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n Introduction
The use of polymer blends and sub-
sequent fillers & compatibilisers will 
continue to grow. Polymer blends are 
widely used to obtain a desired balance 
of physical and chemical properties. The 
trend towards better end-use properties 
of polymers and products made from 
them (such as higher melting, thermal 
and UV stability etc.) has led to the use 
of binary blends or modified polymers. 
Another trend has been to blend three 
or more materials, some of these be-
ing fillers or/and compatibilisers. Both 
properties and price considerations drive 
the growth of blend usage. The polymer 
and fibres industries are also looking for 
cost savings. In some cases, an expensive 
polymer may be over-engineered for an 
application, by blending it with a less 
expensive polymer or filler (additive). 
Another solution is to modify a less 
expensive polymer, using some cheaper 
additives so that the blend material has 
better properties and can compete with 
a cheaper material with comparable 
properties. Modifying polymers with a 
expensive ones to obtain substantially 
improved or special properties is also of 
interest. For better processing of poly-
mer blends and the products obtained 
from them, the use of a compatibiliser 
is usually suitable. The compatibiliser 
can form chemical bonds (reactive) or 
physical bonds such as polar, hydrogen 
bonds (non-reactive) between blend 
components. The compatibiliser typi-
cally has two parts, so that each part can 
interact with one of the polymers in the 
blend. Copolymers (mainly AB block) 
could thus play the part of compatibilis-
ers very effectively, and they can be used 
as blend components advantageously. 
The compatibiliser is not necessary if the 
blend components are at least partially 
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compatible, e.g. a polyamide + a co-
polyamide. In some cases, some proper-
ties of the compatibilised blend exceed 
that of either component alone, mainly in 
the polymer system (e.g. fibres) when its 
structure influences properties, and are 
able to change this structure.
 
The addition of an inorganic additive, 
such as a polar silicate and a preparation 
of reinforced blend polymer material 
with exfoliated or intercalated structure, 
is currently the subject of intense discus-
sion. Generally, for non-polar polymers 
like polyamide, polar silicates are not 
advantageous and it is necessary to mod-
ify the system, either by modifying the 
polymer to a higher polarity (preparing 
the co-polyamide with a higher polar co-
monomer), or by converting the silicates 
to non-polar derivatives [1]. For polya-
mides, in situ intercalative polyreaction 
in the presence of a silicate is one of the 
main techniques for preparing polymer-
layered silicate nanocomposites [2]. 
In this technique, the layered silicate 
is swollen within a liquid monomer or 
monomer solution, so polymer formation 
can occur in between the intercalated 
sheets. Polyreaction can be initiated ei-
ther by heat or radiation, by the diffusion 
of a suitable initiator, or by a catalyst 
fixed through a cationic exchange inside 
interlayers before the swelling stage [3].

n Polymers modified 
with montmorillonite

Some research [2, 4] has studied the abil-
ity of Na-montmorillonite (Na-MMT) 
organically modified by protonated α,ω-
aminoacid to be swollen by the ε-capro-
lactam monomer and polymerised to ob-
tain polyamide 6–based nanocomposites. 
The surface of MMT modified by 12-ami-

nolauric acid contains COOH end groups 
responsible for initiating polymerisation. 
Approximately all the +NH3 end groups 
presented in the matrix should interact 
with the montmorillonote anions [4].
 
Further work [5] has demonstrated that 
the intercalative polyreaction of ε-capro-
lactam could be achieved without the ne-
cessity to render the montmorillonite sur-
face organophilic. Indeed, the monomer 
was directly able to intercalate Na-MMT 
in water, in the presence of hydrochloric 
acid and other acids (isophtalic, acetic), 
and give a partially exfoliated, partially 
intercalated structure. Only phosphoric 
acid allows for the preparation of a truly 
exfoliated nanocomposite. 

The addition of 6-aminocaproic acid as 
a polyreaction accelerator of ε-caprol-
actam could play the same role [6]. This 
fact has persuaded us that in the system 
containing ε-caprolactam, MMT and the 
nylon salt 

H2N(CH2)2NH(CH2)2N+H3 
OOC(CH2)4COOH 

(designed as NS and recalling an α,ω-
aminoacid by its structure and functional 
groups as well), an interaction of MMT 
and nylon salt of this type is very prob-
able, and the nylon salt would modify 
a hydrophilic MMT to organophilic 
form. In addition, it would play the role 
of a swelling agent and a polyreaction 
accelerator as well in the ring-opening of 
ε-caprolactam due to the presence of end 
groups. We therefore suppose that our 
composite would have the character of a 
nanocomposite.

