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ABSTRACT: The wetting properties of poly(butylene
terephthalate) (PBT) melt blown fibers were tuned by alkaline
hydrolysis and subsequent fluorination. Fiber mats were
exposed to a NaOH methanol solution for controlled periods
of time at several temperatures, resulting in surface hydrolysis
(h-PBT). Subsequent simple solution chemistry was applied to
the h-PBT fibers, leading to fluorination of the surface (f-PBT)
and the transformation of the wetting properties of the material. Electron microscopy revealed that hydrolysis leads to a textured
surface that is retained in the fluorinated product. Sessile drop wetting measurements demonstrated superhydrophilicity for the
h-PBT fiber mats and sticky superhydrophobicity with the f-PBT fiber mat.
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1. INTRODUCTION

Poly(butylene terephthalate) (PBT) is a strong semicrystalline
thermoplastic. It has excellent thermal properties and chemical
resistance, good dimensional stability, low moisture absorption,
and good electrical and mechanical properties. Because of its
facile processability, PBT is widely used in a variety of
applications, most commonly in durable products that are
formed by injection molding or extrusion, such as electronic
equipment, automotive parts, medical devices, and textiles.1

As a cost-effective engineering material, nonwoven fibers of
PBT have been used for filtration medium,2 composite
materials,3−8 and tissue scaffolds.9−12 They can be fabricated
by melt blowing,13 electrospinning,5 melt spinning,14 and
forcespinning.15 Among these techniques, melt blowing is of
particular interest, because it does not require solvent and is
economical. A typical melt blowing process starts with
extrusion of a molten polymer through a die. Jets of hot air
entrain the molten polymer filament and rapidly extend its
length with concomitant reduction in diameter. A significant
flow of ambient air, which is entrained by the hot jets, leads to
rapid cooling of the fiber below its solidification temperature
(i.e., glass transition temperature or crystallization temper-
ature). Thus, fibers are formed between the extrusion
temperature and solidification temperature, and finally fiber
mats are collected on a static or continuous screen.
Although PBT nonwoven fibers have found uses in a variety

of fields, the associated surface properties, such as wetting,
biocompatibility, and adsorption, may not meet the require-
ments for certain targeted applications. Therefore, surface
modification plays an important role in improving the surface
properties and enhancing the performance of PBT nonwoven
fibers. Several techniques have been applied to impart either
enhanced hydrophilicity or superhydrophobicity to PBT or
other polymeric fibers, such as coating with hydrophilic/

hydrophobic chemicals or particles,16−19 physical vapor
deposition,20,21 chemical vapor deposition,22 addition of low-
surface-energy additives through blending,23 copolymeriza-
tion,24,25 surface grafting,26,27 layer-by-layer deposition,28 sol−
gel technique,29,30 and plasma treatment.7,31−35 Another
method for modifying the surface wetting properties of
polyester materials is alkaline hydrolysis, which has been
extensively studied with poly(ethylene terephthalate) (PET)
fabrics.36−43 However, to the best of our knowledge, this
approach has not been applied to modify PBT nonwoven fibers,
possibly because PBT woven fabrics are more resistant to
aqueous sodium hydroxide solutions than PET woven fabrics.38

In this paper, we report the modification of PBT melt blown
fibers by hydrolysis using sodium hydroxide (NaOH) and
subsequent fluorination, as illustrated in Figure 1. PBT melt
blown fibers were fabricated in our lab and subsequently soaked
in NaOH solutions. After hydrolysis, a simple fluorination
reaction was conducted. The effects of NaOH hydrolysis on
fiber surface morphology, average fiber diameter, mass loss, and
structural integrity of the fiber mats was evaluated. Sessile drop
measurements revealed that superhydrophilicity was achieved
by hydrolysis and sticky superhydrophobicity was obtained by
subsequent fluorination. This approach, hydrolysis followed by
simple fluorination, offers a facile way to tune the wetting
properties of PBT and other polyester fibers.

