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Adescriptive and historical account with experimental evidence is provided for the
production feasibility of micro- and nanofibrils from structured-fibres using 
existing technologies. Blends of 6.25% polypropylene, 87.5% nylon 6 and 6.25%

polypropylene grafted with maleic anhydride as compatibilizer (N6/PP-g-MAH/PP)
were spun into continuous filaments yarns using a melt spinning unit (pilot plant) at the
speed of 2000 m/min. The yarn samples were drawn in a drawing unit with draw ratios
of 1.3 and 2.6. Samples were treated with formic acid (98%) to dissolve the nylon 
component that forms the matrix of the bi-constituent filaments. Different analytical
techniques including polarizing microscopy, scanning electron microscopy, FTIR 
spectroscopy, differential scanning calorimetry and wide angle X-ray diffraction were
used to examine the filaments and fibrils. It is shown that by existing technology it is
possible to produce polyblend filaments from two rather incompatible polymers, while
the extraction of polypropylene micro and nanofibrils is possible either by decantation
or Soxhlet using formic acid as solvent for nylon 6. The extracted fibrils were partially
crystalline having melting temperature close to neat polypropylene. The fibrils have
diameters less than one micrometer, down to less than 100 nm. By examining the 
fibrils, it was found that fibrils are partially crystalline with considerable molecular 
orientation. 

INTRODUCTION

Nanomaterials are abundant in
nature. Nanoparticles are produced
from larger structures or by arrang-
ing smaller entities to form com-
plex structure. In addition to those
based on inorganics and ceramics,
nanofibrils can be produced from a
wide range of polymeric materials.
For production of nanofibres, sev-
eral techniques have been designed
including yarn drawing, template
synthesis, phase separation, self-
assembly, electrospinning, etc.

Electrospinning has gained consid-
erable atention in the last few
decades and the other techniques
are still in the early stages.
Nanofibres have now found many
applications such as substrates in
filtration process, reinforcing
fillers, medical applications, etc.,
where the subject is reviewed in
several publications [1-5]. Ellison
et al. [5] have extended the process
of melt blown for the production 
of nanofibres, which was based on
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1950's technology to produce submicron diameter
fibres-mat to entrap radioactive dust. Polybutylene
terephthalate, polypropylene and polystyrene nano-
fibres with average diameters less than 500 nm were
produced, that seems to be close to the nanofibres
produced by electrospinning.

The fundamental concept of gaining benefit from
the proper arrangement of nano-sized particles to
attain the required properties is an old subject 
involving fibres and polymer physics, where the 
connection between structure and macroscopic 
properties are of considerable interest. Also 
remarkable efforts have been made to separate and
individuate these nanoparticles from the surrounding
substance [6-11]. In a recently published paper, a new
technique for extraction of micro- and nanofibrils
with diameters of 100 to 3000 nm from jute fibres is
reported [11]. Extraction of nanocellulose fibrils with
diameters less than 60 nm was also reported in 2008
[9]. The publications regarding the re-use of these
extracted cellulose particles are increasing [7-10]. 

A few readily available sources would be 
informative in order to show the concept of nano-
sized particle extraction is an old subject. During the
advent of nanoscience and nanotechnology, theories
of fine structure of fibres were studied intensively, in
a completely different discipline, stating that the

fibres consist of some nano-sized domains that 
determine their final properties. For the development
of ideas of fine structure, Hearle [12] in 1968 wrote:

"The fine structure of most fibres is a complex
combination of long chain molecules in crystalline
and non-crystalline regions, which may in turn be
aggregated into fibrils or other supramolecular 
structures".

