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Abstract Electrospun poly(vinyl alcohol) (PVA) fibers

rapidly dissolve in water. Their aqueous stability can be

improved by annealing using a combination of controlled

temperature and treatment time. The increase in aqueous

stability of the PVA fibers is associated with an increase in

PVA crystallinity and is defined by X-ray diffraction and the

ratio of the Fourier transform infrared spectroscopy band

intensities at 1141 and 1425 cm-1. A ratio of intensity of

these two infrared bands C2.5 or *75% and above in the

degree of crystallinity as determined by X-ray diffraction

indicates fiber stability in water. Annealing treatment also

results in an increase in the stiffness of the fibers. At a treat-

ment temperature of 135 �C for 4 h, the elastic modulus of the

fiber increased by 80%. This information is useful when these

fibers are being considered for applications in an aqueous

environment such as membrane filter or tissue scaffold.

Introduction

Electrospinning [1] is a convenient technique to produce

three-dimensional non-woven fiber mats consisting of

nanometer-sized fibers made from synthetic and natural

polymers [2] including proteins and polysaccharides [3].

Applications being considered include wound dressings

[4], membranes [5], drug deliveries [6] and scaffolds for

tissue regeneration [7]. Electrospun fiber mats display

exceptional performance and efficiency in these applica-

tions due to their high surface-to-volume ratios and inter-

connected porous network. Electrospinning has become the

method of choice for their fabrication [8, 9]. For tissue

engineering applications, the fibrous scaffolds can also be

electrospun with controlled alignment to mimic the struc-

ture of the natural extracellular matrix [10, 11].

Poly(vinyl alcohol) (PVA) is a hydrophilic polymer with

good thermal stability, chemical resistance and biocom-

patibility [12]. Although PVA is biostable in physiological

environments, it readily dissolves in water and means for its

stabilization is necessary to realize its potentials in bio-

medical applications in the fiber form. PVA can be chem-

ically or physically cross-linked using glutaraldehyde [13,

14], radiations [15, 16], and freezing/thawing processes

[17] to achieve good aqueous stability for medical device

applications such as artificial meniscus [18], heart valves

[19] and wound dressings [20]. For electrospun PVA fibers,

glutaraldehyde [21, 22] and methanol [23, 24] have been

shown as effective post-processing agents to stabilize the

fibers in aqueous media, but the morphological features of

the electrospun fibers mats are largely lost. In addition,

chemical properties are altered due to the reactive interac-

tions with the stabilizing agents. In our previous work, we

demonstrated the suitability of ion beam implantation [25]

to stabilize PVA fibers from disintegrating in water.

Although the changes in the morphological features were

minimal, the cost of the treatment for samples in large

quantity and size can be prohibitive. Water stable PVA

hydrogels have been prepared by a thermal cycling process.

Their stability and mechanical properties control have been
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attributed to an increase in the polymer crystallinity [26–

28]. For macroscopic PVA samples, thermal annealing has

been reported to increase the degree of crystallinity without

changing its chemical structure [29, 30]. We hypothesize

that thermal annealing will lead to an increase in crystal-

linity of electrospun PVA fibers. This would result in an

improvement in their aqueous stability and a concomitant

increase in the fiber mechanical properties.

In this study, we report the use of a high-temperature

annealing approach to improve the aqueous stability and

mechanical properties of PVA fibers prepared by elec-

trospinning. The change in crystallinity of the fibers as a

function of annealing condition was determined using

Fourier transform infrared spectroscopy (FTIR) and X-ray

diffraction (XRD). Mechanical properties of individual

PVA fibers prior to and following annealing were deter-

mined using an atomic force microscopy (AFM) multi-

point bending test and analysis routine developed in our

laboratory [31].

Experimental methods

PVA fiber production by electrospinning

The electrospinning solution is prepared by dissolving 11

wt% of PVA (Mw = 89,000–98,000 g/mol, 99?% hydro-

lyzed, Sigma–Aldrich) in a solvent consisting of 90%

de-ionized water and 10% ethanol. Process parameters

included an electric field gradient of 1 kV/cm and a solu-

tion feed rate of 0.1 mL/h.

