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1

Academia Mexicana de Investigación y Docencia en Ingenieŕıa Qúımica, A.C.
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Received 9 of October 2012; Accepted 28 of November 2012

Abstract
This work focuses on analysis and comparison of accelerated weathering of samples of polylactic acid reinforced with cellulose
whiskers (PLA-CW), conducted in QUV chamber-Panel, and their subsequent exposure to biotic soil environment. The cellulose
whiskers (microfibrils) were obtained from banana rachis and pseudostem Musa cavendish. Changes in thermal, structural
and mechanical properties, due to degradation processes of PLA-CW, were studied using DSC, IR Spectroscopy, XRD, NMR,
GPC and Mechanical test. The results show that the percentage of biodegradability in soil, based on CO2 release, is higher for
samples of PLA-CW that have been previously exposed to UV-photodegradation, which induces hydrolysis that stimulates the
biodegradability of PLA-CW. The results indicate that PLA-CW has short half-life after biodegradation in soil and it is suitable
for land disposal.

Keywords: weathering, biodegradation, cellulose whiskers, poly (L-lactic) acid biocomposite.

Resumen
En este estudio se investigó la biodegradación en suelo del material compuesto de ácido poliláctico reforzado con whiskers
(microfibrillas) de celulosa (PLA-CW), obtenidas de raquis y pseudotallo de Musa cavendish previamente expuesto y no a
los efectos de radiación UV (intemperismo acelerado en cámaras QUV-Panel). Los cambios en las propiedades térmicas
y estructurales, debido a los procesos de degradación de muestras de PLA-CW, fueron determinados usando Calorimetrı́a
Diferencial de Barrido, Espectroscopia de Infrarrojo, Difracción de Rayos-X, Resonancia Magnética Nuclear y Cromatografı́a
de Permeación en Gel. Los resultados obtenidos muestran que existe un efecto sinérgico para el proceso de biodegradación,
cuando las muestras PLA-CWson expuestas a intemperismo y posteriormente a biodegradación en suelo. La fotodegradación del
material induce reacciones de hidrólisis, mejorando y acelerando el proceso de biodegradabilidad de PLA-CW, ya que el polı́mero
compuesto se vuelve más susceptible a las reacciones bióticas. Los resultados reportados aquı́ indican que los materiales tienen
un corto tiempo de vida media en ambientes bióticos y por lo tanto después de su uso son adecuados para su eliminación en
suelo.

Palabras clave: intemperismo, biodegradación, whiskers de celulosa, biocompuestos de ácido poliláctico.
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1 Introduction35

