IS APPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Processing—Structure—Property Correlations of Polyethersulfone/
Perfluorosulfonic Acid Nanofibers Fabricated via Electrospinning
from Polymer—Nanoparticle Suspensions

Pei-Pei Lu, " Zhen-Liang Xu,*"* Hu Yang,i and Yong-Ming Wei*

"State Key Laboratory of Chemical Engineering, *Membrane Science and Engineering R&D Center, Chemical Engineering Research
Center, East China University of Science and Technology (ECUST), 130 Meilong Road, Shanghai 200237, China

© Supporting Information

ABSTRACT: Polyethersulfone (PES)/perfluorosulfonic acid
(PFSA) nanofiber membranes were successfully fabricated via
electrospinning method from polymer solutions containing
dispersed calcium carbonate (CaCO,;) nanoparticles. ATR-
FTIR spectra indicated that the nanoparticles mainly existed
on the external surface of the nanofibers and could be removed
completely by acid treatment. Surface roughness of both the
nanofibers and the nanofiber membranes increased with the
CaCO; loading. Although FTIR spectra showed no special
interaction between sulfonic acid (—SO;) groups and CaCOj;
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nanoparticles, XPS measurement demonstrated that the content of —SOj; groups on external surface of the acid-treated
nanofibers was enhanced by increasing CaCOj; loading in solution. Besides, the acid-treated nanofiber membranes were
performed in esterification reactions, and exhibited acceptable catalytic performance due to the activity of —SO3;H groups on the
nanofiber surface. More importantly, this type of membrane was very easy to separate and recover, which made it a potential

substitution for traditional liquid acid catalysts.
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1. INTRODUCTION

Perfluorosulfonic acid (PFSA) resin is a class of fluoro polymer
consisting of a hydrophobic polytetrafluoroethylene (PTFE)
backbone attached to hydrophilic sulfonic acid groups (—SO5)
via fluorocarbon polymer side chains (Figure 1)."' Because of

[(CFz-CFz)n(IZFCFQ]X
(O-CF,CF),, -OCF,CE,S0.H
]
CF,

Figure 1. Chemical structure of PESA molecule (m = 1-3; n = 67; x &
1000).

the good chemical and thermal stability, especially the excellent
ion-exchange capacity (IEC), PFSA membranes have broad
prospects in present and potential applications. During the past
three decades, PFSA resin has served as an important material
for ion-exchange membrane in water electrolysis, chlor-alkali
electrolyzers, organic synthesis reactions and also been widely
studied in the fields of fuel cell membranes (FCM).>™>
However, manipulation of purity PFSA into proton exchange
membrane has been demonstrated of great difficulty because
this polymer swells excessively in water (with a loss in
mechanical properties and active acid sites) and is brittle when
dry.6 In consequence, great efforts have been made on
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development of composite materials to overcome these
drawbacks. Therein, PFSA nanofiber membranes produced
via electrospinning present outstanding performance due to
their extremely high specific surface area (SSA) and excellent
pore-interconnectivity structures, and have attracted scientific
interest in these years. The carrier polymers in each nanofiber
protect the membranes from swelling in water, providing the
mechanical strength, and the high SSA ensures the optimum
utilization of sulfonic acid groups.6

