
Journal of Colloid and Interface Science 497 (2017) 233–241
Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

journal homepage: www.elsevier .com/locate / jc is
Regular Article
Cyclodextrin-functionalized mesostructured silica nanoparticles for
removal of polycyclic aromatic hydrocarbons
http://dx.doi.org/10.1016/j.jcis.2017.03.015
0021-9797/� 2017 Elsevier Inc. All rights reserved.

⇑ Corresponding authors at: UNAM-National Nanotechnology Research Center, Bilkent University, 06800 Ankara, Turkey (T. Uyar and F. Topuz).
E-mail addresses: fuat.topuz@rwth-aachen.de (F. Topuz), tamer@unam.bilkent.edu.tr (T. Uyar).
Fuat Topuz a,⇑, Tamer Uyar a,b,⇑
aUNAM-National Nanotechnology Research Center, Bilkent University, 06800 Ankara, Turkey
b Institute of Materials Science & Nanotechnology, Bilkent University, 06800 Ankara, Turkey

g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 26 December 2016
Revised 21 February 2017
Accepted 2 March 2017
Available online 4 March 2017

Keywords:
Mesostructured silica nanoparticles (MSN)
Polycyclic aromatic hydrocarbons (PAH)
Cyclodextrin
Water treatment
a b s t r a c t

Polycyclic aromatic hydrocarbons (PAHs) are the byproducts of the incomplete combustion of carbon-
based fuels, and have high affinity towards DNA strands, ultimately exerting their carcinogenic effects.
They are ubiquitous environmental contaminants, and can accumulate on tissues due to their lipophilic
nature. In this article, we describe a novel concept for PAH removal from aqueous solutions using
cyclodextrin-functionalized mesostructured silica nanoparticles (CDMSNs) and pristine mesostructured
silica nanoparticles (MSNs). The adsorption applications of MSNs are greatly restricted due to the absence
of surface functional groups on such particles. In this regard, cyclodextrins can serve as ideal functional
molecules with their toroidal, cone-type structure, capable of inclusion-complex formation with many
hydrophobic molecules, including genotoxic PAHs. The CDMSNs were synthesized by the surfactant-
templated, NaOH-catalyzed condensation reactions of tetraethyl orthosilicate (TEOS) in the presence of
two different types of cyclodextrin (i.e. hydroxypropyl-b-cyclodextrin (HP-b-CD) and native
b-cyclodextrin (b-CD)). The physical incorporation of CD moieties was supported by XPS, FT-IR, NMR,
TGA and solid-state 13C NMR. The CDMSNs were treated with aqueous solutions of five different PAHs
(e.g. pyrene, anthracene, phenanthrene, fluorene and fluoranthene). The functionalization of MSNs with
cyclodextrin moieties significantly boosted the sorption capacity (q) of the MSNs up to �2-fold, and the q
ranged between 0.3 and 1.65 mg per gram CDMSNs, of which the performance was comparable to that of
the activated carbon.
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1. Introduction

Today’s world faces an intriguing contamination problem of
water resources, soils and atmosphere with many types of pollu-
tants, including polycyclic aromatic hydrocarbons (PAHs). PAHs
constitute a large chemical family of fused benzene rings with their
potent carcinogenic, teratogenic and mutagenic activities [1,2]. On
contact with body tissues, they undergo metabolic activation to
reactive epoxide compounds through an enzymatic oxidation path-
way initiated by cytochrome P450 (CYP), and the formed reactive
metabolites are capable of binding to nucleotides on a cellular
DNA, forming PAH-DNA adducts. If not repaired, these adducts
may inducemutations in oncogenes and suppression genes, eventu-
ally leading to the transformation of a normal cell into a cancer cell
[3–5]. In vivo studies with mice demonstrated mutagenicity of
PAHs; for example, pregnant mice exposed to benzo(a)pyrene (B
[a]p) for 10 days showed the effects of birth defects [6,7]. Similarly,
mice exposed to 923 ppmof B[a]p in food formonths displayed liver
problems [8]. In today’s world, the presence of PAHs in the environ-
ment is indeed very common, extremely serious, andmoreover, PAH
level rises with proximity to urban centers [9–12]. Humans are con-
tinuously exposed to some levels of PAHs through many different
sources, including smoking, diet and drinkingwater. Since the PAHs
are ubiquitously present in water sources, and have a lipophilic nat-
ure, they can easily accumulate on tissues, and exert its long-term
effects in vivo. Despite being hydrophobic in nature, PAHs are water
soluble to a certain extent, and have been found in ground water
(1.0–10.0 ng/L), rain water (2.7–7.3 ng/L), tap water (2.5–9.0 ng/L)
and surface water (10–830 ng/L) [13]. Further, the total potential
dose of carcinogenic PAHs for a nonsmoker adult has been estimated
to be a median 3 lg/day, while sometimes reaching to a maximum
value of 15 lg per day [13]. One important source of this uptake is
polluted drinking water sources, particularly for developing coun-
tries, where they are often hampered by the lack of limited enforce-
ment of water quality standards and available technologies for
effectivewater-remediation. Their consistent exposure is associated
with diseases (e.g. asthma and cardiovascular problems) in addition
to many types of cancers. The most common consequence of PAH
exposure is p53 mutations in lung cancers due to DNA damage
caused by cigarette smoke carcinogens, including PAHs [14]. Thus,
several attempts have been made in recent years for the efficient
removal of trace PAHs from contaminated soils, water and atmo-
sphere using functional material platforms, including a semi-rigid
cyclophane (ExBox) [15], cyclodextrins [16], calix[n]arenes [17],
and metal-ligand diazapyrenium-based metallocycles [18], and
more recently, photo-switchable nanoparticles that aggregate upon
irradiation [19].

