ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/270819987

Experimental design as a tool for the manufacturing of filtering media based
on electrospun polyacrylonitrile/ B -cyclodextrin fibers

Article in International Journal on Interactive Design and Manufacturing (1JIDeM) - September 2014

DOI: 10.1007/512008-014-0241-4

CITATIONS READS
8 779
2 authors:
Daniel Norefia-Caro Monica Alvarez-Lainez
San Diego State University . Universidad EAFIT
9 PUBLICATIONS 148 CITATIONS 39 PUBLICATIONS 700 CITATIONS
SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

Project Cyanobacterial biofactories and autotrophic production of High-Value chemicals View project

Project Development of electrospun nanofiber membranes for air filtration View project

All content following this page was uploaded by Monica Alvarez-Lainez on 20 January 2015.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/270819987_Experimental_design_as_a_tool_for_the_manufacturing_of_filtering_media_based_on_electrospun_polyacrylonitrile_b_-cyclodextrin_fibers?enrichId=rgreq-cea78f47aa27a8b2d0ceae3016ec16e0-XXX&enrichSource=Y292ZXJQYWdlOzI3MDgxOTk4NztBUzoxODc3MTQ2MjAxMDg4MDBAMTQyMTc2NjA2MTI2Mw%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/270819987_Experimental_design_as_a_tool_for_the_manufacturing_of_filtering_media_based_on_electrospun_polyacrylonitrile_b_-cyclodextrin_fibers?enrichId=rgreq-cea78f47aa27a8b2d0ceae3016ec16e0-XXX&enrichSource=Y292ZXJQYWdlOzI3MDgxOTk4NztBUzoxODc3MTQ2MjAxMDg4MDBAMTQyMTc2NjA2MTI2Mw%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Cyanobacterial-biofactories-and-autotrophic-production-of-High-Value-chemicals?enrichId=rgreq-cea78f47aa27a8b2d0ceae3016ec16e0-XXX&enrichSource=Y292ZXJQYWdlOzI3MDgxOTk4NztBUzoxODc3MTQ2MjAxMDg4MDBAMTQyMTc2NjA2MTI2Mw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Development-of-electrospun-nanofiber-membranes-for-air-filtration?enrichId=rgreq-cea78f47aa27a8b2d0ceae3016ec16e0-XXX&enrichSource=Y292ZXJQYWdlOzI3MDgxOTk4NztBUzoxODc3MTQ2MjAxMDg4MDBAMTQyMTc2NjA2MTI2Mw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-cea78f47aa27a8b2d0ceae3016ec16e0-XXX&enrichSource=Y292ZXJQYWdlOzI3MDgxOTk4NztBUzoxODc3MTQ2MjAxMDg4MDBAMTQyMTc2NjA2MTI2Mw%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Daniel-Norena-Caro?enrichId=rgreq-cea78f47aa27a8b2d0ceae3016ec16e0-XXX&enrichSource=Y292ZXJQYWdlOzI3MDgxOTk4NztBUzoxODc3MTQ2MjAxMDg4MDBAMTQyMTc2NjA2MTI2Mw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Daniel-Norena-Caro?enrichId=rgreq-cea78f47aa27a8b2d0ceae3016ec16e0-XXX&enrichSource=Y292ZXJQYWdlOzI3MDgxOTk4NztBUzoxODc3MTQ2MjAxMDg4MDBAMTQyMTc2NjA2MTI2Mw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/San_Diego_State_University?enrichId=rgreq-cea78f47aa27a8b2d0ceae3016ec16e0-XXX&enrichSource=Y292ZXJQYWdlOzI3MDgxOTk4NztBUzoxODc3MTQ2MjAxMDg4MDBAMTQyMTc2NjA2MTI2Mw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Daniel-Norena-Caro?enrichId=rgreq-cea78f47aa27a8b2d0ceae3016ec16e0-XXX&enrichSource=Y292ZXJQYWdlOzI3MDgxOTk4NztBUzoxODc3MTQ2MjAxMDg4MDBAMTQyMTc2NjA2MTI2Mw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Monica-Alvarez-Lainez?enrichId=rgreq-cea78f47aa27a8b2d0ceae3016ec16e0-XXX&enrichSource=Y292ZXJQYWdlOzI3MDgxOTk4NztBUzoxODc3MTQ2MjAxMDg4MDBAMTQyMTc2NjA2MTI2Mw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Monica-Alvarez-Lainez?enrichId=rgreq-cea78f47aa27a8b2d0ceae3016ec16e0-XXX&enrichSource=Y292ZXJQYWdlOzI3MDgxOTk4NztBUzoxODc3MTQ2MjAxMDg4MDBAMTQyMTc2NjA2MTI2Mw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universidad-EAFIT?enrichId=rgreq-cea78f47aa27a8b2d0ceae3016ec16e0-XXX&enrichSource=Y292ZXJQYWdlOzI3MDgxOTk4NztBUzoxODc3MTQ2MjAxMDg4MDBAMTQyMTc2NjA2MTI2Mw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Monica-Alvarez-Lainez?enrichId=rgreq-cea78f47aa27a8b2d0ceae3016ec16e0-XXX&enrichSource=Y292ZXJQYWdlOzI3MDgxOTk4NztBUzoxODc3MTQ2MjAxMDg4MDBAMTQyMTc2NjA2MTI2Mw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Monica-Alvarez-Lainez?enrichId=rgreq-cea78f47aa27a8b2d0ceae3016ec16e0-XXX&enrichSource=Y292ZXJQYWdlOzI3MDgxOTk4NztBUzoxODc3MTQ2MjAxMDg4MDBAMTQyMTc2NjA2MTI2Mw%3D%3D&el=1_x_10&_esc=publicationCoverPdf

