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ABSTRACT: The catalytic performance of common addi-
tives was explored during the solid-state postpolymeriza-
tion (SSP) of polyamide 6,6 prepolymers. In particular, the
influence of a phosphorous-containing antioxidant and its
combination with a nanofiller (clay) was examined during
the SSP reaction at 200�C for times up to 4 h. The antioxi-
dant, at a concentration of 1 phr, was found to strongly
accelerate the SSP process by more than quintupling
(435%) the reaction rate. The antioxidant–clay system (1
phr each) also catalyzed the SSP process and resulted in a

near tripling (197%) of the reaction rate; this implied, how-
ever, a reduced single antioxidant catalytic performance.
The latter was attributed to counteractions involving the
diffusivity of polycondensation water versus clay hydro-
philicity and to physical adsorption phenomena between
the antioxidant and the clay. VC 2012 Wiley Periodicals, Inc.
J Appl Polym Sci 125: E320–E326, 2012
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INTRODUCTION

Polyamides (PAs) and polyesters are commercially
important condensation polymers with a broad field
of applications, including films, bottles, fibers, and
shaped engineering parts. They are conventionally
produced by solution and/or melt polymerization
techniques, which, however, stop at a low- or
medium-molecular-weight products because of
problems arising from severe increases in the melt
viscosity and operating temperatures.1 Solid-state
postpolymerization (SSP) comes as an answer when
higher molecular weight requirements arise, as in
the case for injection- and stretch-blow-molding
applications. It involves the heating of the starting
material in an inert atmosphere or in vacuo at a tem-
perature higher than the glass-transition temperature
but lower than the onset of melting [melting temper-
ature (Tm)]. SSP is applied extensively on an indus-
trial scale as a finishing stage (post SSP) because
of the easy material handling, the low extent of
product degradation, and the plain equipment
requirement.2,3

SSP constitutes a complex process because it
involves chemical and physical stages. The possible
rate-limiting steps can be determined on the basis of

the reversible reaction and the solid nature restric-
tions, being chemical reaction, segmental diffusion
in the amorphous phase and condensate removal.2,3

Several variables may engage with the rate-limiting
steps, such as the reaction temperature, prepolymer
molecular weight, crystallinity, crystal morphology,
and reacting particle geometry. Moreover, the incor-
poration of additives, such as catalysts (metals,
acids, bases), reactive additives (chain extenders,
branching agents), and inert ones, is found to
strongly influence the SSP processes.4

In particular, catalysis in SSP processes constitutes
a significant research area to overcome the main
industrial SSP drawbacks, including its low rate
compared to the melt technique and sintering prob-
lems.4 A number of basic, acidic, or neutral com-
pounds, such as H3PO4, H3BO3, H2SO4, ZnCl2, and
MgO, are found to speed up the monomer SSP pro-
cess.4–7 The relevant catalysis mechanism in the case
of acid-catalyzed polyamidation involves the addi-
tion of a proton from the strong acid to the carbonyl
oxygen; this renders it more susceptible to the
nucleophilic attack by NH2.

8–11

With a focus on polyamide 6,6 (PA 6,6) prepoly-
mer SSP, mainly phosphorus (P)-based compounds
are used as catalysts, such as 2-(20-pyridyl) ethyl
phosphonic acid, sodium hypophosphite (SHP), and
manganese hypophosphite.4,11–13 More recently, the
catalytic effect of sterically hindered hydroxyphenyl-
alkylphosphonic ester and monoester salts has been
proven.14,15 The catalysis was related to the structure
of the phosphonate and the additive mobility,
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whereas partial incorporation in the polymer chain
was assumed, as the catalyst efficiency was
even more pronounced when added during synthesis
of the PA 6,6 salt.14 Triphosphite esters, such as
triarylphosphites, have also been reported as SSP
catalysts, but the relevant literature is restricted
and patented.14,16 On the other hand, during solution
and/or melt polycondensation, triarylphosphite con-
densing action has been shown by several groups,17–23

mainly for the formation of aromatic PAs in solution
at moderate temperatures. As an example, Aharoni
and coworkers21–23 studied polyamidation in the
presence of triarylphosphites in solution22 and in the
melt state during extrusion.21 They suggested that
triarylphosphites serve as chain extenders for the
polyamidation reaction.

Another additive family that has lately been used
extensively for the modification and/or improve-
ment of material properties is that of nanoparticles,
such as silica, carbon nanotubes, and clays.24–27 A
key feature of these nanosized additives is their
recently reported catalytic action during SSP.28–32

Particularly for PA 6,6 SSP, the catalyzing effect of
clay was observed, quantified, and interpreted for
the first time in our recent work;32 this, thus, pro-
moted nanofiller incorporation not only for the
modification and/or improvement of material pro-
perties but also for their performance as SSP multi-
functional catalysts.