Sikorski, in the same book [13] in a relatively long
table summarized the fibrillar width and thickness of
different fibres. To exemplify just a few: fibrils in 
cotton have a width of 10 to 100 nm and thickness of
2.5 to 7.5 nm, in silk fibroin the width is 4 to 30 nm,
in synthetic fibres, such as polyacrylonitrile,
polyamide, polyethylene terephthalate and poly-
ethylene, the width of the fibrils runs from 10 to 
60 nm. In order to show the diversity of the sizes in
different fibres, in addition to a few from Sikorsky's
published table [13], some more data obtained by 
different authors [14,15] are summarized in Table 1.
It should be mentioned that the dimensions of 
crystalline unit cells in these fibres are between the
tenth order of a nanometer to maximum 3 nm with
non-covalent bonding between the molecules. To
acknowledge an outstanding outcome, these 
endeavors on the fibres relationship between 
structure and properties lead to the shish kebab 
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Materials Width
(nm)

Thickness
(nm)

Authors Reference

Cotton
Flax
Hemp
Jute
Ramie
Viscose
Silk
Polyacrylonitrile
Polyamide
Polyethylene terephthalate
Polyvinyl alcohol
Polyethylene
Polypropylene
Silk

6-100
6-12.5
6-13
85-10
37-10
6-25
4-30
10-20
10-60
10-30
15-30
10
20-50
90-170

7.5
3.0
-

2.0
3.0
7.5

Selected values from a longer
table collected by Sikorski from
different authors

Hautojarvi et al.
Putthanarat et al.

[13]

[14]
[15]

Table 1. Dimensions of nanoparticles reported by different investigators in different fibres.



structure that is so arranged in the specially made
polyethylene fibres to improve the modulus and
strength drastically [16].

While the complexities of the structure-properties
relationship in single component fibres had not yet
been quite dissolved [17], the production of items
from polymer blends was commercialized. Fibres
were produced from blended polymers (polyblend) to
attain superior properties and with special techniques
the bi-components and bi-constituents were produced
for special applications [18]. 

The basic idea of preparing nanofibres from poly-
mer blends was described in our previous article [19],
where fibres were spun with a laboratory mixing
mini-extruder (at a speed of a few meters per 
minutes) and fibrils with diameters less than one
micrometer were produced by blending, extrusion,
drawing and removing the major component with
formic acid. Only decantation method was used for
separation of fibrils. The work was based on the 
structure and properties of blended polymers [20,21];
especially N6/PP blends that were studied by several
researchers [22-27]. Continuing the same line of
thought, in the previous publication industrial plant
was used to produce filament blend and extract 
nano- and micro-sized fibrils by decantation [28]. 

In the present work, a processing system very
close to the industrial plant is used to produce blend-
ed filaments. Blends of N6/PP-g-MAH/PP were spun
into filaments in a pilot spinning unit at the speed of
2000 m/min, where the filaments undergo very large
extensional shearing forces. In addition to the 
extension of laboratory technique to the filament 
production technique, Soxhlet extraction is also
examined to evaluate an alternative and presumably
more effective technique for fibrils extractions. In 
this work, the structure and properties of the fibrils
were also examined in more details by several 
different techniques.

There are several reasons for the extension of the
work to fibre spinning plants: (1) it is known that at a
relatively high spinning speed, due to the higher 
elongational shear field, overall molecular orientation
including crystalline and amorphous orientations can
be improved in the filaments [29]; (2) continuous
drawing of the yarns that elongate the PP fibrils in N6
matrix is readily possible with the existing common

equipments at a considerably high output; and (3) the
products in filamentous form can be handled easily in
subsequent processes. 

EXPERIMENTAL

Materials
Commercial isotactic polypropylene (PP) (V30S,
from Arak Petrochemical Co., Iran) with a melt flow
rate of 16 g/10 min) was used; according to the 
manufacturer it contained a phenolic antioxidant 
(Irganox® 1010, China) and Ca stearate as heat stabi-
lizer. Fibre grade nylon 6 (N6) granules were from
Parsilon Co. (Iran); it contained 0.3% TiO2 as de-lus-
terant. Polypropylene grafted with maleic anhydride 
(PP-g-MAH) with MFI of 23.7 g/10 min and MAH
index of 1.5% was obtained from DuPont (USA).
Formic acid 98-100%, analytical grade, was from
Merck, Germany.

Measurements
A Nicolet Nexus FTIR spectrometer (USA) was used
to record the spectra between 400 and 4000 cm-1 at a
transmission mode. The nominal resolution of the
spectrometer was 4 cm-1, averaging 32 scans. 

Tensile tests on the spun yarns were performed at
room temperature using a constant rate of elongation
tester, Elima EMT 50, Elima New Technology Co.,
Tehran, Iran. The gauge length was 100 mm and the
cross-head speed was 50 cm/min. 

