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The  present  study  reports  foaming  of  polycaprolactone  (PCL)  and  PCL  nano-  and  micro-composites  with
dispersed  hydroxyapatite  (HA) particles  by  means  of binary  mixtures  of  supercritical  CO2 (scCO2) and
either  ethyl  lactate  (EL) or ethyl  acetate  (EA)  as plasticizer.  The  effect  of  the  size  and  concentration  of
HA particles,  as  well  as the  effects  of  the  plasticizer  type  and  the  incorporation  route  were  investigated
aiming  to fabricate  porous  scaffolds  with  uniform  morphology  and  controlled  pore  size distribution.
For  this  purpose,  foaming  experiments  were  carried  out  by  selecting  two  operating  temperatures,  40
and  45 ◦C,  and  two  soaking  times,  1 and  17  h. Furthermore,  a double  step  of  depressurization  was  used
to  promote  the  development  of a double-scale  pore  size  structure  in  porous  scaffolds  useful for  tissue
engineering.

The results  of  this  study  indicated  that  supercritical  foaming  of PCL  and  PCL–HA  composites  is enhanced
◦
caffold

upercritical CO2

when  the  selected  operating  temperature  and  time  are  45 C and  17  h,  respectively.  Furthermore,  although
both  EL  and  EA  plasticizers  enhanced  the  low  temperature  foaming  of the  materials,  we  demonstrated
that  the  route  of  incorporation  of  the  plasticizer  is a critical  aspect  for  enhancing  composite  foaming  and
scaffold  fabrication.  From  this  point  of view,  the  best  results  were  achieved  when  EA was pre-mixed  with
the  polymeric  powder  for preparing  a dough  for the  foaming  process.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The development of bone graft substitute materials has pro-
oted new designs that aim to optimize the composition,
icrostructure and biological properties thereof. In particular,
aterials used for bone tissue regeneration have wide ranges of

omposition, spanning from bioactive glass materials to biodegrad-
ble polymers, as well as their composites [1]. This is because for
one tissue regeneration it is essential that the material presents
ioactivity which depends on its composition and nano- and
icro-structure. In this field, specific calcium phosphates, such

s hydroxyapatite (HA, Ca10(PO4)6(OH)2)-based materials, are the
rotagonists. Indeed, these materials have a chemical composition

hat mimics the natural mineral phase of bone tissue, thus pro-
iding a bioactive behaviour for osseointegration, degradation and
emodelling thereof. However, the difficulties associated with the

∗ Corresponding author. Tel.: +54 223 481 6600; fax: +54 223 481 0046.
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896-8446/© 2014 Elsevier B.V. All rights reserved.
fragile nature of the calcium phosphate materials have promoted
the development of composite materials of calcium phosphates
dispersed in a polymer matrix with adequate microstructures
and sufficient mechanical strength [2,3]. Among the different
polymer-composite combinations available, the most interesting
and successful for the preparation of porous substrates useful in
bone regeneration employs a polycaprolactone (PCL) matrix and
hydroxyapatite (HA) filler. Depending on the size of the HA par-
ticles, the final product is either nano or microstructured. It is
possible to process these hybrid composites with the required
porosity through a foaming technique [4–7].

Gas foaming of polymers or composites including biodegrad-
able/biocompatible polymers by using supercritical CO2 as blowing
agent is a widely accepted method. CO2 allows to work in a
clean and safe environment. Moreover, the establishment of a
narrow pore size distribution, easy solvent recovery, good plas-
ticizing ability and high diffusivity of the gas are all advantages

of using supercritical CO2 (scCO2) in foaming processes [8]. Var-
ious porous PCL-based materials and composites foams have
been produced by using scCO2 foaming [9–13]. In a typical pro-
cess, the polymer is exposed to CO2 at saturation pressure and

dx.doi.org/10.1016/j.supflu.2014.10.007
http://www.sciencedirect.com/science/journal/08968446
http://www.elsevier.com/locate/supflu
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Table  1
Processing conditions used during foaming experiments.

