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a b s t r a c t

Poly(methyl methacrylate) (PMMA) nanofibers containing the inclusion complex forming beta-
cyclodextrin (�-CD) were successfully produced by means of electrospinning in order to develop
functional nanofibrous webs for organic vapor waste treatment. Electrospinning of uniform PMMA
nanofibers containing different loadings of �-CD (10%, 25% and 50% (w/w)) was achieved. The surface
sensitive spectroscopic techniques; X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary
ion mass spectrometry (ToF-SIMS) showed that some of the �-CD molecules are present on the surface
eywords:
lectrospinning
yclodextrin
oly(methyl methacrylate) (PMMA)
anofilter
anofiber

of the PMMA nanofibers, which is essential for the trapping of organic vapors by inclusion complexation.
Direct pyrolysis mass spectrometry (DP-MS) studies showed that PMMA nanowebs containing �-CD can
entrap organic vapors such as aniline, styrene and toluene from the surroundings due to inclusion com-
plexation with �-CD that is present on the fiber surface. Our study showed that electrospun nanowebs
functionalized with cyclodextrins may have the potential to be used as molecular filters and/or nanofilters
for the treatment of organic vapor waste and air filtration purposes.
. Introduction

Electrospinning is a cost-effective and versatile technique
or the production of nanofibers/nanowebs. Electrospun
anofibers/nanowebs have several distinctive characteristics

ncluding very large surface area to volume ratio, nanoporous
tructure, and have unique physical performance along with the
esign flexibility for chemical/physical functionalization [1–4]. It
as been shown that the electrospun nanofibers/nanowebs are
ery applicable in the field of filtration since such nanowebs can
lter tiny particles as well as molecules and have significantly high
dsorptive capacity due to their high surface area and nanoporous

tructure [5–8].

Cyclodextrins (CD) are cyclic oligosaccharides consisting of
(1,4)-linked glucopyranose units with a toroid-shaped molecular
tructure (Fig. 1). Due to their unique chemical structure, CDs can
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form non-covalent host–guest inclusion complexes (CD-IC) with
various molecules by including them inside their cavity [9–10].
The formation and the stability of the CD-ICs depend on many fac-
tors such as the size/shape match and the binding forces between
the CD host and the guest molecules [11–12]. It has been shown
that cyclodextrins and cyclodextrin functionalized materials have
the potential to be used in filters and membranes for separation,
purification and filtration purposes since they have the ability to
form inclusion complexes with hazardous chemicals and polluting
substances [13–16].

The functionalization of nanofibers/nanowebs with cyclodex-
trins (CD) is extremely interesting since such nanofibers/nanowebs
containing CD molecules can potentially act as an efficient molec-
ular filter by combining the specific complex formation with
organic compounds with the very high surface area of the nanoweb
[7,17–18]. In our very recent studies, we have shown that elec-
trospun polystyrene (PS) nanowebs incorporating CDs can filter
organic molecules (e.g., phenolphthalein) from solution by inclu-

sion complexation [7,18]. In the present study, by means of
electrospinning we produced �-CD functionalized poly(methyl
methacrylate) (PMMA) nanofibrous webs by taking advantage of
the high surface-volume ratio of nanofibers to form molecular fil-
ters and/or nanofilters with the added advantage of having CD

dx.doi.org/10.1016/j.memsci.2010.09.037
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
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Fig. 1. (a) Chemical structure of �-CD, (b) 3-D structure of �-CD (c)

s a functional additive aiming at trapping organic waste vapors
rom the surroundings for air filtration purposes. Our results
emonstrated that the PMMA/�-CD nanowebs were successful in
apturing the organic molecules (e.g., styrene, aniline and toluene)
rom the vapor phase.

. Experimental

.1. Materials

Amorphous poly(methyl methacrylate) (PMMA) (Mw ∼350,000,
ldrich), N,N-dimethylformamide (DMF) (Fluka, 98%), toluene

Carlo Erba, %99.5), aniline (Riedel- de Haen, %99.5), styrene
Acros Organics, 99%) and beta-cyclodextrin (�-CD) (obtained from

acker Chemie AG, Germany) were used as-received without any
urther purification.