2. EXPERIMENTAL SECTION
2.1. Fabrication of Melt Blown PBT Fibers. PBT pellets

(Celanex 2008, Ticona) were dried at 100 °C for 12 h under vacuum
and then melt blown at 265 °C using a previously described lab-scale

Received: April 22, 2014
Accepted: June 26, 2014
Published: June 26, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 11640 dx.doi.org/10.1021/am502398u | ACS Appl. Mater. Interfaces 2014, 6, 11640−11648

www.acsami.org


apparatus.13 The melt blowing die containing five 0.2 mm diameter
holes is a modified version of a commercial design.44 A stainless steel
screen fitted with a blower, located 35 cm away from the melt blowing
die, was used to collect the blown fibers, which were generated at a
polymer flow rate of 0.18 g/(min·hole) and an air volumetric flow rate
of 4.5 SCFM. The air pressure at die exit was kept at about 6 psi.
2.2. NaOH Treatment of PBT Fibers.Melt blown PBT fiber mats

were cut into small square pieces (1 × 1 cm and approximately 1 mm
thick) and soaked in a methanol solution containing NaOH in a glass
vial without stirring. We used methanol as the solvent because alcohols
tend to accelerate hydrolysis of polyester.38 NaOH pellets (0.5 g)
(Macron Fine Chemicals) were mixed with 2 mL of methanol (Fisher
Scientific) and 2 mL of deionized water (pH = 7) and preheated to 45,
50, and 55 °C before soaking the PBT fiber mats for 10, 20, and 30
min. After hydrolysis, the fiber mats were washed three times (1 h
soaking each time) with distilled water and then immersed in HCl
solution (0.1 mol/L), then washed again with distilled water until
neutrality (pH = 7) of the rinse was achieved. Finally, the hydrolyzed
PBT (h-PBT) fiber mats were dried in air for 24 h, followed by
vacuum drying overnight at 20 °C. All experiments were conducted
three times.
2.3. Fluorination of h-PBT Fibers. A piece of h-PBT fiber mat

(hydrolyzed at 45 °C for 20 min) was soaked in dimethyl sulfoxide
(DMSO) (Sigma-Aldrich) at 80 °C for 24 h. Thirty milligrams of
1H,1H-perfluorooctylamine (PFOA) (Fisher Scientific) and 15 mg of
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMTMM) (Sigma-Aldrich) were dissolved in a mixture of DMSO
(6 mL) and methanol (2 mL) with vigorous stirring. The solution was
heated to 50 °C and the h-PBT fiber mat was immersed into the
solution for 2 h. The fluorinated product, denoted f-PBT, was washed
repeatedly with methanol and then distilled water and dried under
vacuum for 24 h.
2.4. Characterization of Fibers and Fiber Mats. The square

fiber mats were photographed, and the mass was determined using an
electric analytical balance (Denver Instrument M-220). Before each
measurement, the fiber mats were vacuum-dried overnight at 20 °C.
The mass loss (Δm %) was calculated using the following relationship
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−
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m
% 100%0

0 (1)

where m0 is the mass of the unhydrolyzed fiber mat and m is the mass
of the h-PBT fiber mat. The porosity (ε) and the fiber volume fraction
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where ε is the porosity of the fiber mat, εf is the fiber volume fraction,
w is the weight of the fiber mat, A and z are the area and thickness of
the mat, and ρfibers is assumed to be the density of bulk PBT (1.4 g/
cm3).

PBT and h-PBT fiber mats, dried overnight under vacuum, were
analyzed by differential scanning calorimetry (DSC) (TA Instrument
Q1000). Heating and cooling scans were controlled from 0 to 250 °C
at a constant rate of 10 °C/min. Crystallinity (Xc) was estimated as

=
Δ
Δ
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where ΔHf represents the heat of fusion of the melting peak and ΔHf°
= 140 J/g represents 100% crystalline PBT.46

Fiber morphology was determined by a scanning electron
microscopy (SEM) (Hitachi S-4700) applied to fiber mats that were
coated with gold/palladium for 30 s using a Denton DV-502 sputter
coater. For each fiber mat, 25−35 SEM micrographs were taken and
400−500 fiber diameter measurements were made using ImageJ
software. Origin Lab software was employed to fit a log−normal
function to the distribution of fiber diameters from which the average
fiber diameter (dav) and the coefficient of variation (CV) was
determined.