Test Sample composition Blowing agent Sample preparation Saturation time [h] Temperature [◦C] Pressure [MPa]

1 PCL
PCL–mHA5, PCL–mHA10
PCL–nHA5, PCL–nHA10

CO2 Compacted powder 1 40 20

2  PCL
PCL–mHA5, PCL–mHA10
PCL–nHA5, PCL–nHA10

CO2 Compacted powder 1 45 20

3  PCL
PCL–mHA5, PCL–mHA10
PCL–nHA5, PCL–nHA10

CO2 + EL Compacted powder 1 40 20

4  PCL
PCL–mHA5, PCL–mHA10
PCL–nHA5, PCL–nHA10

CO2 + EL Compacted powder 1 45 20

5  PCL
PCL–mHA5, PCL–mHA10
PCL–nHA5, PCL–nHA10

CO2 Compacted dough (EA + powder) 1 40 20

6  PCL
PCL–mHA5, PCL–mHA10
PCL–nHA5, PCL–nHA10

CO2 Compacted dough (EA + powder) 1 45 20

7  PCL
PCL–mHA5, PCL–mHA10
PCL–nHA5, PCL–nHA10

CO2 Compacted dough (EL + powder) 1 40 20

8  PCL
PCL–mHA5, PCL–mHA10
PCL–nHA5, PCL–nHA10

CO2 Compacted dough (EL + powder) 1 45 20

9  PCL
PCL–mHA5, PCL–mHA10
PCL–nHA5, PCL–nHA10

CO2 Compacted powder 17 45 20

10  PCL
PCL–mHA5, PCL–mHA10
PCL–nHA5, PCL–nHA10

CO2 + EL Compacted powder 17 45 20

11  PCL
PCL–mHA5, PCL–mHA10
PCL–nHA5, PCL–nHA10

CO2 + EA Compacted powder 17 45 20

12  PCL
PCL–mHA5, PCL–mHA10
PCL–nHA5, PCL–nHA10

CO2 Compacted dough (EL + powder) 17 45 20

13  PCL
PCL–mHA5, PCL–mHA10
PCL–nHA5, PCL–nHA10

CO2 Compacted dough (EA + powder) 17 45 20
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emperature (higher than the critical point of CO2), which reduces
he apparent glass transition temperature or melting point to the
rocessing temperature (plasticization) [14]. After venting the CO2
y depressurization, the thermodynamic instability causes super-
aturation of the CO2 dissolved in the polymeric matrix and hence,
ucleation of pores occurs. The growth of the pores continues

ntil the polymer vitrifies. The saturation pressure, the satura-
ion temperature and the depressurization profile are the critical
arameters in determining the number of pores and the pore size
istribution.

able 2
SC results of the PCL and PCL–HA composite samples before and after foaming.

Sample TM [◦

Non foamed PCL 59.5 

PCL–mHA5 60.9 

PCL–mHA10 61.2 

PCL–nHA5 60.8 

PCL–nHA10 60.0 

Foamed PCL  (test #1) 59.3 

PCL  (test #2) 60.6 

PCL  (test #9) 58.5 

PCL  (test #13) 59.1 
There are many reported studies on foaming of polymeric mate-
rials by using scCO2. However, the studies related to scCO2 foaming
of nano and micro composites composed of HA particles in a PCL
matrix are very limited. Recently, Salerno et al. [11] reported the
preparation of porous PCL- 5%HA scaffolds with a bi-modal pore
size distribution and highly interconnected pores, obtained by

applying a two-step depressurization process. Markočič  et al. [15]
have determined the solubility and diffusivity of CO2 in heteroge-
neous systems (PLLA-HA and PLGA-HA composites) that showed
high values of both parameters influenced by the pressure and the

C] Ti–Tf [◦C] Crystallinity [%]

37–69 72
44–68 75
47–67 75
46–67 75
46–66 75
26–69 57
30–70 52
29–63 52
26–66 52
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Fig. 1. (a) TGA and (b) DSC curves of the different materials before foaming experi-
ments; (c) DSC curves of selected PCL foams.
96 A. Salerno et al. / J. of Super

ontent of the ceramic filler. In these systems, the presence of the
A particles acts as an obstruction for CO2 diffusivity, thus, hin-
ering the diffusion of gas into the composite. On the other hand,
sivintzelis et al. [16] showed that more uniform pore structures
ere produced when CO2-ethanol supercritical mixtures were
sed as blowing agents instead of pure CO2. The authors concluded
hat small amounts of organic solvents can be used to overcome
he difficulties related to the foaming of PCL materials, being the
oncentration of the organic solvent a new key parameter of the
rocess. However, the use of plasticizers with scCO2 to facilitate
he processing of composites involving inorganic fillers is not suf-
ciently explored.

