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Abstract
Electrospinning and melt-blown techniques were harnessed to the investigation into the 
preparation of textile materials of thin cellulose fibres. The spinning was performed by 
using spinning solutions with cellulose concentration of 3wt% and 6 wt% in N-methyl-
morpholine-N-oxide (NMMO). By adopting suitable spinning conditions for both of the 
applied techniques, laboratory lots of the textile materials were prepared with fibres hav-
ing an average diameter of 0.66µm to 10.6 µm from electrospinning and 1.37 to 1.50 µm 
from melt-blowing, respectively, for increasing concentration of cellulose in the spinning 
solutions. It was found by SEM inspection that the fibres obtained by both techniques are of 
irregular shape and often stick to each other at certain length. In the electrospinning it was 
observed that thin and thick fibres joined together may take an original shape resembling 
a tailor seam. In extremities, the fibres are deformed to such degree and combined on such 
large surface as to form a sort of film with discernible only fibre fragments.
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preparation of microfibres from such so-
lutions by melt-blowing on a larger scale 
will be reported in a separate publication.

n	 Experimental part
Materials 
n	 Cellulose - Columbus Pine produced 

by Weyerhaeuser Co. (USA) with  
DP = 1400 (producer’s data) both un-
treated and hydrothermally pretreated 
was used in the preparation of spin-
ning solutions. The hydrothermal pro-
cessing (HT) resulted in a decrease in 
the cellulose polymerization degree to 
the level of 370 [18, 19].

n	 NMMO N-methylmorpholine-N-
oxide (NMMO), in a 50% aqueous 
solution was delivered by BASF, 
Germany. It was characterized by  
nD26 = 1.4198 and bulk density of 
1.14 g/cm3

n	 Propyl gallate by Fluka Co. with a 
98% content of the active substance. 
It was used as antioxidant in the cel-
lulose/NMMO solutions.

Preparation of the cellulose solutions
The NMMO solution was first concen-
trated to the 70 wt% content. Crumbled 
cellulose after the HT pretreatment or un-
treated was added to the NMMO solution 
at 40 °C with stirring. The antioxidant 
(propyl gallate) was added in the amount 
of 0.1 wt % on cellulose. About 1 - 2 l of 
such mixture was put into a 5 l vacuum 
autoclave, preheated to 40 °C. The auto-
clave was equipped with an illuminated 
sight glass enabling the inspection of 
the cellulose pulp surface in the course 
of dissolving. The reactor content was 
slowly (1 - 2 hours) heated up to 120 °C 
with a step-wise pressure reduction from 

environmental, work safety and eco-
nomic problems. Based on world-wide 
long term R&D work, three promising 
solvents may be indicated as suitable for 
the preparation of cellulose spinning so-
lutions on a large scale, notably: 
n	 NMMO (N-methylmorpholine-N-ox-

ide) in Lyocell process [ 10, 11 ] 
n	 NaOH (sodium hydroxide-water) in 

Celsol technology [8, 12]
n	 Imidazole salts and other ionic liquids 

[12, 13]. 

An industrial use of the solvents is far 
behind expectations. Despite advanced 
research, the Celsol process has not yet 
been up-scaled from laboratory trials to 
industry. Ionic liquids that have better 
cellulose dissolving potential and higher 
thermal resistance than NNMO still re-
main in the labs. It is only the Lyocell 
process exploiting NNMO as a solvent 
(Tencel fibres, Lenzing Lyocell) that has 
found its way to industrial manufactur-
ing with the amount of well over one 
hundred thousand tonns of fibres turned 
out annually world-wide. The solvent 
emerges as suitable in the preparation 
of spinning solutions for the spinning of 
thin fibres by electrospinning [14 - 16] 
and melt-blowing [17, 18]. Only a few 
publications in that specific field could 
be found; knowledge concerning the use 
of textile material based on thin cellulose 
fibres is rather limited.

The aim of the present work is the prepa-
ration of thin cellulosic fibres in the mi-
cro- and sub-micro range from NMMO 
solution by electrospinning and melt-
blow techniques on a laboratory scale. 
Equal spinning solutions were adopted 
in both techniques to better assess the 
difference in use. Investigation into the 

