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Abstract This work investigates the degradation and properties of a thermoplastically prepared composite comprising a polylactide/
hybrid zinc stearate-silver system. The influence of the zinc stearate-silver system on the properties of the composite is investigated by
electron microscopy, differential scanning calorimetry and tensile tests. Furthermore, the antimicrobial activities of the systems are
examined. The degradation behaviour of the composites is studied in both abiotic and biotic (composting) environments at an elevated
temperature of 58 °C. The results reveal good dispersion of the additive in the PLA matrix, a stabilizing effect exerted by the same on the
polylactide matrix during processing, and slight reduction in glass transition temperature. The zinc stearate-silver component also reduces
brittleness and extends elongation of the composite. Abiotic hydrolysis is not significantly affected, which is in contrast with pure PLA,
although mineralization during the early stage of biodegradation increases noticeably. The composite exhibits antimicrobial activity, even
at the lowest dosage of the zinc stearate/silver component (1 wt%). Moreover, Ag and Zn contents were found to be present in the
composite during abiotic hydrolysis, which was demonstrated by minimal diffusion of Ag ions from the matrix and very extensive

washing of compounds that contained Zn.
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INTRODUCTION

Polylactide (PLA) has been widely investigated as it
constitutes a polymer with potential for application in food
packaging, medicinal and especially hygienic materials.
However, such applications require good mechanical
properties and other specific qualities, such as antimicrobial
activity. Therefore, modifications to engender lower
brittleness and higher elongation are necessary.

The improvement of mechanical properties accompanied
by preservation of full biodegradability can be achieved
through several ways. The most effective ways are: (i) chain
orientation(!], (ii) blending it with other biodegradable
polymersl2], or (iii) by introducing plasticizer systems into
itl}l. Examples of suitable polymers with the capacity to
blend with PLA in order to improve flexibility are
thermoplastic starchl*], poly(ethylene oxide)l> 61, poly-
(ethylene glycol)l®], poly(e-caprolactone)l’] and cellulose
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acetatel®]. Common plasticizers able to effectively increase
elongation include glycerol, triacetin, low-molecular-weight
citrates and partial fatty acid estersl3].

Antimicrobial modifications to polymers are made to
prevent or inhibit the growth of microorganisms on the
surface. Presently, a popular method for modifying polymers
is the addition of an antimicrobial agent/additive directly into
the polymer matrix. To date, silver and zinc based additives
have received particular attention, due to the low toxicity of
the active Ag ion to human cells, as well as for being a long-
lasting biocide with high thermal stability and low
volatilityl®: 191, So as to achieve good dispersion of silver
particles in the polymer matrix and consequently increase
antimicrobial activity, Ag particles are often immobilized
into a suitable substrate. This also facilitates the handling
and mixing process(!!- 12],

For example, the immobilization of Ag-NPs by
microwave synthesis onto various organic substrates was
studied by Bazant et all'll. The authors successfully
immobilized nanosilver, nanostructured ZnO and hybrid
nanostructured Ag/ZnO onto a wood flour surface by
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microwave synthesis. Subsequently, the modified wood flour
was compounded into a PVC matrix (5 wt% loading) and
antimicrobial activity was tested; the most efficient system
was a hybrid nanostructured Ag/ZnO system. Igbal et al.
described surface modification by microwave synthesis of
Ag-Nps on the surfaces of inorganic substances[!%l, Such Ag-
NPs were successfully bonded onto hydroxyapatite, initiating
antimicrobial activity in the given system. Pantani et al.['4]
prepared PLA/ZnO based nanocomposites that exhibited
good antimicrobial activity. However, they reported that the
parameters of certain mechanical properties, such as
elongation at yield and break, required improvement by
adding a plasticizer into the nanocomposite film.

With this in mind, the objective of the work herein was to
prepare PLA-based composites with an additive that fulfilled
both functions: fragility suppression and demonstration of
antimicrobial activity. To this end, Ag nanoparticles were
immobilized by microwave synthesis on the surface of zinc
stearate (ZnSt), and the resulting hybrid system (ZnSt-Ag)
was incorporated into the PLA polymer matrix at various
concentrations. Investigation was made into changes in
thermal and mechanical properties, as well as the
morphology of the composites pertaining to their dependence
on the given concentration of ZnSt-Ag. Moreover, the
influence of the ZnSt-Ag system on the degradation
behaviour of the PLA was observed during abiotic and biotic
(composting) hydrolysis, which represents an important
means of depolymerizing PLA.

