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(PAN)/crown ether composite
nanofibers for the selective adsorption of cations

Sinem Tas,a Ozge Kaynan,b Elif Ozden-Yenigunb and Kitty Nijmeijer*a

In this study, we prepared electrospun polyacrylonitrile (PAN) nanofibers functionalized with dibenzo-18-

crown-6 (DB18C6) crown ether and showed the potential of these fibers for the selective recovery of K+

from other both mono- and divalent ions in aqueous solutions. Nanofibers were characterized by SEM,

FTIR and TGA. SEM results showed that the crown ether addition resulted in thicker nanofibers and

higher mean fiber diameters, in a range of 138 to 270 nm. Batch adsorption experiments were

conducted in order to evaluate the potential of the crown ether modified nanofibers as an adsorbent for

ion removal. The maximum adsorption capacity of the crown ether modified nanofibers for K+ was 0.37

mmol g�1 and the nanofibers followed the selectivity sequence of K+ > Ba2+ > Na+ � Li+ for single ion

experiments. Adsorption of Ba2+ ions onto crown ether-modified nanofiber was examined by XPS and

the results confirmed the adsorption of the ion. Mixed ion adsorption experiments revealed competitive

adsorption between K+ and Ba2+ ions for the available binding sites. This effect was not observed for the

other monovalent ions present in the solution and exceptionally high selectivities for K+ over Li+ and Na+

were obtained. Also the crown ether modified nanofibers exhibited good regeneration properties and

a good reusability over multiple consecutive adsorption–desorption cycles. Electrospinning is thus

shown to be a very versatile tool to prepare crown ether functional polymer adsorbents for the selective

recovery of ions.
Introduction

Electrospinning is a versatile and powerful technique for
nanober formation from a wide variety of polymers such as
water soluble polymers, biopolymers and liquid crystalline
polymers.1–4 In this technique, electrical forces are applied to
produce polymer bers with diameters ranging from a few
nanometers to several micrometers.5 Electrospun nanobers
feature a high surface area-to-volume, high porosity and exi-
bility for chemical/physical functionalization.1,5 Moreover,
consistent production of nanobers allows their application in
various ltration applications6–8 as fuel cell membranes,9,10 for
drug delivery11 and as protective textiles.12,13

The high surface area to volume ratio, porosity, and
mechanical integrity of electrospun brous materials make
them attractive alternatives to conventional adsorbents. A
potentially attractive functionalization to increase the selectivity
of the nanobers includes their macrocycle functionalization. A
macrocycle is a cyclic macromolecule or a macromolecular
cyclic portion of a molecule. Such macrocycle functionalized
bers can serve as an adsorbent in water treatment owing to the
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selective binding ability of macrocycles with specic ions or
organic molecules. Therefore, signicant work on this topic has
been performed and many researchers particularly focused on
nanober modication with calixarenes and cyclodextrin.14 For
example, nanobers functionalized with calixarenes and cyclo-
dextrins allow the removal of organic contaminants (e.g. Congo
red, phenanthrene) from water.15–17 Another application of cal-
ixarene modied nanobers is the selective adsorption of ions
such as La3+ and Cr2O7

2� ions onto the nanobers.18,19 Elec-
trospun PAN nanobers modied with p-sulfonatocalix[8]arene
showed a maximum adsorption capacity of 155.1 mg g�1 and
a selectivity for La3+ ion in the presence of Fe3+, Al3+, Cu2+, Ca2+,
Mg2+ and K+ ions.18