Int J Interact Des Manuf
DOI 10.1007/s12008-014-0241-4

ORIGINAL PAPER

Experimental design as a tool for the manufacturing of filtering
media based on electrospun polyacrylonitrile/B-cyclodextrin fibers

D. Norena-Caro - M. Alvarez-Lainez

Received: 22 July 2014 / Accepted: 25 August 2014
© Springer-Verlag France 2014

Abstract The aim of this work is the manufacturing of
non-woven fabrics to be used as Filtering media. These
fabrics were produced from polyacrilonitrile (PAN) and B-
cyclodextrin (B-CD) solutions in dimethylsulfoxide using
a horizontal electrospinning system with a flat collecting
screen. The information from the experiments was statis-
tically analyzed in order to define the process parameters
(PAN concentration in solution, volumetric flow and applied
voltage) needed for obtaining fibers with the smallest aver-
age diameters. First, PAN fibers were produced following
a full factorial 33 experimental design and this information
was used for preparing the corresponding Response Surfaces
needed to define the best conditions for the production of
PAN/B-CD nonwoven fabrics. The viscosity of the polymer
solutions was analyzed using a rotational rtheometer and a
pseudoplastic behavior was observed, the diameter of the
obtained nanofibers was determined using scanning electron
microscopy. At the end, the polymer concentration (viscos-
ity) and the volumetric flow rate were selected as the most
statistically significant factors affecting the fiber diameter.
Besides, uniform PAN and PAN/B-CD nanofibers with aver-
age fiber diameters between 200 and 500 nm were obtained.

Keywords Polyacrylonitrile - B-cyclodextrin -
Electrospinning - Filtering media - Response surface

D. Norefia-Caro - M. Alvarez-Lainez ()

Product Design Engineering Department, Engineering School, EAFIT
University, Carrera 49 No7 sur-50, 050022 Medellin, Colombia
e-mail: malvar26 @eafit.edu.co

D. Noreifia-Caro
e-mail: dnorenac @eafit.edu.co

Published online: 13 September 2014

1 Introduction

During the last years, the electrostatic spinning technique,
commonly known as Electrospinning, has been gaining
interest for the production of polymer fibers with average
diameters under 500nm. Polymer fibers of this size have
promising applications in different areas such as biomed-
ical engineering, environmental engineering and composite
materials manufacturing [1]. Regarding the environmental
protection applications, electrospun polymer fibers may be
used in filtration operations as very thin non-woven fab-
rics with sheet caliper under 1 wm and average fiber diame-
ters of 250nm [2]. Generally, non-woven fabrics with these
characteristics are able to capture very small particles with
sizes under 0.5pum (such as smog, diesel soot, tobacco
smoke, viruses and small bacteria) due to their high sur-
face to volume ratio and high surface cohesion they present
[1,2].

For manufacturing electrospun fibers, the raw polymeric
material should be able to flow through a capillary. This
can be done by dissolving the polymer in an adequate sol-
vent or by melting the polymer. Although melt electrsopin-
ning is preferred when it is difficult to dissolve the poly-
mer, and if it is desirable to avoid the use of toxic solvents
[3-5], the most common way for manufacturing electro-
spun polymer fibers is by preparing a polymer-solvent solu-
tion.

The most basic electrospinning array is composed by a
capillary (commonly a syringe needle or spinneret) contain-
ing the polymer solution, a flat collecting metallic screen
and a direct current (DC) voltage supply. With these com-
ponents, an electrostatic field can be generated between the
needle tip and the grounded screen. When a droplet of poly-
mer solution is located at the tip of the needle and the electric
field overcomes the surface tension and viscosity forces of
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the solution, the polymer fiber is formed from an electrically
charged jet coming out of an elongated conic droplet of fluid
(known as Taylor cone) generated by the electrostatic attrac-
tion between the surface charges of the polymer solution
molecules and the collector. The recently formed fiber then
travels to the screen, and during its path, the jet is looped,
the fiber is stretched while its diameter is reduced, and the
solvent is evaporated. At the end of the process, the fiber
reaches the grounded target and a circular non-woven fabric
is formed on the aluminum foil wrapped collecting screen
[6,7].

As it may be inferred from the aforementioned infor-
mation, the electrospinning process is affected by sev-
eral factors. These factors are classified as polymer solu-
tion variables (polymer concentration and molecular weight,
viscosity, conductivity and surface tension), process vari-
ables (applied voltage, tip to collector distance, flow rate
and shape of collector) and environmental variables (tem-
perature and relative humidity) [8]. Because a successful
electrospinning process requires a delicate balance of forces
for stable fiber formation regime, and due to the complex
interrelationships among factors affecting the process, exper-
imental design is a common method used for the optimiza-
tion of variables affecting the fiber manufacturing process
[9].

To define the appropriate levels for the factors or vari-
ables to be evaluated in the design of experiments, an inter-
action between the operator (human) and the electrospinning
setup is necessary. In other words, if a well formed electro-
spun fiber fabric (product) is desired for evaluating its mor-
phology (fiber diameter and appearance), a region of stable
electrospinning should be defined. Therefore, it is necessary
to establish the values or intervals of the solution, process
and environmental variables under observation for which the
fiber formation process is conducted with minor failures and
interruptions. To manufacture well defined fibers, an inter-
action between the product (polymer fiber fabric) and its
environment (variables) are needed. Therefore, experimen-
tal design method involves an Interactive Design approach
[10].

The experimental design has been used as a tool for the
manufacturing of PAN [11,12] and polyvinyl alcohol (PVA)
fibers [13]. The aforementioned works present the statisti-
cal analysis of the information and the response surfaces or
contours for the average diameter of fibers depending on
different factors. Regarding PAN fibers, solutions of PAN
in dimethylformamide (DMF) are used for the electrostatic
spinning process and the effects of polymer concentration,
applied voltage and tip to collector distance on the average
fiber diameter are evaluated (flow rate is fixed) [11,12]. The
results of both works are very similar, and while one of them
presents that PAN electrospun fibers with diameters under
100nm may be produced with low concentration polymer
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solutions (8—-10% w/v), applied voltages between 10 and
20kV ant tip to collector distances between 10 and 12cm
[11], the other one shows that PAN fibers with diameters
around 120nm may be produced with 10% w/v polymer
solutions, 12kV of applied voltage and tip to collector dis-
tance of 12cm [12].

