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ABSTRACT: This work aimed at studying the efficiency of

the use of supercritical carbon dioxide (scCO2) as a swelling
agent to disperse sodium benzoate (NaBz), a nucleating agent,

in polypropylene (PP), on the one hand; and the crystallization
behavior of the resulting PP, on the other hand. Under scCO2,

the NaBz was uniformly dispersed in the PP at a nanometer
scale. The use of ethanol or acetone as a cosolvent further
increased its state of dispersion and its mass uptake in the PP.

Isothermal and nonisothermal crystallization kinetics indi-

cated that the PP with the NaBz being dispersed in it under
scCO2 had a much higher crystallization rate than that of the
pure PP or the PPwith theNaBz being dispersed in it by a con-
ventional melt compounding process. The size of the PP crys-
tallites was also much smaller when the NaBz was dispersed
at a nanometer scale. � 2006 Wiley Periodicals, Inc. J Appl Polym
Sci 102: 3212–3220, 2006
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INTRODUCTION

As a general-purpose polymer, polypropylene (PP)
has various excellent properties such as mechanical ri-
gidity, thermal and chemical resistance, ease of proc-
essing, and recycling. Many properties of PP depend
very much on its crystallinity and crystalline morphol-
ogy. Nowadays processing techniques require shorter
and shorter cycle times. The addition of nucleating
agents to PP accelerates the crystallization process and
therefore shortens the cycle time.1–4

Sodium benzoate (NaBz) has frequently been used as
a flavoring or antimicrobial agent.5 It may also be used
as a nucleating agent for PP.6–9 This is because its melt-
ing point is high (4398C), is insoluble in the PP melt at
typical processing temperatures, and crystallizes much

earlier than PP.10 A nucleating agent like NaBz is usu-
ally added to PP by extrusion compounding. The driv-
ing force for dispersion is a mechanical force the ex-
truder imparts to theNaBz particles. Under such condi-
tions, the state of dispersion of theNaBz is not optimal.

Supercritical fluids (SCFs) have been gaining popu-
larity in polymer processing.11–17 Carbon dioxide has
by far been the most frequently used SCF candidate
owing to its unique properties: nonflammable, non-
toxic, relatively inexpensive, relatively easy to reach
supercritical conditions, etc. The aim of this work is
two-folds. First, we study the extent to which the NaBz
can be dissolved in supercritical carbon dioxide (scCO2)
and then in PP under scCO2. Since the NaBz is a salt
bearing a polar group, we test the efficiency of using a
cosolvent at enhancing its solubility and therefore its
mass uptake in the apolar PP. Second, we compare the
isothermal and nonisothermal crystallization kinetics
of PP in which the NaBz is dispersed by different proc-
esses: conventional melt compounding, scCO2-assisted
dispersion, and scCO2/cosolvent-assisted dispersion.

EXPERIMENTAL

Penetration of NaBz to PP

A commercial isotactic polypropylene (PP0) was used
in this study. It was provided by Shanghai Petrochemi-

Correspondence to: G.-H. Hu (hu@ensic.inpl-nancy.fr) or
W.-K. Yuan (wkyuan@ecust.edu.cn).
Contract grant sponsor: International cooperation pro-

ject; contract grant number: 2001CB711203.
Contract grant sponsor: Shanghai Science and Technol-

ogy Commission (SSTC) for Nanotechnology researches;
contract grant number: 0552nm039.
Contract grant sponsor: NSFC/PetroChina joint project

for multiscale methodology; contract grant number:
20490200.

Journal of Applied Polymer Science, Vol. 102, 3212–3220 (2006)
VVC 2006 Wiley Periodicals, Inc.



cal Company, China, in a powdery form under the
tradename Y1600. About 15 g of the PP0 powder was
first molten in an oven at 2008C and then pressed to a
film of 0.3-mm thickness using a press under 10 MPa.
The filmwas then cut into pieces of 1 mm� 3mm� 0.3
mm. The latter were refluxed in acetone for 24 h to
remove impurities and then dried at 1008C for 2 h. The
NaBzwas purchased from Shanghai Chemical Reagent
Company, China. Table I gathers some of the charac-
teristics of the PP0 andNaBz.

