
1. Introduction
Polymeric micro-and nanostructured fibers capable
of superior interfacial interaction within their work-
ing environment have been gaining prominence
worldwide in applications such as sensing devices
[1–3], air filtering [4–7], wastewater treatment [8–10],
fiber-reinforced plastics [11, 12], protective clothing
[13–15], and tissue engineering [16–27] due to their
high surface area/volume ratio. In this sense, scientists

aware of this tendency must consider the critical
need to reduce plastic waste production while select-
ing these materials by developing new sustainable
polymers and aiming for manufacturing techniques
that make them widely accessible. Under such a sce-
nario, biodegradable biopolyesters are a creative and
intelligent solution to tackle the human urge for sus-
tainable polymeric materials and plastic waste envi-
ronment pressure [28–30].
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Abstract. In this study, we produced poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) fibrous mats via solution blow
spinning (SBS) and evaluated their microstructural properties. We propose here the utilization of the theoretical estimative
of relative viscosity (RV) as an independent variable in a statistical design of experiments (DoE) to account for the polymer’s
molecular weight (Mw) effect on the determination of the diameter and morphology of the fibers. The RV of the solution
(42.3·103–287.4·103) and air pressure – AP (70–140 kPa) were varied. The analysis of variance (ANOVA) indicated that
the increase in RV favored an increment in fiber size and resistance to alignment. Higher AP produced aligned and thinner
fibers with higher crystallinity. The spinnability regions were determined based on the estimated RV of the PHBV solutions
and the AP levels. Fibers were formed at 70 kPa from solutions with RV ranging from 10·103 to 106, while at 140 kPa, from
42·103 to 106. Nanofibers were produced from less viscous solutions (RV = 42.3·103–124.4·103), while microfibers were
produced from solutions with RV = 287.4·103. The developed ANOVA model predicted with good accuracy (R2

adj. = 0.96)
the average diameter of the PHBV fibers produced from the SBS technique using polymers with distinct Mw values, including
those available in the literature data.
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Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) –
PHBV is one of the most promising biodegradable
polyesters to replace petroleum-based plastics in
terms of performance and reduction of plastic envi-
ronmental impact. PHBV is considered environmen-
tally friendly because of its microbiological origins,
biodegradability, and null toxicity [31]. Additionally,
it has a significant advantage over other polymers
since it can be produced from waste materials and
does not promote soil acidification and water eutroph-
ication, like starch and corn-based biopolymers [32].
Consisting of a linear chain with randomly distrib-
uted methyl and ethyl side groups [30–40], PHBV
has better processability than other hard-to-process
poly(hydroxy alkanoates) (PHA) and mechanical
properties similar to those of high-density polyethyl-
ene (HDPE) and polypropylene (PP) [28–35, 40–42].
Besides, it has well-established applications in the
manufacture of drug delivery systems [19, 34], bio -
absorbable surgical sutures [19], biodegradable im-
plants [19], biosensors [19], porous scaffolds [36–38],
and food packaging [19, 41]. However, since its
processability in the molten state is still inferior to
those from fossil-based polymers, the referred PHA
constitutes a small portion of the world’s bioplastics
production capacity [28, 29]. In this sense, wet-pro-
cessing techniques involving polymeric solutions,
such as electrospinning [16], bubble electrospinning
[43], centrifugal spinning [44], and solution blow
spinning (SBS) [16, 21], have garnered significant
research interest for their potential to expand the
polymer fiber’s production capacity.
Electrospinning, for example, is a widely utilized
method that employs a high electric field to draw a
polymer solution into ultrafine fibers. While it offers
the advantage of producing homogeneous nanome-
ter-sized fibers, it suffers from low production rates
and high energy costs, limiting its suitability for large-
scale applications [16, 21]. Bubble electrospinning
was developed as an alternative approach to address
the production rate limitations by utilizing multiple
bubbles as simultaneous fiber-drawing elements.
However, despite its potential, bubble electrospin-
ning still faces challenges in terms of high produc-
tion costs associated with the demanded energy [43].
Centrifugal spinning, on the other hand, does not re-
quire high voltages since it utilizes centrifugal force
to stretch and eject the polymer solution into fibers,
offering higher efficiency compared to the previous
methods. However, it does lack precise control over

fiber diameter [44]. In contrast, SBS has gained at-
tention for its potential to achieve high productivity
and energy efficiency. This method involves forcing
a polymer solution through a nozzle while subjecting
it to a high-speed gas stream as the driving force for
the fiber formation. Moreover, its integration into
continuous manufacturing processes makes it highly
suitable for large-scale production. Consequently,
SBS stands out as a promising alternative to other
spinning techniques for the production of micro- and
nanostructured mats [45–49].
Several biodegradable polymers, such as polylactic
acid (PLA) [22, 50, 51], polycaprolactone (PCL)
[20], polybutylene succinate (PBS) [52], and cellu-
lose [21], have been used to produce micro- and
nanofibrous non-woven mats. However, since SBS’s
advent in 2009 [53], only two papers have studied
producing fibers from PHBV solutions, being of our
group [54]. Souza et al. [55] presented a controlled
release system of sodium diclofenac through drug
encapsulation in PHBV nanofibers, while Carlos et
al. [54] evaluated PLA and PHBV fiber mats via
SBS encapsulating a bioactive agent system. How-
ever, these studies did not provide relevant statistical
evidence to verify the influence of the processing
variables on the PHBV fibers’ morphology and di-
ameter, nor did they account for the fact that distinct
Mw values from the same polymer can result in dras-
tic variations in the fibrous mats’ characteristics, im-
plying low reproducibility and application restric-
tions to the spun material. For example, Srinivasan
et al. [56] produced beads on string fibers of PMMA
using a weight average molecular weight Mw =
761·103 g·mol–1 polymer. However, the same solu-
tion concentration was not spinnable at the same pro-
cessing conditions when an Mw = 272·103 g·mol–1-
PMMA was utilized.
In brief, solutions are only spinnable in the semi-di-
lute regime with concentrations values above the
overlap concentration (c*). The latter can be esti-
mated by Equation (1), where Mw is the polymer
molecular weight, Rg is the radius of gyration, and
Na is the Avogrado’s number. Above this concentra-
tion, the polymer coils begin to entangle, increasing
the solution viscosity and possibly allowing fiber
formation [48, 49]. Notably, from Equation (1), c*

