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Abstract
The aim of the research was to analyse the influence of the initial heat treatment of polyacry-
lonitrile fibres on their sorption properties in relation to selected basic and disperse dyes, 
in order to select the dyeing variants most beneficial from the point of view of increasing 
the sorption capacity of commonly used dyes and improving the dyeing process. Research 
was carried out on a fibre produced on an industrial scale, using dyes of basic application 
importance, which differ in the diffusion properties of the molecules and the mechanism of 
binding with the fibre material. Thermal treatment of the fibre was carried out in various 
media (air, water, steam), with various variants of the temperature and its duration, i.e. under 
the conditions commonly used in fibre preprocessing processes and their “improvement”. 
During the research, several different measurement methods were used to assess changes 
in the molecular and supramolecular structure of the fibre material: the infrared absorption 
spectroscopy method, the critical fibre dissolution measurement method, the densitometric 
method,  and  the  interferential  polarisation microscopy method. Fibre  sorption  changes 
resulting from the modification of the structure of the fibre under the influence of thermal 
treatment were analysed from the point of view of improving the efficiency of dye use and 
shortening the dyeing time based on commonly accepted values of the sorption index Cb and 
kinetic sorption index: t0.5 for basic dyes and t0.7 for disperse dyes.
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structure, there are changes in the crys-
talline phase content, overall orientation, 
crystallographic systems and orienta-
tion of crystalline aggregates [10-17]. 
The range of changes and their direction 
varies depending on the type of heating 
medium used, as well as on the tempera-
ture, heating time and the dynamic state 
of the heated fibre [18, 19]. 

Properly carried out thermal stabilisation 
allows to achieve changes in the structure 
of the fibre material and to obtain new, 
economically advantageous physical and 
physico-chemical properties of fibres, in-
cluding better liquid sorption and affinity 
to dyes. In industrial processes, it allows 
for shortening the dyeing time, as well 
as reducing dye consumption and the 
amount of wastewater discharged, thus 
achieving significant economic savings 
and improving the ecology. 

In the case of polyacrylonitrile fibres, 
which are a widespread substitute for 
wool fibres due to their high level of heat 
protection, their physico-chemical prop-
erties are mainly affected by the amount 
and diversity of chemical groups present 
in the fibre-forming material, derived 
from comonomers of acrylonitrile, their 

 Introduction
The high temperature processing of po-
lyacrylonitrile, leading to the rebuilding 
of their matter as a result of crosslinking, 
cyclisation, dehydrogenation and other 
reactions, has been the object of interest 
of many authors [1-14]. Most studies are 
related to obtaining carbon and high-per-
formance fibres. In the studies available, 
data are missing on the influence of ther-
mal treatment carried out at lower tem-
peratures and in different media on the 
changes occurring in the fibre structure 
and their properties in the aspect of the 
widespread use of fibres as a substitute 
for wool fibre, i.e. physico-chemical 
properties such as dyeability and springi-
ness.

The thermal treatment to which fibres 
are subjected in the processes of manu-
facturing and finishing can lead to chang-
es in the molecular and supramolecular 
structure of their matter. The molecular 
structure may be followed by the recon-
struction of macromolecules, including 
a change in the conformation of their 
chains and side groups, leading to chang-
es in the molecular coherence of the fibre 
matter. In the chemical supramolecular 

chemical nature and spatial shape. They 
are not only active centres that have the 
ability to interact with dye molecules 
(sorption ability), but they also affect the 
presence of microcapillaries, free spac-
es and non-crystalline areas of the fibre, 
which co-determine the diffusion of dyes 
[20-24].

 Experimental
Materials
Commercial polyacrylonitrile fibre 
known as Crumeron was used for the 
study. Characteristics of the fibre, includ-
ing chemical composition and manufac-
turing technology, are listed in Table 1. 

Table 1.  Characteristics  of  the  chemical 
composition and production  technology of 
Crumeron polyacrylonitrile fibre.

