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ABSTRACT: The biodegradation of poly(vinyl alcohol) and poly(vinyl alcohol)-graft-lactic acid copolymers was analyzed, using Tricho-

tecium roseum fungus. The samples were examined during biodegradation at different periods of exposure. Structural modifications

of the biodegraded samples were investigated by Fourier transform infrared-attenuated total reflectance spectroscopy, and the surface

morphology was investigated by scanning electron microscopy. The static light scattering results concluded that the weight average

molecular mass (Mw) of the copolymers increased after biodegradation, because the fractions with low molecular weight of the

copolymers were destroyed. The thermal behavior and stability of the samples before and after the biodegradation period were inves-

tigated by differential scanning calorimetry (DSC) and thermogravimetric analyses. The thermogravimetric analyses and their deriva-

tives (TG-DTG) showed that the thermal stability of the biodegraded samples was more raised comparatively to the unbiodegraded

ones. The DSC results demonstrated that biodegradation took place in the amorphous domains of the investigated polymer samples

and the crystallinity degree increased after 24 biodegradation days. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41777.
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INTRODUCTION

The environmental pollution determined by synthetic polymers

has dangerous proportions especially in developed countries, con-

sequently biodegradable polymers have become of great interest.1

These polymers represent a very good alternative to non-

degradable plastics in different applications, such as: packaging,

agriculture, pharmaceutics, and medicine. Biodegradation is a

chemical degradation of materials, caused by the action of micro-

organisms: bacteria, fungi, or algae that determines changes in

the chemical structure, loss of mechanical and structural proper-

ties, and finally resulting compounds such as water, carbon diox-

ide, minerals, and intermediate products like biomass and humic

materials.2 The biodegradation involves several steps: biodeterio-

ration, biofragmentation, assimilation, and mineralization. The

high molecular weight and entanglements of polymer chains,

however, retard the biodegradation and aging processes of mate-

rials.3 The chemical structure of polymers, responsible for func-

tional groups stability, reactivity, hydrophilicity, and swelling

behavior, is the most important factor affecting biodegradabil-

ity.4,5 It also depends on environmental factors such as: tempera-

ture, moisture, oxygen, pH, and microorganism’s consortium.6 It

was concluded that the biodegradation of polymers is accelerated

by the hydrophilicity of the main chain, reduced crystallinity, and

the presence of additives. Other important factors that influence

the biodegradability of polymers are the physico-chemical, ther-

mal, and mechanical properties: molecular weight, morphology,

glass transition temperature, crystalline surface areas, porosity,

and elasticity. Heterochain polymers, particularly those contain-

ing oxygen and/or nitrogen atoms in the main chain are the

most susceptible to biodegradation and the biodegradation

rate increases in the order: esther> carbonate> ether> amide>

urea> urethane.

Poly(vinyl alcohol) (PVA) is a synthetic water soluble polymer, with

a very broad range of applications: adhesive for paper, wood, textile

and leather, finishing agent, emulsifier, and photosensitive coating.

The main biomedical uses of PVA are in soft contact lenses, eye

drops, embolization particles, tissue adhesion barriers, and as artifi-

cial cartilage and meniscus. This large area of applications is due to

its very good physico-chemical properties (flexibility, transparency,

toughness, and low permeability), biodegradability, biocompatibility

non-toxicity, non-carcinogenicity, and low-cost.7 The basic proper-

ties of PVA are much dependent on the degree of polymerization

(DP), degree of hydrolysis (DS), distribution of hydroxyl groups,

stereoregularity, and crystallinity. As conventional PVA cannot be

processed by traditional technologies, since it decomposes close to

its melting point (Tm about 230�C) and has a poor water resistance,

various physical8–10 or chemical modification11 were achieved to

functionality and control the biodegradability and biocompatibility
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of the resulting polymers. The introduction of aliphatic polyesters

on PVA macromolecular chains gives the possibility to control the

physical properties and degradability of the resulted copolymers.12

Our previous research studied PVA esterification with L-lactic acid

(L-LA) or L-aspartic acid (Asp) in order to decrease the hydrophi-

licity, density of intra- and intermolecular hydrogen bonds, improve

melt processability, and utilization of PVA.13,14 It was reported that

55 species of microorganisms (bacteria, fungi, yeast, and mould)

