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ABSTRACT: Porous biodegradable poly(e-caprolactone)
(PCL)/clay nanocomposites were prepared by incorporating
a blowing agent into the galleries of an organoclay, followed
by mixing the pretreated organoclay and PCL to give par-
tially intercalated and exfoliated nanocomposites and subse-
quently degrading the blowing agent in situ to increase the
exfoliation degree in the porous nanocomposites. The blow-
ing agent played dual roles in the foaming process: formation
of bubbles and facilitation of clay exfoliation, which were
confirmed by X-ray diffraction and transmission electron mi-
croscopy. Such porous nanocomposites possessed signifi-
cantly more uniform porous structures and smaller pore sizes
compared to their polymer counterparts, which were charac-

terized by X-ray micro computed tomography. They also
exhibited increases of the thermal degradation temperature
by 41°C, the compressive modulus by 152%, and the com-
pressive stress at 10% strain by 177%. The relative modulus-
relative density relationship of the porous nanocomposites
was found to follow the Mills—Zhu model for closed cells.
Such porous biocompatible and biodegradable nanocompo-
sites will find potential applications in, for example, carriers
of chemicals, drugs, and medical and diagnostic devices.
© 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 125: E102-E112, 2012
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INTRODUCTION

Past years have marked a turning point in polymer
foaming, some of the commodity plastics, known for
their biochemical endurance, being replaced by bio-
degradable polymers, for example, poly(e-caprolac-
tone) (PCL), poly(lactic acid) (PLA), and poly(glycolic
acid). Possessing the ability to degrade upon bioac-
tive environment exposure into small molecules, for
example, water, CO,, and biomass,! these polymers
may represent a possible solution to the growing
waste problem that the world is facing.” Lately, bio-
degradable polymers have been used for a series
of packaging and biomedical applications, for exam-
ple, drug-delivery systems, bioabsorbable surgical
sutures, tissue engineering scaffolds, and temyorary
internal fixation of a variety of tissue damages.”*

A number of conventional polymers, such as low-
density polyethylene,”® polypropylene,” polysty-
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rene,® poly(vinyl chloride),” and poly(ethylene ter-
ephthalate),'’ and biodegradable polymers such as
PCL'"""? and PLA," have been foamed using differ-
ent chemical'*™'® or physical”®*®'! blowing agents
for various applications.”!" Compared to traditional
cellular polymers, porous biodegradable polymers
often present low stiffness, brittleness, and/or high-
gas permeability.'” Recent research shows that
strength, stiffness, thermal stability, and barrier
properties of biopolymers can be greatly improved
with the addition of a small amount of nanoclay.'®”
* For example, Chen and Evans® observed that a
content of 4.2 wt % organoclay (Bentone®105) plate-
lets increased the tensile strength, Young’s modulus,
and elongation at break of PCL by 88, 23, and 216%,
respectively, the addition of clay leading to the
occurrence of polymeric materials characterized by
superior mechanical properties. By using 5 wt %
organoclay (Cloisite® 30B), Luduena et al.'® found
that the stiffness of a cast PCL film, with intercalated
and exfoliated structures, was enhanced by 47%
compared to the pristine polymer film, while the
crystallinity increased from 58 to 63%. Using the
same concept, the properties of biopolymer porous
materials may also be improved. For instance, Liu
et al.'> showed that 5 wt % organoclay (Nanolin®
DK?2) dispersed in PCL renders partially intercalated
and partially exfoliated nanostructures in which the
subsequent incorporation of a chemical blowing
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agent led to porous materials that presented 60%
increase in compressive modulus compared to the
pristine porous polymer.

Because clay is ubiquitous in nature, environmen-
tally friendly, and biocompatible,”" using it as nano-
filler for biodegradable and biocompatible porous
polymers results in the formation of green and bio-
medical nanocomposites with enhanced properties.*
This relatively new class of materials represents a
viable alternative to conventional porous polymers
used for packaging and biomedical applications.

There are three common approaches for preparing
polymer/clay nanocomposites: in situ polymeriza-
tion, solvent method, and melt processing, which are
known to lead to intercalated and/or exfoliated
structures.” The former is characterized by the pres-
ence of polymer between stacked clay layers, which
causes the occurrence of tactoid structures, while the
latter presents total delamination of the clay
platelets.

