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ABSTRACT: A series of cellulose acetate (CA) ternary system solutions consisting of the CA, N,N-dimethylacetamide, and various non-
solvents, such as 1-propanol, 1-hexanol, 1-octanol, 1-decanol, 1,3-propane diol, and glycerol, were prepared, and the effects of the
component composition on the solutions characteristics and electrospinning were examined. In particular, the effects of the nonsol-
vent concentration, structure, and degree of miscibility with other components were studied. In some cases, increasing the nonsolvent
content increased the solution viscosity and facilitated the electrospinning process. However, we found that electrospinning was also
governed by the structure of the nonsolvents and by the solution viscosity. An increase in the number of hydroxyl groups or an
increase in the hydrocarbon chain length of the monohydroxyl alcohol nonsolvent improved the fiber formation. The calculated Han-
sen sphere [D(s.p,)] values of the CA ternary system solution were then used to explain their electrospinnability. The increases in the
hydrophilicity and hydrophobicity of system caused by changes in the nonsolvent structure increased the D(s.,) values and improved
fiber formation in electrospinning process. The calculated D(s ) values were also shown to be in good agreement with the obtained
microscopy images of the electrospun fiber. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42819.
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INTRODUCTION Recently we showed that the gelation of CA could be achieved
by the addition of various alcohols as nonsolvents to CA/N,N-
dimethylacetamide (DMA) solutions.”'? In these systems, the
physical gelation of CA arose as a result of phase separation
induced by the addition of the nonsolvent to the CA ternary
system. The gelation point of CA was shown to be highly
dependent on the nonsolvent concentration and structure.
Microscopic images of the solid CA network exhibited a micro-
structure of solid packing with uniform pore sizes, which were
dependent on the nonsolvent structure and concentration used.
In that study, CA membranes were produced via a wet-phase
inversion method. Because the alcohols used were weak CA

Cellulose acetate (CA) is one of the most important and com-
mercially relevant renewable polymers, and it is used in a num-
ber of different industries." In particular, CA is widely used in
the manufacturing of separation and filtration media.” Because
of its hydrophilic nature, low binding attraction, and biocom-
patibility, CA membranes are suitable for maximum sample
recovery during tissue culture media preparation, and the sterile
filtration of biological fluids, proteins, enzymes, and many other
biological components.>® Depending on the application, the
optimal permeability of the CA membrane can be obtained by
the adjustment of the pores sizes from nanometer to microme-
ter diameter.” The CA membranes with various pore sizes could
be fabricated through the use of different solidification or gela-
tion processes, such as nonsolvent-induced phase separation, —Another way to produce CA membranes or nonwoven CA
reversible thermal gelation, coagulation, or immersion precipita-  fibrous microstructure is via electrospinning. Electrospinning is
71 a reliable method for producing uniform micrometer/nanosized

coagulants or quenching media, high nonsolvent additions were
required to form the CA membrane microstructures.

tion and electrospinning.

Additional Supporting Information may be found in the online version of this article.
© 2015 Wiley Periodicals, Inc.
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fibers from polymer solutions, wherein a three-dimensional
membrane filter can ultimately be obtained."””™ CA fibrous
membranes have been widely studied and generated via the
electrospinning process.'®° Tt is evident that the choice of
cosolvents and additives can exhibit dramatic effects on the CA
electrospinning process. Mixed random solvents systems, such
as acetone/water, acetic acid/water, DMA/acetone, acetone/dime-
thylformamide (DMF), DMF/trifluoroethylene, chloroform/
methanol, and dichloromethane/methanol, have been used to
produce CA electrospun fibers.>*'™* Although these CA fibers
have been prepared from systems with mixed solvents, an
organized approach has not been conducted to investigate the
effects of solvent/nonsolvent systems on CA fiber formation. In
this study, a systematic approach was used to study the effects
of various mixed solvent/nonsolvent systems on the CA solution
properties and the resulting electrospun fiber morphology. Alco-
hols were used as nonsolvents to increase the hydrophobicity
and hydrophilicity of the ternary system by increasing the alkyl
chain lengths of monohydroxyl alcohols [1-propanol (Pro), 1-
hexanol (Hex), 1l-octanol (Oct), and 1-decanol (Dec)] or by
increasing the number of hydroxyl groups of the same alkyl
length [Pro, 1,3-propane diol (PD), and glycerol (Gly)]. Here,
the effects of the alcohol structures on the solution properties
and the resulting electrospun fibers were investigated. Consider-
ation was also given to other important functional parameters,
such as the Hansen solubility and the Flory—Huggins values, to
better understand the phase separation and fiber formation of
CA in the ternary systems.

