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Abstract
The Polyhydroxyalkanoates (PHAs) are promising biodegradable materials
exhibit similar thermal and mechanical properties as conventional plastics.
However, the current production cost for PHAs is high and less application
examples were found. In addition, the development of electrospun nanofibrous membrane has attracted more attention in recent years. This study aims
to investigate the production of PHAs using dyeing wastewater as the carbon
source to reduce the major operation cost and prepare Poly(3-hydroxybutyrate)
(PHB)-based fibrous membrane with controlled surface microstructure
through electrospinning technique. At the optimal Carbon to Nitrogen (C:N)
ratio (100:1) by using dyeing wastewater, the reactor achieved 0.2562 g PHAs
from unit mass of activated sludge and 0.0571 g PHAs from unit mass of
COD consumed. By using industrial glucose as carbon source adjustment,
1.180 g polymer per 1 RMB could be synthesized at the optimal C:N ratio. As
a feasible study, the industrial PHB was used for electropining. The influence
of the process parameters (applied electric field, solution flow rate and polymer concentration) on the electrospun fiber microstructure was investigated
and optimized in order to achieve smooth, bead-free fibers with diameter
range of 1 - 10 mm. The morphological transition from bead-like microstructure to smooth fiber was investigated under control of three major
process parameters: applied voltage increased from 9 kV to 20 kV, flow rate
decreased from 5 mL∙hr−1 to 0.5 mL∙hr−1 and polymer concentration increased
from 9 wt% to 15 wt%. It was observed that well-defined fibrous film was
achieved at applied electric field of 12 kV, flow rate of 1 mL∙hr−1 and solution
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concentration of 14 wt%. The optimally processed electrospun fibers exhibited large area, continuous network with good distribution of fiber diameter
distribution. Fibrous membrane fabricated by well-developed electrospinning
technique has potentially offered application interest in the design of barrier
coatings, adhesive interlayers for biological materials, and membranes for filtration of particulate matters and fiber-based food packaging materials.
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1. Introduction
Polyhydroxybutyrate (PHB) is a biodegradable, biocompatible, and non-toxic
biopolymer produced by microbes from soluble substrates and consumed by
bacteria as energy storage source under the conditions of excess amount of carbon and nutrient-deficient environment [1] [2] [3]. The synthesis of PHB is
achieved with a high carbon to nutrient ratio. After complete utilization of nitrogen and phosphorus source, bacterial growth is inhibited and the energy
source storage will participate in the synthesis of the PHB-based macromolecules.
The biodegradability and nontoxic nature of PHB become more attractive in
various medical areas owing to its therapeutic properties [4]. Although the use of
PHB has been well established in various industrial fields, its commercial success
is still restricted by the high production cost [2].
Electrospinning is currently the promising technique in the fabrication of
continuous fibrous membrane down to nanoscale [5]. Electrospinning generally
affords well-defined fibers with smooth surface. Nanofibers with morphologies
such as bead-on-string [6] [7], porous bead [8] [9] [10] [11], and multiple necking structures [12] are of great interest because of their intriguing properties,
which are not able to be achieved with fibers in macroscopic scale. Essentially,
the morphological transition of fibrous microstructures is getting considerable
attention in the application of medical and environmental areas.
It is important to pay attention that the diameter and surface morphology of
the polymeric fibers obtained by electrospinning approach is controlled by electrospinning parameters [13] [14]. In fact, there are several critical parameters
relevant to the solution properties, such as the polymer concentration, electrical
conductivity, solution viscosity, surface tension of the solution which can be optimized within a range of reasonable values for improving the electrospinning
process [15]. Some electrospinning process parameters can be effectively tuned
to alter the diameter and morphology of the fibers, for example, applied voltage,
solution flow rate, tip nozzle-to-collector distance, humidity, and working temperature. In general, the polymer concentration is inversely proportional to the
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diameter of the electrospun fiber [16] [17]. Process parameters such as applied
voltage and solution flow rate significantly alter the fiber morphology rather
than the fiber diameter [18], while the polymer concentration is highly connected to the surface tension and viscosity [19] and correlated to the fiber diameter control. Combining the above considerations, high surface tension and
low polymer solution viscosity facilitate the transition from smooth fiber to
beaded fibers with nanoporous structures [19] [20] [21].
