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Summary — The article reports research on waste polyamide 6 and organomontmorillonite nano-
composites. The composites were prepared utilizing masterbatches in a twin screw co-rotating
extruder. X-ray diffraction (XRD) studies revealed the exfoliation of layered silicates in polymer
matrix. Tensile tests proved that the addition of five per cent of the organomontmorillonite may
be regarded as a facile and cheap approach to improve the mechanical properties of waste poly-
amide 6.
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NANOKOMPOZYTY POLIAMID 6/ORGANOMONTMORYLONIT OTRZYMYWANE Z MATE-
RIA£ÓW ODPADOWYCH
Streszczenie — W artykule opisano wyniki badañ nad nanokompozytami otrzymanymi z odpa-
dowego poliamidu 6 oraz organicznie modyfikowanych montmorylonitów. Kompozyty wyko-
nano z przedmieszek otrzymywanych w wyt³aczarce dwuœlimakowej wspó³bie¿nej. Badania rent-
genograficzne wykaza³y, ¿e delaminacja warstwowych glinokrzemianów w kompozycie jest
ca³kowita (rys. 1—2) oraz czêœciowa (rys. 3) i zale¿y od rodzaju poliamidu u¿ytego do wytworze-
nia przedmieszki. Testy wytrzyma³oœciowe potwierdzi³y, ¿e dodatek kilku procent warstwowego
organomontmorylonitu do odpadu poliamidowego mo¿e byæ wzglêdnie prost¹ i tani¹ metod¹
otrzymania materia³ów o bardzo dobrych parametrach mechanicznych (tabela 2).
S³owa kluczowe: poliamid 6, organomontmorylonit, nanokompozyty, recykling.

Polymer/layered silicates nanocomposites were in-
vented in 1980s and in a short time became a subject of in-
vestigation in many research groups around the world
[1]. The main advantages of nanocomposites in compari-
son with neat polymers are significant improvement in
modulus, heat deflection temperature, permeability and
retardant enhancement at low filler content (few wt. %)
[2]. Nanocomposites overcome the conventional glass
fiber reinforced polymers disadvantages such as high
density and loss of transparency [3]. The improvement of
consumer properties is observed mainly in the case of
well dispersed layered silicates in the polymer matrix,
so-called exfoliated nanocomposites. In this case, the size
(thickness) of crystal layers is in the range of a few nano-
meters. The naturally occurring montmorillonites

(MMT) are commercially used as the nanocomposites fil-
lers. The main reason of that is their high availability and
low price. To simplify the exfoliation of the filler in the
polymer matrix, the silicates are surface treated with or-
ganic compounds. The homogeneous dispersion of un-
modified clay in the polymer matrix is very difficult to
achieve, because of high surface area and strong inter-
particular interactions [4—6]. Modification of the MMT
leads to obtaining so-called organomontmorylonite
(OMMT). Typically, this is accomplished by exchanging
inorganic cation originally present in the galleries for or-
ganic one. As a modifiers of the montmorillonite ammo-
nium cations containing at least one organophilic n-alkyl
chain are generally used.

The aim of this research is to elaborate the universal
method of preparation of fully exfoliated nanocompo-
sites based on recycled polyamide 6 and organomont-
morillonite with improved mechanical properties as
compared to waste polyamide 6.
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EXPERIMENTAL

Materials

Polyamide 6 [PA6, trade name Tarnamid T-27 with
a melt volume-flow rate MVR = 120 cm3/10 min
(275 °C/5 kg) and density d = 1.14 g/cm3] and recycled
polyamide 6 (PA6R, trade name EKO BK T-30, which is
a production waste), both supplied by Zak³ady Azotowe
Tarnów (Poland) were used.

Organically modified montmorillonites under trade
name NanoBent ZW1 (cation exchange capacity CEC =
85 meq/100 g, d001 = 1.8 nm) and NanoBent ZW3 (CEC =
85 meq/100 g, d001 = 4.4 nm), both delivered by ZMG
Zêbiec (Poland) were used as fillers.

Preparation of nanocomposites

PA6 and PA6R were dried for 48 h at 80 °C (to the level
of ~0.1 wt. % of water content in polymer) under vacuum.
The organomontmorillonites were also dried for 4 h at
60 °C before compounding.

T a b l e 1. Screw profile from hopper to die, used in experiments

[the meaning of symbols characterized the pitch of the screw e.g.