In the case of PVA fibers, it was accomplished a com-
plete statistical analysis of the electrospinning process
considering the effects of polymer concentration, applied
voltage, tip to collector distance and flow rate on fiber diam-
eter [13]. The number of treatments presented is very large
(96) and diverse conclusions about the effects of factors on
fiber diameter are presented. This provided a more com-
plete understanding of the manufacturing parameters of PVA
fibers.

Most of the published articles regarding PAN electrospin-
ning describe the use of DMF as solvent for the polymer solu-
tion. However this solvent is generally recognized as toxic
and carcinogenic [14]. For this reason, it is desirable to eval-
uate the manufacturing process of electrospun fibers using
a safer solvent such as dimethylsulfoxide (DMSO) which
has successfully been used for the electrospinning of PAN in
some other works [15-19].

With regard to the manufacturing materials, polyacryloni-
trile (PAN) is a well-known polymer with good mechanical
and stability properties. Even though acrylic fibers are more
brittle and less flexible than commonly used polyethylene
and polypropylene fibers, they have better temperature resis-
tance properties (high crystalline melting of 317°C), good
chemical resistance to acids and soft bases, and particularly
good resistance to outdoor exposure, sunlight and microor-
ganisms. Because of this, PAN fibers are commonly used
materials for the manufacturing of filtering media designed
for corrosive environments [2,20].

On the other hand, B-cyclodextrin (B-CD) is a toroid
shape cyclic oligosaccharide consisting of seven units of 1,4-
linked glucopyranosides (see Fig. 1) which can form host-
guest complexes with organic molecules (e.g. aromatic pol-
lutants) due to its internal hydrophobic cavity [21]. Even
though the B-CD molecule has traditionally been used in
pharmaceuticals, foods, cosmetics and chemical products,
it has gained special attention as functional additive that
can trap molecules and improve the efficiency of filtering
media based on electrospun fibers with high surface area
[22-24].

The objective of the work described in this paper is using
an experimental design approach for establishing the condi-
tions to manufacture PAN and PAN/B-CD electrospun fibers
with the lowest possible average diameters using DMSO as
polymer solvent. In that vein, the design of experiments
is proposed to identify the effects of polymer concentra-
tion, flow rate and applied voltage on average fiber diam-
eter.
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Fig. 1 Molecular structure and
dimensions of B-cyclodextrin
OH

2 Materials and methods
2.1 Materials

Polyacrylonitrile (PAN) powder with a molecular weight
of 150.000 g/mole was purchased from Scientific Poly-
mer Products Inc. (Ontario, NY, United States) and (-
cyclodextrin powder (Cavamax W7-$-CD) was kindly pro-
vided by Wacker Chemie AG (Munich, Germany). For the
preparation of polymer solutions, it was used Dimethylsol-
foxide (DMSO) 99.9 % pure manufactured by Carlo Erba
Reagents (Rodano, MI, Italy). The materials were used as
received without further purification.

2.2 Solution preparation

PAN/DMSO and PAN/B-CD/DMSO polymer solutions were
prepared in glass flasks by adding measured amounts of
the mentioned materials to the DMSO solvent. After man-
ual mixing, solutions were subjected to magnetic stirring at
500 rpm during 15h for obtaining homogeneous mixtures.
In order to enhance the dissolution of polymer and cyclodex-
trin in DMSO, the medium was heated for 1h at 50°C at
the beginning of the mixing process. The flasks were sealed
with polyethylene and aluminum foil during the time they
were under agitation. After the mixture preparation time, the
solutions were used immediately for Electrospinning.

2.3 Polymer solutions characterization
2.3.1 Conductivity of polymer solutions

Solution conductivity of PAN/DMSO and PAN/B-CD/
DMSO polymer solutions was measured using a PC700
Oakton electrical conductivitymeter (Vernon Hills, Illinois,
USA). Measurements were carried out <2h after finishing
the solution preparation stage. Registered conductivity data
were the average of two measurements per solution.

' 1.54 nm

2.3.2 Rheometry of polymer solutions

In order to observe the rheological behavior of PAN/DMSO
and PAN/B-CD/DMSO polymer solutions, samples of these
materials were subjected to rotational rheometry (Discovery
Hybrid Rheometer, TA Instruments, New Castle, DE, United
States). The assembly used consisted of a Peltier plate and
a plane circular geometry. The rheological analysis was car-
ried out at 25°C and the flow sweeps were conducted at
shear rates between 0.1 and 700s~!. In order to predict fluid
viscosities at different shear rates between the range of the
flow sweeps, the rheometry results for each polymer solu-
tion were fitted to the modified Carreau model proposed by
Menges, Wortberg and Michaeli [24] (Eq. 1) where shear
rate (V) dependent viscosity (M) is described by the coeffi-
cients A (null viscosity), B (Inverse of the shear rate in the
transition zone) and n (log—log slope of the pseudoplastic
zone).

ny) = ey

(1+ By)l—n

2.4 Electrospinning setup

The production of electrospun PAN and PAN/B-CD non-
woven fabrics was conducted in a horizontal electrospinning
array consisting of a controlled flow syringe pump (Cole
Parmer, Venon Hills, IL, United States), a 20 ml glass syringe
connected to a stainless steel needle (0.603 mm nominal ID -
20G), a high voltage DC supply model EQ-30P1 (Matsusada
Precision Inc, Kusatsu, Shiga, Japan) and a flat rectangular
collecting screen wrapped with aluminum foil. In order to
generate the electrical field for the fiber formation, the posi-
tive pole of the high voltage DC supply was connected to the
tip of the metallic needle and the negative (ground) electrode
was connected to the rectangular flat screen (21 cm x 21 cm).
A schematic draw of the Electrospinning setup is presented
on Fig. 2.