This work reports a systematic and exhaustive study of foam-
ng of nano and microstructured composites of PCL and HA (5,
0 wt%) by using scCO2 in combination with two recognized safe
rganic solvents, ethyl lactate (EL) and ethyl acetate (EA). Two
outes of incorporation of these plasticizers are reported. The opti-
ization of the morphological and structural characteristics of

he prepared scaffolds is achieved by the control of the foaming
arameters, mainly the foaming temperature and soaking time,
s well as by using a double step depressurization. This peculiar
epressurization protocol has been selected to obtain foams with

 double-scale of pore sizes suitable as scaffolds for bone tissue
ngineering. Indeed, porous scaffolds with large and small pores
ave been found to provide a better substrate for cell growth and
olonization [17].

. Experimental

.1. Materials

PCL with a molecular weight (Mn) of 80 kDa and ethyl lactate
EL) (photoresistant grade; purity ≥99.0 wt%) were purchased from
igma-Aldrich (Madrid, Spain). Ethanol (96% v/v) and ethyl acetate
EA) were provided by Panreac (Barcelona, Spain). Two different
inds of HA particles were used as the inorganic filler for the prepa-
ation of the composite materials. A micrometric size HA powder,
ith a mean particle size of 10 �m,  was synthesized as described

n a previously reported work [18]. A commercially available nano-
etric size HA powder, with particle sizes lower than 200 nm

nd surface areas higher than 9.4 m2/g, was provided by Sigma-
ldrich, Madrid, Spain. All reagents were used without further
urification.

.2. Preparation of PCL and PCL–HA composites powders

The polymer and the inorganic fillers were processed by a
olution-based phase separation technique in order to prepare
CL–HA composite powders. First, a homogeneous suspension of EL
ontaining a definite amount of HA particles was achieved by means
f magnetic stirring (30 min) followed by sonication (30 min). Sub-
equently, the temperature of the suspension was increased up
o 60 ◦C followed by the addition of 30 wt% of PCL, with respect
o the EL, under magnetic stirring. The solution was maintained
t these conditions overnight in order to achieve the complete
issolution of the polymer. Micrometric size particles of PCL–HA
omposites were achieved by a thermal induced phase separation
rocess, according to the procedure described in [19]. In partic-
lar, the solution was cooled down to −15 ◦C for 3 h to induce
elation and it was further soaked in excess of water for 15 min
nder magnetic stirring. This step allowed the extraction of the

L and the consequent precipitation of the polymeric powder con-
aining the HA particles. The obtained composite was subsequently
ashed twice with fresh water up to the complete removal of EL.
fterwards the material was dehydrated in ethanol before being
dried at room temperature and ambient pressure. If compared to
conventional melt blending procedures, this solution-based pro-
cess is expected to reduce the amount of aggregated filler and to
increase the dispersion in the polymeric matrix. By this method,

PCL–HA composites were prepared containing 5 and 10 wt% of
nominal concentration of nano and micrometer sized HA parti-
cles. The same approach was  also carried out on pure PCL for
comparison.
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Fig. 2. Optical images of selected foams and cross-sections.
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.3. Foaming procedures

ScCO2 foaming experiments were carried out on disc-shaped
amples measuring 13 mm of diameter and 2 mm of thickness.
he samples were prepared by the compaction of 0.3 g of PCL or
CL–HA composite powders at 3.7 MPa  using a hydraulic press.
oaming experiments were carried out in a 114 mL  high-pressure
utoclave (TharDesign, Madrid, Spain). Samples were placed inside
f the autoclave on the top of a metallic support to allow for

he addition of a magnetic stirrer at the bottom of the vessel.
his configuration is used to improve fluids mixing and to reduce
he equilibrium time. The temperature was then raised up to the
perating temperature, either 40 or 45 ◦C, and liquid CO2 was

Fig. 3. Effect of operating conditions on the pore 
pumped inside the vessel, by means of a high pressure pump
(260 D, Lincoln, USA), up to 20 MPa  to ensure the achievement
of supercritical conditions. Samples were held at these conditions
for different soaking times, either 1 h or 17 h, after which foam-
ing was induced by quenching the pressure to ambient conditions.
A two-step depressurization profile, characterized by a slow ini-
tial depressurization stage going to an intermediate pressure of
7 MPa, followed by a fast gas release to atmospheric pressure, was
used to induce samples foaming and to control the final porous

structure [20]. This was carried out by a pressure release sys-
tem consisting of a ball valve connected to a discharge capillary
[19]. The main advantage of using this setting is related to the
possibility of simultaneously controlling both pressure quench