For the study of fiber morphology and crystallinity, PVA

fibers were collected on a silicon substrate in the form of a

randomly orientated non-woven mat. To collect individual,

isolated electrospun fibers for AFM mechanical testing, a

transmission electron microscopy (TEM) grid (Structure

Probe, Inc.) with a 7.5 lm square mesh was used on a

silicon substrate and mounted at the center of the collector.

Annealing treatment

The annealing treatment was conducted in a vacuum oven

at six different annealing temperatures: 85, 110, 135, 160,

185 and 210 �C. The pressure was maintained at 10 Torr

over various lengths of annealing time as stated in later

sections. The samples remained in vacuum for further 2 h

to cool down before unloading from the oven.

Physical characterization of PVA fibers

The dimension of the fibers for aqueous stability tests and

AFM mechanical measurements were determined from SEM

topological images, which were obtained with a Leo 1530

(LEO Electron Microscopy Ltd.) at 1 kV, using the Java-

based image processing program, ImageJ (National Institutes

of Health). No conductive coating was applied to the samples.

The glass transition temperature and the melting tem-

perature of as-spun PVA fibers were determined using dif-

ferential scanning calorimetry (DSC) (Perkin Elmar Pyris

1). The experiment was performed between 50 and 250 �C at

a heating rate of 10 �C per minute. The as-spun fiber has a

glass transition temperature of 91.2 �C which is close to the

lowest thermal treatment temperature we used. The melting

temperature is a function of annealing temperature and

varies from a low of 227.7 �C for the as spun fibers to a high

of 232.5 �C after annealing at 135 and 160 �C.

Attenuated total reflectance Fourier transform infrared

spectroscopy (ATR-FTIR) was used to qualitatively verify

the increase in the degree of crystallinity of the PVA

sample upon heat treatment. In the present experiments, an

FTIR spectrometer (Bruker Vector 22; Milton, ON) with a

horizontal attenuated total reflectance attachment and a

diamond crystal. The chamber was continuously purged

with dry air to reduce water vapor and carbon dioxide

content. The background spectrum was collected prior to

that of the PVA fiber samples.

X-ray diffraction (XRD) spectra were collected using a

Rigaku-Rotaflex RU-200BH diffractometer with a Co-Ka

radiation (wavelength k = 1.79 Å) source operating at

30 kV and 44 mA. The 2h spectra were scanned from 16.0�
to 32.0� with a 0.1� step size. The diffraction peak

(FWHM) were analyzed by fitting the Pearson VII function

[32]. The average crystallite size (P) was estimated by

using the Scherrer’s equation [33]:

P ¼ kk
ðw cos hÞ ð1Þ

where w is again FWHM in radians, h is the Bragg’s angle,

and k = 1 (or 0.9) is a constant and related to several

aspects including the shape of the crystal and the Miller

index of the reflecting crystallographic planes and

crystallite shape. The degree of crystallinity (Xc) was

determined from the ratios of the areas under the crystalline

peaks and the respective halos using the method of

Hermans and Weidinger [34, 35]:

Xc ¼
Ac

ðAc þ AaÞ
ð2Þ

where Ac and Aa are the area of crystalline and amorphous

(halo) region, respectively.

Aqueous stability tests

The annealed PVA fibers were immersed in de-ionized (DI)

water for 1, 10 and 30 days at room temperature. The

samples were then transferred into isopropyl alcohol
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for 5 min before loading in a chamber to complete the

drying process under vacuum (10 Torr) for later SEM

characterization.

Mechanical measurements using AFM

Mechanical testing of individual PVA fibers was performed

using a multimode AFM with a Nanoscope IIIa controller

(Veeco Instruments) at room temperature with relative

humidity of B9% (nitrogen gas ambient). Two different

triangular silicon nitride cantilevers (NP Series Probes,

Veeco Instruments) with nominal spring constants of 0.58

and 0.32 N/m, respectively, were chosen to carry out the

mechanical testing of the fibers before and after annealing.