participate to PVA biodegradation, Pseudomonas bacteria being the

main degrader.15 PVA biodegrading microorganisms are rather

limited comparatively to the widespread species able to degrade

aliphatic polyesters of microbial or synthetic origin.16

The biodegradability of polyesters is determined especially by

their chemical structure, and the hydrolyzable ester bonds in

the main chain are the most susceptible to biologic attack.17

Also, the molecular weight, degree of crystallinity, stereoregular-

ity, and morphology affect the rate of polyesters biodegrada-

tion.18 Poly(lactic acid) is a very much studied and utilized

polymer in tissue engineering, bone reconstruction, as it is bio-

degradable, biocompatible, non-toxic, and has good mechanical

properties, but it degrades slowly to carbon dioxide and water

in the natural environment over a period of several months to 2

years.19 From two different screening tests it was demonstrated

that there exist some microorganisms able to utilize lactic acid

and its low molecular weight derivatives as carbon and energy

sources. Fusarium moniliforme strain appeared to be the most

active among the 14 filamentous fungi tested.20

The article investigates PVA and poly(vinyl alcohol)-graft-lactic

acid (PVA-g-LA) copolymers biodegradability previously synthe-

sized, in the presence of Trichotecium roseum fungus (in con-

trolled laboratory conditions for 24 days). The biodegradation

was evaluated by physico-chemical and thermal analyses of the

samples. The choice of T. roseum fungus was done with the aim

to test the availability of this species to initiate the biodegrada-

tion/biodeterioration of PVA and PVA-g-LA copolymers, as it

was established that there exist few microorganisms capable of

totally degrading these macromolecular compounds.

EXPERIMENTAL

Materials

PVA-g-LA copolymers utilized in this study were synthesized at

molar ratios PVA/LA (1/1 and 2.2/1).13 PVA used in the copoly-

mers synthesis, had hydrolysis degree 98%, average molecular

weight Mn 5 18,000, saponification index 140 6 30 mg KOH/g,

and was supplied from Romacryl SA-(Romania). Other materi-

als utilized in the biodegradation test were peptone, malt

extract, and agar-agar (supplied from Fluka Switzerland) and

poly(ethylene glycol) with Mn 5 6430 g/mol (PEG 6430), were

purchased from Sigma Aldrich.

Samples Preparation and Biodegradation

PVA and PVA-g-LA samples, as disks (obtained by pressing the

copolymer powders, using a hydraulic press of 10 tf), of 10 mm

diameter and 1 mm thickness, were oven dried at 80�C 6 2�C,

until constant weight was reached, before starting the biodegra-

dation test. T. roseum is a fungus species found on plant resi-

dues, as agent of fruit rot. It forms colonies with fluffy pink-

orange appearance and reproduces by conidia Bicellular. Coni-

dia are exogenous or endogenous spores of molds, single or

multicellular, characteristic to upper molds. It is found on the

leaves of tomato plants, on the surface of grains of wheat, bar-

ley, and corn. Both in vivo as well as in vitro is a manufacturer

of cytotoxic metabolic toxins, which inhibit the alcohol fermen-

tation.21 Trichothecium fungi belong to the class Sordariomy-

cetes of the phylum Ascomycota and are closely related to

Acremonium spp.22 The genus Trichothecium is comprised of six

fungal species and distributed on decaying vegetables and in the

soil. In general, fungi in this group have been considered as

contaminants except for T. roseum which causes pink mold rot,

one of the post-harvest diseases of tomatoes. The biodegrada-

tion test was followed for 24 days. The structure of PVA-g-LA

copolymers is represented in Scheme 1. The composition of the

solid medium was as follows: malts extract 30 g, peptone 5 g,

agar-agar 18 g, and distilled water 1000 mL. Petri dishes with

20 mL solid medium were inoculated with 0.8-cm slices from a

culture of T. roseum fungus, pre-inoculated 7 days prior the

test, and then incubated in an oven, at 28�C. The sterilized

copolymer samples were exposed to T. roseum fungus in petri

dishes containing the composition of the solid medium and

afterward analyzed regarding the growth of microorganisms on

their surfaces and watching the metabolization process in time.

A method to evaluate of biodegradation degree is the “clear

zone” technique.23 The agar plates, containing polymer samples

are inoculated with microorganisms and the presence of poly-

mer degrading microorganisms is confirmed by the formation

of the clear halo zones around the colonies. The clear halo zone

appears when the polymer degrading microorganisms excrete

extracellular enzymes which diffuse through agar and degrade

the polymer into water soluble materials. In the biodegradation

experiment after the incubation period, a clear zone around the

colonies was formed, which was visually detected, suggesting the

polymer samples biodegradation by fungi. The diameter of the

clear zone was measured and recorded after 6 days.

