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ABSTRACT: Analysis of the consequences of a typical
humid thermal plastic food packaging sterilization (retort-
ing) process over the crystalline morphology and gas barrier
properties of a high barrier aliphatic polyketone terpolymer
was carried out by in situ simultaneous synchrotron WAXS
and SAXS experiments an by DSC, ATR-FTIR spectroscopy,
and oxygen transmission rate measurements. From a struc-
tural view point, it was observed that the retorting process
led to a less crystalline material; however, crystallinity was
fully restored by a postdrying process. The humid thermal
treatment also favored the sorption of moisture in the amor-
phous phase to a saturation level, i.e., 2% water uptake. As
a result, the oxygen permeability at 21°C was observed to
increase by about nine times immediately after the humid

treatment, but the barrier character was observed to quickly
recover over time. From the results, it is suggested that a
simple postdrying process at moderate temperatures can
restore morphology and barrier properties. In the overall, it
is also suggested that aliphatic polyketones withstand far
better the process of retorting in comparison with, for in-
stance, other high barrier polymers such as ethylene-vinyl
alcohol copolymers reported earlier and can therefore offer
even as a monolayer an alternative in retortable food-pack-
aging applications. © 2006 Wiley Periodicals, Inc. J Appl Polym
Sci 101: 3348–3356, 2006
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INTRODUCTION

Many oxygen-sensitive food products undergo ther-
mal processes such as hot filling or sterilization (re-
torting) inside plastic packages. Therefore, it is a gen-
eral requirement for the selected packaging system to
have high oxygen barrier and resistance to wet and
humid thermal treatments. Sterilization processes that
make use of heated water vapor as the heat transfer
medium (retorting treatment) can potentially alter the
package structure compromising the barrier proper-
ties, and hence, the shelf-life of the packaged product.
Previous works on multilayer structures containing
ethylene-vinyl alcohol (EVOH) copolymers as the
high barrier element indicated that during standard
industrial food packaging sterilization processes,
some of the pressurized water vapor was capable of
traversing the external hydrophobic layers made of

polypropylene sorbed into and subsequently increase
the EVOH intermediate layer oxygen permeability by
up to three orders of magnitude depending on grade,
leading to a long-standing decrease in barrier proper-
ties, and hence, compromising packaged food quality
and safety. In this context, many studies have been
carried out to ascertain the effects of water sorption1–3

and retorting4–6 over the permeability and thermal
properties of these EVOH copolymers. More recent
works, however, also showed that retorting can also
be able to catastrophically disrupt the original poly-
mer crystallinity leading to a more permeable mor-
phology,7 and that the polymer morphology can be
optimized to make these materials more resistant to
these processes.8 It is therefore of great industrial and
academic interest to test and understand the retorting
behavior of high barrier polymer-based packaging
materials with potential advantages in retortable food
packaging applications.

Aliphatic polyketones are a family of polymers pre-
pared by the polymerization of olefins and carbon
monoxide, in a perfectly alternating sequence, by
means of palladium-based catalysts.9,10 As a conse-
quence the mol-ratio of olefins/carbon monoxide is
always one across composition. To tailor final polymer
properties, a second olefin (propene, butene, etc.) is
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introduced in the polymerization reaction substituting
randomly for ethene. The introduction of the second
olefin results in a range of new materials with very
attractive physical characteristics for commercial pur-
poses. These semicrystalline thermoplastic materials
have a unique combination of mechanical, high tem-
perature, chemical resistance, wear, and barrier prop-
erties. Aliphatic polyketones, therefore, have signifi-
cant potential in a broad range of engineering, barrier
packaging, fiber, and blend applications.11,12 In this
work, it is reported for the first time about the impact
of a typical humid thermal treatment applied to plastic
food packages over the crystalline structure and oxy-
gen barrier of an aliphatic polyketone terpolymer.

EXPERIMENTAL

Materials

The aliphatic polyketone (PK) terpolymer used in this
study was synthesized at BP Chemicals (UK) using a
proprietary palladium-based catalyst. The material
was supplied in powder form (as obtained from the
production process).

Films of �120 �m thickness were compression
molded at a temperature above the melting point,
using an electrically heated hydraulic press and
cooled under pressure at 15°C/min to room temper-
ature. The PK sample is a perfectly alternating ethene/
propene/CO terpolymer where the propene substi-
tutes randomly for ethene. In this material, the mole
percent of CO is always 50 mol % across composition,
and the amount of the second olefin was not specified.
The weight average molecular weight (Mw) deter-
mined by gel permeation chromatography is about
130,000, relative to PMMA standards, and the poly-
dispersity index is about 2.3. Water uptake was re-
ported by the manufacturer to be of 2% (weight/dry
weight), and the Tg was measured to be at 20°C by
DMA. All samples were, unless otherwise stated,
dried at 75°C overnight in a vacuum oven prior to
testing.