.2. Electrospinning

The electrospinning of bead-free uniform PMMA/�-CD
anofibers was reported in our previous study [19]. In brief,
he homogeneous solutions were prepared by dissolving PMMA
nd �-CD in DMF; the PMMA concentration was 10% (w/v) and
he �-CD was 10%, 25% and 50% (w/w) with respect to PMMA.
he concentration of the PMMA solution without any CD was 15%
w/v). The electrospinning parameters were as follows; feed rate
f polymer solution was 1 mL/h, the applied voltage was 15 kV and
he tip-to-collector distance was 10 cm. The collected nanowebs
ere dried at 40 ◦C under vacuum oven for 24 h to remove the

esidual solvent (DMF).

.3. Characterization and measurements

.3.1. Scanning electron microscopy (SEM)

The morphology of the nanofibers was explored by high-

esolution scanning electron microscopy (SEM) (FEI, Nova 600
anoSEM and Quanta 200 FEG). The average fiber diameter was
etermined from the SEM images and around 100 fibers were ana-

yzed to calculate the average fiber diameter.

able 1
he composition of PMMA/�-CD solutions and the average fiber diameter of the resulting

Solution % PMMAa (w/v) % CDb (w/w)

PMMA 15 –
PMMA/�-CD10 10 10
PMMA/�-CD25 10 25
PMMA/�-CD50 10 50

a With respect to solvent.
b With respect to polymer (PMMA).
atic representation of toroid-shaped molecular structure of �-CD.

2.3.2. Surface characterization: X-ray photoelectron spectroscopy
(XPS) and time-of-flight secondary ion mass spectrometry
(ToF-SIMS)

X-ray photoelectron spectroscopy (XPS) measurements on the
nanofibrous webs were carried out using a Kratos AXIS UltraDLD,
using a monochromatic AlK,� source (1486.6 eV) operating at 10 kV
and 15 mA. The nanofiber samples that were analyzed were cut
from the electrospinning collector plate consisting of Al foil con-
taining a homogeneous and thick fibrous web. The analysis area was
approximately 300 �m × 700 �m. At least 3 spots on 5 replicates
of each sample type were analyzed. The Kratos charge neutralizer
system was used on all samples, and sample charging effects on
the measured binding energy positions were corrected by refer-
encing the lowest binding energy component of the C1s spectral
envelope to 285.0 eV, corresponding to the C–C/C–H species. For
each sample, a take-off angle (TOA) of 90◦ (with respect to the
sample surface) was used allowing a maximum probe depth of
10 nm. Wide energy survey scans (WESS) were obtained over the
range 0–1200 eV binding energy at a detector pass energy of 160 eV,
and used to determine the surface elemental composition. High-
resolution spectra were recorded for the C1s region at pass energy
of 10 eV. Deconvolution of the high-resolution region was per-
formed by subtraction of a linear background and application of
a mixed Gaussian–Lorentzian synthetic peak.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
spectra were acquired with an ION-TOF TOF.SIMS 5 using a 25 keV
bunched Bi3+ primary ions with a target current of 0.3 pA. As for
XPS, fiber mats on Al foil were analyzed, and the analysis area was
100 �m × 100 �m. In all cases an electron flood gun was applied for
charge compensation, and the primary ions dose was kept below
1012 ions/cm2 to stay within the static SIMS regime. Both positive
and negative ions spectra were acquired. In the positive polarity,
mass calibration of the spectra was based on CH3

+, C2H3
+, C2H5

+,
and C3H5

+ ions. In the negative polarity, C−, C2
−, C3

−, and C4
− ions

were used for calibration.
2.3.3. Entrapment of organic vapors by PMMA/ˇ-CD nanofibrous
webs

PMMA/�-CD nanofibrous webs were tested for trapping styrene,
toluene and aniline vapor. 1 mL of aniline, styrene or toluene was
placed on a watch glass and left in glass desiccators for 1 h. After

electrospun PMMA and PMMA/�-CD nanofibers.