Characterization

Fourier transform infrared-attenuated total reflectance spectra

(FTIR-ATR) were recorded with a spectrophotometer Vertex 70

model (Bruker-Germany), in the range of 600–4000 cm21, with

4 cm21 resolution and sample scan time 32. The spectropho-

tometer is equipped with MIRacleTM ATR accessory designed

Scheme 1. Structure of PVA-g-LA copolymer.
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for single or multi-reflection ATR. The ATR crystal plate is

made of diamond (1.8 mm diameter) and the solid materials

can be put into intimate physical contact with the sampling

area through high-pressure clamping, yielding high-quality, and

reproducible spectra.

Scanning electron microscopy (SEM) was conducted, using a

SEM/ESEM-Edax-Quanta 200, equipped with a large field

detector. The acceleration voltage was 20 kV, under low vacuum

mode, 60–100 Pa. After incubation with fungal cultures, the

copolymer samples were taken out from the culture and repeat-

edly rinsed with distilled water, dried at 30�C, and used for

evaluation of the biodegradation efficiency. Micrographs of the

samples were recorded at different magnifications to observe the

modification of the samples surface, during the biodegradation

process.

Static light scattering (SLS) measurements were achieved in

“batch mode” using a DAWN-DSP photometer (Wyatt Tech.),

equipped with a HeNe laser (633 nm, 5 mW). This detector

was calibrated with toluene and normalized with aqueous

solution of PEG 6430, filtered through a crucible with 0.2 mm

pores. The light scattering intensities were recorded at 18 angles

between 14� 4 152�. The laser light scattering data processing

and calculations of weight-average molecular weight ( �M w),

radius of gyration (Rg), and second virial coefficient (A2) were

achieved by Astra 4.90.07 software, according to Zimm proce-

dure. The Zimm plots were computed using Berry formalism

[eq. (1)].

Kc

Rh

� �0:5

versus sin 2 h
2

� �
(1)

The “batch mode SLS” measurements for the 90� angle detector

were processed in accordance with Berry formalism to construct

the Debye plots and extract the averaged values (for ten points

from the recorded intensity slice) of Mw and Rg for each

polimer dilution. The values of the refractive index increments,

dn/dc were determined by differential refractometry using an

Optilab-rEX refractometer from Wyatt Technology (Santa Bar-

bara, CA). The measurements were achieved in off-line mode at

25�C and 633 nm. For the differential refractometry and light

scattering experiments, the stock and diluted solutions in the

range of 8E2428E25 g/mL (for PVA and PVA-g-LA copolymers)

were prepared, in salted aqueous solutions (0.5M NaCl, in

deionized water). All the solvents were filtered through 0.02 lm

Anotop filters (Whatman). Before the dilution stage, every stock

sample was filtered through the membrane filter, with 0.8 lm

pore size. Then, the solutions were transferred into cylindrical

quartz glass scattering cells (Quartz SUPRASIL, Hellma GmbH

& Co. KG, Germany), immediately sealed with plastic caps, and

kept 2 days for degassing.

Differential scanning calorimetry (DSC) analysis was carried out

by means of a power compensated calorimeter Pyris Diamond

(Perkin Elmer). The samples, with weight ranging from 7 to

7.5 mg were kept in the cell at 120�C, for 5 minutes to remove

the water traces. Then, they were quenched at 10�C and per-

formed at least twice in the temperature range 10�C–240�C,

with a heating rate of 10�C/min and a nitrogen flow of 20 mL/

min. The device was calibrated for temperature and energy,

using pure indium as standard. The Tg values were determined

from the second heating DSC scan. The samples were heated in

an open Al2O3 crucible and Al2O3 as reference material was

used.

Thermogravimetric analyses (TGA) of the copolymers were per-

formed by means of a STA 449 F1 Jupiter thermobalance

(Netzsch-Germany). The samples, with a mass ranging from 7

to 10 mg were heated from 30�C to 600�C, with a heating rate

of 10�C/min. Nitrogen gas (99.99% purity), as carrier with flow

rate of 50 mL/min was used. The samples were heated in open

Al2O3 crucible and Al2O3 as reference material was used. The

data collection was carried out with Proteus
VR

software.