Figure 1 shows the experimental apparatus used for
the penetration of the NaBz to the PP0 under scCO2.
It was mainly composed of a gas cylinder, a high-
pressure reactor (Parr Instrument, Co.), a gas booster
(Haskel International), a digital pressure gauge, an elec-
trical heating bath, and valves and fittings of different
kinds. All the metallic parts in contact with chemicals
were made of stainless steel. The apparatus was tested
up to 40MPa. It had a volume capacity of 500mL.

PP films were placed in the high-pressure cell to-
gether with 1 wt % of the NaBz. The system was then
purged with CO2. When it reached a desired tempera-
ture of 608C (an optimal one for the penetration of nucle-
ating agent according to a previous work17), CO2 was

charged till a desired pressure was attained. The pene-
tration process lasted 4 h. Thereafter the high-pressure
cell was rapidly depressurized. It was then cooled
down, opened up, and the PP films were taken out. A
gravimetric technique18 was used to measure the mass
uptake of the NaBz in the PP films. A high-precision
electrical balance (BP211D, Sartorius, Germany) was
used for that purpose. It had an accuracy of within
60.01 mg. A scanning electron microscope (SEM) of
type JEOL/EO JSM-6360 was used to visualize the state
of dispersion of theNaBz in the PP.

Ethanol and acetone were used as cosolvents for the
penetration of the NaBz in the PP0. They were pur-
chased from Shanghai Reagent Company and their
purities were above 99.8%. When prescribed pressure
and temperature were reached, 20 mL of ethanol or ac-
etone (0.05 wt % with respect to the PP0) was added to
the system using a high-pressure advection pump (LB-
10, Beijing Satellite Instrument Co., China).

Morphology of the PP crystalline phases

The morphology of the PP crystalline phases was stud-
ied using an optical polarized microscope (BX51,
Olympus, Japan) equipped with a hot stage (THMS
600, Linkam, Great Britain). A PP sample was sand-
wiched between two microscope cover glasses, heated
to 2008C, kept at that temperature for 5 min, and then
cooled down to 1408C with a cooling rate of 1008C/
min for isothermal crystallization and crystalline mor-
phology observations.

Crystallization analysis

A differential scanning calorimeter of type Perkin–
Elmer Pyris Diamond DSC was used to study the crys-
tallization behavior of PP samples. Five types of sam-

TABLE I
Characteristics of the PP and NaBz Used in This Work

Material Property Value

PP0 Melt flow index (g/10 min, 2308C) 16
Polydispersity index 5.1
Mw (g/mol) 188,700
Tg (8C) �5

NaBz Density (g/cm3) 1.46
Formula mass (g/mol) 144.1
Average particle size (mm) 200
Melting point (8C) 439

Figure 1 Schematic of the apparatus used for the scCO2-assisted penetration of the NaBz in the PP0.
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ples (PP0–PP4) were studied, as shown in Table II. All
of them were extruded and pelletized with a twin-
screw extruder (SJSH-30) for DSC analysis.

In a typical isothermal crystallization experiment,
about 5 mg of a PP sample in the form of pellets was
heated up to 2008C and kept at that temperature for 10
min to remove any thermal history. It was then cooled

down to a prescribed crystallization temperature. For
the nonisothermal crystallization, the crystallization
thermograms were obtained by cooling the sample at
different cooling rates ranging from 1 to 208C/min. For
the isothermal crystallization, the crystallization tem-
perature ranged from 110 to 1358C and the cooling rate
was 1008C/min.

TABLE II
PP Samples Used in This Work

Sample Preparation technique
Mass percentage
of NaBz in PP

PP0 Virgin 0
PP1 NaBz was dispersed in the PP0 by a conventional compounding technique 0.12
PP2 NaBz was dispersed in the PP0 by a conventional compounding technique 0.85
PP3 NaBz was incorporated in the PP0 under scCO2 0.12
PP4 NaBz was incorporated in the PP0 under scCO2 and in the presence of ethanol

as a co-solvent (0.05 wt% with respect to the PP0) 0.85
PP5 NaBz was incorporated in the PP0 under scCO2 and in the presence of acetone