The actual spring constants were determined using the

thermal noise technique [36] which yielded k1 = 0.31 ±

0.01 N/m and k2 = 0.24 ± 0.01 N/m, respectively.

A multi-points bending test was performed on 16 fibers

in the AFM force–volume mode, as described previously

[25], both before and after annealing. The force spectra

with the z-scan size limited at 500 nm were acquired for

positions in an array of 64 9 64 pixels spanning square

regions of width 3.5–5.0 lm at a z-scan rate of 5 Hz. Three

threshold levels of 100, 125 and 150 nm were used

throughout this study.

The diameter of each fiber was determined by averaging

measurements at 10 locations along the suspended portion

of the fiber based on high-resolution SEM images. The

uncertainties are due to diameter irregularities of the fiber.

Data was extracted from the force–volume images and

analyzed using the Igor Pro software package (Wavemetrics)

with a custom analysis routine based on a clamped-beam

model, as described previously [25].

Results and discussion

Effect of annealing treatment on fiber stability

in water–temperature dependence

Figure 1a shows an SEM image of randomly orientated,

non-woven PVA fibers prepared by electrospinning before

annealing. The as-spun PVA fibers display very poor sta-

bility in water as shown on the left side of a low magni-

fication SEM image (Fig. 1b). After immersed in DI water

for 1 min, the fiber structure has completely disappeared

and a film with no porosity was formed. To investigate the

enhancement of aqueous stability of PVA fibers by

annealing, four samples with average fiber diameter in the

range of 244 to 270 nm were treated separately at 85, 110,

135 and 160 �C for 4 h each. SEM images of these fibers

after annealing at these temperatures are shown in Figs. 2a,

3a, 4a, and 5a, respectively. In all cases, the fibers showed

no significant morphological and size (diameter) changes

after treatment. These samples were then immersed in DI

water for 1 day and re-examined with SEM. The results are

shown in Figs. 2b, 3b, 4b, and 5b. The sample treated at

85 �C and shown in Fig. 2b was partially dissolved, lead-

ing to a reduction in fiber diameter and porosity of the

fibrous structures. Annealing at 110 �C also resulted in

partial dissolution; however, in this case, the aqueous

instability led to fusion of some of the fibers into bundles.

As a result, they are no longer cylindrical and a slight

reduction in the average diameter was observed (Fig. 3b).

The porosity of the woven structure was also reduced.

Figures 4b and 5b show the SEM images of the samples

treated at 135 and 160 �C, respectively, after immersion in

DI water for 1 day. The morphology and average fiber

diameter of these two samples remained unchanged, indi-

cating good aqueous stability. To investigate the longer

term stability, all annealed samples were re-immersed in

DI water for an additional 10 and 30 days. The results are

summarized in Figs. 2c, 3c, 4c, and 5c and Figs. 2d, 3d, 4d,

Fig. 1 SEM images of original PVA fibers a in high magnification

and b after immersed in DI water for 1 min (area affected at the left
side)
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and 5d, respectively. It can be seen that these results are

similar to those shown in Figs. 2b, 3b, 4b, and 5b after

immersed in DI water for 1 day, indicating no significant

dissolution after day 1.

To quantify the aqueous stability of these fibers under

the four different annealing conditions, the average fiber

diameters (determined from 250 randomly selected fibers)

of samples corresponding to Figs. 2a–d, 3a–d, 4a–d and

5a–d were determined and are summarized in Fig. 6. Heat

treatment at 85 �C resulted in a significant reduction in

average fiber diameter from 270 ± 60 nm to 46 ± 14 nm

(the uncertainties are standard deviation (SD)) after 1 day

Fig. 2 SEM images of PVA

fibers with 4 h of 85 �C

annealing treatment after

a annealing, b immersed in DI

water for 1 day, c immersed in

DI water for 10 days, and

d immersed in DI water for

30 days

Fig. 3 SEM images of PVA

fibers with 4 h of 110 �C

annealing treatment after

a annealing, b immersed in DI

water for 1 day, c immersed in

DI water for 10 days, and

d immersed in DI water for

30 days
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in DI water and remained unchanged after 10 days.