Mesoporous silica nanoparticles (MSNs) are chemically and
thermally stable nanomaterials having pores in the range of
2–50 nm. They can offer a very large surface area (�800 m2/g),
and thus have taken a considerable interest in many diverse field-
s of science, industry and technology [20–23]. Those nanomaterials
are synthesized by the condensation reactions of tetraethyl
orthosilicate (TEOS) in the presence of a surfactant (e.g.
cetyltrimethylammonium bromide (CTAB)) as a pore-templating
agent under acidic or basic catalysis. The reactions are initiated
with the hydrolysis of alkoxy groups into silanols, and followed
by condensation reactions, ultimately yielding silica particles.
The internal porous structure of such particles allows the transport
of small (bio)molecules (e.g. drugs, proteins, peptides and oligos)
and releases payloads into targeted areas by intra- or extracellu-
larly after having decorated with bioactive ligands. Quite recently,
it was shown that they can even bypass the plant cell wall with
plasmid modification, and subsequently release the embedded
drugs into the cytosol [24]. In addition to these applications, such
nanoplatforms have been employed as sorbent materials for water
remediation, or the separation of molecules based on the
molecular size, hydrophobic/hydrophilic balance and ionic charge
[25–27]. The structural characteristics of MSNs (e.g. shape, size
and pore architecture) can be tailored by means of a suitable syn-
thesis route. Further, these nanomaterials can be modified by
either physical or chemical routes with a variety of functional
motifs, including cyclodextrins.

Cyclodextrins are cyclic oligosaccharides, capable of forming
host-guest complexes with small lipophilic molecules using their
hydrophobic toroidal cavity, of which the exterior is hydrophilic
because of the presence of the primary and secondary hydroxyl
groups. In an aqueous medium, those CD motifs can complex with
a wide range of small hydrophobic compounds, including PAHs,
fragrances and other types of lipophilic molecules, and the com-
plexation notably enhances water solubility of guest hydrophobic
compounds [28,29]. Hence, they have been heavily used in phar-
macy, agriculture, textile, catalysis, hygiene, cosmetic and food
industry [30–33]. Further, in our recent studies we have shown
that electrospun nanofibers can be functionalized with cyclodex-
trins as molecular filters for water filtration [34,35] removal of
volatile organic compounds (VOCs) [36–40] including aniline, ben-
zene, styrene and toluene, and the removal of phenanthrene from
an aqueous system [41,42].

Given that a highly-ordered honeycomb-like meso- or
microporous structure with a large surface area, cyclodextrin-
functionalized MSNs (CDMSNs) would be an interesting challenge
for PAH removal from aquatic environments. In such a case, the sep-
aration of nanoparticles can be accomplished via centrifugation or
filtration. Quite recently, silica aggregates with physically adsorbed
graphene sheets were used for the removal of phenanthrene from
water [43]. They observed that graphene-decorated silica particles
could scavenge phenanthrene in the range of 0.014–1.74 mg per
gram particles with an increasing content of graphene. Similarly,
Laveille et al. (2010) reported hemoglobin (Hb) functionalized
mesoporous silica particles for PAH scavenging [44]. Hemoglobin
(Hb) was physically encapsulated in the pores of commercially
available micro-sized silica particles (LiChrospher 60) with a mean
pore size of 6 nm and the particle size of �10 lm. These particles
were implemented for the covalent attachment of PAHs to Hb over
a H2O2-catalyzed reaction. Another study used silica microparticles
for the removal of acenaphthene fromwater with a sorption capac-
ity of 0.7 mg per gram silicagel [45].