n	 Introduction
The preparation of micro- and nanofi-
bres may be accomplished by a variety 
of physical-chemical methods. It must, 
however, be noted that cellulose is neither 
fusible nor dissolvable in most common 
solvents which implies specific methods 
of its processing to fibre. Best known 
amongst the applied physical-chemical 
methods are two: electrospinning [1 - 3] 
proceeding in an electrostatic field, and 
air blowing spinning [4 - 6] (inclusive 
melt-blown) where the fibre is formed 
in a stream of compressed air. The use of 
the methods in relation to cellulose car-
ries a problem: the applied solvents are 
not easy to evaporate and attempts to 
form the fibre according to the methods 
end up in producing an extended stream 
of the cellulose solution. Coagulation of 
the extended spinning solution stream is 
still needed to form the fibre. During the 
coagulation, the solvent travels to a fluid 
which does not dissolve cellulose and the 
remaining cellulose material is formed 
into a fibre. The final form of the cellu-
lose in such fibres (so called regenerated 
cellulose) differs greatly in supermolecu-
lar structure from native cellulose [7, 8]. 
Nonetheless, the advantageous properties 
of cellulose are maintained and the fine 
shape of the fibre adds new interesting 
features absent in natural cellulose fibres. 
Therefore, materials made of micro- and 
nanofibres are frequently designed for 
advanced applications in medicine and 
hygiene [3, 9]. Investigations into the 
production of thin cellulosic fibres are 
not restricted to the fibre formation but 
include the preparation of the spinning 
solution. Though cellulose is one of the 
oldest polymers applied in the manufac-
ture of fibres, its processing still poses 
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atmospheric to about 8 mmHg enabling 
the evacuation of a sufficient amount of 
water to reach its content in the mixture 
below 13.3 wt%, thus enabling the dis-
solution of the cellulose in the NMMO 
or more precisely in the monohydrate 
NMMO×1H2O. At that point, the hith-
erto white and opaque pulp began to 
darken and acquire transparency. The 
process was continued at a pressure of 
3 - 5 mmHg and temperature of 120 °C 
usually no longer than half an hour. 
Samples were taken for microscopic in-
spection and the amount of the delivered 
water was controlled to prevent its drop 
in the mixture to below 10 wt%. At such 
conditions, except for the monohydrate, 
the NMMO anhydrate appears to largely 
augment the dissolving ability. The con-
ditions are seen as optimum with regard 
to work safety. It must be noted that be-
yond 150 °C cellulose undergoes an exo-
thermic decomposition in the presence of 
NMMO. In adverse conditions like big 
mass, and excessive water evacuation, 
temperature may increase causing an 
explosive decomposition of the solvent 
[21]. It, therefore, seems that the water 
content during the dissolutions must not 
be reduced to below 10%. Also impor-
tant is the inspection of the pulp surface 
in the autoclave through the sight glass 
to control and prevent effervescent boil-
ing which may occur at an excessive de-
crease in the pressure, high temperature 
and presence of a large amount of water. 

Spinnable solutions were prepared from 
both kinds of cellulose at its variable 
concentration in the range of 3 - 16 wt%. 

earthed spinning head has two tempera-
ture-controlled heating zones. The spin-
ning solution is melted in the cylindrical 
chamber (2 ccm of volume) and pressed 
with nitrogen to a steel pipe (inner dia of 
0.8 mm) where the temperature of the be-
ginning of spinningis adjusted. The spun 
fibrous material is taken up on the surface 
of the water in which a metallic mesh is 
immersed, connected to the high poten-
tial of the high voltage power supply 
ES50P-20W Ormond Beach, (USA). The 
fibrous material is collected on the mesh 
and then transferred onto a plastic mesh 
on which it is washed many times with 
distilled water and, then, slowly dried at 
ambient temperature (20 °C) .

Melt-blown
Figure 2 presents a schematic of the de-
vice for the preparation of fibrous materi-
als by melt-blowing from the cellulose/
NMMO solutions. As in electrospinning, 
the spinning head is electrically heated 
with a thermostat control usually above 
80 °C. The spinning solution is melted in 
a cylindrical chamber (4 ccm of volume) 
and pressed by nitrogen to a steel pipe 
(inner diameter of 0.8 mm). The pipe 
is centrally fixed along nearly its entire 
length in a conical opening in the bottom 
part of the spinning head. Compressed 
heated air is fed through that opening. 
The air stream is controlled with a rota-
meter before heating. In these conditions, 
the stream of the spinning solution is en-
trained and drawn by the streaming hot 
air till it reaches the surface of the water 
used as a coagulation agent. The fibrous 
material is collected on a plastic mesh, 

In microscopic inspections, the solu-
tions of the untreated cellulose revealed 
fragments of fibres that could not be dis-
solved and were therefore classified as 
unsuitable for spinning. The prepared 
spinning solutions were characterized in 
respect of:
n	 Viscosity – by measuring the melt 

flow index MFI at 120 ± 0.5 °C and 
piston pressure of 2170 G, plastome-
ter Brignole, Italy

n	 Thermal properties DSC measure-
ments, differential scanning calorim-
eter Diamond (Perkin-Elmer, USA), 
at a scanning speed of 20 K/min

n	 Microscopic inspection in visible light 
to assess the dissolution degree of the 
cellulose – microscopes Biolar (PZO, 
Poland) and Boetius (Germany) with 
heated table.