This study constituted, in fact, a continuation of
our previous study32 in catalyzed PA 6,6 SSP pro-
cesses through the exploration of the joint catalytic
performance of a nanoclay and a phosphorous-con-
taining antioxidant. This is of great importance
because it is possible to provide a suitable SSP cata-
lyst system through the combination of the benefits
of catalysis, thermal stability, and nanotechnology.
In particular, the selected organoclay has already
been proven to catalyze PA 6,6 SSP32 and to tailor
polymer characteristics. On the other hand, the
selected commercial phosphorous-containing antioxi-
dant product is used to stabilize PA molded parts,
fibers, and films and provides very good processing
and long-term thermal stability.

EXPERIMENTAL

Starting materials

The PA 6,6 resin (Terez) was supplied by TerHell
Plastic GmbH (Herne, Germany). The antioxidant
Irganox B1171 (Fig. 1) was supplied by Ciba Lamp-
ertheim GmbH (Lampertheim, Germany), and it was
a 1 : 1 blend of a sterically hindered phenolic amide
{n,n0-hexane-1,6-diylbis[3-(3,5-di-tert-butyl-4-hydroxy-
phenylpropionamide], Fig. 1(a)} and a phosphite
[tris(2,4-di-tert-butylphenyl)phosphite, Fig. 1(b)]. The

organoclay used was based on natural montmorillon-
ite of 1.15 mequiv/g cation-exchange capacity, modi-
fied with octadecylbenzyldimethylammonium chlo-
ride at an extent of 100% cation-exchange capacity
(S&B Industrial Minerals SA, Athens, Greece). Addi-
tive incorporation was achieved through melt inter-
calation in a twin-screw corotating intermeshing
extruder (Thermo Fisher Scientific, Inc., temperature
¼ 255–290�C, screw speed (x) ¼ 300 rpm, in vacuo).
Virgin PA 6,6 was also extruded under identical
conditions for comparison reasons. Before any SSP
runs, all prepolymers were sieved, the particle size
range selected was 1.14–1.70 mm, and the samples
were dried in vacuo (80�C, 4 h). The characteristics of
the prepolymers are presented in Table I.

Solid-state polymerization

A fixed-bed, bench-scale reactor assembled by
INVISTA Co., Inc. (Experimental Station, Wilming-
ton, DE) and set up in our laboratory in Athens,
Greece, was used to solid-state polymerize the pre-
polymers under the conditions presented in Table I.
A detailed description of the reactor can be found in
a previous publications of ours.15,32–34

Characterization

Wide-angle X-ray diffraction

The achieved PA 6,6 nanocomposites structure was
confirmed by wide-angle X-ray diffraction analysis
in the range 2–10� (2y). Spectra were collected from
a Siemens powder D-5000 diffractometer equipped
with Cu Ka1 radiation (k ¼ 1.5405 Å) and operating

Figure 1 Chemical composition of antioxidant Irganox
B1171. It is a 1 : 1 blend of (a) Irganox 1098 and (b) Irgafos
168.
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at 40 kV and 30 mA. Measurements were performed
on thermoformed 20 lm thick films.

Differential scanning calorimetry (DSC)

The thermal characteristics of the prepolymers were
determined with a PerkinElmer Pyris 6 DSC instrument
(Waltham, MA). For each measurement, a sample
(�10 mg) was heated to 300�C at 10�C/min under flow-
ing nitrogen, and it remained at this temperature for
10 min to erase its thermal history. Then, it was cooled
to 30�C at the same rate. During heating, Tm and the en-
thalpy of fusion (DHm) were obtained, whereas from the
cooling scan, the crystallization temperature (Tc) was
recorded. The deviation of the mean values was derived
through duplicate measurements. The degree of mass
fraction crystallinity (Xc) was calculated from Eq. (1):

Xcð%Þ ¼ DHm=DH0 1� uð Þ (1)

where / is the nanoclay and/or antioxidant content
and DH0 is the enthalpy of fusion of 100% crystalline
PA 6,6 (50.45 cal/g).35

End-group analysis

In all PA grades, the end-group content was deter-
mined by potentiometric titration, as previously
described.34 The number-average molecular weight
(Mn; g/mol) was calculated as follows [Eq. (2)]:36

Mn ¼ 2� 106

½NH2� þ ½COOH� (2)

where [NH2] and [COOH] are the amine and
carboxyl group concentrations (mequiv/kg), respec-
tively. The deviations of the mean values were de-
rived through duplicate measurements.