In this study, we describe an efficient method for the removal of
several PAH compounds from aqueous solutions using physically
CD-functionalized MSNs (hpCDMSN and nCDMSN), along with
pristine MSNs as a control material (Scheme 1). The CDMSNs were
synthesized by the surfactant-templated, base-catalyzed conden-
sation reactions of tetraethyl orthosilicate (TEOS) in the presence
of hydroxypropyl-b-cyclodextrin or native b-cyclodextrin. Several
characterization techniques (e.g. XPS, FT-IR, NMR, TGA and solid-
state 13C NMR) were employed to elucidate the structural proper-
ties of the nanoparticles. The CDMSNs and pristine MSNs were
later used for the removal of five different PAH compounds (i.e.
pyrene, anthracene, phenanthrene, fluorene and fluoranthene)
from aqueous solutions. The sorption capacities were determined
via fluorescence measurements over changes in the mean fluores-
cence intensity of the supernatant before and after treatments with
the CDMSNs.

2. Experimental section

2.1. Materials

Polycyclic aromatic hydrocarbons (PAHs) (i.e. pyrene, anthra-
cene, phenanthrene, fluorene and fluoranthene) and tetraethyl
orthosilicate (TEOS, 98%) were purchased from Sigma-Aldrich.



Scheme 1. Synthesis scheme of pristine MSN and physically cyclodextrin-functionalized MSN. The hpCDMSN stands for hydroxypropyl-b-cyclodextrin functionalized MSN,
and nCDMSN denotes to native b-cyclodextrin functionalized MSN.
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Cetyltrimethylammonium chloride (CTAC, >98%) was received
from TCI-Chemicals. Hydroxypropyl-b-cyclodextrin (HP-b-CD,
CAVASOL-W7 HP) and b-cyclodextrin (b-CD, CAVAMAX-W7) were
kindly donated by Wacker Chemie AG. Sodium hydroxide (NaOH)
was purchased from Merck.

2.2. Synthesis of Cyclodextrin-Functionalized Mesostructured Silica
Nanoparticles (CDMSNs) and pristine MSNs

CTAC (0.4 g) was dissolved in water (96 mL), and the mixture
was continuously stirred at 80 �C for 30 min until a transparent
solution was formed. Afterward, HP-b-CD (23% (w/v) of TEOS) or
b-CD (150% (w/v) of TEOS) was added to the solution for the syn-
thesis of CDMSNs, and followed by the addition of 2 N NaOH
(0.7 mL). The condensation reactions were initiated with TEOS by
a dropwise addition over several minutes. This synthesis pathway
led to the CDMSNs, where cyclodextrin moieties were physically
incorporated. These particles were named as hpCDMSN or
nCDMSN depending on the type of CD used. For the synthesis of
the pristine MSNs, TEOS was directly added to the solution. The
nanoparticles were washed with a mixed solvent of acetic acid
and methanol (1:3) to remove weakly adsorbed CD and CTAC
molecules from the nanoparticles.

2.3. Characterizations

2.3.1. Dynamic Light Scattering (DLS) & zeta-potential measurements
The particle size was measured by a photon correlation spec-

troscopy ‘‘Malvern Nano ZS ZEN3600 (Malvern Instruments, USA)”
at a scattering angle of 173�. Disposable polystyrene cuvettes were
used for size measurements in water. ‘‘Expert System” software
was used for data interpretation. The presented data are average
values of three measurements. The dynamic light scattering
(DLS) measurements give a Z-average (or cumulant mean) value,
which is an intensity mean and the polydispersity index (PDI).
The cumulant analysis has the following form;
lnðgð1ÞðtÞÞ ¼ �Ct þ l2t
2 þ � � � ð1Þ
where gð1Þ is the first order correlation function, �C is the average
decay rate and first cumulant, and l2 is the second cumulant. The
value l2=

�C2 is known as PDI.
The zeta-potential measurements were measured in the pH

range of 3–12, and an autotitrator (MPT-2, Malvern Instruments)
was used to adjust the sample pH.
2.3.2. Wide-Angle X-ray Diffraction (WAXD) analysis
WAXD experiments were performed using a PANalytical X’Pert