The electrospinning of fibrous membrane is a simple and comprehensive
process wherein the fiber morphology and size in terms of diameter can be manipulated under different process parameters. The relationship between these
parameters and corresponding fiber networks is yet to be addressed to obtain
high quality smooth and ultrafine fibrous structures without defects.

2. Experimental
PHAs Accumulation
The original dyeing wastewater treatment process of an industrial park in
Guangzhou, China, treats the raw sewage from dyeing industries through screening,
preliminary sedimentation, anaerobic fluidized bed, oxidation ditch, secondary
sedimentation and disinfection. The return activated sludge (RAS) of the treatment plant was taken as seeding sludge and the effluent from its anaerobic reactor effluent (348 ± 25 mg COD/L) was served as carbon source for PHAs accumulation in a pilot scale Sequencing Batch Reactor (SBR) with an effective volume of 1.403 m3. After the system operation was stable to produce a treatment
performance up to 90% removal of COD at C:N ratio of 20:1. The C:N ratio of
influent was adjusted by external dosing of industrial glucose. The C:N ratio
ranged from 20:1, 40:1, 60:1, 80:1, 100:1 to 120:1. The system was operated for 7
days (3 cycles a day). The settled sludge in a stable performance was taken for
PHAs analysis by VARIAN 3380 Gas Chromatography equipped with a programmable autosampler VARIAN CP-8400 after pretreatment. The operational
parameter monitoring including COD, pH, MLSS, MLVSS, TOC and TKN was
done for each cycle according to the APHA standard methods.
Electrospinning
To study the feasibility of application of PHAs in electrospinning technology.
Poly(3-hydroxybutyrate) PHB, MW = 1,000,000 (Di Jie Plastics Co. Ltd., Suzhou, Jiangsu, China) was prepared into well-dispersed solution with the concentration 7 - 15 wt% via dissolution in chloroform. Before electrospinning process,
standard 10 mL glass syringe with metal luer lock tip (SAMCOTM Co. Ltd., UK)
was filled with PHB solution and continuously injected by syringe pump with
the flow rate at 0.5, 1, 3, and 5 mL/hr, respectively. To further investigate the effect of applied voltage, solution concentration and solution flow rate, the distance between the needle tip and rotating drum collector was fixed at 16 cm. The
polymer solution was driven out of the syringe using an NE-300 single syringe
pump (Model TL-F6, Tong Li Tech. Co. Ltd. Shenzhen, China). A metal 23-gauge
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syringe needle (SAMCOTM Co. Ltd., UK) was attached to the syringe. A horizontal orientated experimental design was implemented with the rotational
drum collector positioned towards the needle tip. The needle tip and drum collector were both connected to a high voltage power supply (Model TL-Pro, Tong
Li Tech Co. Ltd., Shenzhen, China) with DC voltage setting up to 30 kV. The
applied voltage was fixed at 12 kV in the effect studies of flow rate and PHB
concentration. A flow rate of 1 mL∙hr−1 was optimized in order to create a stable
spinner jet flow in which the force of solution accumulated into the drop equivalent to the mean rate of fluid ejection by the jet.
Characterization
Electrospun fibers were deposited with a thin gold layer using a metal sputtering coater (E-1010, Hitachi Co. Japan) and the morphological change was investigated by scanning electron microscopy (SEM) (TM 3000 Table Top SEM,
Hitachi Co. Japan) with an accelerating voltage of 15 kV. The diameter range of
the fibers was measured approximately 100 fibers using SEM image (500× magnification) and the Image J software.

3. Results and Discussion
PHAs Accumulation
As shown in Figure 1, the YX/S (g CDW/g COD consumed) is the specific
growth yield. The YP/X (g polymer/g CDW) is the specific polymer yield. The YP/S
(g polymer/g COD consumed) is the overall polymer production. The relation
among three of them is shown below.
