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n	 Introduction
Polyester fibres are characterised by a low 
surface energy and limited reactivity. To 
use them as components of composites or 
to impart to them specific surface proper-
ties required in various applications, one 
has to modify their surface by appropri-
ate methods. The incorporation of new 
functional groups as a result of a reaction 
with a proper chemical substance is one 
of the possible changes in the physical 
and chemical character of the fibre sur-
face. In order to restrict any change in the 
polymer to the fibre surface layer only, 
leaving the internal part unchanged, it is 
required to select appropriate chemicals 
and experimental conditions.

The conventional methods of chemically 
modifying PET fibres most frequently 
used in the industry are those that use 
chemical reactions to split the macromo-
lecular chain of the fibre-forming poly-
mer, which improves some unfavour-
able fibre properties. An aqueous sodium 
hydroxide solution is most frequently 
used to modify PET fibres. Its action im-
proves the electrical properties, sorption 
and wettability of fibres but also brings 
about fibre weight loss, thickness reduc-
tion and a decreased breaking force ap-
proximately proportional to the treatment 
time [1 - 4], and consequently a loss of 
tensile strength [1 - 3, 5 - 10]. These ef-

fects reduce the range of its application, 
especially in technical areas.

Another type of compound frequent-
ly used for chemical modification are 
amines with various functionalities. The 
modification of fibres with both mono-
functional and bi-functional amine aque-
ous solutions causes a gradual change in 
their strength properties [5, 11 - 15, 17], 
where the extent of changes depends 
on the initial fibre structure [11]. The 
increase in amine functionality brings 
about a slight decrease in fibre strength 
only when the modification time is pro-
longed [16 - 18].

Nowadays the uses of enzymes in textile 
industries are being developed because 
of their harmless effluents and high ef-
fectiveness.[19 - 22] A relatively new 
and interesting alternative to the previ-
ous methods of modifying polyester fibre 
surfaces consists in using enzymes. In-
vestigations hitherto carried out involv-
ing PET fibre surface modification using 
different kinds of enzymes have brought 
about the improvement of a number 
of selected fibres and fabric properties 
without any distinct loss of fibre tensile 
strength. [23 - 29] The investigations 
presented in most of the papers have a 
fragmentary character, comprising no de-
fined fibres in respect of their structure. 
The choice of enzyme preparation is of-
ten quite casual.

In a provious paper the authors compared 
the effectiveness of chemical modifica-
tion, as the traditional and most used 
approach to PET fibre surface modifi-
cation and biochemical modification, as 
the new method, being the alternative 
to the traditional one in aspect of their 
changes of micro-topography, molecular 
and supermolecular structure of the fibre 
surface layers. Selected fibre surface and 
volumetric properties has been assessed 
[30,  31]. 

In the study [30], the effect of changes 
in the surface structure of PET fibres 
on their selected volumetric and surface 
properties was assessed in terms of its 
micro-topography, molecular and super-
molecular structures.

The tests performed by the authors of 
the present paper concerning the physi-
cal and chemical characteristics of a 
PET fibre surface indicate that the most 
effective method of modification from 
the point of view of physical and phys-
ico-chemical characteristics, both the 
micro-topography and micro-structure 
of the fibre surface layer, is  modification 
with  Esterase preparation. As a result, 
a uniform and homogeneous relief-type 
texture of the fibre surface and the high-
est increase in the crystallinity degree xIR 
were obtained, which seems to be a result 
of the selective and effective action of this 
enzyme i.e. ’etching” the non-crystalline 
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portion of the polymer from the fibre sur-
face due to the hydrolytic decomposition 
of its macromolecular chains.

Analysing the physical and chemical 
structure of a fibre surface, one can ob-
serve that the change in the surface char-
acter towards hydrophilicity results from 
the decomposition (shortening) of PET 
chains in the surface layer of fibres. The 
increased extent of the hydrophilicity of 
the fibre surface due to the modification is 
confirmed by the fact that the value of the 
polar component of enzyme-modified fi-
bres is increased by more that ten times in 
comparison with that of unmodified fibres. 

From the analysis of the above-men-
tioned changes in terms of the effective-
ness of particular modification methods, 
it follows that the most effective fibre 
modification methods intended to change 
the physico-chemical characteristics of 
fibers, especially to increase their hy-
drophilicity, are those that use enzymatic 
preparations, in particular Lipozyme and 
Esterase.

In [31], the effect of changes in the sur-
face structure of PET fibres on their se-
lected volumetric and surface properties 
was assessed in terms of its micro-to-
pography, molecular and supermolecular 
structures. 