Fibre trade name Crumeron (Hungary)
Producer Zoltek
Chemical 
composition of  
the fibre material

Acrylonitrile 91%,
Methyl acrylate 8%
Sodium allylsulfonate 1%

Polymerisation 
method Solution method

Solvent DMF
Spinning method Wet process
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As can be seen from the data presented 
in Table 1, Crumeron fibre is made from 
a three-component copolymer.

The presence of a large number of polar 
-CN groups in acrylonitrile macromole-
cules affects the high molecular coher-
ence of the fibre material. In order to 
“loosen” the fibre structure and improve 
dye diffusion conditions, comonomers 
were build into the macromolecules of 
the acrylonitrile: methyl acrylate and so-
dium allylsulfonate. 

Methyl acrylate is characterised by rela-
tively low polarity and undergoes a hy-
drolysis reaction, which can be catalysed 
by both acids and alkali [25]. 

As a result of the hydrolysis men-
tioned, carboxylic groups may appear 
in macromolecules of the fibre material. 
The presence of -COOH and -SO3Na 
groups, which undergo dissociation in 
an aqueous environment, allows the for-
mation of ionic bonds with cationic dyes. 
The “loose fibre structure” and the polar 
nature of the material make it possible to 
use non-ionic dyes for dyeing the fibre, 
so-called disperse dyes.

Changes in the sorptive capacity of the 
test fibre subjected to thermal treatment 
in variants of the stabilising treatment 
used in industrial conditions, were exam-
ined based on the following dyes:
n C.I. Basic Yellow 28 (basic dye), 

with a structure typical of this group 
of dyes (number according to C.I. 
48054), with the formula [26] (Fig-
ure 1).

n Celliton Rosa FF3B (disperse dye), 
with a small dipole moment and spa-
tially expanded molecule (number 
according to C.I. 11/62015), with the 
formula [27] (Figure 2).

n Palanil Gelb 3G (disperse dye), with 
a high dipole moment and linear 
structure (number according to C.I. 
–/48005), with the formula [27] (Fig-
ure 3).

The dyes selected have a different mech-
anism of bonding with the fibre matter. 
Their molecules have a different chemi-
cal building, size, spatial shape, and, in 
the case of disperse dyes, other values of 
the dipole moment, which differentiates 
them in terms of diffusion properties. 
They represent groups of dyes of high in-

dustrial importance in reference to PAN 
fibres.

Conditions of fibre thermal treatment
Thermal treatment in air, water and 
steam was carried out using fibres in an 
unstrained state and the following appa-
ratus:
n a chamber for thermal tests: KBC – 

125G from WAMED – for treatment 
with hot air,

n pressure dyeing apparatus: AHIBA 
POLYMAT – for treatment with water 
at 100 °C and 120 °C,

n a steam sterilser: STS – for treatment 
with steam. 

The thermal treatment program is pre-
sented in Table 2.

When selecting the heating medium, tem-
peratures and treatment times, the param-
eters used in the stabilisation processes 
and finishing processes of polyacryloni-
trile fibres were taken into account [35]. 
The heat treatment temperatures applied 
are higher than the glass transition tem-
perature of the fibres tested.

Descriptions of instrumental methods 
used
The effects of heat treatment of the fibre 
tested were analysed from the point of 
view of changes in the molecular and su-
permolecular structure of its material as 
a result of the action of the thermal factor 
in the aspect of the dye sorption ability.

Changes in the molecular structure were 
assessed by means of:
n IR absorption spectroscopy,
n a measurement method for the critical 

fibre dissolution time in selected sol-
vents to assess changes in the molecu-
lar cohesion energy of the fibre mate-
rial.

Changes in the fibre’s physical mi-
cro-structure were analysed using:

Table 2. Fibre thermal treatment program.

 Thermal treatment medium and parameters used
 Air Water Air + Steam

 Temperature, 
°C

Time, 
min

Temperature, 
°C

Time, 
min

Temperature, 
°C

Time, 
min

Pressure, 
MPa

180 5 100 15 120 15 0.1
220 2 120 15 134 15 0,25
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n the densitometric and IR absorption 
spectrometric methods for the assess-
ment of changes in the para-crystal-
line phase,

n interferential-polarisation microscopy 
for the determination of fibre optical 
birefringence as a basis for the assess-
ment of changes in the fibre’s general 
orientation.