EXPERIMENTAL

Materials

The polylactide was obtained from NatureWorks (Ingeo™
4060D). Its weight-average molar weight (My) was 1.58 x
10° g'mol™! and molar mass dispersity index equalled 3.5, as
determined by GPC according to the method described
below. Zinc stearate (ZnSt) was supplied by Sigma Aldrich
(USA). Silver nitrate (AgNOs3), hexamethylenetetramine
(HMTA), dimethylformamide (DMF) and ethanol were
purchased from Penta (Czech Republic).

Sample Preparation
Preparation of hybrid ZnSt-Ag particles
These were prepared under reflux in the MWGIK-10
microwave open vessel system (RADAN, Czech Republic;
1.5 kW, 2.45 GHz), operating in continuous mode (zero idle
time) with an external cooler. Firstly, 200 mL of AgNOs3
(0.85 g) solution in water and 450 mL of ZnSt (11.02 g)
dispersion in ethanol were transferred into a 1000 mL
reaction bottle.

The reaction mixture was heated in a microwave oven for
2 min. Afterwards, 100 mL of HMTA (7.00 g) solution in
water was added; then heating continued for 10 min under
continuous stirring (250 r-min~!). The reaction product was
collected, filtered and left to dry in a laboratory oven (50 °C)
until constant weight was achieved. The ZnSt-Ag system
thus prepared contained 4.09 wt% Ag, as determined on an
energy dispersive X-ray fluorescence spectrometer under the
conditions described below.

Preparation of PLA/ZnSt-Ag mixture

Prior to being compounded, the PLA pellets were dried at
45 °C under reduced pressure (1 kPa) for 24 h. Said hybrid
particles were incorporated into the PLA matrix by a co-
rotating twin screw micro-compounder, of type MiniLab II
HAAKE Rheomex CTWS (Thermo Scientific, Germany,
5 mL chamber volume). The temperature during the mixing
process was set to 180 °C; the screw speed was 100 r-min~!
and the duration of such mixing lasted 5 min. The
concentrations of the ZnSt-Ag equalled 1 wt%, 3 wt%, 5 wt%
and 10 wt% according to the weight of the PLA.

The authors prepared PLA films that were 500 pum thick
by compression moulding. This involved heating the
material to 180 °C for 1 min, then moulding it for 2 min,
followed by immediately cooling the same in a second cold
press maintained at 20 °C.

Characterization Methods

Gel permeation chromatography (GPC)

GPC analysis was conducted on an HT-GPC 220
chromatographic system (Agilent), equipped with a
dual detection system (refractive index and viscometric
response detectors). The samples were dissolved in THF
(~3 mg-mL™") overnight. Separation and detection took place
on PL gel-mixed bed columns (1x Mixed-A, 300 x 7.8 mm,
15 pum particles + 1x Mixed-B, 300 x 7.8 mm, 10 um
particles + 1x Mixed-D, 300 x 7.8 mm, 5 pum particles) at
40 °C in THF; the flow rate equalled 1.0 mL-min~! and
injection volume was 100 pL. The GPC system was
calibrated through universal calibration with narrow
polystyrene standards ranging from 580 g-mol™! to 6.00 x
10% g'mol™! (Polymer Laboratories Ltd., UK). The weight-
average molecular weight Mw, number-average molecular
weight My and molar-mass dispersity (D = Mw/Mn) of the
tested samples were determined from peaks corresponding to
the polymer fraction. All data processing was carried out
using Cirrus software.

Mechanical properties

The tensile tests of the composites were carried out
according to the CSN EN ISO 527-1-4 standard on a tensile
testing machine, the Testometric M350-5CT (United
Kingdom), at a crosshead speed of 5 mm-min~!. The
dimensions of dog-bone form specimens cut from the
compression moulded plates measured 60 mm X 4.0 mm X
0.5 mm. Prior to testing, all the samples were readied under
conditions of 22 °C and 64% relative humidity for 24 h. At
least seven specimens from each group were tested.
Scanning electron microscopy (SEM)

The structure of the prepared samples was observed by
scanning electron microscopy (VEGA IILMU, TESCAN).
The sample of neat additive was analysed as prepared,
without an Au-Pd layer. The microscope was operated in
vacuum mode at an acceleration voltage of 10 kV.

