
CHAPTER IV
EFFECTS OF PROCESS CONDITION AND SOLVENT SYSTEM 

ON MORPHOLOGICAL APPEARANCE OF ELECTROSPUN 
POLYSTYRENE FIBERS

4.1 Abstract

In the present contribution, m orphological appearance o f  as-spun 
polystyrene (PS) fibers was investigated in term  o f  so lu tion  and process param eters,
i.e. concentration , viscosity, conductivity , and surface tension o f  the solutions, 
em itting  electrode polarity, salt addition , applied voltage, and collection  distance. 
Furtherm ore, the effect o f  solvent system  in either single (i.e. 1,2-dichloroethane 
(D C E), V V -d im ethy lfo rm am ide (D M F), ethylacetate  (EA ), and m ethylethylketone 
(M EK )) or m ixed  solvent (i.e. D M F/D C E , D M F/E A , and D M F/M EK ) system s was 
investigated. To observe the effect o f  the spinning condition , the electrical field 
strength  w as varied  (i.e. 1:1, 2:1, o r 3:1 kV /cm ), either by fixing the collection 
d istance (i.e. 7 kV /7cm , 14 kV /7cm , or 21 kV /7 cm ) or by  fixing the applied voltage 
(i.e. 25 kV /25 cm , 25 kV /12.5 cm , or 25 kV/8.3 cm). In  all o f  the spinning 
conditions investigated, the collection  tim e w as fixed at about 15 seconds. The 
m orphological appearance o f  the fibers w as investigated  by scanning electron 
m icroscopy (SEM ).
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4.2 Introduction

W hen the diam eter o f  a polym eric fiber decreases from  m icrom eters down 
to sub-m icrom eters or even nanom eters, there appear to be several amazing 
characteristics such as h igh surface area to volum e ratio, flexib ility  in surface 
functionalities, and im proved m echanical properties. T hese outstanding properties 
m ake polym eric electrospun nanofibers as excellent candidates for m any im portant 
applications, som e o f  w hich  are filtration, reinforcing m aterials, w ound dressing, 
tissue scaffolding, contro lled  release m aterials, and so on so forth  [1],

The electrospinning process seem s to be the only  m ethod w hich can be 
further developed for m ass production  o f  continuous nanofibers from  various 
polym ers, w ithout the need o f  a special technique. Som e advantages o f  the process 
are sim ple tooling , cost-effectiveness, and ability for p roducing  highly-oriented 
fibrous m ats w ith  sm all pore sizes betw een depositing  fibers. Consequently, the 
process has enterta ined  m uch interest from  scientists and technologists alike, thanks 
partly  to the w orld-w ide interest on nanoscience and nanotechnology.

Set-up o f  the electrospinning process is very  sim ple. The three major 
com ponents are a high-voltage pow er supply, a container o f  a po lym er solution or 
m elt w ith  a sm all opening, and a conductive collective screen. The emitting 
electrode o f  the pow er supply  is connected  to the po lym er so lu tion  or m elt, while the 
grounding one is connected  to the screen collector to com plete the electrical circuit. 
M utual charge repulsion  generated w ith in  the polym er so lu tion  or m elt destabilizes 
the norm ally  hem ispherical pendant drop at the tip o f  a nozzle connected  to  the small 
opening o f  the con tainer into a  conical shape, called  the T ay lo r’s cone at a critical 
value o f  the e lectrostatic  field strength. Further increasing  the electrostatic  field 
strength  causes an electrically-charged stream  (i.e. je t)  o f  po lym er so lu tion  or melts 
to be ejected from  the co n e’s apex as a m eans o f  reducing  the accum ulating  surface 
charges. The je t  travels in a straight trajectory  for only  a  short d istance before 
undergoing a bending instability  that causes the conical looping trajectory  with the 
apex locating at the onset point o f  the bending instability. F inally , the je t rests on the 
collective screen as dried or solidified fibers [2],
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In the  electrospinning process o f  a po lym er solu tion , a number o f  
param eters affect the m orphology o f  the ob tained  fibers. T hese governing 
param eters are (i) so lu tion  (e.g. concentration , viscosity , conductivity , and surface 
tension  o f  the po lym er solutions), (ii) process (e.g. applied  voltage, collection 
distance, em itting  electrode polarity, and feed rate), and (iii) am bient (e.g. 
tem perature, relative hum idity , and velocity  o f  the surrounding  air in the spinning 
cham ber) param eters [3]. Form hals [4] w as the first to file the paten t on such 
processes, w hile  B aum garten  [5] w as the first to system atically  study the application 
o f  the processes as a m eans to produce fibers, using  polyacry lic  as the m odel system. 
He found that an increase in the solution v iscosity  w as responsib le for the observed 
increase in the average fiber diam eter, w hile  an  increase in  the flow  rate o f the 
solu tion  did no t affect significantly  the d iam eters o f  the resu lting  fibers.

Fong e t  a l. [6] investigated the form ation o f  m inute  beads on the as-spun 
poly(ethylene oxide) (PEO ) fibers by relating  the  phenom enon  to the properties o f  
the solutions. T hey found that the num ber o f  beads decreased  w ith  increasing 
viscosity , net charge density  and decreasing  surface tension  coefficient o f the 
solutions. C hoice o f  so lvent or a com bination  o f  so lvents used  w as also found to 
have a sign ifican t effect on the m orphology o f  the  as-spun  fibers. Lee e t  al. [7] 
reported  the form ation o f  as-spun poly(s-capro lactone) (PC L ) from  PCL solutions in 
a m ixture o f  m ethylene chloride and iV,jV-dimethylformamide (D M F). T hey found 
that sp innability  and diam eters o f  the ob tained  fibers dram atically  decreased with 
increasing D M F content, due possib ly  to the increased  conductiv ity  o f  the resulting 
solutions.

A ctual u tilization  o f  electrospun fibers in  the industries is ham pered by the 
ex trem ely  low  electrosp innability  o f  the process. V ery  recently , Jarusuw annapoom  
e t  a l . [8] reported  tha t choice o f  the solvent used  to prepare polystyrene (PS) 
solu tions had a profound effect on the e lectrosp innability  o f  the resulting solutions. 
A m ong the e igh teen  solvents investigated, they  reported  tha t PS solutions in 1,2- 
d ich loroethane (D C E ), D M F, ethylacetate (E A ), m ethylethylketone (M EK ), and 
te trahydrofuran  (T H F) could produce e lectrospun PS fibers w ith  h igh  enough 
electrospinnability , w hile  the PS solu tions in benzene, cyclohexane, decalin, 
e thylbenzene, n itrobenzene, and tetralin  w ere not sp innable. Q ualitative observation
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o f  the results obtained suggest that the im portant factors determ ining the 
electrospinnability  o f  the as-prepared PS solutions are high enough values o f  both the 
dipole m om ent o f  the solvent and the conductiv ity  o f  both  the solvent and the 
resu lting  solutions, high enough boiling po in t o f  the solvent, not-so-high values o f 
both the v iscosity  and the surface tension o f  the resulting  solutions.