Following this line of reasoning, also electrospun nanobers
coupled with crown ethers could in principle also provide effi-
cient platforms for selective metal ion removal. Crown ethers
are well-known host molecules and have attracted increasing
interest owing to their ability to form stable complexes with
metal ions.20 Crown ethers possess negatively polarized oxygen
atoms with variable cavity size. Therefore they can selectively
bind various ions.21 This led to the design and synthesis of new
crown ethers and various well-dened crown ether poly-
mers.22–24 Owing to their high selectivities, considerable
research interest has been devoted to the design of crown ether
adsorbents as well. Duman et al. modied activated carbon
cloth with mono and dibenzo derivatives of crown ethers. They
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Chemical structures of (a) PAN and (b) dibenzo-18-crown-6
(DB18C6).
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investigated the adsorption behavior of Cr3+, Co2+ and Ni2+ ions
onto crown ether modied activated carbon cloth. In this case,
activated carbon cloth modied with benzo-18 crown-6 exhibi-
ted the highest adsorption capacity of 0.22 mmol g�1 for the
Co3+ ion.25 Eliseo et al. prepared crown ether immobilized
carbon nanotubes as adsorbent for Li+ ions.26 The dibenzo-14-
crown-4 modied carbon nanotube adsorbent showed a prefer-
ence for cation uptake and followed the sequence of Li+ > Na+ >
Mg2+ > Ca2+, K+ � Sr2+. Jie et al. synthesized a crown ether
incorporated thermoresponsive poly(N-isopropylacrylamide)
(PNIPAM) hydrogel. This hydrogel exhibits Pb2+ ion recognition
and adsorption characteristics. The Pb2+ adsorption capacity of
the hydrogel decreased from 142mg g�1 to 112mg g�1 when the
temperature increased from 23 �C to 50 �C.27 Crown ether
incorporated ion-imprinted polymers were synthesized by many
researchers as well. Those adsorbents have promising prospects
in the selective recovery of Li+, K+ and Pb2+ ions.28–30

In this work, we use the high selectivity of crown ethers towards
specic ions and the versatility for functionalization and the high
surface area to volume ratio of electrospun nanobers. To the best
our knowledge, for therst time, we introduce the concept of crown
ether/polyacrylonitrile (PAN) nanobers for the selective binding of
monovalent ions from aqueous solutions. PAN was chosen as
polymer for the electrospinning process because of two reasons.
Firstly, PAN membranes have been widely used in aqueous ltra-
tion applications.31,32 Secondly, PAN is a well-known carbon ber
precursor due its easy conversion into carbonbers, its high carbon
yields and its cost effective processing.33,34 In this regard, we
prepared PANnanobermats with different loading ratios of crown
ether.We investigated the effect of crown ether loading and contact
time on the adsorption capacity of functionalized nanober mats
for both single and mixed ion solutions of Li+, K+, Na+ and Ba2+

ions. We believe that the introduction of crown ethers enhances
the operating window of electrospun nanobers and will introduce
specic ion selectivity, making them promising and more effective
for adsorption and ltration applications.
Experimental
Materials

Dibenzo-18-crown-6 (DB18C6) (98%), polyacrylonitrile (PAN,
99% Mw 150 000) and N,N-dimethylformamide (DMF, 99.8%)
were obtained from Aldrich.
Fig. 2 Schematic representation of the electrospinning set-up.
Electrospinning

8 wt% PAN (Fig. 1a) powder was dissolved in DMF and
mechanically stirred at room temperature for 24 h. DB18C6
(Fig. 1b) was washed 3 times with 1 M HCl in deionized water at
least 3 times and the puried crown ether was dried before use.
Five DB18C6 concentrations (0, 5, 10, 15 and 20 wt%) were
selected. Homogeneous, stable suspensions were prepared and
used for electrospinning. During spinning, the processing and
ambient conditions were held constant during ber formation.
The electrospinning set up was positioned in a horizontal
conguration, as shown in Fig. 2. The homogenous solutions
were put in a 2 mL glass syringe kept with an 18 gauge metal
This journal is © The Royal Society of Chemistry 2016
needle. The syringe was placed horizontally positioned in
a syringe pump. A high voltage power supply was connected to
the needle tip. As ground electrode, a rotating drum covered
with aluminum foil was used. The working distance between
the needle tip and the rotating cylinder was 15 cm. The cylinder
rotated at 120 rpm. The ow rate of the solution was varied from
250 mL h�1 to 400 mL h�1. The electrospinning voltage was set to
15 kV. All electrospinning experiments were carried out at
standard room temperature and relative humidity. Nanobers
were coded as PAN-x where x represents the weight percentage
of DB18C6 with respect to PAN.
Characterization

