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ABSTRACT Benzoate (Bz), 2,4-dichlorobenzoate (BzDC), and p- and o-hydroxybenzoate (p- and 0-BzOH) anions with antimicrobial
activity have been intercalated into [Zng ¢5Alp 55(OH)2]1(NO5)g 55 - 0.6H,0, layered double hydroxide (LDH), via anion-exchange reactions.
The composition of the obtained intercalation compounds, determined by chemical, thermogravimetric, and ion chromatographic
analyses, indicates that benzoate and benzoate derivative anions replace the nitrate counteranions, almost completely. Information
on the interactions of the intercalated anions with the inorganic layer have been obtained from Fourier transform IR absorption
spectroscopy and powder X-ray diffraction of the samples. It has been found that both the nature and the position of the aromatic
ring substituents affect the value of the basal distance and the host—guest hydrogen bond network. Knowledge of the chemical
composition, basal distance, and van der Waals dimensions of the guests has finally allowed the proposal of structural models of the
intercalation compounds that have been used as fillers of poly(caprolactone), a biodegradable polymer. Films of polymeric composites
were obtained by hot-pressing the powders of polymer and filler previously milled by a high-energy ball milling procedure. X-ray
diffraction analysis and optical and scanning electron microscopy of the composites indicate that the LDH samples containing BzDC
anions are delaminated into the polymeric matrix, whereas those containing p-BzOH anions maintain for the most part the crystal
packing and give rise to microcomposites. Intermediate behavior was found for LDH modified with Bz and 0-BzOH anions because
exfoliated and partly intercalated composites were obtained. Preliminary antimicrobial tests indicate that the composites are able to
inhibit the Saccharomyces cerevisiae growth of 40 % in comparison with the growth in a pure culture medium. The composites can be
studied as the model for “active packaging” systems because of the antimicrobial properties of the anions anchored to the LDH layer.

KEYWORDS: benzoate derivatives ® layered double hydroxides ® poly(caprolactone) ® composites ® antimicrobial activity

INTRODUCTION

he preparation, characterization, and study of com-

posites made up of polymeric matrixes and exfoliated

layered crystals constitute one of the most promising
research fields in material chemistry because the composites
often possess enhanced mechanical, thermal, gas-barrier,
and flame-retardant properties, when compared to those of
the pristine polymer (1). Another important aspect of re-
search on composites, not yet developed, regards the pos-
sibility of conferring to the polymeric material additional
properties through the dispersion of nanofillers, constituted
of an inorganic part that improves the mechanical and gas-
barrier properties and of an organic moiety that brings
functional groups capable of providing new properties.
Nanofillers with such characteristics can be obtained by
intercalation of functional molecular anions into inorganic
layered hosts. For example, nanofillers obtained by exfolia-
tion of a biocompatible layered double hydroxide (LDH)
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intercalated with antiinflammatory drugs and dispersed into
poly(caprolactone) (PCL) gave rise to polymeric composites
in the form of fibers, films, or membranes with biomedical
properties due to the slow release of the drug from the
composite (2). It may be noted that, among lamellar solids,
the LDHs constitute a very attractive class of hosts capable
of producing inorganic—organic intercalation compounds
because of their anion-exchange properties and the wide
possibility of manipulation. These layered hosts, also known
as “anionic clays” or “hydrotalcite-like compounds”, have
the general formula [M", _,M™ (OH),](A,) - mH,O where M"
is a divalent cation such as Mg, Ni, Zn, Cu, or Co and M is
a trivalent cation such as Al, Cr, Fe, or Ga with A" an anion
of charge n. The x value generally ranges between 0.2 and
0.4 and determines the positive-layer charge density and the
anion-exchange capacity (3). The interlayer anions can be
exchanged by other inorganic, organic, or metalloorganic
anions and even by biomolecules (4) containing ionizable
acidic groups to obtain novel materials of interest in the
fields of photophysics and photochemistry (5), electrochem-
istry (6), catalysis (7), drug storage and release (8), pharma-
ceutical care (9), and environmental protection (10). More-
over, the obtained intercalation compounds can be used to
prepare polymeric composites having the peculiar properties
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of the filler. The new trend of the research is based on the
fact that the active molecular anions, fixed by ionic bonds
to the inorganic layer, not only can improve the compat-
ibility with the polymer matrix (11) but also can be released
with controlled Kinetics in particular environments (2, 8). In
this context, a research program has been undertaken to
prepare suitable fillers of biodegradable polymers to obtain
composites for “active packaging” systems. The present
paper reports the preparation and characterization of model
systems, formed by LDH intercalated with benzoate (Bz) and
benzoate derivatives [2,4-dichlorobenzoate (BzDC), p-hy-
droxybenzoate (p-BzOH) and o-hydroxybenzoate (0-BzOH)]
having antimicrobial properties and dispersed into PCL, a
biodegradable polymer. The benzoate and benzoate deriva-
tives are used as food preservatives and show toxicity at very
high levels (maximum acceptable daily intake 5 mg/kg of
body weight) (12). The study of the structural properties of
composites at different percentages of intercalation com-
pounds in PCL was performed, and these properties were
correlated to the size, shape, and structural formula of
the intercalated organic anions. The prepared composites
are promising active food packaging systems because of the
presence of antimicrobial agents that can control undesir-
able growth of microorganisms on the surface of foods.