In recent years, scientific papers focused on electrospun
PFSA nanofibers have increased greatly, and researches
centering on structure control or property design of PESA
nanofibers for special applications are being explored by various
methods. Impregnating electrospun nanofibers with appropri-
ate amount of PFSA solution was proposed as an easy method
to prepare functional membranes with sulfonic acid groups on
the external surface.””® Through this method, Molla et altot
prepared FCMs based on electrospun polyvinyl alcohol (PVA)
membranes and reported good FCM performance of dimen-
sional stability and low methanol crossover. However,
functionalization through this method was only superficial
and the membrane obtained was much lower in proton
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conductivity than pure PFSA."" Therefore, more attentions are
being paid to direct electrospinning of PFSA blend solutions
into nanofibers. Actually, it is the most common method in
preparation and modification of PESA nanofibers. Chen et al.'*
had detailed studies on electrospinning Nafion/poly(acrylic
acid) (PAA) solutions and the results, similar to those in Choi’s
works,"®> showed that neat Nafion solution did not have
adequate chain entanglement to successfully electrospin and
smooth nanofibers could be produced only if PAA concen-
tration was above 12 wt %. Recently, Nafion nanofiber-based
polymer transducers were prepared by electrospinning Nafion
solution with various polymers and subsequent hydrating with a
specific ionic liquid."*"> The obtained nanofiber polymer
transducers showed high speed of response. Laforgue et al.'
prepared Nafion/polyethylene oxide (PEO) and Nafion/PVA
nanofibers, and reported that the proton conductivity of these
fiber membranes was slightly lower than that of conventional
Nafion membranes. But Dong’s research'” demonstrated that
high-purity Nafion (>99%) nanofibers with proton conductivity
an order of magnitude higher than cast Nafion film could be
successfully fabricated via electrospinning of Nafion/PEO
solution. Dong suggested that these nanofibers could be
applied as humidity sensors. More recently, Chang'® had the
first attempt to utilize electrospun PFSA/PVA nanofiber
membranes as catalyst in esterification reaction of ethanol
(EtOH) and acetic acid (HAc). Nevertheless, the results were
not so satisfying. Besides, electrospinning PFSA solution doped
with salt or nanotubes was also an effective method to expand
and optimize the applications of this polymer. Lei'® constructed
Nafion/multiwalled carbon nanotube (MWCNT) nanofiber
films as surface acoustic wave humidity sensor by electro-
spinning a solution with 5% Nafion, 2% MWCNT, and certain
amount of polyvinyl pyrrolidone (PVP). The sensor achieved a
remarkable improvement in RH sensitivity due to the existence
of MWCNT which provided porous structure for Nafion.
Similarly, nanofiber membranes with good ion removal
capability of Cu®*" and Ca®" in water were fabricated by Zhao
et al.”® with a solution of PESA, PVP and a special organic
disodium salt. However, electrospinning process of PESA
solution with metal, metal oxide, and inorganic salt nano-
particles, which should also have effects on the property and
structure of electrospun nanofibers, were little reported in open
literature.

In the present study, we reported the successful fabrication of
polyethersulfone (PES)/PFSA nanofibers via electrospinning
from polymer—CaCOj; nanoparticle suspensions. After electro-
spinning, the CaCOj; nanoparticles were removed by acid
treatment. It was found that the incorporation of introduction—
decomposition of CaCO; nanoparticles with the electro-
spinning process was a suitable approach to prepare nanofibers
with rough surface and to further improve the surface area of
the nanofibers. The CaCO; nanoparticles mostly gathered on
the external surface of these nanofibers, and the interactions
between —COj; and the —SO; were helpful to enhance the
distribution of —SOj; groups on the external surface. In
addition, the nanofiber membranes were studied in the
relationship of processing-structure—property and were tested
in the reaction of ethanol and acetic acid. These nanofiber
membranes showed good catalytic performance in this attempt,
and the advantages such as easy separation and high recovery
made them very attractive in this field.

1717

2. EXPERIMENTAL SECTION

2.1. Materials and Suspension Preparation. PES
(E3010, BASF) and PFSA-Na resin (prepared in laboratory,
1130EW, IEC=0.884 mmolg™') were dissolved in N,N-
dimethylacetamide (DMAc) at 60 °C with polymer concen-
tration of 20 wt %, where mpgg:mppga = 3:1. CaCOy
nanoparticles (40—100 nm, spherical) were added into the
solution with loading of 2, 4, 6, 8, and 10 wt %. The mixtures
were scattered by ultrasonic treatment for 2 h and subsequently
magnetic stirred at room temperature for 4 h. The shear
viscosities of suspensions were measured using a Brookfield
digital viscometer (DV-II+PRO, USA).