The m ain objective o f  this w ork w as to system atically  study the 
electrosp inning  o f  PS solutions in single or m ixed solvent system s o f  D C E, DMF, 
EA , and M E K  against som e o f  the solu tion  (i.e. concentration , viscosity, 
conductiv ity , and surface tension o f  the solutions) and the process param eters (i.e. 
applied  voltage, collection  distance, and em itting electrode polarity). The 
m orphological and size o f  the as-spun fibers w ere characterized  m ainly by scanning 
electron  m icroscopy (SEM ). Furtherm ore, the effect o f  inorganic salt addition on 
m orphological and size o f  the as-spun fibers w as also investigated.

4.3 Experimental

4.3.1 M aterials
The polystyrene (PS) resin  (M w «  3 .0 x l0 5 D altons and polydispersity  

=  2 .51) w as a general purpose grade (685D , D ow  Plastic, U SA ). The four solvents 
used  in th is w ork w ere 1,2-dichloroethane [DCE; Labscan (A sia), Thailand], N ,N -  
dim ethylform am ide [DM F; Labscan (A sia), Thailand], e thylacetate [EA; Labscan 
(A sia), T hailand], and m ethylethylketone [M EK; Carlo Erba, Italy]. Som e im portant 
p roperties o f  these solvents are sum m arized in Table 4.1. L ith ium  chloride [LiCl; 
A jax  C hem icals, A ustralia], and potassium  chloride [KC1; A jax Chem icals, 
A ustralia] w ere used as inorganic salts.

4.3.2 Preparation  o f  Spinning Solutions
The spinning solutions w ere prepared in e ither single or m ixed 

so lvent system s. In either case, a m easured am ount o f  PS pellets w as d issolved in a 
m easured  quantity  o f  D CE, D M F, EA , or M E K  for the single so lvent system  and 
D M F/D C E , D M F/E A  or D M F/M E K  in various volum etric ratios o f  75/25, 50/50, 
and 25/75, respectively , for the m ixed solvent system  to produce PS solu tions with
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concentrations being 10, 20, o r 30%  ('พ/พ). Som e o f  the solu tion  properties, i.e. 
v iscosity , conductiv ity , and surface tension w ere m easured by a B rookfield  DV-III 
program m able viscom eter, an O rion 160 conductiv ity  m eter, and a K rüss DSA10 
M k2 drop shape analyzer, respectively. To investigate the effect o f  salt addition, 
about 1% (พ /พ ) o f  LiCl or KC1 salt was dissolved in the as-prepared PS solutions.

4.3.3 E lectrospinning Process
In the electrospinning set-up (see F igure 4 .1), a glass syringe was 

used to stock each o f  the as-prepared PS solutions. A  1-cm long blunt-end stainless- 
steel gauge 18 (O D  = 1.2 m m ) needle w as used as the nozzle. The syringe was tilted 
ca. 45° from  a horizontal baseline in order to m aintain  constan t presence o f  a droplet 
at the tip  o f  the needle. The feed rate o f  the solu tion  w as contro lled  by pressurized 
n itrogen gas th rough  a flow  m eter. A  piece o f  th ick  alum inum  (A l) sheet w as used as 
a screen collector. A  G am m a H igh V oltage R esearch D -E S30PN /M 692 power 
supply  w as used to charge the spinning PS so lu tion  by connecting  the emitting 
electrode o f  e ither positive or negative polarity  to the needle and the grounding one 
to the screen collector. U nless otherw ise noted, the electrical field strength was 
varied (i.e. 1:1, 2:1, or 3:1 k v /cm ), either by fixing the co llection  distance (i.e. 
7 kV /7 cm , 14 kV /7 cm , or 21 kV /7 cm ) or by fixing the applied voltage (i.e. 
25 kV /25 cm , 25 kV /12.5 cm , or 25 kV/8.3 cm ). In all o f  the spinning conditions, 
the collection  tim e w as fixed at about 15 seconds.

4 .3 .4  C haracterization  o f  as-Spun Fibers
M orphological appearance o f  the as-spun PS fibers w as investigated 

using a JE O L  JSM -5200 scanning electron m icroscope (SEM ). Each specim en was 
coated w ith  a th in  iayer o f  gold using a JEO L JF C -1100E  ion sputtering device prior 
to observation  under SEM . The average fiber d iam eter o f  the electrospun fibers was 
m easured by Sem afore 4.0  softw are from  SEM  im ages. The electrospinnability  (e.g. 
the area o f  the as-spun fibers in tw o dim ensions per un it area per unit tim e) o f  the as- 
spun PS fibers w as investigated  by using the A dobe Photoshop® c s  softw are. SEM 
m icrographs o f  PS fibers w ere converted to b lack and w hite  im ages (threshold) by
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adjusting  the p ixels until obtained the certain  im ages (H ongro jjanaw iw at e t  a l ,  [9]). 
A  therm o N icolet N exus 670 Fourier-transform ed infrared spectroscope (FT-IR ) was 
used to characterize the as-spun PS fibers w hether they contained appreciable 
am ount o f  so lvent m olecules using the K B r-pellet technique. The electrospinnability 
o f  the as-spun PS fibers w as quantified by num ber o f  fibers on  SEM  images 
obtained.

4.4 Results and Discussion

4.4.1 Effect o f  Solvent Properties and Solution  Param eters
In o rder to study the effect o f  so lvent on the electrosp innability  o f the 

resulting  PS solutions, SEM  im ages o f  as-spun  fibers obtained from  10% w/v PS 
solu tion  in each o f  the single solvents used  w ere analyzed. In this case, the 
electrosp innability  w as assessed by the am ount o f  as-spun  fibers (pixels o f  as-spun 
fibers on  the SEM  im ages) per unit area (i.e. the p ixels o f  as-spun fibers divided by 
the total p ixels o f  the SEM  im age investigated). B ased on the analyses, the 
e lectrosp innability  o f  the resulting solution o f  PS in D M F w as found to be the best, 
fo llow ed by that o f  the solu tion  in D CE, M E K , and EA , respectively.

The effect o f  solvent on e lectrosp innability  o f  the resulting PS 
solu tions in D M F, DCE, M EK , and EA  is to be d iscussed further against some 
influencing properties o f  the solvent. F igure 4.2 show s overlay p lo ts o f  the 
e lectrosp innability  and the property  value (i.e. m olecular w eight, boiling point, 
density, d ipole m om ent, d ielectric constant, d ifference in so lubility  param eters 
betw een  tha t o f  the solvent and the PS solu te m olecules, v iscosity , conductiv ity  and 
surface tension) o f  the solvents. O bviously, the e lectrosp innability  o f  the spinning 
PS solution  or the electrospinnability  o f  the as-spun  fibers correlated  w ell w ith the 
boiling point, d ipole m om ent, d ielectric constant, d ifference in  the solubility 
param eters betw een that o f  the solvent and the  PS solu te m olecules, and viscosity, 
respectively .