EXPERIMENTAL

Materials

CA (number-average molecular weight ~ 30,000 g/mol, degree
of acetylation = 2.45), DMA (high-performance liquid chroma-
tography (HPLC) grade), Pro, Hex, Oct, Dec, PD, and Gly were
purchased from Sigma-Aldrich and were used as received.

Preparation of the CA Ternary Solutions

The first step in the preparation of the various CA systems was
to prepare a bulk CA/DMA (28.12 wt %) solution. To facilitate
mixing and to produce a homogeneous solution, the CA/DMA
mechanical mixture was heated in an oven at 100°C for 20 min.
The various ternary systems were then prepared through the
addition of a specific amount of nonsolvent (monohydric, dihy-
dric, and trihydric alcohols, which were prepared as DMA solu-
tions at nonsolvent concentrations that varied from 26.6 to 53.3
wt %). Three CA concentrations were prepared: 10, 15, and 20
wt %. To ensure complete miscibility and the elimination of air
bubbles, the samples were manually mixed and heated for 10—
15 min at 100°C. All of the samples were prepared in 15-mL
glass scintillation vials (Fischer Scientific, Fisher brand). All of
the samples were equilibrated for exactly 1 week in a desiccator
at room temperature before analysis. All of the solutions and
dilutions were prepared on a weight basis.

CA Solution Characterization

A TA Instruments advanced rheometer (AR 2000) was used to
measure the viscosity (17) of the samples. In a typical experi-
ment, 4 mL of CA solution (excess sample) was loaded onto the
center of the bottom plate. The upper geometry (60-mm diame-
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ter, 2° cone) was lowered to the adjusted zero gap, and the
excess solution around the geometry was removed. The solu-
tions were then relaxed for 1 min to reach an equilibrium state
before # measurement. We performed steady shear measure-
ments by subjecting the sample to a steady shear at a constant
shear rate (y); this resulted in the generation of a shear stress.
The corresponding shear stress was measured with a torque
transducer. # was measured as a function of the steady y. The y
values ranged from 0.05 to 500 s~ '. All analyses were performed
at ambient temperature (25°C). The surface tension of the CA
ternary system solutions were measured with an interfacial ten-
sion meter (Kruss model K14) at 20°C via the plate method,
and the conductivities were measured by a conductivity meter
(Isteck model 455C) at 20°C.

Electrospinning

Electrospinning was performed in a vertical orientation inside a
glass box under controlled processing conditions at a 24°C labo-
ratory temperature and a 35% relative humidity. For all of the
electrospinning experiments, the CA ternary solution was placed
in a 10-mL syringe attached to flat-tip needle (18 gauge, 2 cm
long), which was positioned above a grounded metallic collec-
tor. The positive electrode of a high-voltage power supply
(FC30P4, Glassman High Voltage, Inc.) was connected with a
copper wire to the needle of a syringe containing the CA solu-
tion. The distance from the tip of the needle to the collector
was 15 cm, and the applied voltage was set at 15 kV (1 kV/cm).
The CA nanofibrous mats were obtained on the metallic collec-
tor and dried in vacuo for 24 h to remove any trace solvent.

Microscope Analysis

The morphology of the electrospun fibers was examined with a
Hitachi S-2600N scanning electron microscope. The scanning
electron microscopy (SEM) samples were prepared by the direct
electrospinning the fibers onto an aluminum SEM stub and
were subsequently imaged with an operating voltage of 25 kV
and a working distance of 10 mm. Images were taken from
duplicate samples over a magnification range of 250-4000X.
Before imaging, the samples were quickly frozen, lyophilized,
and sputter-coated with a Cressington high-resolution sputter
coater in vacuo between 0.04 and 0.03 Torr for 3 min until the
fiber samples were covered with a thin layer of Au (5 nm).

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra were measured on a PerkinElmer 16PG FTIR spec-
trometer. A total of 16 scans were collected at a resolution of
4 cm™' over a range of 400-4000 cm ' with 10-mg samples
positioned between ZnSe salt plates. Care was taken not to dis-
rupt the sample microstructure during the transfer while they
were being positioned between the plates.