Note that the cellulose/NMMO spinning 
solutions are alkaline and hygroscopic 
and, therefore, must be stored in sealed 
and chemically resistant containers. 

Electrospinning
For the electrospinning of cellulose fi-
bres by the Lyocell process the solutions 
solidified at ambient temperature (some 
solutions solidify with delay) must be 
heated up to at least the melting point, 
i.e. above 80 °C [21, 14]. The thin cellu-
lose solution streams formed in the elec-
trostatic field must be quickly coagulated 
to become fibres. The process is mostly 
accomplished in water where it proceeds 
rapidly in less than 1 second. The device 
used for such electrospinning is sche-
matically presented in Figure 1. The 

Figure 1. Simplified scheme of electrospinning device for the spin-
ning of cellulose fibres from cellulose/NMMO solutions: 1 – heated 
electrospinning head (cross-section) with a separately heated nee-
dle (earthed); 2 – electrospinning area 3 – coagulation tray with 
metallic mesh connected to positive high electric potential; 4 – high 
voltage power supply; 5 – nitrogen inlet for the out- pressing of the 
spinning solution.

Figure 2. Simplified scheme of melt-blowing device for the spinning 
of cellulose fibres from cellulose/NMMO solutions: 1 – heated melt- 
blown head (cross-sction); 2 – area where the stream is formed by 
the action of hot air flow; 3 – coagulation tray with plastic mesh 
4 – hot air inlet; 5 – nitrogen inlet for the out- pressing of the spin-
ning solution.
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washed with distilled water many times 
and eventually slowly dried at ambient 
temperature (20 °C).

n	 Results and discussion
From a variety of spinning solutions with 
different cellulose concentration, two 
were selected for the electrospinning and 
melt-blowing processes. The remaining 
ones will be reported in a separate pub-
lication. Characteristics of the two se-
lected solutions can be found in Table 1. 
From the DSC measurements it appears 
that the solutions are prone to thermal 
crystallization (from the melt, Tc, or by 
a secondary heating, Tcc) hence they will 
turn crystatlline when stored at ambient 
temperature. For the process, they must 
be heated up to beyond 82 °C to get the 
melt, and further if a lower viscosity is 
needed. As mentioned earlier, heating up 
to above 150 °C is hazardous. The ability 

for thermal crystallization of the cellu-
lose solutions could contribute to a faster 
solidification in the course of the stream 
forming if it were not for the proneness to 
supercooling (low temperature Tc). Fur-
thermore, the speed at which the stream 
travels the short distance of several cen-
timetres between the electrodes in the 
electrospinning is quite high, amount-
ing to many metres per second [22] , and 
hence the travelling time is too short to 
enable crystallization. Now, the solution 
stream, still liquid, reaches the water sur-
face where it coagulates. High kinetic 
energy of the solution streams may cause 
fragmented joining of the streams with 
the earlier collected, not entirely coagu-
lated ones. Favouring the undesired phe-
nomenon is a short distance between the 
electrodes when the collected streams 
are still relatively thick and insufficiently 
quenched, thus maintaining a low viscos-
ity. The case is illustrated with Figure 3.A 

where fragments of the thick fibres stick 
to each other. The strange bonds between 
thin and thick fibres resembling a tailor’s 
seam are also seen in the photo. The thin 
fibres represent the thread while the thick 
ones the sewn fabric. The observed ef-
fect is allegedly a result of the high speed 
attained by the thin fibres in the course 
of electrospinning - 200 m/s and higher 
[22,  23] and by the uneven (fibrillar) 
structure of the thick fibre material which 
can be seen in the photo. The thin swift 
fibres may be driven into the soft part of 
the thicker fibre or stop on the surface 
of harder fragments. The integration of 
the streams on the take-up surface is an 
extreme phenomenon occurring when 
the distance between the electrodes is 
very small, of about 5cm, and spinning 
solutions of low viscosity are used (e.g. 
solution with concentration of 3 wt% 
- Table 1). In such conditions, a film is 
collected where the fibre form appears 
in fragments only (see Figure 3.B). The 
forming of similar membranes was also 
reported in other works [14, 16], where 
it was explained by a too slow coagula-
tion. Similar results were also obtained in 
this study in the part of the melt-blowing 
technique when the spinning head was 
situated only 5 cm above the water level. 
The reasons for the forming of the quasi-
continuous structures are the same as in 
electrospinning. The spinning solution 
streams are carried off by the hot air and 
promptly reach the water surface; moreo-
ver, in the hot air they give out their heat 
much more slowly and persist longer in 
a plastic condition. Therefore, spinning 
solutions of low viscosity were avoided 
in the trials as well as a short distance be-
tween the spinning head and the take up.

