usually, chemical groups could be loaded into SBA-
15 through the reaction of Si–OH and Si–Cl [4,10,11], or Si–OH
and Si–OR [6,8,12]. Chloro silanes could react with water of the
air and are more expensive than alkoxy silanes. Furthermore, HCl
from the reaction of Si–OH and Si–Cl could be adsorbed by the sil-
ica materials and may make Si–C bond-breaking. Alkoxy silanes
are less hazardous for environment and human and used very
widely for preparation of chromatographic materials [13]. In the
work, for the first step of this modification, epoxide group of
3-glycidoxypropyltrimethoxysilane contacted –OH of p-tert-butyl-
calix[4]arene. The second step took place by forming Si–O–Si bonds
due to the interaction between Si–OH and Si–OCH3. Si–O–Si bonds
could be formed further between the adjacent Si–OCH3 groups.
Fourier transform infrared (FT-IR) spectroscopy, powder X-ray
diffraction (XRD) and surface area analysis were used to charac-
terize the materials.

Phenol and substituted phenols are important pollutants in
water due to their widespread use in industrial processes [14].
Diethylstilbestrol (4,4′-(1,2-diethyl-1,2-ethenediyl)bisphenol,
DES) and bisphenol A [2,20-bis(4-hydroxyphenyl)propane, BPA]
are strong estrogens, which have widespread application in the

production. Because of their high toxicity [15,16], it is very impor-
tant to remove the residual DES and BPA from water samples. Fig. 1
shows the structures of DES and BPA.

The aim of the study was to develop a method for preparing
p-tert-butyl-calix[4]arene-SBA-15 as a sorbent to remove DES and

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zhanghx@lzu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2010.01.140
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Fig. 1. The structures of diethyls

PA from aqueous solutions and evaluate the adsorption of DES and
PA on the modified materials by the dynamic adsorption experi-
ents.

. Materials and experimental

.1. Materials

Mesoporous SBA-15 silica molecular sieves were purchased
rom Changchun Jilin University High-Tech. Co. Ltd. (Jilin, China).
-Glycidoxypropyltrimethoxysilane was purchased from Fluka
Buchs, Switzerland). Formaldehyde, sodium hydroxide, phenyl
ther, ethyl acetate, acetic acid, acetone, toluene, dichloromethane,
ethanol and hydrochloride were purchased from Tianjin

hemical Reagent Co. Ltd. (Tianjin, China). p-tert-Butylphenol,
iethylstilbestrol and bisphenol A were purchased from Sigma (St.
ouis, USA). Deionized water was prepared using a Millipore unit
Bedford, MA, USA).

.2. Materials preparation

.2.1. Synthesis of p-tert-butyl-calix[4]arene
The synthesis method of p-tert-butyl-calix[4]arene was fol-

owed as reported previously [17]. A mixture of 20 g of
-tert-butylphenol, 12 mL of 37% formaldehyde solution and 0.24 g
f sodium hydroxide in 0.6 mL of water was placed in a three-
ecked flask equipped with a mechanical stirrer. The mixture was
llowed to stir for 15 min at room temperature and then heated
o 110 ◦C for 2 h. After reaction, the yellow product obtained was
issolved with phenyl ether. The mixture was stirred and heated at
10 ◦C with a heating mantle while a stream of nitrogen is blown
apidly over the reaction mixture. When a solid started to form,
he mixture was stirred and heated to 155 ◦C for 4 h. The result-
ng mixture was filtered and washed with ethyl acetate, acetic
cid, water and acetone to obtain crude product. The crude prod-
ct was dissolved in boiling toluene and concentrated. On cooling,
hite rhombic crystals were obtained. p-tert-Butyl-calix[4]arene:

H NMR (300 MHz, CDCl3, TMS) ı = 1.21 (36H, s, C(CH3)3), 7.01 (8H,
, Ar–H) and 10.3 (4H, s, OH).

.2.2. Synthesis of p-tert-butyl-calix[4] arene-SBA-15
SBA-15 was soaked in 0.1 mol L−1 HCl for 24 h, filtered, washed

ith deionized water and dried in an oven at 100 ◦C for 8 h.
The synthesis of p-tert-butyl-calix[4]arene-SBA-15 was car-

ied out following the description of the published literature
18]. 1 mL 3-glycidoxypropyltriethoxysilane and 0.5 g p-tert-butyl-
alix[4]arene were heated under reflux with three drops of
erchloric acid as catalyst in 100 mL dry toluene at 80 ◦C for 15 h
n an inert atmosphere of nitrogen gas. The reaction was then
ooled and 1 g SBA-15 was added. Also in an inert atmosphere of
itrogen gas the mixture was allowed to react at 110 ◦C for 48 h.
he bonded-material was filtered and washed in sequence with
oluene, dichloromethane, water, methanol and acetone. The final
rol (DES) and bisphenol A (BPA).

materials were dried in a low pressure oven at 50 ◦C for 12 h. Fig. 2
shows a flow diagram for preparation of p-tert-butyl-calix[4]arene-
SBA-15.