is not a unique value for a certain polymer/solvent
system since it depends on the Mw. Thus, solutions
of a high-molecular-weight polymer in general,
have a lower c* than a low-molecular-weight one,
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as previously discussed by Srinivasan et al. [56]
(Equation (1)):

(1)

In contrast with the previous paragraph discussion,
works have shown DoE studies for diameter and
morphology prediction using the solution concentra-
tion as a processing variable of the SBS technique,
not accounting for the polymer Mw effect [46, 47].
Even though these studies have found a good pre-
diction capacity over the response variables, their re-
sults are restricted to a specific value of Mw, such as
shown in the work of Srinivasan et al. [56], and do
not solve the reproducibility problem of the spun
biopolymers from natural sources.
According to Gupta et al. [57], the effect of the poly-
mer concentration and Mw on the spinnability of
semi-dilute solution of linear polymers are two faces
of the same coin, called viscosity. These terms relate
to the RV by the power law function shown in Equa-
tion (2), where ηs is the solvent zero-shear viscosity,
η is the solution’s zero-shear viscosity, and υ is the
Flory exponent (0.6 for good solvents). The authors
also observed a strong correlation between the
fiber’s diameter and the relative viscosity (RV) uti-
lizing this power law dependence for the electrospin-
ning technique. Hence, adopting the RV as a process-
ing variable in a DoE instead of the solution concen-
tration seems a promising approach to predict the
SBS-fiber diameter and solve the low reproducibility
problem that biopolymers have (Equation (2)):

(2)

In this sense, this study presents the generation of
PHBV fibrous mats via SBS and its evaluation sup-
ported by a DoE to effectively contribute to a more
efficient SBS process for producing reproducible
micro-and nanofibers from PHBV. Here, we present
a mathematical model developed by the experimen-
tal data collected in DoE using the RV and AP as pro-
cessing variables to predict the fibers’ diameter in
semi-dilute solutions. In addition, the influence of
these variables was also investigated on the fiber ori-
entation and crystallinity. The same solvent (chloro-
form) within the same processing conditions as in
the work of Carlos et al. [54] was used but with dis-
tinct polymer concentrations and Mw to evaluate the

model accuracy for the PHBV-spun material with the
literature data.

2. Experimental section / methods
2.1. Materials
Samples were produced using PHBV with a 3-hy-
droxyvalerate (3HV) content of 2% [30], in powder
form (ENMAT PHBV Resin Y1000P, TianAn Bio-
logic Materials Co., Ningbo, China), gently supplied
by Technische Universität Chemnitz, Germany. Chlo-
roform stabilized with amylene (C2432), 99.5% pu-
rity, was purchased from Sigma-Aldrich, São Paulo,
SP, Brazil.

2.2. Gel permeation chromatography (GPC)
The Mw were determined by gel permeation chro-
matography (GPC) with a Malvern Viscotek GPCmax
chromatograph (Malvern, United Kingdom) equipped
with three columns (Shodex GPC HFIP803, Shodex
GPC HFIP-804 and Shodex GPC HFIP-805, Showa
Denko, Tokyo, Japan). The analyses were performed
in 3 mg·ml–1 solutions using hexafluoroisopropanol
(HFIP) as solvent at 40 °C and with a constant sol-
vent flow rate of 1.0 ml·min–1. A calibration curve
was constructed with poly(methyl methacrylate) stan-
dards (American Polymer Standards, Mentor, USA).

2.3. Fiber production
The SBS system consisted of an air compressor sup-
plied by Schulz (Joinville, Brazil), an analog
manometer to adjust the air pressure, an injection
pump (BSV 700 Flex Pump) provided by Biosensor
(Americana, Brazil) coupled to a 12 ml syringe, an
adapted injection device from core-shell fiber pro-
duction containing co-axial needles [54], and a solid-
static collector. Initially, the solutions of 3, 4, and
5% m/V were prepared by solubilizing the PHBV
(Mw = 953·103 g·mol–1) powder in chloroform under
vigorous stirring at 60 °C. Then, these were submit-
ted to the spinning process using a distance from a
static collector of 30 cm and with the same parame-
ter used by Carlos et al. [54] but spun at 70 and
140 kPa.

2.4. Scanning electron microscopy (SEM)
The morphological analysis of PHBV fiber mats was
performed by the SEM images obtained in a Hitachi
TM3030Plus (Hitachi, Tokyo, Japan) equipment
with a secondary electron detector (SED) at 15 kV.
The fiber diameter was measured using the software
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ImageJ, according to the procedure presented by
Bortolassi et al. [58], with a minimum of 100 mea-
surements for each SEM image. In addition, the
fibers’ orientation distribution was studied following
Carlos et al. [54]. Finally, the alignment index
(AI [%]) was calculated based on the method pro-
posed by Sun et al. [59], utilizing, for each image
analyzed, the vector field generated in the ImageJ
plugin OrientationJ [60]. This method allows quan-
tifying the fiber alignment through an index (AI) that
ranges from 0 (for totally random fibers) to 100 (for
totally aligned fibers) [59].
Three SEM images (n = 3) taken from different re-
gions of a mat produced from a single experimental
condition were evaluated to statistically represent the
fibrous material’s average fiber diameter and orien-
tation [54, 58]. In the case of fiber diameter, more
than 300 measurements were performed on a single
fibrous mat. Additionally, ANOVA occurred utilizing
the calculated average values of diameter and AI for
each image (in triplicate) to increase the statistical
accuracy of the estimated effects.