Data Analysis

We determined the experimental error by running multiple
samples (minimum of three samples) for all of the different
electrospinning systems and their characterization. In this study,
all of the raw data presented are the averages of the replicate
runs, and the difference between the highest and lowest values
was less than 5%. This was consistently the case for all of the
experimental measurements.
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Figure 1. Effects of the nonsolvent and polymer contents on the electrospinning process and fiber morphology of the CA ternary system.

RESULTS AND DISCUSSION

Effects of the Nonsolvent Content on CA Electrospinning

In a previous study, we showed that the addition of alcohol to a
CA/DMA solution led to an increase in solution # (Figures Sl1
and S2, see Supporting Information).”'* At a critical nonsolvent
content, phase separation was observed, and the sample exhib-
ited a high shear 5 followed by gelation or the formation of a
solid three-dimensional network structure (Figures S3-S5, see
Supporting Information). Both CA and the nonsolvent concen-
tration and structure affected the gelation process and resulting
gel/sol microstructure. The effect of hydrophilic and hydropho-
bic interactions on the solution behavior of the CA/DMA/non-
solvent ternary system were investigated through changes in the
nonsolvent structure. The effects of hydrophilic interactions,
specifically hydrogen bonding, propyl alcohols with various
numbers of hydroxyl groups, that is, Pro, PD, and Gly (1,2,3-
propane triol), were investigated. Likewise, we studied the
effects of the hydrophobic interactions on the gel behavior by
manipulating the hydrophobicity of the systems by increasing
the alkyl chain length of the monohydric alcohols from Hex to
Oct to Dec (Figure S7).

To investigate the impact of the solvent/nonsolvent interactions
on CA fiber formation, the various CA ternary solutions were

subjected to electrospinning. First, the effects of the CA and
nonsolvent contents on the electrospinning of the CA ternary
system were examined. The electrospinning of the 15 wt % CA
ternary systems revealed distinct results from various monohy-
dric and poly(hydroxyl alcohol)s as nonsolvents in the systems.
Changes in the nonsolvent structure from monohydroxyl alco-
hol to dihyroxyl alcohol (PD) showed the largest change in the
electrospinning process; CA ternary systems containing PD alco-
hol were chosen as a system to demonstrate the effect of the
nonsolvent content on the CA fiber formation. Figure 1 shows
SEM micrographs of the CA electrospun fibers produced at
three different PD content levels. The electrospinning process at
low PD contents (<23 wt %) mainly resulted in spraying, with
limited fiber formation between large droplets (Figure 1, top
left). An increase in the PD content to 30 wt % led to a contin-
uous electrospinning process and the formation of CA fibers
with an average diameter of less than 1.0 um (Figure 1, top
middle). A further increase in the PD content to 36 wt %
enhanced the fiber diameter to more than 1.5 pm (Figure 1, top
right).

As expected, the electrospinning of the CA ternary system was
also shown to be effected by the CA concentration. At a low CA
content (10 wt %), the electrospinning process failed to produce

Table I. Effect of the PD Content on the Solution Properties of the CA/DMA/PD Ternary System

Ternary system Surface tension (dyn/cm) Conductivity (us/cm) i (Pa g)?
CA (15%)/DMA 43.0 4.26 1.24
CA (15%)/DMA/PD (24%) 46.0 2.69 29

CA (15%)/DMA/PD (30%) 48.0 2.40 6.7

CA (15%)/DMA/PD (36%) 50.0 2.13 26.1

@y values were taken from a steady shear 5 plot at a y of 1 s~ .
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Figure 2. FTIR spectra of the hydroxyl stretching region of (a) CA/DMA,
(b) DMA/PD, (c) CA/DMA/PD (26 wt %), and (d) CA/DMA/PD (34 wt
%). DMAc: N, N-dimethylacetamide. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

any fiber (Figure 1, bottom left); however, increases in the CA
concentration to 15 and 20 wt %, at the same nonsolvent con-
tent (30 wt %), resulted in the formation of fibers with average
diameters of 1.0 and 2.0 um, respectively (Figure 1, bottom
middle and right).