Energy dispersive X-ray fluorescence spectroscopy (EDXRF)
analysis of composites during hydrolysis

In order to determine the Ag and Zn contents in the prepared
ZnSt-Ag system, the authors carried out EDXRF analysis.
Such measurement was performed on a spectrometer (ARL
Quant'X EDXRF Analyzer, Thermo Scientific, Germany).
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Pieces of the solid samples (approx. 30 mg) were
dissolved in 4 mL of DMF and analysed by EDXRF under
the following conditions: all measurements were carried out
in an air atmosphere and any X-rays emitted were detected
by an electrically cooled Si(Li) detector. The energy
resolution was 50 kV for Ag and 20 kV for Zn in the
duration of 60 s. The concentrations of Ag and Zn were
derived from calibration curves obtained under the same
conditions, ranging between 0-250 mg-L!; certified
reference standards were applied for such calibration.
Antimicrobial activity
Antimicrobial testing was performed on the films according
to the ISO 22196:2007 international standard. Such activity
was tested against the bacteria strains Escherichia coli
(Gram-negative) and Staphylococcus aureus (Gram-
positive). Colony forming units (CFU) were determined, and
antimicrobial activity (R) was defined as differences between
logarithmic values for growth in treated and untreated
samples according to Eq. (1)

R=U-A @)
where U is the average of the common logarithm for the
number of viable bacteria, in cells per cm?, recovered from
untreated test specimens after 24 h; A4 stands for the average
of the common logarithm for the number of viable bacteria,
in cells per cm?, recovered from treated test specimens after
24 h; and R is antibacterial activity.

Reduction in the colony forming units (CR) is expressed
by reduction in the number of the colonies formed per cm? in
per cent, according to Eq. (2)

CR:(l—&)xloo @)
N

where Ns is the number of viable colonies per cm? recovered

from the material without the additive (blank) after 24 h, and
Ns is the number of viable colonies per cm? recovered from
samples containing antimicrobial agents after 24 h.

Abiotic degradation

The samples (approx. 50 mg) were cut into 0.3 cm x 0.5 cm
specimens, which were subsequently placed in a 25 mL glass
bottle, fully immersed in a hydrolysis medium (sodium
phosphate buffer 0.1 mol-L™!, pH = 7, with the antimicrobial
growth inhibitor NaN3, 0.2 wt%) and shaken. At each
follow-up time, a specimen was removed and analysed by
GPC. Hydrolysis was performed at the temperature of 58 °C.
Biodegradation in compost

The method applied was consistent with those described in
certain references!'> ', 50 mg of dry material, 5 g of perlite
and 2.5 g of dry-weight compost were weighed into each
500 mL biometric flask. The flasks were sealed with stoppers
equipped with septa and incubated at 58 °C. Head-space gas
was sampled at appropriate intervals through the septum with
a gas-tight syringe, and then injected manually into a GC
instrument (GC-2010 Plus, Shimadzu), equipped with
Porapak Q (1.829 m length, 80/100 MESH) and 5A-
molecular-sieve (1.829 m length, 60/80 MESH) packed
columns connected in series, as well as a thermal
conductivity detector (carrier gas helium, flow 53 mL-min™!,
column temperature 60 °C). The concentrations of CO2 and

O2 were derived from the calibration curve obtained using a
calibration gas mixture of declared composition (Linde).
Endogenous production of CO> by soil or compost in blank
incubations was always subtracted to obtain values
representing net sample mineralization. The blank sample
comprised 2.5 g of compost matter without any polymer
sample; hence its production of COz pertained entirely to the
compost. From the concentration found, the percentage of
mineralization with respect to the initial carbon content of
the sample was calculated according to Eq. (3):

mgc
M%) = 3)
Mg - W

where M is the percentage of mineralization, mgc is the mass
of carbon evolved as COz and obtained from GC analysis, ms
is the weight of the polymer sample, and w is the percentage
(W/W) of carbon in the polymer investigated. Values of we
for the given materials were determined on a total organic
carbon (TOC) analyser (TOC-L, Shimadzu), equipped with a
solid sample module (SSM-5000A, Shimadzu). In parallel,
oxygen concentration was also monitored to provide a
control mechanism so as to ensure that samples did not suffer
from hypoxia. Three parallel flasks were run for each
sample, along with four blanks.
Differential scanning calorimetry (DSC)
Thermal properties were investigated by DSC using a DSC1
STAR System (Mettler Toledo, Switzerland). Samples with a
weight of ca. 8—11 mg were placed in aluminium pans. A
nitrogen flow of 50 mL-min~!' was set, and the following
heating program was applied: an initial heating cycle from
0 °C to 200 °C (10 °C-min'), maintaining the same for
2 min and cooling to 0 °C (10 °C-min™'). Afterwards, the
temperature of 0 °C was held for 2 min and a second heating
scan performed to 200 °C. Melting point temperature (7m)
and the related value of enthalpy were obtained from the first
heating cycle. The region of glass-transition temperature (7g)
was determined from the second heating scan. Crystallization
temperature (7¢c) was detected from cooling scan.