Pro MPD, which was powered by a Philips PW3040/60 X-ray gen-
erator and fitted with an X’Celerator detector. Diffraction data was
acquired by exposing powder samples to Cu K-alfa X-ray radiation.
X-rays were generated from a Cu anode supplied with 40 kV and
the current of 40 mA. The data were collected over the range of
2–40� of 2h. All scans were carried out in ‘continuous’ mode, and
the data were later analyzed by X’Pert Highscore Plus software
(version 2.0).
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2.3.3. Fourier Transform-Infrared (FT-IR) spectroscopy
FT-IR spectra of the nanoparticles were recorded on a Bruker-

VERTEX 70 spectrometer. The spectra were taken at a resolution
4 cm�1 after 128 scans accumulation for an acceptable signal/noise
ratio.

2.3.4. X-ray Photoelectron Spectroscopy (XPS)
The XPS spectra of the nanoparticles were recorded by a X-ray

photoelectron spectrometer (Thermo Fisher Scientific, U.K.). As a
X-ray source, Al K-alpha X-ray monochromator (0.1 eV step size,
12 kV, 2.5 mA, spot size 400 mm) was used at an electron take-off
angle of 90� from the surface. For each sample, survey spectrum
was taken 5 times with 50 ms dwell time (pass energy 200 eV).
C1 s spectra were taken 10 times with 50 ms dwell time (pass
energy 30 eV). The binding scale was referenced to the aliphatic
component of C1 s spectrum at 284.85 eV.

2.3.5. Nuclear Magnetic Resonance (NMR) spectroscopy
For 1H NMR analysis, the nanoparticles were dispersed in D2O,

and the spectra were recorded on a Bruker DPX-400 (400 MHz)
at 512 scans. Solid-state 13C NMR analysis was performed using
an Inova 500 MHz NMR Varian system fitted with a Jacobsen brand
CP/MAS probe, and 2000 scans were acquired.

2.3.6. Scanning Electron Microscopy (SEM)
The shape of the nanoparticles was analyzed by SEM (Quanta

200 FEG, FEI) after gold-sputtering (Gatan 682 Precision and Coat-
ing System (PECS)). The average nanoparticle diameters (hDi) and
their distributions were calculated over 100 particles from SEM
images using ImageJ analysis software (NIH, Bethesda, USA).
Energy-dispersive X-ray (EDX) mode was used to explore the ele-
mental composition of the material at 30 kV and 4.5 mA on copper
tapes after gold-sputtering.

2.3.7. Transmission Electron Microscopy (TEM)
TEM (FEI, Tecnai G2F30) was performed on the nanoparticles.

The particles were dispersed in water, and a tiny droplet was dried
on a carbon-coated TEM grid. TEM was operated with an accelerat-
ing voltage of 300 kV. STEM images were captured using a high-
angle annular dark field (HAADF) detector.

2.3.8. Brunauer-Emmett-Teller (BET) measurements
Surface area was measured by a Quantachrome NOVA 2200e

series surface analyzer. The adsorption isotherms of nitrogen at
77 K were investigated using the Brunaur-Emmett-Teller (BET)
method in the P/P0 range of 0.05–0.3. The particles were outgassed
for 24 h at 90 �C. The pore size distribution (PSD) was obtained
from the adsorption isotherms using the Barrett-Joyner-Halenda
(BJH) method.

2.3.9. UV–Visible spectrophotometer
The adsorption spectra of the PAHs were gathered on a Cary 100

spectrophotometer. PAH molecules were dissolved in water, and
their spectra were collected between 200 and 800 nm using quartz
cuvettes.

2.4. PAH sorption tests

Fluorescence spectra of PAH solutions were recorded on a Cary
fluorescence spectrophotometer using quartz cuvettes. The excita-
tion wavelengths were calculated from the maximum absorbance
observed by UV-spectrum (Fig. S1). Emission wavelength range
was from 250 to 600 nm. The fluorescence spectra of PAHs were
measured at various concentrations, and the respective calibration
curves of the PAHs were plotted (Figs. S2–6 in the Supporting
Information). The nanoparticles were treated with PAH molecules
for 3 h, and thereafter, they were centrifuged at 10,000 rpm for
10 min. The supernatant part containing free PAHs was measured
with a fluorescence spectrophotometer. We also attempted to
use cellulose filter membranes to remove the nanoparticles as an
alternative approach to the centrifugation, and indeed, we
observed that the filter membrane substantially adsorbs PAH
molecules. Thus, the nanoparticles were centrifuged to get rid of
the nanoparticles from an aqueous phase after exposed to PAHs.
3. Results and discussion