The morphologies and mean diameters of the nanobers were
investigated by scanning electron microscopy (JEOL SEM JSM 6010
LA). Around 50 bers were analyzed per sample and themean ber
diameter (MFD) was determined from the scanning electron
microscopy (SEM) images. Fourier transform infrared (FTIR)
spectra were measured with a Bruker ALPHA. Thermogravimetric
analysis (TGA) measurements were carried out using a Perkin
Elmer TGA 4000. 10mg of samplewas heated under N2 atmosphere
with a 20 �C min�1 heating rate over a 50 to 800 �C temperature
range. X-ray photoelectron spectroscopy (XPS) measurements were
performed with a Quantera SXM with monochromatic Al Ka as the
excitation and an X-ray power of 50 W.
Single ion adsorption

Batch single ion adsorption experiments were performed by
adding 10mg of nanobers in 10 mL of 10 mM solutions of KCl,
BaCl2, LiCl and NaCl in ultrapure water. All adsorption tests
were carried out at room temperature.
RSC Adv., 2016, 6, 3608–3616 | 3609

http://dx.doi.org/10.1039/c5ra23214g


RSC Advances Paper

Pu
bl

is
he

d 
on

 2
3 

D
ec

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 I
st

an
bu

l T
ec

hn
ic

al
 U

ni
ve

rs
ity

 o
n 

19
/0

4/
20

17
 1

1:
20

:3
4.

 
View Article Online
For analysis, 0.1 mL samples were taken at different time
intervals. The samples were diluted and ltered with a 0.20 mm
lter (LLG, cellulose acetate (CA) syringe lter). The residual
metal ions in the solution were analyzed using a BWB-XP ame
photometer. The amount of metal ions adsorbed by the nano-
bers was calculated from:

qe ¼ ðC0 � CeÞV
m

(1)

where qe is the adsorbed amount of metal ions per gram of
nanobers (mmol g�1), C0 and Ce are the initial and the equi-
librium concentration (mM) of the specic cation in the solu-
tion, respectively. V is the volume of the salt solution (mL) and
m is the mass of the dry nanobers (g).
Mixed ion adsorption

In the case of the mixed ion adsorption experiments, the 10 mg
of nanobers were le in contact with 10 mL of a mixture of 10
mM KCl, 10 mM BaCl2, 10 mM LiCl and 10 mM NaCl in ultra-
pure water for 24 h. For analysis, 0.1 mL samples were taken
aer 24 h. The samples were ltered over a 0.20 mm lter (LLG,
cellulose acetate (CA) syringe lter). The adsorption capacity for
each ion was calculated using the eqn (1). The selectivity coef-
cient was subsequently calculated using eqn (2):

SKþ=Cþ ¼ qKþ ;24

qCþ;24
(2)

where qK+,24 and qC+,24 are the adsorption capacities (mmol g�1)
of K+ and other cations (Li+, Na+ or Ba2+) aer 24 h, respectively.
Adsorbent regeneration

Desorption experiments were carried out using a 1 M HCl
solution in ultrapure water. The used PAN-10 nanobers were
placed in the 1 M HCl solution and magnetically stirred at 300
rpm at 25 �C for 48 h. Then the nanobers were washed with
distilled water several times and dried at 60 �C overnight. In
order to assess the regeneration and reusability of the PAN-10
nanobers, consecutive adsorption–desorption cycles were
repeated four times. The adsorption tests were carried out with
a 10 mM KCl solution at 25 �C for 24 h.
Fig. 3 The morphology and fiber diameter distribution of PAN and
PAN/crown ether electrospun nanofibers.
Results and discussion
Morphology of composite electrospun bers

The properties of the electrospun nanober formed, in partic-
ular the ber diameter and morphology, depend on various
parameters that can be divided into three groups: polymer
solution properties, processing conditions and ambient condi-
tions. In this study, processing (applied voltage, volume ow
rate) and ambient conditions (temperature, humidity) were
held constant in order to systematically investigate the effect of
polymer solution properties (crown ether concentration) on the
mean ber diameter. Suspending the DB18C6 in the polymer
solution and ensuring the formation of homogenous stable
suspensions prior to electrospinning are the frontline chal-
lenges in the electrospinning process. Completely transparent
3610 | RSC Adv., 2016, 6, 3608–3616
solutions that are stable over a long term were achieved without
using any surfactants. Morphologies of the neat and crown
ether modied PAN nanober mats were characterized by SEM
and the micrographs are shown in Fig. 3. The diameter distri-
bution of the nanobers is also presented in Fig. 3. In these
pictures, the DB18C6 concentration was varied while the voltage
was kept constant at 15 kV at a constant collector distance of
15 cm. Without the addition of DB18C6, neat PAN nanobers
have a diameter of 102 � 41 nm, which is comparable with the
values reported in literature.35 PAN-5, PAN-10, PAN-15,
and PAN-20 nanobers have mean diameters of 138 � 24 nm,
This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c5ra23214g