as a co-solvent (0.05 wt% with respect to the PP0) 1.65

Figure 2 SEM images showing the morphology of the NaBz particles alone and the state of dispersion of the latter in PP3,
PP4, and PP5. The penetration process was carried out under the following conditions: temperature ¼ 608C, CO2 pressure
¼ 8.3 MPa, and time ¼ 4 h. When a cosolvent was used, its amount was 0.05 wt % of the PP. (a) NaBz alone, (b) PP3, (c) PP4,
and (d) PP5.
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Anonisothermal crystallization thermogram showed
the variation of the enthalpy of crystallization as a func-
tion of temperature under a given cooling rate. On
the other hand, an isothermal crystallization thermo-
gram showed the variation of the enthalpy of crystalli-
zation as a function of time at a given crystallization
temperature.

The crystallinity of the PP samples was calculated by
the following equation:3,19

Xc ¼ DHðtÞ
DHf

(1)

where DH(t) is the enthalpy of crystallization at time t,
and DHf the enthalpy of fusion of a 100% crystalline PP

(209 J/g). The relative crystallinity was calculated
by:20–22

VcðtÞ ¼ XðtÞ
Xc!1

¼
Z t

0

ðdH=dtÞdt=
Z 1

0

ðdH=dtÞdt (2)

where Xc?? is the crystallinity at equilibrium and dH/
dt is the enthalpy variation rate.

RESULTS AND DISCUSSION

Penetration and mass uptake of the NaBz
in the PP0

Penetration of the NaBz into the PP0 matrix proceeded
under scCO2 with and without the presence of a cosol-
vent. The SEM images in Figure 2 show the morphol-
ogy of the NaBz alone and its state of dispersion in
PP3, PP4, and PP5. It is seen that the size of the NaBz
particles was greatly reduced when they penetrated
into PP matrix under scCO2, especially when ethanol

Figure 3 Effect of the scCO2 pressure on the mass uptake of
the NaBz in the PP0. The penetration process was carried out
under the following conditions: temperature ¼ 608C, CO2

pressure¼ 8.3MPa, and time¼ 4 h.

Figure 4 X-ray diffractograms of PP0 and PP0 treated with
scCO2 (temperature ¼ 608C, CO2 pressure ¼ 8.3 MPa, and
time¼ 4 h).

Figure 5 Thermograms of PP0 and PP0 treated with scCO2

(temperature¼ 608C, CO2 pressure¼ 8.3MPa, and time¼ 4 h)
for (a) isothermal (crystallization temperature, 1208C) and
(b) nonisothermal crystallization (cooling rate, 108C/min).
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was added. Moreover, the addition of the cosolvent
seemed to lead to more homogeneous dispersion of the
NaBz particles in the PP.

Figure 3 compares the mass uptake of the NaBz in
the PP0 obtained under three different penetration
conditions. The mass uptake was always very low (of

the order of 0.1 wt % only) when the NaBz penetrated
the PP0 under scCO2 without a cosolvent, irrespective
of the scCO2 pressure (4–18 MPa). When a cosolvent
(acetone or ethanol) was used, the mass uptake became
much higher, reaching a maximum of 1.65 wt %. This
significant increase in the mass uptake could be

Figure 6 Optical microscopic photographs of the PP samples crystallized at 1408C for an hour after having been kept at 2008C
for 10 min and then cooled down to 1408Cwith a cooling rate of 1008C/min. (a) PP0, (b) PP1, (c) PP2, (d) PP3, and (e) PP4.
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explained by an enhanced solubility of the NaBz in the
scCO2 when a cosolvent was added. Acetone was
clearly much more efficient in increasing the mass
uptake of the NaBz than ethanol. Moreover, the mass
uptake depended very much on the scCO2 pressure
too. Apparently there was an optimum for the scCO2

pressure corresponding to a maximum of the mass
uptake of the NaBz in the PP0. It was somewhere
between 7 and 9 MPa for both cosolvents. That opti-
mum could be related to the partitioning of the NaBz
between the scCO2 and PP0 matrix. The solubility of
the NaBz in the scCO2 increased rapidly with increas-
ing scCO2 pressure. When the latter was very high, it
might be that the NaBz was partitioned more in the
scCO2 than in the PP0 matrix. Moreover, during the
rapid CO2 depressurization process when the initial
CO2 was high, some of the NaBz might leach out from
the PP0 matrix further contributing to a decrease in the
mass uptake of the NaBz.

