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EFFECT OF THE TYPE OF NANOADDITION ON THE THERMAL
PROPERTIES OF POLYACRYLONITRILE FIBRES
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Thermal properties of precursor polyacrylonitrile fibres containing nanoparticles of additives such as SiO,, hydroxyapatite and
montmorillonite have been examined. The thermal curves of the fibres under investigation obtained by the derivatographic method
in air and DSC in a neutral gas atmosphere were interpreted from the point of view of physical and chemical changes in the fi-
bre-forming polymer. Based on the thermogravimetric curves, the coefficients of thermal stability of the fibres were found. It has
been found that the thermal stability of PAN fibres is affected by the type of nanoadditives and the value of the as-spun draw out ra-

tio used during fibre spinning.
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Introduction

Biomaterial engineering is one of the most important
incentives for the development of modern restorative
surgery and orthopaedics. Depending on the destina-
tion of the implant materials, the permanent metal im-
plants or implants made of biodegradable and biore-
sorbent polymers are used. If there is such a possi-
bility, the metal implant materials are being replaced
more and more often by implants made of biodegrad-
able and bioresorbent polymers, for example poly-
lactide [1, 2], polyglycole acid [3] and carbon com-
posites [4, 5]. In this case the biodegradable and bio-
resorption processes of the implant materials consti-
tute the scaffold for reconstruction and growth of new
cells. Carbon fibres used in composites are highly sig-
nificant among such implant materials. They are used
for example in some parts of reconstruction of the
knee joints [6] or Achilles tendon [7] (which requires
the use of carbon fibres with different characteristics).

A new application of carbon fibres can be their
use as a carrier of biologically active compounds in-
corporated into fibre during the stage of precursor fi-
bre production. The implant of carbon fibres, in addi-
tion to appropriate biological properties, should show
a high strength and an increased porosity at the same
time. It is well known that both the strength and po-
rosity of carbon fibres are directly dependent on the
structure of precursor fibres formed during fibre so-
lidification and drawing [8—10].

The incorporation of nanoadditives such as
hydroxyapatite (HAp), montmorillonite (MMT) or
silica (Si0,) into precursor PAN fibres makes it possi-
ble to produce carbon fibres showing new unparal-
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leled properties. Biocomposites produced from car-
bon fibres containing the nanoadditives will possess
in their structure elements with osteoconductive and
osteoproductive effects. The use of silica nanopart-
icles results from the particular role played by silicon
in the formation of bone structures, the process of
their hardening and regeneration after breaks [11].
Of similar importance may be montmorillonite, which
is a laminar silicate with negatively charged layers,
whose charges are compensated by the cation incor-
porated into the interlayer spaces during the modifica-
tion process [12, 13]. However, the greatest medical
significance among those nanoadditives belongs to
hydroxyapatite, whose structure is very similar to the
inorganic portion of bony tissue [14].

The aim of the present study was to assess the
thermal properties of three types of precursor PAN
fibres containing nanoadditives dispersed in the fi-
bre-forming polymer. The preparation of carbon
fibres from so modified PAN precursor requires the
determination of the effects of particular nanoaddi-
tives on the thermal changes and stability of the fibres
as it is important for the proper selection of carbon-
isation parameters.

Experimental
Materials

Three types of precursor PAN fibres were used in the
study:

« PAN fibres containing 3% of nanohydroxyapatite
in relation to the polymer (samples with symbols
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Table 1 Sorption and strength properties of polyacrylonitrile fibres

Sample As-spun draw  Total draw Moisture Moisture Water Tenacity/
symbol ratio/% ratio/% absorption at 65% RH  absorption at 100% RH  retention/% cN/tex
PAN M1 —40 923.47 1.82 5.64 7.09 36.90
PAN M2 +10 619.29 1.93 7.05 11.13 29.13
PAN H1 —40 998.04 1.92 8.50 11.78 44.23
PAN H2 0.0 792.04 1.92 11.14 20.54 32.00
PAN S1 —40 1019.06 221 8.82 14.61 40.95
PAN S2 +10 781.98 1.80 10.45 24.04 31.67
PAN 1 —40 1054.00 2.44 6.77 7.75 47.34
PAN 2 +10 437.35 2.37 8.02 10.94 40.79

PAN M1 and PAN M2 — polyacrylonitrile fibres containing 3% of montmorillonite nano-particles per polymer, PAN H1 and
PAN H2 — polyacrylonitrile fibres containing 3% of hydroxyapatite nano-particles per polymer, PAN S1 and PAN S2 — polyacrylonitrile
fibres containing 3% of silica nano-particles per polymer, PAN 1 and PAN 2 — polyacrylonitrile fibres without nano-particles

PAN HI1, PQAN H2). Nanohydroxyapatite (prod-
uct of AGH Cracow) showed grains with dimen-
sions from dozen or so to 150 nm measured on the
basis of scanning microscope photographs.

* PAN fibres containing 3% of nanosilica in relation
to polymer (samples with symbols PAN SI,
PAN S2). This silica (product of AGH) was charac-
terised by particle size ranging from 50 to 100 nm
determined by the method of electron microscopy.