Paper RSC Advances

Pu
bl

is
he

d 
on

 2
3 

D
ec

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 I
st

an
bu

l T
ec

hn
ic

al
 U

ni
ve

rs
ity

 o
n 

19
/0

4/
20

17
 1

1:
20

:3
4.

 
View Article Online
224� 56 nm, 248� 77 nm, and 270� 124 nm, respectively. The
mean ber diameter increased with DB18C6 concentration,
while variance in the ber diameter was also elevated. The effect
on the ber radii upon addition of crown ether is attributed
to two factors: electrical conductivity and rheological changes
in the polymer solution. These two contributions have opposing
effects on the mean ber diameter. For instance, the increase of
electrical conductivity of a polymer solution leads to thinner
bers, while the ber diameter tends to increase with shear
viscosity.36,37 As anticipated, the addition of nonconductive
DB18C6 will not increase the electrical conductivity of the
solutions (sethanol ¼ 1.5 � 0.1 mS cm�1 and s0.1 wt% crown ether/

ethanol ¼ 1.8 � 0.2 mS cm�1), while the shear viscosity of PAN-5,
PAN-10, PAN-15, and PAN-20 solutions increased with the
crown ether concentration. Fig. 3 shows that the mean ber
diameter tends to increase with the crown ether/PAN stochastic
ratio. Also, increasing crown ether concentrations lead to the
formation of bead-like structures (yellow arrow in Fig. 3,
(PAN-15)) and a higher variance in the ber diameter. The mean
ber diameter distribution of PAN and PAN-5 is rather uniform.
However, PAN-10, PAN-15 and PAN-20 nanobers have
a broader ber diameter distribution and comparatively high
diameter range from 120 to 650 nm. We assume that the
increased viscosity due to the higher crown ether fractions33

and the reduced solution conductivity are the primary reason
of ber thickening.
FTIR

Fig. 4 shows the FTIR spectra of PAN, PAN-10, and PAN-20
nanobers. In the spectra, all nanobers exhibited an absor-
bance at 2921 cm�1 that can be assigned to the stretching
vibration of the –CH and –CH2 groups.15 The peaks at 2242 cm

�1

and 1451 cm�1 belong to –C^N stretching and –CH vibration
of PAN.15,38 The presence of crown ether at the PAN surface is
conrmed by an absorption peak at 1505 cm�1 that is ascribed
to the –CH stretching vibrations of the alkanes in the aromatic
ring of the crown ether.39 Moreover, the characteristic C–O–C
stretching signals of the crown ethers are observed at around
1060 cm�1 and 1129 cm�1 (ref. 39 and 40) for all PAN/crown
ether bers, while these are absent for neat PAN bers.
Fig. 4 FTIR spectra of PAN and PAN/crown ether nanofibers.

This journal is © The Royal Society of Chemistry 2016
TGA

TGA was conducted in order to determine the thermal stability
of the nanobers. Fig. 5 shows the thermogravimetric curves
of PAN and PAN/crown ether nanobers. The removal of
residual DMF from the PAN-5 nanobers causes a slight weight
loss around �150 �C, thus shiing the full curve to a bit lower
values. PAN decomposition starts around 335 �C with the
cyclization of the nitrile groups and the decomposition reaction
of PAN.41,42

PAN-5, PAN-10, PAN-15, and PAN-20 nanobers exhibit
a two-stage thermal degradation prole. The rst weight loss
results from the removal of the crown ether around 250 �C.43,44

The crown ether is more sensitive to thermal degradation and
starts to decompose at around 250 �C.44 The decomposition of
crown ether is followed by thermal cleavage of PAN at around
350 �C.
Single ion adsorption