Morphology Average fiber diameter (nm)

Nanofibers 977 ± 88
Nanofibers 675 ± 89
Nanofibers 625 ± 70
Nanofibers 816 ± 77



T. Uyar et al. / Journal of Membrane Science 365 (2010) 409–417 411

F MMA
r

t
o
i
w
P
s
r
t

ig. 2. SEM images of electrospun nanofibers of (a) PMMA, (b) PMMA/�-CD10, (c) P
ight side.

hat, 50 mg PMMA/�-CD nanowebs containing different amounts
f �-CD (10%, 25% and 50% (w/w)) were placed into the glass des-
ccators (32 cm (diameter) and 23 cm (height)), and the desiccators
ere sealed. The nanowebs (PMMA/�-CD10, PMMA/�-CD25 and
MMA/�-CD50) were kept in aniline, styrene or toluene atmo-
phere for 1 or 3 h in the desiccators. Then, the nanowebs were
emoved from the desiccators and transferred into the suction hood
o evaporate any solvent adsorbed on the nanoweb surface. The
/�-CD25 and (d) PMMA/�-CD50. The fiber diameter distributions are shown on the

nanowebs were kept in the suction hood for a period that was equal
to that of the organic vapor trapping process (e.g., 1 h or 3 h) prior
to the direct pyrolysis mass spectrometry (DP-MS) analyses.
2.3.4. Direct pyrolysis mass spectrometry (DP-MS)
Direct pyrolysis mass spectrometry (DP-MS) system consists

of Waters Quattro Micro GC tandem MS with an EI ion source
and a mass range of 10–1500 Da coupled with a direct insertion
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after exposure to 3 h of (a) aniline, (b) styrene and (c) toluene vapor.

p
w
i
w
f

3

3

d
(
p
o
r
e
P
o
t
e
c
o
r
m
o
P
o
f
c

F

Table 2
Atomic concentrations of the surface of the �-CD and nanowebs of the PMMA and
PMMA/�-CD determined from XPS survey spectra.

Sample C (%) O (%) ±
�-CD 58.7 41.3 0.1
PMMA 74.7 25.3 0.3

XPS and ToF-SIMS were used to study the surface chemistry
of the nanofibrous webs and specifically to determine to what
extent �-CD molecules are present on the surface of the PMMA/�-
CD nanofibrous webs prepared by electrospinning. For the �-CD
Fig. 3. SEM images of electrospun nanofibers of PMMA/�-CD25

robe (Tmax = 650 ◦C). 0.01 mg of each nanofibrous web sample
as pyrolyzed in flared quartz sample vials. The temperature was

ncreased at a rate of 10 ◦C/min, and the scan rate was 1 scans/s,
ith simultaneous mass spectrometric analysis of the pyrolytic

ragments.

. Results and discussion

.1. SEM characterization

The optimization of the electrospinning conditions for pro-
ucing uniform �-cyclodextrin containing PMMA nanofibers
PMMA/�-CD) was reported in our previous study [19]. The com-
osition of PMMA/�-CD solutions and the average fiber diameter
f the resulting electrospun nanofibers are listed in Table 1. The
epresentative scanning electron microscopy (SEM) images of the
lectrospun PMMA and PMMA/�-CD nanofibers (PMMA/�-CD10,
MMA/�-CD25 and PMMA/�-CD50) containing different amounts
f �-CD (10%, 25% and 50% (w/w) with respect to PMMA) and
he fiber diameter distributions are shown in Fig. 2. The diam-
ter of the resulting electrospun PMMA nanofibers are thicker
ompared to PMMA/�-CD nanofibers due to the high viscosity
f the solution because only 15% (w/v) polymer concentration
esulted in bead-free uniform nanofibers whereas 10% (w/v) poly-
er concentration was good enough for PMMA/�-CD systems in
rder to produce uniform nanofibers. The diameter distribution of
MMA/�-CD nanofibers having different amount of �-CD is more
r less close to each other without showing any considerable dif-
erences except the PMMA/�-CD50 nanofibers are slightly thicker
ompared to PMMA/�-CD10 and PMMA/�-CD25 nanofibers. The
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Binding Energy (eV)

C1C2C3C4C5

PMMA

PMMA + 10%CD

PMMA + 25%CD

PMMA + 50%CD

ig. 4. Overlay of XPS C 1 s spectra of the PMMA and PMMA/�-CD nanowebs.
PMMA/�-CD10 73.7 26.3 0.3
PMMA/�-CD25 73.4 26.6 0.3
PMMA/�-CD50 70.4 29.6 0.7

observed small variations in fiber diameters are owing to differ-
ences in conductivity and viscosity of the PMMA/�-CD solutions as
discussed in our previous report [19]. We also examined the dimen-
sion stability of PMMA/�-CD nanowebs after exposure to organic
vapors (aniline, styrene and toluene), and we observed that the
samples kept their nanofibrous morphology. In Fig. 3, the represen-
tative SEM images of PMMA/�-CD25 nanowebs after exposure to
aniline, styrene or toluene vapor for 3 h are depicted as an example.