The previous research on porous polymer/clay
nanocomposites, including biopolymer-based foams,
was mainly concerned with the materials manufac-
tured by mixing the polymer, clay, and blowing
agent [physical, e.g.,, CO,, N,, or a combination of
both!' or chemical, e.g., azodicarboxamide (ADC),
sodium bicarbonate (SB), or zinc carbonate]'* simul-
taneously,'” with the blowing agent playing the sole
role of creating bubbles. This work aimed to give
the blowing agent a second role by preincorporating
a chemical blowing agent into the clay galleries and
expanding the clay galleries during bubble forma-
tion, hence offering the clay a higher degree of exfo-
liation and the resultant porous materials better
properties as opposed to existing porous nanocom-
posites with comparable material compositions.
Semicrystalline PCL was selected as the matrix
because of its ductility, biocompatibility, and wide
range of biomedical applications such as drug-deliv-
ery systems, wound dressings and sutures, and bio-
resorbable implants.*!”**?* SB and ADC, known for
their low toxicity and progressive gas yield,'® were
chosen as blowing agents. The structures were inves-
tigated by X-ray diffraction (XRD), transmission elec-
tron microscopy (TEM), and X-ray micro computed
tomography (Micro-CT), thermal properties and
crystallinities were studied by thermal gravimetric
analysis (TGA) and differential scanning calorimeter
(DSC), and mechanical properties were obtained
from compression testing.

EXPERIMENTAL

Materials

Poly(e-caprolactone), M, = 70,000-90,000, was pur-
chased from Sigma-Aldrich. A commercially avail-
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able organoclay, Cloisite 30B (C30B), that is, a
methyl, tallow, bis-2-hydroxyethyl, quaternary am-
monium modified montmorillonite, was generously
supplied by Southern Clay Products (Texas, USA).
The cation exchange capacity was 90 meq/100 g
clay, the density was 1980 kg m >, and the inorganic
content was 70%. Reagent-grade SB, NaHCO; and
ADC, and C,H4O,N4 were purchased from Sigma-
Aldrich. Because of the high-decomposition temper-
ature* of ADC, zinc oxide (ZnO; Analytical grade)
from Sigma-Aldrich was used to activate the blow-
ing agent and reduce the decomposition time.*> Tet-
rahydrofuran (THF) was used as a solvent. All mate-
rials were used as received.

Clay treatment

C30B was pretreated with two chemical blowing
agents, namely SB and ADC/zinc oxide to give the
SB- and ADC-treated clays. In both cases, 6.5 g of
C30B was first dispersed overnight, under constant
stirring, in 325 mL of THF : H,O =1 :1 (v/v) to
produce a clay suspension. For the SB-treated clay, a
2.5 wt % (w/w) solution of SB in distilled water was
added to the clay suspension. For the ADC-treated
clay, the clay suspension was mixed with a 5 wt %
(w/w) solution of ADC : ZnO =1 :1 (w/w) in dis-
tilled water. To achieve a good dispersion of ADC
and ZnO in water, the solution was ultrasonicated
for 1 h before being added to the organoclay suspen-
sion. The treated-clay suspensions were kept under
constant stirring for ~ 24 h and dried in an oven for
8 h at 80°C, followed by being grounded into fine
powders.

Preparation of porous PCL/clay nanocomposites

Porous PCL-treated clay nanocomposites were
obtained in two steps, preparation of solid nanocom-
posites and thermal degradation of the blowing
agent to create pores. In the first step, polymer/clay
nanocomposites with 5.8 wt % blowing agent-treated
organoclay were prepared following the procedure
described below. First, the blowing agent-treated
organoclay was dispersed in THF to obtain a 3 wt %
clay dispersion. Separately, PCL was dissolved in
the same solvent to create a 10 wt % solution. Then,
the clay dispersion was mixed with the PCL solution
at predetermined volumes at room temperature for 2
h on a magnetic stirring plate and ultrasonicated for
1 h. Finally, the resulting mixture was cast and dried
at room temperature in a fume cupboard to obtain
the solid nanocomposite.

In the second step, the nanocomposites were com-
pression molded in a cylindrical mold on a hot plate
at 150°C for 1 h. The mold was then covered and
inserted in an oven for 1 h at 190°C for SB-treated
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clay and at 210°C for ADC-treated clay, tempera-
tures that were predetermined, from the TGA
results, as the optimal foaming conditions for both
blowing agents. Porous PCL samples without clays
were prepared following a protocol similar to the
one described earlier. However, in these cases, 30
min at a temperature of 115°C on the hot plate were
sufficient, while the oven temperatures were low-
ered to 170 and 190°C for SB and ADC, respectively.

Characterization

XRD was carried out on a Phillips PW1720 X-ray dif-
fractometer with a Cu K,; (A = 0.15406 nm) anode
tube at the standard conditions of 40 kV and 20 mA.
Clay powders and thin discs of nanocomposites
before and after foaming were tested from 2° to 10°,
26 angle, at a step size of 0.02° and duration of 2.5 s
per step.

