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Polyacrylonitrile (PAN) is frequently used in filtering applications due to its soundmechanical properties, chem-
ical resistance and thermal stability. β-cyclodextrin (βCD) can entrap molecules and improve the filters' perfor-
mance. The removal of formaldehyde, a common indoor pollutant, has increasingly attracted widespread
attention. In this work, we present two different methods for the production of electrospun PAN nanofibers
containing βCD capable of capturing formaldehyde from the air. The former comprised the addition of βCD to
PAN/dimethyl sulfoxide solutions and the subsequent electrospinning of the mixture. The latter involved the
crosslinking of βCD on electrospun PAN fibers by alkaline hydrolysis and esterification with citric acid. For
both methods, we used solutions with different polymer concentration and viscosity. In addition, the rheology
of solutions, as well as the morphology, surface area, chemical structure and thermal resistance of electrospun
fibers were analyzed. The formaldehyde capture potential of βCD containing PAN nanofibers was evaluated
using high performance liquid chromatography. Conclusively, we found that, while functionalized PAN nanofi-
berswith average fiber diameter from432 nm to 647 nmmight be used for indoor air purification, functionalized
fibers obtained by addition of βCD are more effective for capturing formaldehyde than fibers obtained by
crosslinking of βCD.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The reduction of indoor air pollution is important forminimizing the
risks on human health. One of the most hazardous contaminants com-
monly found in the atmosphere is formaldehyde, a volatile organic com-
pound (VOC) coming from paints, textiles, furniture binders, decorating
materials and cigarette smoke [1,2]. Formaldehyde is considered harm-
ful because it can produce ocular and nasal irritation, headache, nausea,
rhinitis, pharyngitis, emphysema, asthma and lung cancer even when
its concentration in the air reaches 20 ppm or less [1–3]. To maintain a
safe atmosphere at the inside of buildings, the concentration of indoor
formaldehyde should be kept under its permissible exposure limit
(PEL) of 0.75 ppm within a period of 8 h [4].

Currently,modified activated carbon fibers (ACF) derived frompoly-
acrylonitrile (PAN) are considered among the most promising adsor-
bents for capturing formaldehyde. The remarkable adsorption capacity
of PAN derived ACF is due to their microporous structure and chemical
composition. While the microporous structure provides a large active
surface area, the nitrogen containing groups on the surface of PAN
derived ACF enhance the chemical affinity between the adsorbent and
the formaldehyde [2,3,5]. In addition, this affinity is improved when
inez).
ACF are functionalized with hydrophilic functional groups such as hy-
droxyl (OH), carbonyl (C_O) and ether (C\\O) [6].

Although polymer nanofiber fabricsmanufactured by electrospinning
have less surface area than ACF, we believe that they could also be con-
sidered as potential adsorbents of formaldehyde after functionalization
with suitable molecules such as β-cyclodextrin (βCD) [7]. These fibers
can be used in air filtration applications because they have large surface
to volume ratio, high surface cohesion, high porosity and suitable me-
chanical performance [8–10]. Given that PAN is the raw material for
the production of ACF, and that βCD is a source of hydrophilic hydroxyl
groups, the functionalization of electrospun PAN nanofibers with βCD
could result in an effective and cheaper material for capturing airborne
formaldehyde.

βCD is a toroid shaped cyclic oligosaccharide consisting of seven
units of 1,4-linked glucopyranosides [11]. Due to its external hydrophil-
ic groups (hydroxyl) and its hydrophobic inner cavity, it can form host-
guest complexes with organic molecules and has gained attention as
potential polymer additive for environmental applications [12–20].
One of these applications describes the promising properties of cyclo-
dextrin functionalized electrospun poly methyl methacrylate (PMMA)
nanofibers as molecular filter for styrene, aniline and toluene vapors
[12]. A different study reports, that βCD included in the nanofiber fabric
improved the entrapment capacity of aniline in vapor phase by polyeth-
ylene terephthalate (PET) [15].
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In this work, we compare twomethodologies for themanufacturing
of electrospun PAN nanofibers functionalized with βCD. The first ap-
proach consists of the addition of βCD to the polymer solution before
electrospinning. With this physical functionalization method, only low
energy bonds between the PANnanofibers and the cyclodextrin are cre-
ated. The second method comprises a crosslinking process involving
two steps. In the first step, the PAN nanofibers are modified by alkaline
hydrolysis to generate a backbone with reactive carboxylic groups [21–
24]. Subsequently, a solution containing citric acid (CA) and βCD is
added to promote an esterification reaction with the modified PAN fi-
bers [14,19,25–27]. This chemical functionalization process generates
stronger covalent bonds between the polymer and the βCD. This turns
into a better attachment of the cyclodextrin to the nanofiber. To define
the best route for the functionalization of PAN nanofibers with βCD, our
experimental approach takes into consideration the differences in fiber
morphology, chemical composition, thermal resistance, surface area,
porous structure and formaldehyde capture potential of physically and
chemically functionalized nanofibers.