3.2. Surface characterization: XPS and ToF-SIMS
Fig. 5. ToF-SIMS positive and negative ion spectra of PMMA and PMMA/�-CD25
nanowebs.
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Table 3
Peak assignments derived from the TOF-SIMS spectra of PMMA/�-CD nanowebs.

Peak Ion Measured mass/�

1 C12H21O10
+ 325.2

2 C14H23O12
− 383.2

3 C20H33O27
− 545.1

4 C26H43O22
− 707.0

m
m
a
a
P
t
�

t
d
P
t
d
t
P
�
b
c
a

F
d
1

5 C32H53O27
− 869.3

6 C42H69O35
− 1013.9

7 C42H70O35Na+ 1157.6

olecules to be able to form inclusion complexes with the target
olecules in the vapor phase, it is essential that the �-CD molecules

re available on the surface of the nanofibrous webs. Table 2 shows
tomic concentrations generated from XPS survey spectra of the
MMA nanofibers with and without �-CD. Increasing oxygen con-
ent in the outer ∼10 nm of the sample is observed with increasing
-CD amount used in the electrospinning of nanofibers.

The difference in surface chemistry can be addressed from inves-
igating the high energy resolution XPS spectra of the C1s region in
etail. Fig. 4 shows an overlay of the C1s spectra from PMMA and
MMA/�-CD nanowebs. The four C1s spectra that are normalized
o the same intensity at energy 285 eV can be deconvoluted into 5
ifferent components. One component at 285.0 eV, C1, is assigned
o aliphatic carbon, C–C/C–H, which is the major component of pure

MMA, but is also found in low concentrations in spectra from pure
-CD. The component C2 at 285.7 eV is assigned to �-shifted car-
on next to the carbonyl group of PMMA, C–C O. C3 (286.8 eV) is a
onvolution of the ether carbon, C–O–C/O–C, found in both PMMA
nd �-CD and the C–OH carbon of �-CD. The C4 peak at 288.0 eV is

ig. 6. DP-MS evolution profiles of PMMA based product; monomer (m/z = 100 Da), �-C
uring the pyrolysis of PMMA, PMMA/�-CD10, PMMA/�-CD25, PMMA/�-CD50 nanoweb
h and 3 h).
Science 365 (2010) 409–417 413

O–C–O of �-CD, and C5 (289.0 eV) is from the acrylate bond, O–C O,
of PMMA.

The relative concentrations of C3 and C4 increased with increas-
ing amount of the �-CD used in the preparation of PMMA/�-CD,
while the fractions C1, C2, and C5 decreased. This is in agreement
with an increasing �-CD concentration on the surface, using the
assignments above. Based on these results, the difference in sur-
face chemistry between pure PMMA and PMMA/�-CD nanowebs
is explained by the presence of the �-CD on the surface of the
nanoweb. From the atomic concentrations in Table 2, it is estimated
that the �-CD concentration of the probed volume is approxi-
mately 6%, 9%, and 27% for PMMA/�-CD10, PMMA/�-CD25 and
PMMA/�-CD50, respectively. The lower concentrations of �-CD on
the surface of the nanofibrous webs compared to the composition
of the solutions of the electronspun webs indicate that the �-CD
is not homogeneously distributed throughout the fiber polymer
matrix.

