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I Introduction

Polyethyleneterephthalate (PET), popu-
larly known as polyester, is a long-chain
semicrystalline thermoplastic polymer
that is widely produced, with a total pro-
duction of 31.929 million tons in 2009
[1]. Due to its superior mechanical prop-
erties, ability to be recycled, low cost and
ease of processing, PET fibres are exten-
sively used in various textile and techni-
cal applications [2 - 4].

In order to meet the current need for mul-
tifunctional textiles with improved and
specific properties, continuous effort is
being made to modify PET fibres and
materials. To date, various additives such
as nucleating, antimicrobial, enzymes,
colorants, cross-linking and matting
agents have been incorporated in PET
for applications in various fields [5 - 8].
Techniques for incorporating additives
into PET fibres include the addition of
compounds during the fibre production
process or applying compounds on the
material surface as a post-treatment pro-
cess. The choice of technique depends on
the functionality that is required as well
as on the characteristics of the additives,
like its migration to the surface during
use [2, 9, 10].

When additives are applied at the finish-
ing stage, they are physically or chemi-
cally bonded to the surface of the mate-
rial; however, their resistance to abra-
sion and washing are never guaranteed.
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Furthermore finishing techniques like
spraying can cause spills, which may be
detrimental to the environment. Moreo-
ver badly applied coatings may lead to
partial loss during use, care and storage
[11]. In contrast, incorporating additives
during fibre production entraps the addi-
tives in the polymer matrix during solidi-
fication of the fibre forming polymer and
may take part in the crystallization pro-
cess, resulting in a strong bond between
the polymer and additives, as well as
providing high resistance to abrasion [2,
10]. In addition the additive can migrate
slowly to the surface, acting as a slow
release mechanism, which guarantees
an extended period of additive activity
[12]. The release rate is influenced by the
physical and chemical characteristics of
the polymer in relation to the characteris-
tics of the additive [13, 14].

Earlier studies have shown that any ad-
ditive incorporated into semi-crystalline
polymers like PET during production can
greatly influence the overall properties
of the end product. The data available
report effects on tensile properties like
tensile strength, Young’s modulus, flex-
ural strength and elongation at break [3,
15, 16]. The results presented by Onue-
gbu & Igwe (2011) revealed an increase
in tensile strength, Young’s modulus and
flexural strength with an increase in addi-
tive loading until a given level is reached
where after a further increase in additives
resulted in a decrease in the properties
mentioned. This means that it is impor-

tant to investigate the optimal concen-
tration of additives that will give a good
compromise for material properties and
the functionality required.

Several other studies have investigated
factors that influence the material proper-
ties of additive-polymer products. It was
found that interfacial bonding between
the additive and polymer matrix and the
dispersion of the additive in the matrix
are the main determinants of properties
of the end products [4, 18]. These fac-
tors depend on the characteristics of the
additives, like size distribution, shape
and loading. In a few works, smaller
particles and good dispersion resulted
in better tensile properties, while larger
particles exhibited poor material proper-
ties [15, 19]. The additive size influences
the stress transfer between the additives
and the polymer, which increases with
the decreasing size of the additives and
decreasing void voiding intensity [20,
21]. Poor dispersion and agglomerates
create voids and cracks in the polymer
matrix that can result in reduced material
properties and an ununiformed morpho-
logical structure [2, 22]. Therefore un-
derstanding the interfacial bonding and
dispersion of additives is important while
investigating the material properties of
additive-polymer products.