@ Springer



Int J Interact Des Manuf

DC Voltage
Supply

Syringe
Needle

||:| ooo DD|

Fiber Formation |

O Syringe Pump

Fig. 2 Diagram of horizontal electrospinning setup

2.5 Fiber fabrication methodology

The PAN and PAN/B-CD solutions were electrospun at room
temperature (22 °C) and humidity (55 %). Because the fiber
manufacturing process by electrospinning is affected by sev-
eral factors, the factorial experimental design is ideal for eval-
uating all the possible combinations among levels of selected
factors [26]. Considering this, the manufacturing of fibers
was conducted following full factorial experimental designs
(33 factorial designs for PAN/DMSO solutions and 3 fac-
torial designs for PAN/B-CD/DMSO), and the effects of the
different factors on the average fiber diameter were evaluated
at the same time. The experimental approach was divided
in two stages. In the first stage, only PAN/DMSO solutions
were electrospun and the process conditions needed for a
stable production of PAN fiber with the smallest mean fiber
diameter were defined. In a second stage, PAN/B-CD/DMSO
solution was electrospun. During the experiments, the tip to
collector distance was kept fixed at 10 cm. For the 33 factorial
design (27 treatments), PAN concentration in solution (5, 7,
9 % wlw), volumetric flow rate (0.5, 0.7, 1.0 ml/h) and applied
voltage (7.5, 8.0 and 8.5kV) were evaluated as independent
variables. For the 32 factorial design (9 treatments), the con-
centration of the PAN/B-CD/DMSO solution was fixed at
5 %, the amount of 3-CD was kept constant (20 % w/w based
on PAN concentration) and volumetric flow rate (0.5, 0.7,
1.0ml/h) and applied voltage (7.5, 8.0 and 8.5kV) were var-
ied. Table 1 summarizes coded variables for the Electrospin-
ning of PAN/DMSO and PAN/B-CD/DMSO solutions.

2.6 Fiber characterization methodology

PAN and PAN/B-CD fibers morphology was analyzed using
Scanning Electron Microscopy (SEM) in a Phenom World
G2 PRO Model Microscope (PhenomWorld, Eindhoven,
Netherlands). Samples were observed after gold metalliza-
tion and three pictures of each treatment were taken for fur-
ther image analysis. Using the Image J software, the diameter
of thirty fibers per picture was measured in order to obtain
ninety fiber diameter data per treatment.

Diameter data for each treatment were used to calcu-
late the average fiber diameter and the standard deviation
(See Table 2). This information was also used for prepar-
ing fiber diameter distribution histograms and fiber diameter
box-plots.

2.7 Statistical modelling

The full factorial 33 and 32 experimental designs consid-
ered in this work allow the adjustment of results to a second
order polynomial model which was analyzed using the R
Project software. Considering the main effects and interac-
tions among factors (two and three factors) the polynomial
equations of the empiric model for the Average Fiber Diame-
ter of electrospun fibers from PAN/DMSO (Y1) and PAN/B-
CD/DMSO (Y2) solutions may be written as shown in Egs. 2
and 3. Note that coefficients f and Y correspond to empirical
values obtained from the regression.

Y1 = Bo+B1X1+BaXo+B3X3+ P11 XT+ B0 X3+ B33 X3
+B12 X1 X2+ P13 X1 X3+ B3 X2 X3+ 123 X1 X2 X3
(2)
o=y, +nXo+y3X3+ V22X§ + )/33X§ + ¥23X2X3
3

In order to have a good regression fit to the equation, it was
necessary to assure that all the obtained non-woven fabrics
were composed by fibers. For that reason, the levels of the
three evaluated factors (PAN concentration, flow rate and
applied voltage) were carefully chosen by testing operating
conditions for a stable and reliable process.

Besides the construction of the ANOVA table and the
Pareto charts for the selection of statistically significant fac-

Table 1 Coded variables for the

electrospinning of PAN/DMSO Variable Description Coded variable level
and PAN/ﬁ—CD/DMSO Low Center High
solutions

X1 PAN concent. (% w/w) 5% (—1) 7% (0) 9% (+1)
Tip to collector distance 10cm Xo Flow rate (ml/h) 0.5(—1) 0.7 (-0.2) 0.9 (+1)
5% wiw PAN, 1% wiw B-CD X3 Applied voltage (kV) 7.5(=1) 8.0 (0) 8.5 (+1)

(20 % B-CD based on PAN)
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Table 2 Observation table for the electrospinning of PAN/DMSO and
PAN/B-CD/DMSO solutions

Treatment X1 Xs X3 AFD (nm) SD (nm)

PAN/DMSO solutions
1 -1 +1 —1 182.59 31.21
2 -1 +1 0 193.59 31.98
3 -1 +1 +1 193.10 37.04
4 -1 —-0.2 —1 196.89 35.59
5 -1 —-0.2 0 203.01 35.82
6 -1 —-0.2 +1 256.36 43.08
7 -1 -1 -1 222.76 37.69
8 -1 -1 0 202.15 32.69
9 -1 -1 +1 253.21 40.72
10 0 +1 —1 304.42 55.01
11 0 +1 0 372.35 48.45
12 0 +1 +1 321.24 47.16
13 0 —-0.2 —1 294.37 51.21
14 0 —-0.2 0 320.51 41.70
15 0 —-0.2 +1 349.00 59.41
16 0 —1 —1 351.20 99.40
17 0 —1 0 331.52 43.53
18 0 —1 +1 344.42 43.62
19 +1 +1 -1 410.49 57.86
20 +1 +1 0 408.75 42.81
21 +1 +1 +1 418.18 62.94
22 +1 —-0.2 —1 436.33 72.18
23 +1 —-0.2 0 456.56 48.67
24 +1 —-0.2 +1 438.23 50.52
25 +1 -1 —1 479.42 53.37
26 +1 -1 0 475.65 44.29
27 +1 -1 +1 479.80 45.31