EXPERIMENTAL SECTION

Materials. Poly(e-caprolactone) (CAPA 6501, average molec-
ular weight 50 kDa) was purchased from Solvay (Italy). Sodium
benzoate, sodium o-hydroxybenzoate, and 2,4-dichlorobenzoic
and p-hydroxybenzoic acids were purchased from Sigma-
Aldrich.

For the antimicrobial test, M.R.S. broth (de Man, Rogosa,
Sharpe) of Saccharomyces cerevisiae was used on the M.R.S. agar
(20 g/dm?).

Preparation of ZnAl-LDHs. LDH of the formula [Znges-
Alp 35(0H),](CO5)g 175 - 0.5H,O was prepared according to the
urea method (13). The corresponding chloride form, [Zng es-
Alg 35(OH),]1(Cl)g 55 - 0.6H,0, was obtained by titrating, at room
temperature (rt), the carbonate form, dispersed in a 0.1 mol/
dm?® NaCl solution (1 g/50 cm?), with 0.1 mol/dm® HCl by means
of a Radiometer automatic titrator operating at pH stat mode
and with a pH value of 5. In order to obtain the nitrate form,
ZnAl-LDH in chloride form was suspended in a CO,-free aque-
ous solution of 0.5 mol/dm® NaNOs (1 g/50 cm? of solution) and
gently stirred for 24 h at rt. The recovered solid was washed
three times with CO,-free deionized water and finally dried at
rt over a saturated NaCl solution (75 % of relative humidity, RH).
It has the formula [Zn0‘65A10A35(OH)2](NO;)0>35 - 0.6H,0 (ZnAl'
NOs5) and an anion-exchange capacity (IEC) equal to 2.95
mequiv/g. In the following, the intercalation compounds will be
indicated as ZnAl-anion.

Preparation of ZnAl-2,4-dichlorobenzoate (ZnAl-BzDC)
and ZnAl-p-hydroxybenzoate (ZnAl-p-BzOH) Intercalation
Compounds. The intercalation of the benzoate derivatives
(BzDC and p-BzOH) into ZnAI-LDH was obtained by equilibrat-
ing 1 g of ZnAI-NOs in 15 cm® of a 0.5 mol/dm® water/acetone
(1/1, vlv) solution in the anions, previously prepared by titrating
the corresponding acids with 1 mol/dm’ NaOH until pH = 8.
The suspensions were stirred at rt for 3 days. The obtained
intercalation compounds were washed with CO,-free deionized
water and dried at rt to 75% RH.

Preparation of ZnAl-benzoate (ZnAl-Bz) and ZnAl-o-hy-
droxybenzoate (ZnAl-o-BzOH) Intercalation Compounds. The
intercalation of benzoate and o-hydroxybenzoate anions was

www.acsami.org

achieved by equilibrating the nitrate form of LDH with a 0.5
mol/dm® aqueous solution of the anion (molar ratio organic
anions/NOs~ = 3) for 24 h at rt. The recovered solids were
washed three times with CO,-free deionized water and dried
to 75% RH.

Films Preparation of PCL/LDH Organically Modified
Composites. The incorporation of the intercalation compounds
into PCL was achieved by the high-energy ball milling (HEBM)
method (11). Powders composed of PCL and of LDHs modified
with the four organic anions (vacuum dried for 24 h) were milled
in different percentages (w/w), at rt in a Retsch (Haan, Germany)
centrifugal ball mill (model S100). The powders were milled in
a cylindrical steel jar of 50 cm® with five steel balls of 10 mm of
diameter. The rotation speed used was 580 rpm, and the milling
time was 1 h.

The pure PCL, taken as the reference, was milled under the
same experimental conditions as those of the composites. The
milled powders were molded in a Carver laboratory press
between two Teflon sheets, at 80 °C, followed by a quick
quenching in an ice—water bath. Films of 100 um thickness
were obtained and analyzed.

In the following, films obtained by milling will be coded as
PCL/ZnAl-Bzn, PCL/ZnAl-BzDCn, PCL/ZnAl-0-BzOHn, and PCL/
ZnAl-p-BzOHn, where n is the amount (worded as weight
percentage) of ZnAl-Bz, ZnAl-BzDC, ZnAl-0-BzOH, and ZnAl-p-
BzOH, respectively, present in the composites.