A s can be seen, the solvent hav ing  or provid ing  a h igh boiling  point, 
h igh dipole m om ent, h igh  d ielectric constant, h igh  d ifference in the solubility 
param eters betw een  that o f  the solvent and the PS solute m olecules, and viscosity
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gave the best candidates for electrospinning o f  the resulting  solution. Tables 4.2 to
4.4 sum m arize the viscosity , surface tension, and conductiv ity  o f  both  pure solvent 
and the resu lting  PS solutions. Interestingly, w hile  the electrosp innability  o f the 
resulting  so lu tions d id  not correlate w ell w ith  both  the conductiv ity  and the surface 
tension values, bu t it exhibited  a strong correlation  w ith  the viscosity  value, o f the 
solutions.

4 .4 .2 E ffect o f  Single Solvent
4.4.2.1 1,2 - D ic h lo r o e th a n e  (D C E )

D C E w as able to d issolve PS pellets to form  a clear solution 
w ith in  tw o days. The v iscosity  o f  10%, 20% , and 30%  (w /v) PS solutions in DCE 
w as found to increase from  that o f  the pure solvent (i.e. 0.73 cP) to be 28.8, 171, and 
1574 cP, respectively  (see T able 4.2), w hile  the surface tension  w as found to increase 
slightly  from  tha t o f  pure solvent (i.e. 32.5 m N /m 2) to be 33.2, 33.3, and 33.9 
m N /m 2, respectively  (see T able 4.3). The spinning o f  the PS solu tions in DCE was 
very easy, m ost likely  due to the relatively  h igh  dipole m om ent that the solvent 
exhibits (i.e. 2 .94 D ebye, see Table 4.1) and the rather low  conductiv ity  value o f the 
solvent (i.e. 0.70 pS /cm , see Table 4.4). The SEM  im ages o f  the electrospun fiber, 
show n in F igure 4.3, revealed  that, at 10% (w /v), a large am ount o f  sm ooth fibers 
and beaded fibers w as obtained. Interestingly, for a fixed applied  voltage o f  25 k v , 
both  the fiber and  bead  density  observed w ere found to decrease w ith  increasing 
collection  d istance and, for a fixed collection  d istance o f  7 cm , both  the fiber and 
bead density  decreased  w ith  increasing applied  voltage (see F igure 4.4). With 
increasing the concen tra tion  o f  the solu tion  to 20%  (w /v), very  sm all amount o f 
beads w as present. O bviously , for a fixed applied voltage o f  25 k v ,  the amount o f  
beads w as found to  decrease w ith  increasing the collection  distance from  8.3 to 25 
cm. A t 20%  (w /v), for a  fixed collection  distance o f  7 cm , no je t  w as observed when 
the applied  vo ltage  w as below  21 k v .  U nder these conditions, e lectrospun PS fibers 
could  not be ob tained . In terestingly, at the applied  e lectrostatic  field  strength o f 14 
kV /7 cm , the ob tained  fibers w ere fused to adjacent ones. W ith  further increase the 
concentration  o f  the so lu tion  to 30%  (w /v), only sm ooth, bead-less fibers were 
obtained. In a sim ilar m anner, for a fixed applied  voltage o f  25 k v ,  the density o f
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the fibers w as found to decrease w ith  increasing collection  distance, and, for a fixed 
collection  d istance o f  7 cm , the density  o f  the fibers w as found to decrease w ith 
increasing applied voltage.

4 .4.2.2 N ,N -D im e th y lfo r m a m id e  (D M F )
D M F w as able to d issolve PS pellets to form  a clear solution 

w ith in  only 6 hours. The v iscosity  o f  10%, 20% , and 30%  (w /v) PS solutions in 
D M F w as found to increase from  that o f  the pure solvent (i.e. 0.85 cP) to be 25.40, 
217, and 1016 cP, respectively  (see Table 4 .2), w hile the surface tension was found 
to increase slightly  from  that o f  pure solvent (i.e. 35.47 m N /m 2) to be 35.92, 35.87, 
and 35.72 m N /m 2, respectively  (see Table 4.3). The spinning o f  the PS solutions in 
D M F w as ex trem ely  easy, due possib ly  to the relatively  h igh dipole m om ent value o f  
3.82 D ebye and the relatively  h igh conductiv ity  value o f  6.72 pS /cm  o f  the solvent. 
In F igure 4.5, at 10% (w /v), very large am ount o f  sm ooth and beaded fibers was 
observed. A pparently , for a fixed applied  voltage o f  25 k v ,  the am ount o f  the bead 
w as found to decrease w ith  increasing collection  distance. For a fixed collection 
distance o f  7 cm , the am ount o f  bead w as found to decrease w ith  increasing applied 
voltage. W ith increasing the concentration  o f  the solu tion  to 20%  (w /v), very small 
am ount o f  beads w as present (as show n in Figure 4.5). O bviously, for a fixed 
collection  distance o f  7 cm , the am ount o f  beads w as found to decrease with 
increasing the applied  voltage from the 7 to 21 k v .  A t 30%  (w /v), only  smooth 
as-spun  fibers w ere observed (see Figure 4 .6(g-i) and  4.6(g-i)).

4.4.4.3 E th y la c e ta te  (E A )
EA  w as able to d issolve PS pellets to form  a clear solution 

w ith in  three days. The viscosity  o f  10%, 20% , and 30%  (w /v) PS solu tions in EA  
w as found to increase from  that o f  the pure solvent (i.e. 0.56 cP) to be 18.40, 186, 
and 1423 cP, respectively  (see Table 4 .2), w hile  the surface tension w as found to 
decrease from  that o f  pure solvent (i.e. 24 .66 m N /m 2) to be 24.20, 23.86, and 23.52 
m N /m 2, respectively  (see T able 4.3). The spinning o f  the PS solu tions in EA  was 
quite easy to be spun, m ost likely  due to the fair d ipole m om ent value o f  1.78 Debye 
and the conductiv ity  value o f  0.7 pS /cm . E vidently , both  sm ooth  and beaded fibers 
w ere observed  for 10% (w /v) PS solution. W ith increasing the concentration  o f the
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solution  to 20%  (w /v), a very  sm all am ount o f  beads w as present. According to 
Figure 4.7, for a fixed applied voltage o f  25 k v ,  the am ount o f  beads decreased with 
increasing the collection  d istance from  8.3 to 25 cm. A t 30%  (w /v), only smooth 
as-spun fibers w ere observed. Interestingly, at low  collection  distance, the obtained 
fibers w ere fused to adjacent ones. In Figure 4.8, for a fix collection  distance o f  
7 cm , the am ount o f  beads decreased w ith increasing the applied  voltage from  7 to 21 
k v .  A t 10% (w /v), for a fixed collection distance o f  7 cm , no je t  w as observed when 
the applied voltage w as low er than 14 k v .  O bviously, at 10% (w /v), only discrete 
beads or half-hollow ed spheres (H H S) w ere observed. The diam eter o f  the beads 
ranged betw een 20 and 35 pm . Fong e t  al. [10] reported that the form ation o f  ribbon 
shaped fibers w as caused  by the evaporation o f  the solvent. B ongnitzki e t  a l. [11], 
on the other hand, reported that the observed porous structure w as cause by the 
electrospinning process itself.