2.3. Characterization

FT-IR spectra were recorded on a NICOLET 360 FT-IR instrument
(Nicolet, USA).

The narrow-angle powder XRD patterns from 0.4◦ to 10◦ were
collected at D/max-2400 (Rigaku, Japan) instrument using Cu K�
radiation.

Nitrogen adsorption–desorption experiments were carried out
at 76.53 K on an ASAP 2010 accelerated surface area and porosime-
try system (Micromeritics, USA). The Brunauer–Emmett–Teller
(BET) surface area (SBET) was calculated from the linearity of
the BET equation. The surface area, volume and pore diameter
were calculated from the pore size distribution curves using the
Barrett–Joyner–Halenda (BJH) formula.

2.4. Adsorption

The adsorption of DES and BPA was measured via the dynamic
adsorption experiments on a Ps181-2 wriggle pump (Beijing purk-
inje general instrument Co. Ltd., China) equipped with TU-1810
UV–vis detector (Beijing purkinje general instrument Co. Ltd.,
China). 10 �g mL−1 of DES and BPA aqueous solutions were used
as mobile phase at a flow-rate of 0.5 mL min−1 and detected at
254 nm for diethylstilbestrol and 278 nm for bisphenol A without
column, respectively. When the dynamic adsorption system was
equilibrated with the above solution until the UV signal became
constant, the column load with SBA-15 or the modified materials
was contacted into the dynamic adsorption system. The UV signal
changed and then became constant when the column was equili-
brated due to adsorption. The interval of time, �t, was recorded.
The adsorption capacity of DES and BPA on the particles, A, was
calculated following the formula: A = (C × v�t)/m, where C is the
concentration of compounds in the aqueous solution, v is the flow-
rate of mobile phase, and m is the weight of the material.

3. Results and discussion

3.1. FT-IR

Fig. 3 shows FT-IR spectra of the parent SBA-15, p-tert-butyl-
calix[4]arene and the modified SBA-15 materials. From Fig. 3c, it can
be seen that there were methyl (CH3) asymmetric and symmetric
stretching at 2939 and 2887 cm−1, methylene ıC–H at 1450 cm−1,

and phenyl vARC–C at 1548 cm−1, respectively. The results were
closely in agreement with the published data [10,19,20] and indi-
cated that p-tert-butyl-calix[4]arene was successfully bonded on
the surface of the SBA-15 material. The whole band shifts of mate-
rials are observed in Table 1 [21,22].
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Fig. 2. The route of preparation of p-tert-butyl-calix[4]arene-SBA-15.

.2. XRD
XRD patterns of the materials are shown in Fig. 4. In the narrow-
ngle range peaks for SBA-15 were at 0.8◦, 1.4◦ and 1.7◦. For
-tert-butyl-calix[4]arene-SBA-15, there was one prominent peak
t 0.8◦ and two peaks at 1.5◦ and 1.7◦. These results indicated that
Fig. 3. FT-IR spectra of (a) SBA-15, (b) p-tert-butyl-calix[4]arene and (c) p-tert-butyl-
calix[4]arene-SBA-15.

p-tert-butyl-calix[4]arene-SBA-15 still had a high degree of hexag-
onal symmetry structure [3,23] and remained the inorganic wall
structure of SBA-15 after the modified process.

3.3. Nitrogen adsorption–desorption measurements

Fig. 5 shows nitrogen adsorption–desorption isotherms of the
materials, which exhibit a typical IV type isotherm with a H1
hysteresis loop as defined by IUPAC [24]. The H1 hysteresis loop
indicated that p-tert-butyl-calix[4]arene-SBA-15 was still a meso-
porous material. However, there was a shift in hysteresis position
to low relative pressures and a decreasing trend. The shift of sharp
inflection from P/P0 0.50 to 0.80 is characteristic of a diameter
in the mesopore range [12,23]. Pore parameters of materials are
shown in Table 2. The BET surface area changed from 524 to
318 m2 g−1 and the pore diameter decreased from 72.8 to 61.3 Å
on p-tert-butyl-calix[4]arene-SBA-15. The decrease in surface area
and pore diameter indicated that p-tert-butyl-calix[4]arene group
was bonded to the mesoporous channels of SBA-15 successfully
[25]. The pore diameter and d100 of two materials indicated that
the mesopore uniformity of the parent SBA-15 silica was retained
in the modified material [11].