2.2, Electrospinning and Acid Treatment. The electro-
spinning setup (see the Supporting Information, Figure S1)
used in this study was placed in the room with atmosphere
condition of RH 40% and 20 °C. The electrospinning process
lasted 20—25 h and the collected nanofiber membranes were
0.07—0.09 mm in thickness. These membranes were immersed
in 1 M HCI solution for 48 h to ensure that the CaCO,
nanoparticles on the surface were removed completely, and
then washed by deionized water. Finally, the nanofiber
membranes were dried in a vacuum oven for at least 24 h
before further characterizations.

2.3. Characterization. To determine the morphology of
the electrospun fibers, we observed the collected membranes
under scanning electron microscope (SEM; JSM-6360LV,
Japan) and atomic force microscope (AFM; Nanoscopellla,
USA). The fiber diameters were then analyzed by Adobe
Photoshop. Fourier transform infrared (FT-IR) spectra of the
membranes were measured with a Nicolet spectrometer
equipped with attenuated total reflectance (ATR) and an X-
ray photoelectron spectroscopy analysis (XPS; VG-miclabll,
UK) was utilized to determine the elemental composition of
the external surface of the nanofibers. The specific surface area
of the nanofiber membranes both before and after acid
treatment was characterized by a N, adsorption instrument
(JW-BK112F, China). To determine the mechanical property
of the acid-treated nanofiber membranes, the specimens were
prepared by cutting the nanofiber membranes into rectangular
shape with a planar dimension of width X length = S mm X 30
mm. The tensile testing was performed using a universal testing
machine (QJ210A, China) with a common used cross-head
speed of 10 mm/min at room temperature.”' >

3. RESULTS AND DISCUSSION

3.1. Suspension Viscosity. Viscosity was regarded as the
one of the key parameters in electrospinning process.”* In this
study, the shear viscosity was sensitive to CaCOj; loading
because the nanoparticles were not really dissolved in DMAc,
where only suspensions formed. As indicated in Figure 2, the
shear viscosities increased with CaCOj; loading from 2 to 10 wt.
%, but decreased with shear rates. Specifically, the viscosity of
the 2 wt % CaCO; solution (labeled as S-2 in Figure 2, similarly
hereinafter) was 884, 622, and 586 cP at shear rates of 0, 50,
and 100 s, respectively. As Comparison, the 10 wt % CaCO4
solution exhibited the viscosities 1400, 650, and 600 cP higher
at each shear rate, respectively.

Previous research has provided evidence that the viscosity
response of nanoparticle— polymer solution resulted from
frictional interactions between the nanoparticles® and between
the polymer chains and nanoparticles.*® Therefore, it was easy
to understand that the viscosity of the suspension increased
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Figure 2. Viscosities of the CaCOj; nanoparticle-PES/PFSA solutions
(25 °C).

with CaCOj; loading because eof the enhancement in the
frictional interaction in system. The change of the viscosity of
the suspension with shear rate could be explained as follows
(see Figure 3): CaCO; nanoparticles formed agglomerations,
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Figure 3. Idealized view of the effects of nanoparticle dispersion on
the viscosity of the nanoparticle- polymer solutions: (1) nanoparticles
do not overlap at low content; (2) nanoparticle agglomerations
occurred at high content and enhanced the frictional interactions; (3)
high-frequency shear action reduced the nanoparticle agglomerations

and resulted in a uniform dispersion of the nanoparticles.*.

O
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especially at high loading due to the action of surface energy.
These agglomerated nanoparticles caused excess frictional
interactions, which further enhanced the shear viscosity.
However, shearing action would disrupt the agglomerations
and make the nanoparticles in uniform dispersion. As a result,

the shear viscosity decreased rapidly with the shear rate at low

frequencies,”” especially at high loading, but exhibited relatively
smooth changes at high shear rates.