Y=
YX S • YP S
P S

Figure 1. Specific growth yield (YX/S, g CDW/g COD consumed), specific polymer yield
(YP/X, g polymer/g CDW) and overall polymer production (YP/S, g polymer/g COD consumed) under various C:N ratios.
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When the C:N ratio increases from 20:1 to 120:1, the specific polymer yield
increases from 0.0294 to 0.2562 g/g. However, the specific growth yield decreases
from 0.5252 to 0.2128 g/g. If considering the productivity of PHAs of unit COD
consumed, the C:N ratio 100:1 will be the optimal point. The overall polymer
production achieves 0.0571 g/g at such C:N ratio.
The increasing C:N ratio forms the inhibition for the cell growth, so the PHAs
accumulation was enhanced. As the C:N ratio increases from 20:1 to 120:1, the
PHAs accumulated in specific cell were increased nearly linearly. High C:N resulted in high accumulation of PHAs in cells. However, the increasing C:N ratio
also inhibited the growth of the cells. As a result, the specific growth yield decreased. When the C:N ratio was adjusted to be 100:1, the cells quantities and the
PHAs amount in each cell reached an optimal level. If C:N ratio was increased
higher than 100:1, the specific PHAs yield in each cell body also increased.
However, the specific growth yield greatly decreased. As a result, the overall
yield turned down.
In the pilot-scale study, the industrial glucose substrate was used for C:N ration adjustment. Under the optimal yield with C:N 100:1. If the dyeing wastewater was free for charge. The dosage cost production was estimated to be 1.180 g
polymer per 1 RMB.
PHB Electrospining
Applied Voltage
The PHB nanofibers were spun in various applied voltages (ranged from 9 kV
to 20 kV) with other parameters were fixed (flow rate 1 mL∙hr−1, concentration
14 wt% concentration, collect distance 16 cm, temperature 25˚C). For 14 wt%
PHB solution at a flow rate of 1 mL∙hr−1, a voltage at 12 kV leads to fibers with
diameter ranged from 2 to 5 mm (Figure 2(a)). The fiber diameter distribution
became narrow with the increasing applied voltage. The bead-on-string structure was almost vanished when the applied voltage was 12 kV. However, the fiber microstructure was not changed significantly even the voltage increased up
to 20 kV. As a result, increasing applied voltages tend to inhibit the formation of
fibers with bead-on-string morphology.

Figure 2. (a) SEM micrograph of electrospun poly(3-hydroxybutyrate) fibrous membrane
obtained under applied voltage of 12 kV, solution flow rate of 1 mL∙hr−1, solution concentration of 14 wt%; (b) A histogram of average fiber diameter distribution.
DOI: 10.4236/msce.2020.812006
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Flow Rate
The structural change of electrospun fibers was investigated by the effect of
flow rate controlled by the syringe pump. The solution flow rate was varied from
0.5 to 5 mL∙hr−1 (solution concentration 14 wt%, applied voltage 12 kV, collect
distance 16 cm, process temperature 25˚C), respectively. The ﬁber diameter in
the bead-on-string structure increased with increasing flow rate higher than 3
mL∙hr−1. However, a continuous smooth ﬁber structure was observed at a flow
rate at or below 1 mL∙hr−1. As the flow rate was increased, the fiber morphology
changed from smooth fiber into bead-on-string with marked change in the bead
size. The findings indicated that the optimum flow rate of the PHB solution for
well-defined continuous fiber should be maintained at 1 mL∙hr−1 or below.
The results revealed that increasing solution flow rate decreases the mean fiber diameter. However, the fiber diameter distribution does not change obviously for the electrospun fiber samples collected under different flow rates. As
the flow rate increases due to the larger volume of solution that is ejected from
the nozzle in short period of time, bead diameter is expected to be increased.
This increase of volume carried away from the nozzle tip will generate superfluous solution with high surface tension and the moving jet is not able to stretch
completely. Consequently, beads distributed unevenly along the fiber were formed
due to high surface tension and axisymmetric jet instabilities [22].