4 .4 .2 .4  M e th y le th y lk e to n e  (M E K )
M EK  w as able to d issolve PS pellets to form  a clear solution 

w ithin  one day. The v iscosity  o f  10%, 20% , and 30%  (w /v) PS solutions in MEK 
w as found to increase from  that o f  the pure solvent (i.e. 0.56 cP) to be 16.8, 158, and 
696 cP, respectively  (see Table 4.2), w hile the surface tension w ere found to 
decrease from  that o f  pure solvent (i.e. 24.39 m N /m 2) to be 23.48, 23.07, and 22.85 
m N /m 2, respectively  (see Table 4.3). The spinning o f  the PS solu tions in M EK  was 
easy m ost likely  due to  the relatively  high dipole m om ent that the solvent show s (i.e. 
2 .76 D ebye, see T able 4.1) and the fair conductiv ity  value o f  the solvent (i.e. 0.92 
pS /cm , see T able 4.4). A t 10% (w /v), very large am ount o f  sm ooth  and beaded 
fibers w as observed. The beads w ere com pletely  disappeared w hen the 
concentration  o f  the solu tion  increased to 20%  and 30%  (w/v). A t such 
concentrations, for a fixed applied voltage o f  25 k v ,  the size o f  the beads w as found 
to increase w ith  increasing collection  distance as show n in F igure 4.9. In Figure 
4.10, for a fixed co llection  distance o f  7 cm , the size o f  the beads w as found to 
increase w ith  increasing the applied voltage. W ith further increase in the 
concentration  o f  the solu tion  (20% , and 30%  (w /v)), for a fixed applied voltage o f 25 
k v ,  the density  o f  the fibers w as found to increase w ith  increasing collection
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distance, and, for a fixed collection d istance o f  7 cm , the density  o f  the fibers was 
found to decrease w ith  increasing applied voltage. The obtained fibers w ere fused to 
adjacent fibers, m ost likely a result o f  the less tim e for solvent evaporation  prior to 
deposition  on the collector plate.

4.4.3 Effect o f  Concentration
Solution  properties (i.e. v iscosity , conductiv ity , and surface tension) 

have been  show n to have a significant effect on  the m orphological appearance o f  as- 
spun fibers. H ow ever, viscosity, and surface tension  also play  im portant roles in 
determ ining the range o f  concentrations from  w hich continuous fibers can be 
obtained. A t low  viscosities, surface tension  is the dom inant factor influencing the 
fiber m orphology  and below  a certain concentration  drops w ill form  instead o f  fibers. 
A t h igh  concentrations, processing w ill be p roh ib ited  by an inability  to control and 
m ain tain  the flow  o f  a polym er solution to the tip  o f  the needle and by the  cohesive 
nature o f  the h igh v iscosity  solution. Jn th is study, the electrosp inning  w as carried 
out on  PS having a M W  o f  about 300,000 D a at the concentration  ranging betw een 
10 and 30%  (w /v). The viscosity  o f  these solu tions ranged betw een  16.80 and 1574 
cP and the surface tension o f  these solutions ranged  betw een  22.9 and 35.9 raN/m 2 
(Figure 4.11).

In electrospinning, six types o f  force are involved: they are i) body or 
gravitational force, ii) electrostatic force w hich  carries the charged je t  from  the 
needle to the collector screen, iii) C oulom bic repulsion  force w hich  tries to push 
apart adjacent charged species being present w ith in  the je t  segm ent and is 
responsib le  for the stretching o f  the chsrged  je t  during its flight to  the  target, iv) 
viscoelastic  force w hich  tries to prevent the  charged je t  from  being stretching, v) 
surface tension also acts against the stretching o f  the surface o f  the charge je t, and vi) 
drag force from  the friction  betw een the charged je t  and the surrounding air 
(W annatong e t  a l ,  [12]). D ue to the com bination  o f  these forces, the electrically 
charged je t  travels in a straight trajectory for only  a short d istance before undergoing 
a bending  instability , w hich  results in the form ation  o f  a looping trajectory. During 
its flight to the collector screen, the charged je t  th ins dow n, at the sam e tim e, dries 
out o r solidifies to leave fibers on the co llector screen. A t low er concentrations or
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viscosities, the viscoelastic force was comparatively smaller than the Coulombic 
repulsion force. This results in the over-stretching of a charged jet, hence the break­
up of the charged jet into many small spherical droplets results.

Changing the polymer concentration could alter the solution viscosity, 
as shown in Table 4.2. A series of samples of varying PS concentrations was 
electrospun, resulting in diverse morphologies. A critical concentration needed to be 
exceeded in the electrospinning process as extensive chain entanglement is necessary 
requirement for obtaining electrospun fibers. In electrospinning, the coiled 
macromolecules were stretched along the extensional flow field; a result of the 
Coulombic repulsion that caused the ejected, charged jet to elongate and, after 
solidification, ultrafine fibers resulted. Below this concentration, chain 
entanglements were insufficient to stabilize the jet and the contraction of the jet 
driven by the surface tension caused the formation of beads or beaded fibers. At 
higher concentrations, the viscoelastic force was large enough to inhibit the 
stretching of the jet. The fiber shape was more uniform as a result. However, when 
the concentration was too high, the spinnability of the solution diminished as the jet 
could clog up very rapidly at the tip of the nozzle.

At low concentrations or viscosities, the viscoelastic force (i.e. a 
result of the low degree of chain entanglements) in a given jet segment was not large 
enough to counter the greater Coulumbic force, resulting in the break-up of the 
charged jet into smaller jets, which, as a result of the surface tension, were later 
rounded up to form droplets. This phenomenon has been familiarized in the 
industries as the electrospraying process and has commonly been used in many 
applications such as paint spraying, powder coating, and so on.

At higher concentrations or viscosities, the charged jet did not break 
up into small droplets, a direct result of the increased chain entanglements (i.e. hence 
an increase in the viscoelastic force) that were sufficient to prevent the break-up of 
charged jet and to allow the Coulombic stress to further elongate the charged jet 
during its flight to the grounded target which ultimately thinned down the diameter 
of the charged jet. However, if the concentration was not high enough (i.e. 10% 
(w/v)), a combination of smooth fibers and minute, discrete droplets was observed. 
A slight increase in the concentration of the solution to 20% (w/v) resulted in the
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disappearance of the minute, discrete droplets, leaving only a combination of smooth 
and beaded fibers on the target. With further increasing concentration (or viscosity) 
of the solution, the number of beads along the fibers was found to decrease and their 
shape appeared to be more elongated. When the concentration of the solution 
increased to 30% (w/v), beads were disappeared altogether, leaving only smooth 
ultrafine fibers on the target. Some phenomenon can occur at higher concentrations 
such as wet fibers. Kenavy e t  a l . [13] reported rather thick poly(ethylene-co-vinyl 
alcohol) fibers being observed from the 15 and 20% (w/v) solutions appeared to be 
fused at overlapping junctions, perhaps the result of the incomplete solvent 
evaporation.