RESULTS AND DISCUSSION

Additive and Composite Morphology

The morphology of the prepared ZnSt-Ag additive was
investigated by SEM. As can be seen in Figs. 1(a) and 1(b),
no significant differences between the structures of the
additives were discerned, in addition to which crystals of
zinc stearate at the scale of micrometres were observed.
However, detailed SEM-EDX analysis (displayed in Figs. S1
and S2 in the electronic supplementary information, ESI)
showed that Ag was undoubtedly present on the surface of
the ZnSt-Ag additive.

Analysis was made on white spots of size less than 100 nm
adhered to the surface of the ZnSt-AG (Fig. la), and they
were found to be a chlorine impurity (Fig. S1, in ESI), most
probably AgCl.

The size and shape of the prepared Ag-NPs correspond to
the results published by Bazant et al.l'!l, in which Ag-NPs
were immobilized on a wood flour surface. The SEM
micrographs of the PLA 0%, 3% and 10% ZnSt-Ag
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Fig. 1 Scanning electron micrographs of (a) the prepared ZnSt-Ag
system, (b) reference zinc stearate without Ag, (c) PLA 0 wt%
ZnSt-Ag composite, (d) PLA 3 wt% ZnSt-Ag composite, (¢) PLA
10 wt% ZnSt-Ag composite

composites taken from the cold fracture of tensile specimens
are shown in Figs. 1(c)—1(e). It was revealed that the
additive was relatively well dispersed in the PLA matrix,
forming droplets variable in size (less than 5 pm).

Elemental Composition

Table 1 summarizes the basic compositional and physico-
chemical properties of the prepared composites with the
ZnSt-Ag additive. As expected, the greatest Ag/Zn
concentration, 0.44/1.06 wt%, was detected in the sample
with the highest loading, ie. 10 wt% ZnSt-Ag. The
composites with 1 wt%, 3 wt% and 5 wt% of ZnSt-Ag
contained 0.04/0.11, 0.14/0.32 and 0.26/0.56 wt% of Ag and
Zn, respectively.

Processing Stability

PLA is sensitive to increased temperatures and during
processing is subjected to thermal degradation. This is
further enhanced by such phenomena as the presence of
moisture, a residual catalyst, plasticizers, a monomer and
fillers. It is known that at processing temperatures (190—
240 °C) primary degradation mechanisms take the form of

esterification reactions (schematically depicted in Figs. 2a
and 2b), which can be catalysed by such means as a residual
catalyst or by incorporating metals into the matrix. The first
of the two (Fig. 2a) leads to extensive formation of lactide,
whereas the latter (Fig. 2b) brings about molecular weight
loss and redistributionl! 2%,

The GPC results presented in Table 1 reveal significant
reduction in molecular weight in all the samples after
processing. Interestingly, increasing the concentration of the
ZnSt-Ag component exerted a favourable effect on PLA
molecular weight reduction, with the lowest extent of
degradation being observed under circumstances of the
highest additive content (10%).

The effect of metal stearates on PLA has not been
previously investigated in the literature, so it is possible that
the stabilizing effect observed was caused by either i) mutual
reactions between the carboxylic chain ends of the PLA and
zinc stearate (see Figs. 2¢ and 2d), which are based on the
recognized acid scavenger activity of ZnStl21723]; or ii) by
mutual reactions between the hydroxylic chain ends of the
PLA and zinc stearate (see Figs. 2e and 2f). The latter was
assumed to be analogous to the description by Costa er all?4].
Both reactions would trigger general redistribution of
molecular weights and reduce intermolecular-esterification
reactions (Fig. 2b) due to neutralization of OH end groups by
the zinc stearate. One might expect that the presence of zinc
compounds would increase degradation due to the effective
catalysis of back-biting and transesterification reactions.
However, it seems that the stabilizing effect is dominant in
these systems. This theory is backed up by a study by Cam
et al.1?3], who found that zinc ions exert a relatively limited
decomposing effect on the PLA matrix.