Specimens of the material were retorted in a steril-
ization autoclave using industrial standard conditions
at 121°C during 20 min and were subsequently vapor
purged, removed from the autoclave, and allowed to
cool down at room temperature conditions.

Methods

DSC experiments were carried out in a PerkinElmer
DSC 7 calorimeter at a heating speed of 10°C/min
from 50 to 240°C on typical 4 mg sample cut from the
compression molded films. The calibration of the DSC
was carried out with a standard sample of indium,

and the thermograms were subtracted from the signal
of an empty capsule before evaluation.

ATR-FTIR experiments were recorded with a
Bruker Tensor 37 instrument with 4 cm�1 resolution
and equipped with an ATR (Golden Gate, Specac)
accessory.

Simultaneous WAXS and SAXS experiments were
carried out at the synchrotron radiation source in the
soft condensed matter beam at HASYLAB (DESY) in
Hamburg (Germany). Scattering patterns were re-
corded using a one-dimensional detector and an inci-
dent radiation wavelength, �, of 0.15 nm. WAXS and
SAXS data were corrected for detector response and
beam intensity and calibrated against PET and rat tail
standards, respectively. Determination of the long pe-
riod was derived from background substracted and
Lorentz corrected SAXS data.13 Temperature scans
were carried out at 5°C/min on dry and wet condi-
tions. Water saturating conditions during the temper-
ature experiment were ensured by sealing a sample in
excess of moisture between aluminum films and O-
ring rubber seals inside screwed rectangular cell com-
partments designed for functioning as miniautoclaves
to carry out temperature experiments in the presence
of liquids.7 Experiment success was checked by obser-
vation of constant background intensity over the ex-
periment and presence of moisture in the cell after
termination of the thermal runs, which indicated that
moisture did not leak off the cell during the temper-
ature run. Under dry conditions, the specimens were
heated up from 25°C to well above the melting point
of the polymer at 5°C/min. In the wet specimens, a
typical humid thermal sterilization experiment was
simulated, in which the sample was heated at 5°C/
min up to 121°C and maintained at 121°C for 20 min.

Oxygen transmission rate (O2TR) measurements
were performed in an OX-TRAN® 2/20 (Mocon, USA)
at 0% RH and two different temperatures, i.e., 21 and
48°C.

RESULTS AND DISCUSSION

Crystalline morphology

The retorting process leaves the yellowish colored PK
film apparently unharmed with no signs by visual
inspection of changes in appearance, color, or in di-
mensions. This behavior is in sharp contrast with, for
instance, the retorting of EVOH monolayers, which
leads to extensive whitening, i.e., losses its transpar-
ency, and significant deterioration in dimensional sta-
bility as a result that the sample melts during the
actual retorting process.2,7

Figure 1 shows the DSC thermograms of untreated
and retorted specimens of the terpolymer. In the first
and third heating run in this Figure, the specimens
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show a broad and multiple endotherm, which is char-
acteristic of the melting behavior of these materials.14

The third run shows that as the sample has not been
properly stabilized by adequate additives, the thermo-
gram exhibits lower melting point and a broader melt-
ing peak, a result of chemical modifications produced
during the first heating scan up to well above the
melting point.14 The crystalline polymorphism and the
chemical modifications undergone by aliphatic polyk-
etones are very complex and strongly depend upon a
number of factors that have been outlined and dis-
cussed previously.14,15 The low melting point shoul-
der seen at 90°C in the untreated sample is the result
of crystal thickening and melting and recrystallization
of crystals with melting point below the temperature
set for drying the material. Likewise, the low melting
point shoulder observed at around 160°C in the re-
torted specimen is again the result of crystal perfection
and melting and recrystallization of low melting point
crystals due to the retorting process, which is, in es-
sence, a humid thermal treatment. Surprisingly, how-
ever, the position of the melting shoulder at 160°C
appears quite high in temperature compared with the
annealing temperature used at 121°C. This melting
tail—result of the annealing process—does generally
appear immediately above the annealing temperature
used and usually not so distant apart in temperature.15

This behavior is attributed to the water vapor pressure
(2 atm) generated over the sample during the retorting
process. In the reheating run (second heating run), the
annealing peaks are no longer seen neither in the
untreated nor in the retorted specimens.