Fig. 5 shows a representative example of ToF-SIMS spectra of
PMMA and PMMA/�-CD25 nanofibrous webs in the mass range
>300 �. At lower mass range, a few differences are observed
between ToF-SIMS spectra of pure PMMA and PMMA/�-CD25
nanowebs. Most notable in the positive ion spectrum is a
significantly higher intensity of peaks in the spectrum from
PMMA/�-CD25 at m/z 19.02 and 31.02, which are assigned to
H3O+ and CH3O+, respectively. The two samples are even more

clearly distinguished in the higher mass range. In both the nega-
tive and positive spectra, a number of characteristic peaks, which
are only observed in the spectrum of PMMA/�-CD25 nanofibers,
can be assigned to fragments of �-CD molecules and intact �-
CD molecules. The ions and the peak assignments are listed in

D based product; C2H4O2 (m/z = 60 Da) and aniline; C6H7N (m/z = 93 Da), detected
s. (Note: The nanofibrous webs were analyzed after exposure to aniline vapor for
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ig. 7. DP-MS evolution profiles of PMMA based product; monomer (m/z = 100 Da
uring the pyrolysis of PMMA, PMMA/�-CD10, PMMA/�-CD25, PMMA/�-CD50 na
h and 3 h).

able 3. This fragmentation pattern of �-CD is in agreement
ith previous studies [20–21]. The ToF-SIMS spectra thus con-
rm that �-CD is present on the surface of the nanofibrous webs;
owever, the outer 1–2 nm of the surface of the webs mainly
onsists of PMMA. The PMMA/�-CD10 and PMMA/�-CD50 were
lso analyzed, and the same peaks were observed for these sam-
les.

.3. Direct pyrolysis mass spectrometry

In order to confirm the inclusion complexation of �-CD with
rganic vapors (aniline, styrene and toluene) and investigate the
ntrapment capability of the PMMA/�-CD nanowebs, direct pyrol-
sis mass spectrometry (DP-MS) analyses were performed on the
MMA/�-CD nanowebs after exposure to organic vapors. Once the
uest molecule has been included in the host CD cavity, the thermal
vaporation/decomposition of the guest molecule shifts to higher
emperatures due to the strong interaction with the CD cavity.
herefore, thermal analyses such as thermogravimetric analysis
TGA) and the DP-MS can be a very useful technique to charac-
erize the CD host–guest inclusion complexes [16,22]. In general,
P-MS technique is used to determine the thermal characteristics

uch as volatility, thermal stability and thermal degradation prod-

cts of the materials [22–25]. For the multi-component material
nalyses, DP-MS allows the separation of individual components as
function of their volatilities and/or thermal stabilities. However,
yrolysis mass spectra of a multi-component system, especially the
nes involving polymers, are usually very complex due to disso-
D based product; C2H4O2 (m/z = 60 Da) and styrene; C8H8 (m/z = 104 Da), detected
s. (Note: The nanofibrous webs were analyzed after exposure to aniline vapor for

ciative ionization processes and due to the fact that all fragments
with the same mass-to-charge ratio contribute to the intensity
of the same peak in the mass spectrum. Thus, in pyrolysis MS
analyses, not only the detection of the product, but also the vari-
ation of its yield as a function of temperature, the evolution
profile, is very important to determine the source of the prod-
uct.

In order to investigate the entrapment of aniline, styrene and
toluene by the PMMA nanowebs containing 10%, 25% and 50%
�-CD (PMMA/�-CD10, PMMA/�-CD25 and PMMA/�-CD50), the
evolution profiles of single ion pyrograms of the characteristic
PMMA and �-CD based products were investigated. In particu-
lar the monomer methyl methacrylate (MMA) (m/z = 100 Da) and
�-CD fragment C2H4O2 (m/z = 60 Da), and the molecular ions of
aniline, styrene and toluene having m/z values of 93, 104 and 92,
respectively, were investigated (Figs. 6–8). Unfortunately, weak
peaks at 92 and 93 Da due to the C3H8O3 and C3H9O3 frag-
ments are also present in the pyrolysis mass spectra of �-CD.
Thus, the trends in the evolution profiles, i.e. shifts in peak max-
ima and variations in intensities, have significant importance
in the investigation of the evolution of toluene and aniline in
the temperature region where �-CD based products are gener-
ated.