2. Experimental

2.1. Materials

PAN powder with a molecular weight of 150.000 g/mol was obtain-
ed from Scientific Polymer Products Inc. and βCD powder (Cavamax
W7) was kindly provided by Wacker Chemie AG. Dimethyl sulfoxide
(DMSO, 99.9%, Carlo Erba Reagents) was used for preparing polymer
solutions. Solid potassium hydroxide (KOH, 90%, Ashta Chemicals
Inc.), sodium hypophosphite (SHP, 99.5%, Special Materials Company),
citric acid (CA, 99.5%, Sigma Aldrich) and deionized water were used
for the chemical functionalization process. For the formaldehyde
capture evaluation, formalin solution (37.6% Formaldehyde, Panreac),
acetonitrile (99.8% pure, Sigma Aldrich), 2,4-dinitrophenyl hydrazine
(2,4-DNPH 70%, Sigma Aldrich), glacial acetic acid (99%, Sigma Aldrich)
and sodium acetate (99%, Sigma Aldrich) were used. All the materials
were used as received without further purification.

2.2. Solutions preparation

For preparing polymer nanofibers with different average diameters,
polymer solutions in DMSOwith concentrations of 5%w/w, 7%w/w and
9% w/w were prepared. The physical functionalization of PAN nanofi-
bers was made by adding 10%w/w βCD to the polymer solution during
the solution preparation. TheβCDpercentagewas based on thepolymer
content (solvent free). The solutions were stirred at 500 rpm for 12 h at
room temperature and immediately electrospun. A total of six different
solutions were prepared (PAN 5%/DMSO, PAN 5%/DMSO/βCD, PAN 7%/
DMSO, PAN 7%/DMSO/βCD, PAN 9%/DMSO and PAN 9%/DMSO/βCD).

2.3. Polymer solution viscosity

The rheology of PAN/DMSO and PAN/DMSO + βCD polymer solu-
tions was analyzed using a rotational rheometer model Haake Mars III
(Thermo Fisher Scientific). A concentric geometry Z20DIN was used
and the flow sweeps were conducted at 25 °C varying the shear rate
between 0.1 s -1 and 1500 s -1.

2.4. Production of electrospun PAN nanofibers

A horizontal electrospinning array was used for the production of
electrospunPAN fabricswithdifferent averagediameters. Electrospinning
of different polymer solutions was executed in a room at 22 °C and 55%
relative humidity using the following process conditions: applied
voltage (10 kV), flow rate (0.5 ml/h) and tip to collector distance
(12 cm). The electrospun volume of each solutionwas varied depending
on the PAN concentration in order to obtain nanofiber fabrics with
homogeneous weight (1.78 ml for PAN 5%/DMSO, 1.27 ml for PAN 7%/
DMSO and 1.00 ml for PAN 9%/DMSO). The electrospun nanofibers
were vacuumdried for 12 h at 45 °C and 200mBar absolute pressure be-
fore being detached from the aluminium foil.

2.5. Functionalization process

Physically functionalized PAN nanofibers (PAN/βCD) with different
average diameters were produced using the same electrospinning
conditions defined for PAN nanofibers. However, the electrospun nano-
fibers were produced from the polymer solutionswith added βCD (PAN
5%/DMSO/βCD, PAN 7%/DMSO/βCD and PAN 9%/DMSO/βCD).

Chemically functionalized PAN nanofibers (PAN/CA-βCD) with dif-
ferent average diameters were obtained by modifying electrospun
PAN nanofibers. The changes on the chemical structure of PAN nanofi-
bers were observed using attenuated total reflectance Fourier trans-
formed infrared Spectroscopy (Spectrum Two ATR-FTIR Spectrometer,
Perkin Elmer). The change on the chemical structure of the nanofibers
was identified by observing the peak area of the different functional
groups involved in the functionalization process. Peak areaswere calcu-
lated by adjusting the absorbance vs wave number information to
Gaussian curves.

