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ABSTRACT: Poly(vinyl alcohol) (PVA), a well-known
synthetic biodegradable, biocompatible, and hydrophilic
polymer is susceptible to several structural modifications,
due to the presence of hydroxyl groups in its backbone.
PVA was grafted with L(+)-lactic acid (LA) in molar ratios
VA/LA (1/1,1.5/1, and 2.2/1), manganese acetate as cata-
lyst, by solution polycondensation procedure, resulting the
poly(vinyl alcohol)-g-lactic acid copolymers. Aqueous
solutions of copolymers with glycerol as plasticizer, silver
nanoparticles (Ag®), and sodium tetraborate as crosslink-

ing agent were used for films casting. The copolymers
were characterized by FTIR and 'H RMN spectroscopy,
gel permeation chromatography, thermal analyses (DTG
and DSC), silver particles size, while films were character-
ized by mechanical properties and mechanodynamic anal-
yses. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 122: 1109-
1120, 2011
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INTRODUCTION

Modification of conventional polymers is an impor-
tant technique in the synthesis of new materials with
improved properties. Poly(vinyl alcohol) (PVA) is a
polymer with excellent properties: hydrosoluble,
biocompatible, biodegradable, nontoxic, noncarcino-
genic, consequently films with high mechanical
strength and reduced permeability to gases can be
prepared. PVA with a raised structural variability
(molecular weight, hydrolysis degree, and tacticity),
due to the presence of hydroxyl moiety in its back-
bone is capable of several grafting and crosslinking
reactions with acid chlorides, acid anhydrides, acryl-
amide, lactic acid (LA) and LA oligomers, glycolic
acid."™ The obtained copolymers that contain differ-
ent numbers of carboxyl groups are of great interest
in the paper industry, as modifiers of thermosetting
resins in plywood manufacture, and as pressure
sensitive adhesives.” In addition, PVA polymers
that contain carboxyl groups can react in a further
step with difunctional compounds, leading to three-
dimensional networks. Besides, biodegradable ali-
phatic polyesters such as: polylactide (PLA), poly
(caprolactone), copolymers of lactides and glycolide
(PLGA), poly(p-hydroxybutyrate) (PHB), and poly
(p-dioxanone) (PPDO) have attracted much attention
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in recent years, because of their excellent biocompat-
ibility and biodegradability and have been widely
utilized in biomedical and pharmaceutical applica-
tions, such as surgery repair materials and drug-
delivery systems.”” The biodegradable polyesters
are highly hydrophobic and therefore have caused
some limitations in practical drug formulations.
Many synthetic methods were developed to synthe-
size various kinds of copolymers with different
structures and compositions. One useful strategy to
modify the physicochemical and biological proper-
ties of hydrophobic polyesters is the incorporation of
hydrophilic poly(ethylene glycol) (PEG) and PVA
segments. The biodegradation rate and hydrophilic-
ity of block copolymers can be modulated by adjust-
ing the ratio of its hydrophilic and hydrophobic con-
stituents. The introduction of an aliphatic polyester
on PVA backbone, by graft copolymerization would
induce the control of degradability and physical
properties, by modifying the chemical structure of
the graft copolymer (when the polymerization condi-
tions are changed).

Concerning the importance of colloidal silver to
human body, numerous researches were carried out
to achieve particles of nanometric size, and subse-
quently they were encapsulated or complexed in
polymer matrices. The composite materials, acquired
by inclusion of metallic or ionic silver in polymer
matrices focused the researchers attention, because of
their potential applications in important fields as med-
icine (catheters and materials with biocompatible and
antimicrobial properties, dedicated to implants),'*!!
nanoelectronics (optical and interference filters),'*"?
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filtering stations of drinkable water in countries with
reduced water potential.'* Silver nanoparticles refer
to particles with <1 pm dimensions that are in the
oxidation state Ag® and optionally Ag'" and Ag*".
Silver is a strong natural antioxidant that can react
with free radicals in the organism. In either oxida-
tion states, silver and its comgounds are largely uti-
lized as antimicrobial agents,1 16 the most important
one is silver sulfadiazine (as it has a large spectrum
of antibacterial activity), although there exist other
compounds with antimicrobial properties (silver
acetate, silver nitrate, metal silver, etc). Other appli-
cations of silver nanoparticles are in the field of
medical devices and implants, achieved with poly-
mers impregnated with silver. The contact lenses
can be exposed during utilization, storage, or han-
dling to one or more species of microorganisms. On
the surface of contact lenses can adhere microorgan-
isms that proliferate colonies generation for long
periods of time and cause infection or disease of the
eyes. There were achieved contact lenses with resist-
ance to microorganisms,'” using silver nanoparticles
with antimicrobial activity. The method consisted in
preparing a fluid polymerizable composition, with a
siloxane macromer and a vinyl monomer capable of
reducing Ag™ cations from AgNO; or AgClO,,