Fourier transform IR (FTIR) 
spectroscopic measurements of the 
fibre’s molecular and supramolecular 
structures
FTIR spectroscopic analysis was carried 
out using the transilluminating technique
on tablet specimens containing 1% of 
powdered fibre, with the use of a FTIR 
spectrophotometer – Nicolet 6700 cou-
pled with the “The Thermo Scientific” 
company’s control unit. FTIR absorption 
spectra were recorded within a wave-
length range of 4000 cm-1 and 600 cm-1 
in the following systems: T = f(1/λ), 
A = f(1/ λ) [28-30].

The spectra obtained constituted the ba-
sis for the determination of absorbance 
A of selected bands, whose values were 
used to interpret changes in the fibre mo-
lecular structure. 

Based on the IR absorption spectra of 
fibres, values of the para-crystallinity 
factor were also determined [31] relat-
ing the band of the molecular order with 
a wave number of ~775 cm-1 to the inter-
nal standard band with a wave number of 
~1073 cm-1. The para-crystalinity factor 
was calculated by means of the following 
Equation (1): 
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Where, A775, A1073 – absorbance of bands at ~775 cm-1 and ~1073 cm-1, respectively 

[32].

2.2.2.  Examination of the fibre’s molecular cohesion based on the assessment 

of the CDT of the fibre 

      (1)

Where, A775, A1073 – absorbance of bands 
at ~775 cm-1 and ~1073 cm-1, respective-
ly [32]. 

Examination of the fibre’s molecular 
cohesion based on the assessment  
of the CDT of the fibre
 Changes in the fibre molecular cohe-
sion were assessed by means of micro-
scopic observation of fibre dissolution in  
N,N – dimethylformamide (DMF). Mea- 
surements were carried out at a con-
stant temperature (50 °C) owing to the 
use of a microscope with a heated table 
(Böethius). The disappearance of the fi-
bre image was accepted as the end of the 
fibre dissolution [33]. 

Table 3. Results of measurements of the absorbance, critical dissolution time, density and 
optical birefringence of the fibres before and after heat treatment.

Parameters of heat treatment
Medium of thermal treatment

 Air Air+ water steam Water 
Temperature and time  
of thermal treatment

Temperature and time  
of thermal treatment

Temperature and time  
of thermal treatment

180 °C,  
5 min 

220 °C,  
2 min 

120 °C,  
15 min 

134 °C,  
15 min 

100 °C,  
15 min 

120 °C,  
15 min 

Designation of heat treatment variant
C1 C2 C3 C4 C5 C6 C7

Measurement results
Absorbance of band at ~775 cm-1

0.044 0.058 0.045 0.042 0.049 0.045 0.041
Absorbance of band at ~1073 cm-1

0.127 0.176 0.127 0.139 0.136 0.133 0.126
Critical time of dissolution [s]

14.8 24.7 31.4 58.1 106.8 28.2 32.8
Fibre’s real density [g/cm3]

1.1791 1.1820 1.1839 1.1804 1.1804 1.1784 1.1782
Optical birefringence

-0.0016 -0.0023 -0.0024 -0.0021 -0.0033 -0.0025 -0.0041

Table 4. Values of paracrystallinity, corrected absorbance and optical birefringence indexes 
of fibres before and after thermal treatment.

Parameters of heat treatment 
Medium of thermal treatment 

Air Air + water steam Water 
Temperature and time  
of thermal treatment 

Temperature and time  
of thermal treatment

Temperature and time  
of thermal treatment

180 °C,  
5 min

220 °C,  
2 min 

120 °C,  
15 min 

134 °C,  
15 min 

100 °C,  
15 min 

120 °C,  
15 min

Designation of heat treatment variant 
C1 C2 C3 C4 C5 C6 C7

Values of factors concerning the molecular and physical microstructure 
Corrected absorbance of band at ~2240 cm-1

0.2684 0.3068 0.2518 0.2757 0.2356 0.2545 0.2472
Para-crystallinity index xm

0.49 0.51 0.49 0.50 0.50 0.48 0.48
Para-crystallinity index xIR

0.35 0.33 0.36 0.30 0.36 0.34 0.33
Optical birefringence. corrected density

-0.0014 -0.0019 -0.0020 -0.0018 -0.0028 -0.0021 -0.0035

Table 5. Values of sorption index Cb and kinetic sorption indexes: t0.5 for basic dye and t0.7 
for disperse dyes. 

