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Abstract There is a wide range of applications where

calcium phosphate and hydroxyapatite (HA) are used as

biomaterials, e.g. as synthetic bone grafts, coating on metal

prostheses (like hip endoprostheses or dental implants) and

drug carriers. In the study, the design and synthesis of

composites based on poly(vinyl alcohol-co-lactic acid)/

hydroxyapatite (PVA-co-LA/HA) with potential for bio-

medical applications, they are presented. The hydroxyap-

atite particles were surface-grafted with L(?)-lactic acid in

the presence of manganese acetate as catalyst, resulting in

modified hydroxyapatite (HAm) with improved capacity of

bonding, respectively for the preparation of the composite

based on PVA-co-LA/HAm. FT-IR spectra further con-

firmed the existence of PLA polymer on the surface of HA

particles. In synthesis of PVA-co-LA copolymer the dif-

ferent molar ratios PVA/LA (2/1, 1/1, 1/2), toluene/water:

1/2 (as azeotrope solvent mixture) and manganese acetate

as catalyst, were used. The composite materials were

synthesized in situ with 10 wt% HA, and respectively HAm

(reported to PVA and lactic acid components). The com-

posite materials were characterized by FTIR spectroscopy,

thermal analyses (DSC, DTG), 1H-NMR spectroscopy,

particle size distribution and zeta potential.

Keywords Biomaterials � Copolymers � Poly(vinyl

alcohol-co-lactic acid)/hydroxyapatite � Composites

Introduction

Biomaterials are materials of natural or man-made origin

that are used to direct, supplement, or replace the functions

of living tissues of the human body [1–3]. Biomaterials in

the form of implants and medical devices are widely used

to replace and/or restore the function of traumatized or

degenerated tissues or organs, to assist in healing, to

improve functions, to correct abnormalities and thus

improve the quality of life of the patients. Hydroxyapatite

(HA) is the major inorganic constituent of natural bone [4].

Hydroxyapatite has been used as implant material owing to

its ability to form strong bonds with the human hard tissue.

However, the pure HA is suitable only for the repair of

non-load-bearing bones because of its fragility, low

mechanical strength, easy rupture and weak fatigue resis-

tance; it can not withstand the normal operating loads of

bone or joints [5]. On the other hand, alumina (a-Al2O3)

has high wear resistance, high strength and very stable

chemical properties in the physiological environment. But

alumina forms no chemical or biological bond at the

material-tissue interface. Thus, HA coatings on the surface

of alumina substrates can be used to combine the excellent

bioactivity of HA with the superior mechanical properties

of the substrates [6]. The composites of HA particles with

biodegradable polymers have attracted much attention

owing to their good osteoconductive properties. Thus,

hydroxyapatite was combined with a number of natural or

synthetic polymers, the resulting composites are expected

to have better mechanical properties than neat (unrein-

forced) polymers as well as improved structural integrity

and flexibility over brittle glasses and ceramics, for even-

tual load-bearing applications. PLA with large amount of

L-form isomer (PLLA) is highly crystalline. Its inherent

brittleness is a major disadvantage for potential industrial
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applications. The flexibility of PLA can be improved

through copolymerization and blending processes. Blend-

ing with other biodegradable polymers allows the modi-

fying the properties of hard and brittle PLLA. Several

blend systems containing PLLA have been investigated,

such as PLLA/poly(ethylene glicol) (PLLA/PEG) [7–9],

PLLA/poly(3-hydroxybutyrate) (PLLA/PHB) [10] and

PLLA/poly(e-caprolactone) (PLLA/PCL) [11, 12]. How-

ever, there is evidence that these blends are not stable and

their attractive mechanical properties are lost over time.

At the beginning of 1980s, as one of the most prom-

ising high performance bone repair and replacement

materials were HA/PLA composites, and during the last

years, investigations on preparation, mechanical proper-

ties, interface structure, biocompatibility and biode-

gradability of the composites have became more active

[13–15]. The results of those studies showed that HA par-

ticles were in lack of adhesion with the polymer matrix. The

improvement of the interfacial adhesion between the HA

particles and polymer matrices has become the key tech-

nique in preparing the composites. In this order, various

methods have been purposed to modify the surface of HA

particles, such as agents coupling as for example silane

[16], dodecyl alcohol [17], polyacids [18–20], polyethylene

glycol [21], and isocyanate [22–24]. In all these techniques,

the coupling agents were reacted with the hydroxyl groups

on the surface of HA particles and thus the affinity of par-

ticle surface to the polymer matrix was improved to some

extent. In recent years, emphasis in biomaterial engineering

has moved from materials that remain stable in the bio-

logical environment to materials that can degrade in the

body. Biodegradable materials are designed to degrade

gradually and be replaced eventually by newly formed

tissue in the body. Biodegradable polymers such as

poly(e-caprolactone) (PCL), copoly-L-lactide (CPLA) [25],

poly(glycolic acid) (PGA) [26] and their copolymers, poly

(D,L-lactic-co-glycolic acid) (PLGA) are known for their

variable degradation characteristics, as well as reasonable

mechanical properties [25–29].