RESULTS AND DISCUSSION

Biodegradation Test

Samples of PVA and PVA-g-LA copolymers at two molar ratios

PVA/LA (1/1 and 2.2/1), as disks with diameter of 10 mm and

1 mm thickness, were biodegraded with T. roseum fungus and

the clear zone diameter was measured according to the litera-

ture methods.23 In Figure 1 are shown images of PVA and PVA-

g-LA copolymers, before inoculation with T. roseum fungus. The

visual aspect of the fungi on the copolymer disks surface was

monitored during biodegradation, and the physico-chemical

and thermal properties of the biodegraded samples, compara-

tively to the unbiodegraded ones were analyzed after 24 biode-

gradation days.

During the copolymer samples exposure to biodegradation on

the solid medium, it could be observed that hyphae of fungi

Figure 1. Images of the unbiodegraded samples: (a) PVA; (b) PVA-g-LA (1/1); (c) PVA-g-LA (2.2/1). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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grew on the copolymer surface, even in the first 6 days of bio-

degradation (Figure 2), with the formation of a clear halo zone

around the colonies and copolymer samples. The fungal attack

was faster in the case of PVA-g-LA (1/1) copolymer that con-

tains more lactic acid units in its structure, as well as in PVA-g-

LA (2.2/1) copolymer. This affirmation is based on the values of

the clear zone diameter: 35 mm (PVA/LA 5 1/1) and 20 mm

(PVA/LA 5 2.2/1), respectively, after six biodegradation days. In

the case of PVA, the presence of fungi on the agar medium is

reduced and the clear zone diameter is 10 mm. Subsequently,

the fungus reached maturity and the formed spores attack was

much more aggressive. An abundant growth of fungi on the

PVA-g-LA copolymers surface after 24 biodegradation days, was

observed (Figure 3), when the hyphae covered approximately

90% of the surface. This time a more advanced biodegradation

of the copolymer disks could be noticed, that occurred by dis-

appearance of the sample fragments and even a process of dis-

solution started, determined by the culture medium humidity

The biodegraded samples, were then repeatedly rinsed with

distilled water, the fungus being carefully removed, dried by

lyophilization at 250�C and vacuum of 13 Pa, and used for

characterization.

FTIR Characterization

The FTIR-ATR spectra of PVA and PVA-g-LA copolymers,

unbiodegraded and biodegraded are represented in Figure 4. In

the FTIR-ATR spectrum of the biodegraded PVA can be

observed that not significant modifications appeared, compara-

tively to unbiodegraded PVA. Many absorption bands, in unbio-

degraded PVA spectrum are also noticed in the spectrum of

biodegraded PVA, but slightly shifted: at 3276 cm21 (in the

unbiodegraded PVA) and 3263 cm21 (in the biodegraded PVA)

are recorded mOH stretching vibrations of the hydroxyl groups

and intermolecular hydrogen linkages in polyols, at 2913,

1417 cm21 (in the unbiodegraded PVA) and 2909, 1418 cm21

(in the biodegraded PVA) are recorded the stretching vibrations

tCH2 and dCH2, characteristic to methylene groups in the poly-

mer. The signals at 1087 cm21 (in the unbiodegraded PVA) and

1079 cm21 (in the biodegraded PVA) are characteristic to

tCAOH stretching vibrations of the secondary alcohols. How-

ever, it can be noticed that in the PVA biodegraded spectrum

some absorption peaks disappeared (at 1707, 1566, and

1136 cm21), characteristic to tCO stretching vibrations of the

residual acetyl groups COOCH3 and tCAOH in secondary alco-

hols. This result suggests that by fungal attack, the residual ace-

tyl groups existent in PVA (tCO from COOCH3) and CHAOH

linkages were destroyed, being in accordance with the literature

data.24 The enzyme release from microorganisms would acceler-

ate the material degradation. The microorganisms are able to

determine the enzymatic degradation of polymers, this is the

main biodegradation process for several medical polymers, that

is, polyurethane.25 It has been reported that many fungi develop

powerful enzyme systems to degrade highly stable polymers.