The ion adsorption potential of the developed bers was
investigated for both single and mixed aqueous ion solutions.
First, the effect of the adsorption time on the static adsorption
capacity of single ions on neat PAN and PAN/crown ether
nanobers was investigated. Fig. 6 shows the results of the
adsorption of Li+, Na+, K+ and Ba2+ ions. Neat PAN nanobers
have almost no adsorption capacity for Li+, Na+, K+ and Ba2+

ions, whereas PAN/crown ether bers have a tendency to Li+,
Na+, K+ and Ba2+ ion uptake. This leads to the conclusion that
the crown ether moieties, which are known to be able to form
a complex with the ions, are responsible for the adsorption
capacity of the prepared PAN/crown ether nanobers.22,45,46

The adsorption capacity increases over time and levels off aer
8 h, indicating that the adsorption equilibrium is achieved.

Fig. 6 indicates that the adsorption capacity for K+ ions is
higher than that for Li+, Na+, and Ba2+ ions due to the selective
complexation ability of the crown ether with K+ ions.47,48 PAN-10
and PAN-20 nanobers exhibit a K+ adsorption capacity of
0.37 mmol g�1, which is slightly higher than that of PAN-15
nanobers (0.34 mmol g�1). The K+ uptake increases with
Fig. 5 Thermogravimetric curves of PAN and PAN/crown ether
nanofibers.

RSC Adv., 2016, 6, 3608–3616 | 3611
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Fig. 6 Adsorption kinetics of Li+, Na+, K+ and Ba2+ onto PAN and PAN/
crown ether nanofibers.

Table 1 Atomic ratios of C/O and C/N for neat PAN and PAN-10
nanofibers

C/O C/N

PAN 21.0 3.6
PAN-10 16.3 4.0
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crown ether concentration, up to 10 wt%, and remains nearly
constant with a further increase in crown ether addition. This is
expected because higher crown ether loading results in a higher
number of available binding sites for the ions. However, this
only accounts till a maximum of approximately 10 wt% crown
3612 | RSC Adv., 2016, 6, 3608–3616
ether. Beyond this point, a further increase of the crown ether
concentration does not have a signicant effect on the ion
adsorption capacity. Presumably, some of the binding sites
are not accessible due to crown ether aggregation. Another
reason might be that a fraction of the crown ether is embedded
in or covered by the PAN polymer, preventing the binding sites
from being freely accessible to the K+ ions.

The Ba2+ adsorption capacities obtained with PAN-5, PAN-
10, PAN-15, and PAN-20 nanobers are 0.10 mmol g�1, 0.17
mmol g�1, 0.15 mmol g�1, and 0.15 mmol g�1, respectively and
the capacities are in all cases lower than the K+ ion adsorption
capacity. Takeda et al. investigated benzo-18-crown-6-metal
complex formation constants in water by conductometry or
potentiometry and spectrophotometry, respectively. They
found a selectivity sequence of Ba2+ > K+ > Na+.49 Shchori et al.
determined the aqueous stability constants for complex
formation of DB18C6 with Li+, Na+, K+ and Ba2+. In this case,
K+ and monodissociated ion pairs [BaCl]+ complex more
strongly with DB18C6 compared to Li+ and Na+.50 Although
the previous researches demonstrate a strong affinity between
DB18C6 and Ba2+, we observe higher K+ ion uptakes by the
PAN/crown ether nanobers. We will come back to this issue
while discussing the mixed ion adsorption results.

The Na+ and Li+ ion adsorption capacities are the lowest
of all ions investigated. In both cases, the adsorbed amount is
almost the same and hardly changes with an increase of
the crown ether mass fraction. We reason that, due to weak
interactions between Na+ and Li+ ions and DB18C6, the
adsorption capacity of the crown ether for these ions is lower
and less stable complexes are formed in which the ions can
easily dissociate from the crown ether.51
XPS spectra

Elemental analyses of PAN and PAN-10 nanobers were con-
ducted by XPS in order to investigate the presence and effec-
tiveness of the crown ether upon ion adsorption. The atomic
ratios of C/O and C/N are shown in Table 1. As expected, we
observe a slight C/N ratio increase as a result of an increase
in the percentage of carbon relative to nitrogen due to the
addition of the crown ether.