Theoretical: Modeling of SSP kinetics

The SSP kinetics were studied with a simple third-
order Flory theory-based model [Eq. (3)], with only
the polycondensation reaction considered because of
the low reaction temperature applied in conjunction
with the constant byproduct removal through con-
vection by flowing nitrogen. The pertinent rate
expression was found to fit the end group-based SSP
data very well and to describe the overall process on
the basis of our previous publications.3,32,34 This sim-
ple kinetic model led to values of the apparent rate
constants at any given reaction time; a mean value
was determined, and the standard deviation of the
mean was calculated, indicating the model effective-
ness for PA 6.6 and modified grades:

k3t ¼ 1

D2
0

ln
COOH½ �0� NH2½ �0pt
COOH½ �0 1� ptð Þ

� 1

D0

1

COOH½ �0� NH2½ �0pt
� 1

COOH½ �0

� �
(3)

where [COOH]0 and [NH2]0 are the initial concentra-
tions of the carboxyl and amine groups (mequiv/kg),
respectively, D0 is the initial carboxyl group excess
(mequiv/kg), pt is the polymerization conversion at any
given reaction time, and k3 is the apparent SSP rate con-
stant for third-order kinetics (kg2 mequiv�2 h�1).
A special characteristic of SSP kinetics is that as

SSP proceeds, a large part of the reactive groups dis-
appears and the concentration of the residual reac-
tive moieties in the amorphous regions decreases.
The reaction rate becomes dependent more and
more on the segmental diffusion, and the kinetic
constants are expected to decrease progressively as
far as the closest end-group pairs have reacted; this
implies the dependence of the rate constant on SSP
time.2,3

TABLE I
Characteristics of the Prepolymers and SSP Experimental Conditions

Characterization of the modified prepolymers

Mn

(g/mol)
Tm

(�C)
Xc

(%)
Tc

(�C)

PA 6.6 (PA0) 14,200 267.7 6 0.0 38.2 6 1.6 238.4 6 0.1
PA 6.6 þ 1 phr Irganox B1171 (PA1) 17,200 267.1 6 0.0 37.5 6 0.0 237.3 6 0.0
PA 6.6 þ 1 phr clay (N-PA0) 14,000 267.4 6 0.1 34.3 6 0.7 239.9 6 0.1
PA 6.6 þ 1 phr Irganox B1171
þ 1 phr clay (N-PA1)

16,900 266.4 6 0.0 37.7 6 0.0 239.0 6 0.0

SSP conditions

Temperature
(�C)

Time
(h)

Inert gas

PA0 200 0, 1, 2, 4 N2 (260 mL/min)
PA1 200 0, 1, 2, 4 N2 (260 mL/min)
N-PA0 200 0, 1, 2, 4 N2 (260 mL/min)
N-PA1 200 0, 1, 2, 4 N2 (260 mL/min)
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RESULTS AND DISCUSSION

Prepolymer modification

The incorporation of the examined catalyst systems
was performed through twin-screw extrusion. On
the basis of a previous patent by our group on PA
6,6 SSP,14 the in situ incorporation of the phospho-
rous-containing antioxidant during PA synthesis
would potentially result in a stronger catalytic per-
formance. However, such an incorporation technique
in the nanocomposites case would result in poor
nanoclay dispersion:37 it was found that during the
in situ intercalative polymerization of the PA 6,6–
clay nanocomposites, a competitive ion exchange
between the diamine component of the PA salt and
the organoclay alkylammonium surfactant took
place. This led to clay interlayer collapse due to
bridging and restricted the potential for fully exfoli-
ated nanocomposite structures. Therefore, on the
basis of these previous findings, the melt intercala-
tion technique was herewith applied for the additive
incorporation. This led to exfoliated nanocomposite
structures, as evidenced in Figure 2, where the orga-
noclay characteristic peak disappeared, regardless of
the antioxidant component presence.