These enzyme systems promote the reduction of peroxides to

free radicals. Fungal hyphae can penetrate into the polymer,

influencing the mechanical stability and facilitate water diffusion

Figure 2. Images of the biodegraded-samples (after six biodegradation days): (a) PVA; (b) PVA-g-LA (1/1); (c) PVA-g-LA (2.2/1). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Images of the biodegraded samples (after 24 biodegradation days): (a) PVA; (b) PVA-g-LA (1/1); (c) PVA-g-LA (2.2/1). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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into the material. Hyphal penetration provides mechanical deg-

radation as a complement to chemical breakdown.26,27 Conse-

quently, in the biodegraded copolymer some new absorption

bands appeared at 1653 and 1594 cm21 characteristic to tC@O

and dNH stretching vibrations of the amide I and amide II

groups, resulting from the protein production by microorgan-

isms growth (Trichotecium roseum).

In the FTIR-ATR spectrum of PVA-g-LA biodegraded sample

(Figure 4), some new absorption bands appeared (at 1648 and

1135 cm21) and other absorption bands recorded at 1725, 1595,

and 1272 cm21 (in the unbiodegraded sample) disappeared.

The stretching vibrations tC@O of the ester groups recorded at

1725 and 1272 cm21 and the stretching vibration tC@O of the

COO2 groups recorded at 1595 cm21 in the unbiodegraded

copolymer disappeared, suggesting the scission of these groups

by biodegradation. The new absorption bands in the biode-

graded copolymer at 1648 and 1135 cm21 are assigned to tCO

stretching vibration of the peptide and ester bonds existent in

T. roseum fungus. This result can be explained, as the ester

groups are broken by hydrolitic scission caused by the microor-

ganisms existent in the environment.28

Scanning Electron Microscopy

The SEM micrographs of PVA and PVA-g-LA copolymers

(unbiodegraded and biodegraded samples), are represented in

Figure 5. In the SEM micrographs of the biodegraded samples

[Figure 5(b,d,f)] can be noticed an ample colonization of fungi

on the surface. The attachment and formation mechanism of

biofilms on the surfaces is a very complex phenomenon. In the

main it is based on colloid chemistry and surface–surface inter-

actions, where the adhesion strength depends on short and long

range interactions (Van der Waals forces, hydrogen bonding,

electrostatic interactions, etc.).29 After the cell attachment, the

biofilm formation begins by colonization and production of

extracellular polymer substance that embeds the microorgan-

isms, ensures the adhesion to the surface, and protects the

biofilm by the outer environment. The extracellular polymer

substance provides stability to the biofilm and protection

against antimicrobial agents, which in turn causes initiation and

propagation of the material degradation. Consequently, on the

biodegraded PVA surface can be observed the appearance of

tiny holes; in the case of biodegraded PVA-g-LA copolymers

several large holes and cracks appeared that penetrated deep

into sample, also in the biodegraded PVA-g-LA copolymer the

disappearance of some polymer fragments was noticed. In the

case of the biodegraded copolymers the biodegradation degree

was influenced by the molar ratio PVA/LA. The PVA-g-LA

copolymer, with molar ratio 1/1 [Figure 5(d)] presents an

advanced biodegradation and some weight losses caused by deg-

radation of the fragments with lower molecular weights. The

presence of the ester groups in the copolymers determines the

biodegradation degree improve, comparatively to PVA. For all

the studied samples it was observed an abundant growth of

fungi at the end of the biodegradation time (24 days), when the

surface was covered almost 70%–90% with fungi.

SLS Characterization

The light scattering methods allow the exploration of different

associations of biomacromolecules and require suitable solvents

for the molecular dissolution of the components.30 The refrac-

tometric and SLS measurements were made on unfractionated

samples (unbiodegraded and biodegraded polymers), which

were kept 2 days for degassing in scintillation vials. This method

requires knowledge of the specific refractive index increments

(dn/dc of the sample/solvent combination used), in order to

determine the molecular weight values and characteristic

parameters (weight-average molecular weight �M w , radius of

gyration Rg, and second virial coefficient A2). The values of

dn/dc are dependent on the measurement temperature, solvent

type, wavelength of incident light, solution concentration, and

molecular weight of the polymer.31,32 Laser light scattering of

macromolecular compounds was described by Zimm [eq. (2)].