Poly(vinyl alcohol) (PVA) is recognized as one of the

very few vinyl polymers soluble in water also susceptible

of ultimate biodegradation in the presence of suitably

acclimated microorganisms. Accordingly, increasing

attention is devoted to the preparation of environmentally

compatible PVA-based materials for a wide range of

applications [30]. PVA’s rheological properties, particu-

larly its ability to produce highly resistant films and its

hydrophilic character, account for the improvements in the

mechanical properties and performances of natural poly-

mers when mixed with PVA. Accordingly, several inves-

tigations were carried out on the rheological and structural

characterization of materials obtained by mixing PVA,

either in solution or in the melt, with several natural

polymers of vegetal, animal, and marine origin, such as

cellulose, lignin, starch, silk, gelatin, chitin, and chitosan

[31]. The inherent hydrophilicity of poly(vinyl alcohol)

(PVA) makes it an attractive polymer for applications

based on membranes. Its thermal and chemical resistance

and a high anti-fouling potential are accompanied by high

water permeability. The large swelling capacity requires

that the PVA be adequately linked into a matrix to ensure

that its properties are able to formulate. Also, the alcohol-

substituted polymers, however, show higher melting tem-

perature and a weaker property dependence on comonomer

content [32].

A composite material containing both a bioceramic and

a biodegradable polymer could offer the necessary benefits

in terms of exhibiting both osteogenic characteristic of

ceramic material and biodegradable property of the poly-

mer and could also offer improved mechanical properties.

The literature in the field mention about the possibilities

for modifying the hydroxyapatite particles by directly

grafted of poly(lactic acid) onto the hydroxyl group of the

surface of hydroxyapatite particles by ring-opening poly-

merization of L-lactide in xylene and in the presence of

stannous octanoate (Sn(Oct)2) as catalyst process followed

by grafted compound incorporation into poly(lactic acid) to

form the composite [33–35].

The objective of this research is to synthesize compos-

ites based on poly(vinyl alcohol-co-lactic acid)/hydroxy-

apatite (PVA-co-LA/HA) with potential biomedical

applications. The modification of the HA surface was

performed to obtain a composite with improved binding

capacity between the constitutive compounds, respectively

HA and the polymeric matrix based on PVA-co-LA, bio-

degradable and biocompatible polymeric compounds with

extended applications in medical and pharmaceutical field.

The hydroxyapatite particles were surface-grafted with

L(?)-lactic acid (90 wt% aqueous solution) in the presence

of manganese acetate as catalyst, resulting in modified

hydroxyapatite (HAm) with improved capacity of bonding,

respectively for the preparation of the composite based on

PVA-co-LA/HAm.

Two composite materials, based on 10 wt% HA or HAm

respectively, with different molar ratios between PVA and

LA of about 2/1, 1/1, and 1/2, using the toluene/water

mixture (1/2) as azeotrope solvent and manganese acetate as

catalyst, they were synthesized in situ. Based on the prep-

aration conditions and the ratio between the compounds

(reported to compounds weight), the composite materials

were noted PVA-co-LA/HA (2/1/10; 1/1/10; 1/2/10) and

PVA-co-LA/HAm (2/1/10; 1/1/10; 1/2/10), respectively.
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Experimental

Materials

The raw materials used in our experiments were available as

commercial products and were analytical grade reagents.

Poly(vinyl alcohol) (PVA), hydrolysis degree 98%, degree

of polymerization DP = 400, saponification index 140 ±

30 mg KOH/g from Romacryl S.A. (Romania). L(?)-lactic

acid [(S)-2-hydroxypropionic acid] (LA) aqueous solution

90 wt% from Fluka (Switzerland) was used without further

purification. Hydroxyapatite [Ca10(PO4)6(OH)2] from Fluka

(Switzerland) and modified hydroxyapatite with L(?)-lactic

acid (HAm) were utilized as fillers in composite materials.

Manganese acetate [(CH3COO)2Mn�4H2O], toluene, tetra-

hydrofuran, acetone were analytical grade reagents from

Chimopar S.A. (Romania) and were used as received.

Modification of Hydroxyapatite Surface

The modification of HA surface was achieved by a con-

densation reaction with LA. Initially, carboxyl groups of

LA react with hydroxyapatite and a calcium carboxylate

linkage is obtained by water removal [20]. A typical pro-

cedure for HA surface grafting is briefly described, as

follows: firstly, 20 g HA was dispersed in tetrahydrofuran

(150 mL), under stirring at room temperature for 30 min.

