Modification of PA 6 Fibres with Alkaline Copolyamides
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This contribution is devoted to the preparation of copolyamides from e-caprolactam, adipic acid,
and diethylenetriamine and to the establishment of some basic characteristics of copolyamides.
Experimental data confirm the possibility to synthesize copolyamides with relative molecular mass
high enough to prepare blended fibres. Blended fibres from 90—50 mass % of PA 6 and 10—50
mass % of copolyamide were prepared and the hydrophilicity, elastic, electrical, and mechanical
properties of PA 6 fibres were studied. Besides mechanical properties all other properties of blended

fibres are better in comparison with those of unmodified PA 6 fibres.

Polyamide (PA 6) fibres have many suitable prop-
erties predeterminig their application in the textile in-
dustry. However, some of them do not achieve the level
of properties inherent to natural fibres. This applies,
for example, to electric and sorption properties which
are qualitatively lower. An improvement of these prop-
erties can be attained by chemical or physical modifi-
cation of PA 6 fibres.

Chemical modification involves the procedures of
copolyreactions and grafting or the subsequent reac-
tions of functional polyamide groups. In the case of
the copolyreactions it is necessary to choose suitable
comonomers in such a way as to achieve the sufficiently
high molecular mass and concentration of (the next)
polar groups and to prevent a substantial decrease of
the crystallization ability. The above-mentioned ways
of increasing the concentration of polar groups can
be accomplished, for example, on the surface of fibres
during their preparation. A comparison of the rate of
these reactions with that of the preparation of fibres
points to a lower grafting efficiency and to a sufficient
number of efficient functional groups.

Physical modification, i.e. the preparation of the
M/F (matrix/fibrils) type fibres assumes to create the
blended PA 6 system with a low- or high-molecular
additive and its spinning to modified (blended) PA 6
fibres.

Polymers and copolymers containing oxygen atoms
[1—4], which are very hygroscopic and even water-
soluble, can improve as additives the sorption and
electrical properties of PA 6 fibres. Polyamides con-
taining the tertiary nitrogen in piperazine deriva-
tives [5—10] are also characterized by a higher water
(vapours) sorption. The higher concentration of NH
groups and N atoms in polyamideimidazoline brings
about a high affinity to water, which leads to its wa-
ter solubility [11].
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High-molecular modificators compatible with PA 6
fibres seem to be suitable modifying additives which
do not raise any difficulties during the preparation
and finishing of blended fibres. Copolyamides based
on the e-caprolactam (CL) and suitable comonomer(s)
containing a sufficient concentration of polar func-
tional groups can also improve the sorption and elec-
trical properties of PA 6 fibres modified by them [12,
13]. The compatibility of PA 6 with copolyamides is
favourable, if the latter contain the segments of poly-¢-
caprolactam and those of the next comonomer, which
permits one to keep a sufficient level of crystallinity.
The formation of such a copolyamide configuration
is possible, if the comonomer reacts with the other
mechanism (e.g. the polycondensation one) than CL
reacting through the polyaddition mechanism. During
the copolyamide formation both mechanisms are ap-
plicable, but different to such an extent that there are
formed block rather than statistic copolyamides [14].
The ABA type of block copolyamides can even posi-
tively influence the mechanical properties of blended
polyamide fibres [15].

As it is indicated in the below scheme, an intro-
duction of secondary NH groups (or also N atoms)
into the chain of poly-e-caprolactam can improve its
electrical and sorption properties and reduce or elimi-
nate its water solubility. Such a copolyamide could be
a suitable additive into PA 6.