For comparison, a set of composites with the lowest content
of corresponding intercalation compounds, obtained by grind-
ing of the powders, was prepared and filmed, as previously
described. Such last samples will be named as PCL/ZnAl-Bz3m,
PCL/ZnAl-BzDC3m, PCL/ZnAl-0o-BzOH4m, and PCL/ZnAl-p-
BzOH4m.

Analytical Procedures. The Zn and Al contents of LDHs were
obtained with standard ethylenediaminetetraacetic acid titration
after having dissolved a weighed amount of the sample (~100
mg) in a few drops of concentrated HCl and diluting with water
to 50 cm’.

The amount of NO5~ and organic counterions in solution was
determined by ion chromatography using a Dionex 2000 ion
chromatograph equipped with an ionic conductivity detector,
after having equilibrated a given amount of sample (~100 mg)
in 20 cm® of a 1 mol/dm?® Na,COs5 solution.

The amount of CO, evolved during the thermal treatment of
ZnAl-Bz was determined by taking advantage of the reaction
between CO, and Ba(OH), with the formation of solid BaCOs.
Weighed amounts (about 700 mg) of ZnAl-Bz were placed in a
three-necked vessel and heated at a fixed temperature (150,
300, 350, and 400 °C) for 5 h in a vertical oven. A nitrogen flow
was used as the carrier of the CO, evolved and sent up two gas
bubblers, placed in series, each of them containing 150 cm?® of
an aqueous solution of 0.01 mol/dm?® Ba(OH),. After the indi-
cated period (5 h), the concentration of the Ba(OH), solutions
was determined by titration with an aqueous solution of 0.01
mol/dm?® HCI. The moles of CO, evolved were deduced as the
difference between the initial and residual moles of Ba(OH)s,.

Antimicrobial Tests. The antimicrobial tests were performed
by using as microorganisms S. cerevisiae. The microbial popula-
tion was assayed by counting colony-forming units (CFUs) using
the pour-plate technique. Culture serially diluted was planted
out on plates of M.R.S. agar and incubated at 32 °C for 2 days,
and the CFU/cm® was measured over 2 days. In two plates,
planted out with the same previous amounts of S. cerevisiae
culture and containing 500 uL of a physiological saline solution,
films of pure PCL or PCL/ZnAl-p-BzOH10 (2 x 2 cm; 100 um
thickness) were placed. The cultures were incubated at 32 °C,
and the CFU/cm’® was measured over 2 days. A plateau value
of CFU/cm® was reached after 48 h. The antimicrobial film
power was compared with that of a physiological saline solution
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Table 1. Acronyms of Molecular Ions Intercalated
into ZnAl-LDH, Basal Distance, and Composition of
the Intercalation Compounds

anion
length

anion (A d (AP composition

Bz 598 155 [Zﬂob Alo 3J(OH)2]BZ()3J . IHZO

0-BzOH 598 155 [Zng 65A10 35(OH)2]0-BzOHg »7(NO5)0.0s © 1H,O

p-BzOH 6.57 15.3 [ZngesAlo55(0H),]p-BzOHg 55(NOs5)g.02 - 0.85H,0

BzDC  6.62 16.8 [Znges5Alo35(0H)2]1BzDCo32(NO5)g 05 © 1H,O
“Interatomic distance along the main axis of the anions calculated

by the program HyperChem (14). © Basal spacing obtained from the
second reflection of the PXRD.

containing the same amount of p-BzOH sodium salt as the
sample analyzed (PCL/ZnAl-p-BzOH10).

Instrumentation. The powder X-ray diffraction (PXRD) pat-
terns were taken, in reflection, with an automatic Bruker
diffractometer, using nickel-filtered Cu Ko radiation (A =
1.54050 A) and operating at 40 kV and 40 mA, step scan 0.05°
of 20, and 3 s of counting time.

Fourier transform IR (FT-IR) absorption spectra were obtained
by a Perkin-Elmer spectrometer, model Vertex 70 (average of
32 scans, at a resolution of 4 cm™").

Thermal analysis (TGA/DTA) was carried out in an air atmo-
sphere with a Mettler TC-10 thermobalance from rt to 1000 °C
at a heating rate of 5 °C/min.

Information on the composite dispersion degree was ob-
tained both with a Nikon inverted fluorescence optical micro-
scope and with a Philips XL30 scanning electron microscope.
Transparent films of about 80 um were prepared as described
above, deposited on a glass holder, and analyzed with an optical
microscope using an oil immersion objective 60x. The scanning
electron microscopy (SEM) micrographs of the samples metal-
lized with gold were collected both on the surface and on the
surface fracture of films performed in liquid nitrogen.

RESULTS AND DISCUSSION

Preparation and Characterization of Inter-
calation Compounds. The intercalation compounds con-
taining benzoate and benzoate derivatives have been prepared
via ion-exchange reactions starting from ZnAl-NOs (see the
Experimental Section). Table 1 reports the dimension (anion
length) of the benzoate and benzoate derivatives, the basal
distance, and the composition, deduced from chemical, ion
chromatography, and TGA/DTA analyses, of the obtained
intercalation compounds. It may be noted that the experi-
mental conditions employed allow the molecular anions to
replace almost completely the LDH nitrate counteranions.