The prepolymer molecular weight analysis is pre-
sented in Table I, where it is shown that all grades
were of similar Mn and were suitable for subsequent
SSP.2,3 In addition, there was no evidence of organo-
clay surfactant thermal degradation, which could
subsequently lead to PA matrix degradation during
extrusion,24,25 because the nanocomposite matrices’
molecular weights were not reduced. Meanwhile,
there was an absence of yellowing and/or insoluble
fractions during analyses, which are typical indica-
tions of branching reactions.32 However, it should be
mentioned that the grades containing 1 phr antioxi-
dant (PA1 and N-PA1) exhibited higher molecular
weights compared to PA0 and N-PA0; this implied

the occurrence of a higher polymerization extent
already during the applied extrusion step.
With regard to the thermal characteristics of the

prepolymers, no significant variation in the Tm or Xc

values was observed; this allowed us to compare
these materials during subsequent SSP runs.2,3

On the other hand, the Tc values of the nanocompo-
site grades N-PA0 and N-PA1 appeared to be
slightly higher than those of PA0 and PA1; this is a
typical indication of a clay heterogeneous nucleation
effect.24,25,32

Catalytic performance of the
phosphorous-containing antioxidant

The molecular weight evolution of PA 6,6 containing
1 phr antioxidant (PA1) revealed the strong catalyz-
ing action of the phosphorous additive during SSP
at 200�C [Fig. 3(a)]; this led to an SSP product of
Mn ¼ 37,300 g/mol (vs 21,800 g/mol of PA0). The
mean rate constant (1000k3) also expressed the
observed acceleration because it was found 435%
higher for PA1 than for PA0 (Fig. 4). This enhanced
PA1 rate constant prevailed all through the course
of the SSP process (Fig. 5). In particular, the PA1

Figure 2 XRD spectra of the PA 6,6 nanocomposite pre-
polymers N-PA0 and N-PA1.

Figure 3 Evolution of Mn during SSP at 200�C of (a) PA1
versus PA0 and (b) N-PA1 versus N-PA0 and PA0.
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rate constant was found to increase from the very
beginning of the reaction (1 h) compared to PA0;
this showed the readily activated catalyzing power
of the antioxidant. At the end of SSP, PA1 also pre-
sented a high reaction rate, unlike typical SSP kinetic
development,3 which is characterized by lower final
rates because of end group deactivation by diffusion
limitation emergence. The latter indicated the immu-
nity of the catalyzed system to such limitations and
implied that the phosphorus additive seemed to pro-
mote both chemical reaction and the diffusion of
end groups.

On the basis of the literature and as already dis-
cussed in the Introduction, the catalytic action of the
tested antioxidant was attributed to its triphenyl-
phosphite constituent.14,16–23 Furthermore, our exper-
imental data indicated a considerable molecular
weight increase during extrusion in the presence of
the antioxidant (Table I, PA1 vs PA0 and N-PA1 vs
N-PA0). In other words, it seemed that this strong
catalyzing action was readily activated already from
the extrusion step.

Catalytic performance of the
antioxidant–clay system

On the basis of the molecular weight evolution dur-
ing SSP [Fig. 3(b)], the antioxidant–clay system (N-
PA1) was proven to be beneficial for PA 6,6 SSP and
to ensure a constant molecular weight increase and
a higher final value (Mn ¼ 27,100 vs 21,800 g/mol
for PA0). This enhancement was expressed by a
197% rate constant (1000k3) increase in the presence
of the dual-catalyst system (Fig. 4). Meanwhile, this
combination of antioxidant and clay (N-PA1)
exceeded the single-clay (N-PA0) catalyst efficiency
by 144%. However, this system performance was
not superior to the catalytic action of antioxidant
alone and implied significant counteraction effects
between the antioxidant and clay on the SSP rate
(Fig. 4).

Role of the polycondensation water

To interpret this reduction of antioxidant catalyzing
potential in the presence of the nanofiller, a funda-
mental characteristic of organoclays should be
considered. In particular, although organoclays are
conventionally considered hydrophobic because
of the addition of alkylammonium cations, some
hydrophilicity persists even after their organophili-
zation treatment. Indeed, it was noted that whereas
pristine clays can absorb up to seven times their
weight in water, organoclays can absorb up to 5–
10% of their weight, which is not, however, a negli-
gible amount at all.38 More specifically, water
absorption still occurs on the exterior of clay aggre-
gates and along the hydrophilic layer edges and
depends on the environmental conditions, such as
relative humidity.39

In this direction, when one considers the favorable
conditions for water accumulation in the solid react-
ing mass during SSP, it is reasonable to presume
that in the presence of a strong catalyst, as was the
herewith studied antioxidant, the significant amount
of water produced in the confined amorphous
regions finds it difficult to escape because of the
hydrophilicity of the organoclay.
In particular, similar effects involving the perform-

ance of strong SSP catalysts have been mentioned in
the past by Papaspyrides et al.5–7 It was noted that
in the case of very efficient catalysts for the direct
polymerization of hydrophilic nylon salts in the
solid state, there was a critical polycondensation
water amount, above which the catalyst performance
was not beneficial for the reaction process and
caused the so-called solid–melt transition phenom-
ena. In other words, an inability to remove this high
amount of polycondensation water was encountered.
This was due to the tendency of this water to be
firmly or loosely bound to the hydrophilic sites of
the salt. It is challenging to assume that something
similar happened herewith, where instead of the

Figure 4 Reaction rate constants (1000k3) of SSP at 200�C
for the PA0, PA1, N-PA0, and N-PA1 grades.