Mesostructured silica nanoparticles (MSNs) were synthesized
with the formation liquid crystalline phases of cetyltrimethylam-
monium chloride (CTAC) that served as templates for the in-situ
polymerization of tetraethyl orthosilicate (TEOS) in alkaline condi-
tions. This chemistry relies on the hydrolysis of alkoxy groups into
silanols and their subsequent condensation reactions to produce
SiAOASi based networks. After the synthesis, MSNs were not
harshly treated with chemicals to get rid of all CTAC molecules,
but they were just exposed to a mixed solution of acetic acid and
methanol. This will of course lead to a MSN-CTAC system rather
than a sole MSN particle. As the CTAC moieties in the mesopores
is more hydrophobic than the silica and relatively stable in the
pores, the total removal of CTAC moieties was not desired for their
use for the removal of lipophilic PAH molecules by hydrophobic
adsorption. The particles were characterized using SEM, where
the spherical nanoparticles with an average nanoparticle size of
ca. 100 nmwere observed (Fig. 1(a) and (b)). The mean particle size
was measured �300 nm in water, suggesting the presence of inter-
connected particles (Fig. 1(a)–(d)). This structure could be attribu-
ted to a low CTAC content. Beyond the interest of this study,
monodisperse MSNs can be synthesized with the optimization of
formulation parameters.

Cyclodextrin-functionalized silica nanoparticles (CDMSNs)
were synthesized using the identical synthesis procedure, but with
a further addition of hydroxypropyl-b-cyclodextrin (HP-b-CD) (23%
(w/v) of TEOS) or b-cyclodextrin (b-CD) (150% (w/v) of TEOS) prior
to the addition of TEOS. Fig. 1(e) and (f) shows spherical
hpCDMSNs with a mean particle size at ca. 120 nm. The mean par-
ticle diameter of the hpCDMSNs is higher than the pristine MSNs,
suggesting that the addition of water-soluble HP-b-CD moieties
slightly increased the particle size diameter. As the cyclodextrin
was added prior to the addition of TEOS, it affected the formation
mechanism of the particles, and led to bigger particles. The size
distribution of the hpCDMSNs was measured by dynamic light
scattering (DLS) showed that the presence of interconnected parti-
cles in the range of 150–700 nm, together with a small percentage
of single nanoparticles (Fig. 1h). On the other hand, native b-CD
functionalized MSNs (nCDMSNs) were synthesized by using a sub-
stantial amount of b-CD (150% (w/v) of TEOS). SEM images of these
particle demonstrated the formation of bean-like structure rather
than spherical ones (Fig. 1(i) and (j)). Further, these particles with
a mean particle size of �295 nm and PDI of 0.870 were much larger
than the pristine MSNs and hpCDMSNs (Fig. 1(k) and (l)).

The shape and pore structure of the nanoparticles were
explored by TEM, where the particles with interconnected struc-
tures were observed for both pristine MSNs and hpCDMSNs
(Fig. 2). High-resolution TEM (HRTEM) image of the pristine MSNs
revealed a periodic pore structure, suggesting a mesoporous net-
work architecture within the particles. The physical incorporation
of cyclodextrins affected the particle shape and pore size, particu-
larly for the b-CD functionalized particles. SEM analysis demon-
strated a slight increase in the particle size by 20% (from ca. 100
to 120 nm) for the hpCDMSNs. The mean pore size for the pristine
MSNs was found as 2.2 nm by TEM, while it was measured as



Fig. 1. Characterization of the pristine MSNs and CD-functionalized MSNs (CDMSNs). SEM images of the pristine MSNs (a, b). The particle size distributions of the MSNs at dry
state by SEM (c) and in water measured by DLS (d). SEM images (e and f) and the particle size distributions of the hpCDMSNs at dry state (g) and in water (h). SEM images (i
and j) and the particle size distributions of the nCDMSNs at dry state (k) and in water (l).
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2.7 nm for the hpCDMSNs, suggesting that the addition of HP-b-CD
led to larger pores. However, TEM images of the nCDMSNs showed
obvious changes on the particles, not only the size of particles, but
also pore structure. Almost a threefold rise in particle size was
observed, and the pore size decreased to 0.97 nm, suggesting a
microporous structure rather than a mesoporous one. By taking
account of the molecular size of b-CD (�1.6 nm), it was obvious
that the particle surface was decorated by cyclodextrin moieties.
The specific surface areas of pristine MSNs, hpCDMSNs and
nCDMSNs were found as 232.49, 142.47 and 61.56 m2/g, respec-
tively. The decrease in surface areas for CDMSNs samples could
be attributed to the presence of CTAC and CDs inside the pores that
reduce surface areas. Nevertheless, CDMSNs have shown high
scavenging capacities for the removal of PAH molecules due to
the presence of CD moieties as discussed in the following sections.