The properties of the co-polyamide/MMT 
system are influenced by characteristics 
of macromolecular component(s) such 
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as molecular weight, chemical composi-
tion, regularity of the macromolecular 
chain, content of co-monomer or other 
functional groups or atoms, and also the 
amount of MMT [7]. If an organophilic 
silicate is used, its affinity towards poly-
meric components will be enhanced.

The chosen parameters can be evaluated 
by multilevel experimental design as an 
experimental statistical method. Both the 
description of the synthesis and the op-
timisation of the properties were solved 
by a chosen five-level two-factor experi-
ment, in which individual factors ranged 
within levels.

To evaluate the co-polyamide/MMT sys-
tem, a series of co-polyamides based on 
ε-caprolactam and nylon salt 

H2N(CH2)2NH(CH2)2N  H3 
OOC(CH2)4COOH 

with MMT were prepared, and three 
parameters – low molecular compound 
content (LMC), molecular weight ex-
pressed by the relative viscosity of co-
polyamide solution, and polymerisation 
time – were evaluated by the methods 
of analysis of variance and by complete 
regression analysis [8].

n Experimental
Materials used:
n ε-caprolactam – CL;
n adipic acid + diethylenetriamine in the 

form of nylon salt designed as NS;

Figure 1.  Poly(addition-condensation) reaction of ε-caprolactam - CL and nylon salt - NS in presence of chosen silicate.

n montmorillonite Bentonite 11958 (or-
ganophilic form) – MMT;

n sulphuric acid.

The modifiers were prepared as follows:
a) preparation of nylon salt NS (from 

diethylenetriamine and adipic acid); 
b) choice of a suitable layered sili-

cate (organophilic montmorillonite 
– MMT);

c) poly(addition-condensation) reaction 
of ε-caprolactam - CL and nylon salt 
- NS in the presence of the chosen 
silicate. This reaction is presented in 
Figure 1.

Nylon salt (NS) was prepared by mixing 
an ethanolic hot solution of diethylen-
etriamine with an ethanolic hot solu-
tion of adipic acid. After removing the 
maximum amount of ethanol, a viscous 
solution crystallised for several days. The 
crystallised nylon salt was pulverised and 
dried in the vacuum oven. 

n Assessing the optimum 
modifier composition

According to the conditions for the five-
level two-factor experimental design 
presented in Table 1, 13 samples of 
co-polyamides composed of component 
show in Table 2, were synthesised each 
time, and then their at a temperature of 
T = 260 oC:
n amount of low-molecular compounds 

(LMC) extractible in hot water, and

n the relative viscosity of the extracted 
modifier (ηr = ηs/η0) was determined. 
 

The concentration of NS was 5-30 wt. %, 
whereas the concentration of MMT was 
1-5 wt. %.
 
The experimental design served to assign 
the optimum composition of the system 
regarding the following aspects:
n the maximum relative viscosity ηr ,
n the polyreaction time for reaching the 

maximum relative viscosity ηr, and
n the minimum of LMC and polyreac-

tion time for attaining the minimum of 
LMC. 

The evaluation was made by the regres-
sion analysis of the mathematical model 
presented below:

Y = b0 + b1x1 + b2x2 + b11x12 +
+ b22 x22 + b12x1x2                   

(1)

where:
n factor Y represents the observed prop-

erty (ηr or LMC),
n factor x1 = CL/NS represents the ef-

fect of nylon salt NS as a modifier, 
n factor x2 = MMT/ NS + CL – repre-

sents the effect of MMT, and
n b0, b1, b2, b12, b11, b22 are the regres-

sion coefficients listed in Table 3.
The Statis program was used to calculate 
all the statistical parameters.

Time dependence is not included in the 
experimental design, but it was studied 
for all samples synthesised at the follow-
ing times: 30, 60, 120, 210 and 300 min.

n Discussion of the results 
obtained

From the point of view of polymer 
characteristics, the relative viscosity (as 
a value corresponding with molecular 
weight) is important. For many samples, 
ηr reaches values within the range of 1.4 

Table 1. Experimental design conditions – recalculation of factors from coded levels to real 
values.

factor/coded level -1,414 -1 0 1 1,414 Ii

x1 = CL/NS 2,23 4,600 10,31 16,03 18,40 5,72

x2 = MMT/(NS+CL) 0,01 0,016   0,03   0,05   0,05 0,02

xi  = xi,RO + xi,C Ii 
where: xi,R   is real value for  factor xi  at coded value
           xi,RO   is  real value for factor xi  at coded value = 0
           xi,C    is coded value for factor  xi
            Ii      is real value of step for factor  xi
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Table  2.  Composition of modifiers for 
experimental design.