The evolution profiles of MMA for all the samples under inves-

tigation showed almost identical trends (Figs. 6–8). The thermal
degradation of PMMA occurred above 300 ◦C, and maximum prod-
uct yield was detected around 390 ◦C yielding mainly the monomer
in accordance with previous results in the literature [26–27]. Sim-
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ig. 8. DP-MS evolution profiles of PMMA based product; monomer (m/z = 100 Da
uring the pyrolysis of PMMA, PMMA/�-CD10, PMMA/�-CD25, PMMA/�-CD50 na
h and 3 h).

larly, the evolution profiles of �-CD based products also showed
dentical trends during the pyrolysis of all the PMMA nanofibers
ontaining variable amounts of �-CD exposed to saturated aniline,
tyrene or toluene vapors for 1 or 3 h. Thus, it can be concluded that
hermal behaviors of PMMA and �-CD were not affected during the
rapping processes of organic vapors.

Inspection of the evolution profiles of aniline indicated that trap-
ing of aniline vapor depends both on the amount of �-CD present

n the PMMA nanofibers and on the time period of exposure. As
een in Fig. 6, no indication of evolution of adsorbed aniline was
bserved for PMMA nanoweb exposed to aniline vapor for a period
f 1 h. The immediate evolution of aniline below 90 ◦C during the
yrolysis of the PMMA nanoweb left under the same conditions
or an additional 2 h indicated that adsorption of aniline was quite
ow, and the adsorption of aniline was most probably due to a very

eak interaction between aniline and PMMA nanofibers. This find-
ng suggests that PMMA nanowebs without �-CD have no capability
f trapping aniline vapor.

In the case of PMMA/�-CD nanowebs, the extent of absorption
as also quite low for the PMMA/�-CD10 nanowebs. However, dur-

ng the pyrolysis of the sample exposed to aniline vapor for a total
eriod of 3 h, the evolution of aniline continued up to ∼150 ◦C. On
he other hand, for PMMA/�-CD25 and PMMA/�-CD50 nanowebs,
single and broad peak with a maximum at ∼145 and ∼170 ◦C,

espectively, appeared in the single ion pyrogram of aniline. The

resence of aniline and its release at high temperatures from
MMA/�-CD nanowebs confirms that PMMA nanowebs contain-
ng �-CD can trap organic vapor from the environment by inclusion
omplexation. Furthermore, the aniline/MMA peak intensity ratio
ncreased about 1.6 times as the �-CD in the sample increased from
D based product; C2H4O2 (m/z = 60 Da) and toluene; C7H8 (m/z = 92 Da), detected
s. (Note: The nanofibrous webs were analyzed after exposure to aniline vapor for

25% to 50%. Thus, it can be concluded that the amount of aniline
trapped increased as the % weight of �-CD in the PMMA nanoweb
increased. An increase in the extent of trapping of aniline was also
observed as the exposure period was increased from 1 to 3 h. For
PMMA/�-CD25 and PMMA/�-CD50 nanowebs, the evolution pro-
files of aniline also showed a very weak high temperature peak with
a maximum at around 358 ◦C, corresponding to the temperature
at which �-CD based product yields were maximized. However,
unlike the low temperature peak, no noticeable increase in its rel-
ative intensity was observed with the increase in exposure period.
Thus, its existence was attributed mainly to the evolution of a �-CD
based product; C3H9O3.

Pyrolysis mass spectrometry data indicated that the evolution
of styrene from the nanowebs exposed to styrene vapor depends
on both the amount of �-CD present in the PMMA nanowebs and
on the exposure period (Fig. 7). The evolution of styrene was not
detected during the pyrolysis of the PMMA nanoweb without �-CD,
indicating that the PMMA nanoweb cannot trap styrene vapor. In
the case of PMMA nanofibers containing 10% �-CD, again, styrene
was not detected after 1 h of exposure. However, upon increasing
the exposure period to 3 h, a weak peak at around 130 ◦C appeared
in the evolution profile of styrene for the PMMA/�-CD10 nanoweb.
The same peak, still quite small, was observed during the pyrolysis
of the PMMA/�-CD25 nanoweb indicating that the entrapment of
styrene from the surroundings has occurred. The relative inten-

sity of this peak increased significantly for the PMMA/�-CD50
nanoweb. Moreover, the peak maximum was shifted to 160 ◦C.
Additionally, the evolution profiles of styrene detected during the
pyrolysis of the PMMA/�-CD25 nanoweb exposed to styrene vapor
for 3 h and the PMMA/�-CD50 nanoweb exposed to styrene vapor