TEM was performed on a TECNAI G2 20 twin
electron microscope for porous polymer/clay nano-
composites and on a JEOL JEM-2010 for nonporous
polymer/clay nanocomposites. The specimens were
sectioned using a Reichert-Jug “Ultracut" or a
NOVA ultramicrotome equipped with a diamond
knife. The sections (~ 100 nm in thickness) were col-
lected in a trough filled with water and placed on a
200 mesh copper grid for porous solids and 400
mesh titanium grids for nonporous samples.

FTIR spectra were realized on a FT-NIR instru-
ment (Perkin Elmer Spectrum One NTS) equipped
with ATR Sampling Accessory. The samples were
run from 650 to 4000 cm ™' at a resolution of 2 cm ™.

TGA was performed on a Perkin Elmer Pyrus 1
TGA equipped with an ultramicro balance with a
sensitivity of 0.1 pg, under air flow, from 100 to
650°C at a heating rate of 10°C min .

DSC was carried out on a Perkin Elmer Diamond
DSC at a scan rate of 20°C min . The crystallinity
of the porous and nonporous polymer/clay nano-
composites was calculated, using eq. (1)'* and con-
sidering the melting enthalpy of the sample (AH,,)
from the second heat scan in order to eliminate the
effects of the heating history.

AH,,
2100 1
W, x AHD, " @

Xe(%) =
where |, is the weight fraction of PCL in the nano-
composite sample and AH,,’ is the melting enthalpy
for the 100% crystalline PCL, that is, 136 ] g71.26

Micro-CT was run on a Scanco Micro-CT 40 Scan-
ner (Scanco Medical AG) at the standard resolution
(acquisition: 250 projections per 180° with 1024 sam-
ples each, an energy of 55 kVp and a current of 145
pA). The micrographs were realized using a prede-
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fined threshold that was found to give the most
accurate interpretation of the image throughout the
whole scan in order to assess the structure and po-
rosity. The Image ] software was used to analyze the
pore size. For each micrograph, a substantial num-
ber of pores were measured, and the mean and
standard deviation normalized for 20 pores with a
95% confidence level are presented.

Compressive tests were carried out on an Instron
8501 universal testing machine with a load of 100
kN at a rate of 1 mm min . Testing was arbitrarily
terminated at the deformation of 60% according to
ASTM  (C365-05. Five surface-ground cylindrical
specimens with a diameter of 19 mm and a height of
~ 10 mm were tested for each type of the porous
solids. The mean and standard deviation values
reported present a confidence level of 95%. Statisti-
cal significance was assessed by a two-tailed, Type II
“t” test with a criterion that the probability of a dif-
ference in means due to chance is less than 0.05. The
bulk density of the porous solids was calculated as
the ratio of the weight to the volume of each sample.
The diameter and height of each cylindrical speci-
men were measured with a Vernier caliper in at
least three points, while the weight was measured
on an analytical balance. Five specimens were
weighed and measured for each of the porous solids
considered. The mean and standard deviation values
reported present a confidence level of 95%.

RESULTS AND DISCUSSION
Structure

Figure 1 shows the XRD patterns of the organoclay,
the blowing agent-treated organoclays, and the
PCL/treated organoclay nanocomposites, before and
after foaming. The untreated organoclay (Curve 1)
presented a peak at 20 = 4.8°, corresponding to a ba-
sal plane spacing, dgpo1, of 1.85 nm. By modifying the
clay with the blowing agents, dgp; remained the
same for ADC [Fig. 1(A), Curve 2], while, for SB, it
slightly decreased [Fig. 1(B), Curve 5] probably due
to removal of some surfactant molecules or impur-
ities from the galleries. As the molecular sizes of the
blowing agents are smaller than the one of the sur-
factant, their entrance, if available, may not increase
the gallery spacing. To further characterize the struc-
tures of the treated organoclays, FTIR was used, and
the results are shown in Figure 2. When the organic
blowing agent was used to modify the organoclay,
the position of the Si—O stretching band”” in the
organoclay (Curve 1) shifted from 1004 to 1010 cm
in the ADC-treated clay (Curve 5) due to hydrogen
bonding with the carbonyl groups present in ADC.?®