Table I shows melting and crystallization points and
melting and crystallization enthalpies during a typical
heating–cooling–reheating cycle of untreated, re-
torted, and retorted and vacuum dried (at 75°C) spec-
imens. From this Table and Figure 1, it appears that
although in the retorted sample the melting point is
slightly higher and the melting peak has broadened
toward higher temperature as a result of crystal thick-
ening, there is a reduction in the overall melting en-
thalpy. This reduction in melting enthalpy is, how-
ever, no longer seen in the retorted and dry specimen,
suggesting that it is the result of impaired recrystalli-
zation of the crystalline fraction with lower melting
point (small and defective crystals), as the sample is
rapidly taken out of the retorting autoclave. Thus, it is
important to realize that some crystallinity reduction
(�12%) may be occurring immediately after retorting
if the sample is quickly removed (quenched) from the
autoclave. Aside this effect of crystallinity reduction
on the small and defective crystalline fraction that
melts below the retorting temperature, the retorting
process does not appear to damage the crystalline
morphology, but to rather promote an annealing effect
on the most robust crystalline morphology.

Figure 2 shows the ATR-FTIR spectra of untreated
and retorted PK specimens. The retorted sample was
thoroughly blotted (excess water was thoroughly
wiped with a tissue) after the treatment and immedi-
ately measured. From Figure 2, it can be seen that
there are no major changes in the polymer spectrum of
the specimens. However, there is a clear increase in
the relative intensity of features centered at 3500 and

Figure 1 DSC thermograms during heating–cooling–reheating cycle of retorted and untreated (upper figure) PK specimens.
Arrows indicate the annealing peaks as a consequence of drying at 75°C (untreated sample) and retorting at 121°C.
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1625 cm�1, which arises from water OH stretching and
OH in-plane bending, respectively, (see arrows). Fig-
ure 2 also shows a zoom of the OH stretching spectral
range of sorbed water in untreated, retorted, and wa-
ter-saturated specimens of the terpolymer. These spec-
tra suggest that during the retorting treatment, an
amount of water similar to that present in a fully
water-saturated specimen penetrates the polymer
amorphous phase, thus leading within 20 min of treat-
ment to a completely water-plasticized specimen. This
result was further corroborated by gravimetric mea-
surements, which revealed that the retorting process
increased the weight of the sample by 2% (w/w).

The infrared active carbonyl stretching band is known
to be a conformationally sensitive mode, and therefore, it
has previously been used to estimate molecular order
and, therefore, crystallinity content and crystallinity vari-
ations in polymers containing this chemistry.16 By look-
ing into the shape of the carbonyl stretching (see Fig. 3)
band at 1690 cm�1 of the untreated and of the vacuum
dried retorted sample, there appears to be no significant
changes in the overall crystallinity in agreement with the
DSC results reported in Table I.

Figure 4 shows the crystalline patterns of a dry
specimen during heating to the melting point and
during a typical retorting experiment. The synchro-
tron methodology permits the real time monitoring of
the crystalline patterns during typical thermal ramps
and therefore allows, among many other cases, for
simulation studies during in situ application of indus-
trial thermal processes. Figure 5 shows the corre-
sponding evolution of the normalized intensity of the
main diffraction peak at 21.5°C during dry heating of
the sample to the melting point and during the earlier-
mentioned retorting experiment. From Figure 4, it can
be seen that the crystalline morphology of the terpoly-
mer is typically made of the so-called beta phase14 and
that it remains so during the retorting experiment.
This orthorhombic polymorph is known to be domi-
nant in specimens containing a second olefin resulting
in branches, whereas the so-called alpha phase is a
more thermodynamically stable morphology that be-
comes dominant in the copolymer and in terpolymers
with very low additions of ethylene as second olefin.15

In the dry specimen, the normalized intensity of the
main crystalline diffraction peak is seen to decrease
slightly up to about 150°C, and from there onwards, it
decreases more abruptly to the total melting of the
sample at around 205°C, in agreement with DSC re-
sults. There appears to be a regime between 70 and
100°C, where the intensity of the diffraction peaks
rises slightly as a result of annealing.