Kc

Rh
5

1

Mw

12A2c1
16p2

3k0

Rg
2

Mw

sin 2 h
2

1::: (2)

with:

K5
4p2 dn=dcð Þ2n2

Nk0
4

where, K is the optical constant for vertically polarized incident

light, c is concentration (g/mL) of the scattering species in solu-

tion, Rh is the Rayleigh ratio (directly proportional to the ratio

of the scattered light intensity at angle h and the incident light

intensity), N is the Avogadro number, n solution refractive

index, and k0 is the wavelength of the incident light. In the fol-

lowing calculations, it is assumed that the concentration is suffi-

ciently low to neglect the terms containing the more raised

virial coefficients than A2. The Rg value can be found from the

initial slope of a plot Kc/Rh versus sin2 (h/2) and 1/Mw from the

Figure 4. FTIR spectra of PVA and PVA-g-LA copolymers, before and

after 24 biodegradation days by Trichotecium roseum fungus.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4177741777 (5 of 10)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


intersection of the curve with the ordinate. The second virial

coefficient A2 is an important parameter that quantitatively

characterizes the thermodynamic interaction between the solute

molecules at a specific temperature. The polymer–solvent inter-

actions dominate the polymer–polymer interactions when

A2> 0.33 In Table I are given the values of dn/dc, Mw, Rg, and A2

for the unbiodegraded and biodegraded samples. The presented

data demonstrate that the biodegraded samples have a more

raised average weight molecular weight ( �M w), compared with

the unbiodegraded ones. These results suggest that by biodegra-

dation in the presence of T. roseum fungus, the low molecular

weight macromolecular chains were destroyed, as reported in

literature.34 Also, in the case of biodegraded samples possible

intermolecular interactions dominate to the detriment of intra-

molecular ones. In the copolymer–solvent systems, a competi-

tion between these interactions exists, which was caused by the

Figure 5. SEM micrographs: (a) PVA; (c) PVA-g-LA (1/1); (e) PVA-g-LA (2.2/1) (before biodegradation); (b) PVA; (d) PVA-g-LA (1/1); (f) PVA-g-LA

(2.2/1) (after 24 biodegradation days).
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solvent nature, copolymer structure (hydrophilic–hydrophobic

balance), and the mixing conditions (temperature, pH, ionic

strength).35 The results of the SLS study suggest that by biode-

gradation the fractions with low molecular weight of PVA and

PVA-g-LA copolymers lowered and some were removed, conse-

quently Mw of the biodegraded copolymers increased. This con-

clusion is also sustained by other literature data.36 The positive

values of A2, for all unbiodegraded and biodegraded samples

demonstrate the presence of favorable polymer–solvent interac-

tions. Also, the SLS results suggest that water is a good solvent

for all the samples (A2> 0); the decrease of dn/dc and increase

of �M w of the biodegraded samples compared with blanks, sug-

gested that these fungi metabolized a part of the copolymers,

consequently the biodegradation process influenced the solution

polymer properties.

DSC Analysis

In Figure 6 and Table II are shown the DSC curves and the

main thermal characteristics of the unbiodegraded and biode-

graded samples. It can be noticed that biodegraded PVA and

PVA-g-AL (2.2/1) copolymer have no glass transition tempera-

ture (Tg), consequently the heat capacity DCp could not be cal-

culated on 10�C–240�C interval, suggesting that biodegradation

affected the amorphous domains. Moreover, it can be observed

that the melting temperature (Tm), melting enthalpy (DH), and

crystallinity degree (Xc) of the biodegraded PVA and copolymers

have a raised value comparatively to the unbiodegraded sam-

ples. The crystallinity degree indicates the amount of crystalline

regions in the polymer, compared with the amorphous ones.

On the other hand, is noticed that the melting domain of bio-

degraded PVA becomes narrower (53�C) comparatively to 65�C
in the case of unbiodegraded PVA, demonstrating that by bio-

degradation the amorphous–crystalline interface was affected,

and the crystallinity degree (58.5%) and crystalline fraction,

respectively increased. Also, it can be observed that the Tm value

of biodegraded PVA is more raised (229�C), comparatively to

the Tm of unbiodegraded PVA (219�C), which supports the idea

of crystallinity improvement by biodegradation. In fact, the

short macromolecular chains at the crystalline–amorphous

interface are biodegraded and consequently the PVA small crys-

tallites which form a quasi-amorphous phase are eliminated.

This result is in accordance with the shape of the DSC curve.