Then, 20 g LA in which were introduced 0.1 g manganese

acetate as catalyst (0.5 wt% reported to LA) were slowly

dropped into the above stirred suspension. The molar ratio

LA/HA was 11/1. The suspension was heated to 60–70 �C

with reflux and maintained for 60 min, then about 80 mL

tetrahydrofuran was removed. Then 80 mL toluene (to

form an azeotrope with water—at a ratio of 1–2 toluene/

water) were added into the reaction mixture, afterwards the

mixture was heated and maintained at 120–130 �C for 6 h.

After cooling at room temperature, the reaction mixture

was washed several times with tetrahydrofuran to remove

PLA homopolymer, and then it was isolated by centrifu-

gation (5,000 rot/min). The solid reaction product was

again suspended in tetrahydrofuran; next it was stirred for

30 min and separated by centrifugation. Then, it was again

dispersed under stirring in acetone for 3–4 h to remove the

PLA homopolymer not grafted on hydroxyapatite particles

surface, and finally it was isolated by centrifugation and

was dried under vacuum 24 h at 60–70 �C. Also, the

reaction products were several times washed with tetra-

hydrofuran and acetone as well as centrifuged for the

completely remove of the toluene traces. The absence of

toluene traces in the structure of the prepared composites is

confirmed by IR spectra: they are missing the specific tri-

ade peaks of toluene from 1,803, 1,858, 1,942 cm-1 as well

as the correspondingly aromatic C=C stretches peak around

of 1,475 cm-1 [36, 37]. The reaction yield of hydroxyap-

atite modification with L(?)-lactic acid was approximately

58%.

Scheme 1 illustrates a possible reaction mechanism for

hydroxyapatite modification.

Composites Preparation

In order to improve the bonding between HA particles and

polymer matrix the HA particles were surface—grafted

with PLA and further used in situ composites synthesis.

This stage, HAm and HA were utilized to obtain PVA-

co-LA/HAm and PVA-co-LA/HA composite materials. The

composite materials with 10 wt% HA or HAm and the

different molar ratio PVA/LA (2/1, 1/1, 1/2), were

achieved. The reaction was developed by a solution poly-

condensation mechanism using toluene/water (1/2) as

azeotrope solvent mixture and manganese acetate as cata-

lyst (0.8 wt% reported to PVA and LA). Poly(vinyl alco-

hol), in previously established quantities was dissolved

under stirring in water at 70 �C (15–18 wt% concentration

solutions), and adequate quantities of LA and manganese

acetate aqueous solutions were added drop by drop. After

homogenization of the reaction components for 30 min,

HA or HAm (10 wt% reported to PVA and LA) were added

and the reaction in two-step was achieved. In the first step

the reaction took place under reflux at 95 �C for 3 h and in

the second step, the adequate quantity of toluene was

carefully added by dropping and reaction developed 3 h at

115–120 �C. Water and by-products obtained were

removed by azeotropic dehydration using toluene. The

reaction product was then maintained for 15 min at

130–135 �C and then cooled at 50–60 �C and poured in a

Petri dish. Composites drying was done at 70–80 �C under

vacuum during 48 h. The PLA homopolymer grafted on

nHA - Ca - OH  + n

(CH3COO)2Mn

Dehydratation

/ Temp

n HA - Ca+

-  n H2O

n

OH

CHH3C COOH

O

O O H

CH3CH3
O

CH OC CH

Scheme 1 Idealized reaction mechanism of HA modification with

L(?)-lactic acid
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the HA surfaces, as inter-tying molecules, plays an

important role in improving the cohesion strength between

particles and the polymer matrix and the PVA-co-LA/HAm

composites exhibit higher characteristics than PVA-co-LA/

HA.

Characterization

FTIR spectra were recorded using a spectrophotometer

Vertex 70 model (Germany). The samples were homoge-

nized and pressed on KBr pellets.
1H-NMR spectra of the copolymers were obtained on

a Bruker Avance DRX 400 NMR spectrophotometer

(Germany), equipped with 9.4 Tesla ultrashield magnet

(400 MHz). The samples were dissolved in D2O with a

concentration of about 5 wt%. The analysis was carried out

at 25 �C and chemical shifts were reported in parts per

million (ppm) using tetramethylsilane (TMS) as the inter-

nal reference.

Measurement of particle size was done with a Master-

sizer 2000 system (version 5.31) Malvern Instruments

(England). The system is constituted of an optical bank

which uses a laser light He–Ne of 632 nm and 2 mW

power, a sample dispersion unity Hydro 2000A type

equipped with stirrer, recirculating pump and ultrasonic

source. The measurement domain is between 0.020 and

2,000 lm.