The parameters adopted in the electro-
spinning are shown in Table 2. Figure 4 
presents the results of the |SEM inspec-
tions. From the results it may be conclud-
ed that thinner fibres can be spun with 
a longer way of electrospinning, lower 
viscosity of the spinning solution and 
higher voltage/ Fibres prepared in the E4 
trial are 16 times thinner than those from 
E1; they may be classified as sub-micron 
fibres. In none of the trials fibres could 
have been made with a regular cross-
section.

Parameters quoted in Table 3 (see page 
56) apply to the melt-blowing. Figure 5 
(see page 56) presents the results of the 
SEM inspections. Although in both trials 
similarly thin materials were obtained, in 
the B2 trial a fibrous material was pre-

Table 1. Properties of cellulose/NMMO spinning solutions used in electrospinning and 
melt-blowing: Tm and DHm – temperature and enthalpy of melting during first heating, 
Tc and DHc – temperature and enthalpy of crystallization from the melt, Tcc and DHcc - 
temperature and enthalpy of cold crystallization (all were estimated at scanning speed of  
20 K/min); c* - Dissolution degree was assessed in terms of quality based on microscopic 
inspection in visible light. Dissolution was considered complete if no more than one undis-
solved fibre fragment appeared in the field of view.

Solution 
number

Cellulose 
content, wt%

Flow index 120 
°C, g/10 min

Tm, 
°C

∆Hm, 
°C Tc, °C

∆Hc, 
°C

Tcc, 
°C

∆Hcc, 
°C

Dissolution 
degree*, %

1 3 1345 81.4 122.9 12.5 103.7 50.7 17.6 100
2 6 887 75.8 110.4 -9.2 0.9 9.1 97.5 100

Table 2. Parameters of the electrospinning device in trials during which fibrous materials 
were obtained. Average diameter of the fibre is given; * - distance between the end of the 
spinning pipe (needle) and the take-up surface (water surface in the coagulation tray).

Trial 
number

Solution 
number

Air gap*, 
cm

Voltage, 
kV

Temperature, ºC Fibre average 
diameter, µmspinning head needle

E1 2 5 11 100 96 10.6
E2 2 5 11 100 130 4.88
E3 1 9.5 29 100 100 0.96
E4 1 11 30 110 100 0.66

Figure 3. Fibrous materials obtained by electrospinning from cellulose/NMMO solution. 
A-fibrous material with discernible fragments of joint fibres; B- material collected in the 
form of a membrane with visible fibres.

B)A)
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Figure 4. SEM images at 100x, 500x, and 500x and 5000x magnification of cellulose fibrous mats obtained by electrospinning from molten 
cellulose/NMMO solutions in trials E1 – E4 at conditions quoted in Table 2. Also shown are the histograms of fibre diameter.
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pared with the best shape regularity of 
all attempts made in the study. Optimum 
conditions for the preparation of thin fi-
bres have so far not been established in 
both of the applied processes. 

n	 Summary
Spinning solutions were prepared with 
varied cellulose concentration (3 - 
16 wt%) in the NMMO solvent and re-
duced cellulose polymerization degree. 
Quality of the solutions of the regular 
cellulose (no HT pretreatment) was un-
satisfactory. Therefore, only solutions of 
the HT- pretreated cellulose were used in 
the spinning. Electrospinning and hot air 
melt-blowing techniques were harnessed 

in the investigations aimed at the prepa-
ration of fibrous materials. Spinning 
was accomplished from solutions with 
3 wt% and 6 wt% concentration of cel-
lulose with DP reduced to 370. Solutions 
with higher cellulose concentration were 
too viscous for the spinning. By select-
ing suitable spinning parameters in both 
techniquesapplied, experimental lots of 
the fibrous material were prepared and 
characterized by: average fibre diam-
eter in the various trials of 0.66 µm to 
10.6 µm in electrospinning, and 1.37 to 
1.50 m in melt-blowing, respectively, for 
increasing cellulose concentration. SEM 
inspection revealed irregular shapes of 
the prepared fibres which often stick to 
each other in fragments. The joints be-

tween the thin and thick fibres in elec-
trospinning may take a curious shape 
resembling a tailor seam.
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