X-ray photoelectron spectroscopy (XPS) (Surface Science SSX-
100) was employed to determine the surface chemical composition of
the h-PBT and f-PBT fiber mats. A monochromatic Al Kα source with
a spot size of 1 mm was applied at a takeoff angle of 35°, while the
pressure of the analysis chamber was maintained at 10−10 Torr. Survey
spectra (six scans/sample, 0−1100 eV binding energy) were recorded
at a rate of 1 eV/step and the data were processed using Hawk Data
Analysis 7 software.

Finally, the wetting properties of the fiber mats were evaluated by
sessile drop measurements using a FAMAS interface measurement and

Figure 1. Schematic of the modification of melt blown PBT fibers by alkaline hydrolysis and subsequent fluorination.

Figure 2. Fiber mat of (a) untreated PBT (b) h-PBT treated at 45 °C for 20 min (c) f-PBT.
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analysis system (Kyowa, DM-CE1). For PBT and the h-PBT fiber
mats, the static contact angle (CA) was determined by placing a 5 μL
water droplet onto the surface of a mat, and images were recorded
with a CCD camera. For the f-PBT fiber mats, a 7 μL water droplet
was used for both static and slide-off angle measurements, and images
were captured photographically. Five measurements were taken with
each sample.

3. RESULTS AND DISCUSSION

3.1. Size and Integrity of the Fiber Mats. The size and
integrity of the PBT fiber mats were relatively insensitive to the
conditions of NaOH treatment (i.e., the temperature and
duration of the reaction). As shown by the representative
photographs in Figure 2, the dimensions of the h-PBT fiber mat
treated at 45 °C for 20 min are nearly identical to those of the
original material. This behavior differs from the situation when
PET fabrics are treated with aqueous solutions of NaOH. PET
fabrics shrink during NaOH treatment, which has been shown
to depend on the crystallinity of the fibers, the duration and the
temperature of the treatment, the fiber diameter, and the fabric
structure.37,43 DSC measurements shown in Figure 3a
demonstrate a relatively high degree of crystallinity in the
untreated PBT fibers (Xc = 31%), and this value did not change
significantly with hydrolysis. In contrast, Hadjizadeh et al.37

reported that recrystallization of melt blown PET fibers (Xc =
15%) during hydrolysis leads to noticeable shrinkage. We
attribute the relative stability of the h-PBT fiber mats to several
factors, including the higher crystallinity due to fast
crystallization,47 the mild hydrolysis conditions (i.e., the
relatively low NaOH concentration, modest temperature, and
short reaction times), and the associated localization of the
hydrolysis reaction at the fiber surfaces resulting in the
maintenance of the fiber dimensional integrity (see Figure 2).
Subsequent fluorination did not affect this property, as shown
in Figure 2c.
In addition, thermal analysis indicated that hydrolysis had

only a minor impact on the fiber crystallinity, as shown in
Figure 3b. Within the experimental uncertainty, Xc increased
slightly (ca. 2−4%). In contrast, single poly(lactide) (PLA) or
poly(glycolic acid) (PGA) fibers are reported to display a
greater increase in crystallinity with hydrolysis.48,49

3.2. Mass Loss and Fiber Diameter. Reacting the melt
blown PBT fiber mat with NaOH results in the loss of mass.
The most plausible mechanism of PBT alkaline hydrolysis is
shown in Figure 4, where hydroxide ions (OH−) attack
carbonyl carbons of the ester linkage, breaking PBT chains and
leading to the formation of a carbonate salt of sodium, 1,4-
butanediol, and fragmented polymer chains with carboxyl or
hydroxyl end groups.50