Zeta potential and conductivity were measured using a

Zetasizer Nano-ZS, ZEN-3500 model, Malvern Instru-

ments (England). Also, hydrodynamic diameter and poly-

dispersity were determined using noninvasive backscatter

(NIBS) technology, which allows sample measurement in

the range of 0.6 nm–6 lm. For measurement, the copoly-

mers were dissolved in twice distilled water at a concen-

tration of 1 g/L. The measurement was carried out using a

laser green light He–Ne (532 nm) as light source at a fixed

angle of 173�. The following parameters were used for

experiments: water as dispersant medium with refractive

index 1.330, viscosity 0.887 cP, dielectric constant 79 and

25 �C temperature. After size measurement, zeta potential

was measured with the M3-PALS technique which is a

combination of Laser Doppler Velocimetry (LDV) and

Phase Analysis Light Scattering (PALS). Electrophoretic

mobilities of particles were measured and converted to zeta

potential using Henry Equation:

UE ¼
2eZfðkaÞ

3g
ð1Þ

where UE—electrophoretic mobility, e—dielectric constant

of the medium, Z—zeta potential, g—viscosity, f(ka)—

Henry function (for aqueous medium f(ka) = 1.5 and refer

to Smoluchowski constant). Also, conductivity is measured

simultaneously with zeta potential. The average of five

measurements is presented as value for zeta potential and

conductivity.

The thermogravimetric analyses of composite materials

were performed using a thermogravimetric balance STA

449F1 Jupiter model (Netzsch—Germany). Samples with a

mass ranging from 7 to 10 mg were heated from 30 to

600 �C, with heating rates of 5, 10 and 20 �C/min. Nitrogen

gas (99.99% purity) as carrier with flow rate of 50 mL/min

and protective purge for thermobalance of 20 mL/min was

used. The samples were heated in open Al2O3 crucible, and

Al2O3 as reference material was used. The temperature

calibration of the thermobalance was made according to the

procedure reported in the user’s manual of the equipment.

Thermal decomposition of composite materials with 10%

HA or HAm in which the PVA/LA molar ratio is 1/1 was

performed at three different heating rates (5, 10, 20 �C/min),

in nitrogen atmosphere.

DSC thermal analyses were carried out by means of a

differential scanning calorimeter Perkin Elmer Pyris Dia-

mond with a heating rate of 10 �C/min in nitrogen atmo-

sphere. The first heating run was carried out with

10–12 mg sample in the temperature range between room

temperature and 250 �C. The second heat was recorded

with same sample that was rapidly cooled at room tem-

perature and heated to 200 �C approximately. Pure indium

was used as standard for calorimetric calibration.

Results and Discussion

FTIR and 1HNMR Characterization

FTIR spectra of HA and HAm are presented in Fig. 1 and

agree well with the literature in the field [38, 39]. In the HA

spectrum the presence of some absorption bands at 3,437

and 3,571 cm-1 are attributed to mOH stretching vibrations,

and at 1,639 cm-1 due to adsorbed water at the surface of

HA particles. Also, stretching vibrations of phosphate

anion (mPO4
3-) are remarked at 962, 1,031 and 1,090 cm-1

and the deformation vibrations (dPO4
3-) are present at

lower frequencies 564 and 601 cm-1. In the case of the

grafted HA with LA, except the HA characteristic

absorption bands, some additional vibration bands appear

evidencing the reaction of the carboxylic groups of LA

with the hydroxyl groups from HA surface (in this case

ester linkages are obtained) or with Ca2? ions when cal-

cium carboxylate is obtained. So, it can be remarked the

presence of a pronounced absorption band at 1,756 cm-1

belonging to stretching vibrations (mC = O) of the ester

group obtained in the reaction and of some absorption

bands at 1,370–1,426 cm-1 belonging to calcium carbox-

ylate (stretching vibrations mCOO-). Other bands, not

registered in case of unmodified HA, must also be
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evidenced, bands that belong to CH and CH3 groups from

lactic acid. Thus, the vibrations of methine groups (mCH) at

2,854 cm-1and the stretching vibrations of methyl groups

(mCH3) from 2,929 to 2,987 cm-1 must be noticed. As HA

particles were intensely washed after the grafting reaction

with tetrahydrofuran and acetone (good solvents for PLA),

the possibility that IR peaks belonged to the homopolymer

physically adsorbed, it was excluded. All these additional

bands noticed in HAm spectrum support its modification

with lactic acid by chemical linkages.

FTIR spectrum of PVA-co-LA/HAm composite (Fig. 2)

display characteristic absorption bands of HAm, at 1,044

and 1,131 cm-1 bands corresponding to the stretching

vibrations mPO4
3- of the anion phosphate and also at 558,

650 cm-1 corresponding to bending vibrations dPO4
3-.