The commercial importance of polymeric materials36

has been derived from its wide range of applications37

covering various fields such as aerospace, automotive,38

marine, infrastructure, military, packaging, etc.39

However, the vast majorities of them are not40

biodegradable and usually have degradation times over41

50 years. Attempts have been made to replace some42

components of those non-biodegradable polymeric43

materials, such as fillers and/or reinforcements,44

introducing some that are biodegradable and45

producing eco-friendly compounds (Pandey et46

al., 2005). The last ten years have been tested47

biodegradable resins, as much more attractive strategy48

for the replacement of conventional plastics. The49

use of biodegradable polymers in agriculture, as50

well as in the packaging area or other disposable51

items, has increased in a major way in the last52

five years and it is expected a rapid increase in53

their use in the coming years, driven by cheap54

biodegradable resins and greater awareness of the55

population regarding the need to halt environmental56

degradation. The thermoplastic polyesters based on57

lactic acid, such as polylactic acid (PLA), are known58

to be biodegradable and compostable polymers that59

rapidly and completely decompose in a compost60

environment to carbon dioxide, water and biomass.61

PLA is not toxic and it is derived from natural62

renewable resources during microbial fermentation63

of biomass. The biocomposites are usually formed by64

biodegradable polymers as matrix and natural fibers65

as reinforcements (Kumar et al., 2010). Microfibrils66

(whiskers) of cellulose (CW) have been introduced as67

reinforcements in many types of polymeric matrices68

in order to replace glass-reinforced plastics. The69

cellulose may undergo a complete degradation and70

the cellulose fiber-reinforced biodegradable polymeric71

matrices, such as PLA, are regarded as a more72

environmentally friendly, leaving no harmful residues73

during its microbial attack (Pandey et al., 2010).74

When biodegradable polyesters are exposed to the75

environment, photodegradation, biodegradation and76

hydrolytic degradation occur (Tsuji and Nishimura,77

2006). It has been reported that UV-radiation reduces78

the molecular mass, stress and strain at break of PLA79

films after a long exposure time (Ho and Pometto,80

1999; Ho et al., 1999) and the influence of temperature81

and humidity on the PLA degradation films has82

been described separately. The simultaneous action83

of UV-radiation, temperature and humidity on the84

PLA degradation has been investigated (Copinet et85

al., 2004; Tsuji and Nishimura, 2006) and it was86

observed an increase in molecular mass distribution87

(Mw/Mn) for PLA films exposed to UV light, for88

time scales greater than 200 hours. It was suggested89

that the photodegradation of pure PLA proceeds90

via Norrish II mechanism, which explains the chain91

scission (low molecular weight) and the formation of92

C = C double bonds (Ikada and Ashida 1991; Ikada93

1993; 1997; 1999). The effects of the photosensitizer94

N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD)95

on the UV photodegradation of PLA films have been96

also reported (Sakai et al., 2002; Tsuji et al., 2005;97

Janokar et al., 2007). The results revealed that the98

molecular mass, for example, decreased significantly99

with exposure time of 12 h and the PLA film after100

exposure was remarkably fragile. PLA degradation in101

various environments, such as liquid medium (Torres102

et al., 1996a), composted (Iovino et al., 2007) in103

soils (Rudnik and Briassoulis 2010; Torres et al.,104

1996b) has been reported. The PLA biodegradation105

in soil is not yet understood at all although the106

degradation of PLA has been studied extensively107

(Tokiwa and Calabia 2006). The results reported108

on photodegradation and biodegradation of PLA and109

composite materials based on this polymer matrix are110

difficult to compare, because they generally have been111

obtained under different conditions with respect to112

process parameters, thickness of samples and their113

previous chemical treatments.114

This study focuses on analysis and comparison115

of accelerated weathering of samples of polylactic116

acid reinforced with cellulose whiskers (PLA-117

CW), conducted in QUV chamber-Panel and their118

subsequent exposure to biodegradation in soil. The119

whiskers were obtained from agro-industrial wastes120

of bananas (Musa cavendish pseudostem and raquis),121

cultivated in the Mexican state of Tabasco (Gulf of122

Mexico), and using acid hydrolysis (Bolio et al.,123

2011). Weathering conditions in QUV chamber124

have been designed in such ways that simulate the125

humid tropical climate of the Gulf of Mexico. The126

soil type Fluvisol was collected from the banana127

plantations in Tabasco and prepared according to128

the ASTM D6002 (ASTM D6002) “Standard Guide129

for Assessing the compostability of environmentally130

degradable plastics”, Practice D5988-96 “Standard131

Test Method for determining aerobic biodegradation132

in soil of plastic materials or residual plastic materials133

after composting”.134
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2 Experimental135