The four samples display similar thermal behavior and,
for the sake of brevity, only data relative to ZnAl-Bz are
presented in Figure 1. The two endothermic weight losses,
between 80 and 300 °C, are, very likely, related to the loss
of 1 mol of co-intercalated water and 1 mol of water derived
from dehydroxylation of the inorganic layers. The main
weight loss between 300 and 500 °C may be ascribed to
endothermic decarboxylation of benzoate and to exothermal
combustion of the residual organic part. In order to confirm
the occurrence of decarboxylation and discriminate between
the endo and exo weight losses, the CO, evolved from the
sample up to 400 °C was measured (see the Experimental
Section). The inset of Figure 1 shows the percentage of CO,
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FIGURE 1. TGA and DTA curves of the sample ZnAl-Bz. Operative

conditions: air flow; heating rate = 5 °C/min. Inset: CO, evolved
upon Bz decarboxylation versus heating temperatures.
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FIGURE 2. PXRD of the following intercalation compounds dried
over a saturated NaCl solution (75% RH): (a) ZnAl-NOs; (b) ZnAl-p-
BzOH; (c) ZnAl-0-BzOH, (d) ZnAl-Bz; (e) ZnAl-BzDC.
evolved with respect to the total calculated (0.35 mol per 1
mol of the intercalation compound) versus the sample
decomposition temperature. It was found that at 300 °C the
amount of CO, evolved was about 10 % of the total and that
it reached 100 % at 400 °C. The data obtained are in good
agreement with the TGA data also considering that the static
conditions in which the experiments were conducted can
anticipate the decarboxylation temperature with respect the
TGA conditions. Finally, the PXRD patterns of the sample
heated at 900 °C, shown in Figure S1 in the Supporting
Information, indicate the formation of ZnO and ZnAl,O4. The
TGA/DTA curves of the other intercalation compounds are
reported in Figure S2 in the Supporting Information.

PXRD patterns of the intercalation compounds, in com-
parison with those of the pristine LDH, are shown in Figure
2. The samples are well crystallized in single phases having
a basal distance increased in comparison with that of the
nitrate form. The absence in the diffraction patterns of
the intercalation compounds of the typical reflections of the
nitrate form indicates that a solid solution of the residual
nitrate phase into the benzoate phase has occurred (see
Table 1).

FT-IR absorption spectroscopy of the ZnAl-Bz sample
gave information on the interactions of intercalated ben-
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FIGURE 3. FT-IR spectra of ZnAl-Bz: (a) rt; (b) after heating at 300
°C for 5 h.

zoate anions and the brucite-type layer. Figure 3 shows the
FT-IR spectra of the sample maintained at rt and of the
sample previously heated at 300 °C. In the former case,
the spectrum (Figure 3a) shows a strong broad band in the
3000—3750 cm™! range due to the stretching of the OH
groups of the layer, involved in hydrogen bonds with hydra-
tion water molecules and carboxylate groups. The sharp and
intense bands at 1537 and 1397 cm™" are ascribable to the
asymmetric and symmetric stretching vibrations of the C—O
bonds of COO™ groups. The in-plane skeletal vibration at
1595 cm™! and the two adsorption bands at 719 and 689
cm™', due to the bending of the five adjacent hydrogen
atoms of the ring, are typical signals of the monosubstituted
aromatic ring. Moreover, the magnitude of the separation
between of the carboxylate stretches [A = v,,(COO™) —
v5(COOM)] gives information on the mode of the carboxylate
binding. In particular, the value of A = 137 cm™' found is
typical of sodium benzoate and suggests the presence of a
mondentate carboxylate coordination (15). The FT-IR spec-
trum of the ZnAl-Bz, previously heated at 300 °C for 5 h
(Figure 3b) does not have the broad band centered at 3420
cm™! because of the removal of hydration water and the
condensation of OH groups of the layer, while the typical
—COO™ stretching is still present. This observation, as
established by TGA data, confirms that until 300 °C the
endothermic processes are due to the elimination of the
hydration and condensation of water and not to decarboxy-
lation of the organic guest. A deeper analysis of the IR
spectrum of the sample heated at 300 °C points out a shift
of the COO™ group symmetric stretching toward higher
wavenumbers and the calculated A became 113 cm™',
indicating a chelating coordination of the carboxylate group.

The structural modification of ZnAl-Bz with temperature
has also been studied by registration of the PXRD patterns
in situ. Note that the first and second X-ray diffraction peaks
of the sample heated up to 200 °C (see Figure 4) persist up
to a temperature near 100 °C, even if they become broader
from 50 °C. At temperatures higher than 150 °C, the sample
becomes amorphous very likely because of the loss of co-
intercalated water and starting dehydroxylation of the inor-
ganic layer.
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FIGURE 4. In situ high-temperature PXRD patterns of ZnAl-Bz at the

indicated temperature: (*) X-ray reflection of the aluminum sample
holder.