Treatment at 110 �C led to a lower degree of fiber size

reduction after 1 day in DI water. The average fiber

diameter decreased by 34% to 190 ± 50 nm. However, the

average fiber diameter increased from 190 to 220 nm after

immersed in DI water for 10 days. This increase is due to

the bundling of some of the individual fibers as shown in

Fig. 3c. Contrast to these results, fibers treated at 135 and

160 �C were stable after immersed in DI water for up to

30 days. Both the morphology and average fiber diameter

remained unchanged. These 30 days stability test results

provide sufficient confidence to allow for extrapolation of

Fig. 4 SEM images of PVA

fibers with 4 h of 135 �C

annealing treatment after

a annealing, b immersed in DI

water for 1 day, c immersed in

DI water for 10 days, and

d immersed in DI water for

30 days

Fig. 5 SEM images of PVA

fibers with 4 h of 160 �C

annealing treatment after

a annealing, b immersed in DI

water for 1 day, c immersed in

DI water for 10 days, and

d immersed in DI water for

30 day
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stability of these annealed fibers to significantly longer

time points.

The increase in aqueous stability of electrospun PVA

fibers can either be a result of chemical, physical or a

combination of these changes since it has been established

that annealing of bulk PVA does not result in chemical

change but in a change in the degree of crystallinity [29,

30]. The most likely explanation of our observations is an

increase in fiber crystallinity, although the dimension of the

PVA fibers is significantly different from that of bulk PVA.

For a given treatment time, there is a threshold temperature

above which these fibers become stable in an aqueous

solution. This is an important requirement for biomedical

and other applications in an aqueous environment. For an

annealing time of 4 h, the minimum temperature to obtain

stable PVA fibers is *135�.

Effect of annealing treatment on fiber stability

in water–time dependence

The effect of annealing time on fiber stability was inves-

tigated at 110 and 135 �C with time varying between

30 min and 8 h. The results are summarized in Fig. 7. The

morphology of fibers treated for 8 h at 110 �C is shown in

Fig. 7a after immersed in DI water for 10 days, which is a

treatment very similar to that for 4 h (Fig. 3c), i.e., the

extra 4 h of treatment at this temperature did not further

improve the stability of the fibers in DI water.

The results for annealing at 135 �C for 30 min and 1 h

are shown in Fig. 7b and c, respectively. From Fig. 7b, it

can be seen that even for a short treatment, the fiber sta-

bility was much improved and the cylindrical shape of the

fibers was largely retained, but some of the fibers stuck

together to form bundles. Close examination of their sur-

face at some intersection points (e.g. in Fig. 8) also indi-

cated an increase in surface roughness of the fiber, which is

a sign of selective dissolution. This indicates that 30 min

Fig. 6 Fiber diameters after 4 h of annealing at four different

temperatures; at five different stages during the stability test in DI

water (the error bars are standard deviation)

Fig. 7 SEM images of PVA

fibers with a 8 h of 110 �C,

b 30 min of 135 �C, and c 1 h

of 135 �C treatment after

immersed in DI water for

10 days
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heat treatment at 135 �C is not enough to establish a suf-

ficient stability of the fibers.

When the treatment time was increased to 1 h, the SEM

results shown in Fig. 7c indicate good fiber stability,

comparable to those shown in Fig. 4c after 4 h heat treat-

ment. The fibers maintained their smooth surface, similar

to that of the as-spun fibers, and did not bundle together.

The average fiber diameter also exhibited no change over

the entire series of experiments (180 ± 30 nm for

as-treated and 175 ± 30 nm after immersed in water for

10 days), indicating that for fiber stability in water, a heat

treatment of 1 h at 135 �C is sufficient.