2.1 Materials136

PLA composite (PLA-CW), including 2% by mass of137

cellulose whiskers (CW), microfibers obtained from138

banana (Musa cavendish pseudostem and raquis), was139

elaborated by acid hydrolysis (4N HCl and subsequent140

64% H2SO4), according to the procedure previously141

reported (Bolio et al., 2011), the suspension of142

CW was mixed with a chloroform solution of the143

biodegradable PLA matrix and assisted with the144

sonication process, to prevent an agglomeration of the145

CW in the PLA matrix. The mixture was dried in146

the oven in Petri dishes, at a temperature of 60◦C147

under vacuum, and then the PLA-CW were ground in148

a “Brabender” mill (mesh size of 1 mm). Flat samples149

were produced, using an automatic laboratory press150

”Carver” at 7000 lb of pressure and temperature of151

160◦C. The plates obtained were cut in a tire cutter,152

obtaining samples for test (12cm × 12 cm × 1 mm).153

2.2 UV-Weathering test154

Triplicate composite samples PLA-CW were exposed155

in a QUV accelerated aging chamber QUV/SE (Q-156

Panel Co.), with UVA-340 fluorescent lamps, with a157

typical irradiance of 0.89 W/m2/nm and approximate158

wavelength of 340 nm (ASTM D5208-01, practice159

G154-06). Two cycles were performed during 8160

days, simulating the humid tropical climate of Gulf of161

Mexico: 8 hours of UV-irradiation at 50◦C and 30%162

of air relative humidity (RH), followed by 4 hours163

condensation at 40◦C and 100% RH. The test was run164

in the QUV-Panel according to the methodology of165

Practice G154-06 (ASTM D5208-01).166

2.3 Biodegradability in soil167

The aerobic biodegradability in soil of PLA-CW168

composite samples was determined according to169

the methodology of ASTM D6002 “Standard Guide170

for Assessing the compostability of environmentally171

degradable plastics”, Practice D5988-96 “Standard172

Test Method for determining aerobic biodegradation173

in soil of plastic materials or residual plastic materials174

after composting”. The soil of our interest was a175

Fluvisol type, from the Chontalpa area, State of176

Tabasco (Mexico), which is classified texturally as177

sandy clay-loam with 30% clay, 46% silt and 24%178

sand, taken from the surface up to 8 cm deep and then179

sieved to 2 mm particle. The organic matter content180

was 2.4%, C:N ratio 10:1, organic carbon (C.O.)181

1.4% and pH= 6.0. The composite and soil were182

mixed, as recommended by ASTM D5988-96. The183

frequency of titration was done every 48 hours during184

the first 2 weeks and once a week after the third week,185

according to the rate of degradation (CO2 release) of186

the composite. Assay containers were stored in dark187

room at 22 ± 3oC. A control substance, known as188

biodegradable (cassava starch), was subjected to the189

same test in order to check the activity level of soil190

CO2 balance, important for the biodegradability of the191

material.192

2.4 Instrumental analysis193

2.4.1 Gel Permeation Chromatography (GPC)194

Samples (20 g) of PLA-CW 0D (not weathered)195

and PLA-CW 8D (UV-weathered for 8 days) were196

dissolved in 10 ml of tetrahydrofuran (THF). The197

mobile phase was of the THF system, at a flow198

rate of 1 ml min-1 and temperature of 40◦C, was199

analyzed for molecular mass distribution. The results200

were expressed as percentage loss of molecular mass201

(%Mo):202

M0(%) =
M0 − Mt

M0
× 100 (1)

where: M0 is the initial molecular mass of PLA203

and Mt is the molecular mass of the composite204

that corresponds to each period of time during its205

degradation.206

2.4.2 X-ray Diffraction (XRD)207

The patterns of X-ray diffraction of the composite208

samples, not weathered (PLA-CW 0D) and UV-209

weathered during 8 days (PLA-CW 0D 8D), were210

analyzed with a “Siemens D 5000” diffractometer211

using CuKα radiation (α = 1.5418 Å) at a 34 kV and212

a current of 25 mA, in a 2θ angular range between213

10 and 30 degrees, making measurements every 0.04◦214

for 6 s. The percentage of crystallinity (Xc%) of the215

composite PLA-CW was calculated according to Segal216

equation (Segal et al., 1959):217

XC(%) =

(
1 − I1

I2

)
× 100 (2)

where: I1 is the minimum peak intensity in the218

XRD graph and I2 the crystalline peak intensity,219

respectively. The crystal size (t) was calculated using220

the equation proposed by Scherrer (Cullity, 1978)221

t =
Kλ

cos θ
(3)
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where: λ is the wavelength of the radiation (λCu), B is222

the width at half height of the diffraction peak of the223

sample, θ is the diffraction peak position and K is the224

dimensionless form factor which has a typical value225

of about 0.9, but varies with the actual shape of the226

crystallites.227

2.4.3 Differential Scanning Calorimeter (DSC)228

Thermal parameters of UV-weathered or not samples229

of PLA-CW composite (7 mg of sample), such as230

glass transition temperature, melting and crystallinity,231

were determined using “Perkin Elmer DSC-7” in the232

temperature range of 30oC to 250◦C, at a heating rate233

of 10◦C min−1.234

2.4.4 Infrared Spectroscopy (FTIR)235

PLA-CW samples, UV-weathered or not, subjected236

to biodegradation in soil (for 0, 60 and 120 days),237

were dissolved in deuterated chloroform at 25◦C and238

their spectra 1H NMR was processed using a Bruker239

spectrometer, operated at a frequency of 400.17 MHz,240

with an acquisition time of data equal to 3 seconds, to241

determine the molecular distribution of mass (Mn).242

2.4.6 Carbon mineralized as CO2243

Aerobic degradation (mineralization) of PLA-CW244

samples, after their exposure in soil, was determined245

measuring the released CO2 and then calculated as a246

percentage of mineralization:247

%Mineralization =
nCO2(material) − nCO2(blank)

nThCO2
(4)

where: nThCO2 is the potentially available theoretical248

initial amount of CO2 (mmol) in the PLA-CW249

composite and nCO2(material) and nCO2(blank) are the250

amounts of CO2 produced during sample degradation251

test in the soil and soil control, respectively.252

The CO2 release monitoring was ended when the253

biodegradation process reached the steady state254

(Calmon et al., 1999).255

3 Results and discussion256

3.1 Aerobic degradation of the composite257

PLA-CW in soil258

Biodegradation kinetics of composite polymer259

material in soil, expressed as percentage of released260

CO2, is shown in Fig. 1.261
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Figure 2.  Evolution of molecular mass (Mn) with time of biodegradation of PLA-
CW composite in soil: samples without prior cycles of UV-weathering (PLA-
0D CW); UV-weathered for 8 days (PLA-CW 8D) 
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The behavior of PLA-CW is compared to that of267