Reaction schemes: Polyreaction (A) — production
of the linear alkaline copolyamide from e-caprolactam,
adipic acid, and hexamethylenediamine

mCO—NH + nHOOC(CH,),COOH +
\ /
(CHa)s (4)

+ nHzN(CHz)zNH(CHQ)zNHz —
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—[HN(CH,),NH(CH,);NHOC(CH,)4CO],,—
[NH (CH2)5CO]m— + 2nH20

Polyreaction (B) - cyclization of the alkaline
copolyamide on the polyamideimidazoline

—[CONH(CH,);NH(CH,);NHOC(CH,)4COl,
— [NH(CH,)s]m— —
—[G—N(CH2)2NHOC(CH2),COlr—

N—(CH,),
[NH(CHz)s]m— + nH,0

(B)

EXPERIMENTAL

Preparation of Copolyamides and their Prop-
erties

Copolyamides from e-caprolactam (CL), adipic
acid A, and diethylenetriamine (DETA) were prepared
by the poly(addition-condensation) reaction proceed-
ing in melt in the N, atmosphere in two steps. The
hot DETA solution in ethanol was successively added
to the hot solution of adipic acid in ethanol (time 0)
contained in a glass apparatus immersed in the ther-
mostated oil bath. After mixing the two parts of Ny-
lon salt, ethanol was gradually distilled off. After the
removal of all ethanol, the whole amount of CL was
added (time 0—1). Melting and homogenization of CL
were completed in the time 2 at 100°C. The tempera-
ture of the reaction mixture was rising and the polyre-
action started by evaporation and condensation of the
reaction water. The first step of the polyreaction was
carried out at the atmospheric pressure (time 2—3)
and the second one at the gradually reduced pressure
(time 3—4). The temperature of the reaction mixture
achieved 270—280°C at the end of the polyreaction
(polyreaction time 2—4, the total time of the prepa-
ration 0—4).

Copolyamides were designated by the mass frac-
tion w of the Nylon salt ADETA in the mixture at the
beginning of the polyreaction and by the letter E in
the case when the copolyamide was extracted in hot
water before the preparation of the blended fibres
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KOPA 21.6: 21.6 mass % of ADETA and 78.4 mass %
of CL, nonextracted;

KOPA 21.6E: 21.6 mass % of ADETA and 78.4 mass
% of CL, extracted;

KOPA 30.6: 30.6 mass % of ADETA and 69.4 mass %
of CL, nonextracted.

To determine low-molecular (water-soluble) com-
pounds (LMC) the amount of about a 5 g granulate
of each copolyamide was extracted in hot water for 1
h. The copolyamides extracted were dried at 105°C in
a vacuum oven and stored in a desiccator. The amount
of LMC was determined from the difference of mass
before and after extraction.

The limiting viscosity number (intrinsic viscosity)
- [n] value of extracted copolyamides was determined
viscosimetrically in the solution of 93 % H,SOy4, anal.
grade, at 25°C, and graphically from the dependences

nsp/'wl = f(wl) and Nsp = t— tO)/tO

where t = flow time of the polymer solution, # =
flow time of the pure solvent, and w; = polymer mass
fraction in the solution.

The nitrogen content wn in copolyamides was de-
termined by an elemental CHNS-O EA 1108 analyzer
(Erba, Milan, Italy). The melting temperature 6y, was
estimated as an average of 5 measurements on the
Kofler block. Conditions of the preparation and the
fundamental properties of PA 6 and copolyamides are
indicated in Table 1.

Preparation of Fibres

The dried copolyamides were used for the prepa-
ration of blended granules. The mixture consist-
ing of 50 mass % of PA 6 and 50 mass % of
copolyamide was melted in a single-screw ribbon ex-
truder at the temperatures of zones 6; = 6, =
f; = 235—245°C. The blended ribbon was cooled
down in the cold water and cut into granules. The
air-dried blend was finally vacuum-dried at 105°C
and used for spinning. The blended fibres contain-
ing 10 mass %, 20 mass %, and 30 mass % of
copolyamide were prepared by mixing the PA 6 with