uniformity and pore structure of the foams.
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Fig. 4. Effect of composition and operating temperature on the morphology of selected foams prepared in Test 1 and 2.
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rofile and the overall time of depressurization by the open-
ng/closing of the ball valve and by selecting discharge capillaries
f appropriate length and diameter. In particular, after CO2 solu-
ilisation in the polymer, the ball valve was opened and the gas
as released to a pressure of 7 MPa  by using a slow discharge

apillary. Subsequently, the ball valve was closed, the capillary
ubstituted by a fast depressurization capillary and the pressure
as quenched to the ambient by re-opening the ball valve. By

onsidering that decreasing the depressurization rate reduces pore
ucleation rate while promotes pore growth [19], this approach is
xpected to induce the formation of large pores in the first step of
epressurization and small pores after the second depressurization
tep.

Additional foaming experiments were carried out by adding
00 �L of either EL or EA as plasticizers following two differ-
nt protocols. In the first approach, the disc-shaped samples
ere prepared as described previously and 500 �L of plasticizer
ere added at the bottom of the high pressure vessel (named

s route 1). Conversely, the second approach involved the prepa-
ation of a dough of powder (0.3 g) and 100 �L of plasticizer
y manual mixing with a spatula (named as route 2). The mix-
ures were then compacted into disc-shaped samples with a
ydraulic pressure of 15 MPa, suitable to avoid the diffusion of
he plasticizer out of the powder, while achieving the desired
eometry. By considering that the five compositions, namely
CL, PCL–mHA5, PCL–mHA10, PCL–nHA5 and PCL–nHA10, were
rocessed at the same time during each test, the overall amount
f plasticizer into the pressure vessel for each test was  equal
o 500 �L also in the case of dough samples. Consequently, the
otal mass of material with respect to the amount of plasticizer
n the two routes was held constant. Immediately after prepa-
ation, the samples were processed using scCO2 under different

perating conditions. Table 1 summarizes the tests carried out
ere the number of each test refers to only one experiment

n which all of the compositions were processed at the same
ime.
2.4. Characterization

Thermo-gravimetric (TGA-DTGA) analyses were carried out on
PCL and PCL–HA composite powders to evaluate the thermal stabil-
ity of the materials as a function of their composition and to assess
the retained amount of inorganic filler with respect to the used
nominal concentration during powder preparation. The experi-
ments were carried out on a TGA STA 449 F1 Jupiter (NETZSCH,
Selb, Germany) in the 30–600 ◦C temperature range at a rate of
10 ◦C/min under inert atmosphere. The HA loading for each com-
posite was evaluated as the difference between the residues of the
composites and pure PCL at 600 ◦C.

Differential scanning calorimetry (DSC) analyses were carried
out on the PCL and PCL–HA composite powders, as well as on
selected foams, in order to assess the effect of the composition and
the processing parameters on the melting behaviour and the per-
centage of crystallinity of the samples. Samples were tested on a
DSC8500 apparatus (Perkin Elmer, Massachusetts, USA) equipped
with a liquid N2 controller CRYOFILL. Samples were first equili-
brated at 10 ◦C for 1 min  and then heated up to 90 ◦C at a scanning
rate of 10 ◦C/min under inert atmosphere. The melting range (�TM),
the melting peak temperature (TM), the onset temperature (Tons)
and the crystallinity of the samples were determined from the
analysis of the DSC curves.

The microstructure of the foams was  assessed by optical and
scanning electron microscopy (SEM) analysis. For SEM analysis, the
samples were cross-sectioned by a razor blade at room tempera-
ture, gold sputtered and analyzed by a SEM instrument (QUANTA
200F FEG-ESEM, FEI, The Netherlands).

The porosity of the foams was assessed by using the following
equation:

( )

porosity = 1 − �F

�B
× 100

where �F is the density of the foams, as determined from mass
and volume measurements, while �B is the density of the bulk
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Fig. 5. Effect of composition and operating temperature on (a) porosity, (b) mean
pore size and (c) pore density of PCL and PCL–HA composite foams prepared in Test
1  and 2. The continuous and dotted lines are for eye guidance purpose.
A. Salerno et al. / J. of Super

aterial as determined from the theoretical density of PCL and HA
nd correcting the fraction of HA particles as assessed from TGA
ests values. The mass of the samples was measured using a high
ccuracy balance (Sartorius Balance (YDK01), while the volume was
etermined by a displacement method (ASTM D1622-03).