One important question is whether solvent was present in the as-spun 
fibers obtained. In order to find an answer to such a question, FT-IR was used to 
characterize some of the as-spun PS fibers. Figure 4.12 illustrates IR spectra of PS 
fibers at different concentration and different type of solvents. Table 4.5 summarizes 
some important peak assignments from FT-IR spectra of as-spun PS fibers. 
Obviously, the absorption peaks observed only belonged to those of PS, with no 
other assignments belonging to those of the solvents used being observed. The 
results confirmed complete vaporization of the solvent. In addition, the process did 
not affect the chemical integrity of the resulting as-spun fibers.

4.4.4 Effect o f Electrical Field Strength
The electrospinning of PS solutions in various solvent were carried 

out under various applied electrical field strengths (i.e. 1:1, 2:1, or 3:1 kv/cm) either 
by fixing the collection distance (i.e. 7 kV/7 cm, 14 kV/7 cm, or 21 kV/7 cm) or by 
fixing the applied voltage (i.e. 25 kV/25 cm, 25 kV/12.5 cm, or 25 kV/8.3 cm).

4.4.4.1 E ffe c t o f  A p p l i e d  V o lta g e
In the electrospinning process, the shape of the initiating 

droplet on the exit opening of the electrode can be changed by several 
electrospinning parameters such as applied voltage, and viscosity of the polymer 
solution. When increasing in the electrospinning voltage can alter the shape of the 
initial droplet. Consequently, the resulting fiber morphology can be changed from a 
typical cylindrical shape to a beaded or fiber structure. The electrical field effect can
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be understood by the following argument. The jet initiation is a self-accelerating 
process. Once an electric field is applied on the droplet of the polymer solution at 
the tip of the spinneret, the surface of the liquid becomes charged via the motion of 
ions through the liquid. When the electric force overcomes the surface tension, 
electrically charged jet is ejected.

For example, for 10 % (w/v) PS solutions in every type of 
solvent at collection distance of 7 cm, the fiber diameter of as-spun fibers under 
different applied voltages (7, 14, and 21 kV) is summarized in Figure 4.13. At 7 kv, 
the diameter o f the droplet was found to be larger than the opening diameter of the 
spinneret. The jet was initiated from the droplet suspended at the end of the 
spinneret. The hemispherical surface of the solution was elongated to from a conical 
shape (Taylor Cone). The Taylor cone was maintained even when the feed of the PS 
solution to the tip of the spinneret was faster than the jet could carry the fluid away. 
The resulting fibers are shown in Figure 4.4a, 4.6a, 4.8a, and 4.10a. When the 
applied voltage was increased (i.e. to 14 kV), the jet velocity was increased and the 
solution was removed from the tip more quickly. As the volume of the droplet on 
the spinneret became smaller, the Taylor cone shape oscillated and became 
asymmetrical at 21 kv. Under this condition, beaded fibers were prone to form. The 
diameter of the beaded fibers was found to be smaller and the average distance 
between the beads on the fibers became shorter at further increase in voltage. 
Conclusively, the fibers appeared to be larger with increasing applied voltage and 
concentration of the spinning PS solution.

A lower distribution of the diameters was observed at applied 
voltage of 7 kv, while a broader distribution of the diameters was obtained at higher 
voltage of 21 kv. These results can be explained based on the relationships among 
the three major forces (i.e. Coulumbic repulsion force, viscoelastic force, and surface 
tension) influencing the fiber diameters. At a low applied voltage (i.e. 7 kV), the 
Coulombic force was not high when compared with that of the surface tension. This 
resulted in the as-spun fibers with large diameters and the presence of large beads 
along the obtained fibers. At moderate applied voltages (i.e. 14 kV), all of the three 
forces were well-balanced, resulting in a lower distribution of the fiber diameters. 
With further increase in the applied voltage (i.e. 21 kV), the columbic force was
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greater than that of the viscoelastic force. This might result in an increased 
possibility for the breakage of an over-stretched charged jet during their flight to the 
target. There is both longitudinal and transverse stretching: the latter leads to the 
increasing in the fiber diameter. Moreover, with increasing applied voltage, a 
charged jet travels to the grounded target much faster. The solvent, therefore, has 
less time to evaporate. Retraction of the charged jet can then occur as soon as some 
of the charges carried in the jet are neutralized (causing the reduction in the 
Coulombic force), which, finally leads to the bigger, but irregular fibers.

4.4.4.2 E ffe c t o f  C o l le c t io n  D is ta n c e
For a fixed applied voltage of 25 kv, the fiber diameter was 

found to decrease with increasing collection distance, which was thought to be due to 
the great extent of bending instability. The bending instability signifies the total path 
length of a jet segment during its flight to the grounded target. The longer path 
length means the greater probability for the jet segment to thin down as a result of 
the Columbic repulsion. According to Figure 4.14, diameter of the as-spun fibers 
generally increased with increasing concentration of the solutions. Due to an 
increase in the viscosity, the viscoelastic force increased, hence the greater resistance 
towards the thinning of the fiber diameter. The increase in the viscosity of the 
solution also resulted in a decrease in the total path length, which, in turn, accented 
the observed increase in the fiber diameter.

4.4.5 Effect of Emitting Electrode Polarity
Figures 4.15 and 4.16 summarized the diameters of the as-spun PS 

fibers under the negative polarity of the emitting electrode at various electrostatic 
field strengths by fixing the collection distance (i.e. 7 kV/7 cm. 14 kV/7 cm, and 21 
kV/7 cm) and by fixing the applied voltage (i.e. 25 kV/25 cm. 25 kV/12.5 cm, and 25 
kV/8.3 cm), respectively. Comparatively to the fibers obtained under the positive 
polarity, fibers with larger diameters were obtained, most likely a result of the 
difference in the nature of the concentration of charge carriers present within a jet 
segment under different polarities of the emitting electrode that resulted in the 
difference in the mass flow rate (a result of the higher charge density) and for the
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formation of flat fibers might be the collapsing of the dried skin layer of a jet after 
the solvent inside the jet had evaporated (Koombhongse e t  a l ,  [14]).

4.4.6 Effects of Ionic Salt Addition
As we intend to use the electrospun fibers for many applications, such 

as soldier protective clothing (Gibson e t  a l ,  [15]), filtering, drug delivery (Doshi 
e t  a l ,  [3]), wound dressings, and composite reinforcement (Doshi e t  a l ,  [3]), it is 
important to investigate the effects of salt addition on the resulting morphologies of 
the as-spun fibers. In this section, it is demonstrated that very different 
morphologies of the electrospun fibers could be obtained when different salts were 
added into PS solutions for electrospinning. The low concentration of salt used was 
to ascertain complete solubility of the salt in the solutions.