Thermal Properties

The thermal behaviour of the investigated samples and pure
ZnSt-Ag additive were analysed by DSC and data are
summarized in Table 1. Raw thermograms can be found in
supplementary data file as Figs. S3—S6 (in ESI). It was found
that the neat PLA possessed an amorphous character with a
glass transition temperature (7y) of around 56 °C. The
composites with ZnSt-Ag exhibited a slightly diminished 7y
of around 51 °C. This reduction can be attributed to the
presence of zinc stearate chains, which probably increased
the free volume of the PLA amorphous phase, hence lower
Ty values were observed. Simultaneously, PLA degradation
during processing further contributed to the lower Ty values,

backbiting  (intramolecular  termination) and inter- since chain cleavage produces more chain end groups that in
Table 1 Material properties of PLA/ZnSt-Ag composites

Sample Agmeasured®  Zn measured P My© pd Ty T.'  AH. £ T " AH'Bli

p (Wt%o) (Wt%o) (kg-mol ™) O ¢O dg) (O d-g)
PLA? n.d. n.d. 122 2.78 55.8 - - n.d. n.d.
PLA + 1 wt% ZnSt-Ag 0.04 0.11 74 2.49 50.8 - - n.d. n.d.
PLA + 3 wt% ZnSt-Ag 0.14 0.32 81 2.64 51.2 65.4 0.87 116.4 0.75
PLA + 5 wt% ZnSt-Ag 0.26 0.56 94 2.08 51.8 66.4 2.67 116.8 2.10
PLA + 10 wt% ZnSt-Ag 0.44 1.06 99 2.51 51.6 72.1 6.13 117.5 5.37

ZnSt-Ag 4.09 9.89 n.d. n.d. n.d. 86.1 128.17 118.4 169.07

2 Neat processed PLA without ZnSt-Ag; ® Concentration of Ag and Zn as analysed by EDXRF; ¢ Weight-average molecular weight; ¢ Molar-mass dispersity;
¢ Glass transition temperature of the PLA phase; { Crystallization temperature; ¢ Enthalpy of crystallization; ™ ZnSt-Ag melting temperature; ' Enthalpy of

melting; n.d., not detected.
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Fig. 2 Possible reactions during blend mixing, stoichiometry omitted (R represents various PLA segments): (a) Backbiting reaction
leading to lactide formation; (b) Inter-esterification reaction leading to molecular weight degradation; (c, d) The two-step reaction of zinc
stearate with PLA chains via free carboxylic end groups; (e, f) The two-step reaction of zinc stearate with PLA chains via free hydroxylic

end groups

turn increases free volume and a shift in the mobility of the
chain towards lower temperatures!2¢].

A melting temperature (7m) was not observed for the neat
PLA sample, meaning that the polymer did not crystallize
when cooling after it had been processed, a phenomenon
which is often seen in PLA[?3 241, The lowest concentration
of ZnSt-Ag brought about the same results, although raising
the amount of ZnSt-Ag led to observation of a melting
endotherm with a peak value of approximately 116 °C in the
first DSC scan, most likely a consequence of the ZnSt-Ag
melting which was detected at 118.4 °C (Fig. S6, in ESI). An
interesting finding was that during cooling scan an
exothermal signal around 65 °C was detected. Most probably

this signal was attributed to crystallization temperature (7c)
of ZnSt-Ag additive. Observed temperatures were lower than
those detected in pure ZnSt-Ag (86.1 °C) and are presented
in Table 1 and Fig. S6 (in ESI). The reduced 7c of ZnSt-Ag
was caused by the presence of PLA chains which blocked
crystallization of ZnSt-Ag at higher temperatures.