The first step for chemical functionalization consisted of the partial
hydrolysis of PAN nanowebs in a sealed polyethylene bag with 5% w/w
KOH aqueous solution (1:3750 polymer to solution weight ratio). The
bags were immersed in a thermostatic bath at 60 °C. The reaction
proceeded for 2 h and, after that time, partially hydrolyzed and yellow-
ish PAN fibers were removed and washed with tap water for one min-
ute. Because of the alkaline hydrolysis, some nitrile groups (CN) on
the polymer turn into amide (CONH 2) and carboxylic acid (COOH)
groups [21]. The second step involved the esterification of the hydroxyl
(OH) groups in βCD and CA with the carboxylic groups in CA and the
partially modified PAN. For making this, an aqueous solution with
2% w/w βCD, 0.7% w/w CA and 0.2% w/w SHP (catalyst) was prepared
at 50 °C and mixed for homogenization for 30 min [19]. The washed
and hydrolyzed PAN nanofiber fabrics were put with the solution of
βCD, CA and SHP in another sealed polyethylene bag (1:1050 polymer
to solution weight ratio) and immersed in a thermostatic bath at
60 °C. The esterification — cross-linking reaction proceeded for 2 h.
After the reaction, esterified PAN fibers were removed, dried at 105 °C
for 10 min and cured at 170 °C for 3 min. The yellowish color of the
modified PAN fibers disappeared after the esterification step. Fig. 1 pre-
sents different alternatives for the formation of covalent bonds between
the hydroxyl (OH) and carboxylic acid (COOH) groups that are present
in the modified PAN, βCD and citric acid molecules.

2.6. Characterization of nanofibers

The morphology and diameter distribution of PAN, PAN/βCD and
PAN/CA-βCD nanofibers were observed after gold metallization using
a field emission scanning electron microscope (FESEM model Schottky
JSM-7100F, JEOL Ltd.). The FESEM pictures of the nanofibers were
analyzed using the ImageJ software and the diameter of 50 fibers per
sample was measured for obtaining the diameter distribution.

A thermogravimetric analyzer TGAQ500 (TA Instruments) was used
to investigate the changes on the thermal resistance of PAN nanofibers
due to the functionalization. Samples were heated from 25 C to 900 C
at a heating rate of 20 C/min under Nitrogen atmosphere.

The surface area and pore volume of unmodified and functionalized
PAN nanofibers were measured by programming Nitrogen Adsorption
Isotherms in a NOVA 2200e sorptometer (Quantachrome Instruments).
Prior to Nitrogen adsorption analysis, the different nanofiber samples
were subjected to vacuum degasification for 1.5 h at 160 C. The analysis
was conducted using 9 mm outer diameter cells with bulb ending. The
surface area of each sample was calculated using the BET (Brunauer–
Emmett–Teller) method that takes into consideration the amount of



Fig. 1. Proposed chemical reactions in the chemical functionalization of PAN nanofibers with βCD.
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nitrogen adsorbed at low pressure levels from 0.05 to 0.33 P/Po (Po is
the absolute atmosphere pressure). The volume of mesopores and
micropores in the nanofibers was characterized using the BJH (Barret–
Joyner–Halenda) and HK (Horváth–Kawazoe) methods that consider
the amount of nitrogen adsorbed at high pressure levels from 0.33 to
0.99 P/Po.

2.7. Formaldehyde capture evaluation

Nanofibrous fabrics were tested in an atmosphere with a formalde-
hyde concentration above the permissible exposure limit [4]. An atmo-
sphere with 3 ppm formaldehyde was created by placing a glass Petri
dishwith 0.15ml of formalin solution in a glass desiccator (33 cmdiam-
eter, 26.5 cm height and approximate volume of 16.6 l). The desiccator
was kept sealed until complete evaporation of the formaldehyde solu-
tion drops. After creating the formaldehyde atmosphere, 10 ± 0.5 mg
samples of PAN, PAN/βCD and PAN/CA-βCD with different average
fiber diameter were positioned in the desiccator at 13 cm over the bot-
tom of the container. The nanofibers were left in the desiccator for 4, 8
and 12 h. Once the contact times were over, the nanofiber samples
were removed and their formaldehyde content was extracted with
deionized water at 40 °C for one hour. According to the US-EPA (U.S
Environmental Protection Agency) method 8315 [28], the extracted
formaldehyde was derivatized with excess 2,4-DNPH in a 5.0 pHmedi-
um createdwith sodium acetate and acetic acid. The derivatization pro-
cess occurred at 40 °C for one hour for total conversion of the aldehyde
to the corresponding formaldehyde hydrazone.