A Bausch & Lomb Greenough microscope 
(USA), a Karl Zeiss polarizing microscope
(Germany), and a biological microscope equipped
with phase contrast objective (Zeiss, Germany) were
used to observe the fibres. Retardations were 
measured by a 6th order compensator and the birefrin-
gence was calculated for the samples. A Cambridge
scanning electron microscope (England) was used to
examine the samples at a higher magnification. The
samples were coated with gold prior to the 
examination by SEM. The fibril diameters were 
measured on the SEM images using Measurement
Software. 

Wide angle X-ray diffraction was performed by a
Siemens D5000 Diffraktometer (Germany) using Cu
as anode. The radiation wavelength was 1.541 A, the
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diffraction angle varied from 2θ = 5° to 2θ = 49°, and
the equipment was operated at 40 kV. Samples were
made from extracted fibrils.

Thermograms were prepared by a Polymer
Laboratories differential scanning calorimeter,
(England). The samples were heated at the rate of
10°C/min in the heating range of 20-250°C.
Crystalline fraction index (X%) was calculated by: 

where ΔH is the fusion enthalpy of the sample and
ΔH* is the enthalpy of 100% crystalline sample. The
fusion enthalpy of 100% crystalline polypropylene
was taken 8.7 kJ/mol and that of 100% nylon 6 was
taken 26 kJ/mol [30].

Methods of Sample Preparation
Granules of the blend components, 6.25% PP, 6.25%
PP-g-MAH and 87.5% N6 (w/w) were blended 
thoroughly and dried in a vacuum oven for 24 h at
80°C prior to spinning. Filament yarns were 
produced by a pilot plant spinning unit made by
Barmag-Automatic, Germany. The spinnerets with 36
holes were used; the spinning temperature was 
controlled at 3 different zones of the extruder, i.e., the
feeding, metering and die zone. The temperature 
profiles of the extruder at the heating zones were 220,
230, 240, 250 and 260°C, quench temperature was
20°C. Undrawn filaments (UD) were collected at the
speed of 2000 m/min. In a series of preliminary trails, 
several blend ratios and conditions were examined,
finally the condition and the blend ratio used were
found to work properly with a great stability. Then,
the as-spun filament yarns were drawn in a draw-
twisting unit (Zinser, Germany) with the draw ratios
(DR) of 1.3 and 2.6, accordingly. 

Two different methods were employed to remove
the N6 matrix from the blend with formic acid;
decantation and Soxhlet extraction. In decantation
method formic acid solution (98%) was added to a
500 mL beaker containing the filaments, the solution
was stirred for at least three hours and then the 
solution was transferred into a conical decanter and
left overnight. The bottom portion that contained the 
dissolved N6 was then removed and fresh formic acid
was added, and again it was left for one more day. 

Figure 1. Decantation of the blended filaments, separating
funnels, the white turbid layer with PP particles is on top
and less turbid layer is at the bottom. 

Figure 1 shows the separating funnels, the white 
turbid layer with PP particles is in the top region and
less turbid layer is at the bottom, which is due to the
lower density of polypropylene (0.94 g/mL) [31]
compared to the density of formic acid solution 
(1.22 g/mL) [32], which stays on the top. Finally after
removing the bottom portion, the top portion was
transferred into a flat dish and dried at room 
temperature. The obtained mat was separated from
the dish. We have not made any attempt to optimize
the time and the method of extraction of fibrils from
the blends in this method. 

In Soxhlet extraction, the main chamber of the
extractor was half-filled with a glass-fibre bag 
containing cut filaments and the pod was half-filled
with the solution of 98% formic acid. The solvent
was heated to reflux and the extraction cycle resumed
for a day (160 times). The insoluble portion of 
the extracted solid remained in the thimble was 
transferred to a flat dish and was separated and 
examined after drying. Figure 2 shows the views of
the solid PP left after Soxhlet extraction. 

In order to determine the amount of each 

Figure 2. Polypropylene fibrils from the blended filaments
after Soxhlet extraction. 
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component in the filaments, the weights of the 
samples before and after extraction were determined
and the percentage of the remaining polypropylene
was calculated. 