These results are consistent with the assumption that the

increase in fiber stability is associated with an increase in

fiber crystallinity. A minimum temperature is required to

allow polymer chain mobility within the fiber, which is a

prerequisite for the creation of sufficient crystallinity. On

the other hand, once this temperature is reached, the time

required to achieve stability is only a function of the

polymer chain mobility.

Effect of thermal treatment on mechanical properties

The change in mechanical properties associated with

increased fiber stability in water by heat treatment was also

investigated. Sixteen fibers with diameters ranging from

150 to 250 nm were analyzed using the AFM-based

bending test before annealing. This yielded a mean elastic

modulus of 4.4 ± 1.4 GPa (the uncertainties are SD).

These fibers were then annealed for 4 h at 135 �C. During

annealing the fiber diameter range decreased to 135–

230 nm which corresponded to a diameter reduction of

about 10% for each fiber. A bending test using the AFM

was again used to determine the elastic modulus of these 16

fibers after annealing. The results showed a significant

increase in the elastic modulus of all fibers to a mean value

of 7.6 ± 2.3 GPa. This is an increase of 80% over the

fibers before treatment. The summarized results are pro-

vided in Table 1. The treated fibers do not possess an

anisotropic core–shell structure as the AFM force–volume

Fig. 8 High-resolution SEM image of the sample shown in Fig. 7b

Table 1 The dimensional and elastic modulus changes of individual fibers before and after 4 h of 135 �C annealing

Fiber # Pre-annealing Post-annealing

Length (lm) Diameter (nm) Elastic modulus (GPa) Length (lm) Diameter (nm) Elastic modulus (GPa)

1 3.6 252 ± 7 2.7 ± 0.6 3.6 232 ± 7 4.1 ± 0.7

2 3.4 183 ± 3 4.5 ± 0.6 3.2 164 ± 4 6.3 ± 0.6

3 4.5 199 ± 4 4.1 ± 0.6 4.5 182 ± 3 7.9 ± 0.9

4 3.7 207 ± 5 2.7 ± 0.3 3.7 179 ± 3 7.3 ± 0.9

5 3.5 181 ± 3 6.1 ± 0.8 3.5 161 ± 3 8.6 ± 1.1

6 3.3 191 ± 2 5.7 ± 0.7 3.2 178 ± 2 8.4 ± 1.0

7 3.8 238 ± 5 2.6 ± 0.3 3.9 217 ± 3 5.8 ± 0.9

8 4.7 153 ± 2 6.3 ± 0.7 4.6 135 ± 3 8.5 ± 0.9

9 4.2 242 ± 3 4.0 ± 0.4 4.2 220 ± 3 6.2 ± 0.7

10 3.9 200 ± 5 5.1 ± 0.7 3.9 185 ± 3 6.8 ± 1.1

11 3.9 223 ± 3 4.6 ± 0.6 3.8 199 ± 3 8.8 ± 1.2

12 4.4 172 ± 4 3.5 ± 0.5 4.4 147 ± 3 6.0 ± 0.8

13 3.6 205 ± 4 6.7 ± 0.8 3.5 190 ± 4 13.8 ± 2.0

14 5.0 217 ± 4 5.5 ± 0.7 5.0 189 ± 5 9.0 ± 1.3

15 4.4 225 ± 3 2.6 ± 0.3 4.3 206 ± 3 5.0 ± 0.6

16 4.8 213 ± 5 4.1 ± 0.6 4.7 190 ± 4 9.6 ± 1.5

Mean ± SD 210 ± 30 4.4 ± 1.4 190 ± 30 7.6 ± 2.3
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data showed a good agreement with the clamped beam

model, which is based purely on tensile deformation [25].

It is interesting to note that for fiber samples used in the

fiber stability study (4 h at 135 �C and shown in Fig. 4), we

did not observe any statistically significant change in diam-

eter for 250 randomly selected fibers pre- and post-annealing

(Fig. 6). Although the same fiber samples were used for these

measurements, the regions selected within the sample were

not the same pre- and post-annealing. The random variation

in fiber size leads to virtually identical average diameters

(250 ± 50 nm vs. 270 ± 50 nm). On the other hand, for the

fibers used to determine the elastic modulus, the diameter of

each of the 16 fibers was measured and compared both before

and after treatment. This allows the heat treatment effect on

diameter of each fiber to be determined directly which would

not have been possible otherwise.