KB (5/3/45) — means kneading block with 5 disks of thickness

3 mm and staggering angle 45°; a negative pitch or angle corre-

sponds to a left-handed element, Z8/6 — means 6 rows with

8 teeth each

Element of screw Length, mm Pitch, mm

Conveying 90 30

60 20

Kneading block 30 KB (5/5/45)

20 KB (5/3/-45)

Retaining 10 -20

Conveying 90 30

20 20

Kneading block 30 KB (5/5/45)

30 KB (5/5/-45)

Retaining 10 -20

Conveying 60 30

20 20

Toothed disk 40 Z 8/6

Conveying 30 30

Kneading block 30 KB (5/5/45)

30 KB (5/5/-45)

Retaining 10 -20

Conveying 105 30

80 20

The nanocomposites were obtained in two steps in air
atmosphere using co-rotating twin-screw extruder

Brabender DSE 20/40 (D = 20 mm, L/D = 40). The screw
profile is given in Table 1. Rotational speed of the screws
was 250 min-1 and temperature range was 220—240 °C.
Composites were extruded with the addition of 0.3 wt. %
of thermal stabilizer (Louvinox HD-98) and 0.3 wt. % of
lubricant (zinc stearate). In the first step the three
masterbatches of PA6 with one of the filler i.e. NanoBent
ZW1 or NanoBent ZW3 in amount of 30 wt. % and PA6R
with 30 wt. % of NanoBent ZW1 were extruded (samples
M-PA6/ZW1, M-PA6/ZW3 and M-PA6R/ZW1, respec-
tively). In the second step the masterbatches were diluted
with PA6R to obtain the final 5 wt. % of filler content
[samples (PA6R + PA6)/ZW1, (PA6R + PA6)/ZW1 and
PA6R/ZW1]. The extrudates were cooled down in water
to 80 ± 5 °C and then pelletized. Samples for mechanical
tests were injection moulded using Arburg 221 M injec-
tion moulding machine and were dried for 24 h at 80 °C
under vacuum before tests. The neat PA6 and PA6R were
also extruded to ensure the same thermomechanical
history of all investigated samples.

Methods of testing

The mechanical properties of nanocomposites were
determined according to standard PN-EN ISO 527-1, in-
cluding tensile modulus, tensile strength, stress and
strain at fracture with Tira Test 2705 tensile testing ma-
chine (water content in the samples was 1 ± 0.1 wt. %).

Wide angle X-ray scattering (WAXS) experiments
were carried out on Rigaku Ultima IV diffractometer
(Bragg-Brentano geometry) with Ni-filtered CuK� radia-
tion generated by a sealed X-ray tube. The radiation
source was powered by a generator operated at 40 kV and
30 mA. Data was collected in a step-scan mode (in
0.05°/2� steps) within the range of 2� from 1.1° to 10°. The
basal spacing distance of the silicate layer were calculated
from the estimation of (001) plane peak in X-ray diffrac-
tion (XRD) patterns using Braggs’s law.

RESULTS AND DISCUSSION

The structure of composites

The structures of all composites were investigated
using X-ray diffraction technique. The obtained XRD
curves are shown in Figures 1—3. The scans recorded for
neat organomontmorillonite and PA6R are also included
for comparison. As it can be seen in Figure 1, the main dif-
fraction maximum from the layered structure of Nano-
Bent ZW1 is located at 2� = 5° which corresponds to the
basal spacing of the modified silicate. The value of the
interlayer distance calculated according to Braggs’s law
equals 1.8 nm. On the diffractogram of the filler there is
also a second slight diffraction peak located at 2� = 6.2°.
On the XRD pattern recorded for masterbatch
M-PA6/ZW1 the maximum at 2� = 5° dissappeared. How-
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ever it can be seen slight diffraction maximum at 2� = 2.8°
and 2� = 6.2°. This fact allows to conclude that the highly
loaded composite (30 wt. %) contains the remains of
non-exfoliated montmorillonite. The X-ray pattern ob-
tained for the (PA6R + PA6)/ZW1 composite (5 wt. % of
filler) indicates that the content of non exfoliated silicates
is much lower in comparison with PA6/ZW1. In fact, the
X-ray pattern of (PA6R + PA6)/ZW1 (in 2� range from 1.1
to 10°) is similar to the XRD curve of unfilled PA6R. As it
can be seen in Figure 2, XRD curve of NanoBent ZW3
shows three diffraction maxima 2� = 1.7°, 2� = 4.3° and
2� = 6.3°. The three peaks are attributed to the layer struc-
ture of silicates. The NanoBent ZW3 contains three frac-
tions of montmorillonites with different interlayer dis-
tances, i.e. d001 = 5.2 nm, 2.0 nm and 1.4 nm. XRD pattern
of M-PA6/ZW3 shows no longer 2� = 1.7° maximum and
the others are much smaller. That fact allows to conclude,
that the masterbatch contains partially delaminated
organomontmorillonite. In the case of composite (PA6R +
PA6)/ZW1 all diffraction maxima disappeared.