RESULTS AND DISCUSSION

Blended Yarn Properties
Linear density, breaking strength, breaking elongation
and birefringence of the undrawn and drawn yarns are
shown in Table 2. In comparison with the published
reports, the yarn produced at the speed of 2000 m/min
has a relatively lower breaking elongation [29,31].
The breaking elongation decreases and the breaking
strength increases with drawing and draw ratio.
Higher draw ratio leads to a higher strength and a

lower breaking elongation, albeit, in the normal range
of operation. Drawing improves the molecular 
orientation and hence drawing improves the 
birefringence. 

According to the results in Table 2, in both drawn
and undrawn yarns, the birefringence of the 
filaments is considerably large indicating high 
molecular orientation parallel to fibre axis. In 
agreement with generally observed effect of drawing,
the birefringence of the drawn yarn sample with draw
ratio of 2.6 is higher than that of yarn with draw ratio
of 1.3. The yarns with higher molecular orientation
have lower breaking elongation and higher strength.

It is well known that the small differences in the
refractive indices of materials can be resolved with
dark field and phase contrast microscopy. Figure 3
shows the optical micrographs of N6/PP-g-MAH/PP
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Sample 
designation

Count 
(tex)

Breaking stress
(cN/tex)

Breaking extension 
(%)

Filaments diameter
(μm)

Birefringence
(Δn)

Undrawn (UD)
DR = 1.3
DR = 2.6

142.6
99.5
56.4

17.5
24.0
38.6

174.5
89.7
16.1

23
19
14

0.027
0.029
0.039

Table 2. Characteristics of blended continuous filament yarns.

   

(a) (b) (c)

Figure 3. Optical micrographs of N6/PP-g-MAH/PP blended filaments at: (a) normal mode, (b) dark field mode and (c) phase
contrast mode from top to bottom: (undrawn filaments, drawn filaments with draw ratios of 1.3 and 2.6, respectively). 



Figure 4. FTIR Spectra of blended filaments. 

polyblend filaments. Figure 3a is taken in normal
mode, Figure 3b is in dark field and Figure 3c is 
taken in phase contrast mode to resolve the probable 
differences in the refractive indices of the 
components. In the three different modes of 
microscopic observations for the three filaments,
inhomogeneities except those of de-lustrant particles
are not observed. The diameter of the filaments was 
measured from several micrographs and the results
are also shown in Table 2. The draw ratios calculated
from filament diameters and linear densities are 
compared with imposed draw ratios. It is found that
the differences are less than 10%. These observations
indicate that the drawing operation was effective and
the molecular orientation improved by the drawing
operation. That is in agreement with previous results
obtained for blended PP/N6 blended yarns [27].

FTIR Spectra of the samples of N6/PP-g-MAH/PP
blend are shown in Figure 4. The differences between
the spectra of the samples are in some weak peaks,
around 1100 cm-1 that could be due to the increase in
the molecular orientation and crystalline fraction [33]
which is brought about by the process of drawing. No
peak which may imply degradation can be detected.

Extracted Fibrils Properties
The FTIR spectra of the extracted PP fibrils by
decantation are shown in Figure 5. Lack of prominent
peak at 3300 cm-1 that corresponds to amide group
(CONH) [34] in extracted polypropylene sample from
the blend indicates that polyamide matrix 
is removed considerably. However, there is an 
indication of the presence of NH group in extracted 

Figure 5. FTIR Spectra of extracted fibrils by decantation
from blended filaments. 

samples that is indicated by the absorption peak at
1541 cm-1. Formation of linkage between PP-g-MAH
and N6 prevents complete dissolution of N6 in formic
acid. Formation of linkage between nylon and 
PP-g-MAH and co-crystallization is reported in the
literature [35,36]. 

The peaks at 1654-1850 cm-1 region are 
characteristics of carbonyl group (C=O) and those at
3250-3600 cm-1 are characteristics of hydroperoxide
group (POOH) [37]. The spectrum of the extracted PP
indicates that there could be some oxidations of PP
that may have occurred during the process of 
extrusion leading to dissolution of N6 polymer. 