The mean pore size of the foams was evaluated by image (Image
®) analysis. About one hundred pores for each sample were ana-
yzed by using the “particle analysis” tools of the Image J® software
ackage, which enabled to assess the area of each pore. The pore
iameter was then calculated with the hypothesis of spherical
hape pores and by correcting the as-obtained values by a 4/�
actor, according to the ASTM D3576.

The pore density of the foamed samples was calculated by using
he following equation [20]:

ore density =
(

n

A

)3/2
× �B

�F

here n is the number of pores and A is the area of the SEM micro-
raph selected for analysis.

. Results

.1. Thermal properties of the materials

The thermal behaviour of the samples is presented in Fig. 1.
rom TGA curves, the retained HA amount in the composites may
e assessed by comparing the weight loss values of neat PCL and its
omposites with HA at the temperature of 600 ◦C. A loading amount
f inorganic filler equal to 86–87 wt% of its nominal concentration
as estimated for all composites (Fig. 1a). Fig. 1b and c shows the
SC scans of the PCL and PCL–HA composite materials before and
fter foaming. Melting peak values together with the melting inter-
als and samples crystallinity are listed in Table 2. The melting
emperature (TM) of the samples was not substantially affected by
ither the amount or nature of the added inorganic filler. TM values
etween 60 and 61 ◦C were observed for non foamed powders. A
light decrease in the TM values was observed after foaming. The
ercentage of crystallinity was affected by foaming, since a reduc-
ion of about 30% in crystallinity was observed in the processed
amples.

.2. Foaming processes

Fig. 2 shows the optical images of five selected series of sam-
les after foaming. From four different tests, the change in volume
nd the general features of cross section is also shown in Fig. 2. The
haracteristics of the obtained samples indicate that the achieve-
ent of uniform foaming in the entire cross-section of the samples

s observed when the materials are processed at 45 ◦C during 17 h
n presence of a plasticizer. The amount of inorganic filler produces
light differences in the volume changes in each series of compos-
tes. The effects of the operating conditions on the uniformity of the
ross-section of the foams and the development of a bi-modal pore
ize distribution are shown in Fig. 3. Obviously, a temperature of
5 ◦C is necessary to achieve uniformly foamed samples for all of
he compositions, while the development of a bi-modal pore size
tructure requires the largest saturation time.

.2.1. Effect of temperature on the foaming process
The effect of temperature on foam morphology is shown in

ig. 4 for PCL and 5%HA-PCL (nano or micro) composites processed

t 40 ◦C and 45 ◦C. At the lowest temperature of foaming, a
icrostructure characterized by clearly confined sections of pores
as observed, indicating that no complete melting occurred dur-

ng the soaking period (Fig. 4 Test#1). When the samples were
processed at 45 ◦C, porous homogeneous microstructures were
obtained (Fig. 4 Test#2).

Fig. 5 shows the effect of the foaming temperature on porosity,
mean pore size and pore density on the series of samples obtained
from Test #1 and Test #2. An increase in porosity and in mean pore
size values was  observed when the temperature increased from

40 ◦C up to 45 ◦C. The porosity and mean pore size values increased
by 13% and 100%, respectively. However, a reduction of a logarith-
mic  order was  observed in the pore density for the same interval of
temperature.
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Fig. 6. Effect of composition and EL addition on the morphology of selected foams prepared in Test 2, 4 and 8.
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No relevant variations in these microstructural parameters by
ffect of composition and nature of the inorganic fillers were
bserved on the characteristics of the foams.

.2.2. Effect of EL on the foaming process
Fig. 6 shows the microstructure of the samples after foaming at

5 ◦C with EL incorporated by the two different routes described
bove. Heterogeneous microstructures were observed in samples
ompacted from a dough following route 2 (Test #8). However,
ore homogeneous pore distribution and mean pore size values
ere measured on processed samples applying route 1 of incor-
oration of EL (Test #4). These parameters were slightly increased
ith respect to those without incorporated EL (Test#2).

Fig. 7 shows the microstructural characteristics of foamed
amples at two temperatures, where the effect of the route of incor-
oration of EL is shown. At 40 ◦C, the incorporation of EL into the
amples (EL-2, test#7) produces an increase in the porosity com-
ared to the incorporation of EL by route 1 (EL-1, test#3). The

norganic filler content does not seem to be relevant on the obtained
orosity values. In general, the increase in the mean pore size in
L-2 is associated with a reduction in the pore density values. At
5 ◦C, the incorporation of EL by route 1 (EL-1, test#4) produces

 significant increase in the porosity with respect to the foamed

amples without EL (test#2). The EL-2 incorporation resulted in
igher porosity values and inhomogeneous microstructures (Fig. 6).
he HA content slightly affected the final value of porosity. Higher
ontents of inorganic filler results in lower porosity values (test #8).
The mean pore size and pore density values in foamed samples fol-
lowing the EL-2 process (test #8) could not be evaluated due to
inhomogeneities in the microstructures.