4 brane

f
3
1
T
t
f
i
t
t
S
b
O
d
t
c
s
r
t

s
y
1
i
d
P
t
t
t
a
m
c
m
C
A
a
v
t
w
a
i
w
v
i
c
b
i
y
n
a
c
i
n

4

e
d
P
l
o
r
�
v
o

[

[

[

[

[

[

[

[

[

[

[

[

16 T. Uyar et al. / Journal of Mem

or 1 or 3 h revealed a second peak with a maximum at around
60 ◦C as in the case of aniline evolution profiles. However, the
04 Da peak was absent in the pyrolysis mass spectra of pure �-CD.
hus, this peak was readily attributed to styrene evolution. Fur-
hermore, for PMMA/�-CD50 nanowebs exposed to styrene vapor
or 3 h, a third peak with maximum at around 329 ◦C appeared
n the evolution profile of styrene. A careful study of the evolu-
ion profiles in this region revealed the presence of a shoulder in
his range for all PMMA nanowebs containing 25% or 50% �-CD.
uch high temperature evolution of styrene can only be explained
y the formation of an inclusion complex of styrene and �-CD.
nce styrene is included in the �-CD cavity, its evolution is hin-
ered until the temperatures where CD evolution/decomposition
akes place. Thus, it can be concluded that as a result of inclusion
omplexation and the presence of different interactions between
tyrene and the CD cavity, removal of styrene vapor from the envi-
onment has taken place, and its release only achieved at high
emperatures.

The evolution of toluene was not observed during the pyroly-
is of the PMMA nanoweb exposed to toluene vapor for only 1 h,
et, evolution of toluene was revealed at low temperature (below
00 ◦C) for the PMMA nanoweb exposed to toluene vapor for 3 h,

ndicating that toluene was adsorbed on the PMMA nanowebs
uring the longer exposure period (Fig. 8). In the case of the
MMA/�-CD nanowebs, the evolution of toluene was observed in
wo regions, indicating the presence of different types of interac-
ions between toluene and �-CD. The relative intensity of the low
emperature peak in the evolution profiles of toluene increased
s the exposure period increased from 1 to 3 h, and the peak
aximum shifted slightly to higher temperatures as the per-

ent of �-CD present in the PMMA nanofiber increased. The peak
axima appeared at 106 ◦C, 131 ◦C and 166 ◦C for the PMMA/�-

D10, PMMA/�-CD25 and PMMA/�-CD50 nanowebs, respectively.
high temperature peak for PMMA/�-CD25 and PMMA/�-CD50

nd a shoulder for PMMA/�-CD10 nanowebs exposed to toluene
apor for 3 h were observed at around 356 ◦C corresponding to
he temperature at which the yields of �-CD based products
ere at maximum. The high temperature peak can readily be

ttributed to the evolution of a �-CD based product C3H8O3 as
n case of aniline. However, for this case, its relative intensity

as increased with the increase of exposure period of toluene
apor. If it was only due to �-CD based products its relative
ntensity should be independent of the exposure period. Thus, it
an be concluded that its existence was due to the evolution of
oth a �-CD fragment and toluene, indicating the formation of an

nclusion complex between toluene and �-CD. In brief, the pyrol-
sis mass spectrometry results clearly revealed that PMMA/�-CD
anowebs can trap organic waste vapors such as aniline, styrene
nd toluene from the environment. In addition, the extent of
omplexation between CD and organic vapor increases with an
ncrease in exposure period and an amount of CD present in the
anowebs.

. Conclusion

We have produced �-cyclodextrin (�-CD) functionalized
lectrospun PMMA nanowebs (PMMA/�-CD) with the goal of
eveloping functional nanowebs, and we have shown that these
MMA/�-CD nanowebs entrap organic waste vapors such as ani-
ine, styrene and toluene from the environment. The entrapment

f such organic waste vapors by PMMA/�-CD nanowebs and their
elease at high temperature is due to inclusion complexation with
-CD that is present on the nanofiber surface. Our findings show a
ery promising and interesting potential application for the use
f cyclodextrin containing electrospun nanofibers/nanowebs as

[

[
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molecular filters and/or nanofilters for the removal of organic waste
vapors from the environment.
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