PP fibrils, after removing N6 matrix, were also
examined with a polarizing microscope. The 
elongated bundles were found to be positively 
birefringent. Due to limitations in the resolution of
optical microscope, it was not possible to determine
the birefringence of the single fibrils.

After the extraction of N6 by decanters, always
two different types of immersed particles were
observed by naked eyes. The first was thick, gummy
and relatively long chunky interwoven thread-like
that could be taken out from the formic acid solution
by a pair of tweezers, and the second type was float-
ing particles that made the top portion of the separat-
ing funnels turbid. This form was separated by the
evaporation of the formic acid.

After extraction, the remaining polypropylene was
white and pasty (Figure 2). The percentage of the
remaining polypropylene was measured and it was
greater than that used for fibre preparation. For
Soxhlet extraction it was 15.3%, 14.9% and 15.7% for
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Figure 6. SEM Micrograph of fibrils extracted from 
undrawn blended filaments (N6/PP-g-MAH/PP) after
removing N6 matrix with the solution of formic acid (98%)
by decantation. 

UD, DR = 1.3 and DR = 2.6 samples, respectively.
For samples extracted by decantation, the remaining
weight was not measured.   

To determine the structure of the thick portion
after transferring and drying the samples, SEM 
photomicrographs were recorded (Figure 6). Clearly,
the sample is formed from micro- and nano-scale
thick fibrils. Measuring the diameter of the fibrils on 

Figure 7. SEM Micrograph of fibrils extracted from 
undrawn blended filaments (N6/PP-g-MAH/PP) after
removing N6 matrix with the solution of formic acid (98%)
by Soxhlet. 

Figure 8. SEM Micrograph of fibrils extracted from drawn
blended filaments, (N6/PP-g-MAH/PP), of DR 1.3, after
removing N6 matrix with the solution of formic acid (98%)
by decantation. 

several SEM micrographs are varied considerably.
There are a number of fibrils less than 100 nm. Fibrils
with similar sizes were obtained when they were
extracted by Soxhlet method (Figure 7).  

Figures 8 and 9 show fibrils extracted from drawn
filaments DR = 1.3 and DR = 2.6, respectively.
Comparing the diameter of the fibrils, the effects of
drawing on the reduction of fibril diameters can be
observed. Similar results were also obtained for the
fibrils extracted by Soxhlet and due to space 
limitations it is not shown here. It seems that the 
number of fibrils with smaller diameters and the 
orientation of the fibrils are improved by increasing
the draw ratio. Quantitative comparison of diameters
of fibrils extracted by different methods and deter-
mining the effect of draw ratio on the fibril diameters
require considerable number of photomicrographs,
that is left for the future work. 

The X-ray diffraction patterns of PP fibrils after
removing N6 matrix by a solution of formic acid
(98%) from the blended sample are shown in Figure
10. The first three intense peaks at 2θ = 14°, 2θ = 17°
and 2θ = 18.8° are the reflections of (110), (040) and
(130) planes, respectively. The next intense peak at 
2θ = 21.9° corresponds to (131) and (041) planes. 
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Figure 9. SEM Micrograph of fibrils extracted from drawn
blended filaments, (N6/PP-g-MAH/PP), of DR 2.6, after
removing N6 matrix with the solution of formic acid (98%) by
decantation. 

The next two less intense peaks at 2θ = 25.6° and 
2θ = 28.6° correspond to (060) and (220) planes,
respectively, that is consistent with the literature for
partially crystalline PP [30,31]. These results indicate
that the extracted fibrils are partially crystalline.
Determination of crystalline and amorphous 
orientations of fibrils is an important parameter that
would be considered in the future work.

The DSC thermographs of the fibrils after 

Figure 10. Wide angle X-ray diffraction patterns of PP fibrils
after removing N6 from blended sample by solution of
formic acid (98%). 