After heat treatment at 450 �C for 2 h, the weight losses for the
hpCDMSNs and pristine MSNs were respectively found as 51% and
38.5%. Generally, an initial weight loss (�5%) on the particle weight
during the heating process could be attributed to the release of
water molecules, while the rest was due to the pyrolysis of CTAC
surfactant and CD moieties on the silica network. However, after
the removal of cyclodextrins and CTAC moieties, TGA analysis of
the hpCDMSNs revealed a small loss on the particle weight due
to the pyrolysis of cyclodextrins above 300 �C (Fig. S7). HR-TEM
and STEM analyses after the heat treatment at 450 �C for 2 h
showed the presence of a honeycomb-type mesoporous structure
for both hpCDMSNs and pristine MSNs (Figs. S8 and 9). After heat
treatment, both nanoparticles preserved interconnected particle
structure, while the particles formed by b-CDs were in the shape
of single particles.

Cyclodextrin-functionalized MSNs before and after the removal
of CTAC moieties were analyzed by FT-IR (Fig. S10), where typical
peaks assigned to a CAH stretching bond of the CTAC moieties
could be seen at 2860 and 2930 cm�1, indicating the formation of
MSN-CTAC. After the removal of the CTAC and CD moieties, a sig-
nificant decrease in the corresponding peaks was observed. The
bending vibration of SiAOASi was observed at �460 cm�1, while
the peak appeared at 802 cm�1 was assigned to the symmetric
stretching vibration of SiAOH. Normally, the characteristic absorp-
tion bands of cyclodextrins appear at �1030, 1080 and 1155 cm�1
for CAC and CAO stretching vibrations and the asymmetric
stretching of CAOAC glycosidic bonds. However, the bands
between 1050 and 1200 cm�1 related to the various CAO stretch-
ing vibrations of the cyclodextrins were overlapped with a strong
and broad SiAOASi asymmetric stretching vibration of the MSNs
appeared at �1100 cm�1. However, it has been widened in the case
of SiO2-cyclodextrin hybrids due to the overlapping of SiAOASi,
SiAOAC, and CAO stretching peaks. It was previously reported that
in organo-silica hybrid networks, an asymmetric stretching vibra-
tion of SiAOASi splits into two separate bands, suggesting the for-
mation of a hybrid matrix [46]. Even after the removal of CTAC
moieties, hpCDMSNs show a characteristics CAH vibration peak
of the HP-b-CD at 2930 cm�1, suggesting CD attachment at some
extent. On the other hand, nCDMSNs show all characteristic peaks
of b-CD (i.e. 942, 1094, 1166, 1337, 2929 and 3467 cm�1) and as
well as SiAOASi peaks of the silica network, and thus demonstrate
the formation of a hybrid CDMSN nanonetwork with high
cyclodextrin loading (see Fig. S10).

For the confirmation of the adsorption of cyclodextrins on the
particle surface, XPS was used to elucidate the atomic composition
(Fig. 3), and the corresponding compositional data were given in
Table S1 (see Supporting Information). With CD functionalization,
the proportion of silicon (Si2s and Si2p) declined from 35.34 to
28.42% while the carbon content increased from 32 to 37%.
Whereas, for the nCDMSNs, C and Si contents were 58% and 20%,
respectively, suggesting a substantial amount of the incorporated
CDs. Since cyclodextrins are compositionally made of carbon (C)
and oxygen (O), a rise in C content in the atomic composition of
particles could be attributed to the presence of the cyclodextrin
and CTAC on the surface. Further, 1H NMR analysis of the CDMSNs
in D2O shows the characteristic peaks of cyclodextrin-backbone
protons between 3 and 6 ppm, together with the methyl protons
of hydroxypropyl moieties at 1.1 ppm (Fig. S11 in the Supporting

Information). The methylene protons adjacent to Si (SiACH2) were
detected at �0.56 ppm, suggesting a silica-cyclodextrin hybrid net-
work. However, after the removal of adsorbed CTAC and CD moi-
eties, almost all cyclodextrins and CTAC moieties were detached
from the particles, and very small peaks related to cyclodextrins
could be detected in the respective region (Fig. S11, inset). 1H
NMR spectrum of the nCDMSNs clearly shows all protons peaks