After derivatization, the solutions were filtered using syringe filters
with pore size of 0.45 m and the formaldehyde hydrazone concentra-
tion was measured using high performance liquid chromatography
(HPLC — Agilent Technologies 1200 series). The sample components
were separated using a Zorbax Eclipse XDB-C18 (4.6 mm × 250 mm,
5 μm) column and analyzed using UV–visible detection at 349 nm.
The mobile phase was 70% v/v acetonitrile — 30% v/v water, the flow
rate was 0.8 ml/min and the injection volume was 20 μl. The excess
2,4-DNPH peakwas observed after 4 min from the beginning, the form-
aldehyde hydrazone peak was observed after 5 min of elution and the
total run time was 6 min. The amount of formaldehyde adsorbed by
PAN, PAN/βCD and PAN/CA-βCD nanofibers after the different contact
times was determined from the area of the derivatized formaldehyde
hydrazone peak observed in the HPLC chromatograms. For the quantifi-
cation, the calibration curve (peak area vs concentration)was generated
using formaldehyde hydrazone solutions (0.1 ppm, 0.15 ppm, 0.2 ppm,
0.4 ppm, 0.8 ppm, 2.0 ppm, 5.0 ppm and 10.0 ppm) and an R2 correla-
tion coefficient of 0.9992 was obtained. The measurements of the ana-
lyte of interest were repeated three times for each sample.

3. Results and discussion

3.1. Solution viscosity

We carried out flow sweeps of the polymer solutions to establish a
relationship between the viscosity of the electrospinning fluid and the
fiber diameter that could be obtained from these solutions. We wanted
to observe if changes in the diameter or morphology of unmodified and
functionalized nanofibers would affect their porous structure and their
formaldehyde capture potential. Flow sweeps of the six different solu-
tions used for electrospinning are presented in Fig. 2.

For all the solutions, the flat viscosity region can be seen between
0.1 s−1 and 10 s−1 shear rates. Considering the inner diameter
(0.603 mm) of the needle and the flow rate of the polymer solution in
the capillary (0.5 ml/h), the apparent shear rate applied by the syringe



Fig. 2. Flow sweeps for PAN/DMSO and PAN/DMSO+ β-CD polymer solutions.
Fig. 3. FTIR spectra of PAN, βCD and functionalized nanofibers.
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plug during the spinning process is 6.44 s−1. Based on this, we conduct-
ed the electrospinning of PAN and PAN/βCDnanofibers under low shear
rate conditions with non-significant change (Newtonian plateau) on
the viscosity of the polymer solutions.

Because of the higher content of solids and large chain molecules,
the viscosity of the polymer solutions at the apparent shear rate
(6.44 s-1) increased with the polymer concentration. Based on the
shape of the flow sweep curves, it can be said that PAN/DMSO and
PAN/DMSO/βCD polymer solutions have a more pronounced
pseudoplastic rheological behavior when the PAN concentration is in-
creased. Besides, when the PAN concentration is increased, there is a re-
duction on the shear rate that is needed for the transition from the
Newtonian plateau to the pseudoplastic region. These observations are
consistent with our previous work [20] and they should be taken into
consideration if it is desired to produce electrospun nanofibers using
more concentrated polymer solutions at higher flow rates. Although
the addition of βCD augmented the viscosity of each solution at the dif-
ferent PAN concentrations, the rheological behavior of the polymer so-
lutions was not modified. The estimated viscosity of PAN 5%/DMSO/
βCDwas 4.64% higher than PAN 5%/DMSO solution viscosity, the viscos-
ity of PAN 7%/DMSO/βCDwas 3.91% higher than PAN7%/DMSO solution
viscosity and there was a raise of 6.24% in the viscosity when βCD was
added to PAN 9%/DMSO polymer solution.
Table 1
Nitrile and Carbon–Oxygen indexes of PAN, PAN/βCD and PAN/CA-βCD nanofibers.