The absorption band of 1,377 cm-1 attributed to calcium

carboxylate acquired in the reaction of Ca2? ions with

carboxylic group (stretching vibrations mCOO-) is noticed

in the composite material. Also, a pronounced absorption

band at 1,744 cm-1 belonging to the ester groups (mC=O)

and another one at 3,432 cm-1 corresponding to stretching

vibrations mOH of the PVA chains are also registered.
1H-NMR spectrum of PVA-co-LA copolymer is pre-

sented in Fig. 3. Based on the reports of peak assignments

for proton species in PVA and PVA derivatives [40, 41],

were assigned the proton signals in the 1H-NMR spectrum

of PVA-co-LA copolymer, as given in Fig. 3. The reso-

nance at d = 1.299 ppm is attributed to the sequences of

lactic acid units CH3 (d) grafted to PVA chain. The signal

appearing at 1.415 ppm is assigned to methylene groups

CH2 (a) existent in PVA backbone structure, the signal at

3.651 ppm is attributed to methine protons CH (c) in lactic

acid structure and the signal at 4.793 ppm to methine

protons CH (b) in PVA backbone structure of the copoly-

mer. Residual proton signal of D2O appeared at 4.238 ppm.

As it is well known, two clearly distinct peaks appear in

the 1H-NMR spectrum of lactic acid—at 1.41 ppm of the

methyl group and at 4.38 ppm for the methine C–H bond—

and each peak corresponds to a different chemical envi-

ronment for hydrogen in this molecule.

The chemical shifts of the mentioned peaks from 1.41 to

1.299 are attributed to the additional magnetic field inter-

vened from methylene groups of PVA as well as owing to

the solvent signal from 4.238 ppm in case of the second

peak.

Thermal Characterization

The TG and DTG curves of thermal decomposition of HA,

HAm, PVA-co-LA/HA and PVA-co-LA/HAm composites,

in Figs. 4, 5, 6 are presented within the 30–600 �C tem-

perature range. The most important thermogravimetric

characteristics are temperature at which the thermal

decomposition begins (Tonset-), the temperature at which

the degradation rate is maximum (Tpeak-), the temperature

at ending process (Tendset-) and the mass losses in each

stage (W%)—and they are presented in Table 1.

The amount of lactic acid grafted on HA surface was

determined from data recorded by thermogravimetric

analysis. The total mass loss from HA (WHA) and HAm

(WHAm), recorded at 600 �C, were about 3.20 and 18.60%,

respectively. As it is well known HA as hydrated calcium

phosphate material begins to dehydroxylate around of

800 �C to form oxyhydroxyapatite through a gradual pro-

cess which takes place over a range of temperatures. From

the registered thermogravimetric data up to 600 �C it was

established the lactic acid mass [M(L–LA)] grafted on HA

surface which was calculated by the following relationship:

Fig. 1 FTIR spectra of HA and HAm

Fig. 2 FTIR spectrum of PVA-co-LA/HAm composite
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MðL�LAÞ ¼WHAm � WHA ¼ 18:60� 3:20 % ¼ 15:40 %

ð2Þ

At the same time the thermal behavior of the prepared

composites is influenced by products composition,

respectively the hydroxyapatite type (HA or HAm) and

PVA/LA molar ratio used in the initial mixture of

copolymers synthesis. Thus, the thermal stability of the

two types of composite materials decreases with the

increase of the lactic acid content into the copolymers

structure and raises in case of composite with grafted

hydroxyapatite (HAm). Accordingly, PVA-co-LA/HA

(2/1/10) composites recorded mass loss of 50% at 329 �C

and PVA-co-LA/HA (1/2/10) at 319 �C. On the other hand,

PVA-co-LA/HAm (2/1/10) recorded 50% weight loss at

365 �C and PVA-co-LA/HAm (1/2/10) at 330 �C.

Generally, based on the TG and DTG registered graphs,

the study indicates the presence of 3–4 stages of thermal

decomposition for each composite material where mass

losses occur with different rates.

The kinetics of thermally stimulated reactions of com-

posite materials can be described by the basic Eq. 3 [42].

da
dt
¼ k � f ðaÞ ð3Þ

where a is the conversion degree (a = (W0 -Wt)/

(W0 -Wf), Wt, W0, and Wf are weights at initial, time

t and final time of the sample, respectively), da/dt is the

conversion rate, f(a) is the differential expression of a

kinetic model function which depends on the particular

Fig. 3 1H-NMR spectrum of

PVA-co-LA copolymer

Fig. 4 TG and DTG curves recorded at thermal decomposition of

HA and HAm

Fig. 5 TG and DTG curves recorded at thermal decomposition of

PVA-co-LA/HA composites [1- PVA-co-LA/HA(1/1/10); 2-PVA-

co-LA/HA (2/1/10); 3-PVA-co-LA/HA (1/2/10)]
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degradation mechanism and k is the Arrhenius rate

constant, which is given as Eq. 4:

k ¼ A exp � E

RT

� �
ð4Þ

where A is the pre-exponential factor (s-1), assumed to be

independent of temperature, E is the activation energy of

decomposition reaction (kJmol-1), T is the absolute

temperature (K), and R is the gas constant (8.314 Jmol-1

K-1). Substituting ‘‘k’’ from Eq. (4) into Eq. (3) it obtains:

da
dt
¼ A exp � E

RT

� �
� f að Þ ð5Þ

For non-isothermal measurements at constant heating rate

b ¼ dT=dt, and f ðaÞ ¼ nð1� aÞ for one-step reactions type

Fn, Eq. (5) transforms to:

da
dT
¼ A

b
exp � E

RT

� �
� n 1� að Þ ð6Þ

or:

ln
da
dT

� �
¼ ln

A

b

� �
þ n � ln 1� að Þ � E

RT
ð7Þ

Eqs. (5) and (7) are the fundamental expressions of ana-

lytical methods to calculate kinetic parameters on the basis

of TG data in isothermal and non-isothermal measurement,

respectively [43, 44]. The kinetic parameters were obtained

using NETZSCH Thermokinetics software as Multiple-

linear Regression (MLR) [45].

The determined values of the kinetic parameters (E, n,

and log A) are presented in Table 2. For the same PVA/LA

molar ratios and in similar thermal decomposition condi-

tions, kinetic parameters are different, being influenced

by hydroxyapatite type (HA or HAm). In the case of

composites with HAm, activation energy (E) is higher and

implies existence of better cohesion between inorganic

material and copolymer. Weight losses (W) shown in table

are recorded at the end of thermal decomposition process

(600 �C) and depend on heating rate.

The variation of activation energy and pre-exponential

factor log A, depending on the conversion degree of thermal

decomposition reactions, it is presented in Figs. 7 and 8. The

variations of these parameters are similar for both com-

posites. Initially, the two kinetic parameters values are

slightly decreased after which the recorded values increase.

Two peaks appear around the conversion degrees of 0.25

and 0.70 conversion (PVA-co-LA/HA), and respectively

0.30 and 0.80 (PVA-co-LA/HAm). A significant drop

parameters that occur at 0.8–0.9 conversion corresponds to

the 300–400 �C temperature domain undergoing significant

weight losses. The kinetic parameters variation related on

the thermal decomposition conversion designates complex

mechanisms of thermal degradation corresponding to the

constituent components that take place at several stages

with different ratios and sometimes with overlapping

processes.

In Table 3 and Figs. 9, 10 the thermal characteristics of

composite materials PVA-co-LA/HAm and PVA-co-LA/

HA determined by differential scanning calorimetry (DSC),

are presented. It was ascertained that PVA-co-LA/HAm

composite materials present only one Tg value (glass tran-

sition temperature), and the melting temperatures (Tm) of

these composites are in the range of 170–195 �C and vary

with PVA/LA molar ratio in their structure. On the other

hand, the PVA-co-LA/HA composite materials present two

Tg values, demonstrating that there is not a good compati-

bility between components and phase separations can occur.

The melting temperatures of PVA-co-LA/HA composite

materials are situated around 140 �C (Fig. 8). These find-

ings demonstrate that the lactic acid grafted on the HA

surface can also participate to some condensation reactions

that take place during the composite materials synthesis,

forming new chemical linkages. So, hydroxyapatite modi-

fied with lactic acid can contribute to compatibility

improvement of the components in the composite structure.

The hydroxyapatite particles distribution is also more uni-

form and homogeneous promoting better thermal properties.

The literature data [46] mention that during poly(lactic

acid) decomposition two distinct peaks appear: the first

peak at 295 �C attributed to the depolymerization and

exclusively formation of lactide. The second peak at

350 �C is due to other decomposition processes the main

products being carbon oxides, acetaldehyde, lactide and

further cyclic oligomers up to nine monomer units.

Thermal degradation of PVA has been also extensively

reported in literature [47]. An endothermic peak at

60–90 �C, was attributed to the loss of moisture.

Fig. 6 TG and DTG curves recorded at thermal decomposition

of PVA-co-LA/HAm.composites [1- PVA-co-LA/HAm (1/1/10);

2-PVA-co-LA/HAm (2/1/10); 3-PVA-co-LA/HAm (1/2/10)]
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Also, PVA displayed a major endothermic peak at about

230 �C, which is attributed to its melting. Three steps of

weight loss, located at about 100, 200, and 300 �C are

attributable to a loss of moisture, while those at higher

temperature are related to processes involving both melting

of PVA chains and the onset of degradation. Another drop

at above 300 �C is indicative of the occurrence of more

extensive thermal degradation processes.