Figs. 8 and 9 show the obtained results of the characterization
of samples processed during 17 h of saturation time at 45 ◦C and
with added EL. SEM images show materials with homogeneous
microstructures from tests #9, #10 and #12. A bi-modal pore size
distribution was  observed in all samples of both series EL-1 and
EL-2. In general, the increase in porosity values was similar to that
observed for the series processed during 1 h. However, the result-
ing microstructures presented an improved bi-modal distribution
of pore sizes with respect to the samples obtained by the foaming
processes with only 1 h of saturation time. By adding EL, form-
ing a dough with the inorganic powder (EL-2), the generation of
macropores (250–300 �m) is favoured.

3.2.3. Effect of EA on the foaming process
Fig. 10 shows the effect of process temperature on sample

microstructures after foaming by adding EA introduced by route
2 (EA-2). It can be seen that at 45 ◦C the resulting microstructures
were more homogeneous than at 40 ◦C, except for the sample con-
taining 10 wt% mHA (not shown). The effect of the EA addition
method is shown on the microstructures of the samples in Fig. 11.

For foamed samples using the EA-2 method, low and high magnifi-
cation SEM images are shown in Fig. 11, evidencing the formation
of macropores with a mean pore diameter greater than in samples
foamed by the EA-1 route.
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Fig. 7. Effect of composition and EL addition on (a and b) porosity, (c and d) mean pore size and (e and f) pore density of PCL and PCL–HA composite foams prepared at (a, c
and  e) 40 ◦C and (b, d and f) 45 ◦C.
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The porosity and the mean pore sizes of small and large pores
or samples foamed with EA (Fig. 12) are in accordance with the
bserved microstructures.

. Discussion

Foaming of biodegradable and biocompatible polymers and
omposites by means of scCO2 enables the production of three
imensional porous scaffolds whose properties, mainly overall
orosity, pore size distribution and pore interconnectivity, can

e fine tuned by the appropriate selection of the processing
onditions [9–11,14]. The high sorption of scCO2 within a wide
ange of polymeric biomaterials, such as biodegradable polyesters,
educes their viscosity by decreasing both the glass transition and
melting temperatures [21,22]. This peculiar behavior of scCO2
opens unique opportunities in the field of tissue engineering, as
it allows preparing bioactive porous scaffolds and controlled drug
delivery platforms in a safe and clean approach [14,23]. However,
results reported in literature up to date suggest that working with
highly crystalline polymers and their composites at temperatures
below the melting value makes the foaming difficult to control,
because of the complex interaction established between sc-CO2 and
the crystalline structure of the polymer [24].

In development of polymeric-ceramic composites, a great chal-
lenge is to achieve an appropriate blending of the polymeric

and inorganic components for producing a multi-phase mate-
rial with improved properties. This goal is of great importance
especially in the case of nano-composites, due to the tendency
of the nanoparticles to agglomerate. In this work, the thermally
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Fig. 8. Effect of composition and EL addition on the morphology of selected foams prepared in Test 9, 10 and 12.
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nduced phase separation route developed to prepare PCL–HA
ano- and micro-composites [19] allows a high filler loading effi-
iency and dispersion inside the polymeric matrix. By considering
hat pure PCL is completely degraded in the range of 300–500 ◦C
Fig. 1a), it is considered appropriate to estimate the inorganic
ller amount loaded in the composite by measuring the residual
eight at 600 ◦C. For all of the PCL–HA composites prepared in

his work, the percentage of inorganic filler retention was higher
han 85%, clearly indicating the consistency of the used preparation

ethod.
The presence of inorganic fillers slightly increased the TM and

rystalline fraction of the composites (Fig. 1b). This effect was
scribed to the heterogeneous crystallization of the polymer that
ccurs in the composites. Indeed, the HA filler can act as a center
f precipitation of PCL during the solution-based phase separa-
ion process, thus, increasing the polymer nucleation. Conversely,
uring foaming with sc-CO2, the HA particles can act as obstacles
or the crystallization process from melted PCL, and a decrease in
he percentage of crystallinity in the composites after foaming is
bserved (Fig. 1c).