Figure 4.17 summarizes viscosity, conductivity, and surface tension of 
the salt-loaded PS solutions. Obviously, addition of 1% w/v LiCl or KC1 salt 
resulted in remarked reduction in the viscosity and significant increase in the 
conductivity, while it had no effect on the surface tension, of the resulting solutions. 
The morphological appearance of the as-spun fibers is shown in Figure 4.18. 
Obviously, the addition of 1% (w/v) LiCl or 1% (w/v) KC1 salt resulted in fibers of 
larger diameter. This simply means that both the electrostatic and the Coulombic 
forces should be increased with added salt. Intuitively, the increase in the Coulombic 
stretching force should result in the reduction in the obtained fiber diameter (coupled 
with the observed reduction in the viscoelastic force with the salt addition), but the 
results shown in Figure 14 suggest otherwise. The otherwise increase in the fiber 
.diameter with added salt could be a result of the increase in the mass flow (due to the 
increase in the electrostatic force acting on a jet segment) as well as the expected 
decrease ill the total path length (due also to the increase in the electrostatic force). 
Doshi e t  a l . [3] also reported that the addition of a small amount of salt resulted in 
the dramatic increase in the mass flow and a decrease in the viscosity, which resulted 
in fibers with large diameters when triethylbenzyl ammonium chloride was added 
into the solution o f polyurethaneurea in DMF.

Further data analyses revealed that, the different salts showed different 
effects on the final diameter of the fibers. The fibers electrospun from 30% w/v PS
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solution with 1 % w/v LiCi salt addition exhibited the diameter ranging from around
30.1 to 35.9 pm, while the fibers electrospun from the solution with 1% w/v KC1 
exhibited the diameter in the range of 31.1 to 36.2 pm (Figure 4.19). This effect can 
be understood as follows. Besides the density of the charges carried by the jet, the 
size of the ions has an important impact on the resulting fiber diameter. Ions with 
smaller atomic radius have a higher charge density and thus a higher mobility under 
an external electric field. In this work, lithium has smaller radius than potassium. 
Thus the elongational forces imposed on the jet with lithium should be higher than 
that with potassium. Therefore, the electrospun fibers from the PS solution with 1% 
(w/v) LiCl showed the smaller average fiber diameter than the fibers spun from 
solution with 1% (w/v) KC1.

It is hypothesized that both the application of the negative polarity 
and the addition of l%(w/v) salt help increase the mass flow rate, hence an increase 
in the size of the fibers obtained with the flat shape being formed by the much slower 
evaporation rates as a result of the larger size of the fibers.

4.4.7 Effect of Mixed Solvent
Since PS can be dissolved in DMF within 6 hours into a clear solution 

and the resulting solution showed the best spinnability among the use of all other 
solvents investigated, DMF was then used as the main solvent to study the effect of 
mixed solvent on the morphology and size of the resulting as-spun PS fibers. In 
mixed solvent systems, various solvents (i.e. DCE, EA, and MEK) were mixed with 
DMF in various volumetric ratios (i.e. 75/25, 50/50, and 25/75). The resulting 
solutions were tested for viscosity, surface tension, and conductivity and the results 
are summarized in Table 4.6.

4.4.7.1 D M F : D C E
Both the viscosity and the conductivity were found to 

decrease with increasing DCE content, while the surface tension was almost 
unaffected (see Table 4.6). SEM images of as-spun PS fibers from mixed solvent 
between DMF and DCE of various compositional ratios are shown in Figure 4.20. 
Obviously, discrete fibers with smooth surface were observed from 20 and 30%
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(w/v) PS solutions (i.e. viscosity ranging between 202 and 1136 cP) in every 
compositional ratio, while fused fibers were obtained from 30% (w/v) PS solutions 
in mixed solvent with the compositional ratio of 75/25. The fused fibers obtained 
should be a direct result of the high boiling point of the mixed solvent and the large 
size of the fibers observed. Fused fibers were also observed from the electrospinning 
of PCL in a mixture of methylene chloride and toluene (Lee e t  a l ,  [7]). Alteration of 
the physico-chemistry of the polymer in mixed solvent of different compositional 
ratios could be also a factor affecting the spinnability of the solution as well as the 
final morphology of the as-spun fibers. Obviously, the average fiber diameter was 
found to decrease with increasing DCE content, most likely a result of the observed 
decrease in the viscosity of the resulting solutions.

4.4.7.2 D M F :E A
Due to the desirable low boiling point and low surface tension 

of EA for electrospinning, it was chosen as an adjusting solvent to be mixed with 
DMF in various volumetric ratios (i.e. 75/25, 50/50, and 25/75). Obviously, the 
viscosity increased from that of pure DMF with addition of EA, but it decreased 
monotonically with further increase in the EA content. On the other hand, the 
surface tension decreased monotonically from that of pure DMF with addition of and 
increasing amount of EA. Quantitative analysis of the as-spun PS fibers revealed 
that diameters of the fibers decreased initially with increasing EA content up to about 
50% v/v and, with further increase in the EA content, the fiber diameters increased. 
SEM images of the as-spun fibers from PS solutions in mixture of DMF and EA as 
shown in Figure 4.21 showed that whenever the size of the as-spun fibers was 
relatively large, fused fibers were obtained. 1

4.4.7.3 D M F .M E K
Due to the lowest surface tension of MEK in comparison with 

other solvents investigated in this work. Both the viscosity and the surface tension of 
the resulting solutions were found to decrease monotonically with increasing MEK 
content. SEM micrographs of as-spun fibers from PS solutions in DMF and MEK of 
various compositional ratios are shown in Figure 4.22. The smooth fibers or the 
fiber without beads were observed for the increasing the MEK content, while fused 
fibers were obtained from 30% (w/v) PS solution at the ratio of DMF and MEK of
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50/50 and 25/75, respectively. As a result, the average fiber diameter was found to 
decrease with increasing MEK content.

4.5 C onclusions

The electrospinning technique was used to produce PS fibers. PS solutions 
were prepared in both single solvent systems and mixed solvent systems. The effects 
of solution properties and process condition on the fiber diameter and morphological 
appearance of the submicron PS were thoroughly investigated. Results demonstrated 
that the morphology of electrospun polymer fibers strongly depended on the 
processing conditions and solvent systems. It was shown that higher viscosity (i.e. 
concentration) and higher applied voltage favoured the formation of uniform fiber 
with no bead-on-string structure. On the other hand, an increasing the collection 
distance resulted in the thinner of fiber. Mixing DMF with second solvent (i.e. DCE, 
EA, and MEK) to serve as a mixed solvent for PS caused the resulting solutions to 
have lower viscosity, and lower surface tension which resulted in the smaller fiber 
diameters obtained. Lastly, addition of some inorganic salts to the solution resulted 
in an increase in the conductivity values, which, in turn, caused the fiber diameters to 
increase due to the much increase in the mass flow (i.e. low viscosity).
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Table 4.1 Properties of solvents used in this work

Solvents Chemical formula Molecular
weight

Boiling
point Density Dipole

moment
Dielectric
constant

Solubility
parameter

(g/mol) (°C) (g/cm3) (Debye) (MPa)1/2
DCE C1CH2CH2C1 99 83.5 1.239 2.94 10.19 2 0 . 2