Variant 
of heat 

treatment

Dye 
C.I. Basic Yellow 28 

Dye
Celliton Rosa FF3B 

Dye 
Palanil Gelb 3G 

Cb, 
mg/g fibre t0,5

Cb,
mg/g fibre t0,7

Cb,
mg/g fibre t0,7

C1 21.4286 22.0 6.6529 25.0 0.8288 15.0
Air, 180 °C, 5 min

C2 21.0936 19.5 6.1368 20.0 0.9148 11.0
Air, 220 °C, 2 min

C3 26.6619 12.5 7.6304 8.0 1.0140 8.5
Air + water steam, 120 °C, 15 min

C4 28.6995 16.5 7.0471 14.0 1.0506 10.0
Air + water steam, 134 °C, 15 min

C5 29.8440 14.0 7.5750 8.0 1.0093 8.0
Water, 100 °C, 15 min

C6 15.2218 34.5 6.0930 58.0 0.9585 27.0
Water, 120 °C, 15 min

C7 6.7832 16.0 5.9717 21.0 0.8827 9.0
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Measurement of the content of PAN 
fibre ordered (para-crystalline) material 
by the densitometric method
Measurement of the content of PAN fi-
bre ordered (para-crystalline) material 
was made on the basis of the para-crys-
tallinity theory of Lindenmeyer and 
Hosemann [34].

The relationship between the real density 
and fibre mass crystallinity degree was 
determined on the basis of the following 
Equation (2):  

8
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where: 

d – fibre’s real density [g/cm3],

dkr – ordered (paracrystalline) material density [g/cm3],

da – amorphous material density [g/cm3].

For  determination of the fibre’s para-crystallinity degree according to the equation 

above, the following values were used: dkr = 1.262 g/cm3 and da = 1.110 g/cm3 [35].

Measurement of the fibre’s real density was made by the flotation method with the 

use of a gradient column maintained at a temperature of 25 0C.  

2.2.4. Measurement of the fibre’s overall orientation by the

optical method (split image technique) 

    (2)
where:
d – fibre’s real density, g/cm3,
dkr – ordered (paracrystalline) material 
densit, g/cm3,
da – amorphous material density, g/cm3. 

For determination of the fibre’s para-crys-
tallinity degree according to the equation 

above, the following values were used: 
dkr = 1.262 g/cm3 and da = 1.110 g/cm3 
[35].

Measurement of the fibre’s real density 
was made by the flotation method with 
the use of a gradient column maintained 
at a temperature of 25 °C. 

Measurement of the fibre’s overall 
orientation by the optical method  
(split image technique)
The fibre’s optical birefringence param-
eters were determined by measuring the 
directional light refraction coefficients 
for the fibre (nII, n┴) and then calculat-
ing the difference in their values (∆n). 
The technique of a homogeneous inter-
ferential field with a completely split 
image was used, utilising an MPI-5 in-
terferential-polarisation microscope from 
PZO [36, 37]. 

Average values of the optical birefrin-
gence were used to calculate the opti-
cal birefringence, corrected in terms of 
density, according to the formula Equa-
tion (3):
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Figure 4. Dyeing curves and changes in values of the sorption index and kinetic dyeing index t0.5 of Crumeron fibre subjected to a thermal 
medium and dyed with C.I. Basic Yellow 28. 
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It is possible to observe a reduction in the 
intensity of the 2240 cm-1 band, which is 
correlated with the -CN group, for fibres 
treated with water at both temperature 
variants and in air and steam, at 220 °C 
and 134 °C, respectively. 