PAN/B-CD/DMSO solution
1 -1 +1 —1 213.67 39.64
2 -1 +1 0 231.76 32.39
3 -1 +1 +1 267.48 44.72
4 -1 —-0.2 —1 232.12 30.79
5 -1 —-0.2 0 229.18 36.64
6 -1 —-0.2 +1 253.85 40.32
7 -1 -1 -1 270.99 38.39
8 -1 -1 0 261.54 39.03
9 -1 -1 +1 264.45 53.79

AFD Average fiber diameter, SD standard deviation

tors and interactions, the experimental information for the
model was tested for the basic three assumptions for reliable
multivariable regression.

1. Normality of the data, which analysis was done by Nor-
mal probability plots of residuals.

2. Independence of the data, which could be analyzed by
comparing Residuals versus Run Order.

3. Constant variance of the data, which could be analyzed
by comparing Residuals versus Fitted Values.

3 Results and discussion
3.1 Polymer solutions characterization

3.1.1 Conductivity of PAN/DMSO and PAN/B-CD/ DMSO
solutions

Table 3 shows how polymer solution conductivity increases
when higher amounts of PAN are added. Although the con-
ductivity of more concentrated PAN solutions is higher, the
difference between PAN 9 % and PAN 7 % conductivity is
smaller than the conductivity difference between PAN 7 %
and PAN 5 % solutions. This indicates that the charges in the
mixtures are interacting and saturating the system. There-
fore, adding more polymer will not necessarily increase the
conductivity of the medium. The addition of B-CD to the
PAN/DMSO solution did not increase the conductivity and
this is contrary to what was expected.

3.1.2 Rheometry of PAN/DMSO and PAN/B-CD/DMSO
solutions

Flow sweeps of the four different solutions used for Electro-
spinning are presented in Fig. 3 and Table 3, which summa-
rizes the results of the fitting process to the modified Carreau
model. It can be seen how viscosity changes when PAN con-
centration and shear rate are increased. For all the solutions,
the flat viscosity region can be seen between 0.1 and 70s~!
shear rates.

Considering the B coefficients of the Carreau model pre-
sented in Table 3, transition to pseudoplastic zone occurs at
70.64 s~ for the PAN/DMSO 5 % (w/w) solution, while this
change appears at 164.84, 397.95 and 85.08s~! shear rates
for PAN/B-CD/DMSO 5 % (w/w), PAN/DMSO 7% (w/w)
and PAN/DMSO 9% (w/w) solutions respectively. Taking
into account the inner diameter of the needle and the differ-
ent flow rates evaluated during the experiments, the appar-
ent shear rates applied to polymer solutions during the elec-
trospinning process vary between 6.44 s~! (0.5ml/h) and
12.88 s~1 (1.0ml/h). The effect of the addition of B-CD on
the viscosity of 5 % (w/w) PAN polymer solution can also be
seen by comparing the information on Table 3 (Null Viscosity
and estimated viscosities at different apparent shear rates).
As it is expected when adding more solids to the DMSO sol-
vent, the solution viscosity is 8 % more viscous compared to
the solution without B-CD, and this change may be signifi-
cant for the average fiber diameter of the electrospun fibers
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Table 3 Properties of PAN/DMSO and PAN/B-CD/DMSO solutions

Polymer solution Conductivity (uS/cm) Carreau model coefficients® Estimated solution viscosities”

A(Pas) B(Gs) n n644sH n©@.02sH n@12.88s7hH
PAN/DMSO 5 % (w/w) 423 0.2179  0.0142 0.8938 0.2159 0.2151 0.2141
PAN/DMSO 5 % (w/w)—(20%p-CD)  40.7 0.2343  0.0061 0.8907 0.2333 0.2330 0.2324
PAN/DMSO 7 % (w/w) 51.4 0.7739  0.0025 0.5979 0.7689 0.7660 0.7641
PAN/DMSO 9 % (w/w) 56.5 1.3206  0.0118 0.7405 1.2958 1.2865 1.2731

2 A: nule viscosity, B: inverse of transition shear rate, n: power law index (pseudoplastic region)
b Estimated viscosities at 25°C and apparent shear rates for 0.5, 0.7 and 1.0ml/h flow rates
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Fig. 3 Flow sweeps for PAN/DMSO and PAN/B-CD/DMSO solutions

even when the addition of B-CD in the solution did not show
any increase in conductivity. As it is shown in Table 3, poly-
mer solution viscosity decreases with an increasing apparent
shear rate. Although, the viscosity change is small and it can
be said that the fiber manufacturing process is carried out
with chiefly Newtonian solutions of PAN and PAN/B-CD in
DMSO, the power law index (n) indicates that this newtonian
behavior is more pronounced for the less concentrated (5 %
(w/w) PAN) polymer solutions which n index is closer to 1.
For 7 % (w/w) PAN and 9 % (w/w) PAN solutions in DMSO,
the pseudoplastic behavior is more pronounced and the n
index is decreased.

3.2 Electrospinning of PAN fibers

The analysis of variance (ANOVA) for the 33 experimen-
tal design considered for the manufacturing of PAN fibers is
summarized in Table 4. The information from this table is
complemented by the pareto chart on Fig. 4. Considering the
p values and the standardized effects from Table 4, it can be
said that PAN concentration and flow rate are the most sta-
tistically significant factors affecting the average fiber diam-
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eter of electrospun PAN fibers. While the mean diameter
increases with the polymer concentration, it is decreased
when the flow rate increases.