Figure 11. DSC Thermograms of PP fibrils after removing
N6 from blended samples by Soxhlet extraction with 
solution of formic acid (98%). 

extraction of N6 with formic acid are shown in
Figures 11 and 12 for Soxhlet and decantation 
extraction, respectively. In the thermograms there are
weak endothermic peaks in the range of 200°C to
250°C which indicate that a considerable amount of
nylon 6 is extracted in both cases. The amount of N6
of less than 10% remained in the samples are calculat-
ed from the melting enthalpies shown in Table 3. The
PP fibrils left are crystalline showing a single phase
endothermic behaviour. Multiple fusion endotherms
similar to those reported in the literature [35,36] are
not observed. In the cooling cycle only a single 
crystallization peak is detected; probably the 
remaining N6 crystallizes in the same region of PP
crystallization temperature range. For the undrawn 

Figure 12. DSC Thermographs of PP fibrils after removing
N6 from blended sample by decantation with solution of
formic acid (98%).
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sample extracted by decantation an endothermic peak
in the range of 30-90°C is observed and we cannot 
offer a plausible explanation for this peak. It might
however relate to the glass transition of remaining N6.
This peak was also observed for the laboratory 
prepared sample in our previous work [19] for
undrawn sample, but it was not observed for samples
extracted by Soxhlet. The DSC thermograms of the
three samples (UD, DR = 1.3 and DR = 2.6) extract-
ed by Soxhlet are very close together. Probably during
extraction, long exposure time to a relatively high
temperature in the main chamber of the Soxhlet
extractor caused further crystallization and 
restructuring of the remaining polypropylene. This
also explains the difference of crystalline fractions
extracted by decantation and Soxhlet methods shown
in Table 3. 

The thermodynamics and structural parameters are
determined from DSC thermograms as shown in
Table 3. Melting temperatures of the extracted PP
fibrils from samples with different draw ratios are
very close. The differences are attributed to the 
instrumental accuracy. The DSC thermograms 
confirm the results obtained by X-ray diffraction, that
the fibrils with submicrometer diameters are remained
partially crystalline. Apparently both methods of
extraction are effective. The main chamber of Soxhlet
extractor should be kept cool to preserve the original

structure of the fibrils.

CONCLUSION

Blends of polypropylene, nylon 6 and polypropylene
grafted with maleic anhydride as compatibilizer were
spun into continuous filament yarns using a melt 
spinning unit (pilot plant) at the speed of 2000 m/min.
The yarn samples were drawn in a drawing unit with
draw ratios of 1.3 and 2.6. Samples were treated with
formic acid (98%) to dissolve nylon component that
formed the matrix of the bi-constituent filaments. It is
shown that by existing technology it is possible to
produce polyblend filaments from two rather 
incompatible polymers and a compatibilizer. Then, it
is shown that extraction of polypropylene micro- and
nanofibrils is possible either by decantation or
Soxhlet using formic acid. The main chamber of the
Soxhlet device should be cooled down to prevent 
further crystallization of the removed fibrils.
Examining the fibrils it was found that they are 
partially crystalline with considerable molecular 
orientations. Since the diameter of the fibrils was not
in the range of visible light wavelength it appears
white and dull. Nylon 6 medium provides a support
for the fibrils to undertake the exerted extension 
without breakage during drawing. 
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Samples PP
Melting temp

(°C)

PP
Cryst temp 

(°C)

PP
ΔH (J/g)

N6
Melting temp

(°C)

N6
ΔH (J/g)

N6 
remained (%)

PP
C.F. (%)

Extraction by decantation

Un-drawn (UD)
DR = 1.3
DR = 2.6

163.8
162.4
162.1

124.5
121.3
122.1

-14.19
-65.29
-67.07

219.0
220.0
217.7

-1.150
-5.513
-4.943

7.5
7.8
6.9

7
31
32

Extraction by Soxhlet

Un-drawn (UD)
DR = 1.3
DR = 2.6

168.0
165.6
166.2

122.7
121.6
123.6

75.46
75.94
79.04

219.3
218.9
218.0

-4.815
-3.548
-2.782

6.0
4.5
3.4

36
37
38

Table 3. Structural parameters of extracted PP fibrils from DSC thermograms.

ΔH: melting enthalpy, C.F.: crystalline fraction.



With present knowledge about the properties of the
mats of extracted PP fibrils (the minor component)
and their applications, it is too vague to consider the
viability of the process, although their potential to
have large output by existing equipments makes the
process preferable. Proper filtering, removal of fibrils
from solution and recovery of the solvents are the
subjects to be considered in the production. 
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