Figure 3 contains, similarly to Figure 1, XRD patterns
of nanocomposites based on waste PA6R and NanoBent

ZW1, however the masterbatch was based also on the
waste polymer. The curves of M-PA6R/ZW1 and
M-PA6/ZW1 samples, with the same filler content, are
quite similar. However, for M-PA6R/ZW1 the maximum
at 2� = 5.6 o is better outlined than for M-PA6/ZW1 at
2� = 6.2°. The XRD pattern (Fig. 3) obtained for the
PA6R/ZW1 composite (after dilution the masterbatch
with PA6R to filler content of 5 wt. %) indicates that exfo-
liation wasn’t achieved (diffraction maximum located at
2� = 6°).

In discussed composites, good dispersion of the fillers
in PA6R was achieved thanks to neat commercial PA6
used to produce the masterbatches. In the samples where
the masterbatch was based on waste PA6R, the exfolia-
tion of the fillers in the final product was not achieved.
The reason of that is poor quality of waste PA6R which
contains probably a small amount of other fillers, addi-
tives and polymers. PA6R can be also partially degraded
during the extrusion process what results in a difference
in the molecular weight distribution and viscosity in
comparison to commercial PA6. To avoid the fluctuation
of the composition and properties of waste PA6R, to ob-
tain fully exfoliated composites with nanobentonites in
two step extrusion, it is necessary to use commercial neat
PA6 to produce masterbatch in the first step.

Mechanical properties

The mechanical properties of the neat PA6, waste
PA6R and their composites with 5 wt. % of organomont-
morillonites are presented in Table 2. The data analysis
leads to the conclusion that independently of the type of
applied filler, fully exfoliated nanocomposites obtained
from masterbatch with PA6 exhibit much better mechani-
cal properties than the neat PA6R. In fact, the tensile
strength of the composites based on waste PA6R with
PA6 is near to the corresponding value of neat PA6. More-
over, the Young’s modulus of the composites is 15—30 %
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Fig. 1. XRD curves of NanoBent ZW1 filler, neat PA6R, com-
posites M-PA6/ZW1 and (PA6R + PA6)/ZW1
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Fig. 2. XRD curves of NanoBent ZW3 filler, neat PA6R, com-
posites M-PA6/ZW3 and (PA6R + PA6)/ZW3
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Fig. 3. XRD curves of composites M-PA6R/ZW1 and
PA6R/ZW1 together with curves obtained for NanoBent ZW1
and waste PA6R



higher than for neat PA6. The growth of stiffness causes
a reduction of strain at fracture which is a disadvantage
of the composites. Even though the stress at fracture is
more than 25 % higher (in the case of both nanocompo-
sites) in comparison with neat PA6.

T a b l e 2. Mechanical properties of the PA6, waste PA6R and

their nanocomposites with 5 wt. % of organomontmorillonite

Sample
Tensile

strength
MPa

Young’s
modululs

MPa

Stress at
fracture

MPa

Strain at
fracture

%

PA6 65.5 ± 2.5 1859 ± 42 39.5 ± 2.3 45 ± 12

PA6R 41.8 ± 4.8 864 ± 84 34.9 ± 5.4 30 ± 4

PA6R/ZW1 60.0 ± 6.1 1938 ± 87 46.2 ± 7.1 12 ± 3

(PA6R + PA6)/ZW1 64.4 ± 3.5 2367 ± 82 55.3 ± 8.9 6 ± 1

(PA6R + PA6)/ZW3 62.2 ± 0.8 2133 ± 53 49.4 ± 4.4 12 ± 3

Interestingly, the values of Young’s modulus and the
stress at fracture of the PA6R/ZW1 composite are higher
than in the case of PA6R and even than in the case of neat
PA6, however not as good as in the case of both fully exfo-
liated (PA6R + PA6)/ZW1 and (PA6R + PA6)/ZW1 nano-
composites. Additionally, the value of the tensile strength
of the PA6R/ZW1 composite is about 9 % lower than the
corresponding value of the neat PA6 and 4—7 % lower
than for (PA6R + PA6)/ZW1 and (PA6R + PA6)/ZW1
composite.

CONCLUSIONS

The results of investigations of polyamide 6/organo-
montmorillonite composites obtained in the twin screw
co-rotating extruder indicate straight dependence be-
tween structure and mechanical properties of nanocom-
posites. To obtain composites with fully exfoliated orga-
nically modified bentonites in waste polyamide 6 matrix
it is necessary to use commercial neat PA6 to produce
masterbatches in the first step of that process. The second
step is the dilution of prepared masterbatches by waste
PA6R. Such a processing method enables to obtain ex-
foliated nanocomposites with good mechanical proper-
ties based on the waste polymer. The study shows that
obtaining nanocomposites based on regranulate of poly-
amide 6 and organomontmorillonites can be an interest-
ing recycling method for this polymer
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