2.5. Schlieren’s visualization method
The role of AP in fiber morphology was investigated
using Schlieren’s visualization method. This method
allows for visualizing and evaluating the airflow pro-
file as it leaves the injection device at different pres-
sures and inferring how it affects the fiber morphol-
ogy [61]. Figure 1 shows the test apparatus consist-
ing of a point-light source, a biconvex lens of 10 cm
in diameter, a thin razor positioned at twice the focal
distance (f), and a Sony Cyber-Shot DSC-HX100V
(Sony, Tokyo, Japan) camera to capture the images.
The emitted light gets refracted from its rectilinear
path when the airflow passes between the lens and

the razor. If the deviation is large enough, as for the
low-density regions in the airflow profile with a low
refractive index, the razor blocks the light, forming
dark zones in the image [61, 62]. The dashed red
square in Figure 1 shows the test performed with an
aerosol emitter, where light and dark zones can be
seen, related to higher and lower air density regions
in the aerosol flow, respectively.

2.6. X-ray diffraction (XRD)
The crystallographic analysis of PHBV mats was
carried out in a SHIMADZU XRD-6000 diffrac-
tometer (Shimadzu, Kyoto, Japan), using CuKα ra-
diation (30 kV/ 30 mA/ λ = 1,542 Å), scanning from
2° to 50° (2θ), goniometer speed of 2°·min–1 and step
of 0.02°. The sample’s crystallinity index (CI [%])
was determined by Equation (3), where Ac is the in-
tegrated area under the diffraction peaks and Aa is
the integrated area under the amorphous region [37].
Furthermore, the interplanar distance and the crys-
tallite size associated with the (020) and (110) planes
were measured from the X-ray diffractograms em-
ploying the same experimental procedure as Souza
et al. [55] using the software OriginPro 8.5 (Origin
Lab, USA) (Equation (3)):

(3)

2.7. Solutions relative viscosity (RV)
estimation

Equation (2) was employed to estimate the solution’s
RV. To do so, the overlap concentration (c*) values
for each solution were calculated via Equation (1).
Additionally, the radius of gyration (Rg) of the PHBV
molecule solubilized in chloroform was inferred by
converting the measured Mw values according to the
function proposed by Zagar and Kržan [63].

2.8. Statistical evaluation
The experimental data was collected using a mixed
2-and 3-level design to assess the impact of 3, 4, and
5% m/V PHBV (Mw = 953·103 g·mol–1) solutions’
RV (values estimated through Equation (1) and Equa-
tion (2)) and AP on diameter and alignment. In addi-
tion, a 2-level and 2-factor design was employed to
investigate crystallinity. The statistical significance
of the results was determined using analysis of vari-
ance (ANOVA) with a significance level of 5%
(p-value < 0.05) [64]. Table 1 presents the variables
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Figure 1. Schlieren’s visualization apparatus for the airflow
behavior acquisition.



and their levels, where –1, 0, and 1 denote the low-
est, central, and highest levels, respectively. All the
analyses were performed in triplicate (n = 3).
The developed mathematical model for the fibers’
average diameter prediction has the form shown in
Equation (4) and was based on the diameter experi-
mental results collected through the mixed 2-level
and 3-level design used in this work. Where Y is the
response variable, βi (i = 0, 1, 2, 3, 4, and 5) are the
regression coefficients calculated by the ANOVA,
X1 and X2 are the 3-and 2-level independent vari-
ables, respectively, and ε is the random error com-
ponent [46]. In addition, test fibrous mats were pro-
duced using the same experimental procedure
presented in the ‘Fiber’s production’ section and had

their morphology and average diameter measured  to
validate the developed model. For this purpose, solu-
tions with concentrations ranging from 1.5 to 9% m/V
were prepared employing a PHBV with distinct Mw
(501, 672, and 933 103 g·mol–1) (Equation (4)):

(4)

3. Results and discussion
3.1. Injection device configuration and airflow

behavior in the SBS technique
Figure 2a shows the SBS apparatus used in this
study, along with the fibrous mats that adhered on
the collector during production. In the SBS tech-
nique, the polymeric solution is expelled from the
device as a jet and directed toward the collector by
accelerated airflow [45, 48, 49]. When the airflow
hits the static collector, it spreads radially, assisting
the formation of fibers. Figure 2b displays photo-
graphs of the injection device’s nozzles during the
spinning process of the same polymeric solution,
spun at 70 and 140 kPa, respectively. At lower spin-
ning pressures, the jet appears to have a laminar
flow, while a dispersive one with turbulent behavior
is evident at higher pressures. The latter may hinder
the polymer jet’s stability, induce fiber formation with
varying morphologies, and create a return flow [65,
66]. Atif et al. [66] suggested that the convergence
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Table 1. List of the process variables and their levels based
on a mixed 2-and 3-level design.

aSC – PHBV solution concentration;
bRV – PHBV solution relative viscosity;
cAP – air pressure.