In this work, PCL and PCL–HA composite foams are prepared
y a scCO2 foaming process carried out at temperatures below the
CL melting, while the characteristics of the pore structure of the

oams are controlled by the appropriate selection of the operating
arameters. It is important to point out that, once scCO2 solubili-
ation in the polymer is completed, a double depressurization step
s used to induce samples foaming. As reported in a previous work,
this particular pressure quench profile is selected to induce the
formation of a porous structure characterized by a double distri-
bution of pore sizes [11,20]. Indeed, porous scaffolds provided of a
multi-scaled pore size distribution have been reported to enhance
the biological response of PCL scaffolds for bone tissue engineering
[17]. Therefore, achieving this goal for the composites described
in this work is important for their use in tissue engineering
applications.

As shown in Fig. 2 all of the operating conditions selected for
foaming PCL and its composites with HA particles result in foamed
samples with microporous structures. However, visual observation
of the samples clearly indicates that foaming decreases slightly
with the increase of filler content, while an operating temperature
of 45 ◦C results in enhanced foaming for all of the tested compo-
sitions (compare tests #1 and #2). As the most important result,
it was found that whether or not a uniform and highly porous
structure was obtained depends on both, sample preparation and
soaking time. For instance, by comparing the optical images of the
cross section of the PCL samples of Test #8 and #12 reported in
Fig. 2, it is clear that 1 h of soaking time is not sufficient to achieve
PCL foams with uniform morphology starting from a PCL–EL dough.
As a direct consequence, we observed an inner region of small pores
surrounded by an outer region of large pores. This effect is ascrib-

able to the procedure used for the preparation of the samples as
well as to the time required to scCO2 and EL to be homogeneously
distributed inside the polymeric matrix. In particular, it is possible
that the manual mixing of powder and plasticizer used to prepare
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Fig. 9. Effect of composition and EL addition on (a) porosity, (b) mean small pore
size and (c) mean large pore size of PCL and PCL–HA composite foams prepared at
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(Fig. 11). Indeed, these samples have 80% overall porosity values
5 ◦C.

he dough, followed by its compaction, cannot ensure an optimal
istribution of the components. Furthermore, the sCO2 processing
f the dough for a short period of time was likely unable to produce

 homogeneous distribution of scCO2 and EL inside the samples.
onversely, increasing the soaking time up to 17 h allows for the
lowing agent to mix  uniformly inside the polymeric matrix and,
onsequently, results in PCL and PCL–HA composite foams with

niform morphology. These considerations are also corroborated
y the SEM analysis of the cross section of the samples reported in
igs. 6 and 8.
l Fluids 95 (2014) 394–406 403

Optimizing the operating temperature is also of great impor-
tance in the foaming of semi-crystalline polymers at temperatures
lower than the melting range. Based on the room temperature
compaction of the powder materials, it is possible to evalu-
ate polymer melting by the SEM analysis of the cross section
of the foams. Increasing the operating temperature from 40 to
45 ◦C facilitates polymer melting when the material is contacted
with scCO2 at 20 MPa, as indicated by the disappearing fusion
lines between adjacent particles shown in Fig. 4. Furthermore,
enhanced foaming was achieved at the highest temperature inves-
tigated. These effects are in agreement with literature data, related
to the melting behavior of PCL under high pressure of CO2
[10,11,22].

Compared to the melting temperature at atmospheric pres-
sure, there is a dramatic reduction in the melting temperature
observed under pressure. The variation of TM with CO2 pres-
sure has been determined from high pressure DSC data and is
reported in Ref. [14]. For instance, the melting occurs already
at 33 ◦C at 10 MPa. The ability of PCL to melt in the range of
33–40 ◦C when being contacted with scCO2 has also been corrob-
orated by visual monitoring the sample behaviour over soaking
time [10] and by indirect observation of foam morphology [11].
The results of this work are in agreement with literature data,
even if though it was  found that a slightly higher temperature of
45 ◦C provides the most convenient melting and foaming behav-
ior of PCL and its composites with HA. Furthermore, as shown in
Figs. 2 and 8, by increasing the soaking time up to 17 h, while keep-
ing the temperature constant at 40 ◦C, PCL melting and foaming
is enhanced. This effect suggests that scCO2 soaking conditions,
mainly temperature and time, should be adjusted depending on
polymer properties and sample geometry, as well as on the required
applications.