Table 1. Conditions of the Preparation and Some Properties of (Co)polyamide

(Co)po- Step I/min Step II/min Time 0—4 ) Om LMC wN
lyamide
Time 0—1 Time 0—2  Time 2—3  Time 3—4 min cm? g—! °C mass %  mass %
PA 6 - - - - - 93 217 - 12.19
KOPAZ21.6 120 145 180 40 365 56.5 189 5.1 13.32
KOPA21.6E 60 85 120 170 375 41.5 192 5.4 13.25
(10.3%)
KOPA 30.6 80 100 140 140 46.5 188 6.3 13.64

380

*Extraction for (1 + 1) h in the boiling water.
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Table 2. Electrical Properties and Sorption of Water Vapour of Nonmodified and Modified PA 6 Fibres

(Co)poly- Amount of Umax t1/2 Eovr S
amide copolyamide
v s 5 mass %
mass %
PA 6 0 460 7.8 180 4.6
KOPA 21.6 10 480 6.3 385 5.1
20 370 1.6 75 5.7
30 420 3.7 35 5.8
50 230 2.0 10 6.0
KOPA 21.6E 10 440 4.5 110 5.1
20 390 2.8 45 5.4
30 315 3.2 30 5.4
50 340 3.0 25 5.6
KOPA 30.6 10 445 5.5 130 4.9
20 500 3.0 100 5.2
30 150 3.0 5 5.5
50 90 2.9 5 6.1
50 mass % concentrate of copolyamide immediately o
before spinning. The blended fibres containing 50 mass Ntex™
% of copolyamide were prepared by a direct spin- _(_:__ — F____ B
ning of the concentrate containing 50 mass % of
copolyamide. | |
The spinning of blends was performed on the lab- I |
oratory model equipment at the temperatures of its |
3 zones Ay = 05 = 6 = 250°C with and without a |
lubricant (13 fibrils). After spinning, the fibres were |
drawn (7 = 120°C) to the drawing ratio A = 3. Non- ' I
lubricated fibres were during drawing permanently l I
wetted with water. | |
Evaluation of the Fibres Properties I l
O Eel & i
Electrical, mechanical, and elastic properties were %

studied equally like the hydrophilicity of PA 6 and
blended fibres.

The electrical properties of fibres were measured
by a POLYSTAT 1. The fibre sample with a surface
of about 1—1.4 cm? was charged up to the maxi-
mum potential (Unax) and simultaneously the time of
achieving the zero potential (fv) was recorded. From
this dependence it was possible to obtain the half-time
of discharging t, /5. The fibres hydrophilicity (S) was
evaluated gravimetrically at the temperature fg =
21.7°C and the 65 % relative humidity using lubri-
cated fibres. The results are listed in Table 2.

Mechanical properties were measured on the In-
stron 1112 apparatus. Clamping length and deforma-
tion rate were 100 mm and 500 mm min~!, respec-
tively. Elastic properties were measured on the Instron
1112 apparatus by the method of hysteresis loops at
a clamping length of 100 mm and a deformation rate
of 200 mm min~!. A diagram of elastic values (Fig. 1)
was obtained from hysteresis loops. From this diagram
the following quantities were determined: e, — elastic
extension, and €° - elastic deformation in % defined as
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Fig. 1. Diagram o = f(¢) of elastic values.

the ratio of elastic extension e to the total extension
ey according to Fig. 1

€% = (ea1/et) x 100
nel — elastic efficiency in % defined as the ratio of elas-
tic deformation work A (calculated from g¢) to the

total deformation work A; (calculated from &)

Tel = (Ael/At) x 100

At=/ ode
0

The results are shown in Table 3.
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Table 3. Mechanical and Elastic Properties of Nonmodified and Modified PA 6 Fibres

(Co)poly- Amount of TS E el e°

amide copolyamide
10 N tex~?! % % %

mass %

PA 6 0 2.74 107 29 39
KOPA 21.6 10 2.18 100 39 48
20 1.84 69 40 49
30 1.66 77 36 46
50 1.38 70 66 75
KOPA 21.6E 10 2.54 31 47 64
20 2.06 39 45 58
30 2.04 30 64 70
50 1.78 35 50 60
KOPA 30.6 10 2.38 90 33 44
20 2.04 70 56 60
30 1.84 102 47 53
50 1.64 90 54 58