Although the XRD spectrum does not present a
shift toward a lower 20 angle, the FTIR results might
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Figure 1 XRD traces for clays and nanocomposites. 1.
Clay (C30B), 2. Clay(ADC), 3. PCL/Clay(ADC), 4. PCL/
Clay(ADC) (P), 5. Clay(SB), 6. PCL/Clay(SB), and 7. PCL/
Clay(SB) (P). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

indicate a change inside the clay gallery, suggesting
that the ADC molecules could have entered the gal-
lery, resulting in strong interactions with the clay.
This postulation was supported by the shifts that
occurred in the water bands present inside the clay
gallery (Curve 1). The band at 3429 cm ', character-
istic to stretching of the interlayer water,>”% shifted
to 3150 cm ! (Curve 5). The shift was due to hydro-
gen bonding between the water molecules and
stretching of the N—H bonds in the ADC molecules.
Similar changes were observed when SB was used
to treat the organoclay, with the two peaks desig-
nated to the interlayer water at 1639 and 3429
cm 1,230 shifting to 1684 and 3459 cm ! (Curve 3).
The changes in the absorption peaks observed via
FTIR indicated that the clay treatment has been suc-
cessful and that, in both cases, the blowing agents
have entered the clay’s gallery.

For the blowing agent-treated organoclays dis-
persed into PCL, the dyy peaks presented in the
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treated organoclays were found to shift toward
smaller 20 values and/or diminish their intensity
considerably (Fig. 1, Curve 1 vs. Curves 3 or 6), sug-
gesting the co-existence of intercalated and exfoli-
ated structures, which was subsequently confirmed
from the TEM results. Upon foaming, the intensity
of the peaks was further diminished (Fig. 1, insets),
initially indicating an increase in the exfoliation
degree.”” Figure 3 shows the TEM images of PCL/
treated clay nanocomposites before and after foam-
ing. As it can be observed from Figure 3(A), the clay
layers appeared mainly as intercalated tactoids with
occasional exfoliated single clay platelets before
foaming. The intercalated structures were found to
have between two and seven layers with an average
of four clay platelets per stack (determinate from
over 10 stacks, with a 95% confidence interval). The
few exfoliated clay platelets were either ordered
[Fig. 3(A), inset] or disordered. Partially intercalated
and partially exfoliated clay platelets in PCL/clay
nanocomposites have been previously reported by
Liu et al.'? for 5 wt % DK2 (a montmorillonite modi-
fied by methyl tallow bis-2-hydroxyethyl ammo-
nium, the surfactant being the same as for C30B)
and Ludueia et al.*® for 2.5, 5, and 7.5 wt % C30B.

Analyzing the structures that occurred in porous
PCL/blowing agent-treated clay nanocomposites
[Fig. 3(B,C)], it is confirmed that the enhancement in
the exfoliation degree is dependent on the blowing
agent used to treat the clay. The insertion of inor-
ganic blowing agent molecules inside the clay gal-
lery resulted in well-dispersed clay platelets with or-
dered and disordered full exfoliation [Fig. 3(B),
inset]. Ordered exfoliated and single delaminated
clay layers were also observed when organic blow-
ing agent molecules were used to treat the clay.
However, in this case, 40% of nanostructures were
found to be intercalated structures with an average
of two layers per stack and a basal spacing of 2.9
nm [Fig. 3(C), inset], with the remaining 60% being
fully exfoliated. Nevertheless, these results revealed
that, in both the cases, the exfoliation and dispersion
of clay platelets were improved remarkably after the
blowing agent was degraded in clay galleries.

The type of blowing agent used influenced the
amount of gas dispersed and the viscosity of the
melt.""'* The inorganic blowing agent produced,
upon degradation (Scheme 1), nonpolar carbon diox-
ide (CO,), and water molecules that were released
inside the clay gallery. Combining the high solubility
of CO, in water and the polar nature of the water
molecules,” the degradation product presented a
high affinity for the hydrophilic clay platelets and a
high diffusivity in the polymer,32 which led to the
occurrence of fully exfoliated porous polymer/clay
nanocomposites. The nonpolar nitrogen molecules
(N2) that the organic blowing agent yielded upon

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 FTIR spectra for treated organoclays and related materials: 1. C30B, 2. SB, 3. Clay(SB), 4. ADC and 5.
Clay(ADC). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

decomposition (Scheme 1) resulted in intercalated/
exfoliated nanocomposites. The process of obtaining
highly exfoliated porous polymer/clay nanocompo-
sites was summarized in Scheme 2. First, the organo-
clay was treated with an inorganic blowing agent.
This allowed the small blowing agent molecules to
enter the clay gallery mainly due to hydrogen inter-
actions between the blowing agent and the interlayer
water. Second, the treated clay was dispersed in the
polymer matrix via the solution method. This step
permitted PCL chains to penetrate inside the clay
gallery, which resulted in mostly intercalated and

minor exfoliated nanocomposite structures [Fig.
3(A)]. Finally, the PCL/blowing agent-treated clay
nanocomposites were exposed to higher tempera-
tures, which degraded the blowing agent according
to Scheme 1. The production of gas inside the clay
gallery expanded the basal spacing further, leading
to fully exfoliated porous nanocomposites in the
case of using SB as the blowing agent and highly
dispersed porous nanocomposites when ADC was
used instead of SB.