Experimental
conditions

SCa

[% m/V]

Independent variables
RVb

(·103)
APc

[kPa]
1 3 (–1) 2.3 (–1) 70
2 3 (–1) 42.3 (1) 140
3 4 (0) 124.5 (–1) 70
4 4 (0) 124.5 (1) 140
5 5 (1) 287.5 (–1) 70
6 5 (1) 287.5 (1) 140

Figure 2. Airflow profile influence on the SBS technique: a) the SBS apparatus, the fibrous mats production, and injection
device scheme; b) the polymeric jet near the nozzles photographed right after the spinning process started at 70 and
140 kPa; c) Schlieren’s images of the nozzle tip at 70 and 140 kPa; d) material deposition and nozzle clogging.



of airflows in the low-pressure regions near the noz-
zles results in turbulence in the air motion, increas-
ing in intensity with the released gas’s velocity.
Figure 2c presents images obtained using Schlieren’s
method at the injection device’s nozzle (right) with-
out polymeric solution injection and with color fil-
ters (left) for enhanced visualization to support the
previous discussion. It is possible to observe in
Figure 2c lighter zones near the external and internal
needle surfaces immediately after gas release, indi-
cating denser air regions [61, 67]. Clearly, AP de-
creases significantly at the device’s nozzles, creating
dark, lower-density, triangular-shaped regions that
cause airflow convergence to the nozzle, as predict-
ed by Lou et al. [65]. This phenomenon allows the
gas to increase its kinetic energy by conserving the
energy lost by the drop in AP, generating the neces-
sary driving force for solution ejection and polymer
jet formation. However, contrary to what was report-
ed by Lou et al. [65], up to three low-pressure zones
were observed due to the injection device’s config-
uration (adapted from a core-shell one) used in this
work. The device has two concentric nozzles instead
of one evaluated in the simulation presented by the
authors. The low-density (dark) zones are more in-
tense at pressures of 140 kPa than those of 70 kPa,
which are difficult to observe with the adopted cam-
era’s resolution. For example, the injection device
scheme shown in Figure 2a was created based on
adapted literature simulations [65, 66], following the
different density regions confirmed by the Schlieren
images. This scheme clarifies the previous discus-
sion by illustrating the opening for the air nozzle,
the needles, and the airflow profile. Figure 2d evi-
dences the return flow effect within the low-pressure
zones at spinning pressures of 140 kPa. Notably, the
needle’s nozzle was entirely clogged in just 120 s
due to the material deposition carried by the return
flow, substantially reducing the SBS technique’s
productivity.

3.2. Processing parameters effect on the fiber
morphology

Table 2 presents the estimated values of the radius
of gyration (Rg), overlap concentration (c*), and rel-
ative viscosity (RV) for the solutions used in this
work’s DoE samples, the test samples, and the work
by Carlos et al. [54]. The estimated RV values fall
within the range of experimentally observed values
for semi-dilute PHBV solutions in chloroform, as

reported by D’Haene et al. [68]. As expected, the
results in Table 2 indicate that RV increases with the
concentration of PHBV, which is associated with the
number of entangled molecules in the solution [45].
Additionally, Table 2 shows that solutions with the
same polymer content result in different RV values
for varying Mw.
Equation (1) and Equation (2) demonstrate that the
above-mentioned influence of polymer Mw on the
estimated RV values derives from the radius of the
enovelled chain represented by Rg [56]. In summary,
higher Rg values increase the likelihood of chain col-
lisions and overlapping in solution, leading to the
formation of molecular entanglements [45, 56]. Con-
sequently, the increase in molecular interaction for
polymers with higher Mw reduces the onset concen-
tration for the polymeric chains to overlap (c*). There-
fore, since RV grows exponentially with the c/c*

ratio, as seen in Equation (2), a larger c* corresponds
to a significantly lower RV [56]. For example, in
4% m/V solutions, c* ranges from 0.25 to 0.17% m/V
for PHBV Mw values of 501·103 and 953·103 g·mol–1,
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Table 2. Estimate values of radius of gyration – Rg [nm],
overlap concentration – c* [% m/V], and relative
viscosity – RV.

ac – PHBV solution concentration.

ca

[% m/V]
Rg

[nm]
c*

[% m/V] c/c* RV
(·103)

This work design of experiment (DoE) samples 
(Mw = 953·103 g·mol–1)

3 60 0.17 17.13 42.3
4 60 0.17 22.84 124.4
5 60 0.17 28.55 287.4

Test samples (Mw = 953·103 g·mol–1)
.01.5 60 0.17 08.57 3.1

2 60 0.17 11.42 9.2
.02.5 60 0.17 14.27 21.3

Test samples (Mw = 672·103 g·mol–1)
3 46 0.27 10.94 7.8
4 46 0.27 14.59 23.1
5 46 0.27 18.24 53.5
6 46 0.27 21.88 106.0
7 46 0.27 25.53 189.0
8 46 0.27 29.18 311.8
9 46 0.27 40.27 1043. 0

Test samples (Mw = 501·103 g·mol–11)
4 43 0.25 15.98 3.2
6 43 0.25 23.98 149.3
8 43 0.25 31.97 439.3

Carlos et al. [54] (Mw = 170·103 g·mol–1)
100 28 0.31 32.38 460.8



respectively, resulting in corresponding RV values of
32.6·103 and 124.5·103. Thus, it is evident that
changes in polymer Mw result in significant varia-
tions in solution rheology and should be taken into
account in the DoE rather than solely considering the
material concentration.
Figure 3 presents the SEM images of the produced
PHBV mats spun from solutions with varying vis-
cosities (9.2·103, 42.3·103, 124.4·103, and  287.4·103)
and at different air pressure – AP (70 and 140 kPa)
to demonstrate the effect of processing parameters
on the mats’ morphology. At RV = 9.2·103, the solu-
tion forms fibers with many spherical structures
known as beads when spun at 70 kPa. According to
Dias et al. [49], this type of morphology is charac-
teristic of low-viscous solutions, where the polymer-
ic chain does not form enough entanglements to main-
tain fiber dimensional stability. As a result, there is
sufficient mobility in the chains to form spherical
structures with lower surface energy. However, at
140 kPa, cast films form along with the beaded
fibers. In these circumstances, the air drag and turbu-
lence of its flow provide instabilities in the still-liq-
uid jet, breaking up the polymeric filament and form-
ing a ‘blown spray’ deposited as a cast film [45].
For RV = 42.3·103 at 70 kPa, fibers were formed
within a smaller amount of beads. In these condi-
tions, the airflow turbulence effect generates a wave-
like bending motion in the polymer jet, which pro-
vides filament thinning, aids in solvent evaporation,
and deposits bent fibers in the collector [49, 69]. Be-
sides the beads, fiber bundles tend to appear at