Fiber type CH2 PAa

(A/cm)
CN PA
(A/cm)

CN
index

CO PA
(A/cm)

CO
index

PAN 0.3915 0.2089 0.5336 0.0715 0.1826
PAN/βCD 0.3883 0.2031 0.5230 0.8377 2.1571
PAN/CA-βCD 0.3855 0.1744 0.4523 0.8466 2.1960

a PA: Peak area.
3.2. Functionalization of PAN nanofibers

Fig. 3 presents the results of the infrared spectroscopy for PAN, PAN/
βCD and PAN/CA-βCD nanofibers. The FTIR spectrum for β-CD powder
is also included. We identified changes on the nanofiber chemical com-
position during the functionalization by observing the intensity of the
peaks at 2243 cm−1 and 1450 cm−1. These peaks correspond to the
stretching of the nitrile (CN) group and the bending of the saturated
Carbons (CH2) in the PAN molecule. The peak at 1033 cm−1 represents
the stretching of the C\\O bonds of the acetal group in the
glucopyranoside units of the βCD molecule. Besides, additional C\\O
bonds are formed during the esterification step of the βCD crosslinking
process.
In thefirst step of the chemical functionalization, somenitrile groups
should turn into amide (CONH2) and carboxylic acid groups (COOH)
(see Fig. 1). To confirm the chemical modification of the nitrile groups
in the PAN/CA-βCD nanofibers, the nitrile index for these samples was
compared with the nitrile index of the samples that were not subjected
to chemical functionalization (PAN and PAN/β-CD). This index was cal-
culated as the ratio between the peak area associated to nitriles in the
spectra and the peak area of an invariant peak. The peak selected as con-
stant was the one related to the bending of saturated carbon chains
(CH2) at 1450 cm−1 because this part of the molecule is not affected
during the hydrolysis reaction and its intensity does not change during
the chemical modification. The nitrile indexes for the FTIR spectra of
PAN, PAN/βCD and PAN/CA-βCD nanofibers are presented in Table 1
and it can be observed that the nitrile index of the chemically function-
alized sample (PAN/CA-βCD) is 16.5% lower than the nitrile index for
the unmodified polymer nanofiber (PAN). This difference is evidence
of the reduction on the nitrile group content when the PAN nanofiber
is chemically modified and the formation of new groups from the
reacting nitriles can be seen at 1609 cm−1 (stretching of amide carbon-
yl) on the IR spectrum for the chemically functionalized nanofiber
(PAN/CA-βCD). The reduction on the content of Nitrile groups is coher-
ent with the results reported for the alkaline hydrolysis of PAN [21]. By
comparing the nitrile index values for PAN and PAN/CD (physically func-
tionalized), it can be seen that these values are very similar because there
is no chemical reaction between the polymer and the cyclodextrin when
the βCD is added to the polymer solution before the electrospinning
process.
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In the second step of the chemical functionalization, the hydroxyl
(OH) groups in the βCD and citric acid molecules reacted with carboxyl
groups in the modified PAN and the citric acid to form an esterified
cross-linked structure. The βCD content after the chemical and physical
functionalization can be identified by observing the peaks at 1033 cm−1

(See Fig. 3). This peak is related to the stretching of the C\\O groups in
the cyclodextrin molecules. The intensity of the C\\O peaks for the
chemically (PAN/CA-βCD) and physically (PAN/βCD) functionalized
nanofibers can be compared by the C\\O Index from the corresponding
FTIR spectra. This index corresponds to the ratio between the peak areas
of the signal at 1033 cm−1 and the peak area of the constant signal
associated to the bending of saturated carbon chains (CH2) at
1450 cm−1. Note that the spectrum contains multiple peaks around
1033 cm−1 and it was necessary to use a deconvolution function to es-
timate the peak area. The C\\O indexes are presented in Table 1. βCD
molecules are present in the functionalized PAN fibers because the
C\\O index of the chemically and physically functionalized nanofibers
is higher than the same index for the unmodified PAN fibers. Index for
PAN/βCD (physically functionalized) is slightly lower than the same
index for PAN/CA-βCD (chemically functionalized) nanofibers. This dif-
ferencemakes sense because the C\\Opeak in the crosslinked nanofiber
contains the C\\O bonds in the acetal group of the βCD and in the
crosslinked structure formed during the esterification with CA.

3.3. Morphology of nanofibers

Fig. 4 presents comparative boxplots of unmodified and βCD func-
tionalized PAN nanofibers produced from polymer solutions in DMSO
with 5%(w/w), 7%(w/w) and 9%(w/w) PAN concentration.