The effects of the treated organoclays on the
microstructure of the porous PCL were investigated.

Figure 3 TEM images of: A. PCL/Clay(SB) nanocomposite, B. porous PCL/Clay(SB) nanocomposite and C. porous
PCL/Clay(ADC) nanocomposite (Scale bar: 100 nm for the main figures and 25 nm for the insets)

Journal of Applied Polymer Science DOI 10.1002/app
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2 NaHCO; — NayCO;3 + CO, (g) + Hy0 (g)

C2H40oNg — Nz (g) + CO(g) +COz (g) + NH3 (g)

Scheme 1 Thermal decomposition of blowing agents.

The structure, presented in micro-CT scans in
Figure 4, appeared to be irregular in the absence of
clay [Fig. 4(A,B1)], throughout the entire sample
[Fig. 4(B2)]. The pore dimensions of the porous solids
were characterized by a wide range of values due to
the high number of gas molecules produced.'® By
adding the blowing agent-treated organoclays, rela-
tively uniform structures were formed and observed
in section [Fig. 4(D1) vs. 4(B1)] and throughout the
entire specimen [Fig. 4(D2)]. The clay-filled porous
solids presented 39 and 46% reductions in pore size,
with statistical significance, for SB and ADC (Table I,
Column 3). These changes may be attributed to the
ability of clay to act as a nucleating agent'> and
presumably to create a barrier effect,* inhibiting cell
growth® and demonstrating that clay plays an essen-
tial role in controlling the cellular structure.'?

The density of the porous PCL/clay nanocompo-
sites (pf, Table I, Column 4) increased, by up to 40%,
compared to their respective polymer counterparts.
The density of solid polymer/clay nanocomposites
(ps, Table I, Column 5) was calculated according to
the equations presented in the Supporting Informa-
tion section and considering that the clay platelets
were fully exfoliated when the inorganic blowing
agent was used to treat the organoclay as it was
observed from the TEM images [Fig. 3(B)] and inter-
calated/exfoliated in the case with the organic blow-
ing agent according to the TEM images [Fig. 3(C)].
For these calculations, values of 1980, 3100, and 1140
kg m > (Ref. 35) were used as the densities of orga-
noclay, clay platelets, and PCL. The amount of sur-
factant adsorbed on the surface of the clay platelets

i
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e
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Gas L
molecules:

g
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was not considered in the solid density calculation,
because the difference in the densities of the surfac-
tant and of the polymer was too small to have an
impact on the solid density.*® The solid density of
the polymer-blowing agent systems was taken as the
density of the solid PCL, that is, 1140 kg m~3, due to
the insignificant amount of the residual blowing
agent present in the systems (~ 1.5 wt %). The
porosities presented in Column 6 were calculated
from the densities of the porous materials and their
corresponding solid densities, that is, 1 — ps/ps.

As it can also be observed from Table I, the poros-
ity and pore size of the porous materials varied with
the blowing agent used. The porous PCL obtained
with ADC showed a pore size and porosity 212 and
178% higher than the porous PCL(SB). This is a con-
sequence of lower gas yield and poorer blowing effi-
ciency that the inorganic blowing agent, SB, has in
contrast to the organic blowing agent,'” and the high
solubility that the CO, produced by SB has com-
pared to the N, produced by ADC (Scheme 1)."" The
relative densities (ps/ps) were found to be 0.74 for
PCL/Clay(SB) (P) and 0.45 for PCL/Clay(ADC) (P).
Because they are higher than 0.1, the materials can-
not be considered as low-density foams, but struc-
tural foams (0.4 < pg/ps < 0.8) 7 or porous solids
(0.3 < pe/ ps)->

Crystallinity and thermal properties

The crystallinity and thermal properties of nonpo-
rous and porous polymers and polymer/clay nano-
composites were affected by the addition of clay and
the type of blowing agent used. Table II shows that
the crystallization temperature (Column 2) of PCL
increased by 10.1°C by the addition of SB-treated
clay. The degree of crystallinity (Column 3) in-
creased from 43.9% in PCL(SB) to 49.7% in PCL/
Clay(SB), which may be attributed to the nucleating
effect of clay on crystallization.'*> However, not the

Scheme 2 Exfoliation process in porous PCL/blowing agent-treated organoclay nanocomposites. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Micro-CT scans for porous solids: A) PCL(SB) (P), B) PCL(ADC) (P), C) PCL/Clay(SB) (P), and D) PCL/
Clay(ADC) (P) (Sections A, B1, C and D1: 5 slices; Scale bar: 1 mm).