Morphology of the PP crystalline phases

Before we will discuss on the effect of the NaBz on the
crystallization behavior and crystalline structures of
the PP0, it is important to check whether or not scCO2

had an effect on them. Figure 4 compares the X-ray
diffractograms between the PP0 and the PP0 treated
with scCO2 without NaBz and under the following
conditions: temperature ¼ 608C, CO2 pressure ¼ 8.3
MPa, and time¼ 4 h. The two diffractograms were vir-
tually the same, indicating that the crystalline struc-
tures of the PP0 did not change after the treatment
with scCO2 under the above conditions. This is further
confirmed by their isothermal and nonisothermal DSC
traces in Figure 5. Again, both the PP0 and the PP0
treated with scCO2 under the above conditions had
the same isothermal and nonisothermal crystallization
curves, and thus the same crystallization behavior. In
short, under the above conditions, scCO2 alone did

not impart any noticeable effect on the crystalline
structures of the PP0.

Figure 6 compares, in a qualitative manner, the crys-
talline morphologies of PP0, PP1, PP2, PP3, and PP4.
As expected, the size of the PP crystallites followed the
order: PP0 > PP1 > PP2 > PP3 > PP4. Those results
were in agreement with both the state of dispersion
and the amount of theNaBz in the PP0 described above
(see Table II and Fig. 2). It is interesting to recall that
the PP1 and PP3 contained both the same amount of
the NaBz, i.e., 0.12 wt %. The only difference was that
in the former case the NaBz was dispersed in the PP0
by a conventional melt compounding process whereas
in the latter case, it was done under scCO2. Thus the
fact that the size of crystallites of the PP3 was smaller
than that of the PP1 by more than an order of magni-
tude was a strong piece of evidence supporting the
advantage of using scCO2 for finely dispersing the
NaBz in the PP0. This is further confirmed by compar-
ing PP2 and PP4. They also contained the same but
larger amount of NaBz, i.e., 0.85 wt %.

Isothermal crystallization kinetics

Figures 7 and 8 show the variation of the heat flow and
that of the relative crystallinity as a function of the crys-
tallization time, respectively. The results show that the
presence of the NaBz greatly accelerated the crystalli-
zation process of the PP0, confirming that the NaBz did
act as a nucleating agent for the PP0. The crystallization
rate followed the order: PP0< PP1< PP2< PP3< PP4,
as expected.

The isothermal crystallization half-time, t1/2, charac-
terizes the time at which 50% of the total crystallization
process has completed. A smaller value of t1/2 corre-
sponds to a more rapid crystallization process. Figure
9 compares the values of t1/2 for the four PP samples.
Again as expected, the value of t1/2 followed the order:
PP0> PP1> PP2> PP3> PP4.

Figure 7 Heat flow versus time for the isothermal crystal-
lization at 1308C.

Figure 8 Relative crystallinity versus time during the iso-
thermal crystallization at 1308C.
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The kinetics of the isothermal crystallization is often
described by themodified Avrami equation:3–5,10,23–28

1� Xt ¼ expð�ktnÞ (3)

where Xt is the relative volume-fraction crystallinity at
the crystallization time t, k is a crystallization kinetic
constant, and n is the Avrami exponent whose value
depend on the nucleation mechanism and the form of
the growing crystals.

The above equation can also be written in the follow-
ing double logarithm form:

lnð� lnð1� XtÞÞ ¼ ln kþ n ln t (4)

A plot of ln(�ln(1 � Xt)) versus ln t yields both the
value of the Avrami exponent n (slope of the straight
line) and that of the crystallization kinetic constant k
(intersection with the coordinate). In principle, the
Avrami parameter n is 3 for a spherical three-dimen-
sional crystallization process with a heterogeneous
nucleation mechanism. Its exact value depends on
combined nucleationmodes, secondary crystallization,
intermediate dimensionality of crystal growth, etc.
Table III gathers the values of the crystallization kinetic
parameters (n, k, and t1/2) for PP0, PP1, PP2, PP3, and
PP4 in Table II. The values of n followed the order: PP0
� PP1 � PP2 > PP3 � PP4. The fact that the values of n
of the PP3 and PP4 were smaller than those of PP0,
PP1, and PP2 could be explained as follows. When the