The article presents the modification reaction of
PVA with L(+)-LA, in the presence of (CH;COO),
Mn-4H,0 as catalyst. The syntheses were done by
solution polycondensation procedure, using the fol-
lowing VA/LA molar ratios: 1/1, 1.5/1, and 2.2/1.
The reactives used in copolymers synthesis were
biodegradable and biocompatible compounds. PVA
polymer and poly(vinyl alcohol)-g-lactic acid (PVA-
g-LA) copolymers were utilized to prepare films by
casting from aqueous solution, in the presence of a
crosslinking agent (sodium tetraborate), plastifying
agent (glycerol), and silver colloidal nanoparticles.
Films with 150- to 250-pum thickness were achieved,
and the concentration of silver nanoparticles
reported to PVA or PVA-g-LA gravimetric weight,
respectively, was 40 ppm. Silver nanoparticles
incorporation and PVA-¢g-LA solubility in different
organic solvents represent an important advantage
as the products, due to their bacteriostatic character
can be utilized as polymer covering layers or in
medical and pharmaceutic packaging.

EXPERIMENTAL
Materials

Poly(vinyl alcohol) (PVA 40-98) from SC Romacryl
SA (Romania) had a degree of hydrolysis 98%, aver-
age molecular weight M, = 18,000, saponification
index 140 * 30 mg KOH/g. rL(+)-LA 90 wt %
aqueous solution, density 1.20 g/mL was supplied
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by Fluka (Switzerland). Manganese acetate [Mn
(CH3COO0),-4H,0], methylene chloride, N,N-dime-
thylformamide (DMF), glycerol, sodium tetraborate
(NazB4O7-10H,0) analytical reagents (Fluka) and
acetone from Chimopar S.A. (Romania) were used,
without further purification. Silver nanoparticles
were obtained by catalytic reduction of silver nitrate
(AgNO;) with sodium citrate (CsHsO7Naz)-5H,0.

Copolymer synthesis

In PVA-¢-LA copolymers syntheses, PVA and LA
aqueous solutions were used. The copolymers were
synthesized in the presence of manganese acetate as
catalyst and at appropriate reaction temperatures.
The reaction mechanism is presented in Scheme 1.
The copolymers synthesis was done using three VA/
LA molar ratios and C;-C3 copolymers (see Table I)
were obtained. It was achieved in a glass reaction
vessel, equipped with mechanical stirrer, thermome-
ter, blanket of nitrogen, Dean-Stark distillation trap
(for secondary reaction products collection), and
heating bath with silicon oil. PVA was dissolved in
distilled water, under stirring at 70-80°C, then corre-
sponding quantities of LA and manganese acetate
catalyst (0.8 wt % reported to components) were
added. The reaction mass was kept under blanket of
nitrogen and reflux at 96-98°C for 3 h, then the tem-
perature was raised at 120-130°C and water, as sol-
vent and secondary reaction product was removed.
Furthermore, the collection of secondary reaction
products was discontinuous and the reaction mass
was maintained under reflux for another 3 h to be
finalized. The resulted product was precipitated in a
large volume of acetone, filtrated, and vacuum dried
at 70°C. Then, the product was again dispersed in a
large volume of methylene chloride and was main-
tained under stirring for 2 h at 20°C to remove PLA
homopolymer also resulted in the synthesis. The co-
polymer was finally separated by centrifugation and
dried in a vacuum oven at 50°C until the solvent
was completely removed.

The PVA-g-LA copolymers reaction yields were
68-76 wt % and depended on the components molar
ratio utilized in the syntheses. By PVA grafting with
LA, its hydrophobic character increased.

Films preparation

To achieve films, aqueous solutions of PVA, PVA-g-
LA copolymers (C;-C3), glycerol, sodium tetraborate,
and silver nanoparticles were used in appropriate
ratios. The components ratio is presented in Table I.
Colloidal silver solutions were performed according
to Lee and Meisel.'”® Approximately 90 mg of
AgNO; was dissolved in 500 mg of bidistilled water
and heated to boiling, while being vigorously
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Scheme 1 Synthesis mechanism of PVA-g-LA copolymer.

stirred. The reduction of silver salt was accom-
plished by adding 10 mL sodium citrate aqueous
solution 1 wt %. The solution was maintained at
boiling for about 1 h, in the end the color of the col-
loidal solution was greenish-yellow. The UV spectra
of bulk silver colloids, recorded with a spectropho-
tometer 6305-UV/VIS model presented a large
absorption band and revealed extinction maxima at
~ 420 nm (Fig. 1). These results agree with the
spectra of Ag colloidal solutions, given in the
literature.'®"?