Mechanical Properties

Tensile properties are displayed in Figs. 3(a)—3(c). As shown
in Fig. 3(a), adding just 1% ZnSt-Ag into PLA produced
nearly a 50% decrease in Young’s modulus. This value
remained fairly steady despite further experimentation with
increasing the concentration of ZnSt-Ag. Tensile strength

1400 60 45
= 1200 [ 50 [ " — 40 7
£ < A - - 77 | A X
= £ P | o
= 800 2 40 1 ‘ ‘ <
E = 2 30
B 600 - I, 5 30 S 60
= ’ | £ g
. % g .
2 ) =
2 400 Z 20 50| 7
2 g g B f
S 9 =10 %7
> = m 7 /)
200 10 ] |
5 |
7Z ! VA VA VA VA | 1 %
0% 1 3 5 10 L 1 3 5 10 0% 1 3 5 10

ZnSt-Ag concentration (Wt%)

ZnSt-Ag concentration (Wt%)

ZnSt-Ag concentration (Wt%)

Fig. 3 Mechanical properties of PLA and PLA/ZnSt-Ag composites: (a) Young’s modulus; (b) Tensile strength; (c) Elongation at

break
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decreased from the initial figure of 52 MPa to a level
between 43-48 MPa; greater values were observed in
samples with a higher concentration of the additive (Fig. 3b).
The reduction in Young’s modulus and tensile strength was
attributed to the presence of the dispersed additive in the
PLA matrix, which affects its homogeneity and consequently
diminishes the tensile strength of the prepared composites.
The lower tensile strength witnessed for all the PLA/ZnSt-Ag
blends might also have resulted from decrease in the
molecular weight (Mw) of the polymer chain. The shorter the
polymer chain is, the fewer the entanglements of the polymer
chain, leading to low strength-at-break. Interesting
phenomena were observed for elongation at break (Fig. 3c).
While a slight drop-off was detected from the initial 15%
recorded for neat PLA to around 12% in the case of 5%
PLA/ZnSt-Ag, the sample containing 10% ZnSt-Ag
exhibited completely different behaviour. In this instance,
significant enhancement in elongation (nearly 40%) was
measured. This indicated that ZnSt-Ag reduced
intermolecular forces and overall cohesion between polymer
chains and increased the mobility of PLA chains, thus
enhancing flexibility. Potentially, this was caused by the
presence of the long-chain hydrocarbon portions of stearate,
and similar behaviour has also been observed by other
authors?7 281,

Antimicrobial Properties
The antimicrobial activities of the PLA-based composite
films against E. coli (Gram-negative) and S. aureus (Gram-
positive) bacterial strains are given in Table 2. The number
of colony forming units per cm? of sample (N) was
determined, while the antibacterial activity (R) and
percentage of reduction in colony forming units (CR) were
estimated. As expected, distinct antimicrobial activities were
exhibited by the films with the highest Ag loading. Activity
was stronger against E. coli than S. aureus, which is in
agreement with results published by Shankar et a/l*l. Said
authors described the significant antimicrobial activity of
PBAT-based composites with a similar concentration
(0.25 wt%) of Ag, in which such activity was also higher
against Gram-negative bacteria®). According to the CR
results, it remains significant that lesser growth of microbial
cells was observed in the remaining samples with 1 wt%,
3 wt% and 5 wt% ZnSt-Ag, where reduction (in per cent) in
the colony forming units per cm? was seen to range between
approximately 25% to 70%.

It is a well-known fact that Gram-negative bacteria strains
are more sensitive to the action of Ag NPs than Gram-
positive strains. Several mechanisms of Ag NPs have

previously been reported, although a clear mechanism has
yet to be established. The most widely accepted mechanism
that has been proposed describes the interaction of Ag with
the negatively charged phosphorous in bio-macromolecular
compounds containing sulphur (proteins and nucleic acids),
which causes structural changes and deformation of
metabolic processes, leading to cell death[30],

Abiotic Degradation

The sensitivity of PLA to abiotic hydrolysis is considered as
a limiting factor for long-term service applications.
Consequently, the effect of ZnSt-Ag on the rate of hydrolysis
was investigated by GPC.

The changes in weight-average molecular weight (Mw)
during hydrolysis at 58 °C are shown in Fig. 4, while the
kinetic constants are summarized in Table 3. As can be seen,
all the samples incorporating neat PLA exhibited a drop in
Mw within the first few days of the experiment. According to
degradation constant () presented in Table 3, no significant
differences in hydrolysis rate were observed, although the
actual values for Mw varied due to difference in the initial
ones (Mw_0). The fact that no significant changes were
exhibited indicated that the ZnSt-based additive did not
possess any hydrolysis retardation or did not exert any
activation effects at the elevated temperature of 58 °C, in
contrast with neat PLA.