TABLE III
Isothermal Crystallization Kinetic Parameters of PP0,

PP1, PP2, PP3, and PP4

Sample Temperature (8C) n K t1/2 (min)

PP0 120 2.5 1.2 � 10�4 0.55
125 2.2 3.7 � 10�5 1.67
130 2.5 4.1 � 10�7 5.34
135 2.9 1.6 � 10�9 18.38

PP1 120 2.5 2.4 � 10�4 0.42
125 2.3 3.8 � 10�5 1.34
130 2.5 7.6 � 10�7 4.57
135 2.8 2.7 � 10�9 15.73

PP2 120 2.4 1.8 � 10�3 0.224
125 2.2 5.8 � 10�4 0.451
130 2.5 1.6 � 10�5 1.20
135 2.7 1.6 � 10�7 4.19

PP3 125 2.3 1.6 � 10�3 0.26
130 1.8 7.6 � 10�4 0.66
135 2.0 2.2 � 10�5 3.29
140 2.4 6.6 � 10�8 15.92

PP4 125 2.0 4.1 � 10�3 0.24
130 2.1 7.1 � 10�4 0.45
135 1.9 6.6 � 10�5 2.24
140 2.5 1.5 � 10�7 10.42

Figure 10 Heat flow versus temperature during the noniso-
thermal crystallization of the PP samples at a cooling rate of
58C/min.

Figure 11 Relative crystallinity of the PP samples at a
cooling rate of 58C/min.

Figure 9 Isothermal crystallization half-time and crystalli-
zation constant of the PP samples as a function of the crys-
tallization temperature.
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NaBz was dispersed at a nanometer scale, the growth
of spherulites could be more constrained because of a
much larger number of nucleating sites and conse-
quently a much smaller spacing between the growing
spherulites. Thus the values of nwere smaller. Figure 9
shows that at a given crystallization temperature the
value of the crystallization rate constant k followed the
logic order: PP0< PP1< PP2< PP3< PP4.

Nonisothermal crystallization kinetics

The results of the nonisothermal crystallization
kinetics of PP0, PP1, PP2, PP3, and PP4 were in line
with those of their isothermal crystallization kinetics.
For example, Figures 10 and 11 show the variation of
the heat flow and relative crystallinity as a function of
temperature at a cooling rate of 58C/min, respectively.
As expected, the temperature at which crystallization

started to proceed was the highest for the PP4 and the
lowest for the PP0. The crystallization temperature, Tc,
defined as a temperature at which the crystallization
rate was the maximum, followed the order: PP0 < PP1
< PP2< PP3< PP4.

Figure 12 shows the effect of the cooling rate on the
recrystallization temperature and crystallinity, respec-
tively, for PP0, PP1, PP2, PP3, and PP4. Over the entire
cooling rate range, both the recrystallization tempera-
ture and crystallinity followed the order: PP0 < PP1 <
PP2 < PP3 < PP4. Moreover, they both decreased with
increasing cooling rate. This is because a higher cooling
rate corresponded to a shorter time available for poly-
mer chains to crystallize.

CONCLUSIONS

This paper has reported on the feasibility and poten-
tial advantages of using scCO2 as a swelling agent for
assisting in the penetration and dispersion of NaBz, a
nucleating agent, in PP. Under scCO2, the NaBz suc-
cessfully penetrated and was then finely dispersed in
the PP, especially when a cosolvent like acetone or
ethanol was used. In the latter case, the dispersion of
the NaBz in the PP reached a nanometer scale, which
was not possible otherwise by a conventional melt
compounding process. Moreover, the mass uptake of
the NaBz in the PP was much higher. Isothermal and
nonisothermal crystallization kinetics showed that
the NaBz acted as a very good nucleating agent. Its
nucleating performance was much better when it was
dispersed in the PP at a nanometer scale. The cry-
stallization rate and crystallization temperature were
much higher and the size of crystallites much
smaller.
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