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P
oly(ethylene terephthalate) (PET) nanofibres were prepared by gas-jet/electro-

spinning of its solution of 15 wt% concentration in the mixture of phenol and

1,1,2,2-tetrachloroethane (50/50, w/w). The morphologies of gas-jet/electrospun

fibres collected on a clean stainless steel plate and three different coagulation baths

were observed under a scanning electron microscope. These coagulants were water,

ethanol and the mixture of water and ethanol: 50/50 (v/v). Preliminary study on the

effect of different coagulation baths as collector on the morphology of gas-jet/electro-

spun PET nanofibres was carried out. In particular, on the surface of the fibres obtained

from the water coagulation bath, many short branches appeared. The beaded fibres

were evident in the SEM image of the PET nanofibres collected in an ethanol bath.

Smooth fibres without bead can be obtained using mixture of water and ethanol: 50/50

(v/v) as the coagulation bath. The average diameters of fibres collected in water,

ethanol and water/ethanol bath, were 87, 105 and 84 nm, respectively. Compared with

the average diameter (90 nm) of fibres collected on a metal plate, the diameter of fibres

collected in water and water/ethanol coagulation baths decreased, while the diameter

of fibres collected in ethanol bath increased. Among three coagulants, the morphology

and the average diameter of PET nanofibres collected in the mixture of water and

ethanol was best and thinnest, respectively.

INTRODUCTION

Electrospinning is known to be a

simple and versatile approach for

producing ultrafine fibrous materi-

als with diameters ranging from

tens of nanometers to several

micrometers through the action of

electrostatic forces [1-5]. In a typi-

cal process, a polymer solution is

charged via a connection to a high-

voltage power supply and suspend-

ed from a small needle or capillary.

With a sufficiently high electrical

field, the electrostatic forces can

overcome the surface tension of the

polymer solution. Then the charged

jet of polymer solution is ejected

from the tip of the needle or capil-

lary and undergoes a stretching and
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whipping process. The fibres are solidified by

volatilization of solvent from the solution and deposit

as a randomly oriented nonwoven mat on the collec-

tor. Nearly one hundred different polymers have been

successfully electrospun into ultra-fine fibres using

electrospinning technique [2]. In general, the collector

of electrospinning equipment is a metal plate or mesh,

but the fibres collected by this way are randomly ori-

ented structure in the form of nonwoven mats. To

obtain the aligned electrospun nanofibres, several

novel collectors have been developed. Oriented fibres

can be obtained by using a rotating drum at a very

high speed [6], a rotating disk with sharp edge [7], a

wire drum collector [8], a rotating drum fixed verti-

cally a thin stainless steel pin with sharp tip [9], a

metal frame collector [3] and two conductive collec-

tion rings or strips separated by an insulating gap [10,

11]. In addition to the solid state form of collectors

which are most commonly used, some researchers

have used a coagulation bath as a collector for electro-

spun fibres. Kim et al. investigated the structure of

electrospun cellulose nanofibres by a coagulation

process, and the results showed that applying coagu-

lation with water right after the collection of fibres is

necessary to obtain submicron scale, dry and stable

cellulose fibres [12]. Remant et al. reported that, com-

pared with the nylon 6 electrospun nanofibres collect-

ed on an aluminium sheet, the fibres diameter and the

crystalline phase of that collected in the water bath

increased from 80 to 103 nm and transformed from γ
into α phase, respectively [13]. Furthermore, continu-

ous yarn made from electrospun fibres can be collect-

ed from a coagulation water bath [14, 15]. However,

the coagulant of liquid collector is only water.

Previous research ignored the effect of different coag-

ulants on the morphology of electrospun fibres.

In addition, Yao et al. designed a gas-jet/electro-

spinning apparatus, which is combined electrospin-

ning with a gas-jet device [16]. It is different from the

standard electrospinning apparatus in the spinneret, in

which the capillary of spinning fluid is circled by the

tube of the gas jet. The experimental results of prepa-

rations of polysulphone nanofibres [16] and

poly(ether sulphone) nanofibres [17] by gas-jet/elec-

trospinning showed that the additional drawing action

of the gas jet on the polymer fluid jet played an impor-

tant role. Furthermore, polysulphone nanofibres could

be prepared by this method at a higher polymer solu-

tion flow rate of 30 mL/h because of the drawing

action of gas jet [16].

Although the liquid coagulation bath has been

used to collect the electrospun fibres, the coagulant of

liquid collector for the electrospun fibres is only water

and the solvents of polymer solutions are soluble in

water [12-15]. There is little information about the

effect of different coagulants on the morphology of

electrospun fibres. In this work, gas-jet/electrospun

poly(ethylene terephthalate) (PET) nanofibres were

collected on the clean stainless steel plate and three

different coagulation baths, respectively. The effect of

various coagulants on the morphology of fibres was

investigated. The PET nanofibres were characterized

by scanning electron microscopy (SEM).