same effects were observed when ADC was used to
treat the clay, the crystallization temperature and
crystallinity remaining almost unchanged with the
inclusion of clay. After foaming, the porous PCL(SB)
presented similar changes in the crystallization tem-
perature and the crystallinity with the presence of
clay to the cases in its counterpart before foaming.
Again not the same effects were observed for the po-
rous PCL(ADC). The use of organic blowing agent
with an activator to treat the organoclay led to a
slight decrease in the crystallization temperature and
the crystallinity. The variations in the crystallinity by
the addition of clay can be accounted for by two fac-
tors nucleation that increases crystallinity and reduc-
tion in the flexibility of polymer molecular chains
that impedes rearrangement of macromolecular
chains into ordered crystalline structures and hence
reduces crystallinity. Both factors are related to clay
dispersion and content. The higher crystallinity in
the porous PCL/Clay(SB) and lower crystallinity in

the porous PCL/Clay(ADC) compared to their re-
spective porous PCL suggest nucleation effect pre-
vails in the former whereas chain stiffening effect
dominates in the latter.

The thermal degradation behaviors for PCL/
treated clay nanocomposites before and after foam-
ing were analyzed by TGA. From the derivative
thermogravimetric curves in Figure 5, it can be
observed that before foaming [Fig. 5(A)], the presence
of clay platelets increased the degradation temperature
(i.e., the peak temperature observed) from 363°C in
PCL(SB) to 397°C in PCL/Clay(SB), and from 390°C in
PCL(ADC) to 400°C in PCL/Clay(ADC). The
enhancements in the degradation temperature with
the clay addition were due to strong bonding
between the polymer and the clay. The higher deg-
radation temperature recorded for PCL(ADC) com-
pared to PCL(SB) may be ascribed to the presence of
the ZnO molecule that prevents degradation.®” A
similar variation was observed by Liufu et al.*® for

TABLE I
Pore Sizes, Densities, and Porosities of Porous PCL and PCL/Clay Nanocomposites
Pore size Foam density Solid density Porosity®
Sample ID Material (mm) (kg m ) (kg m~°) (%)
PCL(SB) (P) PCL foamed with SB 0.57 + 0.20 851 + 30 1140° 23.6
PCL/clay (SB) (P) PCL/SB treated clay 0.35 = 0.07 882 = 130 1189 25.8
nanocomposites, foamed
PCL(ADC) (P) PCL foamed with ADC 178 = 1.12 392 + 170 1140P 65.6
PCL/clay (ADC) (P) PCL/ADC treated clay 0.96 = 0.10 549 + 11 1229 55.3

nanocomposites, foamed

@ Calculated from densities of foams and solids presented in Columns 4 and 5.

® From literature.®®
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TABLE II
DSC Results of PCL and PCL/Clay Nanocomposites
Before and After Foaming

Before foaming After foaming

Material T, (°C) Ye (%) T, (°C) Ye (%)
PCL(SB) 20.5 439 28.8 37.0
PCL/Clay(SB) 30.6 49.7 343 427
PCL(ADC) 26.8 49.0 30.3 43.7
PCL/Clay(ADC) 26.1 49.0 28.0 41.0

polyacrylate/ZnO composites, where the addition of
14.3 wt % ZnO particles increased the degradation
temperature of the polymer from 370 to 385°C. The
degradation temperatures for the porous materials
[Fig. 5(B)] appeared to present slightly lower values
compared to the nonporous materials presumably
because of the degradation of clay surfactants. How-
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Figure 5 DTG curves of PCL and PCL/clay nanocompo-
sites (A) before and (B) after foaming. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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ever, similar to the nanocomposites before foaming,
the addition of clay enhanced the degradation tem-
peratures of the porous PCL from 355 to 396°C for
porous PCL/Clay(SB) and from 380 to 387°C for po-
rous PCL/Clay(ADC), confirming improvements in
thermal properties with the incorporation of clay.

Mechanical properties

The compressive moduli and compressive stresses at
10% strain were determined via compressive testing
performed on the foaming direction for porous PCL
and PCL/clay nanocomposites, and the results are
presented in Table III. The addition of clay exhibited
a statistically significant increase in the modulus and
stress of the porous polymer by 152 and 177% for
ADC, which stems from the strong and stiff clay
reinforcing filler, the strong interactions between the
polymer and the clay and the reduced degree of
crystallinity, porosity, and pore size. For SB as the
blowing agent, the incorporation of clay increased
the compressive stress of the porous PCL by 84%
whilst maintaining a similar modulus. The effects of
treated organoclays on the mechanical properties of
porous PCL are further discussed by eliminating the
effects of porosity (density) and plotting the relative
modulus-relative density relationships for the po-
rous nanocomposites. The blowing agent used also
influenced the compressive properties: the modulus
of the porous PCL diminished from 109.8 MPa for
SB to 17.1 MPa for ADC due to different porosities
and pore sizes formed.