140 kPa recurrently from the simultaneous formation
of different polymeric jets due to airflow turbulence
near the nozzle. PHBV solutions with RV = 124.4·103

exhibit the same behavior, where a considerable
amount of fiber bundles was reported, especially at
higher pressures [45, 49].
At RV = 287.4·103, the polymeric jet proved stable
enough to form beaded-free fibers with controlled
morphology when spun at 70 kPa. This finding sup-
ports the discussion presented by Dadol et al. [48],
where increasing viscosity promotes bending-resis-
tant polymeric jets, improving their stability and fa-
voring the formation of non-bent stretched fibers
without beads. However, the same solution present-
ed a few beads when spun at 140 kPa concerning the
airflow turbulence effect on the polymer jet.
Figure 4 displays a log-log plot of RV versus the c/c*

within the semi-dilute regime (where c represents the
solution concentration) based on the results present-
ed in Table 2. According to the estimated values of
PHBV solutions RV and the AP levels, it is possible
to determine the regions of spinnability and the fiber
morphology. This determination was based on the
morphological analysis discussed above (Figure 3)
and the one performed over the fibers spun from the
different solutions listed in Table 2 (including the
analysis performed by Carlos et al. [54]). The results
(Figure 4) suggest that a semi-dilute PHBV solution
in chloroform can be classified into four different re-
gions according to its spinnability regime. These re-
gions are classified as follows: not spinnable – unen-
tangled (I), spinnable – beaded fibers (II), spinnable
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Figure 3. Fibers mat’s morphology evaluation from PHBV solution with distinct RV and spun at 70 and 140 kPa. Yellow
dotted region – cast film; yellow arrows – bent fibers; red dotted region – fiber bundles; red arrows – beads.



– beads-free fibers (III), and not spinnable – concen-
trated (IV) [57].
The solution is not spinnable in Region (I), even 
above c* (the onset concentration to the entangle-
ments formation). In this case, the polymeric chains 
do not sufficiently entangle to sustain the liquid fil-
ament shape stability over the air drag stresses in the 
air/solution interface [48, 54, 57], considering the AP 
interval evaluated in this work. Increasing the solu-
tion RV and going to Region (II), the number of en-
tanglements allows the fiber formation, but with 
spherical structures associated with it, as discussed 
above [49, 69]. In Region (III), beads-free fibers are 
formed since the number of entanglements in more 
viscous solutions restricts the relaxation movements 
in the polymeric chain that allow the bead’s forma-
tion [48]. Finally, in Region (IV), the solution enters 
the concentrated regime, not being spinnable any-
more, as the air drag does not overcome the solu-
tion’s cohesive forces. In this case, the solution 
droplet ejected from the injection device does not 
form a polymeric jet. Instead, it evaporates while still 
in the needle, clogging the nozzle and impeding the 
spinning process [48, 56].
Besides the previous discussion ascertaining the RV 
effect on the spinnability interval, it was also ob-
served in Figure 3 that the morphology of the mat is 
also affected by the AP level utilized. For instance, 
when the solution RV is around 9·103, the polymer 
jet breaks up, forming a spray in 140 kPa [69, 70]. 
On the other hand, reducing the AP allows for the 
formation of fibers with some beads. This occurs be-
cause the air drag exerts forces on the liquid poly-
meric filament, attempting to deform it by stretching 
the polymeric chains until it breaks. The viscosity of 
the solution provides resistance to these stretching

movements, affecting the behavior and stability of
the jet [48, 54, 57]. In this regard, Figure 4 shows
the different limits of the spinnability region for so-
lutions spun at 70 kPa (indicated by black dashed
lines) and 140 kPa (indicated by red dashed lines)
based on the experimental data obtained.
Figure 4 illustrates that at 70 kPa, solutions are not
spinnable for values of RV < 10 000 (Region (I)).
Notably, the Region (I) upper limit shifts from RV ~
10 000 to 40 000 for 140 kPa, increasing the mini-
mum amount of entanglements to enable the spin-
ning process. In Region (II), the solution starts being
spinnable but with beads due to the chain mobility
effect discussed previously. At RV ~ 290·103, in the
vicinity of Region (III) for solutions spun at 70 kPa
fibers without beads were formed [45, 48, 49]. How-
ever, the airflow turbulence effect at 140 kPa shifts
the upward limit of Region (II) to RV ~ 400·103. Fi-
nally, for RV ~ 106 (in Region (IV)), the resistance
to solution deformation in a polymeric jet was too
high, which hindered the fiber formation because the
solution entered the concentrated regime [48, 49].
Note that the Region (IV) onset RV values for the so-
lutions spun at 70 and 140 kPa are pretty much close
to each other, possibly indicating that this spinnabil-
ity limit is insensitive for AP variation (for the levels
analyzed in this study), being governed by the vis-
cosity increase in the transition between the semi-di-
lute to the concentrated regime.
Through the adopted approach for determining the
morphology of the fibers, it was also possible to pre-
dict the morphology of the fibers produced in the
work of Carlos et al. [54]. According to the estimat-
ed RV values based on the solution utilized in their
work (RV = 460·103), the morphology should fall
within the range of Region (III) for beaded-free
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Figure 4. Viscometric analysis of the different PHBV solutions over its spinnability regions based on the estimated RV values
as a function of the c/c*.



fibers. In fact, the authors found that using a
10% m/V solution of PHBV (Mw = 170·103 g·mol–1)
spun at AP = 165, 209, and 295 kPa (>140 kPa),
PHBV fibers with a few defects could be produced,
supporting the effect of RV and AP on the morphol-
ogy determination.