Spores of the thermophile bacterial strain
Bacillus amyloliquefaciens are known
to be resistant to high temperatures and
pressures [23, 24], making them good
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candidates for extruding in polymers. In
our previous work, we successfully in-
corporated spores in the polymer matrix
during fibre formation [25]. However, the
spores were used as proof of the concept
and therefore did not add any function-
ality to the PET fibres. Nonetheless the
extent to which the spores can be incor-
porated without fundamentally changing
the properties of PET fibres is unknown.
The present study investigated the mor-
phological and material properties of
PET fibres with spores incorporated to
see if the fibres produced were different
from normal PET fibres. PET fibres in-
corporated with 0 to 10% (w/w) spores
were extruded in a single screw extruder.
The spores-PET interaction and disper-
sion was studied with Scanning elec-
tron microscopy (SEM), Transmission
electron microscopy (TEM) and optical
microscopy (OM). Material properties
like tensile strength, Young’s modulus
and elongation at break were studied on
a Favimat tensile fibre testing machine,
while thermal properties and crystallin-
ity behavior were tested with Differential
scanning calorimetry (DSC) and Raman
and Fourier transform infrared spectros-
copy (FT-IR).

Results from this study are expected to
give an insight into how the micro-organ-
isms incorporated affect the fibre proper-
ties. This knowledge will give new inspi-
rations on how and where to improve the
extrusion process in order to develop bet-
ter quality fibres, which is valuable as the
micro-organisms integrated could add a
multitude of functions to textiles, creat-
ing novel and niche products.

I Materials and method

Extrusion

Spores of B. amyloliquefaciens were ex-
truded in Arnite thermoplastic PET pel-
lets (Arnite A02 307) from Royal DSM
N.V. (Netherlands).

Prior to extrusion, the PET pellets were
dried in an oven for two days at 70 °C,
after which pure B. amyloliquefaciens
spores were added by gravimetric dosing
during spinning to obtain a 0 (control), 2,
4, 6, 8 and 10% (w/w) concentration of
spores to PET polymer. This mixture was
extruded into multi-filament fibres by
a single screw extruder (General extru-
sion technology, China). The three differ-
ent heating zones of the barrel were set
to 280 + 10 °C for the feed stock (trans-
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port of material), 290 + 5 °C for plasti-
cising (compression) and 295 + 2 °C for
pumping (metering). The die was heat-
ed at 295 °C; the pressure was around
6.0 £0.2 MPa, and the average residence
time was approximately 5 + 0.5 minutes.
The resulting fibres had an average linear
density of about 7 + 0.5 dtex.

Characterisation methods

Tensile testing

Tensile properties like the tensile strength,
modulus and elongation at break of re-
sulting spores/PET fibres extruded were
determined with a FAVIMAT-ROBOT
(Textechno, Germany). All samples were
kept in a conditioned room at 65 + 2%
humidity and temperature of 20 + 2 °C
for 24 hours before testing. An average
of 50 single filaments was tested for each
spore concentration level.

The two-sample Kolmogorov-Smirnov
statistical test was used to determine how
significantly the spores affected the ten-
sile properties at each spore concentra-
tion level (0-10% w/w).

Microscopy characterisation
Morphological properties of the fibres
were studied using an optical microscope
(Olympus BX51), Olympus ocular and
plan 100x/1.25 lens with oil, a scanning
electron microscope (Joel Quanta 200 F
FE-SEM) and a transmission electron
microscope (Joel JEM 2200 FS-TEM).

To avoid electron loading on the SEM
sample, the samples were placed on a
stub and gold coated using a sputter
coater (Balzers Union SKD 030). SEM
micrographs were made under a high
vacuum voltage of 20.0 kV, with a spot
size of 4 to 6 nm, a dwell of 3000 ps and
a working distance of 10 mm.

Differential Scanning Calorimetry
(DSO)

Thermal analysis of the PET fibres incor-
porated with spores was conducted using
a DSC (Q 2000, TA-Instruments, DA,
USA) in a nitrogen atmosphere heat flow
of 50 ml/min and calibrated with pure
indium, tin and sapphire. Fibre samples
weighing 5 = 1 mg were placed in alu-
minum DSC pans (Tzero Pan) and sealed
with an aluminum lid (Tzero lid) using
a TA crimping tool. An empty pan was
used as reference. The samples were
then equilibrated to 50 °C for 10 minutes
and then heated at 2 °C/min run, isother-
mal conditioned for 5 minutes at 290 °C

and then cooled down to 0 °C. Two heat-
ings were recorded: the first investigated
the effects of spores on the melting tem-
perature and heat fusion, which is defined
as the area under the melting curve, while
the second heating used as an intrinsic
material reference.