The nanoparticles size is about 350 nm, as meas-
ured by laser light diffusion method (Fig. 2) and
scanning electron microscopy (SEM) (Fig. 3). The
presence of spherical Ag nanoparticles and agglom-
erated particles can be seen. This notice indicates
that a low degree of agglomeration of Ag particles
can occur during their incorporation into the poly-
mer matrix. Despite the observed agglomeration, the
films maintain their optical clarity. The concentration
of silver nanoparticles reported to PVA or PVA-g-
LA copolymers gravimetric weight was 40 ppm. By
modifying PVA with LA, its hydrophobic character
and consequently films humidity resistance slightly
increased. Glycerol, as plastifying agent (10 wt %),
and sodium tetraborate (crosslinking agent), as aque-
ous solution, 0.5 wt % reported to PVA or PVA-g-
LA copolymers were utilized. The films were carried
out by solution casting and solvent removal was
done by air drying.

Characterization

IR spectra were recorded using a spectrophotometer
M 80 Specord model (Germany). The samples were

homogenized and pressed on KBr pellets (5-mg sam-
ple/500-mg KBr).

'"H NMR spectra were recorded with a Bruker
Avance DRX 400 NMR spectrophotometer model
(Germany). The copolymers were dissolved in D,O
and the sample concentration was about 5 wt %.
The spectra were carried out at 25°C, all chemical
shifts were reported in parts per million (ppm), and
tetramethylsilane was used as the internal reference.

Thermogravimetric analyses (TGs) were carried
out using a Paulik-Paulik-Erdley-type derivatograph
(MOM Budapest, Hungary) under the following
operational conditions: the weight of the sample, 50
mg; heating rate, 10°C/min; maximum heating limit,
700°C; reference material, a-Al,Os3 in air stream.

Measurement of particle size was performed in
aqueous solutions (1 g/dL) with a Zetasizer Nano-
ZS instrument, ZEN-3500 model (Malvern Instru-
ments, UK) by laser light diffusion method. For
measurements, the silver nanoparticles were dis-
persed in bidistilled water at a concentration of 1g/L
and ultrasonicated for 60 s. The measurement was
carried out using a laser green light He-Ne (532 nm)
as light source at a fixed angle of 173°. The follow-
ing parameters were used for experiments: water as
dispersant medium with a refractive index 1.330,
viscosity 0.887 cP, and temperature 25°C. The nano-
particles size value is given as an average of five
measurements.

The molecular weight of the copolymers was
determined by gel permeation chromatography
(GPC) technique at ambient temperature. The system
was equipped with an adjustable flow capacity and
constant rate pump LC1120 type, and an evaporative
mass detector PL-EMD 950 type, columns PL-gel 5
pm MIXED-D, and PL-gel 5 um MIXED-C packed

TABLE I
Films Composition from PVA and PVA-g-LA Copolymers (C;—C;) With or Without Silver Nanoparticles

VA/LA PVA aqueous PVA-g-LA aqueous  Glycerol Silver colloidal Sodium tetraborate
Films molar ratios  solution, 10 wt % (g) solution, 14 wt % (g) (mL) solution, 107° M (mL) solution, 5 wt % (mL)
PVA 1/0 20 - 0.167 - 0.20
PVA/Ag 1/0 20 - 0.167 0.746 0.20
C; 1/1 - 20 0.234 - 0.28
C,/Ag 1/1 - 20 0.234 1.036 0.28
C, 1.5/1 - 20 0.234 - 0.28
Cy/Ag 1.5/1 - 20 0.234 1.036 0.28
Cs 22/1 - 20 0.234 - 0.28
Cs/Ag 2.2./1 - 20 0.234 1.036 0.28
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Figure 1 UV-vis absorption spectra of silver colloidal
nanoparticles in water.

with polystyrene standards (molecular weight, 580
316,500). DMF was used as the mobile phase at a
flow rate of 0.7 mL/min.

Differential scanning calorimeter (DSC) thermal
analyses were carried out by means of a DSC Met-
tler 12E type (Switzerland) with heating rate of
10°C/min in nitrogen atmosphere. The first heating
run was carried out with a 10- to 12-mg sample in
the temperature range between room temperature
and 250°C. The second heating run was recorded
with the same sample that was rapidly cooled to
room temperature and then heated again to 250°C.
Pure indium was used as standard for calorimetric
calibration.

The mechanical properties were determined using
a dynamometer Tira-Test-2200 model (Germany) for
tensile test with a tension speed of 30 mm/min.
There were used test pieces with 100 mm x 10 mm
(L x I) dimensions, thickness comprised between
150 and 250 pm, and the active length of test piece
was 50 mm. Before submitting to tensile test, the test
pieces were thermostated 3 h in a vacuum oven at
50°C and residual pressure of 0.01 daN. The result
was taken as an average value of five determinations
for each sample.

Size distribution by intensity
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Figure 2 Size distribution by intensity of silver
nanoparticles.
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Figure 3 SEM of silver nanoparticles.

The dynamic mechanical analyses (DMA) were
studied with a mechanodynamic analyzer, Perkin-
Elmer Diamond Dynamical Mechanical Analyzer
model. The films were cut as test pieces 15 mm X
10 mm x 0.2 mm (L x [ x h) and analyzed on tem-
perature range —100 and +200°C, heating speed
2°C/min, and the oven was cooled with liquid nitro-
gen. The samples were analyzed at 1-Hz frequency
and under tension mode. The stocking modulus (E'),
the loss modulus (E”), and tan 6 were recorded as a
function of temperature.