Fig. 2. TEM images of the pristine MSNs (a), hpCDMSNs (b), and nCDMSNs (c). Inset (b) shows the average pore size of the hpCDMSNs imaged by HRTEM. The inverse fast
Fourier transform (IFFT) images for the pristine MSNs and hpCDMSNs with corresponding line profile showing a periodic pore distribution. STEM image shows the particle
structure of the nCDMSNs.
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of adsorbed b-CDs (Fig. S12). Likewise, TGA analysis of the
hpCDMSNs revealed a slight weight loss between 300 and 350 �C
because of the adsorbed cyclodextrins (Fig. S7). In contrast, b-CD
functionalized MSNs showed a significant weight loss (�40 wt%)
due to the incorporated CDs. The pyrolysis of the b-CD took place
at ca. 320 �C, while very small weight loss was observed for CTAC
moieties around 280 �C. For further confirmation of the adsorption
of cyclodextrins, solid-state 13C NMR analysis was performed on
the particles, where the characteristic peaks of the b-CD were
appeared in the ranges of 97–106 ppm for C-1, and 78–86 ppm
for C-2, 3, 4, 5 (Fig. S16).

The presence of cyclodextrins on the particle surface could be
seen over the deconvoluted C1s spectra of both nanoparticles (pris-
tine MSNs and hpCDMSNs) (Fig. 3(b) and (c)). The peak appeared at
284.85 eV is considered as an aliphatic carbon (CAC or CAH), while
the peak at 286.5 eV corresponds to the carbon bound to oxygen
(CAO). Since the cyclodextrins have high number of CAO bonds,
a rise in the peak at 286.5 eV can be assigned to the incorporated
cyclodextrins. Furthermore, the peak at 287.5 eV suggests the pres-
ence of carbon-oxygen-carbon (CAOAC) bond of cyclodextrins and
the carbon-nitrogen (CAN) bond of CTAC. Fig. 3(b) and (c) shows
the C1s narrow spectra of both nanoparticles (hpCDMSNs and pris-
tine MSNs). Similarly, energy-dispersive X-ray spectroscopy (EDX)
analysis on both particles showed larger oxygen (O) peak for
hpCDMSNs compared to the pristine MSNs due to cyclodextrin
moieties (Fig. S13). Similarly, the carbon peak was more distinctive
for hpCDMSNs. Both MSN and hpCDMSN samples through XPS and
EDX suggest the presence of cyclodextrins on the particles.

To figure out the cyclodextrin localization, the zeta-potential
analysis was performed. This analysis method allows qualitative



Fig. 3. XPS survey spectra (a) and the deconvoluted C1s spectra (b and c) of the pristine MSNs and hpCDMSNs.
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identification of cyclodextrins at the slipping plane located just
outer surface of the particles. Fig. S14 shows the pH-dependent
zeta-potentials of the silica nanoparticles in the pH range of
3–12. At high pH (basic aqueous values), CDMSNs and pristine
MSNs have similar zeta (f) potentials at ca. �40 mV. While lower-
ing the pH just below 6, the f is varied depending on the presence
or absence of cyclodextrin. The hpCDMSNs have zeta-potential
between 40 and 45 mV, while the pristine MSNs have zeta-
potentials between 20 and 25 mV in the identical pH range. This
significant difference in the zeta potentials between these two
nanoparticles suggests that the CDMSNs have a considerable
amount of cyclodextrins on the particle surface so that the hydro-
xyl groups become protonated at acidic pH, yielding positive zeta
potentials.

The structural analyses of nanoparticles were performed by
WAXD, and the respective XRD patterns of nanoparticles are
shown in Fig. S15, where pristine MSNs and hpCDMSNs gave a
broad peak centered at 23� due to amorphous SiO2 [47]. The silica
nanoparticles are amorphous materials and do not show sharp
crystalline peaks, with only exception of the peaks of periodic
pores that appear in the range of 2–8�. Further, HP-b-CD has also
an amorphous structure. The pristine MSNs show typical diffrac-
tion peaks (100), (110) and (200) of the highly ordered hexagonal
pore structure, while smaller peaks were observed for the
hpCDMSNs, suggesting less-ordered mesopores. This is could be
ascribed that the incorporation of cyclodextrins affected the
pore-architecture, but the sample preserved a mesoporous net-
work as confirmed by TEM analyses. In contrast, the nCDMSNs
exhibited a very different XRD pattern, where the peaks related
to the periodic pores appeared in the range 2–10�, and the
crystalline peaks of b-CDs were observed in the range of 10–50�,
suggesting that surface decoration of the particles with CD moi-
eties was successful.