3.2. Morphology. At CaCOj; loading of 2 wt %, smooth
nanofibers were easily fabricated and collected, as shown in
Figure 4(1). The nanofibers had a narrow diameter distribution
from 80 to 250 nm with an average value, d = 164 nm (see the
Supporting Information, Figure S2). While increasing CaCO,
loading, thicker nanofibers with wider diameter distribution
were produced because of the increase in viscosity of the
polymer—nanoparticle suspensions. Average diameter of nano-
fibers from 6 and 10 wt % CaCOj; suspensions was 192 and 245
nm, respectively. Besides, nanoparticle agglomerations were
observed on the surface of nanofibers, as shown in Figure 4(2)
and Figure 4(3). As described previously, nanoparticle
agglomerations occurred at high CaCOj; loading, and these
agglomerations would gather on the surface of the nanofibers
after electrospinning.

After acid treatment, the exposed nanoparticles were
removed completely, leaving pits and pores on the surface as
indicated in Figure 4(4, S, and 6). AFM images of the nanofiber
membranes were given in Figure S(left). Surface roughness of
these membranes increased with nanofiber diameter and was
30.4, 35.5, 132.1, and 199.7 nm for membrane M-0 (the
membrane electrospun from the suspension with 0 wt.%
CaCOs, similarly hereinafter), M-2, M-6, and M-10, respec-
tively. However, for single nanofibers, the surface change was
much different. As shown in Figure S(right), the nanofibers of
membrane M-2 had smooth profile curve along the axis and
possessed the surface roughness of 7.3 nm. As Comparison, the
nanofibers in membrane M-6 and M-10 had surface roughness
of 10.5 nm and 19.1 nm, respectively. Furthermore, the profile
curve of the nanofibers in membrane M-10 exhibited many
irregular dentate shapes, which meant the occurrence of rough
structures. That might be the pits and pores resulted from the
CaCOj; nanoparticles on the fiber surface, and these structures
would have effects on surface properties of the nanofiber
membranes e.g., hydrophilicity nature and specific surface area.

3.3. Structural Property. Water contact angle (WCA) was
measured as one of the properties to determine the surface
structure of the electrospun nanofiber membranes. A distilled
water pendent droplet was injected from a syringe onto the
membrane surface. The image of the droplet on the membrane
was visualized through the image analyzer and the angle
between the water droplet and the surface was measured. As

—
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Figure 4. SEM images of the nanofibers: (1—3) as-spun nanofibers from 2, 6, and 10 wt % CaCO; suspensions; (4—6) the above nanofibers after

acid treatment.
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Figure 5. AFM images of the nanofiber membranes after acid
treatment (left), and the height profiles of the single nanofiber along
the axis (right).

illustrated in Figure 6, the as-spun nanofiber membranes
presented strong hydrophobicity initially. WCA of membrane
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Figure 6. Time-dependent WCAs of the nanofiber membranes: (O)
the as-spun nanofiber membranes; (T) the nanofiber membranes after
acid treatment.

M-10 was 139° at t = 0 min, whereas membrane M-2 exhibited
a smaller value of 133.5°. Obviously, WCAs of the membranes
from high CaCOj; loading suspensions were greater than those
of the membranes from low CaCOj; loading suspensions either
before or after acid treatment. This difference could be
attributed to the enhancement of the surface roughness. It
was proposed mathematically and experimentally that WCA

was increased by roughness, whereas  was greater than 90°.”*

As mentioned above, increase in CaCOj loading resulted in the
nanofiber membranes with greater surface roughness, which led
to higher WCAs.

Moreover, it was apparent in Figure 6 that the WCAs of the
nanofiber membranes reduced 10° or thereabout after acid
treatment. A conjecture was proposed that the decrease in
WCAs was resulted from the enhancement of —SO; groups on
the nanofiber surface. Since CaCOj; nanoparticle was a type of
polar filler with large amount of C=O bonds exposed on the
surface® and PFSA resin also had strong polar groups at the
end of the polymer chains, this polymer, in great probability,
would have interactions with the nanoparticles. After electro-
spinning, there were plenty of CaCOj; nanoparticles on the
surface of the as-spun nanofibers. As the nanoparticles were
removed by acid treatment, the —SO; groups interacted with
them would be exposed on the surface, as illustrated in Figure
7. These groups significantly increased the hydrophilicity and

Q CaCO083 nanoparticle 241 PFSA backbone © sulfonic_group 'é@ PES polymer chain

Figure 7. Schematic diagram of a single nanofiber before (left) and
after (right) acid treatment.

led to the decrease in WCAs of the nanofiber membranes after
acid treatment.