The graft PVA-g-LA copolymers have lower glass transition tem-

peratures comparatively to PVA, due to the crystallinity degree

and polarity decrease and of the free volume increase. The ther-

mal behavior in the crystalline domain of the copolymers shows

wide melting domains (60�C) compared with PVA (Figure 6),

suggesting that the newly formed crystallites by grafting, are

imperfect and have reduced dimensions. Also, the Tm and DH

values of unbiodegraded PVA-g-LA (molar ratio PVA/LA 1/1)

(186�C, 32.79 J/g) and PVA-g-LA 2.2/1 (185�C, 33.59 J/g) are

much lower comparatively to PVA (219�C, 90.01 J/g). The effect

Table I. SLS Analyses of PVA and PVA-g-LA Copolymers After 24 Days of Biodegradation with Trichotecium roseum Fungus

Sample PVA/LA molar ratio dn/dc(mL/g) Rg(nm) �Mw 3 1025 (g/mol) A2 3 104 mol mL/g2

PVA unbiodegraded 1/0 0.153 110.7 35.39 6.943

PVA biodegraded 1/0 0.150 ND 45.08 7.043

PVA-g-LA unbiodegraded 1/1 0.149 ND 13.49 7.868

PVA-g-LA biodegraded 1/1 0.144 ND 22.75 6.828

PVA-g-LA unbiodegraded 2.2/1 0.140 ND 18.37 6.879

PVA-g-LA biodegraded 2.2/1 0.138 ND 25.00 6.292

ND, not detected.

Figure 6. DSC curves of PVA and PVA-g-LA copolymers: (a) unbiode-

graded; (b) after 24 biodegradation days by Trichotecium roseum fungus.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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of biodegradation on the copolymers is similar to PVA: the

amorphous domains were destroyed and the average molecular

weight increased, determining the Tg and DCp increase in the

case of biodegraded PVA-g-LA copolymer (1/1) (Table II), while

these parameters could not be detected in the case of biode-

graded PVA-g-LA (2.2/1) copolymer, suggesting that biodegra-

dation affected all the amorphous domains. Concerning the

melting process, the biodegradation result on the copolymers is

similar: the Tm and DHm values of the biodegraded copolymers

are more raised comparatively to the unbiodegraded ones,

demonstrating the disappearance of the amorphous phase and

imperfect crystallites by biodegradation. Consequently, the DSC

results concluded that by the grafting reaction is facilitated the

biodegradation process, which took place in the amorphous

domains of the copolymers, also sustained by the Xc values

increase. These results are also in accordance with the literature

data: the amorphous regions of copolymers are loosely packed,

and thereby more susceptible to biodegradation.35

Thermogravimetric Analyses

The thermal behavior of unbiodegraded and biodegraded PVA

and PVA-g-LA copolymers, in controlled laboratory conditions

in the presence of T. roseum fungus, was studied by the TGA, in

nitrogen atmosphere, on 30�C–600�C temperature interval, with

heating speed of 10�C/min. The TG and DTG curves of PVA

and PVA-g-LA copolymers are presented in Figure 7 and the

main thermal parameters in Table III. The thermal behavior of

unbiodegraded and biodegraded samples is dependent of the

chemical structure and molar ratio of the components.

PVA and PVA-g-LA copolymers present three thermal decompo-

sition stages that occur with different speeds, in the case of

unbiodegraded and biodegraded samples. In the first degrada-

tion stage, the weight losses are reduced (until maximum 6.8 wt

%), due to the elimination of bound water molecules. In the

second thermal decomposition stage (258�C–385�C) significant

weight losses ranging between 62.00 and 73.20 wt % take place

in the case of unbiodegraded copolymers and between 71.12–

73.92 wt %, respectively, in the case of biodegraded ones. In the

final stage of thermal decomposition (380�C–600�C), the weight

losses range between 13.25 and 24.9 wt % in the case of unbio-

degraded samples and between 12.20–18.6 wt % for biode-

graded samples. Analyzing the thermal stability of PVA and

copolymers according to weight losses of 10 and 50 wt %,

respectively, it was ascertained that at the end of the biodegra-

dation time the samples had a better thermal stability (Table

III). It can be noticed that the T10 temperatures, where the

weight losses are 10 wt % for unbiodegraded and biodegraded

samples, respectively, are the following: 257�C and 260�C (for

PVA), 219�C and 270�C (for PVA-g-AL, 1/1), 267�C and 270�C
(for PVA-g-AL, 2.2/1). Also, the same thermal stability was

ascertained and in the case of weight losses of 50 wt % (T50),

demonstrating that these thermal characteristics are influenced

by PVA/LA molar ratio (the thermal stability is more raised in

the case of the copolymer with molar ratio 2.2/1). The higher

thermal stability of the biodegraded samples, demonstrate that

Table II. DSC Parameters of PVA and PVA-g-LA Copolymers After 24 Days of Biodegradation with Trichotecium roseum Fungus