As shown in Figure 5, the mass loss (for 0 ≤ Δm ≤ 60%) of
the h-PBT fiber mats increases linearly with increasing

treatment time at a constant temperature, similar to what has
been reported during NaOH hydrolysis of PET−cotton spun
fabric and PET woven fabrics,38,39,51 but contrary to the
nonlinear loss of mass reported for PET melt blown fiber mats
and single PLA fibers.37,48 Alkaline hydrolysis of polyester
fabrics and single fibers has been shown to be a surface
reaction, where the fiber weight loss increases nonlinearly with
respect to the etching time, depending on several factors,
including the concentration of OH−, the fiber surface area
relative to the fiber diameter, and the fabric structure.36,48,52 We
attribute the linear dependence of the mass loss with time (0 ≤
t ≤ 30 min) to the relatively constant OH− concentration
associated with the excess NaOH. A more comprehensive

Figure 3. Thermal analysis of (a) PBT and representative h-PBT fibers (b) hydrolysis effect on crystallinity (Xc).

Figure 4. Mechanism of PBT alkaline hydrolysis.

Figure 5. Mass loss (Δm %) of h-PBT fiber mats.
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investigation of these kinetic issues will be reported in the
future.
Also shown in Figure 5, the rate of the mass loss increases

with increasing reaction temperature, which we attribute to the
underlying Arrhenius kinetics.48 As the hydrolysis proceeds, the
fiber volume fraction (εf) decreases from the initial 5.9% for the
untreated PBT fiber mat to 2.6% for the h-PBT fiber mats. (see
the Supporting Information). This decrease in the fiber volume
fraction is due to the mass loss resulting from the fiber surface
corrosion as evidenced by no change in the fiber mat size and
overall integrity.
Surface hydrolysis also leads to a decrease in fiber diameter

and a increase in the distribution of fiber diameters (i.e., the
coefficient of variation, CV). As shown in Figures 6 and 7, after
30 min, the average fiber diameter (dav) has been approximately

cut in half with considerably broadening of CV. This behavior
supports our hypothesis that NaOH hydrolysis is a surface
reaction that proceeds at a constant rate independent of the
fiber diameter in the specified reaction periods (0 ≤ t ≤ 30
min). As a consequence, the fractional loss in fiber mass is
greater for the smallest fibers, which explains the increase in CV
with reaction time, as shown in Figure 6b. Hence, if the
reaction was extended to a longer time, the smallest fibers
would be completely consumed, eventually degrading the
integrity of the entire fiber mat.
Preliminary tensile experiments on the etched fiber mats

demonstrate that the mechanical properties are not significantly
affected after 10% mass loss (i.e., less than 30% reduction in the
tensile strength σT and strain at break εb), which is beyond the
point of full surface wetting modification discussed in the

Figure 6. Hydrolysis effect on (a) dav and (b) CV.

Figure 7. Representative distribution of fiber diameters and associated log−normal function for (a) untreated PBT fibers, (b) h-PBT fibers treated at
45 °C for 10 min, (c) h-PBT treated at 45 °C for 20 min, and (d) h-PBT treated at 45 °C for 30 min.
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following section. A full assessment of the wetting versus
mechanical properties correlation will be presented in a future
publication.
3.3. Fiber Surface Morphology. Hydrolysis influences the

topology of the melt blown PBT fiber surfaces, as shown in the
SEM images in Figure 8. The relatively smooth surfaces of the
untreated PBT fibers are etched by the reaction, resulting in a
textured, sponge-like interface. This process resembles the
corrosion of a metal surface, where the reaction rate depends
on the crystal grain orientation.53,54 We postulate that the
amorphous and low-crystallinity regions react more readily with
OH− than the less accessible ordered crystals, as reported in
other studies.36 Preferential fast hydrolysis produces a sponge-
like surface, which becomes more dramatic with the extent of
mass loss as seen in Figure 8. Interestingly, this behavior has
not been reported for NaOH treated melt blown fibers of PBT,
which we attribute to quantitative differences in the reactivity
and crystallinity of each polyester. We speculate that the
detailed rate of etching of the amorphous versus crystalline
domains will strongly influence the development of surface
roughness and porosity by analogy with the trade-off between
fundamental reaction kinetics and morphology, which contrib-
utes to the processes operating during the corrosion of
metals.55−57