The polymer concentration is by far the most important
variable affecting the fiber diameter in the Electrospinning
process of PAN fibers under the tested conditions. In this
case, the p value of this factor is very small and its standard-
ized effect on the pareto chart (¢ value) is very high with
respect to the other factors and interactions. The diameter
increasing effect of concentration is coherent with the results
from reference works ([11,12]) and it can be explained tak-
ing into account that the droplets of more concentrated solu-
tions contain a higher amount of polymer and the electro-
spun fibers originated from the Taylor cone at the droplet are
thicker.

The flow rate presented the second most significant effect
on fiber diameter as shown in the pareto chart on Fig. 4
(the flow rate standardized effect is higher than the critic
t value for 95 % confidence but much lower than the stan-
dardized effect of polymer concentration). In this case, it can
be said that the average fiber diameter is reduced while the
volumetric flow rate is increased. The inverse relationship
between flow rate and fiber diameter is opposite to what it
was expected and it is also contrary to the results presented
by other authors [13,27]. In this case, the small reduction
on fiber diameter observed with increasing flow rate may be
related to the slight viscosity reduction of the solutions at
higher shear rates levels (see Table 3). When the solutions
have lower viscosity, the polymer molecules are less entan-
gled and they are more susceptible to be stretched by the
charges on the jet [28].

The third most important factor affecting the Electrospin-
ning process is voltage. Despite this variable is not as signif-
icant as concentration and flow rate for the evaluated levels
(7.5-8.5kV) and its standardized effect on the pareto chart is
slightly lower than the critic ¢ value for a 95 % confidence, it
could be mentioned that the average fiber diameter increases
with increasing voltage. This could be related to the genera-
tion of additional surface charge on polymer, making it more
susceptible to acceleration under electrical forces, leaving
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Table 4 ANOVA table

Source Sum of squares Deg. of freedom Mean square t value p value

Intercept 254,409.89 10 25,440.99 27.943 5.24E-15 Significant
X -concentration 244,940.40 1 244,940.40 21.906 2.34E-13 Significant
X,-flow rate 6,065.46 1 6,065.46 —3.525 0.0028 Significant
X3-app. voltage 1,702.71 1 1,702.71 1.833 0.0855

X% 93.33 1 93.33 0.431 0.6724

X% 218.73 1 218.73 0.659 0.5191

X% 0.28 1 0.28 0.023 0.9816

X1X» 574.94 1 574.94 —1.069 0.3009

Xi1X3 681.91 1 681.91 —1.119 0.2797

X2 X3 0.24 1 0.24 —0.007 0.9945

X1X2X3 132.09 1 132.09 0.512 0.6154

Residual 8,050.12 16 503.13

Total 262,460.01 26

Response surface quadratic model for AFD of electrospun PAN fibers
Multiple R2: 0.9693. Adjusted R2: 0.9502
AFD Average fiber diameter

X1 PAN Concentration (C) | +
X2 | - Flow rate (F)
X :l + Voltage (V)
o Xi1Xs :|' cv
g XX - cr
§ X2 | |+ | F?
XiXeXs || * | CFV
2
X12 :l - |C
X32 |+ V2
XoX3 |- |FV
tcrit: 2.1199
T T T T
0 5 10 15 20 25

Standardized Effect (t value)

Fig. 4 Pareto chart. Statistically significant variables from the
quadratic model for the electrospinning of PAN fibers in DMSO

less remaining time for fiber elongation and diameter reduc-
tion.

In order to prove the reliability of the quadratic model
describing the electrospinning process, the normality, inde-
pendence and constant variance tests for the multivariable
regression were conducted (plots not shown). In the first
place, regarding the normal probability plot, it could be seen
how the experimental data were approximately normally dis-
tributed as needed. Secondly, the independent of experimen-
tal data was checked because model residuals for each run
were randomly distributed. For the constant variance test, it
was verified how standardized residuals compared to fitted
values and distributed randomly.

After reviewing the Analysis of Variance results and
checking the reliability of the empirical quadratic model

for average fiber diameter of electrospun PAN fibers (Y1),
the polynomial presented by Eq. 4 was used to prepare the
response surfaces and contours displayed on Fig. 5. It is worth
mentioning that the circles shown on the response surfaces
correspond to experimental data and they are located this way
in order to indicate graphically how the regression equation
(Eq. 4) fits the empirical observations.

Y1 = 32642 + 116.19X| — 18.64X5 + 9.72X3
—3.94X7 +6.33X3 + 0.21X3 — 6.88X, X
—7.27X1X3 —0.04X,X3 +4.04X1 X2 X3 4)

Response surfaces and contours presented on Fig. 5 sum-
marize the results obtained during the manufacturing of PAN
and PAN/B-CD fibers. Fig. 5a (response surface) and b (con-
tour plot) show the change in fiber diameter when 5 % w/w
PAN/DMSO solution is electrospun at different flow rates
and voltages. Based on the analysis of variance and the pareto
chart previously described, in order to obtain the thinnest
PAN fibers, solutions with the lowest possible polymer con-
centration should be electrospun. Considering the informa-
tion from Fig. 5a and b, the Electrospinning of PAN/DMSO
solutions should be conducted with applied voltages between
7.5 and 8.0kV and programmed flow rates from 0.7 to
1.0ml/h, so that PAN fibers with average diameters from
180 to 200 nm are obtained.