The modulated mode of the DSC instru-
ment was used to study the glass transi-
tion and onset temperatures of the PET
samples. The heat flow of the materials
was monitored over the range of 0 to
290 °C with a temperature modulation of
+0.2 °C/min superimposed on a 2 °C/min
run. Universal Analysis 2000 software
was used for t interpretation of the ther-
mographs.

The degree of crystallinity was calculat-
ed from the enthalpies obtained using the
following Equation I:

Crystallinity =
AHXx1 - AHy1 . 100‘ % (1)

= 1 wt%
AHX0 - (1- M%)

Where AHx1 is the melting enthalpy of
the sample and AHy1 the crystallisation
enthalpy, while AHxO0 is the melting en-
thalpy of a perfect crystalline PET sam-
ple and wt% the total weight percentage
of spores. An enthalpy of 140 J/g was
used for perfect crystalline PET.

Spectroscopic analysis

To investigate the crystallinity and bond-
ing quality of PET fibres incorporated
with spores, Raman and FT-IR spectros-
copy was used.

Raman spectra were obtained by us-
ing a Perkin-Elmer Spectrum GX 2000
spectrometer with a Raman beam split-
ter, a diode-pumped YAG infrared laser
(1064 nm and laser power of 800Mw)
and InGaAs detector. The measure-
ments were recorded in the back-scat-
tering mode (180° excitation optics) for
64 scans, a resolution of 4 c¢cm-1, and
a data-interval of 1 cm-! from 200 to
3200 cm-!. The samples were aligned on
a sample holder and spectra taken in a
random orientation.

For the FT-IR studies, a Perkin-Elmer
Spectrum GX 2000 with a Peltier-cooled
DTGS Mid-IR detector, Mid-IR source,
extended KBrbeam splitter and diffuse re-
flection (DRIFTS) accessories was used.
All samples were studied with 64 scans,
a resolution of 4 cm-! and a data-inter-
val of 1 cm-1 from 400 to 4000 cm-! in
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the DRIFT accessory. Before recording
the DRIFT spectrum, a background spec-
trum to correct the atmospheric HyO and
CO; bands was recorded using standard
sandpaper samples provided, after which
the sample was focused and the energy
analysed.

I Results

Tensile testing

A negative trend can be noted whereby
an increase in spore concentration results
in a decrease in tensile strength and elon-
gation at break, as shown in Figures 1.A
and 1.C. However, Young’s modulus
increases with the spore concentration
(Figure 1.B). These trends are further
emphasised by their R-squared values
of 0.955, 0.997 and 0.998 for tensile
strength, modulus and elongation, re-
spectively.

The tensile properties of fibres extruded
with spores (2 - 10% (w/w)) were com-
pared with those of virgin PET fibres
(0% (w/w)) using two-sample Kolmog-
orov-Smirnov statistical tests. The results
presented in Table I show that incorpo-

FIBRES & TEXTILES in Eastern Europe 2014, Vol. 22, 4(106)

rating spores in PET fibres had a signifi-
cant effect on the tenacity and modulus
at all concentration levels. However, the
effect on the elongation at break at 2 and
4% (w/w) spore concentration did not
have a significant effect since their p-
values (0.5440 and 0.1780 respectively)
were more than the significance thresh-
old level of 0.05. Nevertheless a sig-
nificant effect on the elongation at break
was noted at 6, 8 and 10% (w/w) spore
concentration levels, which means that
the spores interact with the fibres in
the amorphous regions, filling them up;
hence, with areduced elongation at break.