T����������������������������������������he change in the general surface charac-
teristics of the fibres under investigation 
(micro-topography and hydrophilicity) 
results in very beneficial changes in both 
volumetric and surface properties.

The change in the surface of PET fibres  
from hydrophobic to hydrophilic after 
modification with enzymes also resulted  

in an improvement in the resistance to 
soiling and oil-soil release as well as in 
the dyeability with disperse dyes. The 
chemically-modified fibres show a high 
susceptibility to combining oily impuri-
ties and a low oil-soil-release capability

The consequence of the  increased water 
absorption by the fabric obtained was a 
durable improvement in antistatic prop-
erties resulting from the reduced surface 
resistance for all types of modification.

Another aim of the modification of PET 
fibres with commercially available enzy-
matic preparations was to totally reduce 
their susceptibility to pilling. The chemi-
cally-modified fibres are characterised by 
an increased susceptibility to fabric pilling.

Considering the advantages obtained by 
PET fibre modification, their influence 
on the mechanical properties aspecially 
tenacity and elongation at break, of the 
fibres processed shoud be investigated 
and taken into account our investigations  
was concerned with the consequences of 
changes in the mechanical properties  of 
the PET fibres, differing in their initial 
structure after enzymatic and chemical 
treatment.

n	 Experimential
Materials and methods
Glossy, continuous polyester fibres 
of poly(ethylene terephtalate) differ-
ently (drawn ratios: R = 3.0× ; R = 3.5×; 
R = 4.0×; R = 5.2× were used for the in-
vestigations. The test fibres, being differ-
ent with respect to the physical micro-
structure formed by drawing, allowed  
to assess the influence of the initial fibre 

structure on the effects of surface modi-
fication. Such an approach has been used 
in a few studies, carried out  in a frag-
mentary way. The characteristics of the 
fibres are given in Table 1.

Chemical modification 
Chemical modification of the fibre sur-
face was performed with the use of three 
chemical substances:
n	 sodium hydroxide, Chempur; 
n	 70% aqueous solution of ethylamine, 

Fluka;
n	 97% aqueous solution of ethylenedi-

amine (EDA), POCH – Gliwice.

The parameters of chemical modification 
with the use of sodium hydroxide are 
given in Table 2. Considering the litera-
ture data concerning the conditions and 
effectiveness of the treatment, variable 
concentrations of NaOH solutions and 
treatment times were used.

The parameters of modification with the 
use of amines also are specified in Ta-
ble  2, assuming the modification time, 
cited in the literature and clearly depend-
ent on the type of amine, as a decisive 
factor for amine action effectiveness. To 
provide a system allowing  to compare 
the modifying action effectiveness of 
individual chemicals under the thermal 
condition used, the same treatment time 
of 120 min was used in all the cases.

After modification, the fibre samples 
were thoroughly rinsed with distilled wa-
ter to obtain neutral pH followed by dry-
ing at room temperature for 24 h.

Biochemical modification 
Modification of the fibre surface by the 
biochemical method was carried out with 
the use of four selected enzymatic prepa-
rations, active in relation to the fibre-
forming polymer and diversified with 
respect to their origin, biochemical char-
acteristics and application conditions. 
Characteristics of the enzymes used are 
given in Table 3. 

The PET fibres were incubated with en-
zyme preparation in a sodium phosphate 
buffer, in autoclave Ahiba–Polymat 
Oryginal Hanau. �����������������������The parameters of enzy-
matic modification are given in Table 3. All 
samples were treated for 30 and 120 min.

After enzymatic treatment, all samples 
were washed first with hot water for 
10 min, then with sodium carbonate so-
lution for 10 min at 70 °C (to remove 
the remaining protein) and finally rinsed 

Table 1. Characteristics of PET fibres used.

Draw ratio 	
R

Thickness of fibre, 	
μm

Total orientation 
factor fo

Fibre crystallinity 
index xIR, %

3.0 × 32.2 0.6246 60.3
3.5 × 28.4 0.7430 66.7
4.0 × 27.2 0.8584 71.1
5.2 × 24.7 0.9993 77.2

Table 2. Parameters of the chemical treatment. 

Concentration aqueous, % Treatment time, min Treatment temperature, °C
12% solution of NaOH 120 60

20% solution of NaOH
60

60
120

70% aqueous solution ethylamine 120 22

97% aqueous solution ethylenediamine
20

2280
120
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with distilled water at 70 °C (6 times). 
All samples were air dried at room tem-
perature for 24 hours.