starch, used as reference biodegradable substance. The268

high amount of CO2 released from the starch since269

the first days confirms that this soil is quite active270

in microorganisms. Comparing the biodegradation271

tendencies of the samples, it should be noted that272

starch powder samples have higher surface area,273

compared to that of the polymer composite ones,274

and besides, the starch is more hydrophilic than275

PLA. The polymer composite samples, previously276

UV-weathered in cycles for 8 days (PLA-CW 8D),277

biodegraded faster than those that were not subjected278

to weathering (PLA-CW 0D). The temperature279

and relative humidity, as weathering parameters280

of UV-cycles, are important factors that facilitate281

the hydrolytic degradation of PLA-CW composite,282

inducing fundamental changes in the microstructure283

and rearrangements, which take place before the284

action of microorganism in the soil. Scott (Scott,285

1997) suggests that the first step for aliphatic286

polyester bioassimilation is probably preceded by287

abiotic hydrolysis, which transforms the long polymer288

chains in monomers and oligomers, easily assimilated289

by microorganism. In fact, during the biodegradation290

it is expected that the amorphous regions of polymeric291

materials degrade faster than the crystalline regions292

(Tudorachi et al., 2000). Similar changes have been293

observed during the mineralization of starch in liquid,294

inert solid and compost (Gattin et al., 2002).295
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where: λ is the wavelength of the radiation (λCu), B is222
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of about 0.9, but varies with the actual shape of the226

crystallites.227

2.4.3 Differential Scanning Calorimeter (DSC)228

Thermal parameters of UV-weathered or not samples229

of PLA-CW composite (7 mg of sample), such as230

glass transition temperature, melting and crystallinity,231

were determined using “Perkin Elmer DSC-7” in the232

temperature range of 30oC to 250◦C, at a heating rate233

of 10◦C min−1.234

2.4.4 Infrared Spectroscopy (FTIR)235

PLA-CW samples, UV-weathered or not, subjected236

to biodegradation in soil (for 0, 60 and 120 days),237

were dissolved in deuterated chloroform at 25◦C and238

their spectra 1H NMR was processed using a Bruker239

spectrometer, operated at a frequency of 400.17 MHz,240

with an acquisition time of data equal to 3 seconds, to241

determine the molecular distribution of mass (Mn).242

2.4.6 Carbon mineralized as CO2243

Aerobic degradation (mineralization) of PLA-CW244

samples, after their exposure in soil, was determined245

measuring the released CO2 and then calculated as a246

percentage of mineralization:247

%Mineralization =
nCO2(material) − nCO2(blank)

nThCO2
(4)

where: nThCO2 is the potentially available theoretical248

initial amount of CO2 (mmol) in the PLA-CW249

composite and nCO2(material) and nCO2(blank) are the250

amounts of CO2 produced during sample degradation251

test in the soil and soil control, respectively.252

The CO2 release monitoring was ended when the253
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Figure 2.  Evolution of molecular mass (Mn) with time of biodegradation of PLA-
CW composite in soil: samples without prior cycles of UV-weathering (PLA-
0D CW); UV-weathered for 8 days (PLA-CW 8D) 
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3.2 Evolution of the molecular mass (Mn)296

of PLA-CW297

Figure 2 presents the evolution of molecular mass298

(Mn) with time of biodegradation of PLA-CW299

composite in soil. As can be seen, PLA-300

CW polymer decreases its molecular mass during301

the biodegradation process and this fact is more302

pronounced for samples subjected previously to303

UV-weathering cycles. The molecular mass of304

unirradiated composite (PLA-CW 0D) decreased305

gradually in 69% at 120 days (Mn < 22000),306

while the molecular mass of UV-weathered (PLA-307

CW 8D) with 78.9% at 60 days without significant308

changes to the end of the experiment (Mn < 9942).309

However, it should be noted that the UV-weathered310

composite samples previously have lost 30% of311

its initial molecular mass (Table 1), due to their312

photodegradation process and besides, the samples313

after the UV-weathering appeared fragile.314

The decrease in molecular mass of the samples315

buried in soil is explained by the combined effect316

of their hydrolysis and biodegradation, which are317

produced by chemical cleavage of the main polymer318

chain by the reaction with water (Fig. 3), initiated by319

protonation, followed by the addition of water and320

cleavage of the ester linkage (Schnabel, 1981).321

It could be considered that the main fragmentation322

in the polymer PLA chain occurs in the −C−O ester323

bonds, as the main chain functional groups, that are324

susceptible to hydrolysis. Initially the random non-325

enzymatic cleavage of the ester group chain leads to326

a reduction in molecular mass (Schnabel, 1981). This327

step is accelerated by acids and likewise affected by328

humidity and temperature (Auras et al., 2004). The329

biofragmentación is induced mainly by enzymes that330

belong to oxido-reductases and hydrolases. Enzymes331

are catalytic proteins that lower the activation energy332

of the molecules promoting chemical reactions. A333

polymer is considered fragmented when molecules of334

low molecular mass are found in the media.335
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Figure 2.  Evolution of molecular mass (Mn) with time of biodegradation of PLA-
CW composite in soil: samples without prior cycles of UV-weathering (PLA-
0D CW); UV-weathered for 8 days (PLA-CW 8D) 
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weathering (PLA-CW 0D), after their exposure for 60 and 120 days in soil 
biodegradation 
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Fig. 3. Hydrolysis reaction of ester bonds (Schnabel,342