Optical characterisation

Optical micrographs of blank PET-fibres
show a smooth appearance (Figure 2.A),
whereas the samples extruded with
spores are very characteristic in that they
exhibit cracks parallel to the fibre axis
(Figure 2.B), which suggests that the
spores are heterogeneously distributed
throughout the fibre. Conclusively the
SEM micrograph of the blank PET fibres
confirmed a smooth fibre surface (Fig-
ure 3.A), whereas the fibres incorporated
with spores showed visible spore ag-
glomerates on the surface (Figure 3.B).

Table 1. Two-sample Kolmogorov-Smirnov tests showing the statistical significance of in-
corporating spores for material properties like tensile strength, Young's modulus and elon-

gation at break (n - number of replicas = 50).

Tensile properties

Spore - 3
rwiw | strongth, | moduius, | Elongation
cN/dtex cN/dtex ’

2 39+03 | 857+54 | 492+6.6

4 38+04 | 838+6.8 | 489%53

6 3702 | 812+35 | 469+3.8

8 36+03 | 788+75 | 438%73

10 33+x03 | 76.6+83 | 414+6.1

Spore P-Values
content. . )

i Tensile | Young’s .
% wiw vs. strength, | modulus, Stkl))?g::o"?
control cN/dtex | cN/dtex 7

2 0.0010 0.0010 0.5440

4 0.0010 0.0001 0.1780

6 0.0001 0.0001 0.0001

8 0.0001 0.0001 0.0001

10 0.0001 0.0001 0.0001
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Figure 2. Two representative optical micrographs of PET fibres. A) Blank PET fibre (con-
trol), B) PET fibre incorporated with 2 wt% spores exhibiting cracks parallel to the fibre

axis (shown by arrow).

r

Agglomerates of spores

Figure 3. SEM micrographs for PET fibres. A) Blank PET fibre (control), B) PET fibre
incorporated with 2 wt% spores exhibiting spore agglomerates on the fibre surface (shown

by arrow).

Transmission  electron  microscopy
(TEM) was used to look at the rough-
ness on the surface of the fibres induced
by the inclusion of spores noticed by

optical and SEM microscopy. The elec-
tron dense spots (black) are most likely
spores embedded into the PET-matrix, as
they were not found in the blank fibres.

Agglomerates

of spores

Figure 4. TEM micrographs for PET fibres
incorporated with 6 wt% spores showing
spore agglomerates in the polymer matrix.

No preferential orientation was seen of
the spores in the PET-fibres, suggesting a
heterogeneous distribution. Additionally
there seems to be a good adhesion bond
between the spores and polymer matrix
(Figure 4).

Differential scanning calorimetry
(DSC)

DSC results of thermal properties of
the fibres incorporated with spores are
shown in Figures 5.4 - 5.C. The addition
of spores leads to a slight increase in the
endothermic melting peak (melt tempera-
ture) and exothermic peak of cold crys-
tallisation (crystallisation temperature).
However, the crystallisation percent-
age increases with the concentration of
spores, which shows that the spores may

Figure 5. DSC results for thermal properties of fibres embed-
ded with different concentrations of spores. A) Melt tempera-
ture, B) Crystallisation temperature, C) Degree of crystallinity
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have induced PET crystallisation upon
cooling.

FTIR and Raman spectroscopy

Figures 6 and 7, respectively, show FT-
IR and Raman spectra for blank PET and
PET fibres extruded with spores. All the
samples, regardless of their spore con-
tent, have identical spectra.

The crystalline content of semi-crystal-
line PET can be determined from the Ra-
man spectra in two ways [26]. The first
technique determines the peak ratio of the
band at approximately 1,120 cm-! (ester
CO-0 or C—C stretching) and the Raman
shift at approximately 1,100 cm-! (C-O
and C—C stretching or C—O—C bending).
Highly crystalline samples show a large
peak at 1,095 cm-!, while amorphous
samples show a shoulder at the 1,120 cm-1
peak. Figure 8.4 shows that the sample
at all concentration levels had the same
Raman shift at the 1095 cm-! band and
an identical shoulder at 1120 cm-l.