EXPERIMENTAL

Materials

Poly(ethylene terephthalate) (PET) was synthesized

in our laboratory and its intrinsic viscosity was 0.89

dL/g in the mixture of phenol and 1,1,2,2-tetra-

chloroethane: 50/50 (w/w) at 25ºC. Phenol, 1,1,2,2-

tetrachloro-ethane and ethanol were purchased from

Chengdu Kelong Chemical Aagent Company. All sol-

vents were of analytical grade and were used as

received. Nitrogen gas (99.9%) was supplied by

Chengdu Haoru Gas Sale Co. Ltd. PET was dissolved

in a mixed solvent of phenol and 1,1,2,2-tetra-

chloroethane: 50/50 (w/w) for 1 h at 75ºC. The con-

centration of the as-prepared PET solution was

15 wt%.

Gas-jet/Electrospinning 

The PET solution was gas-jet/electrospun using the

gas-jet/electrospinning apparatus shown in Ref 16,

17. The spinneret of gas-jet/electrospinning apparatus

consisted of two coaxial tubes. The inner capillary

delivered PET solution, while the outer tube delivered

nitrogen gas. Gas-jet/electrospinning was carried out

at room temperature and the temperature of nitrogen

gas was about 20°C. Solution was loaded into a

syringe. A syringe pump was used to feed the solution

into the inner capillary of the spinneret. A negative

electrode was connected to the spinneret. When a suf-
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ficiently high voltage was applied to the spinneret, the

solution was electrospun. At the same time, nitrogen

gas in storage was delivered to the outer tube of the

spinneret, and a gas jet occurred. The solution was

spun under the actions of an electrostatic force and the

stretching force of gas jet. It is called the gas-jet/elec-

trospinning. The nanofibres were collected on a clean

stainless steel plate and three different coagulation

baths connected to ground under the spinneret. Three

coagulants of coagulation baths were water, ethanol

and the mixture of water and ethanol (50/50, v/v),

respectively. Unless otherwise specified, the applied

voltage was 30 kV; the collection distance was 23 cm;

the flow rate of the PET solution was 30 mL/h; the gas

flow rate was 10 L/min; and the inner diameter of the

inner capillary was 0.4 mm. All gas-jet/electrospun

PET fibres were dried for 6 h in vacuum at 60°C prior

to characterization.

Characterization

The morphology of gas-jet/electrospun PET nanofi-

bres was observed by a Jeol JSM-5900LV scanning

electron microscope (SEM) after gold coating. The

magnifications were 10000. The average diameter of

the nanofibres was measured by SigmaScan Pro 2.0

software from the SEM images.

RESULTS AND DISCUSSION

The Morphology of Gas-Jet/Electrospun PET

Nanofibres Collected on a Metal Plate

The SEM image of gas-jet/electrospun PET nanofi-

bres collected on the clean stainless steel plate is

shown in Figure 1. A combination of smooth and a

few beaded nannofibres with an average diameter of

90 nm was prepared by gas-jet/electrospinning.

Though Wang et al. [18] found that PET nanofibres

cannot be prepared by electrospinning from the PET

solution using the mixture of phenol and 1,1,2,2-tetra-

chloroethane: 50/50 (w/w) as the solvent due to the

low conductivity and difficult evaporation of both sol-

vents during electrospinning process. Because the

additional gas jet played a drawing action on the poly-

mer fluid jet and favoured the evaporation of solvents

in PET solution,  PET nanofibres can be prepared by

gas-jet/electrospinning of the PET solution at 15 wt %

Figure 1. The SEM images of the gas-jet/electrospun PET

nanofibres collected on the clean stainless steel plate from

the PET solution at 15 wt% concentration in the mixture of

phenol and 1,1,2,2-tetrachloroethane (50/50, w/w).

concentration in the mixture of phenol and 1,1,2,2-

tetrachloroethane (50/50, w/w). The average diameter

of fibres collected on the clean stainless steel plate

was 90 nm. However, the boiling points of phenol and

1,1,2,2-tetrachloroethane are so high that the gas-

jet/electrospun fibres are harder to dry when they

reach the collector, which results in beads and inter-

fibrillar bonding in the junction of nanofibres.

Effect of Different Coagulants on the Morphology

of PET Nanofibres

Figure 2 shows SEM images of the gas-jet/electro-

spun PET nanofibres collected on three coagulation

baths. On the surface of the fibres obtained in a coag-

ulation water bath, many short branches appeared.

The beaded fibres were evident in the SEM image of

the PET nanofibres collected on an ethanol bath.