This indicates a stronger involvement 
of these groups in intermolecular inter-
actions, and in the case of thermal treat-
ment with hot air also in the cyclisation 
of nitrile groups, which affects the in-
crease in molecular cohesion of the fibre 
matter and limits the availability of ac-
tive centers for molecules of dye, moving 
in the fibre.

An increase in the molecular coherence 
of the fibre matter is confirmed by the 
changes in the value of the critical time 
of dissolution. An increase in the value 
of this index is observed for all time and 
temperature variants of the heat treat-

Dyeing with a basic dye was started at 
temperature 30 °C. The bath was heat-
ed gradually at 3.5 °C per minute. After 
obtaining a temperature of 95 ± 0,5 °C, 
the test fibre was dyed for 20, 60 and  
90 minutes. Dyeing of the fibre with 
a disperse dye was carried out at the 
same temperature, using time variants 
of 10, 20, 60, 120 and 240 minutes. 
The dyed fibre samples were rinsed in 
distilled water and then dried under room 
conditions. The concentration of the dye 
in the fibre was determined by perform-
ing colorimetric measurements using 
a SPEKOL11 spectrophotometer from 
the ZEISS company.

 Results and discussion
Results
The results of measurements and values 
of the determined indexes used to assess 
changes in the fibre structure parameters 

caused by thermal factors are presented 
in Tables 3 and 4. 

Table 5 presents values of the Cb sorp-
tion and kinetic sorption indexes, which 
were used to assess the dyestuffs’ sorp-
tion ability.

Results of fibre dyeing tests
Dyeing curves and changes in the values 
of sorption indexes are shown in Fig-
ures 4 to 6, allowing to conclude on the 
effect of the initial heat treatment on the 
sorption properties of the fibre tested in 
relation to selected dyes. 

Changes in the molecular and 
supramolecular structure of the fibre 
tested
The initial thermal treatment of the fibre 
tested caused changes in the molecular 
and supramolecular structure of its fibre 
matter.
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ment. A particularly high increase in 
CDT values is observed for steam treated 
fibres.

The rebuilding of the physical fibre mi-
crostructure was analysed in the aspect of 
changes in the paracrystallinity and over-
all orientation of matter. The values of 
paracrystallinity indexes Xm and XIR ob-
tained show small changes in the content 
of paracrystalline matter, and hence their 
low impact on the sorptive properties of 
the fibre. This is the effect of heating the 
fibre in an unstrained state [35] at a rel-
atively low temperature of the media. 
This method of treatment also resulted 
in significant changes in the optical bire-
fringence. Thermal treatment for all var-
iants leads to a decrease in the value of 
this index, which means a deterioration 
in the overall orientation of the fibre test-
ed, being a consequence of the process of 
disorientation of the macromolecules that 

occurs in the amorphous and mesomor-
phic phases.

Changes in dyeability of the tested fibre 
It was found that the value of the sorp-
tion index Cb obtained for the initial fi-
bres tested dyed with a basic dye, is sig-
nificantly higher than the values of index 
Cb obtained for fibres dyed with disperse 
dyes. Differences in the values of the in-
dexes analysed result from the different 
mechanisms of binding of the dyes inves-
tigated with polyacrylonitrile fibres. Bet-
ter cationic dyeing results were obtained 
due to the possibility of formation, in ad-
dition to van der Waals bonds, which are 
the basic bonds in the dyeing of synthetic 
fibres with disperse dyes, ionic bonds be-
tween dye cations and active centres of 
the fibre-forming polymer [20]. Differ-
ences were also observed in the sorption 
indexes of fibres dyed with suspension 
dyes, which result from the different 

structural features of these dyes. From 
the point of view of colour saturation, it 
is more effective to dye Crumeron fibre 
with a non-linear molecular structure 
and lower dipole moment (Celliton Rosa 
FF3B), which increases its diffusion and 
’makes binding to the fibre matter easier’.