The second technique determines the peak
width of Raman emission at 1,730 cm-!.
Highly crystalline samples give a narrow
peak while the amorphous bandwidth is
evidently broader. Observing the Raman
spectrum in Figure 8.B, all samples, re-
gardless of the spore concentration, had
the same peak width, which was neither
too broad nor too narrow.

@ Discussion

The selection of materials for textile and
industrial applications strongly depends
on their thermal, chemical and tensile
properties. Because fibres are the basic
units from which complicated material
structures are developed, their intrinsic
characteristics influence the overall
properties of the resulting materials. For
this reason, engineers and designers use
fibre properties to develop materials of
specific quality for a given application.
Fibre properties are influenced by their
morphology, which is determined by the
polymer type, additives used, process
technique and processing conditions.
Among the important fibre properties are
the tensile characteristics, which are de-
termined by the tensile strength, Young’s
modulus and elongation at break.

From our results it was observed that in-
corporating spores in PET fibres resulted
in a decrease in tensile strength and elon-
gation at break with an increase in spore
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concentration. This trend can be attrib-
uted to the spore agglomerates observed
in the polymer matrix. Spore agglomer-
ates induced cracks on the fibre surface,
obstructing stress transfer between the
spores and polymer matrix, which cre-
ated weak points in the fibres, resulting
in earlier failure [21, 27- 29].

Two main factors may have contribut-
ed to the agglomeration of spores in the
polymer matrix. The first factor to con-
sider is the extrusion process conditions,

specifically the high temperature and
shear stress. Spores are known to form
agglomerates in suspensions during heat
treatment due to increased surface hydro-
phobicity caused by the denaturing of the
protein coats [18, 30, 31]. Therefore the
force originating from the shear stress
possibly imparted a higher energy on the
spores, which overcame the spores’ elec-
trostatic repulsive force, leading to the
formation of agglomerates. The second
factor is the poor dispersion of spores in
the polymer matrix, influenced by spore
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size and loading. Normally, small sized
particles tend to agglomerate more than
larger ones, while chances of forming ag-
glomerates increases with loading [4, 15,
16, 32, 33]. As was seen with the TEM
microscopy, there was no preferential
orientation of spores in the polymer ma-
trix, which suggests heterogeneous and
poor dispersion of spores; hence the re-
sulting agglomerates.

Moreover the optical micrograph of PET
fibres extruded with spores was charac-
terised with cracks parallel to the fibre
axis (Figure 2.B).These cracks can be
associated with a decrease in the mac-
romolecule arrangement of PET along
the fibre axis possibly caused by adding
spores to the structure [34, 35]. This sug-
gests poor a dispersion of spores in the
polymer matrix and poor spore-matrix
interface adhesion bonding [35, 36]. The
poor dispersion of spores influenced by
spore size and loading may have led to
the formation of agglomerates which
possibly induced the cracks observed
generated by de-bonding between the
spores and PET polymer [37 - 39].

The DSC results showed a slight increase
in the crystallinity of PET fibres incorpo-
rated with spores, confirming the Young’s
modulus results in tensile testing, which
suggest that spores may have worked
as a crosslinking point of PET molecu-
lar chains, making them more complete,
hence restricting the motions of the mo-
lecular segments and resulting in a brit-
tle fibre that has low elongation at break
and high Young’s modulus. This implies
that because PET is a semi-crystalline
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polymer, any foreign material interacting
with the polymer at the amorphous phase
will result in an increased crystallinity; a
phenomenon previously reported by [3]
in their work on Polyethyleneterephtha-
late/Clay nanocomposites. Moreover
crystallinity also influences the thermal
properties, including the melting and
crystallisation temperatures. These ther-
mal properties determine how a material
reacts to heat applications. The slight in-
crease in crystallinity could be the reason
behind the increase in melt and crystal-
linity temperatures observed, possibly
due to changes in the polymer’s degree
of polymerisation. However, FT-IR and
Raman characterisation showed that all
samples, regardless of their spore con-
tent, had an identical degree of crystallin-
ity. The difference between the DSC and
spectroscopy results may be explained
by the fact that spectroscopy tests ana-
lyse behaviour changes at a specific point
on the surface of the sample, while DSC
analyses the bulk of a relatively bigger
sample. Therefore the FT-IR and Raman
results suggest the absence of spores on
the surface of the fibres, which may be
attributed to poor dispersion and inho-
mogeneous distribution of spores in the
polymer matrix.