These data support the affirmation about the overlapping

processes of degradation corresponding to the constituent

Table 1 Thermal characteristics of HA, HAm and composite materials

Sample Molar ratio PVA/LA Degradation step Tonset (oC) Tpeak (oC) Tendset (oC) W (%) T50 (oC)

HA – I 390 570 580 3.20 –

residue 96.80

HAm – I 103 137 161 2.78 –

II 186 208 226 5.57

III 246 254 275 2.44

IV 395 416 446 7.82

residue 81.39

PVA-co-LA/HA 2/1 I 127 161 214 21.11 329

II 258 298 335 41.92

III 409 434 574 18.47

residue 18.50

1/1 I 110 141 163 14.76 310

II 237 287 338 51.97

III 409 435 473 14.94

residue 18.33

1/2 I 115 143 154 5.94 319

II 187 209 233 13.90

III 258 309 344 44.50

IV 411 437 470 16.40

residue 19.26

PVA-co-LA/HAm 2/1 I 165 185 196 5.00 367

II 288 364 394 67.20

III 414 450 481 18.48

residue 9.32

1/1 I 112 151 201 22.42 318

II 237 289 347 45.15

III 406 426 481 16.60

residue 15.83

1/2 I 120 – 231 17.32 330

II 247 308 339 52.00

III 408 450 470 13.20

residue 17.48

Italics indicates the amount of inert residue remaining after the thermal decomposition

Table 2 Kinetic parameters of

composite materials with HA or

HAm

Sample Molar ratio PVA/LA/

HA (mol/mol/%wt.)

Ea (kJ/mol) Log A (s-1) n b (oC/min) W (%)

PVA-co-LA/HA 1/1/10 62.24 3.462 2.73 5 84.97

10 81.60

20 79.98

PVA-co-LA-/HAm 1/1/10 69.43 2.249 2.52 5 85.60

10 84.20

20 82.50
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components as well as the exhibiting of the two glass tran-

sition points, one for each of the block copolymer partners.

Particle size Distribution

Analysis of particle size distribution by laser diffraction

method with Mastersizer-2000 equipment of HA, HAm,

PVA-co-LA/HAm (1/1/10 wt%) and PVA-co-LA/HA

(1/1/10 wt%) are presented in Fig. 11 and Table 4. Gener-

ally, the HA and HAm particles diameter have a lower value

than composite materials particles. Ninety wt% of the total

particles volume present a diameter lower than 29.77 lm

(HA) and 49.12 lm (HAm), while in the case of composite

materials, the diameter value is lower than 651.08 lm

Fig. 7 Variation Ea and log A

with thermal decomposition

conversion of PVA-co-LA/HA

(1/1/10) composites

Fig. 8 Variation Ea and log A

with thermal decomposition

conversion of PVA-co-LA/HAm

(1/1/10) composites

Table 3 Thermal

characteristics determined by

DSC

Sample PVA/LA/HA

(mol/mol/wt%)

Tg1 ( �C) Tg2 ( �C) Tm ( �C)

PVA-co-LA/HAm 2/1/10 41 – 195

1/1/10 37 – 170

1/2/10 19 – 185

PVA-co-LA/HA 2/1/10 11 67 141

1/1/10 10 66 143

1/2/10 -3 58 139
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(PVA-co-LA/HA), and 538.65 lm (PVA-co-LA/HAm)

respectively. In the case of the composites the particles size

are raised due to the intermolecular associations that can

occur between HA and the polymer matrix, thus leading to

particles aggregation. HA particles present a more reduced

polydispersity than HAm, the absolute deviation from the

median value of particles diameter is 1.20 (HA), compared

with 1.68 (HAm). In the case of the composite materials

polydispersity is higher than the organic material used:

PVA-co-LA/HA (1.54) and PVA-co-LA/HAm (2.40). The

introduction of two types of hydroxyapatite in composite

materials structure influenced in a different way the particles

size. Although, HAm particles were bigger than HA ones,

the composites with HAm had a decreased diameter of the

particles. This fact was due to lactic acid grafted on the HA

particles surface that raised the compatibility degree,

improved the contact between hydroxyapatite and the

polymer and yielded a more homogeneous and uniform

distribution of the components in the composite material

structure.

Zeta potential and Conductivity

The hydrodynamic diameter values (Z-average) and the

zeta potential of the composite materials and the copoly-

mers based on the dynamic diffusion method of laser light,

were determined at 25 �C (Table 5). Zeta potential refers

to electrostatic potential generated by ions accumulation at

the surface of the particle (or colloid) organized in a double

electric layer built up of Stern layer and a diffusion layer.

The composite materials with HAm have hydrodynamic

diameter bigger than the composite materials with HA, but

lower than the copolymers. Also, zeta potential of com-

posite materials with HAm present absolute intermediary

values comprised between those of the copolymers and of

composite materials with HA. All the nanoparticles were

negatively charged in acid aqueous solution (pH 3.5–3.9),

which could be possible attributed to the presence of ion-

ized end carboxyl groups in PLA homopolymer. Zeta

potential don’t present high negative absolute values, as the

presence of uncapped free carboxylic groups is very

reduced as these groups participated at condensation

reactions with OH groups of PVA and with Ca ions

(Scheme 1), and the protons from the dispersion medium

where the measurements were done (pH acid) neutralize

most of the ions with negative charge.