The dyeing curves shown in Figures 4, 
5 & 6 indicate that the thermal treatment 
of Crumeron fibre applied before dyeing 
has an impact on the change in kinetics 
of dyeing processes and on the sorption 
capacity of the fibre in relation to all dyes 
tested. 

The direction of changes observed de-
pends on the parameters of the thermal 
treatment. The decrease in the number 
of free CN groups, tantamount to an in-
crease in molecular cohesion, while de-
teriorating the overall orientation of the 
fibre material resulted in:
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n an increase in the sorption index and 
dyeing kinetics in the case of Palanil 
Gelb 3G dye, 

n an increase in values of the Cb index 
and a reduction in sorption kinetic 
index values in the case of disperse 
dye Celliton Rosa FF3B and C.I. 
Basic Yellow 28 for fibres thermally 
treated in steam and air at 2200C. For 
other variants of thermal treatment, 
the sorptive capacity of the fibre de-
creased,

n a large increase in the kinetic sorption 
index of all dyes tested for fibre treat-
ed in water at 100 °C,

The direction of changes in fibre dyeabil-
ity indicates a significant effect of mole-
cules and dye properties on the processes 
of dyeing the structure.

 Conclusions
Thermal treatment is the reason for 
changes in the fibre structure, manifest-
ed by increased molecular coherence and 
deterioration of the overall internal orien-
tation of its matter.

The increase in molecular coherence is 
related to the formation of more intermo-
lecular bonds in which highly polar -CN 
groups are involved. The decrease in the 
overall orientation of the fibre studied is 
a consequence of the process of disori-
entation of macromolecules in the amor-
phous and mesomorphic matter.

Values of the sorption indexes are af-
fected both by the molecular and supra-
molecular structure of the fibre matter 
as well as by the physical and chemical 
characteristics of the dye molecule struc-
ture. The course of the process of diffu-
sion of dyes inside the fibre depends on 
the mutual adjustment of the size and 
shape of their molecules and free micro-
capillary spaces in the fibre, as well as on 
interactions resulting from the electro-
static nature of chemical groups of dyes 
and fibre matter.

The biggest improvement in diffusion 
and sorption properties for all dyes test-
ed was obtained by subjecting the fibre 
to thermal pretreatment with steam and 
air at 220 °C, which indicates that the use 
of appropriate thermal pre-treatment of 
PAN fibre contributes to a more effective 
dyeing process, leading to obvious eco-
nomic benefits.

References
 1.	 Houtz	RC.	Textile Res. Jour. 1950, 20, 

786.
 2.	Grassie	 N.,	 Hay	 N.J.,	 Mc	 Neill	 J.C.	 J. 

Polymer. Sci. 1958, 31, 205.
 3.	 Schurz	J.	J.	Polymer Sci. 1958, 28, 438.
 4.	 Fester	W.	Textil – Rundsch. 1965, 20, 1.
 5.	 Koszeliew	 IW,	 Sokołowskij	 WН.	 Fibre 

Chem 1993, 5, 8-11.
 6.	 Fimcer	E,	Fros	W.	Fibre Chem 1992, 2, 

14-17.
 7.	 Kakida	H,	Tashiro	K.	Polymer J. 1998, 

30, 474.
 8.	Warszawskij	 WJ.	 Wysokomol. Sojed. 

1983, 25(4), 823-830.
 9.	 Adamski	 Z.	 Zeszyty Naukowe PŁ nr 

164, Włókiennictwo, 1973, z. 25.
10.	Sawczenko	G,	Bondarenko	WМ,	Azaro-

wa	МТ.	Fibre Chem 1994; 6, 21.
11.	 Azarowa	 МТ,	 Bondarenko	 WМ,	 Saw-

czenko G. Fibre Chem. 1995; 1, 10.
12.	Kalasznik	АТ,	Zlatoustowa	LА,	et	al.	Fi-

bre Chem. 1999; 31, 425-432.
13.	Warszawskij	WJ.	Fibre Chem. 1994; 1, 

18-23.
14. Kakida H, Tashiro K. Polymer J. 1998; 

30, 463.
15.	Boguń	 M,	 Mikołajczyk	 T,	 Szparaga	 G,	

Kurzak	A,	Wójcik	M.	Comparative	Analy-
sis	of	the	Influence	of	the	Kind	and	Amo-
unt of Two Ferromagnetic Nanoadditi-
ves on the Structural Properties of Pre-
cursor Polyacrylonitrile Fibres. FIBRES 
& TEXTILES in Eastern Europe 2008; 
16, 5(70): 48-53.