3.4. DES and BPA adsorption

The adsorption capacity was one of the important factors to
evaluate the mesoporous silica materials as sorbents. The dynamic
adsorption experiments were carried out to investigate the adsorp-
tion of DES and BPA onto the materials in aqueous solution with the
concentration of 10 �g mL−1 over the range of pH 2.0–10.0. Fig. 6
showed the adsorbed amount of DES and BPA increased on p-tert-
butyl-calix[4]arene-SBA-15 compared to SBA-15. The better results
were obtained at pH 7.0, and the adsorption amount on SBA-15 and
p-tert-butyl-calix[4]arene-SBA-15 were 2.04, 71.10 mg g−1 for DES,
and 5.52, 16.20 mg g−1 for BPA, respectively. It was obvious that
the maximum dynamic adsorption capacity for DES and BPA was
34.8 and 2.9 times higher than the capacity of SBA-15, respectively.
It can be seen that the sample pH value was strongly related to
the state of the compounds in the sample solution. BPA (pKa1 9.73

calculated with ACDlab software) and DES (pKa1 10.6) both pos-
sess phenolic hydroxyls which present weakly acidic [27]. Under
mild conditions, the majority of target compounds were in the
molecular state, which facilitated the extraction of compounds. In
strongly basic solution, they became anions owing to loss of a pro-
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Table 1
Frequencies v (cm−1) in the FT-IR spectra of SBA-15, p-tert-butyl-calix[4]arene and p-tert-butyl-calix[4]arene-SBA-15.

(a) SBA-15 (b) p-tert-Butyl-calix[4]arene (c) p-tert-Butyl-calix[4]arene-SBA-15

v (cm−1) Assignment v (cm−1) Assignment v (cm−1) Assignment

3445 v(Si–OH) 3435 v(OH) 3430 v(Si–OH)
1633 v(H2O) 2960 v(CH3) 2939 v(CH3)
1078 v(Si–O) 2905 v(CH3) 2887 v(CH3)

967 v(Si–O) 2864 v(CH3) 1658 v(H2O) v(CAr–CAr)
795 v(Si–O) 1628 v(CAr–CAr) 1548 v(CAr–CAr)

1477 ı(CH2) 1450 ı(CH2)
1366 v(CAr–CAr) 1088 v(Si–O)
1290 v(CAr–O) v(CAr–CAr) 801 v(Si–O)
1250 v(C–C)
1199 v(C–C)

871 v(C–C) v(CAr–CAr)
821 v(C–C) v(CAr–O)
775 ı(CArC–C)
740 �(CAr–CAr)
705 �(CAr–CAr)
594 �(CAr–CAr)

Table 2
Pore structure parameters of SBA-15 and p-tert-butyl-calix[4]arene-SBA-15.

Sample d (100)a (Å) SBET (m2 g−1) SBJH (m2 g−1) VBJH (cm3 g−1) DBJH (Å)

546 0.99 72.8
352 10.54 61.3
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Table 3
Calculated parameters of p-tert-butyl-calix[4]arene, DES and BPA.

p-tert-Butyl-calix[4]arene DES BPA

T
C

SBA-15 95.6 524
p-tert-Butyl-calix[4]arene -SBA-15 85.2 318

a Large unit cell parameter (a0) = 2d(100)/
√

3 [26].

on. Possessing two active phenolic hydroxyls, BPA and DES tended
o protonize in strong acidic solution.

The above results suggested that after the modification of
BA-15 with p-tert-butyl-calix[4]arene, the larger adsorption of
ES occurred, while the adsorption of BPA was relatively weak.
e noted that p-tert-butyl-calix[4]arene, DES and BPA possess a

ydroxyl which can act as proton donor as well as proton acceptor
n the weak intermolecular interaction. It enlightened us that the
ifferent adsorptions of DES and BPA might have something to do
ith the possible formation of the weak intermolecular interaction

etween DES (or BPA) and p-tert-butyl-calix[4]arene. In general, the
tronger the interaction is, the larger the adsorption is. Therefore,
he larger adsorption of DES may be due to the stronger interaction
etween DES and p-tert-butyl-calix[4]arene. We rationalized this
ossible conclusion in the following section. An important impli-
ation of the formation of the weak intermolecular interaction can
e seen from FT-IR spectroscopy analysis (Fig. 7). It can be observed
hat after the adsorptions of DES and BPA, the stretching vibrational
requencies of their hydroxyl groups were shifted to higher values
from 3421 to 3431 cm−1 for DES and from 3351 to 3431 cm−1 for
PA), which meant that they were blue-shifted. It indicated that
he complex between DES (or BPA) and p-tert-butyl-calix[4]arene
ight form or exist as weak hydrogen-bonding or van der Waals
nteractions.