Knowledge of the basal distance, and hence of the
interlayer volume available to the guest species, of their
number and anion dimension (see Table 1) allows a qualita-
tive, but reliable, description of the arrangement of the guest
species in the interlayer region. A structural model of the
intercalation compounds is proposed, taking into account
that the ion exchange is a topotactic reaction that occurs
without appreciable modification of the structure of the
layers that move apart from each other to make room for
the guest species. The benzoate and benzoate derivative
anion geometry has been optimized by applying a Hyper-
chem MM™ force field (14). A number of molecular anions
equal to the positive fixed charges per unit area have been
then positioned between the ZnAl-LLDH layers. The
Ph—COO™ bond of guests is almost perpendicular to the
layer, and water molecules are located in planes adjacent
to host layers together with COO™ groups. The model
foresees the charge-balancing —COO™ groups lying alter-
nately above and below the layer with the formation in the
interlayer region of a monolayer of partially interdigitated
species. The arrangement of benzoate anions in the inter-
layer region has been studied by several authors. Lagaly and
co-workers in a wide study on the anion-exchange properties
of MgAl-, ZnAl-, and ZnCr-LDH deduced an orientation of the
benzene rings almost perpendicular to the layer plane (16).
The same orientation of the guests was found by Jones and
co-workers in the MgAl-benzoate, with a Mg/Al molar ratio
of 2, obtained by a direct synthesis procedure (17). Finally,
Capkova et al. (18) confirmed the proposed arrangement of
guest molecules by molecular modeling.

Note that the nature and position of aromatic ring sub-
stituents affect the basal distance, as discussed by Forano
et al. on similar systems (19). LDHs containing ortho-
substituted benzoate derivatives (ZnAl-o-BzOH) have a basal
distance equal to that of ZnAl-Bz because the long axis of
the guest anions is unvaried (5.98 A). On the other hand,
when the guest is a para-substituted benzoate derivative,
such as that in ZnAl-BzDC, the basal distance increased up
to 16.8 A according to the increased dimensions of the BzDC
long axis (6.62 A). However, the nature of the para substitu-
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FIGURE 5. Computer-generated models showing the most probable arrangement of (left) Bz and (right) p-BzOH anions between the LDH

layers.

ent should be considered as well. Indeed, the basal distance
of ZnAl-p-BzOH is smaller (15.3 A) than that of ZnA-Bz even
if the p-BzOH anion is 0.59 A longer than Bz anion. Very
likely the network of hydrogen bonds between the OH group
of the guest and the OH group of the sheet through the
hydration water brings the layer nearer. The distance be-
tween the oxygen atoms of the guest and the host involved
in the hydrogen bond, through the co-intercalated water,
evaluated on the basis of the proposed model is 4.4 A. This
value is very close to the calculated one on the basis of the
sequence of hydrogen bonds (20). The structural models of
intercalated Bz and p-BzOH are reported in Figure 5, while
those of BzDC and 0-BzOH are given in Figure S3 in the
Supporting Information.

Preparation and Characterization of PCL/
Intercalation Compound Composite Films. Differ-
ent amounts of prepared intercalation compounds (ZnAl-Bz,
ZnAl-BzDC, ZnAl-0-BzOH, and ZnAl-p-BzOH) have been
incorporated into PCL by the HEBM technique (or by me-
chanical mixing). Films, about 100 um in thickness, have
been obtained by molding the powders in a laboratory press
between two Teflon sheets (see the Experimental Section).
The films, observed under an optical microscope, appear to
be homogeneous, white, and opaque, without visible clusters
of inorganic material. In comparison, films obtained from
mechanically mixed powders appear to be inhomogeneous
with visible clusters. The composite films have been char-
acterized by means of X-ray diffraction, thermal analysis,
FT-IR, optical microscopy, and SEM.

The X-ray diffraction patterns give information about the
dispersion degree of the intercalation compounds into a PCL
polymeric matrix. Figure 6 shows, in the 20 = 2—40° interval,
the X-ray diffraction patterns of all intercalation compounds
and composites obtained by the HEBM technique.