RESULTS AND DISCUSSION

Copolyamides from CL, adipic acid, and diethyl-
enetriamine can be prepared by the polyreaction in
melt within 6 h. Conditions and the polyreaction
time have an influence mainly on the relative molec-
ular mass (expressed as [n]) of the copolyamide.
The copolyamide preparation involves 2 steps. The
first step involves the preparation of the Nylon salt
ADETA from the ethanolic solutions of adipic acid
and diethylenetriamine and the elimination of ethanol.
The second step comprises the adding of CL and the
accomplishment of the poly(addition-condensation)
reaction. By comparing both methods of the prepa-
ration of copolyamide containing the same amount of
the Nylon salt ADETA (21.6 mass %) it is possible to
maintain that the relative molecular mass (expressed
by the intrinsic viscosity [n]) depends particularly on
the time of the first step. The reason is the more com-
petent preparation of Nylon salt (the thorougher elim-
ination of ethanol in the first step) and probably the
higher volatility of DETA, i.e. the potential loss of
DETA during the reduced pressure in the second step,
if the whole amount of DETA was not bound before
in the Nylon salt or polyreaction product. A loss of
DETA disturbs the balance of the reactive groups con-
stituting macromolecules, which leads to a decrease in
the relative molecular mass. Conditions for the prepa-
ration implemented in the first and second steps were
chosen so as to evaluate (at least to a certain ex-
tent) their influence on the relative molecular mass
of copolyamides and to allow the polyreaction to pro-
ceed up to a maximum according to eqn (A).

The obtained relative molecular mass is sufficiently
high to characterize copolyamides as polymers, but in-
sufficiently high to achieve their fibre formation. The
(LMC) content is comparable to that of the nonex-
tracted PA 6 and their elimination is possible, simi-
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larly as in the case of PA 6, by extraction in hot water.
Melting temperatures of the copolyamides — 6, are
lower in comparison to PA 6, their difference being
25—29°C.

The above-indicated characteristics and assumed
compatibility of the earlier prepared copolyamides
permit their application as additives to the M/F
blended fibres containing PA 6 and copolyamide. Nei-
ther the lower values of [n] or 8, nor the presence of
low-molecular compounds (LMC) in the copolyamide
manifested the negative influence on the spinning and
drawing of blended PA 6/copolyamide fibres. An elim-
ination of LMC from the finished blended fibres (e.g.
by washing or shampooing the material) leads to the
formation of pores in them, which can (positively) af-
fect further properties of textile products.

By introducing the Nylon salt ADETA into the
poly-e-caprolactam chain the content of polar atoms
and groups represented by a nitrogen content will in-
crease.

Electrostatic properties of PA 6 fibres (evaluated
on the basis of three parameters — Umax, tov, and
t1/2) improve considerably after adding 20 mass %
of copolyamide. By increasing the copolyamide con-
tent to the level of 30 mass % and 50 mass % the
above properties improve even more. The influence of
the nonextracted and extracted copolyamide with the
same amount of the Nylon salt ADETA (21.6 mass
%) is practically identical. The presence of LMC and
the higher relative molecular mass of the nonextracted
KOPA 21.6, or the absence of LMC and the rela-
tively lower relative molecular mass of the extracted
copolyamide KOPA 21.6E do not have a crucial influ-
ence on the electrostatic properties (Table 2).

Water vapour sorption S increases by addition of
10—20 mass % of copolyamide. The content of the
extracted KOPA 21.6E which is increased to 30—50
mass % causes only a slight growth of sorption, mean-
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while the nonextracted KOPA 21.6 and KOPA 30.6
improve the sorption level to 6—6.1 mass % of the
absorbed humidity so as seen in Table 2.