The electrospinning of CA with various solvent systems was
well investigated. It is well documented that the electrospin-
ning of CA in only DMA does not result in fiber formation
because of the high surface tension and boiling point of the
solvent.?! However, the addition of acetone or chloroform
reduced the surface tension of the CA/DMA solution and
resulted in uniform CA electrospun fibers.>?"** In general, the
formation of electrospun fibers is mainly governed by the
polymer solution properties, such as the solution conductivity,
i, and surface tension.'"** In our ternary system, the addition
of a nonsolvent (e.g., PD) to the CA/DMA solution was found
to increase the surface tension and reduce the solution con-
ductivity (Table I). Theoretically, this should not favor fiber
formation, but interestingly, the addition of nonsolvent did
facilitate electrospinning and the production of uniform CA
electrospun fibers. The observed improvement in the electro-
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spinning of the CA ternary system could have been due to the
enhancement in the solution #; steady shear # measurements
revealed a significant increase in the solution 5 through the
addition of nonsolvent (Table I).

The increase in n (Table I) with increasing nonsolvent addition
was likely due to an enhancement in the intermolecular hydro-
gen bonding formed between the components of the ternary
system.”'? FTIR spectroscopy revealed a significant change in
the hydroxyl stretching region band (voy ~ 3700-3000 cm™ ')
envelopes’ shape and wave-number position upon the addition
of nonsolvent (Figure 2). There were clear differences between
the FTIR spectra for CA/DMA, DMA/PD, and CA/DMA/PD at
different PD contents. On the basis of the band envelope shape
and the wave number of the major peak, it was evident that
stronger hydrogen bonds existed between DMA and the nonsol-
vents than between those formed with CA. Moreover, the FTIR
spectrum of the CA/DMA/PD solution clearly showed the pres-
ence of very strong hydrogen bonds between CA and PD; these
were significantly stronger than those between CA/DMA and
DMA/PD. In addition, an increase in the nonsolvent concentra-
tion from 26 to 34 wt % further increased the intermolecular
hydrogen bonding, and the hydroxyl stretching band shifted to
a lower wave number. The intensification of intermolecular
hydrogen bonding as a result of PD addition supported the
observed 7 enhancement in the ternary system. Increasing the
PD content formed extensive hydrogen bonding in the ternary
system; this essentially acted as chain entanglements and ulti-
mately facilitated fiber formation. This complex hydrogen-
bonding network system was further magnified by increasing
the CA concentration, for example, from 10 to 20 wt %, and
this resulted in an increase in the electrospun fiber diameter
(Figure 1).

Effect of the Nonsolvent Structure on CA Electrospinning
Increasing the nonsolvent content enhanced the intermolecular
bonding and # of the ternary solution; this led to better per-
formance in the electrospinning process. To verify the effect of
intermolecular bonding on the electrospinning process, various
nonsolvents with different structures were used. More specifi-
cally, the effect of the hydrophilicity and hydrophobicity on
fiber formation was investigated through increases in the num-
ber of hydroxyl groups and alkyl chain length of the nonsolvent,
respectively.

Table II. Effect of the Nonsolvent Structure on the Solution Properties of the CA/DMA/Nonsolvent Ternary Systems with 15 wt % CA and 30 wt %

Nonsolvent Contents

Ternary system Surface tension (dyn/cm) Conductivity (us/cm) n (Pa s)
CA (15%)/DMA/Pro (30%) 34 3.43 1.5
CA (15%)/DMA/Hex (30%) 36 2.77 2.0
CA (15%)/DMA/Oct (30%) 37 2.20 2.4
CA (15%)/DMA/Dec (30%) 38 2.08 3.6
CA (15%)/DMA/PD (30%) 48 2.40 6.7
CA (15%)/DMA/Gly (30%) 50 1.50 24.2

@y values were taken from a steady shear 5 plot at a y of 1 s~ .
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Figure 3. Effect of the nonsolvent structure on the steady 1 of the CA/

DMA/nonsolvent system at a constant CA (15 wt %) and nonsolvent
(30.0 wt %) contents.

Increasing the number of hydroxyl groups in the nonsolvent
from Pro to PD to Gly increased the solution # and surface ten-
sion of the ternary system (Table II and Figure 3). Likewise,
increasing the alkyl chain length of the monohydroxyl alcohol
nonsolvents from 3 to 10 carbons with Pro, Hex, Oct, and Dec
also enhanced the solution’s # and surface tension. Although
increases in the alkyl chain length of the nonsolvents enhanced
n of the ternary solutions, the resulting # values were much
lower than those obtained with the smaller dihydric (PD) and
trihydric (Gly) alcohol nonsolvents (Table II and Figure 3). This
demonstrated the significant effect of hydrophilic interactions

10 um
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(i.e., increasing hydroxyl groups) as opposed to hydrophobic
interactions (i.e., increasing alkyl chain length monohydroxyl
alcohols) on the viscoelastic properties of the ternary system.