Smooth fibres without bead were obtained from the

mixed solvent of water and ethanol (50/50, v/v) as the

coagulation bath. The average diameters of fibres col-

lected on water, ethanol and water/ethanol bath, were

87, 105 and 84 nm, respectively. Remant et al. found

that the fibre diameter of the nylon 6 electrospun

nanofibres increased from 80 to 103 nm when it was

collected on a water bath, compared with the diame-

ter of the nylon 6 nanofibres collected on an alumini-

um sheet [13]. In agreement with their result, there

was an increase in the diameter of PET nanofibres
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when the ethanol bath was used as the collector. But,

the diameters of PET nanofibres collected on water

and water/ethanol coagulation baths decreased, com-

pared with the average diameter of fibres collected on

the stainless steel plate. It has been generally accept-

ed that in the wet spinning, coagulation is the key

process in which the polymer solution (dope) is con-

verted into gel fibres because of the phase separation

of the polymer solution in the solvent/non-solvent

(coagulant) mixture. Counter diffusion of the solvent

from the dope and counter diffusion of the coagulant

from the coagulation bath take place simultaneously,

yet they may occur at different rates depending on the

coagulation bath composition [19]. Similarly, counter

diffusion of the residual solvent from the gas-jet/elec-

trospun fibres and counter diffusion of the coagulant

from the coagulation bath take place when these

fibres reach the coagulation bath. When ethanol bath

was used as the collector, the mutual-diffusion

process took place because ethanol is soluble in both

phenol and 1,1,2,2-tetrachloroethane [20]. The diffu-

sion rate of ethanol might be higher than that of the

residual solvent because the concentration gradient of

ethanol is higher than that of solvent between the

inner and the outer of the fibres. As a result, in the

ethanol coagulation bath, the solidification will speed

Iranian Polymer Journal / Volume 17 Number 5 (2008)376
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Figure 2. The SEM images of the gas-jet/electrospun PET nanofibres collected in:(a)

water bath, (b) ethanol bath, and (c) water/ethanol bath from the PET solution at 15 wt%

concentration in the mixture of phenol and 1,1,2,2-tetrachloroethane (50/50, w/w). 

(a) (b)

(c)



up, leading to the formation of hard skin in shorter

time, which cumbered the mutual-diffusion process.

The residual solvent may still exist in the fibres.

Hence, the beaded fibres will be formed in the ethanol

bath similarly to the fibres collected on a clean stain-

less steel plate, and the average diameter of PET

nanofibers collected in the ethanol coagulation bath

increased compared with the diameter of fibres col-

lected on the stainless steel plate. On the other hand,

phenol and water are not miscible with each other at

room temperature [20]. In addition, at 25ºC, the solu-

bility of 1,1,2,2-tetrachloroethane is 0.29% in water,

while the solubility of water is 0.13% in 1,1,2,2-tetra-

chloroethane [20]. There was only slight mutual-dif-

fusion between 1,1,2,2-tetrachloroethane and water.

The fibre diameter of PET fibres collected in the

water bath decreased because the outward diffusion of

1,1,2,2-tetrachloroethane predominated. It was highly

probable that the diffusion rate of 1,1,2,2-tetra-

chloroethane was so fast that the PET molecules dis-

solved in 1,1,2,2-tetrachloroethane also diffuse out-

ward and as a consequence were solidified in water.

This would introduce branches on the surface of

nanofibres collected in the water bath. When the

water/ethanol mixture was used as the coagulation

bath, the decrease of ethanol concentration grades

resulted in the decrease of the coagulation rate and the

increase of the coagulation time. The mutual-diffu-

sion was balanced, giving rise to the formation of the

uniform and bead-free fibres and the disappearance of

the short branches on the surface of fibres. Among

three coagulants, the morphology and the average

diameter of PET nanofibres collected in the mixture

of water and ethanol was best and thinnest, respec-

tively.

CONCLUSION

The present contribution aimed at studying the effect

of different coagulation baths as collector on the mor-

phology of gas-jet/electrospun poly(ethylene tereph-

thalate) (PET) nanofibres. These coagulants were

water, ethanol and the mixture of water and ethanol

(50/50, v/v). On the surface of the fibres obtained in a

coagulation water bath, many short branches

appeared. The beaded fibres were found in the SEM

image of the PET nanofibres collected in an ethanol

bath. Smooth fibres without bead can be obtained

using the mixture of water and ethanol (50/50, v/v) as

the coagulation bath. The average diameters of fibres

collected in water, ethanol and water/ethanol bath,

were 87, 105 and 84 nm, respectively. Compared with

the average diameter of fibres, collected on a metal

plate, the diameter of fibres collected in water and

water/ethanol coagulation baths decreased, while the

diameter of fibres collected in ethanol bath increased.

Among three coagulants, the morphology and the

average diameter of PET nanofibres collected in the

mixture of water and ethanol was best and thinnest,

respectively.

Our results have shown that the coagulant plays an

important role in the morphology of PET nanofibres

collected in the coagulation bath. 
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