Testing the weight loss of fibre 
after the modification process
The weight loss of fibre after the modi-
fication process was determined using 
the gravimetric method. 5 measurements 
were performed for each variant. All fibre 
samples were dried at room temperature 
for 24 hours, then they were weighed and 
the loss of weight was calculated from 
the formula:

x = [(mn - mm)/mn]·100%

where:
x 	 – fibre weight loss in %
mn 	– unmodified fibre weight in g
mm	- modified fibre weight in g

Testing mechanical properties
Stress-strain curves with the action of an 
axial tensile force constituted the basis 
for the assessment of changes in the ten-
sile strength of the fibres modified . The 
fibres to be tested were air conditioned 
for 24 h in a standard atmosphere accord-
ing to PN-EN 20139:1993 [32]. The line-
ar density of single fibres was determined 

by the gravimetric method according to 
PN-ISO 1973:1997 [33]. Tests were car-
ried out with the use of an Instron tensile 
tester, model 4204, equipped with pneu-
matic sample holders. Single filaments, 
previously stuck on paperboard frames, 
were placed in the tester holder with an 
initial tension of 1 cN/tex. The travel rate 
of the traverse was 20 mm/min. The initial 
filament length was 20 mm. 50 measure-
ments were performed for each variant. 
At the moment of break, the following 
values were recorded: the maximal force, 
breaking force, tenacity and elongation at 
break. The tests were carried out accord-
ing to PN-EN ISO 5079:1999 [34].

n	 Results and discussion
Values of the weight loss of chemically 
and bio-chemically modified fibres are 
listed in Tables 4 & 5.

Values of the tenacity of chemically and 
bio-chemically modified fibres are illus-
trated in Figure 1.

The mechanical parameters of the  vari-
ants of fibres examined assume clearly 
different values depending on the initial 
structure specified by the fibre draw ratio. 

Weight loss
For fibres modified with sodium hydrox-
ide solutions, a notable weight loss was 
observed, being especially large for the 
highest concentration of NaOH solution 
and the longest treatment time. Accord-
ing to the increase in the  draw ratio of 
the fibres, the weight loss decreases 
proportionally. The weight loss is in the 
range of 15% to 8.5%. 

In the case of fibres modified with EDA, 
the weight loss shows a leapt character 
– high and  close for  fibers with a draw 
ratio of 3.0× and 3.5× (20% and 11.5%), 
and relatively low for fibres with a draw 
ratio of 4.0× and 5.2× (3.5% and 2%).

In the case of fibres enzymatically treat-
ed, the weight loss is considerable de-
pending on the kind of enzymatic prepa-
ration. The highest weight loss is noticed 
during  Esterase treatment. The applica-
tion of remaining enzymatic prepara-
tions causes an almost comparable effect, 
which is relatively small – less than 1%.

During the application of Esterase, the fi-
bre’s weight loss is clearly dependent on 
the fibre’s draw ratio R. For fibre drawn 
at 4.0× and 5.2×, the weight loss is con-

Table 3. Characteristics of the enzymatic preparations used in biochemical modification and their treatment conditions.

Enzyme 
preparation Source Supplier or 

manufacturer
Concentration 

enzyme preparation
Optimum 	

temperature °C Optimum pH Activity

Amano Lipase A Aspergillus niger Aldrich 2 g/l 45 6.0 ≥ 12,000 U/g

Amano Lipase AK Pseudomonas 
fluorescens Aldrich 2 g/l 55 8.0 ≥ 20,000 U/g

Lipozyme® Mucor miehei Fluka 2 g/l 70 8.0 > 100 U/g

Esterase Bacillus 
starothermophilus Fluka 2% 65 7.0 ~ 0.4 U/mg

Table 4. Values of the weight loss, % of chemically modified fibres with different draw ratios.

Draw ratio 	
R

Treated 12% 
solution NaOH 

120 min

Treated 20% 
solution NaOH 

60 min

Treated 20% 
solution NaOH 

120 min

Treated solution 	
of ethylamine 	

120 min

Treated EDA 120 min

20 80 120

3.0× 6.50 7.22 14.72 12.62 7.32 16.52 19.68
3.5× 4.11 7.30 12.16 6.08 6.24 8.92 11.54
4.0× 4.40 5.72 9.68 0.96 0.96 1.82 3.44
5.2× 3.36 5.36 8.66 0.36 0.68 1.36 2.18

Table 5. The values of the weight loss, %  of bio-chemically  modified fibres with different draw ratios.