To prove the conjecture and examine the interactions
between the polymer and nanoparticles in the electrospun
nanofiber membranes, ATR-FTIR was employed with three
different thin samples and the corresponding spectra ranging
from 2000 to 650 cm™! were shown in Figure 8. Obvious
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Figure 8. ATR-FTIR spectra of the PES/PFSA/CaCO; membranes:
(a) cast membrane (b) nanofiber membrane after acid treatment, (c)
as-spun nanofiber membrane.

differences could be observed at 872 cm™" and in 1405—1484
cm™'. The broad peak at 1429 cm™ in Figure 8c was the
characteristic absorption of —CO;, which decreased signifi-
cantly in Figure 8a. This variation indicated that the CaCOj;
nanoparticles much gathered on the surface of the nanofibers,
but distributed uniformly in the cast film, attributed to the
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Figure 9. XPS spectra of electrospun membranes (a) peak areas of each element in membrane M-10, (b) peak areas of each element in membrane
M-2, (c) S2p region of M-10, (d) Ols region of M-10, (e) S2p region of M-2, (f) Ols region of M-2.

instability in electrospinning process and the small size of the
nanofibers in which CaCO; nanoparticles could be hardly
encapsuled. Moreover, the strong peak disappeared in Figure
8b, which suggested that the CaCO; nanoparticles were
removed completely after acid treatment.

Besides, the peaks near 1320 and 1297 cm™' were
attributable to asymmetric stretching of —SO,- groups in PES
and the strong peaks in 1236 and 1155 cm™ were
corresponding to —CF,- groups in PFSA.** The peaks at
1071 cm™" were due to the stretching of the —SO; groups.
Through these characteristic peaks, it was confirmed that the
original chemical structures of PES and PFSA were not affected

1720

by high voltage. But unfortunately, not any special interaction
between the polymer and nanoparticles was observed from the
spectra.

However, some interesting results were observed while
referencing to surface elemental composition characterized by
XPS analysis. There was an obvious increase in fluorine content
and a corresponding decrease in oxygen content as comparing
membrane M-2 with M-10, as shown in panels a and b in
Figure 9. These changes could be attributed to the increase in
PESA backbones distributed on the external surface of the
electrospun nanofibers, associated with the increase of CaCOj;
nanoparticle loading. Though the sulfur content did not show

dx.doi.org/10.1021/am201843y | ACS Appl. Mater. Interfaces 2012, 4, 1716—1723
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significant changes, the results of the detailed elemental
composition provided by the spectra of the sulfur region
indicated that the content of sulfur elements in different
chemical environment changed much with CaCOj; loading. The
XPS signal observed in S2p region at 168.9 eV was attributed to
—S0; in PEFSA molecule and that at 167.7 eV was attributed to
—SO,— in PES molecule. The sulfur content of —SO;, as
shown in Figure 9¢, was close to that of —SO,— in membrane
M-10, but much lower than —SO,— in membrane M-2, in
Figure 9e). This result suggested that the content of —SO;
groups on the nanofiber surface in membrane M-10 was greater
than that in M-2 since the total amount of sulfur content did
not change much. Meanwhile, the spectra of Ols region
showed the variation tendency consisted with above results.
Specifically, the signal at 531.9 eV could be attributed to the
ether oxygen in PES molecule (labeled as O—C), and the
signals at 533.1 and 535.6 eV belonged to —SO; (or —SO,—)
(labeled as OS) and ether oxygen in PFSA molecule and
(labeled as OCF,), respectively. The decrease in O—C content
(peak area: 2900 of M-10 in Figure 9d and 4500 of M-2 in
Figure 9)) was attributed to the decrease in PES backbones on
the nanofiber surface, associated with the increase in CaCOj,
loading. However, OS content did not change much though the
—S0O,— content decreased due to the decrease in PES content,
which suggested that there must be an enhancement of the
—S0O; groups on the surface. Thus, it could be considered that
increase of CaCO; nanoparticle loading was beneficial to
improve the distribution of —SO; groups on the nanofiber
surface.