These findings were notable since either of the following
might potentially happen: i) retardation could be expected

1.4x10°
12x10° -~ PLA
- PLA+ 1 wt% ZnSt-Ag
1.0 x 10° PLA + 3 wt% ZnSt-Ag
—_ -8~ PLA+5 wt% ZnSt-Ag
= 8.0x 10 - PLA+ 10 wt% ZnSt-Ag
=
& 4
= 6.0 % 10
=
4.0x10*
2.0 x 10*
-4 a
% 5 10 15 20 25
Time (day)

Fig. 4 Molecular weight evolution of neat PLA and PLA-based
composites during abiotic hydrolysis in 0.1 mol-L™! phosphate
buffer (pH = 7) at 58 °C

Table 2 Antimicrobial activity of the prepared composites determined according to ISO 22196

Staphylococcus aureus CCM 4516

Escherichia coli CCM 4517

Sample N (cfu-em™?) CR (%) R N (cfurcm2) CR (%) R

PLA? 2.4 % 10° Ui=54 1.2 x 10° Ui=6.1
PLA + 1 wt% ZnSt-Ag 1.5 % 10 38 0.21 9.2 x 10° 23 0.13
PLA + 3 wt% ZnSt-Ag 1.6 x 10° 33 0.17 3.6 % 10° 70 0.53
PLA + 5 wt% ZnSt-Ag 6.5 x 10* 73 0.56 6.0 x 10° 50 0.32
PLA + 10 wt% ZnSt-Ag 1.1 % 10! 100 4.32 <1 100 > 6.1

2 Neat processed PLA without ZnSt-Ag
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Table 3  First-order kinetic model parameters and coefficients of determination (R?) for random

scission of the PLA and PLA nanocomposites

Sample My o? (kg'mol"l) u® (day_l) R?
PLA 122+2 0.464 + 0.026 0.998
PLA + 1 wt% ZnSt-Ag 74+£2 0.410+0.035 0.994
PLA + 3 wt% ZnSt-Ag 80+3 0.399 +0.032 0.995
PLA + 5 wt% ZnSt-Ag 93+6 0.389 + 0.064 0.975
PLA + 10 wt% ZnSt-Ag 99 +4 0.499 + 0.053 0.993

2 Initial weight average My at time ¢ = 0; ®

found in a previous work by the authors!!4],

due to the hydrophobic nature of ZnSt, which would likely
cause decrease in water absorption; ii) the acceleration might
have been caused by the catalytic effect of zinc on ester bond
hydrolysis. However, none of these phenomena were
observed under the experimental conditions.

Biodegradation

The samples of the studied materials, comprising different
compositions, underwent biodegradation tests simulating
decomposition of the materials under composting conditions
at 58 °C (Fig. 5). All the investigated samples achieved
nearly 100% mineralization after 90 days of incubation,
indicating that they were easily biodegraded in a composting
environment. It was observed that the presence of the ZnSt-
Ag additive slightly promoted biodegradation, while faster
rate constants (kagc) and onsets (C) were also detected (data
shown in Table 4). It should be noted that biodegradation in
this experiment was evaluated on the basis of the CO:

100 ¢ 1

60 f

40

-~ PLA
-~ PLA + 1 wt% ZnSt-Ag
PLA + 3 wt% ZnSt-Ag

Carbon mineralization (%)

20
- PLA +5 wt% ZnSt-Ag
-~ PLA + 10 wt% ZnSt-Ag
0 0 20 40 60 80 100
Time (day)

Fig. 5 Comparison of the biotic degradation of PLA and
modifications made to the same by ZnSt-Ag over time at 58 °C

Rate constant of abiotic hydrolysis; details on the model used can be

evolved by the microorganisms; therefore, the extent of the
same depends on the concentration of low molecular weight
fragments able to diffuse out from the matrix. The more rapid
biodegradation of samples containing ZnSt-Ag was
attributed to the following phenomena: i) the composites
possessed lower Ty, hence faster diffusion of low molecular
weight products was possible through the matrix; ii) due to
the high temperature of the experiment, the hydrophobic
ZnSt phase started to migrate and concentrate on the surface
of the sample, where it could easily be assimilated by
microorganisms.