To eliminate the effect of density, the specific com-
pressive stress (the ratio of stress to density) and
specific modulus (the ratio of modulus to density)
were calculated, and the results are depicted in Fig-
ure 6. For ADC-treated organoclay, the specific mod-
ulus and specific compressive stress at 10% strain of
the porous polymer were found to present statisti-
cally significant enhancements of 73 and 69% with
the presence of clay. The addition of SB-treated clay
presented an increase of 72% in the specific com-
pressive strength. Thus, the improvements observed
in the mechanical properties of porous PCL/clay

nanocomposites are attributable to the good
TABLE III
Compressive Properties of Porous PCL and PCL/Clay
Nanocomposites

Compressive Compressive

modulus stress at 10%

Material (MPa) strain (MPa)
PCL(SB) (P) 109.8 + 31.8 43 +13
PCL/Clay(SB) (P) 92.0 + 32.7 79 + 44
PCL(ADC) (P) 17.1 = 49 1.3 £ 04
PCL/Clay(ADC) (P) 431 + 3.3 3.6 + 0.1
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Figure 6 Specific compressive modulus and specific
compressive stress at 10% strain of porous PCL and PCL/
clay nanocomposites. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

dispersion of the strong and stiff clay platelets inside
the polymer matrix and the smaller pore size.

An enhancement in the compressive modulus of
porous PCL/clay nanocomposites was previously
reported by Liu et al.'”> who found that by premix-
ing PCL with 5 wt % DK2 (3.5 wt % clay platelets)*’
followed by the addition of ADC the modulus of the
porous PCL increased by ~ 60%, while the specific
compressive modulus presented an increase of close
to 10%. At 5.8 wt % ADC-treated clay (i.e., 2.2 wt %
clay platelets-calculated according to the equations
presented in the Supporting Information section), we
discovered that by pretreating the organoclay (C30B
containing the same surfactant as that of DK2) with
the blowing agent, the compressive modulus
increased by 152%, while the specific compressive
modulus was enhanced by 69%, compared to the
pristine porous PCL(ADC). This showed that pre-
treating the clay with the blowing agent led to po-
rous PCL/clay nanocomposites characterized by a
higher degree of exfoliation and a greater decrement
in pore size (46 vs. 43%),'> which resulted in supe-
rior mechanical properties.

To examine the effect of foam and solid densities
and the compressive modulus of the solid materials
on the compressive modulus of porous materials,
the relative moduli of the porous PCL/clay nano-
composites (compressive modulus for porous mate-
rial or foam/compressive modulus for solid, Es/E;)
were determined. A number of closed-cell models,
based on eq. (2)* were tested.

E p>n

f f

—=C|—= 2
ES (ps ()

where E is the Young’s modulus and p is the den-
sity, for which the subscripts s and f refer to the
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fully dense solid nanocomposite and porous or foam
nanocomposite, respectively, C is a geometrical con-
stant, and the exponent n is characteristic to the type
of deformation that the struts encounter during com-
pression, for example, bending, or axial stretching.*!

The moduli for the solid nanocomposites were cal-
culated according to the Mori-Tanaka model***’
and considering a compressive modulus for solid
PCL of 324 MPa* and a modulus for clay platelets
of 230 GPa.*® The modulus for the solid polymer/
clay nanocomposite with fully exfoliated clay plate-
lets that occurred in PCL/Clay(SB) (P) was calcu-
lated to be 1360 MPa using the Mori-Tanaka
model*** (see the Supporting Information for
details of the calculation). An aspect ratio of the
reinforcing filler of 75, determined by measuring
over 25 clay platelets in the TEM images and consid-
ering a 95% confidence interval, and an effective vol-
ume fraction of the reinforcing filler,® that is, the
exfoliated clay platelets with a fraction of adsorbed
polymer molecules behaving like the solid, of 0.06,
were used for such calculation.