1981).343

In our study, it was observed that PLA-CW samples344

subjected to UV-weathering prior to the test in345

soil experienced more fragmentation than those non-346

weathered. Fragmentation is a lytic phenomenon347

necessary for the assimilation of the polymer by348

microorganisms (Lucas et al., 2008). The release349

of CO2 (Fig. 1) could be associated with the low350

molecular mass reached by the weathered PLA-CW351

sample at 60 days (Fig. 2), due to the oligomers352

and monomers formed as products of degradation and353

being available for the microorganisms in soil, which354

could assimilate these small molecular mass products355

and the hydrolysis takes place, converting them into356

carbon dioxide, water and humus.357

Table 1. Molecular mass (Mn, Mw) and polydispersity (PD) of PLA-CW
composite at different time of UV-weathering cycles

UV-Weathering (Days) Mn (gmol−1) Mw (gmol−1) PD Mw/Mn

PLA-CW 0D 56,645 81,678(Mw0) 1.4
PLA-CW 4D 41,855 54,945 1.3
PLA-CW 8D 37,539 46,365 1.2

358

www.rmiq.org 5
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of PLA-CW297

Figure 2 presents the evolution of molecular mass298

(Mn) with time of biodegradation of PLA-CW299

composite in soil. As can be seen, PLA-300

CW polymer decreases its molecular mass during301

the biodegradation process and this fact is more302

pronounced for samples subjected previously to303

UV-weathering cycles. The molecular mass of304

unirradiated composite (PLA-CW 0D) decreased305

gradually in 69% at 120 days (Mn < 22000),306

while the molecular mass of UV-weathered (PLA-307

CW 8D) with 78.9% at 60 days without significant308

changes to the end of the experiment (Mn < 9942).309

However, it should be noted that the UV-weathered310

composite samples previously have lost 30% of311

its initial molecular mass (Table 1), due to their312

photodegradation process and besides, the samples313

after the UV-weathering appeared fragile.314

The decrease in molecular mass of the samples315

buried in soil is explained by the combined effect316

of their hydrolysis and biodegradation, which are317

produced by chemical cleavage of the main polymer318

chain by the reaction with water (Fig. 3), initiated by319

protonation, followed by the addition of water and320

cleavage of the ester linkage (Schnabel, 1981).321

It could be considered that the main fragmentation322

in the polymer PLA chain occurs in the −C−O ester323

bonds, as the main chain functional groups, that are324

susceptible to hydrolysis. Initially the random non-325

enzymatic cleavage of the ester group chain leads to326

a reduction in molecular mass (Schnabel, 1981). This327

step is accelerated by acids and likewise affected by328

humidity and temperature (Auras et al., 2004). The329

biofragmentación is induced mainly by enzymes that330

belong to oxido-reductases and hydrolases. Enzymes331

are catalytic proteins that lower the activation energy332

of the molecules promoting chemical reactions. A333

polymer is considered fragmented when molecules of334

low molecular mass are found in the media.335

FIGURE CAPTATIONS 

0 50 100 150 200
0

10

20

30

Bi
od

eg
ra

da
tio

n 
(%

 C
O 2

)

Time (days)

 starch
 PLA-CW 0D 
 PLA-CW 8D

	  

Figure 1. Biodegradation (%CO2) of the composite PLA-CW: samples without prior 
cycles of UV-weathering (PLA-0D CW); UV-weathered for 8 days (PLA-CW 8D); 
cassava starch samples (reference substance) 

0 40 80 120

1.50x104

3.00x104

4.50x104

6.00x104

M
ol

ec
ul

ar
 m

as
s 

(M
n)

Biodegradation time (days)

 PLA-CW 0 D
 PLA-CW 8 D

	  

Figure 2.  Evolution of molecular mass (Mn) with time of biodegradation of PLA-
CW composite in soil: samples without prior cycles of UV-weathering (PLA-
0D CW); UV-weathered for 8 days (PLA-CW 8D) 
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weathering (PLA-CW 0D), after their exposure for 60 and 120 days in soil 
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its initial molecular mass (Table 1), due to their312

photodegradation process and besides, the samples313

after the UV-weathering appeared fragile.314

The decrease in molecular mass of the samples315

buried in soil is explained by the combined effect316
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produced by chemical cleavage of the main polymer318
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protonation, followed by the addition of water and320
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Figure 2.  Evolution of molecular mass (Mn) with time of biodegradation of PLA-
CW composite in soil: samples without prior cycles of UV-weathering (PLA-
0D CW); UV-weathered for 8 days (PLA-CW 8D) 
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weathering (PLA-CW 0D), after their exposure for 60 and 120 days in soil 
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being available for the microorganisms in soil, which354
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Table 1. Molecular mass (Mn, Mw) and polydispersity (PD) of PLA-CW
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Table 2. Crystallinity Index and crystal size of PLA-CW composite
exposed to biodegradation in soil for 60 days (a) and 120 days (b):

samples without UV-irradiation (PLA-CW 0D) and prior irradiation for 8
days (PLA-CW 8D)