Zeta potential and the electrical conductivity were

studied as temperature function on 25–40 �C interval and

these parameters variations are presented in Figs. 12, 13,

14, 15. The pH-values of the analyzed solutions are pre-

sented in Table 5. Generally, it is known that zeta potential

of stable colloidal solutions has values situated outside

the ± 30 mV domain. Since the copolymer dispersions

achieved have lower absolute values of zeta potential than

those earlier mentioned, they doesn’t present time stability

and the tendency of sedimentation is possible. At the same

time, data concerning zeta potential as well as of the

electrical conductivity confirm a higher stability of the

composite materials performed with modified HA.

The electrical conductivity variation with temperature

records a linear growth on the whole domain 25–40 �C,

Fig. 9 DSC curves of PVA-co-LA/HA composites

Fig. 10 DSC curves of PVA-co-LA/HAm composites

Fig. 11 Particle size distribution
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more raised values are recorded in the case of composite

materials with HAm or HA, comparative to electrical

conductivity of copolymers (Figs. 14, 15), and depend on

the PVA/LA molar ratio in the structure of composite

materials, respectively direct proportional with the LA

content.

Conclusions

Different types of composite materials with biodegradable

matrix (PVA-co-LA), different molar ratio PVA/LA

(2/1, 1/1, �) and 10 wt% HAm or HA, were synthesized. In

order to enhance bonding between HA particles and the

Table 4 Dimensional characteristics of the hydroxyapatite and the composite materials

Sample d(0.1) lm d(0.5) lm d(0.9) lm D[3] lm D[4] lm Uniformity Span

HA 2.18 7.50 29.77 5.09 12.93 1.20 3.67

HAm 2.07 9.44 49.12 5.35 20.00 1.68 4.98

PVA-co-LA/HA (1/1/10) 32.32 128.19 651.08 78.78 256.98 1.54 4.82

PVA-co-LA/HAm (1/1/10) 9.88 62.88 538.65 23.45 175.56 2.40 8.40

d(0.1); d(0.5); d(0.9) 10, 50, and 90% of the sample volume are particles with smaller diameter than specified in the table

D [3]—medium diameter for the equivalent sphere of the same surface with that of the particles, called also media Sauter

D [4]—medium diameter for the volume

Uniformity—is the measure of the absolute deviation from the median value. Span —represents the width of the distribution. The distribution is

narrower, span value is smaller. Span value is calculated with the formula: S = [d(0.9)–d(0.1)]/d(0.5)

Table 5 Characteristics of the aqueous composite dispersions measured at 25 �C

Sample PVA/LA/HA (mol/mol/%) Hydrodynamic diameter Zeta potential Conductivity (mS/cm)

Z-average (nm) Polydispersity index Z.P. (mV) pH

PVA-co-LA 2/1/0 246 0.536 -10.60 4.83 0.096

1/1/0 421 0.414 -10.00 6.10 0.078

1/2/0 345 0.451 -3.94 4.40 0.113

PVA-co-LA/HAm 2/1/10 144 0.825 -3.09 3.59 0.991

1/1/10 149 0.981 -3.90 3.79 1.49

1/2/10 141 0.806 -2.34 3.79 1.33

PVA-co-LA/HA 2/1/10 95.6 0.623 -2.01 3.98 1.37

1/1/10 53.7 1.000 -2.02 3.90 1.71

1/2/10 60.9 0.965 -1.74 3.88 1.67

Fig. 12 Zeta potential variation with temperature for PVA-co-LA/

HA composites

Fig. 13 Zeta potential variation with temperature for PVA-co-LA

copolymers and PVA-co-LA/HAm composites
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polymeric matrix as well as to improve the homogeneous

distribution of the inorganic particles in the polymer

matrix, the HA particles were surface-grafted with lactic

acid in presence of manganese acetate as catalyst. The

grafted modified HA particles were then subjected at a

polycondensing in situ procedure with poly(vinyl alcohol).

Composite materials PVA-co-LA/HAm with 140–150 nm

hydrodynamic diameters, were obtained. The compatibility

of HAm particles with the polymer matrix is better than in

the case of HA, aspect remarked also by the presence of

only one Tg value (by DSC), the homogeneity and dis-

persion of the particles is uniform, no phase separation

exist. Concerning the thermal stability of the composite

materials achieved with HAm and HA, it was ascertained

that it was influenced by PVA/LA molar ratio in the initial

reaction mixture. The thermal stability of the two types of

composites lowers with lactic acid percentage raise in

copolymer matrix structure, being also influenced by

hydroxyapatite type. Generally, the melting temperatures

have values comprised between 140 and 190 �C and the

glass transition temperatures have lower values than 70 �C,

this fact allowing the achievement of some films by hot

pressing, films that will be next characterized by mechan-

ical tests, as well as by their biodegradation behavior in

controlled laboratory conditions.
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