Fig. 7 exhibits the survey spectrum and the high resolution C 1s,
O 1s spectra of PAN, PAN-10 before and PAN-10 nanobers aer
Ba2+ adsorption. The survey XPS spectrum of PAN nanobers
shown in Fig. 7 exhibits two intense peaks at 286.4 and 339.5 eV
corresponding to C 1s and N 1s core levels, respectively. In addition
to those peaks, we also observe a water induced O 1s peak centered
at 533.03 eV.52 The C 1s core spectra of PAN can be cure-tted to
three peaks. The peaks at 286.74, 285.84 and 284.94 eV belong to
This journal is © The Royal Society of Chemistry 2016
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Fig. 7 XPS survey and high resolution XPS spectra of C 1s, O 1s of PAN, PAN-10 and PAN-10-B.

Fig. 8 Adsorption capacities of neat PAN and PAN/crown ether
nanofibers for mixed ion systems.
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the –CH2, –CH–CN and –C^N groups, respectively. The peak areas
of the functional groups of –CH2, –CH–CN and –C^N are equal to
each other.53,54 The survey spectrum of PAN-10 shown in Fig. 7 also
shows the peaks of the C 1s, N 1s, and O 1s core levels. Comparison
of the PAN-10 C 1s spectra with those of PAN shows a peak shi.
The relative peak intensities of the peaks change upon crown ether
addition, and the peak at 286.34 becomes more intense compared
to the other two peaks. The peak at 286.34 eV reects the presence
of ether carbon.55,56 The O 1s spectrum of PAN-10 has one peak,
similar to that of PAN. However, the peak shis to a slightly lower
binding energy, which is in good agreement with the previously
reported O 1s spectra of the native crown ether.57 Finally, the
spectra for PAN-10 nanobers aer barium adsorption clearly show
the oxidation states of the barium ions.

The O 1s peak appears again at 532.79 eV, and no signicant
chemical shi in O 1s peak is observed aer complexation of
the crown ether with Ba2+ ions. The two peaks at 795.3 and 780.5
eV correspond to the Ba 3d3/2 and Ba 3d5/2 binding energies
respectively58,59 and conrm the adsorption of the Ba2+ ions on
the PAN/crown ether nanober.

Mixed ion adsorption

Competitive adsorption experiments are carried out in order to
assess the selective and competitive recognition of the crown
This journal is © The Royal Society of Chemistry 2016
ether modied PAN nanobers for specic ions. Fig. 8 shows
the adsorption capacities of PAN, PAN-5, PAN-10, PAN-15, and
PAN-20 nanobers for a mixture of Li+, Na+, K+ and Ba2+ ions.

Neat PAN nanobers exhibit no adsorption capacity for Na+

and Li+ ions and only very small capacities for K+ and Ba2+ ions.
Single ion experiments showed that the PAN/crown ether
nanobers exhibited the highest adsorption capacities for K+

ions compared to the other ions. The same behavior is observed
for K+ over Li+ and Na+. The developed nanobers can be used to
RSC Adv., 2016, 6, 3608–3616 | 3613
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Fig. 9 K+ adsorption capacity of PAN/crown ether (PAN-10) nano-
fibers as a function of the number of adsorption–desorption.
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separate selectively K+ from Li+ and Na+ ions. The presence of
Ba2+ ions in the mixture, however, shows a different behavior.
Ba2+ and K+ ion adsorption capacities are fairly equal in mixed
ion adsorption measurements. Moreover, as Fig. 8 reveals, the
Ba2+ ion adsorption capacities are more or less equal to their
single ion equivalents, while the K+ adsorption is signicantly
reduced when Ba2+ is present in the solution. As we mentioned
before, DB18C6 can form stable complexes with K+ and Ba2+

ions, and therefore competition exists between K+ and Ba2+ ions
for the available binding sites.49,50 Among the metal ions, Na+

and Li+ have the weakest ability to bind to the PAN-10
nanobers.