PLA-CW 60 days (a) Crystailinity Index Xc (%) Crystals size (nm)

PLA-CW 0D Amorphous -
PLA-CW 8D 69.7 20.6

PLA-WC 120 days (b) Crystailinity Index Xc (%) Crystals size (nm)

PLA-CW 0D 71.8 15.7
PLA-CW 8D 82.7 19.4

359

3.3 Crystallinity of PLA-CW (XRD)360

The degree of crystallinity of PLA as a matrix of the361

polymer composite and of samples of PLA-CW, UV-362

weathered or not, and then subjected to biodegradation363

in soil, was determined by X-ray diffraction (Fig. 4 and364

Fig. 5). XRD spectra of the PLA-CW samples showed365

sharp peaks at 16.8◦ and 19.2◦ 2θ angular position,366

which are characteristics for PLA.367

The main peak at 2θ =16.8◦ in XRD-spectra368

indicates a reflection of the α-form of the monocrystal369

structure, similar to that observed by (Gonzalez et370

al., 1999), after PLA degradation to lower molecular371

mass. It can be seen that the intensity of the XRD-372

peaks of the irradiated composite (Fig. 5) is greater373

than that of not UV-weathered samples (Figure 4),374

which are initially amorphous and later, after 60 days375

exposure in soil presented crystallinity.376

During the exposure in biodegradation in the soil,377

XRD patterns of PLA-CW composite showed the378

same angular position, but with greater intensity,379

indicating a higher crystallinity index (Table 2). The380

crystal size of PLA-CW samples, either UV-weathered381

of not, and subsequently exposed to biodegradation in382

soil, was determined and it is shown in Table 2. As383

can be seen, the results indicate that there is not a384

significant change in the average crystal size.385

It is suggested that the hydrolysis of PLA occurs386

faster in the amorphous regions, where the degradation387

of the polymer chains occurs preferentially (Gaurav et388

al., 2006; Gopferich, 1997) and the crystal structure389

is formed during the degradation process (Gonzalez et390

al., 1999).391

The increase in the crystallinity index (Xc) and392

the crystal size of the composite PLA-CW after 120393

days of exposure in soil (Table 2) was attributed394

to selective degradation of amorphous part of the395

film coupled with migration and assimilation of low396

molecular weight products. During incubation in soil397

the the fraction of the crystalline phase increases. The398

amorphous interfacial edge between the crystallites in399

spherulites is attacked first and the small crystallites400

are released. As the degradation of small crystals is401

considerably faster than large ones, the average size402

of the remaining crystals becoming larger, resulting403

in the increase in average crystal size (Kawai et al.,404

2011). Moreover Mathew et al., (2006) comment that405

the reinforcement particles of the composite, in this406

case the whiskers (microfibrils) of cellulose, can act as407

nucleation sites for crystallization, affecting the size of408

crystals.409

3.4 Evolution of thermal transitions410

Table 3 shows the values of glass transition411

temperature (Tg), melting temperature and412

crystallization. One (Tc), obtained by DSC technique413

and measured in the first heating of PLA- CW414

composite samples, before and after being subjected415

to biodegradation in soil. As can be seen, the Tg416

shows a slight tendency to decrease at 120 days of417

biodegradation in soil, while the Tm maintained a418

constant value (152-151 oC). It should be noted that419

the composite PLA-CW 0D showed a melting peak420

at 152◦C, despite its X-ray spectrum revealed an421

amorphous halo (Fig. 4). The crystallinity percentage422

determined by DSC yielded a value of 3%. The423

glass transition temperature tended to lower value424

as a consequence of the average molecular mass425

diminution (Longieras et al., 2007). This is a fact426

consistent with the results reported by Zhang et427

al. (2008). The crystallization temperature Tc of428

previously UV-irradiated samples PLA-CW 8D is429

almost constant or slightly decreased, after their430

biodegradation in soil (Table 3). This can be explained431

with the adsorption of water by the matrix of PLA,432

resulting in the hydrolysis of ester bonds and breaking433
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mass. It can be seen that the intensity of the XRD-372

peaks of the irradiated composite (Fig. 5) is greater373

than that of not UV-weathered samples (Figure 4),374
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significant change in the average crystal size.385

It is suggested that the hydrolysis of PLA occurs386
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of the polymer chains occurs preferentially (Gaurav et388
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is formed during the degradation process (Gonzalez et390
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case the whiskers (microfibrils) of cellulose, can act as407

nucleation sites for crystallization, affecting the size of408

crystals.409

3.4 Evolution of thermal transitions410

Table 3 shows the values of glass transition411

temperature (Tg), melting temperature and412

crystallization. One (Tc), obtained by DSC technique413
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consistent with the results reported by Zhang et427
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Table 3. Thermal transitions of PLA-CW composite samples at 60 (a) and
120 days (b) of biodegradation in soil: samples without UV-irradiation

(PLA-CW 0D) and prior irradiation for 8 days (PLA-CW 8D).