The efficiency of combining scCO2 with EL and EA as plasticiz-
ers is demonstrated in this work. The samples prepared by using
binary mixtures as foaming agents contain a morphology that is
more homogeneous with a higher porosity and larger pores sizes
than using pure scCO2 (Figs. 6–9). This effect has previously been
shown by the use of acetone [25] and ethanol [26]. In this work, we
further improved this approach by comparing the effect of using
EL and EA as plasticizers for scCO2 foaming of PCL and PCL–HA
nano- and microcomposites, where different methods of adding
these plasticisers are evaluated. These solvents are miscible with
CO2 at high pressure [20,27] and are obtained via the esterification
of ethanol, respectively, with lactic and acetic acid, both gener-
ated from biomass. Therefore, they represent good alternatives
to the traditional organic plasticizers of fossil origin for polymer
processing.

Achieving a multi-scaled pore structure is of great importance
for applications related to tissue engineering, were scaffolds with
pores larger than 100 �m are necessaries to allow for the three
dimensional adhesion and colonization with cells, as well as for
new tissue development in vitro and in vivo [17]. The use of a dou-
ble step of depressurization during the foaming process has been
reported to be an efficient approach to achieve this goal avoiding
the use of additional compounds or processes [11]. As shown in this
work, using this experimental setup the resulting pore structure
of PCL and PCL–HA foams is strongly dependent on the selection
of the plasticizer, as well as on the other operating parameters,
namely samples preparation, foaming temperature and soaking
time. In particular, the best results are achieved when the EA is
mixed with PCL and its composites to form compacted doughs
and these samples are maintained in contact with scCO2 for 17 h
and the double scale pore structure evidences small pores in the
60–80 �m range coupled to larger pores in the 250–350 �m range
(Fig. 12).
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Fig. 10. Effect of composition and operating temperature on

The used methodologies can be represented as shown Fig. 3.
he more interesting effect was obtained when the plasticizer was
ntroduced by forming a compacted dough and maintained in con-
act with scCO2 during a large period of time. The concentration of
lasticizer into the material differs according to the used method.
lso, the generated interaction between the plasticizer and the
omposed matrix play a relevant role. In particular, when the plasti-

izer was used during the foaming tests, EA provided better results
f compared to EL, especially in terms of foam morphology and
he development of a more homogeneous bi-modal porous struc-
ure. By considering the Hildebrand solubility parameters of EA,

Fig. 11. Effect of composition and EA addition on the morpholo
orphology of foams prepared by means of the EA-2 process.

EL and PCL, which are 19 [28], 21.3 [29] and 19.7 [30], respec-
tively, it is possible to determine that EA is a better solvent for
PCL than EL. This consideration is supported by the experimen-
tal evidence that the plasticization of PCL powder when mixed
with the plasticizer for preparing the dough is enhanced in the
case of EA if compared to EL. Concomitantly, EA, being less polar
than EL (their relative dielectric permittivity at room temperature

are 6.08 and 15.7, respectively) [31,32], is thus more chemically
affine to scCO2 and can promote the formation of the binary mix-
ture. This consideration is supported by literature investigations
on phase diagrams of scCO2 and used plasticizers, which have

gy of foams prepared at 45 ◦C and 17 h of saturation time.
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Fig. 12. Effect of composition, operating temperature and EA addition on the (a and b) porosity, (c and d) mean small pore size and (e and f) mean large pore size of PCL and
P  #13.

e
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CL–HA composite foams. (a, c and e) tests #5 and #6, (b, d and f) tests #9, #11 and

videnced the enhanced solubility of scCO2 into EA rather than
L [33,34].

. Conclusions

In this work, low temperature foaming of PCL and PCL–HA com-
osites by means of scCO2 and binary mixtures of scCO2 and EL
r EA as plasticizers is reported. Obtained results demonstrated
hat, by the appropriate control of the processing parameters,
amely the route of incorporation of plasticizer, blowing agent

ixture composition, operating temperature and soaking time, it
as possible to fabricate PCL and PCL–HA composite foams with
omogeneous pore morphology and tailored pore structure fea-
ures. In particular, the addition of EL and EA to scCO2 enhanced
the plasticization ability of the blowing mixture, while this effect
was more evident at the highest temperature and soaking time
investigated. As a direct consequence, homogeneous foams with
porosities up to 87% and a double scale pore size distribution were
achieved, being potential bioactive materials for scaffolds in tissue
engineering applications.
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