From the normalized evolution of the intensity of
the main diffraction peak during the retorting exper-
iment, it can also be seen that the intensity of this
plane decreases with temperature up to reaching

TABLE I
DSC Melting (Tm) and Crystallization (Tc) Temperatures and Their Corresponding Enthalpies for Untreated and

Retorted PK Specimens

PK untreated PK retorted PK retorted and dried

Tm
(°C)

Tc
(°C)

�H
(J/g)

Tm
(°C)

Tc
(°C)

�H
(J/g)

Tm
(°C)

Tc
(°C)

�H
(J/g)

1st heating run 197.4 76.6 198.2 67.5 197.5 74.6
Cooling run 154.8 �63.6 153.6 �61.1 153.5 �63.6
2nd heating run 190.7 66.6 189.7 59.3 189.7 62.9

Figure 2 (A) ATR-FTIR spectra of PK untreated (bottom)
and retorted (up) specimens, arrows indicate where water
bands can be clearly seen. (B) Spectral zoom in the OH
stretching range of untreated (bottom), water-saturated
(thicker line), and retorted specimens of the PK sample.
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Figure 3 ATR-FTIR spectra of untreated and retorted and dry (dashed line) specimens of the PK terpolymer in the carbonyl
range.

Figure 4 Synchrotron WAXS traces versus temperature (°C) taken during heating up to the melting point (top figure) and
during a typical retorting run of PK specimens (bottom figure).
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121°C because of partial melting; nevertheless, it in-
creases slightly again during the isothermal run at
121°C, suggesting that an annealing positive effect
may take place on the crystallinity. Figure 5 further
indicates that the decline of the main crystalline pat-
tern with temperature could be slightly higher for the
retorted terpolymer than for the dry sample. Never-
theless, caution should be taken when interpreting
relative changes in the intensity of the main crystalline
peak in terms of crystallinity changes, because this
reflects just changes in the height of the main crystal-
line diffraction peak, and not necessarily similar
changes in area. The crystallinity content could not be
unambiguously determined in the retorted specimen
because the presence of water is modifying the back-
ground of the diffraction patterns, and therefore, the
integration method described earlier15 was not found
consistent throughout the experiment.

Figure 6 shows the Lorenz-corrected SAXS patterns
evolution with increasing temperature for the dry (in
situ heating to near the melting point, i.e., 175°C) and
wet (during the retorting experiment) specimens and
the simultaneous evolution of the repeat distance or
long period (L, average sum of the thicknesses of the
crystalline lamella and the amorphous interlamellar
layer) as determined from the maximum of the SAXS
patterns for both experiments (L � 1/smax). As ex-
pected, the dry sample shows an increase in long
period (seen by a decrease in the scattering vector for
the maximum of the peak, smax) as it approaches the
melting point because of progressive melting of the
smaller/defective crystalline morphology and the
subsequent increase in the repeat distance. The long
period increase with temperature seems more abrupt
above �140°C. Furthermore, and in accordance with
the usual behavior, as the SAXS peak shifts to lower

values of the scattering vector, it increases in intensity,
and accordingly, it can be more easily resolved, as can
be observed in Figure 6. Figure 6 also shows that
during the retorting process, the maximum of SAXS
cannot be clearly discerned in the neighborhood of
room temperature; however, as temperature raises
this becomes more easily detectable. This is the reason
why long period data for the retorted sample is only
shown above 80°C. The evaluation of the maximum of
SAXS in Figure 6 suggests that the long period in-
creases to a larger extent above 80°C during heating in
the presence of water than in dry conditions; however,
during the isothermal treatment at 121°C, it is seen to
decrease slightly. As in Figure 5, the intensity of the
main diffraction peak was seen to decrease somewhat
more steeply above 80°C for the retorted sample; it is
possible to attribute this larger rise in long period
above 80°C to a larger decrease in crystallinity. How-
ever, as the sample sorbs water in the amorphous
phase, which disrupts the inter- and intrachain dipolar
interaction, it may also be possible that the long period
increase could be related to swelling and subsequent
relaxation or unraveling of the amorphous phase. This
behavior of increased long period during humid heat-
ing of the sample has also been reported earlier in
EVOH copolymers during retorting.7