Figure 5 Reaction rate constants (1000k3) versus SSP time
at 200�C for the PA0, PA1, N-PA0, and N-PA1 grades.
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nylon salt hydrophilic sites, clay’s hydrophilicity
played the role of the polycondensation water trap.
Such a difficulty of the byproduct to escape, in turn,
results in the attainment of the reaction equilibrium,
especially for long SSP times, when the process
becomes diffusion-controlled.2,3 This assumption can
be supported by the evolution of the reaction rate
constants as a function of SSP time (Fig. 5): at the
early stages of SSP (1 h), the influence of water accu-
mulation in the reacting mass was not dominant;
this resulted in similar rate constants for PA1 and
N-PA1. As SSP proceeded, larger water amounts
were formed, the relevant accumulation in nanocom-
posites grades prevailed, and the rate constants
decreased.

In addition to the aforementioned organoclay
hydrophilicity, another feature of these materials
that could have also hindered the escape of polycon-
densation water was their well-known barrier prop-
erties.24,40 At this point, we should mention that in
our recent study,32 such an effect was not found to
dominate the SSP reaction rate because a notable ca-
talysis (53% rate increase) in the presence of organo-
clay was observed, as mentioned in the Introduction.
However, in the herewith studied combination of
antioxidant and clay, the catalyzing effect was much
more intense than in the single clay case (nearly
quadruple: a 197% vs 53% rate increase, respec-
tively). This led to the formation of a significantly
higher amount of polycondensation water. There-
fore, in this case, it was reasonable to assume that
the clay barrier action may have played some role in
the escape of the condensate because of its higher
amount.

Another possible explanation of the observed ca-
talysis counteraction between the antioxidant and
organoclay was based on recent literature, which
reported the antagonism between antioxidants and
clays, with respect to the exploration of nanocompo-
site systems’ inferior oxidation and photooxidation
behavior compared to virgin ones.41–43 More specifi-
cally, interactions between the stabilizer and the fil-
ler due to adsorption mechanisms were considered
to be responsible for this influence. The surface area
of the filler and pore volumes, surface functionality,
and hydrophilicity, among other factors, have been
found to be potential elements of the interaction.41

In addition, there have been several works reporting
the adsorption of phenolic moieties on the clay sur-
face due to the polarity of both species.44,45 If we
combine the previous points, an additional parame-
ter of the counteraction between the antioxidant and
organoclay could be the occurrence of adsorption
phenomena of the catalyst (phosphite) on the high
interfacial area of the clay platelets.

In conclusion, despite the described counterac-
tions, it should be mentioned that the combination

of clay and antioxidant was proven to be a strong
catalyst system, as it almost tripled the PA 6,6 SSP
rate (a 197% increase). This combination yielded a
final product of Mn sufficient for further processing,
which also bore the advantages of long-term thermal
stability because of its antioxidant component and
the nanotechnology benefits in terms of material
properties. Therefore, the outcome of this work pro-
motes the concept of multifunctional catalyst sys-
tems, which accelerate the reaction simultaneously
with optimization of the end-product properties.

CONCLUSIONS

In this work, we focused on the catalyzed SSP of PA
6,6, by exploring the catalytic performance of a phos-
phorous-containing antioxidant and a combination of
antioxidant and clay. The antioxidant at 1 phr concen-
tration was found to strongly catalyze the reaction by
quintupling the reaction rate; this was attributed to its
triphenylphosphite constituent. However, a reduced
antioxidant catalytic performance was observed when
it was tested in conjunction with clay, and this was
ascribed to significant counteractions between them:
the clay’s hydrophilicity acted as a polycondensation
water trap and hindered the escape of the byproduct.
The latter effect was also related to the clay’s barrier
properties, whereas the occurrence of adsorption
phenomena on the nanofillers surface was assumed
to inhibit the diffusion and, thus, catalytic perform-
ance of the antioxidant. Nevertheless, despite the
observed counteractions, the antioxidant–clay system
was proven to catalyze SSP by tripling the reaction
rate. This promoted the concept of multifunctional
catalyst systems, which could improve all aspects of
the PA 6,6 SSP process by accelerating the reaction,
ensuring thermal stability, and simultaneously bear-
ing the nanocomposite advantages in the end-product
properties.
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