As expected, these differences in the solution properties also
affected the outcome of the electrospinning process. Increasing
both the number of hydroxyl groups and alkyl chain length of
the nonsolvent enhanced the electrospinning process. At the
same, the nonsolvent content (30 wt %) electrospinning of the
monohydroxyl alcohol nonsolvent (Pro) formed only small
droplets because of spraying, whereas those obtained with the
dihydroxyl (PD) and trihydroxyl (Gly) nonsolvents generated
electrospun fibers with an average diameter of 1.0 and 1.5 pm,
respectively (Figure 4). Here, the deficiency in fiber formation
with the monohydroxyl group (Pro) could have been due to the
low solution 7 and insufficient intermolecular interactions
between the CA polymer and the small Pro molecule. However,
through increases in the number of hydroxyl groups in the non-
solvent, the extent/strength of intermolecular interactions, for
example, hydrogen bonding, was significantly increased and,
thereby, promoted fiber formation.

Although extending the alkyl chain length (size) of the mono-
hydroxyl alcohol nonsolvents from 3 to 10 increased the ter-
nary systems’ solution # (Table II and Figure 3) and likely the
molecular chain entanglement, the viscosities were still much
lower than those of the dihydroxyl and trihydroxyl alcohol ter-
nary systems. In general, increases in the alkyl chain length
(hydrophobicity) of the monohydroxyl alcohol nonsolvent (30
wt %) resulted in an overall improvement in the electrospin-
ning process. However, as shown in Figure 4, the electrospin-
ning of the shorter alkyl chain (Pro and Hex) ternary systems
produced only small droplets. Increasing the alkyl chain length
to eight carbons (Oct) generated some short fibers between a
majority of droplets; this further improved to a majority of
fibers when the nonsolvent alkyl chain length was increased to
10 carbons (Dec). However, despite this ternary system (CA/

10 pm

Figure 4. Effect of the nonsolvent structure on the electrospinning of CA ternary systems. The CA and nonsolvent contents were kept constant at 15 and

30 wt %, respectively.
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Table III. Solution Properties of the CA Ternary Systems with Their Maximum Nonsolvent Contents®

Ternary system Surface tension (dyn/cm) Conductivity (us/cm) n (Pa s)P
CA (15%)/DMA/Pro (48.3%) 37 2.54 4.4

CA (15%)/DMA/Hex (40.0%) 38 1.69 9.6

CA (15%)/DMA/Oct (34.6%) 39 1.67 13.6
CA (15%)/DMA/Dec (31.6%) 40 1.51 32.3
CA (15%)/DMA/PD (35.0%) 49 2.22 21.6
CA (15%)/DMA/Gly (30.0%) 50 1.50 24.2

2Maximum nonsolvent contents before gelation/phase separation.

by values were taken from a steady shear  plot at a y of 1 s7*.

DMA/Dec) resulting in a smooth electrospinning process, the
SEM images revealed an inferior, stretched, beaded CA fiber
morphology.

Generally,  of a solution has a profound effect on electrospin-
ning and the resulting fiber morphology. The 7 of the polymer
solution is mainly related to the polymer chain entanglement
and/or the interaction between the polymer and other small
molecules within the solution. We assumed that the deficiency
in fiber formation for the ternary systems containing monohy-
droxyl alcohols with short alkyl chain lengths (1-Pro, 1-Hex)
was due to the low solution 7. Therefore, to test this hypothesis,
the # values of all of the ternary systems were increased by the
addition of nonsolvent to a maximum content right before gela-
tion (Table III). At 30 wt % nonsolvent concentration, the vis-
cosities were about 1.5, 2, 2.4, and 3.6 Pa s for Pro, Hex, Oct,
and Dec, respectively (shown in Table II and Figure S5) and 6.7
and 242 Pa s for PD and Gly, respectively. Therefore, it
appeared that in dilute solutions, hydrophilic interactions, such
as hydrogen bonding, had a greater effect on 7 than hydropho-
bic interactions. The presence of more hydroxyl groups on the
nonsolvent enabled increased hydrogen bonding between con-
stituents; this led to an increase in 7. However, with the addi-