The lower relative molecular mass of copolyamides
and the mixed structure of fibres (with all arising con-
sequences) cause a decrease in the tensile strength of
modified fibres. This decrease is proportional to the
polyamide content in blended fibres and it increases,
if the nonextracted types of copolyamides are applied.

The drawing ratio A = 3 reflects the relatively
higher elongation of unmodified PA 6 fibres (E = 107
%). Elongation of the blended fibres modified with
nonextracted copolyamide types is positively affected
and it even partially decreases (E = 70—100 %). An
application of the extracted copolyamide KOPA 21.6E
is responsible for a drop in elongation to the level £
= 30—40 %.

The below-indicated A; and Ae values lead to the
higher values of parameters 7e and €°. This suggests
that the deformation of blended fibres requires less
work than the deformation of unmodified PA 6 fibres,
or that the modified fibres are more elastic. It appears
that the most pronounced influence on the elasticity
has the extracted copolyamide KOPA 21.6E. The im-
provement of elasticity on applying the 20 mass %
copolyamide content, and even higher, ranges between
124 % and 227 % (ne1) and 118 % and 192 % (£°).

CONCLUSION

1. Copolyamides with a relatively high relative
molecular mass can be prepared from e-caprolactam,
adipic acid, and diethylenetriamine. Conditions of the
preparation, particularly the different time of step
I and II, influence the properties of the prepared
copolyamides.

2. Spinning and drawing of the blended PA 6 fibres
with a copolyamide are not negatively influenced up
to the mass fraction of 50 mass % of copolyamide.

3. Moisture sorption of the modified PA 6 fibres is
positively influenced and it increases with a growing
copolyamide content; more in the case of an applied
nonextracted copolyamide.

4. Electrostatic properties of modified PA 6 fibres
which have already the 20 mass % content of any
copolyamide are substantially better when compared
to nonmodified PA 6 fibres; with an increase of the
copolyamide content these properties can be even im-
proved. The highest efficiency is achieved for PA 6
fibres modified to 30 mass % and 50 mass % of the
copolyamide with a higher content (30.6 mass %) of
the Nylon salt ADETA.

5. Strength of the blended fibres falls down with
the growing copolyamide content, meanwhile the elas-
tic efficiency ne and the elasticity degree € have an
upward tendency. The elongation of modified fibres
is positively influenced mainly in the case when the
extracted copolyamide is applied as an additive.
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SYMBOLS

PA 6 poly-e-caprolactam

CL e-caprolactam

A adipic acid

DETA diethylenetriamine

ADETA Nylon salt of adipic acid A and diethyl-
enetriamine DETA

M/F matrix/fibrils

0—1 step I, time of the reaction from the start
till the addition of CL

0—2 step I, time from the start till melting of
the mixture and homogenizing of the melt

2—3 step II, polyreaction at the atmospheric
pressure

3—4 step II, polyreaction at the reduced pres-
sure

0—4 total time of the copolyamide synthesis

w concentration of the Nylon salt ADETA
in the mixture at the beginning of the
synthesis

LMC low-molecular compounds

wy concentration of copolyamide in the solu-
tion of HySO4

WN concentration of nitrogen in the (co)poly-
amide

t flow time of the polymer solution

to flow time of the pure solvent

Tsp specific viscosity

[n] limiting viscosity number (intrinsic visco-
sity)

0,1, 0>, 83 temperatures of zones of a single-screw rib-
bon extruder

04, 05, 8 temperatures of spinning

67 temperature of drawing

Os temperature of the hydrophilicity measure-
ment

Om temperature of melting

Ui maximum potential of charged fibres

tov time within the potential drops from the
maximum to the zero value

t1/2 half-time of discharging

TS tensile strength

E elongation at break

Eel elastic extension

el elastic deformation

Tel elastic efficiency

Ael elastic deformation work

A total deformation work
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