Using the information in Figs. 2 and 4, it is possible to establish the
relationship between the polymer solution concentration and the diam-
eter of the electrospun PAN nanofiber in a PAN concentration range
from 5%(w/w) to 9%(w/w). As it is well known from the theory of the
electrospinning process [29,30], the higher the concentration of the
polymer solution, the higher the diameter of electrospun nanofibers.
This effect can be explained considering that the polymer solutions
with increased viscosity are more resistant to deformation when an ex-
ternal force, such as the electric force, is applied to elongate the droplet
during the electrospun fiber formation. When the βCD is added to the
polymer solution, the fiber diameter increasing effect is also observed
when solutions with higher content of polymer are used. Moreover,
the addition of cyclodextrin to the solution increases the content of
solids, the viscosity of the solution, and the PAN/βCD nanofibers are
Fig. 4. Diameter distribution of PAN, PAN
thicker than the solely PAN nanofibers at the same PAN concentration.
In the case of the chemically functionalized (PAN/CA-βCD) nanofibers,
these fibers may be thicker than only PAN nanofibers because of the es-
terification among the PAN polymer, the CA and the βCD molecules.
These bonds occur mainly on the surface of the fibers forming a cyclo-
dextrin polymer coating that increases the apparent diameter of the
fiber [19]. Considering the values of the average fiber diameters pre-
sented in Fig. 4, it can be stated that the functionalization increased
the diameter of the electrospun PAN nanofibers. However, no signifi-
cant difference was observed in the mean fiber diameter of the func-
tionalized PAN nanofibers obtained by addition of βCD (PAN/βCD)
and crosslinking of βCD (PAN/CA-βCD).

The average diameters of the PAN andPAN/βCDnanofibers at the se-
lected polymer concentrations are coherent with the results from our
previous work [20] and with the diameters of electrospun PAN nanofi-
bers obtained from solutions in DMSO [31,32]. The average fiber diam-
eters of these fibers obtained from polymer solutions in DMSO are
higher than the diameter of electrospun PAN fibers manufactured
from polymer solutions in Dimethylformamide (DMF) [33,34] because
the PAN/DMSO solutions are more viscous and less volatile than PAN/
DMF solutions at the same polymer concentration [35]. Representative
SEM Images of PAN, PAN/βCD and PAN/CA-βCD nanofibers are present-
ed in Fig. 5. As shown by all the pictures, bead free nanofibers were ob-
tained at the selected electrospinning process conditions for all the
polymer concentrations under observation. However, the shape and
the surface of the nanofibers are more uniform for the fibers produced
from 7% (w/w) and 9% (w/w) PAN electrospinning solutions, because
the electrospinning process is more stable when the viscosity of the so-
lution is high enough for maintaining the balance between the viscous
and the electrical forces during the electrospun fiber formation, but
low enough for avoiding the clogging of the syringe needle.
3.4. Surface area and pore volume of nanofibers

From Fig. 6, it can be seen that the lowest values of surface area
correspond to the thickest fibers produced from polymer solution
with 9% (w/w) PAN. On the other hand, the surface area of nanofibers
is maximized when they are produced from polymer solutions with
low PAN concentration (i.e. 5% (w/w) PAN). This was expected because
the surface area to volume ratio of nanofibers is increased when the
fiber diameter is reduced [36]. Additionally, it can be seen that the
functionalization of PAN nanofibers with βCD reduces the surface
/βCD and PAN/CA-βCD nanofibers.



Fig. 5. SEM Images of nanofibers: (a)PAN 5%, (b)PAN 7%, (c)PAN 9%, (d)PAN 5%/βCD, (e)PAN 7%/βCD, (f)PAN 9%/βCD, (g)PAN 5%/CA-βCD, (h)PAN 7%/CA-βCD and (i)PAN 9%/CA-βCD.
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area, and this reduction is higher for the chemically functionalized
nanofibers.

Table 2 summarizes the results for the pore volume of mesopores
and micropores estimated using the BJH and HK methods respectively.
Based on these results, we found that unmodified and functionalized
PAN nanofibers are mesoporous structures. Taking into consideration
the pore volume of mesopores and micropores, the thickest nanofibers
(i.e. produced from solutions containing 9% (w/w) PAN) are less porous
than thinner nanofibers and this is coherent with the surface areas that
were found for these fibers. In addition, both functionalizationmethods
of electrospun PAN nanofibers reduced the pore volume of the nanofi-
bers but the chemical functionalization (PAN/CA-βCD nanofibers) gen-
erated the highest reduction in the pore volume of micropores. Similar
results have been also reported elsewhere [19] and this observation is
Fig. 6. Surface area of PAN, PAN/βCD
important because the volume of the micropores may be related with
the amount of small molecules (such as formaldehyde) that can be
entrapped by the porous structure of the adsorbent.