In order to give evidence to the stronger interaction between
ES and p-tert-butyl-calix[4]arene, the theoretical calculations
ere performed by using hyperchem 7.0 [28] and Gaussion 98

able 4
omparison adsorption of DES and BPA on other materials.

Materials Adsorptio

DES
p-tert-Butyl-calix[4]arene-SBA-15 10
3-aminopropyl-silicane 40
Molecularly imprinted polymer (MIP), (acrylamide as monomer) 24

BPA
p-tert-Butyl-calix[4]arene-SBA-15 10
Hydrophobic zeolite 10
�-Cyclodextrin derivative 45.6
ClgP 13.384 3.898 3.673
HOMO (a.u.) −0.19086 −0.19837 −0.20570
LUMO (a.u.) −0.01451 −0.00641 −0.00274

[29] programs. We used ClgP obtained from the calculation by
hyperchem to represent the hydrophobicity of a compound. As
summarized in Table 3, the hydrophobicity was in the order:
p-tert-butyl-calix[4]arene > DES > BPA. According to the theory of
similarity and intermiscibility, SBA-15 modified by p-tert-butyl-
calix[4]arene may have a larger adsorption for DES than that for
BPA. It was in good agreement with the experimental results.
The geometries of p-tert-butyl-calix[4]arene, DES and BPA were
optimized at the B3LYP/6-31G(d, p) level of theory. The energies
of their highest occupied molecular orbitals (HOMO) and lowest
unoccupied molecular orbitals (LUMO) were obtained. Generally,
in the two interacting molecules, the closer the value between a
molecule’s HOMO and the other’s LUMO is, the stronger the inter-
action is [30–32]. As can be seen from Table 3, when the HOMO was
located at p-tert-butyl-calix[4]-arene in the intermolecular inter-

action, it was closer to the LUMO of DES than the LUMO of BPA;
on the other hand, when the LUMO was located at p-tert-butyl-
calix[4]arene, it had the smaller gap with the HOMO of DES. It
suggested that under any condition, the interaction between p-tert-

n concentration (�g mL−1) Adsorption capacity (mg g−1) References

71.1 This work
19.7 [33]
19.3 [34]

16.2 This work
19.0 [35]
84.0 [36]
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Fig. 5. Nitrogen adsorption–desorption isotherms of SBA-15 and p-tert-butyl-
calix[4]arene-SBA-15.

Fig. 6. DES and BPA adsorption on SBA-15 and p-tert-butyl-calix[4]arene-SBA-15
over the range of pH 2.0–10.0.
Fig. 4. Powder XRD of SBA-15 and p-tert-butyl-calix[4]arene-SBA-15.

utyl-calix[4]arene and DES should be stronger. Therefore, there
as a larger adsorption amount of DES on modified materials.

Table 4 shows the comparison between p-tert-butyl-
alix[4]arene-SBA-15 and other kinds of materials for the
dsorption of DES and BPA on adsorption materials. It is obvious
hat the adsorption capacity for DES on p-tert-butyl-calix[4]arene-
BA-15 was higher than the capacity of the reported literatures
33,34]. For BPA, the adsorption capacity was close to the reported
esult, when the concentration of adsorption solution was similar
35]. If the concentration of adsorption solution increased, the
dsorption capacity could also increase [35,36]. p-tert-butyl-

alix[4]arene-SBA-15 had better adsorption ability due to its
esoporous structure, calixarene structure, higher surface area

nd interaction of calixarene and phenol.

Fig. 7. FT-IR spectra of DES, DES/p-tert-butyl-calix[4]arene-SBA-15, BPA and BPA/p-
tert-butyl-calix[4]arene-SBA-15.
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. Conclusion

The modification of SBA-15 with p-tert-butyl-calix[4]arene
roups was proved successfully and kept the mesoporous struc-
ure of the molecular sieves. The modified SBA-15 particles could be
sed for enrichment of DES and BPA in water samples. Mesoporous
BA-15 silica materials may have further application potential, such
s in sensing materials, solid supports and nano-bioelectronics,
specially as sorbents that allow the reuse of adsorbent materials
or several cycles.
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