* PAN fibres containing 3% of montmorillonite in rela-
tion to polymer (samples with symbols PAN M1 and
PAN M2). Montmorillonite — Nanomer PGW of
Nanocor — had lamella dimensions of about
800-550 nm determined by the method of electron mi-
croscopy. The distance between packages was deter-
mined on the basis of the position of the first peak in
X-ray diffractograms WAXS and amounted to 2.3 nm.

For comparison, also PAN fibres with no nano-
additives were used, marked with symbols PAN 1 and
PAN 2, with different values of as-spun draw out ratio.

All the spinning solutions were prepared from PAN
terpolymer of Zoltek with the following composition:

* 93-94% by mass of acrylonitrile units,
* 5-6% by mass of methyl acrylate units,
 about 1% by mass of sodium allylsulphonate.

Dimethylformamide (DMF) was used as solvent.
Fibres were spun by the wet process from solution with
the use of laboratory spinning machine operating with
stable technological parameters under a continuous con-
trol. A spinneret with 240 orifices, 0.08 mm in diameter
each 2 was used. The fibre solidification process was
carried out in a bath containing an aqueous solution of
DMF. The drawing process was performed in two
stages: in a plasticizing bath and under superheated
steam. After rinsing, the fibres were dried at 20—40°C
under isometric conditions. Precise values of the techno-
logical parameters are under patent protection [15].

Characteristics of fibres are given in Table 1.
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The fibres under investigation were spun with
negative and positive values of as-spun draw out ratio.
The solidification process was carried out in mild baths
with an increased content of solvent at a low tempera-
ture. This allowed us to run the process according to
the diffusion mechanism and to obtain fibre strength at
a level suitable for the carbonisation process. Consid-
ering the use of carbon fibres, the precursor fibres
should show an increased porosity. Therefore, there
were also used positive values of the as-spun draw out
ratio, as typical conditions for the preparation of po-
rous fibres. As the conditions of solidification ex-
cluded the shift of solidification mechanism towards
the drop-wise mechanism, the range of changes in po-
rosity was limited to 0.2-0.3 cm’ g'. In conformity
with this are changes in moisture absorption ranging
from 1.80 to 2.44% at 65% RH and from 5.64 to
11.14% at 100% RH as well as the changes in water re-
tention within the range 7.09-24.04%. At the same
time, there was confirmed the previously found regu-
larity that lower strength of fibres spun with a positive
as-spun draw out ratio is accompanied by their higher
sorption properties resulting from both the total pore
volume and the character of porous structure.

Measurement and test methods

The effect of porosity on the thermal properties of
fibres from other fibre-forming polymers [16], includ-
ing also nanoadditive-containing fibres was discusses
in our previous papers [17, 18].

Fibre porosity was measured by means of a
Merkury Porosimeter of Carlo-Erba linked with a
computer system to register the numerical values of
the measured parameters. The determinations in-
cluded: the total pore volume, total internal surface,
volume of capillary group with a defined radius and
pore percentage content. This method allows one to
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determine the pore percentage content with given
ranges in the capillary set with sizes of 5-7500 nm.

Moisture absorption at 65 and 100% RH was de-
termined by the desiccator method according to the
Polish Standard PN-71/P-04801.

Water retention was measured by the centrifuge
method. Fibre samples were immersed in distilled wa-
ter containing a surface-active agent (Rokafenol Nx-3
in an amount of 0.1%) for 24 h and then the absorbed
water was centrifuged off for 10 min at an accelera-
tion of 10000 m s.

Fibre tenacity and elongation at break were mea-
sured according to the Polish Standard PN-85/
P-04761.04, referring the breaking force to the fibre
linear density in text.

The thermal analysis of fibres was carried out by
means of a derivatograph, and differential scanning
calorimetry (DSC), using a Paulik—Paulik—Erdey sys-
tem derivatograph and DSC-204 microcalorimeter of
Netzsch. The derivatographic analysis was carried out
in air using weighed portions of 40 mg at a heating
rate of 7.9°C min ' within the temperature range from
20 to 800°C. In the case of microcalorimetry the mea-
surements were performed in inert gas, using weighed
portions of 2.5 mg at a heating rate of 10°C min "'
within the temperature range from 30 to 600°C.