The second interesting behaviour observed pertained to
the sample with 10% additive, in which biodegradation
suddenly slowed down at around the midway point of the
experiment. This could not be fully explained by the authors,
because at this phase of biodegradation the molecular weight
of all the samples should have been very low (on the basis of
the abiotic experiment depicted in Fig. 4). It might have been
caused by increased toxicity resulting from the large amount
of ZnSt additive utilized and its degradation product, i.e.
ZnO resulted from hydrolysis of ZnSt. ZnO was found to be
toxic to some environmental microorganisms isolated from
soil and sewagel3!:32],

Release of Silver and Zinc

The changes in Ag and Zn concentrations in the composites
during abiotic hydrolysis were measured by EDXRF and are
shown in Figs. 6 and 7, respectively. It was noticeable that
the concentration of Ag exceeded the initial value through
continuous degradation. This shows that the diffusion of
degraded PLA chains was much more rapid than the
diffusion of Ag from the polymer composite into the
surrounding environment. In other words, the mobility of Ag
in the composite was smaller than the mobility of the PLA
chains, even after they had cleaved into short oligomers.
Therefore, a rise in concentration of Ag was detected. In the
case of Zn, different behaviour was observed. Initially,
although a small increase was witnessed, after ten days, the

Table 4 Kinetic model parameters and coefficients of determination (R?) for the biodegradation of pure PLA and PLA + ZnSt-Ag additive

films
Sample Caq0 * (%) Chyo ° (%) kage © (day ) kn 9 (day™) C ¢ (day) R?
PLA 0 100 0.078 0.078 6.8 0.979
PLA + 1 wt% ZnSt-Ag 0 100 0.076 0.076 3.44 0.972
PLA + 3 wt% ZnSt-Ag 0 100 0.172 0.043 491 0.984
PLA + 5 wt% ZnSt-Ag 0 100 0.770 0.042 3.77 0.958
PLA + 10 wt% ZnSt-Ag 0 100 3.082 0.030 422 0.985

2 Percentage of initial intermediate solid carbon; ® Percentage of initial hydrolyzable solid carbon; ¢ Rate constant for mineralizing water-soluble carbon into
carbon dioxide; ¢ First-order hydrolysis rate constants; ¢ Duration of lag []i)hase during the initial phase of biodegradation before the onset of CO2 production;

Details on the model used can be found in a previous work by the authors!!#]
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Concentration of Zn in the composites during abiotic

concentration of Zn fell to nearly zero. The element Zn in
this case included zinc stearate, as well as any other possible
degradation product containing Zn which might have formed
during hydrolysis. These results indicated that once
degradation reached a certain degree, such compounds
became highly mobile in the matrix and were able to diffuse
out rapidly. Such quick diffusion of the zinc components
supports the results derived from biodegradation, in which
mineralization was enhanced by increasing the concentration
of the additive.

CONCLUSIONS

Initially, the composites of PLA and hybrid particles of zinc
stearate and silver were prepared by thermoplastic
processing; the levels of ZnSt-Ag concentration equalled
1 wt%, 3 wt%, 5 wt% and 10 wt%. As expected, thermal
degradation of the PLA occurred during processing, in
parallel with a certain stabilization effect by ZnSt-Ag, which
was detected through recording a lesser reduction in My.
Analysing thermal properties revealed a slight decrease in Ty

from 56 °C (for neat PLA) to approximately 50 °C, whereas
for the samples with 3 wt%, 5 wt% and 10 wt% of ZnSt-Ag,
the melting endotherm was recorded at around 117 °C, which
was ascribed to contribution by the filler. The PLA matrix
was amorphous, and no crystallization was observed during
DSC runs.

Antimicrobial activity was evident, even at concentrations
of ZnSt-Ag. Indeed, the bacterial colonies were reduced to
approximately 30%. However, the most significant activity
was exhibited by the system with 10 wt% of filler.
Furthermore, the drastic improvement in mechanical
properties, especially elongation at break, was achieved by
adding 10 wt% ZnSt-Ag. The initial elongation of neat PLA
equalled approximately 15%, but after incorporating the
filler the value increased to almost 40% of elongation.

ZnSt-Ag did not play a significant role in the rate of
abiotic hydrolysis of the PLA phase, at least not under the
investigated conditions, with all samples exhibiting an Mw of
around 6000 g-mol™! after seven days of the experiment.
Under biotic conditions, the presence of the additive
promoted mineralization of the composite, although it was
suggested that in this instance the more rapid mineralization
observed immediately after composting could be attributed
to mineralization of the additive rather than the PLA
molecules. Measuring the contents of Ag and Zn in the
composite during abiotic hydrolysis revealed minimal
diffusion of Ag ions from the matrix, but highlighted the
very extensive washing of Zn-related compounds.
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