Effect of annealing treatment on crystallinity

Figure 9 shows the XRD spectra of as-spun PVA fibers and

the fibers treated under the four different annealing

conditions. The peak at 2h = 22.8� shows a gradual

decrease in the FWHM as the annealing temperature

increases. This is an indication of an increase in the crys-

tallinity of PVA fibers. From Eq. 1, we determine that the

crystallite size of as-spun PVA fibers increases from 3.5 to

5.2 nm after annealing for 4 h at 85 �C, and increases to

6.9 nm as the annealing temperature is elevated to 160 �C.

The degree of crystallinity (Xc) of the fibers is 62 ± 1%

after annealing for 4 h at 85 �C. The crystallinity of the

fibers increases as the annealing temperature is increased

and reaches a value of 81 ± 1% at an annealing tempera-

ture of 160 �C.

XRD spectra were obtained again after the annealed

fibers were immersed in DI water for 1 day. The values of

crystallite size and Xc are determined and are listed in

Table 2. After the amorphous region of the 85 and 110 �C

treated fibers are dissolved in DI water, the fibers are

expected to have a higher degree of crystallinity. We

observed a significant increase in the crystallinity of fibers

treated at 85 and 110 �C after immersed in DI water for

1 day, with the increase being larger at 85 �C. The

Fig. 9 XRD spectra (in the

range between 2h = 16–32�) of

PVA as-spun fibers, and fibers

after 4 h of four different

annealing temperatures

(arbitrary scale on intensity and

offset for clarity)

Table 2 XRD results and mass

loss of annealed PVA fibers

before and after immersed in DI

water for 1 day

Sample (n = 3) Before immersed in DI water After immersion in DI water for 1 day

Crystallite

size (nm)

Xc (%) Crystallite

size (nm)

Xc (%) Mass

loss (%)

As-spun fibers 3.5 ± 0.1 57 ± 3 – – –

85 �C–4 h 5.2 ± 0.1 62 ± 1 4.2 ± 0.1 71 ± 2 67

110 �C–4 h 6.2 ± 0.1 68 ± 4 4.5 ± 0.1 72 ± 1 50

135 �C–4 h 6.6 ± 0.1 74 ± 2 4.6 ± 0.1 75 ± 1 0

160 �C–4 h 6.9 ± 0.1 81 ± 1 6.4 ± 0.2 83 ± 1 0
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corresponding mass loss of the fiber mats are also reported

in Table 2. The mass losses related to the dissolved

amorphous region of the 85 and 110 �C treated fiber mats

were measured at a value of 67 and 50%, respectively. For

fibers annealed at 135 and 160 �C, the values of Xc and

mass before and after immersed in DI water remain

unchanged as the fibers are fully insoluble in the aqueous

medium.

The effect of annealing treatment on the crystallinity of

PVA is further quantified using an infrared spectroscopic

method outlined by Kennedy et al. [29] and Peppas [30]. In

Fig. 10, the intensity of the 1141 cm-1 band, which is

associated with the symmetric C–C stretching mode, is

shown to be sensitive to the degree of the crystallinity of

PVA. Further, the FTIR spectra of the electrospun PVA

fibers show that the intensity of the 1141 cm-1 band of the

PVA fibers increases as annealing temperature increases.

On the other hand, the intensity and shape of the

1425 cm-1 band, characteristic of –CH2– bonds, and the

1093 cm-1 band, characteristic of –CO– bonds, remain

unchanged as a function of annealing temperature. These

three bands are used to determine the vertical distances a

and b as illustrated for the spectrum at 85 �C in Fig. 10.

The ratio a/b is a measure of the relative increase in the

crystallinity of the PVA fibers due to annealing treatment.