Results and discussion

Analysing the obtained derivatograms of the fibres un-
der investigation, one can observe that during heating
from room temperature up to 800°C the fibres undergo

complex physical and chemical processes (Figs 1-3,
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Fig. 1 TG, DTG, DTA and T curves of fibres from PAN con-
taining hydroxyapatite

J. Therm. Anal. Cal., 89, 2007

Table 2). Within the temperature range from 30 to
270°C, the DTA curves of all examined samples of
PAN precursor fibres show a broadened exothermic
peak that is connected with water desorption and dehy-
dration. As it follows from the thermogravimetric
curves, the amount of absorbed water in fibres is low
and amounts to 1.25-3.75%, which is consistent with
the values of moisture absorption at 65% RH (Table 1).
The fibres containing nanomontmorillonite and nano-
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Fig. 2 TG, DTG, DTA and T curves of fibres from PAN con-
taining montmorillonite

800

700 -

600 4

500 -

Temperature/°C

400 4

300 -

Exo—

200 -

100 4

0 4

10 4
20 4

30 4

Mass loss/mg

40

Time/min

Fig. 3 TG, DTG, DTA and T curves of fibres from PAN con-
taining silica
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hydroxyapatite show higher mass losses resulting
probably from the evaporation of water combined not
only physically, but also chemically with those nano-
additives (Fig. 4). A lower mass loss is observed in fi-
bers containing nanosilica, as the quantity of water
combined with this nanoadditive is the lowest (Fig. 4).
In all the cases of the fibres under consideration, the
water evaporation is accompanied by the release of re-
sidual solvent remaining in fibres. In the case of MMT,
as found in papers [19-22], the presence of the exo-
thermic peak at about 150°C is connected with the de-
hydration process.

Within the temperature range 240-340°C the
DTA curves of the examined fibres show an exother-
mic peak that results from cyclisation and dehydro-
genation processes, which is connected with the for-
mation of rink structure. This process is clearly visi-
ble in the DSC curves of the examined fibres, with its
maximum under the atmosphere of neutral gas being
slightly shifted towards higher temperatures (Fig. 5).
At the maximal temperature of cyclization processes,
the TG curves show a distinct, stepwise mass loss
amounting to 25% (sample marked with symbol
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Fig. 5 DSC curves of fibres from PAN containing montmorillonite
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PAN 2). It is due, first of all, to the emission of vola-
tile compounds, such as NHj3;, CO, HCN, resulting
from the formation of carboxyl and hydroxyl groups
and ether bridges between carbon atoms of methyl
groups. The mass loss at this temperature depends
clearly of the type of nanoadditive incorporated into
fibres. In our opinion, this results from the adsorption
processes of the mentioned above gaseous products
on the surface of nanoadditive. This is confirmed by
the fact that in the case of MMT-containing fibres, the
mass loss is lower, which is associated with the spe-
cific laminar structure of montmorillonite.

The process of further intermolecular cross-link-
ing is revealed by a slight, broadened exothermic
peak within the temperature range 350-440°C
(Figs 1-3), which is accompanied by the formation of
carbon structures. These processes are observed in the
thermogravimetric curves as further slow mass losses.
The highest mass loss, amounting to 30%, in this pro-
cess, besides the fibres with no nanoadditive, is
shown by the nanohydroxyapatite containing fibres.
This is consistent with the character of thermal
changes in hydroxyapatite (Fig. 4).

Within the temperature range 450—630°C all the
DTA curves of the examined fibres show a broad exo-
thermic peak connected with the oxidation of the pre-
viously formed carbon structures. The oxidation pro-
cess results in a violent mass loss of the examined
samples, reaching even 100% in the case of fibres
with no nanoadditive. The highest mass residue after
this process, amounting to 7.5%, is shown by the
MMT-containing fibres formed with negative values
of as-spun draw out ratio (Table 2). Comparably high
residue at a level of 6.25% is shown by fibres contain-
ing nanosilica (PAN S2).

Different mass losses are connected with the de-
struction degree of nanoadditive that is dependent of
its type (Fig. 4).

The thermal stability of the fibres under discus-
sion was assessed on the basis of indicators 75 and
Tso [23, 24]. The performed examinations have shown
that the presence of a nanoadditive in the fibre-form-
ing polymer causes a slight increase in the thermal
stability of fibres, determined with indicators 75 and
Tso. This is consistent with the literature reports con-
cerning other fibre-forming polymers [25]. Anyway,
the MMT-containing fibres show the highest thermal
stability (Table 2). However the thermal stability in-
dicators of the fibres containing nanosilica (PAN S1
and PAN S2) are lower in comparison to those of
samples PAN M1 and PAN H1.

In the case of all the types of fibres, the porous
structure of fibres exerts some influence on their ther-
mal stability. For fibres spun with negative values of
as-spun draw out ratio, i.e. those with a lower total
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pore volume the thermal stability is higher by 5%
from that of fibres spun with positive values of as-
spun draw out ratio (Table 1). The lower thermal sta-
bility of the fibres with higher total pore volume re-
sults from the presence of higher quantity of oxygen
in the pore system that activates the fragmentation of
the fibre-forming polymer at elevated temperature.

Conclusions

e The thermal stability of nanoadditive-containing
PAN fibres depends both on the type of the incorpo-
rated nanoadditive and the porous structure created
during fibre formation. The highest thermal stability
is shown by the MMT-containing fibres spun with
negative values of as-spun draw out ratio.

* The incorporation of nanoadditive into the fi-
bre-forming polymer of precursor PAN fibres
causes changes in the temperatures of characteristic
thermal transitions, which indicates the necessity
of proper selection of the carbonisation parameters.
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