10 pm

10 um

tion of nonsolvent contents, # enhancement occurred very
quickly for the ternary system with hydrophobic or monohy-
droxyl nonsolvent systems; this was an indication of faster phase
separation compared to the CA ternary systems with more
hydrophilic nonsolvent systems (Table IIT and Figure S4 and S5,
see Supporting Information). From Figure S5, it is clear that
the change in 7 (slope) with increasing nonsolvent content was
greater for the longer alkyl chain monohydric alcohols (Dec) as
compared to Gly, PD, or Pro at high nonsolvent contents
(>~30 wt %). This was probably due to hydrophobic interac-
tions, which led to phase separation and eventually solvent-
phase partitioning of the system.

As shown in Figure 5, increasing the addition of PD, Gly, and
Dec increased the respective average fiber diameter significantly.
In fact, the CA/DMA/Dec system appeared to be primarily
fibers, albeit some beaded fibrous structures were still evident.
Similarly, an improvement in the fiber formation was observed
for the CA/DMA/Oct ternary system, where a majority of fibers
with some large droplets were observed. However, the increase
in the solution 7 with the addition of Pro and Hex to their
maximum content did not improve fiber formation, and spheri-
cal droplets were again obtained (Figure 5). This was significant

10 pm

10 pm

Figure 5. SEM micrographs of the electrospun CA fibers generated from ternary systems at the highest nonsolvent content (at the point before gelation)

and with a CA content of 15 wt %.
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Table IV. Hansen 0s for the Components of the Various CA/DMA/Nonsolvent Ternary Systems

5 (MPa'/?)

ot o 3 on 1 Disp) R
CA 25.1 186 127 11 — — 12.4
DMA 229 16.8 115 102 017 7.52 —
Pro 22.7 15.6 6.7 15.3 0.18 45.2 —
Hex 21.9 157 3.9 126 0.24 55.3 —
Oct 198 16.5 31 112 0.41 58.9 —
Dec 192 16.0 2.6 102 0.45 64.8 —
PD 36.7 21.9 126 26.6 0.78 1434 —
Gly 35.2 16.9 117 28.5 0.89 159.4 —

in that n of the CA/DMA/Hex system (9.6 Pa s at 40 wt %
Hex) was higher than that of the CA/DMA/PD system (6.7 Pa s
at 30 wt % PD), which formed uniform fibers (Table II and
Figure 4). These results indicate that the electrospinning process
for these ternary systems was mainly dominated by the struc-
tures of the nonsolvents and the number of hydroxyl groups
present rather than the concentration of nonsolvents and the 5
of the CA ternary solution.

Effect of the Miscibility Parameters on Electrospinning

The differences in the solution properties and the resulting elec-
trospun fiber morphology for all ternary systems were very
much dependent on the intermolecular interactions between the
solvent/nonsolvent and CA. As the strength of the intermolecu-
lar forces was equal to the cohesive energy density, the cohesive
energy density values could be used to predict the solution
behavior of CA in mixed solvent and nonsolvent systems. Typi-
cally, Hildebrand solubility parameters (Js), which are the
square root of the cohesive energy density, are used to the pre-
dict solubility of polymers.”>” Here, we assumed that cohesive
energy arose from the dispersive part of the solubility parameter
(04), permanent dipole—dipole part of the solubility parameter
(6,), and hydrogen-bonding part of the solubility parameter
(9,) forces where?

§=05+5,+0, (1)

This three-term set represents different contributions to the
free energy of the mixing, and the numerical value of the total
solubility parameter (J,) demonstrates the relative solvency
behavior of a solvent system for a specific polymer. Generally,
complete miscibility is expected when J;s are similar between
components in a mixture. Table IV summarizes the Hildebrand
and Flory—Huggins parameters (ys) for each solvent and non-
solvent type in the ternary system. The calculated total solubil-
ity value for CA (0,) was shown to be 25.1, and on the basis of
the corresponding values for the solvent/nonsolvent, the
ability to  dissolve = CA  decreased as  follows:
Opro > Otex > 00ct > Opec > Opp > Oy x Was also used to char-
acterize the polymer—solvent interactions, wherein a smaller
value of y indicated a more thermodynamically compatible
interaction between the solvent and the polymer (Table IV).
The Flory—Huggins interaction showed again that DMA was
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the most suitable solvent and that Gly had the least solubility
for the CA polymer; this also confirmed the findings in our
pervious study.'?