N, physical sorption performed on the membranes
quantified the specific surface area (SSA) of the membranes
before and after acid treatment, and provided further evidence
for the morphology observed by SEM and AFM.

Theoretically, SSA of the membrane is susceptive to the
diameter of the nanofibers based on the relationship described
by the following equation

SSA = 4 _ n—dzl -4

m  onld” /4  pd

where p is the density of the polymer and d refers to the
diameter of the single nanofiber. However, linear decrease in
SSA did not appear with the increase of nanofiber diameter, as
shown in Table 1. Instead, the SSA(O) presented only slight

Table 1. SSA of Different Membranes (Values Given Were
Averaged from Three Measuring Results)

mean diameter SSA(0)“ SSA(T)® SSA(C)¢

no. (nm) (m?/g) (m*/g) (m*/g)
M-0 155 20.6 + 0.33 209 + 0.16 19.1
M-2 164 19.3 + 0.21 21.7 £ 0.23 18.5
M-6 192 18.1 + 0.15 21.5 £ 0.19 15.8
M-10 245 17.3 + 0.16 214 + 0.15 124

“SSA(O): specific surface area of the as-spun membrane. bSSA(T):
specific surface area of the acid-treated membrane. “SSA(C): specific
surface calculated from the mathematical formula.

decrease with diameter and even the SSA(T) remained almost
unchanged for various membranes. Because CaCOj; nano-
particles used in this study had large specific surface area, SSA
of the as-spun membranes would be improved by increasing
CaCOj loading, which largely offset the impact of increase in
nanofiber diameter. Thus, the SSA(O) only showed slightly
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decrease with CaCOj; loading. For the acid-treated membranes,
the nanoparticles were removed completely, leaving pits or
pores on the surface, which further improved SSA of the
membranes, resulting in the invariableness in SSA(T).
Moreover, for a given membrane, either the SSA(O) or the
SSA(T) was much greater than SSA(C). Especially, for
membrane M-10, the SSA(T) was 72.6% larger than SSA(C)
and 23.7% larger than SSA(O), which suggested the immense
existence of rough structures on the acid-treated membrane
surface. In this way, it could be concluded that the addition-
and-removing of the CaCOj; nanoparticles was helpful to
produce nanofibers with rough surface and improve SSA of the
nanofiber membranes. These rough structures also had
significant effects on the mechanical properties of the nanofiber
membranes as described below.

Mechanical characterization in this research was achieved by
applying tensile test loads to rectangular specimens of ultrafine
nonwoven fiber membranes since the single polymer nanofiber
was too weak. The stress—strain behaviors of the acid-treated
nanofiber membranes are shown in Figure S3 in the Supporting
Information, and the stress at break and the resulting modulus
for each sample are summarized in Table 2. As a whole, the

Table 2. Mechanical Property of the Nanofiber Membranes
after Acid Treatment (values given were averaged from three
samples)

CaCO; break strength elongation at  Young’s modulus

No. loading wt % o, (MPa) break &, (%) E, (MPa)

M-2 2 0.30 + 0.04 40 + 4.0 1.16 + 0.08
M-4 4 0.27 + 0.03 30 + 3.3 1.26 + 0.11
M-6 6 0.87 + 0.05 22 + 3.6 10.30 + 0.85
M-8 8 0.69 + 0.02 9+ 18 9.22 + 0.73
M- 10 1.88 + 0.11 21 £2.6 19.9 + 1.39