Figure 5e and f display the average fiber diameter change
when solutions of PAN/DMSO with polymer concentrations
between 5 and 9 % w/w are subjected to Electrospinning at
8.0kV with volumetric flow rates from 0.5 to 1.0 ml/h. In the
same way, Fig. 5g and h present how the average fiber diame-
ter is modified when PAN/DMSO solutions (5-9 % w/w) are

@ Springer
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Fig. 5 Response surfaces and
contours for polymer fiber
manufacturing: a, b
electrospinning of PAN fibers
from 5 % (w/w) solutions in
DMSO; ¢, d electrospinning of
PAN/B-CD fibers from 5 %
(w/w) solutions in DMSO; e, f
electrospinning of PAN fibers at
an applied Voltage of 8kV; g, h
electrospinning of PAN fibers at
a flow rate of 0.7 ml/h
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Table 5 ANOVA table

Source Sum of squares Deg. of freedom Mean square t value p value

Intercept 3,413.51 5 682.70 101.743 2.09E-6 Significant
X,-flow rate 1,020.40 1 1,020.40 —11.752 0.0013 Significant
X3-app. voltage 793.44 1 793.44 10.447 0.0019 Significant
X% 509.34 1 509.34 7.728 0.0020 Significant
X% 184.40 1 184.40 4.650 0.0045 Significant
X2 X3 905.94 1 905.94 10.306 0.0188 Significant
Residual 25.59 3 8.53

Total 3,439.10 8

Response surface quadratic model for AFD of electrospun PAN/B-CD fibers

Multiple R%: 0.9926. Adjusted R2: 0.9802
AFD Average fiber diameter

X2 Flow rate (F) | -
L X3 Voltage (V) | +
e
<
£ XeXs | +FV
>
X2? |+ P2
Xs? | +v2
terit: 3.1824
T T T T T T

0 2 4 6 8 10 12 14
Standardized Effect (t value)

Fig. 6 Pareto chart. Statistically significant variables from the
quadratic model for the electrospinning of PAN/B-CD fibers

electrospun applying voltages between 7.5 and 8.5kV with
a programmed flow rate of 0.7ml/h in the syringe needle.
The graphical information from this figures indicates that the
average fiber diameter is raised almost linearly with increas-
ing concentration, increasing applied voltage and decreas-
ing flow rate. Even though it can be inferred that manufac-
turing fibers with less concentrated solutions would lead to
obtain thinner fibers, it is worth mentioning that the Electro-
spinning process with PAN/DMSO solutions under 5 % w/w
polymer concentration was not possible during the experi-
ments because the low viscosity and low surface tension of
the solution inhibited the formation of a stable Taylor cone
which would break when increasing the applied voltage over
7.5kV.

3.3 Electrospinning of PAN/B-CD fibers

The analysis of variance (ANOVA) for the 3% experimen-
tal design considered for the manufacturing of PAN/B-CD
fibers is summarized by Table 5 and the Pareto chart on Fig. 6.
Based on the p value and the length of the standardized effect
bar on the pareto chart, the most important factor affecting the
average diameter of PAN/B-CD fibers is the flow rate because

the concentration factor has been fixed. In this case, it can be
seen that the average fiber diameter of PAN/B-CD fibers is
reduced when the flow rate is increased. The fiber diameter
decreasing effect with increasing flow rate was also men-
tioned in Sect. 3.2 when describing the electrical spinning
of PAN/DMSO solutions and this confirms our observations
related to a result that is contrary to what has been published
in other Electrospinning related works [13,27].

The second most important factor affecting fiber diam-
eter of PAN/B-CD fibers was the applied voltage. In this
experiments, it was observed that fiber diameter increased
while increasing the applied voltage. From the Pareto chart
on Fig. 6, it is clear that the standardized effect bar of volt-
age is closer to the standardized effect of flow rate when
compared with the Pareto chart for the experimental design
without B-CD (see Fig. 4). Although no effect was expected
with the addition of B-CD to the polymer solution because it
did not increase the conductivity of the medium, the signif-
icant increasing diameter effect of applied voltage observed
after cyclodextrin addition could be attributed to the pres-
ence of extra hydroxil groups from B-CD increasing the sur-
face charge on polymer fibers. Because of this additional
charge, fiber formation could be even more susceptible to the
electric field generated by the electric potential difference.
Moreover, because the surface of PAN/B-CD fibers would be
more charged than PAN fibers, the applied electric field could
accelerate even more the fiber travel between the needle tip
to the collector. As explained in Sect. 3.2, more accelerated
fibers would be bigger.

The third most important factor affecting the average fiber
diameter is the interaction between flow rate and applied volt-
age. The interaction of both variables could be interpreted
as a stronger electric field per quantity of polymer flowing
through the needle. A stronger electric field acting at the
droplet would accelerate the forming fiber and this would
make it thicker. In other words, the importance of this inter-
action supports the hypothesis that the addition of 3-CD to
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the PAN/DMSO solution enhances the susceptibility of the
fiber Electrospinning process to changes in applied voltage.

Looking at the remaining significant factors with p values
lower than 0.05 (Table 5) and the standardized effects higher
than the critic ¢ value for a confidence of 95 % (Fig. 6), it is
worth mentioning that the average fiber diameter of PAN/B-
CD fibers increases quadratically with increasing flow rate
and applied voltage. This is different from the effects of the
quadratic terms of voltage and flow rate when Electrospin-
ning PAN solutions without $-CD. In that case the fiber diam-
eter raising effect was almost linear and less pronounced. The
significant effects of the quadratic terms of voltage and flow
rate also support the hypothesis of a higher electrical suscep-
tibility of PAN/DMSO solutions when B-CD is added.

In order to prove the reliability of the regression, normal-
ity, independence and constant variable tests were also con-
ducted (not shown). Based on the results of these tests, and
despite the normal probability plot for the 32 experimental
design showed some points far from the normal distribution
line (maybe due to the lower quantity of data), it can be said
that the multivariable regression describes well the behavior
observed and the polynomial regression equation with coef-
ficients for average fiber diameter of electrospun PAN/B-CD
fibers (Y») is displayed in Eq. 5.