The PXRD patterns of composites containing ZnAl-p-
BzOH in different weight percentages (Figure 6D) show,
besides the typical reflections of crystalline PCL at 20 =
21.3° and 23.9° (labeled in the figure with an asterisk), the
reflections of the unchanged intercalation compound. The
presence of sharp and intense peaks relative to the pristine
LDH indicates that the inorganic layer neither exfoliated nor
intercalated the polymer, giving rise to microcomposites. A
different behavior has been found for the other composites.
The PXRD patterns of composites containing ZnAl-Bz and
ZnAl-0-BzOH in different weight percentages (Figure 6A,C)
show at 260 = 4.55° and 4.7°, respectively, a broad peak

672 IENAPPLIED MATERIALS

VOL. | ¢ NO. 3 s 668-677 » 2009
XINTERFACES

ascribable to the inorganic—organic filler. A comparison with
the PXRD pattern of the intercalation compound highlights
a shift of the basal reflection toward lower values of 20,
indicating that LDH is capable of partially intercalating PCL
chains. In particular, composites containing ZnAl-Bz show
an increase of the basal distance from 15.5 to 19.4 A, while
for ZnAl-0-BzOH, the observed increase is from 15.5to 18.8
A. Moreover, the low intensity and the broad shape of the
peak is an indication of a partial exfoliation of the filler in
the polymeric matrix, and the intensity of the basal reflection
increases with an increase of the inorganic content in the
polymer; it can also be attributed to the crystal size reduction
by the HEBM process. PXRD patterns of composites con-
taining ZnAl-BzDC (Figure 6B) have a trend similar to that
discussed above even if the intensity of the basal peak of
the intercalation compound is very low, especially for the
composite loaded with 3% of inorganic filler.

To evaluate the meaning of the basal X-ray reflection
intensity, a mechanical mixture of PCL powder with 3% of
the intercalation compound ZnAl-BzDC (PCL/ZnAl-BzDC3m)
has been prepared, and a comparison between the X-ray
diffraction patterns of the milled sample and of the corre-
sponding grinded mixture is presented in Figure 7. In the
latter case, the simple grinding of the sample did not induce
interactions of PCL with the intercalation compound and the
basal X-ray reflection of the inorganic filler remained very
intense and sharp, with the PXRD pattern being just a
superposition of the two components’ spectra.

The occurrence of the exfoliation of the inorganic filler into
PCL can be deduced by evaluating the trend of the ratio
between the intensity of the basal peak of the intercalation
compound and the peak of PCL at 20 = 21.3° (R = Iyasal pear/
Ipcl = 215°) as a function of the inorganic content. Figure 8
reports the value of R versus the weight percentage of the
LDHsmodified withp-BzOH, 0-BzOH, and Bz into composites.

It may be observed that R values can be fitted with a
linear function having different slopes. In particular, for the
composite PCL/ZnAl-p-BzOH, the R value doubles when the
intercalation compound content doubles. Moreover, the R
value of the same composite obtained by a mechanical
mixture (PCL/ZnAl-p-BzOH4m) is close to that of PCL/ZnAl-
p-BzOH4. These observations indicate that the exfoliation
does not occur. In the other composites, the variation of R
with the filler content is much lower, supporting the hypoth-
esis that the fillers are not completely intercalated but a part
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FIGURE 6. PXRD patterns of (A) ZnAl-Bz and composites; (B) ZnAl-BzDC and composites; (C) ZnAl-o-BzOH and composites; (D) ZnAl-p-BzOH

and composites: (*) X-ray reflection of crystalline PCL.
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FIGURE 7. PXRD patterns of (a) PCL/ZnAl-BzDC3m and (b) PCL/ZnAl-
BzDC3.

of the inorganic component is exfoliated, not contributing
to the peak intensity.

The morphology and dispersion degree of the composite
films have been investigated by optical microscopy and SEM.
Parts A and B of Figure 9 show the micrographs obtained
by optical microscopy of the PCL/ZnAl-BzDC6 and PCL/ZnAl-
p-BzOH4 composites selected as representative samples of
potential opposite situations: exfoliated and microcompos-
ite. By optical microscopy, it is possible to evaluate the
transparency of the films and then to get information about
the dispersion degree. As expected, the PCL/ZnAl-BzDC6
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FIGURE 8. Ratio between the intensities of the basal peak of the
intercalation compounds (from Figures 6 and 7) and the peak at 20
= 21.3° of PCL (R) as a function of the intercalation compound
content [PCL/ZnAl-p-BzOH composites (®); PCL/ZnAl-p-BzOH4m (¥);
PCL/ZnAl-0-BzOH composites (A); PCL-ZnAl-Bz composites (H)].

film (Figure 9A) is quite homogeneous, with the dark region
probably due to the presence of packets of a few layers.
Differently, the PCL/ZnAl-p-BzOH4 film (Figure 9B) presents
an inhomogeneous texture with a gray background in which
black and white regions are present, with the former ascrib-
able to microcrystal aggregates and the latter to microvoids.
The film surfaces of PCL/ZnAl-BzDC6 and PCL/ZnAl-p-BzOH4
were analyzed also by SEM and showed different features:
a smooth surface in which rare inorganic particles are visible
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FIGURE 9. Optical micrographs of (A) PCL/ZnAl-BzDC6 and (B) PCL/ZnAl-p-BzOH4 films. SEM micrographs of (C) PCL/ZnAl-BzDC6 and (D)
PCL/ZnAl-p-BzOH4 surface films and (E) PCL/ZnAl-BzDC6 and (F) PCL/ZnAl-p-BzOH4 surface fracture.