Solution concentration in weight percentage
The PHB solution concentration was varied from 9 to 15 wt% with other
process parameters were kept constant (flow rate 1 mL/h, applied voltage 12 kV,
nozzle-to-collector distance 16 cm, temperature 25˚C).
The analysis reveals that the average fiber diameter value decreases correspondingly with a decrease in the polymer concentration. As the polymer solution concentration is very low, the stretched ﬁlaments between the droplets are
stabilized and results in the formation of highly stable beads-on-string microstructure. The resultant morphology can be attributed to the transformation of
the soluble polymer or macromolecules from elongated fibers due to spinner jet
into entangled fiber networks under solvent evaporation and subsequent solidification processes. The jet radius was contracted owing to the surface tension as
the driving force, leading to the formation of bead-like structures from the remaining solution.
The surface tension decreased correspondingly when the solution concentration is increased. Reduction of surface tension increases the surface area per unit
mass of fiber, which favors jet thinning process and against the formation of
bead-on-string structures. Meanwhile, the viscoelastic forces due to high solution concentration would be strong enough to compete with the Coulombic repulsion from the jet elongational flow and the charge interaction along the electric field. Hence, the resultant fiber diameter was significantly reduced [23].
It could be found that the bead structure was flattened and the fiber surface
was getting smoother upon increasing of solution concentration to 14 wt%. With
the polymer fraction lower or higher than the critical point concentration,
DOI: 10.4236/msce.2020.812006
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bead-on-string structure or interconnected closed porous structures is occurred
in the metastable region under nucleation and growth processes. At low polymer
concentration (9 - 10 wt%), phase separation occurred mainly through spinodal
decomposition and formed a homogeneous interconnected structure with open
pores.
For the initial concentration of electrospinning solution higher than 9 wt%, an
apparent bimodal pore-size distribution was observed as uniform nanopores
caused by spinodal decomposition and micropores generated by subsequent
coarsening process. However, the phase separation did not occur at polymer
concentration higher than 13 wt%, and favors the formation of well-defined
smooth fibers. And the polymer chain mobility was inversely proportional to the
polymer concentration, thus, the occurrence of bead-on-string microstructure
was suppressed.
Based on the key parameters (applied voltage, flow rate and polymer concentration) introduced in the electrospinning process, this study described the optimization of smooth randomly fibers without beads or other defects. The surface ‘‘bead-on-string” structures were associated with low weight percentage of
PHB in the solution, high flow rate and low applied voltage. However, the optimized condition for smooth well-defined electrospun fiber membrane as indicated from SEM micrograph in Figure 2(a) was achieved under the process parameters of 1 mL∙hr−1 flow rate, 14 wt% PHB concentration, 16 cm collect distance and applied voltage 12 kV.
A histogram (Figure 2(b)) of the fiber diameter distribution, determined
from the SEM images was estimated. In order to promote the formation of
well-defined smooth fibers with uniform diameter distribution, complete solvent
evaporation must be achieved along the travel path between the nozzle tip and
the ground rotating drum collector. Some alterations in process parameters such
as electric field increase, solution flow rate reduction effectively shorten jet travelling but enhance jet flow instability, resulting in broader fiber diameter-distribution [24].

4. Conclusions
In order to study the effects of PHAs production in a pilot scale reactor using
dyeing wastewater as carbon source, the C:N ratios of 20:1, 40:1, 60:1, 80:1, 100:1
and 120:1 were investigated. An optimal overall production was found with C:N
ratio of 100:1 and 0.058 g PHAs from unit mass of COD consumed was collected. By using the glucose to adjust the C:N, the dosage cost at the peak production was found to be 1.180 g polymer per RMB.
The formation of the smooth electrospun fibers can be considered as the electrospinning jet elongation by either increasing viscoelastic stress or reducing
surface tension, altered by the applied electrical field strength. The viscoelastic
properties through adjustment of PHB concentration are the key parameters in
the process. Increasing net charge density through controlled applied voltage
DOI: 10.4236/msce.2020.812006
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favors formation of well-defined smooth fibers. Decreasing the solution flow rate
favors the formation of smooth continuous fibers without defects.
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