Draw ratio 	
R Treatment time, min

Enzyme preparation
Amano Lipase A Amano Lipase AK Lipozyme® Esterase

3,0×
30 0.64 0.71 0.55 15.36

120 0.68 0.72 0.65 17.82

3,5×
30 0.76 0.69 0.66 23.43

120 0.79 0.70 0.68 26.06

4,0×
30 0.57 0.56 0.49 11.44

120 0.60 0.62 0.53 13.07

5,2×
30 0.42 0.45 0.19 7.46

120 0.51 0.50 0.25 9.52
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Figure 1. Changes in the  brake elongation and tenacity of fibres with different draw ratios – unmodified and chemically modified with a 
solution of: a) NaOH, b) ethylamine, c) EDA, d) Amano Lipase A, e) Amano Lipase AK, f) Lipozyme, g) Esterase.
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tained in the range of 11.5% to 7.5%, and 
for fibres with a draw ratio of 3.0× and 
3.5×, it is 18% and 26%, respectively.

Tensile strength
The fibres modified with sodium hydrox-
ide solutions show a clear decrease in 
tensile strength, especially high (15.5% 
and 12.5%) in the case of fibres with draw 
ratios of 3.0× and 3.5×. For fibres with a 
draw ratio of 4.0× and 5.2×, the tenacity 
decrease is relatively small – 7% and 5%, 
respectively. A clearly disadvantageous 
effect on strain can be seen in fibres with 
draw ratios of 3.0× and 3.5× (decrease of 
49% and 36%), while the elongation at 
break of fibres with draw ratios of 4.0× 
and 5.2× is practically unchanged.

Fibres modified with ethylamine show 
a step-wise drop in tenacity  depending 
on the fibre draw ratio. The tenacity of 
fibres with draw ratios of 3.0× and 3.5× 
is decreased by about 40%, while that of 
fibres with draw ratios of 4.0× and 5.2×, 
it is 12% and 10.5%, respectively. Very 
severe decreases in fibre elongation at 
break (from 60% to 40%) are observed 
for all  variants of the draw ratio.

Fibres with various draw ratios modified 
with EDA show relatively slight differ-
ences in tensile strength changes, but a 
considerable drop in fibre strength is 
observed when the treatment time is pro-
longed to 120 min (from 36.5% to 23%). 
The fibre elongation at break is severely 
decreased for all  variants of the draw ra-
tio (60% - 28%).

The values of tenacity and elongation at 
break of the enzyme-treated fibres de-
pend on the type of enzyme preparation. 
The fibres treated with Amano Lipase A 
and Amano Lipase AK show a consider-
able decrease in both tenacity and elon-
gation in practically all the modifica-
tion cases. The decrease in tenacity and 
elongation is clearly smaller when fibres 
with higher draw ratios are treated with 
Lipozyme and Esterase.

n	 Conclusions
Based on the results obtained,  the fol-
lowing conclusions can be drawn:
n	Application of PET surface fibre mod-

ification with both  chemical substanc-
es and  enzymatic preparations cause  
changes in  the  mechanical properties 
of fibres expressed by changes in te-
nacity and  elongation at break.

n	 The changes are the largest for  fibres 
with the lowest draw ratios.

n	 Comparison of the range of changes  
induced by the action of chemical sub-
stances and enzymatic preparations 
leads to the following statements:
n	 from the chemical substances ap-

plied, ethylamine has the strongest 
influence on  changes in mechani-
cal properties. A relatively low 
weight loss causes a drastically 
high decrease in tenacity, on the ba-
sis of which it can be deduced that 
the ethylamine action not only con-
cerns  the  polymer layer of the fibre 
surface, but also the fibre volume.

n	 Ethylenediamine exerts a relatively 
small influence on the mechanical 
properties of fibres  , which strong-
ly depends on the treatment time 
prolongation.

n	 in the case of enzymatically treated 
fibres,  the influence of enzyme 
preparation on the  mechanical 
properties of fibre changes  depends 
on the kind of enzymes, especially 
for fibres with lower draw ratios. 
For  fibres with a higher draw ratio 
after  enzymatic treatment for 30 
minutes, the values of tenacity are 
practically comparable, being about 
10% less than those of initial fibres.

n	 changes in the   the elongation at 
break of fibres are generally big-
ger for fibres treated with chemical 
substances.

In  view of the  test results obtained, the 
method of PET fibre modification with 
the use of enzymatic preparations can be 
considered as an effective, pro-ecological 
and energy-saving process for changing 
a fibre surface’s structure, leading to the 
elimination or a significant limitation of 
several unbeneficial properties of PET 
fibres. The most effective method of fi-
bre modification to change the physical 
and chemical characteristics and surface 
properties of fibres seems to be  enzy-
matic preparations such as Lipozyme and 
Esterase.
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