Table 2 presents the adsorption selectivities of the different
cationic species for the different crown ether concentrations in
the PAN bers. Selectivities calculated based on both single
and mixed ion adsorptions are shown. Table 2 shows the K+/Li+,
K+/Na+ and K+/Ba2+ adsorption selectivity coefficients of PAN/
crown ether nanobers for single ion and mixed ion adsorp-
tion experiments. For single ion experiments, increasing the
crown ether mass fraction does not signicantly affect the K+/
Li+, K+/Na+, and K+/Ba2+ adsorption selectivities. The crown
ether bers seem to exhibit a slightly higher selectivity for K+

over Na+ than for the other ions, but still selectivities are low.
When mixtures are considered, the behavior changes drasti-
cally. Selectivities for K+ over especially Li+ but also Na+ signif-
icantly increase, while the selectivity for K+ over Ba2+ decreases
due to competition for the binding sites. So in the case of Li+

and Na+, competition is for the benet of K+, while this switches
when Ba2+ is present. In that case, Ba2+ is preferentially adsor-
bed. This is due to the preference of the crown ether for Ba2+

over K+, as also observed in literature.49,50 These results clearly
show exceptionally high K+ over Li+ and Na+ selectivities,
making the developed bers very attractive for the selective
recovery of K+ from mixtures with other monovalent ions. One
exception is the selectivity for K+ over Na+ for the PAN-15 bers.
There the selectivity unexpectedly drops. We do not have a clear
explanation for that, but expect this is due to an artefact. In
addition, also the errors in the mixed K+/Na+ selectivities for
the other bers are relatively large in case of mixtures.
Reusability of nanobers

Effective regeneration of the nanobers is essential for their
potential application as an adsorbent for the selective recovery
of ions from aqueous solutions. Therefore, we investigated the
K+ adsorption onto PAN-10 nanobers, and the subsequent
Table 2 Adsorption selectivities of PAN/crown ether nanofibers

SK+/Li+ SK+/Na+

Single Mixed Single

PAN-0 1.6 � 0.2 n.a. 1.6 �
PAN-5 2.7 � 0.6 7.6 � 3.2 3.6 �
PAN-10 2.6 � 0.1 10.6 � 6.2 4.7 �
PAN-15 2.9 � 0.5 12.4 � 5.8 4.2 �
PAN-20 3.2 � 0.9 14.2 � 6.5 4.7 �

3614 | RSC Adv., 2016, 6, 3608–3616
regeneration of the K+ loaded PAN-10 nanobers. Desorption
tests were performed with 1 M HCl, and the regenerated bers
were used for in total 4 adsorption–desorption cycles. The
results are shown in Fig. 9. Fig. 9 shows a slight capacity loss
of only 10% aer the rst 2 adsorption–desorption cycles, but
overall, the adsorption capacity remains rather constant aer
that. This small loss is most probably due to the fact that not
all K+ ions could desorbed with 1 M HCl and some small
amounts remain adsorbed.
Conclusions

PAN/crown ether nanober mats containing different weight
fractions of the crown ether DB18C6 were prepared by electro-
spinning. FTIR conrmed the presence of the crown ether in the
PAN nanober matrix. SEMmicroscopy images showed that the
addition of crown ether resulted in thicker nanobers. The
average diameter of the PAN nanobers increased from 102 nm
to 270 nm with the addition of 20 wt% crown ether with respect
to PAN. Single ion adsorption results revealed a selectivity
sequence of K+ > Ba2+ > Na+ � Li+ for DB18C6 modied PAN
nanobers. Inmixed salt solutions the adsorption capacity of K+

ion declined in the presence of especially Ba2+ ions suggesting
competition between the ions for the available binding sites.
The PAN/crown ether nanobers exhibit exceptionally high
selectivities for K+ over Li+ and Na+. Considering reusability,
PAN/crown ether nanobers only lose 10% of the K+ adsorption
capacity aer four consecutive adsorption and desorption
SK+/Ba2+

Mixed Single Mixed

0.2 n.a. 0.8 � 0.1 2.0 � 0.1
0.7 5 � 1.5 2.9 � 0.9 0.8 � 0.1
0.7 21 � 16.3 2.2 � 0.2 0.6 � 0.6
0.6 6 � 1.8 2.4 � 0.6 1.2 � 0.1
0.7 28 � 12.9 2.6 � 0.7 1.0 � 0.1

This journal is © The Royal Society of Chemistry 2016
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cycles. Electrospinning thus shows to be a very versatile tool to
prepare crown ether functional polymer adsorbents.
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