3.5. Thermal stability

Fig. 7 presents the temperatures of the main degradation events for
unmodified and functionalized nanofibers. Because the thermal resis-
tance properties are not affected by the PAN nanofiber diameter, the
TGA analysis was conducted on representative samples of PAN, PAN/
βCD and PAN/CA-βCD nanofibers with different diameters.

The two main degradation events of βCD sample presented in Fig. 7
correspond to the complete loss of water contained in the hygroscopic
cyclodextrinmolecule at 99.23 °C and the complete thermal degradation
and PAN/CA-βCD nanofibers.



Table 2
Surface area and pore volume of PAN, PAN/βCD and PAN/CA-βCD nanofibers.

Mesopores Micropores

Fiber type PAN concent.
(w/w)a

BJH pore volume
(cm3/g)

HK pore volume
(cm3/g)

PAN 5% 0.0189 0.0019
PAN/βCD 5% 0.0202 0.0017
PAN/CA-βCD 5% 0.0178 0.0008
PAN 7% 0.0253 0.0030
PAN/βCD 7% 0.0133 0.0002
PAN/CA-βCD 7% 0.0106 0.0000a

PAN 9% 0.0160 0.0022
PAN/βCD 9% 0.0117 0.0015
PAN/CA-βCD 9% 0.0103 0.0005

a The volume of micropores is negligible and their average size is close to mesopores.
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of themolecule at 320.85 °C. For the PAN sample, there is a first degrada-
tion event at 294.75 °C that is related to the loss of hydrogen (dehydro-
genation reaction) in the PAN molecule and a second mass loss event at
692.70 °C associated to the loss of nitrogen as described for the process of
carbon fiber production from polyacrylonitrile [36]. The physically func-
tionalized PAN/βCD nanofibers presented two main mass loss events at
292.86 °C and 618.25 °C that are associated to the degradation of βCD
and to the loss of hydrogen and nitrogen in the PAN molecule.

For the PAN/CA-βCD sample (chemically functionalized), therewere
found three degradation events at 226.66 °C (Citric acid degradation),
311.04 °C (β-CD degradation and dehydrogenation of PAN) and
583.98 °C (nitrogen loss in the PAN molecule). Based on these results,
the functionalization of PAN nanofibers with βCD produces a reduction
in the second degradation event (loss of nitrogen) of the polymer
molecule. The reduction is more pronounced for the chemically func-
tionalized fibers because the covalent bond between the polymer and
cyclodextrin was conducted by modifying the chemical structure of
nitrile groups to form amide and carboxyl groups. Considering the first
degradation event of PAN, PAN/βCD and PAN/CA-βCD samples, the
physical functionalization of PAN with βCD does not significantly affect
the thermal resistance of the pristine PAN nanofibers. However, the
chemical functionalization of PAN nanofibers with citric acid reduces
the overall thermal resistance of the nanofiber fabric because the ther-
mal degradation of the citric acid (main esterifying agent) occurs at
Fig. 7. TGA Analysis of βCD and PAN, PAN/βCD and PAN/CA-βCD nanofibers.
lower temperatures than the degradation of the βCD and the PAN
molecules [11,19,37].

3.6. Formaldehyde capture evaluation

The chart in Fig. 8 presents the amount of formaldehyde captured
per active surface of unmodified and functionalized PAN nanofibers.
After 4 h of exposure, no difference on the formaldehyde capture poten-
tial of unmodified and functionalized fibers is observed for the thinnest
fibers (obtained from 5%w/w PAN solutions). However, the effect of the
functionalization process can be seen as thicker fibers are tested (ob-
tained from 7% w/w and 9% w/w PAN solutions). It is clear that the
functionalization process involving the addition of /βCD (PAN/βCD)
results in a better activation of the PAN fiber surface as compared to
the crosslinking functionalization method (PAN/CA-βCD).

Considering the amount of formaldehyde that has been captured
after 8 h of exposure, the effect of the physical functionalization of
PAN nanofibers with added βCD is remarkable. It can be seen, however,
that the weight of formaldehyde per active surface of fiber that can be
entrapped by chemically functionalized nanofibers (PAN/CA-βCD) is
comparable to or even lower than the capturing potential of unmodified
PANfibers. Once again, the formaldehyde capture potential of physically
functionalized fibers is even better for fibers that have been obtained
from 7% w/w and 9% w/w PAN solutions (average fiber diameter be-
tween 432 nm and 647 nm).