3.4. Superhydrophilicity of h-PBT Fiber Mats. Surface
hydrolysis modifies the surface morphology and the wetting
properties of the fiber mats. On the basis of the contact angle
(CA) criterion used to define hydrophobic materials,
CAhydrophobic > 90°,58 the unmodified PBT melt blown fiber
mats are hydrophobic, where CAPBT fiber mats = 126 ± 4° (see
Figure 9). We attribute this property to the surface roughness
of the fiber mat.59 Hydrolysis of the PBT fiber mats significantly
enhances the hydrophilicity, as shown in Figure 10, where

water droplets that are deposited are spontaneously sucked into
the h-PBT fiber mats. This wickability is directly tied to the
presence of polar carboxyl and hydroxyl moieties generated
during surface hydrolysis. Another contributing factor is the
sponge-like surface and the overall roughness, which adds to
the surface area and the hydrophilicity of the fiber mats.60,61 In
addition, the high porosity associated with the low fiber volume
fraction results in capillary phenomenon that enhances the
spontaneous spreading and absorption of the droplet. We
therefore classify the h-PBT fiber mats as superhydrophilic.62

In detail, the rate at which water is drawn into the h-PBT
fiber mats is correlated with the time of NaOH treatment, i.e.,
water is sucked into the mat treated for 20 min much more
rapidly than the one etched for 10 min, as shown in Figure 10,
both at 45 °C. However, there was no significant difference
between the mats treated for 20 and 30 min, and this trend was
duplicated at 50 and 55 °C. We postulate these features reflect
the combined effects of the fiber surface roughness, dav, porosity
and pore size, and water droplet volume.63,64 A comprehensive
evaluation of the spreading and wicking kinetics is beyond the
scope of this paper.

Figure 8. SEM images of (a) untreated PBT fibers, (b) h-PBT fibers treated at 45 °C for 10 min, (c) h-PBT fibers treated at 45 °C for 20 min, and
(d) h-PBT fibers treated at 45 °C for 30 min.

Figure 9. Sessile drop measurement on untreated PBT fiber mat,
CAPBT fiber mat = 126 ± 4°.
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3.5. Superhydrophobic f-PBT Fiber Mat. Generation of
carboxyl and hydroxyl functional groups at the fiber surfaces
provides an opportunity to transform the superhydrophilic fiber
mat into a low-surface-energy and textured assembly of PBT
fibers with superhydrophobic properties. We implemented this
strategy by reacting PFOA with h-PBT fiber mats, resulting in
fluorinated PBT (f-PBT) fiber mats. Presumably, the
fluorinated compound reacts with the surface carboxyl groups
(see Figure 11). As shown in Figure 12a, XPS survey spectra
obtained from PBT, h-PBT, and f-PBT fibers demonstrate the
presence of fluorine in the f-PBT product. According to the
spectra, the untreated PBT fiber mat yields a C/O ratio of 77/
23, which is close to the chemical stoichiometry and the
literature value of 75/25.65 The C/O ratio from the h-PBT
fiber mat is 74/26, which, within experimental uncertainty, is
the same as that from the untreated PBT fiber mat, consistent

with the stoichiometry of the surface chemistry. For the f-PBT
fiber mat, the C/O ratio is 69/25, and the measurement reveals
about 5 atom % of fluorine. This indicates a significant amount
of fluorine on the surface, considering that fluorination is
limited to the outmost surface layer (approximately 10 nm
thick) of the fibers. SEM images revealed essentially no change
in surface roughness, as illustrated in Figure 12b.
To better understand the effects of the etching time and

hydrolysis temperature on the subsequent fluorination, we
determined the surface F atom % for the 45 °C 10 min etched,
45 °C 20 min etched, and 55 °C 20 min etched f-PBT fiber
mats and found that this was constant at 5 ± 0.7 atom % in all
three cases. This indicates indirectly that the number and the
density of the carboxyl group are relatively insensitive to the
hydrolysis conditions, which has also been reported by Chen et
al.66

Figure 10. Sessile drop measurements on h-PBT fiber mats treated (a) at 45 °C for 10 min and (b) at 45 °C for 20 min.