To examine the antimicrobial behavior of the
PVA/Ag and PVA-g-LA/Ag films, they were placed
on agar-agar medium, inoculated with fungi,
Chaetomium globosum class, MO 5 stock. The fungi
were cultivated on Heynes medium (yeast extract, 4
g; malt extract, 10 g; dextrose, 4 g; agar—-agar, 15 g;
distilled water, 1000 mL), and after 7 days of seed-
ing on these cultures the films were applied. Tem-
perature was maintained at 28°C and monitoring
was carried out for 14 days after films application
on agar medium. The morphology of films was
analyzed by SEM to study aspects of the surface. A
scanning electron microscope (SEM)/ESEM-EDAX
Quanta 200 model was utilized with 3-nm resolution
and the accelerating tension varied between 10
and 30 kV.

RESULTS AND DISCUSSION
FTIR and 'H NMR characterization

In Figure 4 are presented FTIR spectra of PVA-g-LA
copolymer, obtained by the grafting reaction of PVA
with LA and of the starting products (PVA and LA).
In FTIR spectrum of LA, one can observe the pres-
ence of many absorption bands characteristic to
hydroxyacids, the positions of these bands are in
agreement with literature data.”® At 3429 cm ' exists
a wide absorption band (vVOH) that belongs to OH
group at 2994 and 1044 cm ' stretching vibrations
characteristic to vCH; and v(C—CHj;) aliphatic
groups, respectively; at 1457 cm™' are recorded
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Figure 4 IR spectra: LA, PVA, and PVA-g-LA copolymer.

assymetric deformation vibrations belonging to
8CH; and at 1383 cm ' deformation vibrations of
0CH; and SOH bands. The carboxylic group that
participates to the grafting reaction is noticed at
1746 cm™' (VCOOH band), the H,O bending peak
appears approximately at 1636 cm ', and stretching
vibrations (\(C—OH) specific to secondary alcohols at
1130 cm L. In FTIR spectra of PVA-¢g-LA and PVA,
the presence of some wide absorption bands vOH at
3400-3436 cm™ ! characteristic to OH group and to
intramolecular H linkages in polyols and at 1090-
1145 cm ™' characteristic to vC—OH groups in sec-
ondary alcohols are observed. In the domain 2856-
2940 cm ', the presence of alkyl bands is noticed:
vCH, vCH,, vCHj3, in PVA and LA. Referring to
PVA polymer, absorption bands 6OH at 1339-1384
cm ™' can be seen, while in the case of PVA-g-LA
copolymer, these bands are missing or much
decreased. Also the high intensity of absorption
band vC=0 at 1730 cm ' present in FTIR spectrum
of PVA-g-LA copolymer belonging to ester COOR
group confirmed that grafting reaction of PVA with
LA took place. Bands at 620 and 652 cm ' are
assigned to out-of-plane vibration of the OH group,
while the band at 852 cm ™" corresponds to the out-
of-plane vibration of the CH group. It should be
emphasized that the band attributed to the out-of
plane OH vibrations in alcohols is quite broad (from

620 to 750 cm ') and has high intensity.”' After the
polyesterification reaction, the intensity of this band
(observed in FTIR spectrum of the copolymer) low-
ers very much confirming that the OH groups of
PVA participate at the reaction.

"H NMR spectrum of PVA-g-LA copolymer is pre-
sented in Figure 5. Based on the reports of peak
assignments for proton species in PVA and PVA
derivatives,”* we assigned the proton signals in
the "H NMR spectrum of PVA-¢g-LA copolymer as
given in the figure. In the 'H NMR spectrum of
the copolymer, the resonance at 6 = 1.299 ppm
was attributed to the sequences of LA units CHj;
(d) grafted to PVA chain. The signal appearing at
1.415 ppm was assigned to the methylene protons
CH, (a) existent in PVA backbone structure, the
signal at 3.651 ppm was attributed to the methine
proton CH (b) existent in PVA units, and the signal
at 4.793 ppm to the methine proton CH (c) in LA
unit of the graft copolymer. Residual proton signal
of D,O appeared at 4.238 ppm.

Molecular weight

The average molecular weights of C;-C; copolymers
determined by GPC had values between 34 x 10°
and 53 x 10° and the polydispersity index (M,,/M,,)
was between 1.251 and 1.368 (Table II) and varied
with VA/LA molar ratio. The obtained copolymers
had reduced polydispersity index, good solubility in
water, DMF, and dimethylsulfoxide (DMSO). By LA
percentage increase in the initial reaction mixture, a
copolymer with higher molecular weight (C;) was
achieved due to participation in the reaction of more
COOH groups from LA. In C; copolymer with VA/
LA molar ratio 1/1 in reaction mixture, the amount
of OH unreacted groups determined by the method
described in Ref. 25 was lower (9.16 g OH/100 g
copolymer), while for molar ratio 2.2/1 (copolymer
C3), the value was 13.10 g OH/100 g copolymer. The

o
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Figure 5 '"H NMR spectrum of PVA-¢-LA copolymer.
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TABLE 1I
Average Molecular Weights of PVA and C;—C; Copolymers Determined by GPC