Yy = 228.51 — 14.01X| + 12.50X,
+16.73X7 4+ 9.60X3 + 14.95X X»
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Using this empirical model, the response surface and con-
tour plot for the manufacturing of PAN/B-CD fibers is pre-
sented on Fig. 5¢ and d. Note that the surface on these figures
represent the electrospinning of 5 % w/w PAN/B -CD/DMSO
solution at different flow rates and voltages between 0.5 and
1.0ml/h and 7.5 and 8.5kV respectively. By comparing the
surfaces on Fig. 5a (without B-CD) and c (with 20 % B-CD
based on PAN) and the corresponding contour plots on Fig. 5b
and d, it is possible to see graphically that the addition of -
CD to the system increases the average fiber diameter and
this could happen because the solution is more susceptible
to the electrical effects associated to the changes in applied
voltage and the fiber formation process is accelerated.

3.4 Fiber morphology

As it was mentioned earlier, the levels of concentration, flow
rate and applied voltage used in this experimental design were
selected, the obtained non-woven fabrics were composed by
fibers without beads. In that vein, Fig. 7 shows scanning
electron microscopy (SEM) images of reference samples of
PAN and PAN/B-CD with the corresponding fiber diameter
distribution histograms.

This SEM images are related to electrospun fibers man-
ufactured from different concentration solutions using a
flowrate of 0.7 ml/h at the syringe needle and applying a volt-
age of 8.0kV. Because all obtained fibers were bead-free,
multivariable regressions with high multiple and adjusted
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Fig. 7 SEM pictures of PAN fibers with corresponding fiber diameter distribution histograms: a PAN fibers (5 % w/w, 0.7 ml/h, 8.0kV), b PAN/f-
CD fibers (5 % w/w, 0.7 ml/h, 8.0kV), ¢ PAN fibers (7 % w/w, 0.7 ml/h, 8.0kV), d PAN fibers (9 % w/w, 0.7 ml/h, 8.0kV)
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correlation coefficients (R2) were obtained. The SEM images
present how average fiber diameter increases with concen-
tration as mentioned during the statistical analysis. In the
same way, it can be seen how fibers become thicker with the
addition of B-CD to the polymer solution of PAN in DMSO.

Although the thinnest fibers were produced from polymer
solutions with low PAN concentrations (5 % w/w), they are
not as homogeneous as the fibers produced form higher con-
centration solutions. Regarding this, the set of SEM images
also illustrates how fiber uniformity increases with polymer
concentration. The change in uniformity can be observed by
looking at the coefficient of variation (COV). This coefficient
represents the ratio between the standard distribution and the
mean value of fibers diameter. As the coefficients of varia-
tion are reduced when the concentration of the polymer solu-
tion increases, it can be noted that more homogeneous elec-
trospun fibers are manufactured from solutions with higher
polymer concentration. This observation is similar to what it
is described by other authors [16].

4 Conclusion

An experimental approach was used for the manufacturing
of electrospun PAN and PAN/B-CD fibers with average fiber
diameters between 200 and 500 nm approximately. In order
to observe their effect on the average fiber diameter, dif-
ferent levels of polymer concentration (w/w), flow rate and
applied voltage were simultaneously evaluated following full
factorial 33 and 3> experimental designs. The levels of the
evaluated factors were selected from preliminary laboratory
tests taking into consideration that the forces acting on the
Electrospinning process should be equilibrated for having
a stable spinning regime. The information from the experi-
ments was statistically analyzed and quadratic multivariable
models describing the observations with high adjusted coef-
ficients of correlation were generated (R%: 0.9502 and R?:
0.9802). This models were used to prepare response surfaces
and contours showing the relationships between the depen-
dent and independent variables involved in the Electrospin-
ning process within the observation window. Based on the
information from the surfaces and the SEM images of elec-
trospun fibers, the following remarks can be mentioned:

Polymer concentration was the most important factor
affecting the fiber diameter and thicker fibers were obtained
from higher PAN concentration solutions as expected. This
means that the lowest possible polymer solution concentra-
tion should be used if the main objective is to obtain the
thinnest fibers. However, this concentration should be high
enough for the droplet formation at the tip of the needle. Dur-
ing the experiments, it was observed that the PAN/DMSO
5 % solution is close to the lower limit of surface tension and
viscosity needed for the Electrospinning process.

The second most important factor affecting the electro-
spun PAN fibers diameter was the flow rate and the average
fiber diameter decreased while increasing this variable. This
is contrary to what it was expected but the observation could
be explained if the slight viscosity reduction with increas-
ing shear rates at the needle generates lower resistance to
stretching and fiber diameter reduction while the fibers travel
between the tip and the collector.

Although polymer concentration and flow rate were the
most statistically significant factors affecting the average
fiber diameter of PAN fibers at the evaluated applied volt-
ages, when p-CD is included in the polymer solution with 5 %
PAN w/w, the fiber formation process is more susceptible to
the electrical field, voltage becomes a statistically important
factor and a fiber diameter increasing effect is observed with
increasing voltage. This could happen because of additional
charges on the surface of fibers that enhance the acceleration
of the fiber formation process. This effect may also be linked
to the significant effect of the interaction between the flow
rate and the applied voltage on the fiber diameter when the
cyclodextrin is added.

Finally, according to the observations and generated
empirical models, PAN electrospun fibers with average fiber
diameters around 200nm may be manufactured using 5 %
w/w PAN solutions in DMSO, with flow rates at the needle
between 0.7 and 1.0ml/h and applying a difference of elec-
tric potential between 7.5 and 8.0 kV when the tip to collector
distance is fixed at 10cm. If more uniform fibers are desir-
able, higher viscosity and concentration solutions may be
used (at the same flow rates and voltages) in order to reduce
the coefficient of variation. These process parameters may
be the starting point when additional molecules such as f-
CD are to be added for improving the entrapping properties
of the filter media manufactured with electrospun fibers. It
should be realized, however, that the inclusion of additional
materials could lead to an increase in average fiber diameter.
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