Generally the most optimal conditions
for producing spores/PET fibres would
be to have the highest concentration of
spores integrated in the PET fibres, as
this would result in a higher functionality.
However, many papers have shown that
incorporating foreign additives into the
polymer matrix can influence the fibres’
tensile properties, resulting in poor qual-

Raman shift, cm-1

of PET fibres extruded with different concentrations of spores; A) at 1095 cm-1 and 1120 cm-1 band, B) at

ity fibres with a high load of additives.
Thus the optimal conditions in this paper
represent a fair compromise between the
concentration of spores and correspond-
ing tensile properties.

The concentration of spores successfully
incorporated into PET fibres ranged from
0 to 10% (w/w). Concentrations higher
than 10% (w/w) blocked the spinnerets
and therefore could not be extruded. An
increase in spore concentration resulted
in a decrease in tensile properties with
10% (w/w) spores, giving the lowest
properties (Figure 1). In order to select
an optimal spore concentration, it is im-
portant to have a fair trade-off between
the tensile properties and concentration
of spores. Therefore 6% (w/w) spores
was selected as the optimal concentration
because its tensile properties fall within
the acceptable range giving the narrowest
standard deviation for the tensile strength
(= 0.2), elongation at break (+ 3.8) and
Young’s modulus (+ 3.5) (Table I).

Hence the best process parameters for
extruding B. amyloliquefaciens spores in
PET fibres are:
A spore concentration of 6% (w/w) of
B. amyloliquefaciens spores
Barrel section 1 heated at 280 °C for
the feed stock
Barrel section 2 heated at 290 °C for
plasticising
Barrel section 3 heated at 295 °C for
pumping
The die heated at 295 °C
Pressure of 6.0 + 0.2 MPa
Residence time of 5 £ 0.5 minutes.
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Our preceding work on the resistance
of Bacillus amyloliquefaciens spores to
melt extrusion process parameters [3]
clearly showed that spores can be suc-
cessfully incorporated in PET fibres dur-
ing extrusion. Additionally the present
study shows that incorporating spores
into PET fibres can result in decreased
material properties. Nevertheless PET
fibres normally have a tensile strength of
3 - 7 cN/dtex, an elongation of 20 - 50%,
modulus of 77 - 87 cN/dtex and a melt-
ing temperature of around 250 °C [34,
40]. By comparing the results of this
study, it can be seen that the properties
reported fall within the acceptable range
and therefore the fibres produced are as
good as normal PET fibres but with the
additional advantage that they can have
an additional function.

Nevertheless the results of this work sug-
gest cracks observed in the polymer ma-
trix, caused by spore agglomerates and
inhomogeneous dispersion of spores, as
possible reasons for the slight decrease in
tensile properties. In the case of a need
to further optimise the properties of these
fibres, the problem of spore dispersion
and formation of agglomerates should
be solved. Hence the critical challenge
would be to identify the best technique
to promote homogeneous dispersion of
spores and find ways to prevent them
from forming agglomerates in the poly-
mer matrix.

@ Conclusions

There was a good adhesion bond between
the spores and polymer matrix, while the
tensile strength, modulus and elongation
at break were dependent on the spore
concentration. Additionally a slight in-
crease in the degree of crystallinity and
melting and crystallization temperatures
was observed, which remained constant
at all spore concentration levels. Howev-
er, the properties of the fibres produced
were within the acceptable range and are
therefore as good as normal PET fibres.
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