The modulus for the solid intercalated/exfoliated
nanocomposite that occurred in PCL/Clay(ADC) (P)
was determined by considering that the nanomate-
rial included two different nanocomposite systems,
that is, intercalated and exfoliated. The intercalated
nanosystem was assumed to occur in 25% of the
polymer matrix with the exfoliated one distributing
in the rest of the matrix, on the basis that the ratio
of the number of intercalated platelets to the total
number of clay platelets in the nanocomposite was
0.4 and that two platelets made up one intercalated
tactoid. The modulus of the solid exfoliated nano-
composite was calculated, according to the Mori-
Tanaka model**** with the application of the effec-
tive volume fraction, to be 878 MPa. The modulus of
the solid intercalated nanocomposite was deter-
mined, using the Mori-Tanaka model*** and con-
sidering the intercalated clay tactoid as the reinforc-
ing filler, as 444 MPa. Using the rule of mixtures,
the modulus of the solid intercalated/exfoliated
nanocomposite was determined as 769 MPa. Details
of these calculations are available in the Supporting
Information.

By inserting the values of relative density and solid
moduli calculated above into eq. (2), where C and n
differ with various models for closed (:@115,46’51 it was
found that the Mills~Zhu model,*” described by eq.
(3), gives the best predictions for the experimental
data and was therefore presented in Figure 7. Other
models tested*®™®' gave unreasonable predictions of
the experimental data. The Mills-Zhu model was
developed based on Clutton and Rice’s data®® for
LDPE and only underestimated the experimental
data by 16% for PCL/Clay(SB) (P) and by 43% for
PCL/Clay(ADC) (P).
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Figure 7 Theoretical and experimental data of relative
Young’s modulus versus relative density for porous PCL/
clay nanocomposites. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

E 1.155
= — 0.0807 (pf> 3)

The predicted results from the normalized Gib-
son-Ashby model®’?**® described by eq. (4) and
used to depict the relative density-relative modulus
relationship in low-density polymer/clay nanocom-
posite foams were also presented in Figure 7.

Ey 2<pf>2 Pr
L — — | +Cy(1 — - 4
Es 1(1)5 P 2( (I)s) P. ( )

where C; and C, are geometrical constants and ¢; is
the volume fraction of the solid contained in the
foam.

For the normalized Gibson-Ashby model,***
the volume fraction of the solid contained in the
foam was estimated from the foam and solid den-
sities for each porous material (Table I).* This
model presented different variations for the treated
clays, highly overestimating the experimental datum
for PCL/Clay(SB) (P) while only overestimating the
experimental modulus of PCL/Clay(ADC) (P) by
22%. These variations are due to the fact that in po-
rous solids with a porosity lower than 70%,%® the
solid is located both in the edges and in the faces of
cells and not mostly in the cell edges as it is
expected for low-density foams, with a porosity
higher than 95%.” As a result, porosity along with
cell structure constitutes a key factor in governing
the relative density-relative modulus relationships
for foams.>”*®

Overall, the reasonably good agreement between
the experimental data and the theoretical values pre-
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dicted using the Mills-Zhu model*” suggests that
this model can be used to design the mechanical
properties of the porous nanocomposites.

CONCLUSION

Highly exfoliated porous PCL/clay nanocomposites
were prepared using a novel method by inserting
the blowing agent into the galleries of an organoclay
before nanocomposite formation to render the blow-
ing agent dual roles in the foaming process, that is,
formation of bubbles and facilitation of clay exfolia-
tion. SB and ADC were used as the blowing agents,
and their entrance into clay galleries was confirmed
by FTIR. The insertion of the blowing agent into clay
galleries before foaming improved the exfoliation
degree of clay in PCL substantially, as characterized
using XRD and TEM, resulting in fully exfoliated
PCL/Clay(SB) and highly dispersed PCL/Clay
(ADC) porous solids. The addition of clay controlled
the nucleation and cell growth, decreasing the pore
size by 39-46% and leading to the occurrence of
more uniform cell structures.

Thermal analysis results showed that for SB the
crystallinity of the porous PCL increased from 37 to
42.7% due to the nucleating effect of the exfoliated
clay platelets, while the degradation temperature
increased by 41°C. Although very small amounts of
clay platelets were used, that is, 2.2 and 2.9 wt %;
the compressive modulus and stress at 10% strain of
the porous polymer were found to increase by up to
152 and 177%, respectively. Eliminating the effect of
the density, the specific compressive modulus
remained up to 73% higher than that of the porous
PCL, while the specific compressive stress at 10%
strain improved by up to 69%. The relative density-
relative modulus relationship was found to be best
described by the Mills—Zhu model for closed-cell
structures. These biocompatible porous solids are
expected to find applications in biodegradable pack-
aging and carriers of drugs, chemicals, and medical
and diagnostic devices.

Ms. Judith Greaney is thanked for the participa-
tion in sample preparation and compression tests
and Mr. Peter O'Reilly is thanked for help with set-
ting up the compression tests.
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