3.3. Processing parameters effect on the fiber
diameter

Figure 5 shows the diameter distribution histograms
of each experimental condition evaluated in this
work. The histograms embrace all the measurements
made in a single fibrous mat, accounting for the dif-
ferent SEM images and totalizing more than 300
measurements. The average values in Figure 5 rep-
resent the average diameter of all the fibers analyzed
in an experimental condition. The beads were dis-
carded for fiber diameter measurements.
According to Figure 5,  higher levels of solution vis-
cosity lead to the formation of thicker fibers with
greater diameter dispersion. This can be explained
by the fact that a higher quantity of molecular entan-
glement in more viscous solutions makes it difficult
for the polymeric chains to stretch and form thinner
fibers [46, 47]. In addition, the formation of a more
stable jet at higher viscosities with no bending
movement, which would normally cause the poly-
meric filament to thin, results in larger diameters
[66]. For example, nanometric fibers of 590 nm
could be obtained at 70 kPa for a PHBV solution

with RV = 42.3·103, while micrometric fibers of
1790 nm were obtained with RV = 287.4·103. How-
ever, to overcome the polymer molecular interac-
tions at higher concentrations, higher airflow shear
forces are necessary, allowing the formation of
fibers with smaller diameters and low deviation
[66]. This effect was observed in fibers spun at
140 kPa, which had a reduced diameter compared
to those spun at 70 kPa. For example, PHBV fibers
from solutions of RV = 42.3·103 reduced their diam-
eter by 27%, from 590 nm to 428 nm, when higher
air pressure was used.
The results obtained from an ANOVA analysis
through the mixed 2-and 3-level design support the
earlier discussion. The linear effect of viscosity –
RV(L) was found to be the most significant factor in
increasing the average diameter (p-value = 8.5·10–10).
Additionally, the linear effect of pressure – AP(L)
was statistically significant (p-value = 0.0065),
demonstrating the impact of airflow on fiber thin-
ning. However, the linear interaction factor between
AP and RV (1(L)by2(L)) did not significantly affect
the fiber diameter (p-value = 0.92), indicating that
changes in air pressure from 70 to 140 kPa do not
depend on the viscosity levels examined in this
study. Furthermore, the quadratic term of viscosity -
RV(Q) (p-value = 0.72) and its interaction factor did
not have a significant influence – 1(Q)by2(L)
(p-value = 0.66), indicating no quadratic relationship
between solution viscosity and diameter.

L. G. Rabello et al. – Express Polymer Letters Vol.17, No.12 (2023) 1239–1256

1247

Figure 5. Measured fiber diameters and fiber diameter distribution histograms varying the PHBV solution RV and AP.



Based on the regression coefficients calculated
through the ANOVA analysis, a strong correlation
(R2 = 0.9627 / R2

adj. = 0.9574 ) was observed between
the experimental data for the average diameter and
the values predicted by the mathematical model pre-
sented in Equation (5). Specifically, Y denotes the
average diameter [nm], X1 represents the RV, and X2
stands for the AP [kPa]. The model, a reduced ver-
sion of the one presented in Equation (4), excluded
the non-influential factors, such as RV(Q), 1(L)by2(L),
and 1(Q)by2(L). Therefore, the regression coeffi-
cients β3. β4, and β5, (shown in Equation (4)) corre-
lated to each of those non-influential factors that
were considered null. Additionally, the model indi-
cates normality in the error term, and the variation

of the predicted values from the experimental con-
sequences implies no systematic bias [46, 71]. As a
result, Figure 6a displays the surface response plot
generated based on the developed model for diame-
ter prediction (Equation (5)):

(5)

Figure 6b depicts the trend of predicted values versus
experimental values, where the majority of experi-
mental points overlap with the line of predicted val-
ues, affirming the accuracy of the model (Equa-
tion (5)). Therefore, to evaluate the model’s predictive
capability for the average diameter of PHBV fibers,
Table 3 presents test samples produced from different

. . .Y X X575 11 2 59 0 0042 1$ $= - +
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Figure 6. Comparison between the ANOVA models for PHBV fiber diameter prediction: a) response surface plot of diameter
and b) predicted fiber diameters against experimental values from the DoE using RV and AP as independent vari-
ables; c) response surface plot of diameter and d) predicted fiber diameters against experimental values from the
DoE using SC and AP as independent variables.



Mw with varying RV and AP values. Almost all ex-
perimental average diameters of the samples align
with those predicted by the model within their respec-
tive predictive intervals (95% prediction band). Ad-
ditionally, the model was also successful in predicting
the fiber diameter from Carlos et al. [54] work.
A quadratic model was generated using PHBV solu-
tion concentration (SC) instead of RV, considering
only the significant factor that provided the highest
R2

adj. value (0.9548) based on the DoE to compare
their effectiveness as independent variables in pre-
dicting the fibers’ average diameter. The response sur-
face plot in Figure 6c evidences the quadratic depend-
ence of the average diameter with SC in the generated
model. However, most of the test samples with vary-
ing Mw, including those from Carlos et al. [54] study,
lie far outside the 95% prediction band, as shown in
Figure 6d, which compares the predicted with the ex-
perimental values. These results suggest that concen-
tration may not be the most suitable variable in a DoE
for predicting SBS-fiber diameter, as it does not ac-
count for the impact of polymer Mw variations.