PLA-CW 60 days (a) Tg (◦C) Tc (◦C ) Tm (◦C )

PLA-CW 0 D 57.0 90.0 152.0
PLA-CW 8 D 54.0 88.5 152.0

PLA-CW 120 days (b) Tg (◦C ) Tc (◦C ) Tm (◦C )

PLA-CW 0 D 55.0 92.0 152.0
PLA-CW 8 D 53.0 87.0 151.0
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Figure 3. Hydrolysis reaction of ester bonds [Schnabel, 1981] 
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Figure 4.  X-ray diffraction spectra of PLA-CW composite samples without UV-
weathering (PLA-CW 0D), after their exposure for 60 and 120 days in soil 
biodegradation 
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Figure 5. X-ray diffraction spectra of PLA-CW composite samples UV-weathered for 
8 days (PLA-CW 8D), after their exposure for 60 and 120 days in soil biodegradation 
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Figure 6. IR spectrum of the composite PLA-CW (800 to 1500 cm-1), previously UV-
irradiated in weathering cycles (8 days) and then subjected to biodegradation in 
soil for 60 and 120 days. 
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composite samples UV-weathered for 8 days (PLA-442

CW 8D), after their exposure for 60 and 120 days in443

soil biodegradation.444

the long macromolecular chains. These results are445

consistent with those reported by Gonzalez et al.446

(1999) and Gattin et al. (2002).447

3.5 Structural changes in PLA-CW448

composite (FTIR)449

The structural changes that occurred in PLA-CW450

composite, due to its previous photodegraded by UV-451

irradiation (weathering in cycles) and the subsequent452

biodegradation in soil up to 120 days, were detected453

by FTIR (Fig. 6). As can be seen, various bands454

of the IR spectrum increase in intensity with time of455

biodegradation of the composite. This tendency is456

valid, for example, for bands at 1454 and 1380 cm−1,457

caused by bending vibrations of −CH− symmetric and458

asymmetric C−H3, respectively, present in polylactic459

acid segments, which have been previously reported460

by Chlopek et al. (2009) and Ristic et al. (2011). The461

band in 1180 cm−1 attributed to asymmetric vibration462

and C-O-C bond of 1110 cm−1, corresponding to463

symmetric vibrations of the same link of the aliphatic464

chain. The lactide monomer appears at 1265 cm−1
465

and 1095cm−1, as similar bands reported by Ristic et466

al. (2011). With fewer changes in intensity are the467

bands in the ranges 960 to 850 cm−1, attributed to468

bending vibrations outside the plane of the OH bonds469

of carboxylic acids (Coates, 2000).470

Figure 7 shows another region of the IR spectrum,471

from 1600 to1900 cm−1, which reveals that the472

intensity of the band corresponding to C = O at 1715473

cm−1 is also increased with time of biodegradation of474

PLA-CW composite in soil. Similar results have been475

reported by Kumar et al. (2010) in the biodegradation476

study. That band is associated with the number of477

terminals in the polymer carboxylic chain and C =478

O vibrations of aliphatic ester (Ristic et al., 2011;479

Coates, 2000).480

FTIR study clearly shows the degradation of481

PLA-CW composite, evidenced by the increase of482

band intensiy corresponding to the CH deformation483
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Figure 7. IR spectrum of the composite PLA-CW (1600 to 1900 cm-1), previously  UV-
irradiated in weathering cycles (8 days) and then subjected to biodegradation in 
soil up to 120 days 
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Fig. 7. IR spectrum of the composite PLA-CW (1600491