16.	Marczak	E,	Marczak	P,	 Sztajnowski	 S,	
Lipp-Symonowicz B. Autex Research 
Journal DOI: 10.1515/aut-2018-0044.

17.	Szparaga	 G,	 Mikołajczyk	 T,	 Frączek
-Szczypta A. PAN Precursor Fibres Con-
taining Multi-Walled Carbon Nanotubes. 
FIBRES & TEXTILES in Eastern Europe 
2013; 21, 6(102): 33-38.

18. Marczak E, Marczak P. Przegląd Włó-
kienniczy+Technik Włókienniczy 2003; 
3: 3-5.

19. Marczak P, Marczak E. Przegląd Włó-
kienniczy-Włókno, Odzież, Skóra 2009; 
4: 37-40.

20.	Lipp-Symonowicz	B,	PAN	Oddział	w	Ło-
dzi,	Komisja	Włókiennictwa,	Łódź	2003.	

21. Bruce RL, Broadwood NV, King DG. 
Text. Res. J. 2000; 70, 525.

22.	Boguń	 M,	 Mikołajczyk	 T.	 Influence	 of	
Coagulation Bath Temperature on the 
Porous Structure and Strength Proper-
ties of PAN Fibres Including Montmoril-
lonite. FIBRES &TEXTILES in Eastern 
Europe 2006; 14, 3(57): 19-22.

23.	Mikołajczyk	 T,	 Boguń	 M,	 Kowalczyk	
A. Effect of Fibre-spinning Conditions 
on The Properties of Nanosilica-conta-
ining Precursor PAN Fibres. FIBRES & 
TEXTILES in Eastern Europe 2005; 13, 
3(51), 30-34.

24.	Mikołajczyk	 T,	 Szparaga	 G.	 Influence	
of Fibre Formation Conditions on the 
Properties of Nanocomposite PAN Fi-
bres Containing Nanosilver. FIBRES & 
TEXTILES in Eastern Europe 2009, 17, 
4(75): 30-36.

25. Mastalerz P. Chemia organiczna; PWN 
1986

26. Colour Index International
27. Lipp-Symonowicz B. Zeszyty Naukowe 

Politechniki	 Łódzkiej	 nr	 329,	Rozprawy	
naukowe	nr	16,	Łódź,	1979

28.	Bieniek	 A,	 Lipp-Symonowicz	 B,	 Sztaj-
nowski S. Polimery 2009; 840: 11-12.

29.	Bell	R	J.	Introductory Fourier Transform 
Infrared Spectroscopy 1972 N. York 
London, Academic Press, 

30. Hirschfeld T. Fourier Transform Infrared 
Spectroscopy, Vol. 2 N. York, Ferraro – 
Basile, Academic Press, 1979

31. Dechant J.	 Ultrarotspektroskopische 
Untersuchungen an Polymeren, Akade-
mie-Verlag Berlin, 1972

32.	Witenhafer	D	E,	Koenig	JL.	J Macromol. 
Sci B 1968; 2, 247

33. Ueberreiter K. Diffusion in polymers. 
New York, NY: Academic Press, 1968.

34.	Lindenmeyer	 PH,	 Hosemann	 R	 J.	 J. 
Appl. Phys. 1963; 34, 42.

35.	Urbańczyk	 G	 W.	 Fizyka Włókna,	 PŁ,	
Łódź	2002.

36. Pluta M. Mikroskopia optyczna, PWN, 
Warszawa 1982.

37. Dorau K, Pluta M. Przegląd Włókienni-
czy 1981; 2, 70.

 Received 07.12.2018 Reviewed 06.08.2019