(Figure 9C) and a rough surface with evident inorganic
particles (Figure 9D) and microvoids (observable in lower
magnification, not shown). SEM micrographs of the PCL/
ZnAl-BzDC6 and PCL/ZnAl-p-BzOH4 film surface fracture are
reported in parts E and F of Figure 9, respectively. A
composite film containing ZnAl-BzDC presents a very com-
pact and uniform structure, indicating a good dispersion of
the filler, while that containing ZnAl-p-BzOH is characterized
by a steplike structure, a rough surface fracture with many
crack initiations, indicated in Figure 9F with the arrows.

On the basis of the X-ray diffraction and of the micros-
copy data, it is possible to conclude that the interactions of
guest—host and guest—guest that occur inside the interlayer
region of the filler could affect the dispersion degree and the
exfoliation of the intercalation compounds into the polymer.
In the studied materials, the polymeric chains have to
overcome the m—a interactions among the aromatic rings
of the intercalated anions to diffuse into the interlayer
region. When the anion is p-BzOH, besides the w—a interac-
tions, a network of hydrogen bonds between OH groups of
guest and OH groups of the opposite sheet, to form a
pillared-like structure, hinders the intercalation of the
polymer.

The content of the inorganic component (expressed as g
of ZnO and ZnAl,O4 per 100 ¢ of composite) and the
degradation temperature have been determined by record-
ing the thermal decomposition of the composites up to 800
°C in air. For the sake of brevity, only TGA curves of the
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FIGURE 10. TGA curves of (a) PCL, (b) PCL/ZnAl-Bz3, (c) PCL/ZnAl-
Bz6, (d) PCL/ZnAl-Bz11, and (e) ZnAl-Bz. Heating rate = 5 °C/min,
in air flow. DTA curves of the composite PCL/ZnAl-Bz3 (f) and the
pure PCL (g).
intercalation compound ZnAl-Bz and relative composites are
shown in Figure 10, besides that of the pure PCL.

The TGA curve of PCL (Figure 10, curve a) displays one
main degradation step with a midpoint value, Ty, of 383 °C,
followed by a small tail at about 450 °C. The incorporation
of the intercalation compound ZnAl-Bz within PCL antici-
pates the midpoint of thermal degradation, whose value
slightly decreases with an increase in the ZnAl-Bz content.
Similar results have been obtained for the other composites
(see Figure S4 in the Supporting Information). Furthermore,
it can be observed that the higher the interaction with the
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FIGURE 11. TGA measurements of (a) PCL/ZnAl-BzDC3, (b) PCL/ZnAl-
BzDC3m, and (c) PCL. Heating rate = 5°C/min, in air flow.

polymer, the more evident is the effect. This comes out of
the analysis of Figure 11, where a comparison of the
degradation curves for pure PCL, exfoliated PCL/ZnAl-
BzDC3, and mechanical mixture PCL/ZnAl-BzDC3m is re-
ported. The last sample shows a slightly lower degradation
temperature, with respect to the pure polymer, whereas the
effect in the exfoliated sample is much higher. It is not easy
to justify such a behavior. The Tq midpoint of the composites
is in the range where the intercalation compounds lose the
constitution water (see Figure 1) with the formation of the
oxides before decomposition of the organic guests. Hence,
the anticipation of the Ty midpoint, relative to the pure PCL,
could be ascribed to the action of the constitution water on
the ester bonds giving rise to a base-catalyzed decomposi-
tion of the polymer. Similar results have been obtained in
PCL composites containing fumed silica in which the hy-
droxyl groups present on the particle surface hydrolytically
cleave the PCL’s ester groups (21). Blends PCL/Nafion showed
a reduction in the thermal stability in comparison with the
pure PCL because PCL was hydrolyzed under heating in the
presence of Nafion (22).

To have direct evidence of the thermal behavior of the
composites in Figure 12, the degradation temperature of the
pure PCL is compared with the dehydroxylation temperature
of the intercalation compound and the degradation temper-
ature of the composites with 3 % of the dispersed intercala-
tion compounds. In the exfoliated sample (PCL/ZnAl-BzDC3),
the decrease of the degradation temperature is the most
evident, being about 110 °C, whereas in PCL/ZnAl-p-BzOH3,
itis only 58 °C.