10

tensile strength and modulus of the membranes increased with
CaCO; loading. Specifically, nanofiber membrane M-2 was very
weak, with stress at break, o, of around 0.3 MPa and the elastic
modulus, E, of 1.16 MPa. In contrast, nanofiber membrane M-
10 exhibited much higher stress at break of 1.88 MPa and an
even greater modulus of 19.9 MPa. However, this increase in
strength was not absolute. The break strength of M-8 was much
larger than that of M-2 but a little less than that of M-6, and
similarly for the Young’s modulus. So far, there were no strict
rules of the mechanical property change for disorderly arranged
electrospun nanofibers. In this study, break strength of the
membranes only showed a general trend of increase with
CaCO; loading. This trend could be attributed to the
interactions between the nanofiber networks, associated with
the surface roughness of the nanofibers. Because the surface
roughness of the nanofibers was increased by CaCOj; loading, it
improved the frictional resistance between the nanofibers and
enhanced the connection of the nanofiber networks.”* Thus the
applied stress could be readily transferred to the entire
nanofiber network from local position and therefore, the stress
at break of the nanofiber membrane was greatly improved.
Meanwhile, the stretch ratio of the nanofiber membranes
decreased from 40 to 9% while CaCOj loading increased from
2 to 8 wt %. It could be easily understood that the frictional
resistance between the nanofibers restricted the mobility of the
nanofiber network and resulted in the decrease of the
elongation of the membranes. But an unexpected increase to
21% in stretch ratio was found in membrane M-10. A

dx.doi.org/10.1021/am201843y | ACS Appl. Mater. Interfaces 2012, 4, 1716—1723
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reasonable explanation was that the pattern formation of
membrane M-10 was much different from the others. Actually,
for electrospun nanofiber membranes, tensile properties were
more related to the assemblies of the nanofibers such as the
pattern of the nanofibers than the physical linking and the
frictional entanglements between the nanofibers,** etc.
Unfortunately, theoretical or empirical models have rarely
been reported up to now.

3.4. Catalytic Performance. The catalytic performance of
the collected nanofiber membranes was evaluated in an
esterification reaction (EtOH:HAc:PFSA = 6 mol:3 mol:1 g).
The reaction was carried out at 75 °C for 8 h and the results
were shown in Figure 10.
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Figure 10. Conversion rate of ethyl acetate in the esterification
reaction as a function of time.

As expected from the XPS results, the catalytic performance
of the nanofiber membranes would increase from M-2 to M-10
due to the enhancement of —SO;H groups on the membrane
surface. It was found that the esterification reaction hardly
occurred without catalyst. But as PES/PFSA nanofiber
membrane was employed, the reaction rate was greatly
improved because of the catalytic activity of —SO;H groups.
The nanofiber membranes provided large surface area and
inner porosity (>90%) so that the EtOH and HAc could easily
attach to the reaction sites. As a result, nanofiber membrane M-
10, which had most —SO;H groups on the surface, presented
the best catalytic performance. Specifically, by using nanofiber
membrane M-10, the conversion rate of HAc achieved 68%
within 8 h, which was approximately 10 times higher than that
without catalyst. This conversion was lower than but
comparable to the result of conventional catalyst (98%
H,S0,, 75% for HAc).

After reaction, the nanofiber membranes were recycled by
filtration and oven drying. The weighing results showed that
the membranes obtained were almost of the same mass as those
before reaction (recovery rate >99.5% in each case). Thus, this
kind of nanofiber membranes could be a potential substitution
for some conventional liquid-acid catalyst, which was difficult to
be separated in homogeneous reactions.”'®

4. CONCLUSIONS

In this work, PES/PFESA nanofibers were successfully fabricated
via electrospinning of polymer-CaCOj; nanoparticle solutions.
These nanofiber membranes presented high specific surface
area, which was more than 70% improved by introduction-and-
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removing of CaCOj; nanoparticles. Moreover, the content of
—SO; groups on the nanofiber surface was enhanced likely due
to the interaction between CO,>~ and —SO;. And this could be
an effective and universal method to improve the utilization of
the active groups of PFSA in many other applications. Besides,
the produced nanofiber membranes were tested in esterification
reactions of ethanol and acetic acid, and exhibited acceptable
catalytic performance. Furthermore, the ease of separation and
very high recovery make them a potential material that could
serve in acid-catalytic reactions.
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