3.4. Processing parameters effect on the fiber
orientation

In addition to changes in diameter, the AP and RV
are responsible for the fiber’s orientation. The air in
contact with the solid and static collector spreads in
the radial direction, promoting the fibers to align to-
wards the direction of their scattering [10]. The de-
gree or amount of this alignment depends on the re-
sistance that the polymer jet promotes to deform in
the airflow direction. In other words, the stability of
the jet is also responsible for reducing the degree of
the alignment of the fibers deposited in the collector
[45, 66].
Having said that, in order to evaluate the influence
of the processing variables on the fiber alignment,
the SEM images were subjected to orientation dis-
tribution and alignment analysis using the Orienta-
tionJ plugin from ImageJ software [54, 59, 60]. The
results shown in Figure 7a were obtained through
orientation distribution curves, varying the fibers’
orientation angles from –90° to 90°, while Figure 7b
presents the calculated alignment index (AI) values.
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Table 3. Average diameter predicted values [nm].

aPredicted values based on the ANOVA model using the RV;
bPredicted values based on the ANOVA model using SC.

SC
[% m/V]

RV
[103]

AP
[kPa]

Predicted diameter valuesa

[nm]
Predicted diameter valuesb

[nm]
This work DoE samples (Mw = 953·103 g·mol–1)

3 42.3 70 592 601
3 42.3 140 411 420
4 124.4 70 976 962
4 124.4 140 795 781
5 287.4 70 1737 1742
5 287.4 140 1556 1561

Test samples (Mw = 953·103 g·mol–1)
2 9.2 70 437 659

.02.5 21.3 70 494 578
Test samples (Mw = 672·103 g·mol–1)

4 23.1 70 502 962
5 53.5 70 644 1742
6 106.0 70 890 2942
7 189.0 70 1277 4560
8 311.8 70 1851 6598

Test samples (Mw = 501·103 g·mol–1)
4 32.6 35 637 1053
6 149.3 35 1183 3032
8 439.3 35 2537 6688

Carlos et al. [54] (Mw = 170·103 g·mol–13 g·mol–1)
100 460.8 165 2302 11 685
100 460.8 207 2193 11 576
100 460.8 290 1978 11 361



Color maps were produced to visualize the orienta-
tion distribution of the fibers in the mats [60]. In
fibers produced from solution with RV = 42.3·103

and 124.4·103, the deposition angle was shown to be
influenced by the effect of AP. At 70 kPa, such fibers
did not show a preferential orientation, with a dis-
persed orientation distribution and average AI values
of 60 and 63, respectively, indicating the formation
of more random fibers. However, at 140 kPa, the
mentioned fibers showed a preferential alignment,
as can be seen in the orientation peaks close to 0°
and new AI of 71 and 66%, respectively. On the
other hand, for  RV = 287.4·103 the effect of poly-
meric entanglements promoted resistance to align-
ment despite the air pressure value. When spun at
70 kPa, the fibers were deposited more randomly,
while at 140 kPa, there was no formation of a single

orientation peak, but a more distributed curve with 
up to 3 peaks between –50° and 50°. The ANOVA 
results based on the AI response values indicated that 
the drag force generated by the AP(L) is the most sig-
nificant factor for the alignment of the fiber (p-value = 
0.0003), followed by the RV(L) (p-value = 0.0027), 
corroborating with the previous discussion. In addi-
tion, the 1(L)by2(L) was also influential (p-value = 
0.0063), endorsing that the polymeric jet stability in 
more viscous solutions decreases the air drag align-
ment at higher AP levels. Finally, the RV(Q) also 
proved marginally influential (p-value = 0.0233). 
Thus, this work presents the possibility of obtaining 
PHBV fibers oriented in the radial direction using a 
solid and static collector, controlling the degree of 
this orientation through air pressure and PHBV con-
centration.
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Figure 7. Fiber orientation analysis: a) mat’s orientation distribution curves, and b) fibers AI response values.



3.5. Mats’ crystalline analysis
Figure 8 presents the normalized X-ray diffracto -
grams of the produced mats and the neat PHBV
powder. Characteristic peaks of PHBV are observed
for all samples at 2θ around 14°, 17°, 22°, 23°, 26°,
27°, and 30°, which correspond to the planes (020),
(110), (101), (111), (121), (040), and (002), respec-
tively. These peaks refer to the helix conformation
of the PHBV chains organized in an orthorhombic
crystal lattice (α-form) [72]. For the samples spun at
140 kPa and the neat PHBV, it was possible to ob-
serve a crystalline peak at 20.5°, referring to the
β-form of the planar zig-zag conformation. Accord-
ing to Mottin et al. [73], the β-form depends on
greater forces that induce the stretching and align-
ment of the polymeric chains to trap them in the pla-
nar zig-zag conformation. In addition, the β-form is
correlated with the fibers’ alignment [73], corrobo-
rating with the results observed for the AI (Figure 7).
Therefore, the spinning pressure of 140 kPa favored
the formation of the β-form in the PHBV mats crys-
talline lattice, which disappeared for the 70 kPa-spun
samples compared to the neat material.
The effect of the spinning process parameter varia-
tions on the shape of the diffractograms’ peaks that
correspond to the (020) and (110) planes was evalu-
ated using the interplanar spacing (d) and crystallite
size (D). Figure 9a contains the measured values for
d of the orthorhombic structures corresponding to
the (020) and (110) planes. As can be seen, both d020