All of the composites display similar behavior under FT-
IR investigation, and for the sake of brevity, only data
relative to ZnAl-Bz and respective composites will be dis-
cussed. Figure 13A shows the 1500—1650 cm™' region of
FT-IR spectra of pure PCL, intercalation compound ZnAl-Bz,
and composites with different loadings. Note that the asym-
metric stretching of the COO™ group (1540 cm™') and the
C=C stretching of the aromatic ring (1595 cm™') are present.
It may also be observed that in this region there are no
characteristic bands of pure PCL, and then it was attempted
to correlate the absorbance at 1540 cm™" of the polymeric
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composites with the filler loading. For this reason, it has been
possible to determine in the composites both the presence
and the amount of the intercalation compound with the
carboxylate anion fixed on the inorganic layer.

The absorbance of the band at 1540 cm™" of the com-
posites having the same thickness and corrected for the pure
PCL FT-IR spectrum is plotted in Figure 13B as a function of
the ZnAl-Bz content. A good linear dependence is evident,
confirming the possibility of quantifying the intercalation
compound content with a simple FT-IR analysis.

Antimicrobial Properties of the Films. Even
though the antimicrobial properties of benzoate and ben-
zoate derivatives have been known for a long time (23), it
seemed of interest to carry out preliminary tests to prove
that this property is still present in the polymeric composites.

The antimicrobial power of the PCL/ZnAl-p-BzOH10 film
was then investigated by using the indirect viable cell counts,
or plate counts, method, in which each colony that can be
counted, called a CFU, is related to the number of viable
bacteria in the sample. In this test, the yeast S. cerevisiae,
planted on M.R.S. agar, was used as model bacteria. S.
cerevisiae was selected because it is one of the most used
yeasts in industrial/commercial food and beverage produc-
tion and is even consumed as a nutritional supplement.
Despite the large use in the above areas, various cases of
fungemia caused by this yeast species in immune-deficient
patients have been reported in recent years, suggesting that
this species could be an opportunistic pathogen in such
patients (24). S. cerevisiae shows functional and structural
properties with Candida albicans (ALA1) that can cause
systemic and mucosal infections (25). Moreover, S. cerevisiae
has been described as being responsible for allergic bron-
chopulmonary fungal disease (26).

A PCL/ZnAl-p-BzOH10 film of dimensions 2 x 2 cm and
thickness 100 um was deposited in a plate containing the
S. cerevisiae culture together with 500 uL of a physiological
saline solution. To evaluate the effect of the polymer on the
microbial growth, the previous procedure has been repeated
using a pure PCL film. Moreover, in order to detect the
antimicrobial activity of the pure p-BzOH anion, a physi-
ological saline solution containing an amount of p-BzOH
sodium salt equal to that of the sample analyzed (PCL/ZnAl-
p-BzOH10) was added to a S. cerevisiae culture. Table 2
shows the bacterial growth of the yeast in the presence of
pure PCL, a PCL/ZnAl-p-BzOH10 film, and the p-BzOH
sodium salt solution compared with that of a pure culture
medium. Similar results were obtained when S. cerevisiae
was tested in stationary and logarithmic growth phases. Note
that the polymer has no antimicrobial activity, with the S.
cerevisiae concentration being very close to that of the yeasts
in a pure culture medium (250 CFU/cm?). On the other hand,
the presence of p-BzOH in the composite film inhibits the
microbial growth by 40 %, lowering the CFU/cm® to 150. This
value is comparable with that obtained with the pure p-BzOH
sodium salt (140 CFU/cm?®). These preliminary tests show
that the antimicrobial power of p-BzOH is preserved in the
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Table 2. Comparison between the Microbial
Concentration (CFU/cm?) of S. cerevisiae in the
Culture Medium and in the Presence of the
Indicated Samples®

sample CFU(S. cerevisiae)lcm’
pure culture medium 250 £ 8
PCL film 248 £ 10
p-BzOH sodium salt saline solution 140 £ 6
PCL/ZnAl-p-BzOH10 film 150 £ 8

“ Growth conditions: 32 °C and 48 h.

polymeric composite, which may be considered a model for
the development of active packaging systems.

CONCLUSIONS
LDHs can be easily loaded with molecular anions having

biological activity and the obtained intercalation compounds
can be used as fillers of biodegradable polymers. When the
filler exfoliates into the polymer, the guest anions not only
improve the compatibility of the inorganic layer with the
polymeric matrix, and hence the mechanical and barrier
properties of the composite, but also confer to it their typical
biological activity.
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In the present case, ZnAl-LDH has been loaded with
benzoate and benzoate derivatives with antimicrobial activ-
ity and the characterized intercalation compounds obtained
have been dispersed into PCL. According to the nature of
the guest, microcomposites and intercalated and/or exfoli-
ated polymeric composites have been obtained and studied
with different instrumental techniques. Both X-ray and IR
analysis of films of composites gave a clear indication of the
nature of the dispersion of the fillers and hence of their
interactions with the polymer.

A preliminary antimicrobial test on yeasts for the PCL
sample with 10% (w/w) of ZnAl-p-BzOH indicated deactiva-
tion of the microbial growth of 40%. Such a result gives
evidence of the feasibility of the composites as “active
packaging” materials.
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