DMF (CH3)2NCHO 73.1 153 0.94 3.82 38.3 24
EA c h 3c o o c h 2c h 3 8 8 . 1 77.1 0 . 8 8 8 1.78 6 . 0 2 18.3

MEK c h 3c h 2c o c h 3 72.1 79.6 0.794 2.76 18.5 18.8
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PS solution

F igure 4.1 Experimental set-up for the electrospinning process of PS solution.
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F igure 4.2 (a) Effect of molecular weight of the solvent on the spinnability. (b), (c), 
(d), (e), (f), (g), (h), and (i) are the effect of the boiling point, density, dipole 
moment, dielectric constant, different in solubility parameter, viscosity, conductivity, 
and surface tension of the solvent on the spinnability of 10% (w/v) PS as a function 
of four type different solvents. Applied electrical field was 25 kV/12.5 cm.
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F igure 4 .2(cont.) (a) Effect of molecular weight of the solvent on the spinnability. 
(b), (c), (d), (e), (f), (g), (h), and (i) are the effect of the boiling point, density, dipole 
moment, dielectric constant, different in solubility parameter, viscosity, conductivity, 
and surface tension of the solvent on the spinnability of 10% (พ /'v )  PS as a function 
of four type different solvents. Applied electrical field was 25 kV/12.5 cm.
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Table 4.2 Viscosity of solvents and as-prepared polystyrene solutions

Solvents
Viscosity (cP)

Pure
Solvent

10%
(w/v)

20%
(w/v)

30%
(w/v)

DCE 0.73 28.80 171 1574
DMF 0.85 25.40 217 1016
EA 0.56 18.40 186 1423
MEK 0.56 16.80 158 696



able 4.3 Surface tension of solvents and as-prepared polystyrene solutions

Solvents
Surface tension (mN/m2)

Pure
Solvent

10%
('พ/พ)

20%
(พ/พ)

30%
(พ/พ)

DCE 32.51 33.19 33.32 33.91
DMF 35.47 35.92 35.87 35J2
EA 24.66 24.20 23.86 23.52
MEK 24.39 23.48 23.07 22.85



Table 4.4 Conductivity of solvents and as-prepared polystyrene solutions

Solvents
Conductivity (pS/cm)

Pure
Solvent

10%
(w/v)

20%
(w/v)

30%
(w/v)

DCE 0.70 0.25 0.21 0.20
DMF 6.72 0.81 0.82 0.88
EA 0.70 0.04 0.04 0.05
MEK 0.92 0.45 0.48 0.40
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(a) 25 cm (b) 12.5 cm (c) 8.3 cm

(d) 25 cm (f) 8.3 cm

(g) 25 cm (h) 12.5 cm (i) 8.3 cm

Figure 4.3 SEM images (at a magnification of 500) of: (a-c) 10%; (d-f) 20%; (g-i) 
30% (w/v) PS in DCE for effect of collection distance by fixing the applied voltage 
(i.e. 25 kV/25 cm, 25 kV/12.5 cm, and 25 kV/8.3 cm). Under positive polarity of the 
emitting electrode and the scale bar shown is for 50 pm.
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(a) 7 kV (b) 14 kV

(d) 7 kV (e) 14 kV

(c) 21 kV

(f) 21 kV

(g) 7 kV (h) 14 kV (i) 21 kV

Figure 4.4 SEM images (at a magnification of 500) of: (a-c) 10%; (d-f) 20%; (g-i)
30% (w/v) PS in DCE for effect of applied voltage by fixing the collection distance
(i.e. 7 kV/7 cm, 14 kV/7 cm, and 21 kV/7 cm). Under positive polarity of the ,
emitting electrode and the scale bar shown is for 50 pm.
Rem ark -  means jet has not been found under this condition
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(a) 25 cm

(d) 25 cm

(g) 25 cm

(b) 12.5 cm (c) 8.3 cm

(h) 12.5 cm

(f) 8.3 cm

(i) 8.3 cm

Figure 4.5 SEM images (at a magnification of 500) of: (a-c) 10%; (d-f) 20%; (g-i) 
30% (w/v) PS in DMF for effect of collection distance by fixing the applied voltage 
(i.e. 25 kV/25 cm, 25 kV/12.5 cm, and 25 kV/8.3 cm). Under positive polarity of the 
emitting electrode and the scale bar shown is for 50 pm. '
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(a) 7 kv (b) 14 kV (c) 21 kv

(d) 7 kv (e) 14 kv (f) 21 kv

(g) 7 kv (h) 14 kv (i) 21 kv

Figure 4.6 SEM images (at a magnification of 500) of: (a-c) 10%; (d-f) 20%; (g-i) 
30% (■ พ/พ) PS in DMF for effect of applied voltage by fixing the collection distance 
(i.e. 7 kV/7 cm, 14 kV/7 cm, and 21 kV/7 cm). Under positive polarity of the 
emitting electrode and the scale bar shown is for 50 pm.
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(d) 25 cm (e) 12.5 cm

(g) 25 cm (h) 12.5 cm

(c) 8.3 cm

(f) 8.3 cm

(i) 8.3 cm

Figure 4.7 SEM images (at a magnification of 500) of: (a-c) 10%; (d-f) 20%; (g-i) 
30% (w/v) PS in EA for effect of collection distance by fixing the applied voltage 
(i.e. 25 kV/25 cm, 25 kV/12.5 cm, and 25 kV/8.3 cm). Under positive polarity of the 
emitting electrode and the scale bar shown is for 50 pm.
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(g) 7 kv (h) 14 kV (i) 21 kv

Figure 4.8 SEM images (at a magnification of 500) of: (a-c) 10%; (d-f) 20%; (g-i) 
30% (w/v) PS in EA system for effect of applied voltage by fixing the collection 
distance (i.e. 7 kV/7 cm, 14 kV/7 cm, and 21 kV/7 cm). Under positive polarity of 
the emitting electrode and the scale bar shown is for 50 pm.
R em ark  -  means jet has not been found under this condition
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(g) 25 cm (h) 12.5 cm (i) 8.3 cm

Figure 4.9 SEM images (at a magnification of 500) of: (a-c) 10%; (d-f) 20%; (g-i) 
30% (w/v) PS in MEK system for effect of collection distance by fixing the applied 
voltage (i.e. 25 kV/25 cm, 25 kV/12.5 cm, and 25 kV/8.3 cm). Under positive 
polarity of the emitting electrode and the scale bar «shown is for 50 pm.
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(d) 7 kv (e) 14 kV (f) 21 kv

(g) 7 kv (h) 14 kv (i) 21 kv

Figure 4.10 SEM images (at a magnification of 500) of: (a-c) 10%; (d-f) 20%; (g-i) 
30% (w/v) PS in MEK system for effect of applied voltage by fixing the collection 
distance (i.e. 7 kV/7 cm, 14 kV/7 cm, and 21 kV/7 cm). Under positive polarity of 
the emitting electrode and the scale bar shown is for 50 pm.
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Figure 4.11 Plot of viscosity and surface tension for four type different solvents:
(a) DCE; (b) DMF; (c) EA; and (d) MEK as a function of as-prepared PS 
concentration (%w/v).
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Figure 4.12 IR spectra of as-spun PS fibers from solution of: (a) 10%(w/v) PS in 
DCE; (b) 30%(w/v) PS in DCE; (c) 10%(w/v) PS in DMF; (d) 30%(w/v) PS in 
DMF; (e) 10%(w/v) PS in EA; (f) 30%(w/v) PS in EA; (g) 10%(w/v) PS in MEK; 
and (h) 30%(w/v) PS in MEK. Applied electrical filed strength was 25 kV/8.3 cm.