Copolymer M, M., M,,/M,, g OH/100 g copolymer Yield (%)
Cy 53,000 73,156 1.368 9.16 68
C, 40,000 54,461 1.360 11.20 72
(@ 34,000 42,739 1.251 13.10 76
PVA 18,000 32,600 1.810 38.64% -

2 Theoretical value.

high percentage of LA in the initial reaction mixture
lead to bigger grafts length, thus contributing to
copolymer molecular weight increase. Taking into
account the quite large average molecular weights
values of copolymers compared with PVA, we con-
cluded that the grafting reaction took place.

Thermal analysis: TG and DSC

Thermal behavior of PVA and C,—Cj; films, achieved
with and without silver nanoparticles were studied
by thermogravimetric analysis in the air. Weight
losses determined by thermal oxidative decomposi-
tion are presented in Figures 6 and 7, and data
on thermal stability and activation energies (E,) in
Table III. Thermogravimetric curves present three
thermal decomposition processes that occur with dif-
ferent speeds. In the first process, absorbed moisture
and small molecular compounds were removed.
Most of the mass loss took place between 160 and
370°C, subsequently smaller mass loss followed
before 550°C. The results were consistent with the
literature report on unreacted acetate group elimina-
tion of polymer side chains at lower temperatures,
followed by the polymer backbone breakdown at
higher temperature.®® Accordingly, the decomposi-
tion temperature of PVA-g-LA samples in the main
degradation stage was higher than that of neat PVA,

“Y$§A6A¢3M
“’“‘“‘x%a
. v,:\g«,..
20 h 9 c,
_ W =
= \ ——C,
 w] e
] 14
g !
(=]
= )
E 604 .
D Y
[T} AL
=
80+
100 T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700

Temperature, °C
Figure 6 TG diagrams of PVA and C;-C; films.

Journal of Applied Polymer Science DOI 10.1002/app

indicating that PVA esterification with LA can
improve PVA thermal stability, due to interaction
between PVA backbone and the oligo-PLA grafted
chains. The main thermal decomposition processes
of copolymer films without silver nanoparticles with
weight losses of 56.8-61.3 wt % were situated
between 170 and 365°C, while in the case of films
with silver nanoparticles, the weight losses were
more reduced (53.2-54.8%), although the tempera-
ture range was near to the anterior one (160-370°C).
Thermal stability of the copolymers decreased as the
molar ratio VA/LA increased from 1/1 to 2.5/1
(molecular weight lowered from 53,000 to 34,000),
and weight losses of 50 wt % (in the case of the
three copolymers) were located on temperature
interval between 297 and 308°C. On the other hand,
in the case of pure PVA weight loss of 50 wt % was
recorded at 285°C. Also, we can notice that films
achieved with PVA and silver nanoparticles have
lower thermal stability than C,—C3/Ag ones. In the
case of PVA/Ag films, weight loss of 50 wt % was
recorded at 270°C, while in the case of C;—C3/Ag
ones, they were recorded on 295-305°C interval.
Thermal behavior up to ~ 350°C is important,
because it gives us some information about copoly-
mers concerning melt processing. By PVA grafting
with LA, the crystallinity and hydrophilic/hydro-
phobic balance in the copolymer structure was

o-—.....,""%
' T,
20
3 \
N 404
= i\ —=—C-Ag
2 \% —o—C-Ag
'5 604 \\ ——C-Ag
5 '\,‘36:;;&‘_ —+—PVA-Ag
2 4 v""vv;\?if\.
= =
80 N,
I\i\i’--\ :‘Ann
100 4——————————— e
0 100 200 300 400 500 600 700

Temperature ( °c )

Figure 7 TG diagrams of PVA/Ag and C;-C3/Ag films.
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TABLE III
Thermal Characteristics of PVA and C;—-C; Films by Thermogravimetric Analysis

Films Tw(C) T (O 1,0 T,(0  T,(CQ)  Wr (%)  E,(d/mol) "
PVA 165 285 160 275 370 61.6 99.68 1.5
C,; 230 308 195 300 365 56.8 130.54 1.6
C, 245 307 170 302 365 59.0 78.40 0.7
Cs 245 297 172 295 365 61.3 83.60 0.9
PVA/Ag 155 270 155 275 360 59.6 94.68 1.5
C,/Ag 145 305 175 302 370 53.2 99.36 14
C,/Ag 160 298 160 290 370 54.8 102.45 14
Ci/Ag 210 295 170 280 370 534 113.57 1.6

T10, Tso, temperature corresponding to 10 and 50 % weight loss; T;, Tf, the initial and ultimate temperature of the main
thermal decomposition process; T, temperature corresponding to weight losses with maximum rate; Wr,_r;, weight losses

on the T; - Tf domain; E,, n, activation energy and reaction order determined on the T; - Tr domain.