Oxygen barrier

Transport properties to oxygen were measured at two
temperatures (21 and 48°C), and values are gathered
in Table II. Figure 7 shows the normalized (for com-
parison purposes) permeability built-up with time up
to the steady state at 21 and 48°C. From these curves,
it can easily be seen that the diffusion of oxygen goes
much faster at the higher temperature as expected. In
this case, it should also be taken into account that,
even when diffusion and permeability are tempera-
ture activated processes, a differentiating effect from
the Tg could also be expected, as this temperature lays
for this polymer around room temperature (i.e., 20°C
as determined by DMA by the manufacturer). Thus,
while at 21°C the polymer is at the borderline between
glassy and rubbery semicrystalline polymer, and at
48°C it is clearly expected to behave like a rubbery
semicrystalline polymer. This discontinuity in molec-
ular structure marked by the Tg may accentuate the
differences in diffusion and permeability at the two
temperatures. Table II shows numerical values for the
diffusivity (D) and solubility (S) coefficients, which
indicate that these parameters are higher at 48°C. Dif-
fusivity was calculated from the so-called half-time
method (t0.5, i.e., time value at P/Pe � 0.5) as described
elsewhere and solubility from the relation P � DS.17

Figure 8 shows, as an example, the permeability
evolution over time at 21°C for the terpolymer after

Figure 5 Evolution of the main crystalline peak as a func-
tion of temperature for dry and retorted specimens of PK.
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TABLE II
Permeability (P), Diffusivity (D), and Solubility (S) Values at 21 and 48°C and at 0% RH for Dry Untreated Specimens

and Equation (1) Parameters for the Retorted Specimens

Sample
P (cm3 mm/

(m2 day atm)) D (m2/s) S (cm3/cm3–atm) P� a b

21°C 0.05 � 0.01 2.95 � 10�13 2.05 � 10�3 0.09 0.35 0.001
48°C 4.50 � 0.08 2.17 � 10�12 1.29 � 10�2 4.77 0.94 3.21 � 10�4

Figure 6 Lorenz-corrected SAXS curves as a function of temperature for the dry specimen during in situ heating experiment
up to 175°C (left graph) and the wet specimen during the in situ retorting experiment (right graph). In both graphs, the SAXS
peak shifts toward lower scattering vector (s) values as the temperature is increased. The lower graph shows the evolution
of the long period as determined from the maximum of SAXS peaks (1/smax) in the top graphs as a function of temperature
for untreated and retorted specimens of PK.
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the retorting process. This figure indicates that re-
torting leads to a decrease in barrier properties for
the specimen (�9 times higher permeability), but
that this is relatively small in comparison with the
major changes (three orders of magnitude) under-
gone by other benchmark high barrier polymers
such as EVOH copolymers.8 Based on the above
results, this increase in permeability is most likely
caused by water vapor ingress and subsequent drop
in inter and intramolecular cohesion (plasticization)
of the amorphous phase, albeit it may also have a
contribution from the reported decrease in crystal-
linity undergone by the polymer due to fast cooling
after the treatment. Albeit there are some polymers
and low humidity regimes for which water sorption
may lead to antiplasticization due to water mole-
cules filling the available free volume and impairing
or blocking the transport of oxygen, this mechanism
is not dominant in the experiments described here
because of the observed barrier deterioration after
retorting.18 However, as the permeability is seen to
recover over time, water desorption and the subse-
quent increase in molecular cohesion or self-associ-
ation leading to barrier improvement is the predom-
inant recovery mechanism. The permeability recov-
ery in the range plotted in Figure 7 appears to
follow, in agreement with previous results for
EVOH copolymers, an exponential decay as ex-
pressed by eq. (1).

P�t	 � Pe � a e�bt (1)

In eq. (1), Pe is the equilibrium permeability after
retorting, a is the maximum permeability rise from
the equilibrium permeability value at time zero after
retorting, and b is related to the kinetics of the
permeability recovery, i.e., the higher the value the

faster the process. The parameters of eq. (1) for the
retorted specimens are gathered in Table II for the
two temperatures. From the values of a in this Table,
plasticization, barrier deterioration due to water
sorption and subsequent drop in intermolecular co-
hesion during retorting (see long period increase), is
clearly higher at 21°C, as expected. At 48°C mois-
ture sorption effect on permeability has a lower
impact for three reasons, namely, the permeability is
higher at this temperature, the moisture content is
lower because the sample dries out more quickly
and promotes annealing of the crystalline morphol-
ogy. The barrier character appears to recover to a
large extent, particularly at 48°C, during oxygen
testing at both temperatures (see Pe values), albeit it
does not seem to reach completely the original per-
meability values of the untreated samples (P0) prob-
ably as a result of the crystallinity deterioration and
also because of the existence of some remnant water
molecules sorbed in the specimens. These two ef-
fects are expected to be smaller at higher tempera-
tures, viz., at 48°C, as observed in Table II. From all
the above observations, it is further substantiated
that a postdrying process after retorting can help to
restore the barrier character by developing the orig-
inally present crystallinity and by removing more
strongly bound moisture.
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