Sample 
No.

COMPONENT
CL, 

wt. %
NS, 

wt. %
MMT,
wt. %

1 80,82 17,58 1,60
2 92,62   5,78 1,60
3 78,49 17,07 4,44
4 89,95   5,61 4,44
5 66,96 30,00 3,04
6 91,96   5,00 3,04
7 90,25   8,75 1,00
8 86,60   8,40 5,00
9 88,39   8,57 3,04

10 88,39   8,57 3,04
11 88,39   8,57 3,04
12 88,39   8,57 3,04
13 88,39   8,57 3,04

Table 3. Regression coefficients of  model (1): A   - coefficients for the equation when mini-
mum of LMC is reached, B - coefficients for the equation when optimal polyreaction time is 
reached, C   -  coefficients for the equation when maximum of relative viscosity is reached, 
D -  coefficients for the equation when polyreaction time gives maximum of relative viscosity. 

Parameter
 LMC [wt.%]  η/ηο

A B C D
minimum  time, min maximum time [min]

b0 8.70 246 1.520 227
b1 -0.73 26.52 0.046 33.79
b2 -0.32 0 0.014 36.28
b11 0.994 -46.13 -0.0257 -37.15
b12 0.675 0 -0.0075 -8.86
b22 0.394 -8.62  0.0002 10.9391

sE  +/- 1.10 49 0.020 1.10
sLF  +/- 1.37 53 0.100 1.40

to 1.6, and the calculated maximum for 
ηr = 1.54 ± 0.12 is reached at the optimal 
polyreaction time t = 227 min. The opti-
mal concentration of NS is 6.46 wt. %, 
but from the point of PA 6 modification a 
higher amount is more interesting.

Evaluating the significance of all regres-
sion coefficients has showed that the time 
for reaching the maximum ηr depends on 
both factors x1 and x2, i.e. on the concen-
trations of both NS and MMT. However, 
the absolute value of ηr depends only on 
x1, and moreover only coefficients b1 and 
b11 are statistically significant. Relative 
viscosity, therefore, is mainly influenced 
by the x1 factor (concentration of NS) in 
linear and quadratic contributions, and 

by polyreaction time exceeding 200 min. 
The concentration of MMT (x2 factor) 
has no influence on the value ηr.

The value of LMC is essentially not 
influenced by any of the factors x1 and 
x2. Only the time of polyreaction is 
important. The LMC decreases with the 
increase in polyreaction time, and up to 
210 min it gains almost constant val-
ues of 8 to 10 wt. %, similar to that for 
non–modified polyamide 6.

n Synthesis of checked 
samples

As a consequence of the experimental 
design described above, a synthesis 
of modifiers with chosen composition 
(shown in Table 4) was suggested, and 
samples were synthesised to verify the 
results we obtained.  A drop of ηr after 
the optimal polymerisation time was 
noted. We also observed that the higher 
the concentration of nylon salt (NS) is, 
the greater is the fall of the modifier’s 
relative viscosity (ηr) as a consequence 
of degradation reactions due to the higher 
amount of polycondensation water at a 
higher concentration of nylon salt. 

n Conclusions
n Only the concentration of nylon salt 

(NS) is decisive for the relative vis-

cosity of the additive. The concentra-
tion of MMT is not important.

n The amount of low molecular com-
pounds is comparable with that for 
non-modified PA 6, and decreases 
with polyreaction time.

n The melting point Tm falls proportion-
ally with the amount of nylon salt 
(NS).

n The relative viscosity (ηr ) of the syn-
thesised additives increases with the 
polyreaction time until the optimum 
point (227 min), and after that it falls. 
The higher the concentration of nylon 
salt (NS) is, the greater is the fall of 
the ηr value.

n From the point of view of relative 
viscosity, the optimal amount of NS is 
6.46 wt. %.

n The properties of the 4 selected addi-
tive composites have verified the re-
sults obtained from the experimental 
design.
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Table 4. Some properties of 4 chosen synthesized additives.

CL,
wt. %

NS,
wt. %

MMT,
wt. %

Tm,
°C ηr,

LMC,
wt. %

91.96 5 3.04 210 1.59 8.6
90.5 6.46 3.04 208 1.49 8.2

78.89 17.07 3.04 195 1.42 8.1
66.96 30.0 3.04 175 1.54 8.7 Received 07.04.2004       Reviewed 10.10.2004