modified, the molecular weight of copolymers
increased 2-3 times, reported to PVA molecular
weight and consequently the thermal stability of
copolymers increased. Weight losses of 50 wt. %
determined by thermal decomposition were situated
around 300°C value much more raised than the
melting and processing temperature of polymers.
Gupta and Deshmukh® concluded that the carbonyl
carbon-oxygen linkage is the most likely one to split
by heating at elevated temperatures. The reactions
involved in the thermal degradation of LA-based

ning, the activation energies have large values and
then decrease sharply with the outset of the thermal
decomposition process. When conversion degree
value increased over 0.10, the activation energies
were stabilized and remained almost constant to the
end of thermal decomposition process. The sudden
decrease of the activation energies suggested that at
the outset of the process, the decomposition reaction
had an autocatalytic behavior, due to oxygen traces
in copolymer structures that could have a catalytic
effect on thermal decomposition processes. The acti-

polymers are thermohydrolysis,”® depolymeriza-  vation energy dependence with the conversion
tion,”! intermolecular and intramolecular transes-  degree is an indication that the samples have a com-
terification.>** plex thermal degradation mechanism in multiple

Activation energies (E,) and reaction order (n)
were determined by Coats and Redfern® and Reich
and Levi’®” methods on T~T; range (150-370°C),
near the melting temperature and processing of
copolymers (molded by hot pressing). In Figures 8
and 9, variation of E, versus conversion degree of
thermal decomposition processes analyzed on the
temperature range T~Tf is presented. At the begin-

steps of reaction.”

Data obtained by DSC of films obtained from C;-C;
copolymers and PVA film doped with silver
nanoparticles, as well as of ones without silver nano-
particles are presented in Table IV and Figure 10.
From the data presented in the table, we can notice
that the glass transition temperatures (Tg) of films
achieved from C;—C; copolymers have lower values,

500 -
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400 -
400 - ]
c, 350 4 RS C,-Ag
= ——C — i -
2 300 ; S 300 CrAg
£ —+—C, £ + —a—C-A
5 —v—PVA 5 1 18
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Conversion degree

Figure 8 Dependence of E, function of conversion degree
of thermal decomposition processes of PVA and C;-C;
films.

Conversion degree
Figure 9 Dependence of E, function of conversion degree
of thermal decomposition processes of PVA/Ag and C;—
C;/Ag films.
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TABLE IV

Thermal Characteristics by DSC and DMA Analyses of PVA and C;-C; Films With or Without Silver Nanoparticles
Sample Tga ) T, (°C) AH® (J/g) Tab O Tgb (°O)
PVA 55 210 64.18 10.80 8.30
PVA/Ag 57 212 58.76 10.80 6.40
C 54 172 14.00 14.30 18.30
Ci/Ag 50 170 13.00 7.96 9.84
G 53 180 18.82 - -
Cy/Ag 51 178 16.20 - -
(@ 53 195 35.07 20.77 19.65
C3/Ag 52 193 32.42 19.43 16.10

@ Determined by DSC.
P Determined by DMA.
—, undetermined values.

but close to T, of PVA films. The slight decrease of
T, indicates that PVA-¢-LA copolymers chains
mobility was higher than of pure PVA, because
oligo-PLA grafted chains decreased the strong inter-
molecular and intramolecular hydrogen bonds
between or within PVA chains. In other words, as
the oligo-PLA chains increase, their chain lengths
and contents grafted into PVA macromolecular
chains will become varied and diversify the extent
of crystallization. These copolymers tended to be
amorphous, which led to decrease of the melting
temperature (T,,) and fusion heat (AH) values. Con-
sequently, the melting temperatures of copolymer
films (endothermic peaks) have lower values (170-
195°C), comparative to PVA ones (210-212°C), but
close to the melting temperature of semicrystalline
PLA polymer (about 180°C).% As a result, PLA side-
chains may serve as an effective “internal” plasti-
cizer to PVA, and PVA-co-LA copolymers will have
improved melt processing properties. In literature, it

Exo
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Figure 10 DSC curves of PVA and C,—C; films with and
without silver nanoparticles.
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is reported that nonplastified PVA has no melting
temperature, it decomposes at 220°C, while in the
plastified state (with water or glycerol and depend-
ent on its conformation structure), the melting
temperature varies between 210 and 250°C.° Also,
one can notice that T, of films has a general increase
tendency with VA/LA molar ratio increase. On the
other side, the presence of silver nanoparticles in
films composition determines an insignificant
decrease of T,, (~ 2°C). The melting enthalpy was
calculated from the melting peak area by integration,
considering also the experimental recording condi-
tions. The melting enthalpies of copolymer films
have half decreased values, comparative to melting
enthalpies of PVA ones. The presence of silver nano-
particles in the film composition determines a slight
melting enthalpy decrease that varies between 2 and
6 J/g also PVA ratio increase in the initial reaction
mixture determined the melting enthalpy increase.
The slight decrease of thermal parameters, in the
case of films with silver nanoparticles can be due to
the catalytic activity of silver. In temperature range
135-145°C, one can observe the presence of an
endothermic peak that can result from plasticizer
evaporation (glycerol), whose ignition temperature is
~ 160°C.