Figure 11. Mechanism for reaction of carboxyl group and PFOA.
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To investigate the effect of fluorination on the wetting
properties of the fiber mat, we measured the water contact
angle. CAf‑PBT fiber mat = 156 ± 5°, as shown in Figure 13,

confirming a superhydrophobic surface character.67,68 To
evaluate the slide-off angle, we tilted, and even inverted, the
substrate, yet the water droplet always remained attached to the
surface. This demonstrates simultaneous superhydrophobicity
and a high level of droplet adhesion for the f-PBT fiber mat.
Such sticky superhydrophobicity has been reported on rose
petals and peanut leaves.67,69,70 We speculate that the sticky
behavior of the f-PBT fiber mat results from the nanoscale and
microscale roughness associated with the sponge-like surface
topology. Presumably, these little “sponge bumps” on the
surface of each fiber are not large enough to mimic the lotus
leaf, hair-like nanostructure that leads to roll-off super-
hydrophobicity.71 Because of this special sponge-like surface
roughness, the three-phase contact line of water droplets on the
fiber mat is quasi-continuous at the microscale but
discontinuous at the nanoscale, creating a Cassie impregnating
wetting state also known as the petal effect.69,70

4. SUMMARY
We have described a facile approach to tuning the surface
wetting properties of melt blown PBT fibers based on NaOH
hydrolysis and subsequent fluorination with PFOA. Hydrolysis
leads to mass loss and increased porosity without disrupting the
original overall size and integrity of the material. Etching the
fiber mat for 30 min reduced the average fiber diameter to less
than half its initial diameter (865 nm). At the same time,
hydrolysis creates a textured, sponge-like fiber surface
decorated with hydrophilic carboxyl and hydroxyl groups.

This combination of chemical and physical surface modification
imparts superhydrophilicity. Subsequent reaction with PFOA
leads to a sticky superhydrophobic surface. This approach, melt
blowing followed by hydrolysis and simple fluorination, should
be generally applicable with many types of polyester fabrics. In
addition, it offers the opportunity to prepare composite
materials, such as hydrophobic/hydrophilic filtration media.
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(58) Queŕe,́ D.; Reyssat, M. Non-Adhesive Lotus and Other
Hydrophobic Materials. Philos. Trans. R. Soc., A 2008, 366, 1539−
1556.
(59) Cassie, A.; Baxter, S. Wettability of Porous Surfaces. Trans.
Faraday Soc. 1944, 40, 546−551.
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(68) Lafuma, A.; Queŕe,́ D. Superhydrophobic States. Nat. Mater.
2003, 2, 457−460.

(69) Feng, L.; Zhang, Y.; Xi, J.; Zhu, Y.; Wang, N.; Xia, F.; Jiang, L.
Petal Effect: A Superhydrophobic State with High Adhesive Force.
Langmuir 2008, 24, 4114−4119.
(70) Yang, S.; Ju, J.; Qiu, Y.; He, Y.; Wang, X.; Dou, S.; Liu, K.; Jiang,
L. Peanut Leaf Inspired Multifunctional Surfaces. Small 2014, 10,
294−299.
(71) Bhushan, B.; Her, E. K. Fabrication of Superhydrophobic
Surfaces with High and Low Adhesion Inspired from Rose Petal.
Langmuir 2010, 26, 8207−8217.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am502398u | ACS Appl. Mater. Interfaces 2014, 6, 11640−1164811648