In this study, the PAH sorption tests were performed by treating
silica particles with several PAHs under continuous stirring (Fig. 4).
Afterward, the nanoparticles were removed by the centrifugation
at 13,000 rpm for 10 min, and the supernatant part was taken into
vials and measured by a fluorescence spectrophotometer at excita-
tion wavelengths determined by UV/Vis analyses (Fig. S1, Support-
ing Information). Fluorescence spectra of all PAH solutions
revealed significant reductions in emission spectra upon treatment
with nanoparticles (Fig. 4). Even though HP-b-CD functionalized
MSNs exhibited slightly better PAH sorption capacities up to 21%,
there was no vast difference in the PAH removal capacities
between hpCDMSNs and pristine MSNs due to the low CD loadings.
On the other hand, b-CD functionalized MSNs, which were synthe-
sized at very high CD content, showed the highest reduction in the
fluorescence spectrum of the respective PAH molecule after having
treated for 3 h. Even though the surface area of the pristine MSN is
much higher than the CD-functionalized MSNs, the presence of
high CD content, particularly for the nCDMSNs, allows the efficient
removal of the PAH molecules. Moreover, the performance of such
particles was comparable to that of activated carbon, which
demonstrated the complete removal of PAH molecules (Fig. 4).

The overall PAH-removal performance of the CDMSNs and pris-
tine MSNs was shown in Fig. 5, where the scavenging capacities of
the particles were expressed as mg PAH adsorbed on the gram sil-
ica particles. The PAH sorption capacities of the nanoparticles were
found over 0.3 mg, even reaching to 1.65 mg with a mean sorption
capacity higher than 1 mg, suggesting that the nanoparticles are
substantially good in snaring of toxic PAH compounds from
aqueous solutions. The nCDMSNs showed the highest scavenging



Fig. 4. The PAH removal performances of pristine and cyclodextrin functional MSNs (CDMSNs), and as well as activated charcoal. Fluorescence spectra of the PAH solutions
((a) phenanthrene, (b) fluorene, (c) anthracene, (d) fluoranthene and (e) pyrene before and after treatments with the nanoparticles.

Fig. 5. (a) Sorption capacities of CDMSNs and pristine MSNs (over mg PAH molecule per g nanoparticles) for various PAH molecules. (b) Optical photo shows the precipitated
particles after the centrifugation, and (c) fluoranthene solutions exposed to fluorescence light reveal a significant reduction in the fluorescence intensity after treated with the
hpCDMSNs.
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capacity to those pristine MSNs and hpCDMSNs with a �2-fold rise
in the sorption capacity of PAHs. This high sorption capacity was
attributed to high CD loading for nCDMSNs. Overall, the CDMSNs
were very good in the removal of toxic PAHs, and thereby have
high potential as sorbent platforms in PAH removal from aquatic
environments. The incorporation of CD motifs on the nanomateri-
als is a very important parameter for their sorption applications
and enhances PAH removal performance of the materials.
4. Conclusion

Cyclodextrin-functionalized mesostructured silica nanoparticles
(CDMSNs) were generated in a simple, one-pot reaction system,
and exploited for the removal of genotoxic polycyclic aromatic
hydrocarbons (PAHs) from aqueous solutions. Surfactant-
templated, base-catalyzed MSNs were successfully synthesized in
the presence and absence of cyclodextrins, and several techniques
(SEM, TEM, DLS, XPS, FTIR, Zeta potential and BET) were used to
characterize the nanoparticles. TGA and solid-state 13C NMR
analyses confirmed the presence of adsorbed cyclodextrin moieties,
while HR-TEM revealed periodic porous structures. Even though the
pristine MSNs exhibited very high sorption capacities due to their
highly porous structures, which mimicked as if nanomembranes
once the polluted water passes through pores, cyclodextrin func-
tionalization significantly boosted the sorption capacity of the
nanoparticles by a twofold of the pristine MSNs. This one-pot fabri-
cation pathway of cyclodextrin-functionalized silica nanoparticles
(CDMSNs) seems a promising approach with their high scavenging
capacities for the removal of genotoxic PAH molecules from aquatic
environments with performances comparable to that of activated
charcoal. The chemical modification of such functional motifs onto
silica particles and their recyclable use in PAH removal is currently
under investigation.
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