to 1900 cm−1), previously UV-irradiated in weathering492

cycles (8 days) and then subjected to biodegradation in493

soil up to 120 days.494

vibrations of CH3 groups, present in segments495

of polylactide (1.360 and 1.380 cm−1), and also496

the increase of C=O intensity band after the497

biodegradation process in soil. The changes in the498

band of C=O are associated with an increase in the499

number of carboxyl end groups in the polymer chain500

which occurs during hydrolytic degradation, as well501

as the cycle of microbial attack. Similar behaviors502

were reported by Sambha’a et al. (2010) and Chlopek503

et al. (2009), studying the hydrothermal effect in504

the polylactic acid degradation and degradation under505

in vivo conditions of poly (lactide-co-glycolide) and506

hydroxyapatite.507

Conclusions508

This work focuses on analysis and comparison509

of accelerated weathering of samples of polylactic510

acid reinforced with cellulose whiskers (PLA-511

CW), conducted in QUV chamber-Panel, and their512

subsequent exposure to biotic soil environment. The513

cellulose whiskers (microfibrils) were obtained from514

banana rachis and pseudostem Musa cavendish. The515

results showed that:516

1. Relative humidity, as weathering parameters of517

UV-cycles, is important factor that facilitate the518

hydrolytic degradation of PLA-CW composite.519

2. PLA-CW polymer decreases its molecular mass520

during the biodegradation process in soil and521

this fact is more pronounced for samples522

subjected previously to UV-weathering cycles.523

XRD patterns of PLA-CW composite revealed524

a higher crystallinity index, but not a significant525

change in the average crystal size. The glass526

transition temperature Tg tended to lower value527

that could be related with the average molecular528

mass diminution. The changes in the band529

of C=O were associated with an increase in530

the number of carboxyl end groups in the531

polymer chain, which occurs during hydrolytic532

UV-degradation, as well as during the microbial533

attack in soil.534

3. Initial UV-degradation weathering was very535

important to stimulate biodegradation of the536

composite films (PLA-CW) in soil. The final537

percentage of biodegradation, calculated based538

on the released CO2, was higher for PLA-CW539

samples that have been previously subjected to540

weathering. The results indicate that PLA-CW541

has shorter half-life after biodegradation in soil542

and it is suitable for land disposal.543
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subjected previously to UV-weathering cycles.523

XRD patterns of PLA-CW composite revealed524

a higher crystallinity index, but not a significant525

change in the average crystal size. The glass526

transition temperature Tg tended to lower value527

that could be related with the average molecular528

mass diminution. The changes in the band529

of C=O were associated with an increase in530

the number of carboxyl end groups in the531

polymer chain, which occurs during hydrolytic532

UV-degradation, as well as during the microbial533

attack in soil.534

3. Initial UV-degradation weathering was very535

important to stimulate biodegradation of the536

composite films (PLA-CW) in soil. The final537

percentage of biodegradation, calculated based538

on the released CO2, was higher for PLA-CW539

samples that have been previously subjected to540

weathering. The results indicate that PLA-CW541

has shorter half-life after biodegradation in soil542
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References557

ASTM D5208-01 American Society for Testing and558

Materials. Standard Practice for Fluorescent559

Ultaviolet (UV) Exposure of Photodegradable560

Plastics. Practices G151 y G154-06 (Standard561

Practice for Operating Fluorescent Light562

Apparatus for UV Exposure of Nonmetallic563

Materials).564

ASTM D6002 American Society for Testing and565

Materials “Standard Guide for Assessing the566

compostability of environmentally degradable567

plastics?, practice D5988-96 “Standard Test568

Method for determining aerobic biodegradation569

in soil of plastic materials or residual plastic570

materials after composting?.571

Auras R., Harte B. and Selke S. (2004). An overview572

of polylactides as packaging materials.573

Macromolecular Bioscience 4, 835-864.574

Bolio-L.G., Valadez A. and Veleva L. (2011).575

Whiskers de celulosa a partir de residuos576

agroindustriales de banano: obtención y577

caracterización. Revista Mexicana de Ingenierı́a578

Quı́mica 10, 291-299.579

Calmon A., Silvestre F., Bellon-Maurel V., Roger580

J.-M., and Feuilloley P. (1999). Modelling581

easily biodegradability of Materials in Liquid582

Medium-Relationship between Structure and583

Biodegradability. Journal of Environmental584

Polymer Degradation 7, 135-144.585

Coates J. (2000). Interpretation of Infrared spectra, A586

Practical Approach. Encyclopedia of Analytical587

Chemistry. R.A. Meyers (Ed.) 10815-10837.588

John Wiley and Sons.589

Copinet A., Bertrand C., Govindin S., Coma V. and590

Couturier Y. (2004). Effects of ultraviolet light591

(315 nm), temperature and relative humidity on592

the degradation of polylactic acid plastic films.593

Chemosphere 55, 763-773.594

Cullity B.D. (1978). Elements of X-Ray Diffraction,595

second edition, Addison-Wesley, New York.596

Chlopek, J., Morawska-Chochol A., Paluzkiewicz597

C., Jaworska J., Kasperczyk J. and Dobrrznski598

P. (2009). FTIR and NMR study of599

poly (lactide-co-glycolide) and hydroxyapatite600

implant degradation under in vivo conditions.601

Polymer Degradation and Stability 94, 1479-602

1485.603

Furuhashi, Y., Kimura Y. and Yamane H.604

(2007). Higher order structural analysis of605

stereocomplex-type poly(lactic acid) melt-spun606

fibers. Journal of Polymer Science Part B:607

Polymer Physics 45, 218-228.608

Gattin, R., Copinet A., Bertrand C. and Couturier609

Y. (2002). Biodegradation study of a starch610

and poly(lactic acid) coextruded material611

in liquid, composting and inert mineral612

media. International Biodeterioration and613

Biodegradation 50, 25-31.614

Gaurav, K., Auras R. and Singh S. P. (2006).615

Degradation of commercial biodegradable616

packages under real composting and ambient617

exposure conditions. Journal of Polymers and618

the Environment 14, 317-334.619
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