Mechanical properties

The mechanical properties of films obtained with
PVA and PVA-g-LA copolymers are presented in
Figures 11 and 12. The tensile strength (Fig. 11) is
13.56N/mm?, in the case of PVA films without silver
nanoparticles and 14.10 N/mm? for films with silver
nanoparticles. The tensile strength of copolymer
films has lower values comparative to PVA ones.
The high inter- or intramolecular hydrogen bond
force of neat PVA films determines a higher tensile
strength comparative to PVA-g-LA ones, as the
substitution of hydroxyl groups with polylactic
acid oligomers can obviously hinder the formation
of hydrogen bonds, due to grafted molecular
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Figure 11 Tensile strength of PVA and C,—C; films with
and without silver nanoparticles.

structure. Concerning silver nanoparticles” influence
on tensile strength of films prepared with PVA-¢-LA
copolymers, we can notice that this parameter does
not record major modifications comparative to blank
samples. Analyzing the influence of VA/LA molar
ratio in copolymer structure, it was noticed that with
VA molar ratio increase, the tensile strength had
higher values but it did not exceed PVA films tensile
strength. The films achieved using C; copolymer,
with VA/LA molar ratio (2.2/1), have higher tensile
strength value (10.50 N/mm?), comparative to the
other ones. As silver nanoparticles were introduced
in very low quantities (40 ppm reported to the poly-
mers gravimetric weight), it was noticed that they
could not modify the tensile strength. Generally, it
was remarked only a slight increase of the tensile
strength, indicating that there existed a good com-
patibility among components.

450 -
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350- § §
300- §

250-

200l N
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100 +

50

Cl-Ag C2 C2-Ag C3 C3-Ag

Films
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Figure 12 Elongation at break of PVA and C,—C; films
with and without silver nanoparticles.
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Analyzing the influence of silver nanoparticles on
films structure, it was noticed that in all cases the
elongation at break (Fig. 12) recorded an increase,
the most important one was in the case of PVA/Ag
films (381%), comparative to PVA ones (236%). Con-
cerning the influence of VA/LA molar ratio in the
initial mixture utilized in copolymers synthesis, it
was noticed the same tendency as in the case of ten-
sile strength, namely the VA molar ratio increase
determined the elongation at break increase. In the
case of films achieved with C; copolymer, the elon-
gation at break presented even more raised values
comparative to PVA one (blank sample). Generally,
the elongation at break values of films varies
between 125 and 381% and can be influenced by
plastifying with glycerol. The plastifying agent
weakens temporarily the intermolecular interaction
forces and subsequently facilitates lubrication of the
macromolecular chains. Simultaneously, by plasti-
cizer introduction, beside the reduction of the poten-
tial barrier of intern rotation, a plasticity increase is
achieved that helps processing and lowers the elas-
ticity modulus.

Thermomechanical properties

The thermomechanical properties of films achieved
with PVA and copolymers were studied by mecha-
nodynamic analysis, and results are presented in
Figures 13 and 14, and Table IV. In the study, films
of PVA, C; and C3 copolymers were used with and
without silver nanoparticles. The storage modulus
(E’) had more raised values in the case of films
achieved with copolymers. The relaxation processes
temperature (T,), for the studied films was deter-
mined as the maximum value of peaks tan 5, and
the glass transition temperature (T;) was taken at
middle of glass transition processes, situated on the

— flmPVA
_______ film C1
——__ film 3
1 0E+H]1 - - 07
1.0E+09 - - 06
. L 05
€ L0B07 - Lo ©
7
. 1.0E+05 A -03 £
M 0Bz (52
~ L o1
1 DE-+01 0
400 50 0 50 100 150 200 250

Temperature, L
Figure 13 Variation of storage modulus (E' and of dissi-
pation factor (tan & with temperature at films without sil-
ver nanoparticles.
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Figure 14 Variation of storage modulus (E’) and of dissi-
pation factor (tan d) with temperature at films with silver
nanoparticles.