and d110 did not show significant variation after the 
spinning process compared to the neat material 
(p-value > 0.05). They also remained insensitive to 
changes in processing parameters such as AP and RV, 
indicating a non-significant variation in the position-
ing of the crystalline peaks. Similar results were ob-
served in the study by Souza et al. [55], where the 
type of processing undergone by PHBV did not alter 
the d-spacing for the same analyzed planes. 
Figure 9b presents the values of D for the peaks cor-
responding to the (020) and (110) planes. D was sig-
nificantly reduced after the spinning process com-
pared to the neat material (p-value < 0.05) associated 
with the rapid evaporation of the material during the 
solution blow spinning process and corroborated by 
the peaks broadening [55]. Similarly, D110 and D020 

were affected by the levels of AP applied. Higher 
spinning pressures resulted in smaller crystalline 
structures for both (020) and (110) planes. However, 
an increase in viscosity led to the formation of larger 
crystals, narrowing the crystalline peaks. In the case 
of the mats produced under the M3 condition, a 
shoulder could be perceived in both analyzed planes 
(Figure 9c), indicating two different crystallite sizes. 
Therefore, two measurements were performed for 
this condition, as shown in Figures 9a and 9b as 
M3(1) and M3(2). The d-spacing and the crystal size 
followed the above-described trends for both cases. 
Figure 9d shows the calculated values for the mats 
and neat PHBV crystallinity index [%] from the in-
tegrated area below the crystalline peaks. Notably, 
the SBS process is responsible for reducing the 
fibers’ crystallinity since the neat polymer obtained 
a CI [%] equal to 77.4, higher than those from the 
produced mats (p-value < 0.05). This effect is con-
sistent with the literature since the fibers undergo 
rapid solidification during their trajectory to the col-
lector in the SBS process, as exemplified in Figure 9e. 
Consequently, the degree of organization of the crys-
talline phase chains is reduced compared to the neat 
material [55].
ANOVA results for the CI [%] response indicate that 
the spinning conditions are significant for the spun 
material crystallinity. CI [%] is reduced with increas-
ing RV(L) (p-value = 2.4·10–7) due to the restriction 
to chain movement into an organized crystalline lat-
tice by the effect of the entanglements during solid-
ification. Higher AP(L) levels were responsible for 
the increase in CI (p-value = 0.0017), probably relat-
ed to the formation of β-form. The 1(L)by2(L) factor

L. G. Rabello et al. – Express Polymer Letters Vol.17, No.12 (2023) 1239–1256

1251

Figure 8. Mats’ and neat PHBV’s normalized X-ray diffrac-
tograms. M1 – mats spun at 70 kPa from solutions
with RV = 42.3·103; M2 – mats spun at 140 kPa
from solutions with RV = 42.3·103; M3 – mats
spun at 70 kPa from solutions with RV =
287.4·103; and M4 – mats spun at 140 kPa from
solutions with RV = 287.4·103.



proved marginally significant (p-value = 0.030),
suggesting that the less-viscous (RV = 42.3·103 so-
lutions are more susceptible to crystallization during
the fiber formation at higher pressures than more vis-
cous solutions (RV = 287.4·103). Finally, these re-
sults suggest that above some limit air velocity,
which still must be studied, the PHBV amorphous
phase tends to get re-oriented induced by air drag
forces, increasing the CI [%], even though the fast
solidification process significantly decreases the ma-
terial crystallinity.

4. Conclusion
PHBV fibrous mats were produced via SBS and had
their diameter, morphology, orientation, and crys-
tallinity evaluated through a systematic study of the
processing variables. In this study, we proposed the
utilization of the theoretical RV as an independent
variable instead of the solution concentration to ac-
count for the polymer’s Mw variation effect on the
mat’s properties. The ANOVA results showed that
the increase in the RV favored the formation of
thicker fibers (p-value = 8.5·10–10) with lower AI

(p-value = 0.002) and CI [%] (p-value = 2.4·10–7)
values. Higher AP levels contributed to thinner
(p-value = 0.0061) and more aligned fibers
(p-value = 0.0001). The chain’s stretching driven by
air drag at 140 kPa increased the crystallinity
(p-value = 0.0017) due to PHBV β-phase formation.
Schlieren’s visualization method was innovatively
utilized for an SBS system with co-axial needles to
visualize the airflow profile as it leaves the injection
device at different pressures. It was possible to infer
by the low-and high-density zones seen by
Schlieren’s method that the airflow at 70 kPa was
more laminar when compared to 140 kPa, turbulent.
The latter induced the formation of fiber bundles and
beads. Based on the estimated RV and AP levels, it
was also possible to identify the regions where spin-
ning is feasible and determine the morphology of the
fibers produced. Defect-free fibers could be obtained
in RV = 290·103–106 at 70 kPa, while for 140 kPa,
between 400·103 and 106. The developed ANOVA
model demonstrated good predictive capacity
(R2

adj. = 0.96) over the average diameter of PHBV
fibers produced by the SBS technique, even when
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Figure 9. Mats’ and neat PHBV’s crystalline analysis: a) interplanar spacing [Å], b) crystallite size [Å], c) M3 mat’s crys-
talline peaks deconvolution, d) crystallinity index values [%], and e) fibers solidification scheme. M1 – mats spun
at 70 kPa from solutions with RV = 42.3·103; M2 – mats spun at 140 kPa from solutions with RV = 42.3·103;
M3 – mats spun at 70 kPa from solutions with RV = 287.4·103; and M4 –  mats spun at 140 kPa from solutions
with RV = 287.4·103. *p-value < 0.05.



polymers with distinct Mw values were utilized.
Overall, fibers with diameters varying from 428 to
989 nm were produced from PHBV solutions with
RV = 42.3·103–124.4·103, while microfibers (1.56–
1.99 μm) from solutions RV = 287.4·103. Finally, the
morphology and diameter determination presented
in this work via the theoretical RV estimate, aligned
with a low-cost processing technique like SBS, make
PHBV an attractive biodegradable material for sev-
eral applications, especially those where the repro-
ducibility in the microstructural properties directly
affects its efficiency.
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