Sample PVA/LA molar ratio Tg(�C) Tm(�C) DCp(J/g �C) DH (J/g) Xc(%)

PVA (blank) 1/0 76 219 0.225 90.01 57.70

PVA (biodegraded) 1/0 – 229 – 91.33 58.54

PVA-g-LA (blank) 1/1 70 186 0.434 32.79 22.94

PVA-g-LA biodegraded 1/1 76 206 0.165 41.82 26.80

PVA-g-LA (blank) 2.2/1 69 185 0.400 33.59 21.53

PVA-g-LA biodegraded 2.2/1 – 228 – 76.10 48.78

Figure 7. TG curves (a) and DTG curves (b) of PVA and PVA-g-LA

copolymers unbiodegraded and biodegraded (24 days by Trichotecium

roseum fungus). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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by biodegradation, the amorphous domains of PVA and PVA-g-

LA copolymers were destroyed, the crystallinity degree increased

and the remained macromolecular chains with more raised

average molecular weight are more difficult thermally degraded

(the result is in accordance with the DSC results).

CONCLUSIONS

This study investigated the ability of T. roseum fungus to grow

and degrade PVA and PVA-g-LA copolymers. The clear zone

technique showed that the fungal attack was faster in the case of

copolymers with more lactic acid grafted units (molar ratio PVA/

LA, 1/1), after six biodegradation days. The fungal attack on PVA

was more reduced, comparatively to the studied copolymers, as

demonstrated by the clear zone technique. The FTIR-ATR spec-

troscopy concluded that PVA structure was not very much modi-

fied after 24 days of biodegradation with this fungal species, but

in PVA-g-LA copolymers the ester groups were destroyed after

the same biodegradation period. The SEM studies demonstrated

that for all studied samples, an abundant growth of fungi was

observed at the end of the biodegradation time (24 days), the

samples surface was covered with hyphae at a rate of 70%–90%.

The SLS analysis suggested that by biodegradation, the molecular

weight of the copolymers and PVA increased, as the fractions

with low molecular weight were destroyed. Also, the thermal sta-

bility of the biodegraded PVA and copolymers was more raised

comparatively to the unbiodegraded ones, this result showed that

the amorphous domains were destroyed, the crystallinity degree

increased and the remained macromolecular chains with more

raised average molecular weight are more difficult thermally

degraded. Consequently, the studied PVA-g-LA copolymers are

biodegradable in the presence of T. roseum fungus, are environ-

mentally friendly and could be utilized in packaging, agriculture,

biomedical, and pharmaceutical applications.
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Table III. Thermogravimetric Data for PVA and PVA-g-LA Copolymers Before and After 24 Days of Biodegradation by Trichotecium roseum Fungus

Sample Degradation stage Tonset (�C) Tpeak (�C) Tendset (�C) W (%) T10 (�C) T50 (�C)

PVA (blank) I 46 57 93 4.55 257 293

II 258 298 317 72.40

III 384 436 499 13.25

residue 9.80

PVA biodegraded I 51 85 128 6.02 260 347

II 297 347 382 73.92

III 414 438 482 13.20

residue 6.86

PVA-g-LA (1/1) (blank) I 50 - 115 6.80 219 296

II 255 292 317 73.20

III 387 434 495 16.75

residue 3.25

PVA-g-LA (1/1)
biodegraded

I 66 72 102 6.45 270 318

II 276 312 349 71.12

III 411 438 479 12.20

residue 10.23

PVA-g-LA (2.2/1) (blank) I 80 - 220 3.20 267 311

II 255 298 325 62.00

III 403 421 479 24.90

residue 8.90

PVA-g-LA (2.2/1)
biodegraded

I 70 - 200 2.00 270 345

II 303 348 385 73.00

III 415 444 484 18.60

residue 6.40

10�C/min, N2, Al2O3, 30�C2600�C; Tonset, the temperature at which the thermal decomposition begins; Tpeak, the temperature at which the degrada-
tion rate is maximum; Tendset, the temperature at end of the process; T10, T50, the temperature corresponding to 10 and 50 wt % weight loss; W,
weight loss.
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