Table 3 summarizes the data in this system. It includes

the Xc in the XRD spectra and the ratio of a/b in the FTIR

spectra obtained for PVA fiber samples (n = 3) after

annealing treatment under the specified conditions. The

results show the expected increase in the crystallinity of

PVA from aqueous PVA solution to the as-spun fibers.

Further, at a constant treatment time of 4 h, there is a

systematic increase in fiber crystallinity with increasing

annealing temperature up to 185 �C. The decrease of the

a/b ratio at 210 �C is mostly likely due to its proximity to

the melting transition temperature of PVA as determined

by differential scanning calorimetry. At a constant

annealing temperature of 110 �C, an increase in duration

from 4 to 8 h led to a significant increase in crystallinity.

On the other hand, at 135 �C, there is no change in crys-

tallinity between 1 and 4 h of annealing. Based on these

results, a criterion for aqueous stability of electrospun PVA

fiber by annealing can be defined in terms of the a/b ratio in

the FTIR spectra. A value of *2.5 sets the boundary of

fiber stability. With the a/b ratio C2.5, the fibers become

stable. Similarly, the boundary of fiber stability can also be

defined using the degree of crystallinity from XRD spectra,

which is *75% and above as shown in Table 3. These

criterions can be used to determine the combination of

treatment parameters, such as temperature and duration, to

attain aqueous stability.

Fig. 10 FTIR spectra (in the range between 975 and 1550 cm-1) of

PVA solution, as-spun fibers, and fibers after 4 h of 85 �C annealing,

4 h of 135 �C annealing and 4 h of 185 �C annealing (arbitrary scale

on absorbance intensity and offset for clarity)

Table 3 Effect of annealing

treatment on the crystallinity of

electrospun PVA fibers

State Annealing

temperature (�C)

Duration

(h)

Ratio of a/b in FTIR

spectrum (n = 3)

Xc from XRD

(%) (n = 3)

Fiber

stability

PVA solution – – 0.09 ± 0.04 – –

As-spun fibers – – 0.47 ± 0.05 57 ± 3 No

Fibers 85 4 1.63 ± 0.08 62 ± 1 No

110 4 1.86 ± 0.02 68 ± 4 No

110 8 2.16 ± 0.08 – No

135 0.5 2.16 ± 0.10 – No

135 1 2.49 ± 0.02 – Yes

135 4 2.46 ± 0.09 74 ± 2 Yes

135 8 2.73 ± 0.11 – Yes

160 4 2.89 ± 0.10 81 ± 1 Yes

185 4 3.10 ± 0.08 – Yes

210 4 2.88 ± 0.05 – Yes
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The increase in crystallinity though annealing also

accounts for the increase in fiber stiffness, which is com-

parable to our previous study on PVA hydrogel. Low-

temperature processing of the aqueous PVA solution

results in solid hydrogels. Repeated thermal cycling then

leads to an increase in crystallinity and in the elastic

modulus of the hydrogel [26, 27]. The increase in elastic

modulus of 80% after annealing at 135 �C for 4 h is sig-

nificant. Based on the results shown in Table 3, the fiber

stiffness can be controlled by a combination of changing

treatment temperature and duration.

Conclusions

We developed a simple procedure to make use of con-

trolled annealing as a post-processing treatment to improve

the elastic modulus as well as the aqueous stability of

electrospun PVA fibers.

We determined that both the aqueous stability and

elastic modulus of electrospun PVA fibers increases with

their crystallinity. After annealing for 4 h at 135 �C, we

observed an 80% increase in the elastic modulus. Mean-

while, the fiber diameter decreased by 10%. FTIR and

XRD showed that the treatment increased the crystallinity

in the fibers as a function of annealing temperature and

duration. The aqueous stability is defined by the ratio a/b of

the FTIR band intensity at 1141 and 1425 cm-1. A value of

a/b C 2.5 in FTIR and *75% and above in crystallinity

from XRD indicates fiber stability in water, which can be

achieved by increasing the treatment temperature and/or

treatment time. This information is useful for application of

these fibers in an aqueous environment such as membrane

filter and tissue scaffold.
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