An estimation of the spherical area of solubility for any specific
polymer could be constructed in a three-dimensional coordinate
system with d,4, 0, and ;. The obtained radius of the polymer
solubility Hansen sphere [D(s_p)] is called the interaction radius
(R). A polymer can be soluble in a solvent if the distance
between the solvent and the center of D(g,) is less than R for
the polymer [Ds.p) < R].2728 D(s.py indicates the distance
between the center of Dys.,) and the solvent. As shown in Table
IV, the value of R or the spherical solubility area for CA was
12.40 MPa'.*” Accordingly, the calculated D s-p) for DMA was
less than R for the CA polymer, which was shown to be in the
appropriate range for the dissolution of CA (Table IV). The cal-
culated D(s_p) for the other individual nonsolvents was signifi-
cantly greater than the R value of CA, where the greatest and
least values were attributed to Gly and Pro, with values of 159.4
and 45.2 MPa'’?, respectively. This supported the observed rapid
(lowest concentration of nonsolvent required) phase separation
of CA in the ternary systems with Gly as the nonsolvent.

Satisfactory electrospinning conditions can be established when
polymers cross the phase boundary between solutions and sol-
ids. The kinetics of phase separation can, to a great extent, be
attributed to the polymer concentration and the presence of
other components, which aid in faster polymer solidification. In
the electrospinning of the CA ternary systems, CA fiber forma-
tion was readily achieved when nonsolvents with greater Dis_,)
values were used (e.g., Gly and PD). That is, a nonsolvent with
a greater Dys., (Gly) could interact more with DMA, and as a
result, faster CA phase separation via spinodal decomposition
occurred. This led to rapid fiber formation. Conversely, satisfac-
tory electrospinning conditions could not be established for the
CA/DMA/Pro ternary system because of the poor performance
of the DMA/Pro binary solvent system and its low D(s_, of Pro,
which was attributed to a delayed CA phase separation. As
expected (Table IV), the calculated D,y values were ranked
such that Gly >PD > Dec > Oct > Hex > Pro and suggested the
role of nonsolvents in initiating the sol-gel process; this was
more significant in PD, Gly, and Dec. This suggests that these
three nonsolvents were the least thermodynamically compatible
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for dissolving CA, and therefore, the phase separation of CA
was more greatly affected. As a result, during electrospinning,
the phase changes or fiber formation of the CA polymer from
the ternary systems with nonsolvents with high D(s_) (PD and
Gly) was greatly facilitated. This was supported by SEM analyses
of the respective electrospun fibers, where the Dec, PD, and Gly
ternary systems exhibited more uniform electrospun fibers than
the others systems.

CONCLUSIONS

In this study, the impact of the solvent/nonsolvent structure
and concentration on the CA ternary system solution properties
and the morphology of CA electrospun products were thor-
oughly investigated. Various CA/DMA/nonsolvent ternary solu-
tions were prepared with a range of nonsolvents, and their
resulting electrospinning process were investigated. Increasing
the CA content and nonsolvent concentration enhanced the
rheological characteristics of the ternary system and facilitated
the electrospinning process. Fiber formation and the average
fiber diameter were shown to be highly dependent on the struc-
ture of the nonsolvent. Under optimal electrospinning condi-
tions, both increasing the hydroxyl group content and
hydrocarbon chain length of the nonsolvents improved fiber
formation. For this ternary system, our findings demonstrate
that the electrospinning process and fiber formation were
mainly governed by the structure of the nonsolvent and the
solution #. The calculated ds and Dys_,) values for the various
components in our ternary system enabled the prediction of
which CA ternary system would lead to fiber formation. The
calculated D5, values were ranked in the order of 7.5
(DMA) <452  (Pro) <553  (Hex)<589  (Oct)< 64.8
(Dec) < 143.4 (PD)<159.4 (Gly). Only the ternary systems
with nonsolvents with high Ds_,) values (PD and Gly) showed
the required fast phase separation of the CA polymer during
electrospinning and resulted in smoother fiber formation. In
future work, we will extensively discuss the effect of nonsolvents
on the tensile strength, wet strength, and air and water filtration
efficiency of the obtained electrospun fiber mats from all CA
ternary systems.
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