Table 4.5 Analysis of IR spectra of as-spun polystyrene fiber

Peaks observed in as-spun 
PS fibers (cm"1)

A ssignm ent

690 -C -H  bending o f  arom atic
1598 c=c stretching o f  arom atic ring
2849 aliphatic C -H  stretching
2922 =C -H  stretching o f  arom atic
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(a) D C E (b) D M F

F igure 4.13 Effect o f  applied voltage by fixing the collection d istance (i.e. 7 kV/7 
cm , 14 kV /7 cm , and 21 kV /7 cm ) on the fiber d iam eter o f  PS at 10%, 20% , and 30% 
(w /v) in four type different solvents. U nder positive polarity  o f  the em itting 
electrode.
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(c) EA  (d) M EK

F igure 4.14 E ffect o f  collection  distance by fixing the applied  voltage (i.e. 25 kV/25 
cm , 25 kV /12.5 cm , and 25 kY/8.3 cm ) on the fiber d iam eter o f  PS at 10%, 20% , and 
30%  (w /v) in four type d ifferent solvents. Linder positive polarity  o f  the emitting 
electrode.
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(a) D C E  (b) D M F

(c) EA  (d) M EK

F igure 4.15 E ffect o f  applied voltage by fixing the collection  distance (i.e. 7 kV/7 
cm , 14 kV /7 cm , and 21 kV /7 cm ) on the fiber diam eter o f  PS at 10%, 20% , and 30% 
(w /v) in  four type different solvents. U nder negative polarity  o f  the em itting 
electrode.
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F igure 4.16 Effect o f  collection  d istance by fixing the applied  voltage (i.e. 25 kV/25 
cm , 25 kV /12.5 cm , and 25 kV/8.3 cm ) on the fiber diam eter o f  PS at 10%, 20% , and 
30%  (w /v) in four type d ifferent solvents. U nder negative polarity  o f  the emitting 
electrode.
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T y p e s  o f  so lven t

(a) (b)

T ypes o f  so lven t

(c)

F ig u re  4 .1 7  E ffe c t o f  sa lt on: (a) v isc o s ity ; (b) c o n d u c tiv ity ; and  (c) surface 
ten s io n .
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F ig u re  4 .1 8  S E M  im ag es  o f  a s -sp u n  f ib e rs  from : (a -c ) 30%  (w /v ) PS/D M F ; 
(d -f) 30%  (w /v ) P S /D M F :D C E (7 5 /2 5 ); (g -i) 30%  (w /v ) P S /D M F :E A (7 5 /2 5 ); 
0-1) 30%  (w /v ) P S /D M F :M E K (7 5 /2 5 ) w ith  (b , e, h, k ) 1% (w /v ) o f  L iC l; (c, f, 
i, 1) 1% w /v  o f  KC1. A p p lie d  e le c tr ica l fie ld  w as 2 0 k V /1 5  cm  an d  th e  sca le  bar 
sh o w n  is fo r 50 pm .
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T y p e s  o f  s o lv e n t

F ig u re  4 .1 9  F ib e r d ia m e te r  o f  a s-sp u n  fib e rs  from  30%  ( พ / พ )  PS so lu tio n  in 
v a rio u s  ty p es o f  so lv e n t w ith  added  1% (w /v ) sa lt. A p p lie d  e lec trica l field  
w as 21 kV /7  cm .



T a b le  4.6 Solution  properties o f  m ixed solvent system s betw een D M F and various 
solvents

Solution system viscosity  (cP) conductiv ity  (pS /cm ) surface tension  (mN/m2)
(%  v/v) 10% าท 0// 0 30% 10% 20% 30% 10% 20% 30%

D M F:D C E
75/25 28.4 202 1136 25.50 16.36 1.55 34.22 33.96 33.95
50/50 31.8 225 867 27.80 17.40 1.60 33.74 33.83 34.60
25/75 34.6 214 813 15.43 12.50 0.97 32.80 33.35 33.92

D M F :EA
75/25 23.6 181 933 1.58 1.10 0.60 31.56 31.27 31.16
50/50 20.8 175 818 1.09 0.80 0.49 28.33 28.07 27.89
25/75 18.4 158 580 0.47 0.40 0.27 25.37 25.32 26.16

D M F:M E K
75/25 90.6 178 652 1.68 2.03 0.60 32.00 31.79 31.48
50/50 85.8 162 637 2.95 3.57 0.55 28.54 27.63 27.44
25/75 75.6 144 523 3.05 0.57 0.51 26.34 25.75 25.26
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(a) DMF:DCE = 100/0

(b) D M F:D C E  =  75/25
20%

(c) D M F:D C E  =  50/50
20%

20%
(d) D M F:D C E  =  25/75

30%

30%

30%

10% 20%  30%
F igure 4.20 SEM  im ages o f  as-spun fibers obtained from  PS solutions at 10%, 20%,
and 30%  (w /v) in a m ixed solvent o f  D M F and D C E in various volum etric ratios: a)
100/0; b) 75/25; c) 50/50; d) 25/75; and e) 0/100. A pplied  electrical field was
20 kV /10 cm  and the scale bar show n is for 50 pm .
R em ark  -  means jet has not been found under this condition
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(a)DMF:EA= 100/0

(c) D M F:E A  = 50/50

(e) D M F :E A  =  0/100

10%

20%

20%

30%

30%

30%

30%

30%

F igure 4.21 SE M  im ages o f  as-spun fibers obtained from  PS solutions at 10%, 20%, 
and 30%  (w /v) in a m ixed solvent o f  D M F and EA  in various volum etric  ratios: 
a) 100/0; b) 75/25; c) 50/50; d) 25/75; and e) 0/100. A pplied  electrical field was 
20 kV /10 cm  and the scale bar show n is for 50 pm .
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(a)DMF:MEK= 100/0

(b) D M F:M E K  = 75/25
20%

(d) D M F:M E K  = 25/75
20%

30%

30%

30%

30%

10% 20% 30%
F igure 4.22 SEM  im ages o f  as-spun fibers obtained from  PS solutions at 10%, 20%,
and 30%  (w /v) in a m ixed solvent o f  DM F and M E K  in various volum etric  ratios a)
100/0; b) 75/25; c) 50/50; d) 25/75; and e) 0/100. A pplied  electrical field was
20 kV /10 cm  and the scale bar show n is for 50 pm .
R em a rk  -  means jet has not been found under this condition
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