curve of storage modulus. The curves of the storage
modulus E’, in the case of films achieved with PVA
and copolymers with or without Ag® nanoparticles
presented a single transition process on temperature
range —100°C to +200°C. Generally, the storage
modulus decrease was produced in the region of
glass transitions situated between 6 and 20°C. The
T, values are comprised between 8.30 and 19.60°C,
in the case of films without Ag® nanoparticles and
between 6.40 and 16.10°C for films with Ag® nano-
particles, and they vary with copolymers composi-
tion (Table IV). The T, values determined by DMA
were lower comparative to those obtained by DSC,
as in this case the films were dried under vacuum at
80°C and in the case of DMA analyses, the films
were stored at 5-7°C to avoid the plastifying agent
migration. The presence of glycerol determined an
important lowering of the T, value and films pre-
sented elasticity at ambient temperature. In the case
of copolymer films, the values of the relaxation proc-
esses (T,) and T, values were more raised compara-
tive to corresponding PVA ones (except T, value of
C,/Ag film). These values are influenced by VA/LA
molar ratio utilized in the syntheses, considering
that with LA percent decrease, the values of these
two parameters record an increase. The slope of the
glass transition processes (E' modulus curve) had
higher values in the case of copolymers comparative
to PVA and recorded a raised value in the case of
copolymer with VA/LA (1/1) molar ratio. This real-
ity demonstrates that the beginning and the end of
the transition process is nearer and consequently the
glass transition domain narrower. The same behav-
ior was also observed in the case of the dissipation
factor (tan §), when the peak is narrow and higher
in the case of copolymers, supporting the anterior
statement.
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Antibacterial testing

The films surface was examined by SEM after main-
taining PVA and PVA-¢-LA films on agar medium
inoculated with fungi Chaetomium globosum class,
MO 5 stock for 2 weeks. In Figure 15(a,b), PVA and
PVA/Ag films are presented. PVA matrix presents a
homogeneous and uniform structure constituted of a
single phase. On the surface of the film without sil-
ver nanoparticles, the appearance of hives belonging
to Chaetomium globosum class fungi is observed; on
the contrary, in the case of films with silver nano-
particles one can observe the presence and disper-
sion of silver nanoparticles on the films surface and
the absence of fungi or other bacterial species, dem-
onstrating the bacteriostatic character of these films.

det HY | mag si:ot vac mode WD |temp ———— 100 pm ————|
LFD[30.00 kV|1 000 x| 4.0 | Low vacuum | 9.5 mm| -

det HV mag |spot| vac mode WD
LFD [30.00 kV| 10 000 x| 4.0 | Low vacuum | 8.5 mm

Figure 15 (a) SEM micrographies of PVA films and
(b) SEM micrographies of PVA/Ag films.
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det HV mag |spot| vac mode WD |[temp
LFD|10.00 kV|1 000 x| 4.0 | Low vacuum | 9.5 mm

det HV
LFD|10.00 kV'

1 000 x

Figure 16 (a) SEM micrographies of PVA-g-LA films and
(b) SEM micrographies of PVA-g-LA/Ag films.

The appearance of the fungi hives on the films
surface without silver nanoparticles was observed
after 4-5 days on agar application, while in the case
of films with silver nanoparticles, they were not
developed even after 14 days. SEM micrographies
[Fig. 16(a)] belong to PVA-¢g-LA (C;) film without
silver nanoparticles, and Figure 16(b) to films with
silver nanoparticles. In this case, one can observe
that the structure of the films is not homogeneous,
formed by two phases characteristic to the two types
of structural unities. The homogeneous and uniform
part is characteristic to PVA units and the heteroge-
neous one, as short fibers dispersed in the mass
belongs to oligo-PLA chains. The surface of PVA-g-
LA films without silver nanoparticles presents cracks
and an advanced degree of erosion resulted by the

action of the fungi; in the case of films with silver
nanoparticles, the surface is not attacked by Chaeto-
mium  globosum, demonstrating their bacteriostatic
character.

CONCLUSIONS

By PVA grafting with r(+)-LA, copolymers with
water solubility and in some organic solvents (DMF,
DMSO, acetone, and ethyl ether) and better thermal
stability were achieved. The PVA-¢-LA synthesized
compounds exhibit lower glass transition and melt-
ing temperature and higher decomposition one than
neat PVA; therefore, they could also be utilized
to prepare some films by melt processing. The
copolymer films achieved presented bacteriostatic
activity against Chaetomium globosum fungi, when we
included in their composition silver nanoparticles.
The appearance of the fungi hives on the films sur-
face without silver nanoparticles was observed after
4-5 days on agar medium application, while in the
case of films with silver nanoparticles they were not
developed even after 14 days. The fact that silver
nanoparticles introduced in small quantities did not
modify the thermal and mechanical properties of
copolymer films and even determined their easy
improvement, as well as the antimicrobial character
that was noticed could determine their possible utili-
zation in the medical and pharmaceutical field. The
films were prepared by solution casting from aque-
ous solutions, and the mechanical properties were
not essentially modified, the values recorded
remained in the domain of films achieved with PVA
blank sample.

The raw materials used in the syntheses (LA and
PVA) are biodegradable and biocompatible and sug-
gest copolymers utilization in various areas: packag-
ing, agriculture, medicine, pharmacy (controlled
release systems of some active principles, surface
coatings, and antiseptic dressings), considering also
their bacteriostatic character, given by silver nano-
particles. Moreover, the use of LA for PVA graft
copolymerization presents some other advantages:
LA is not only easily available from renewable
resources but has also low cost. Therefore, PVA-g-
LA is a useful biomaterial from environmental and
economical point of view.
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