Taking into consideration the results after 12 h of exposition, the
physically functionalized nanofibers (PAN/βCD) have the best perfor-
mance among all evaluated fibers. Once again, the capturing potential
of the thickest fibers (7% w/w and 9% w/w PAN solutions) is superior
and doubles the capturing potential of the thinnest fibers (5% w/w
PAN). It is worth mentioning that the results for the chemically modi-
fied fibers (PAN/CA-βCD) improve after 12 h of exposure and their
formaldehyde capturing potential is higher as compared to the unmod-
ified fibers. However, it is still very clear that the functionalization
method involving the addition of βCD is superior to the crosslinking
functionalizationmethod. Besides, the physically functionalized nanofi-
bers are faster on capturing formaldehyde from the air. We believe that
the addition functionalization method is better because of the hydroxyl
(OH) groups that are present on theβCDmolecule and that improve the
formaldehyde capture potential [6].

Although the βCD was crosslinked to the polymer in the chemically
functionalized PAN nanofibers (PAN/CA-βCD), the amount of formalde-
hyde entrapped by thesefibers is, in somecases, lower than thequantity
of contaminant captured by unmodified PAN fibers. This may have
happened because the available surface and micropore volume for
capturing the formaldehyde were minimal. In addition, the chemical
functionalization requires themodification of nitrile groups in the poly-
mer molecule and the esterification of the hydroxyl (OH) groups of the
βCDmolecules with citric acid (see Fig. 1). Because of the change on the
chemical structure of OH groups, the affinity between functionalized
PAN nanofibers and formaldehyde molecules is reduced. Based on
these observations, and considering the high affinity between formalde-
hyde and hydrophilic groups [38], it can be stated that the capturing of
this contaminant by the cyclodextrin molecule is conducted on the ex-
ternal hydrophilic part of the βCD. This observation differs from what
has been reported in other works involving cyclodextrins [10–16],
given that the inner hydrophobic part of the molecule may not be re-
sponsible of capturing the organic contaminant under evaluation.

4. Conclusions

Theelectrospinning of PANnanofibers is a low shear rate process and
fibers with sub-micron average fiber diameters may be obtained from
polymer solutions in DMSO with PAN concentration from 5%(w/w) to
9%(w/w). These fibers may be physically or chemically functionalized
with βCD and the functionalization increases the fiber diameter.



Fig. 8. Formaldehyde capture by PAN, PAN/βCD and PAN/CA-βCD nanofibers.
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Unmodified and functionalized electrospun PAN nanofibers are
mainly mesoporous structures with somemicropores that could entrap
small molecules. The surface area and the pore volume of PAN nanofi-
bers are reduced when they are functionalized but the formaldehyde
capture potential of electrospun PAN nanofibers is improved when
they are physically functionalized with CD during the preparation of
the polymer solution. The improvement in the formaldehyde capture
potential of these fibers may be due to the free hydroxyl groups from
the cyclodextrin molecule included in the polymer fiber. The formalde-
hyde capture capacity of PAN nanofibers is not improvedwhen the βCD
is crosslinked to the polymer by the chemical functionalization process
presented in this paper. This may have happened because the free hy-
droxyl groups on theβCDmoleculeweremodified during the esterifica-
tion process. Considering the thermal resistance of the nanofibers, the
addition of βCD to the polymer solution before the electrospinning pro-
cess is also the best alternative for the functionalization of electrospun
PAN nanofibers with βCD.

Based on the results presented in this work, we can conclude that
physically functionalized PAN/βCD electrospun nanofibers may have
potential as molecular filters for the capture of formaldehyde from the
atmosphere. Besides, the amount of this contaminant than can be
adsorbed by PAN/βCD nanofibers after 12 h of exposition in the testing
atmosphere is almost the same when fibers are obtained from PAN/
DMSO solutions with 7% w/w and 9% w/w PAN concentration. This
means that βCD functionalized PAN nanofibers with average fiber
diameters from 432 nm to 647 nm may have potential as indoor air
purification materials. Finally, our results suggest that the capturing of
formaldehyde by CD occurs on the external hydrophilic part of themol-
ecule and not in the inner hydrophobic part.
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