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ABSTRACT: In this work, a novel isotactic polypropylene (PP)/fibrous cellulose (FC) composite containing a poly(ethylene oxide)
(PEO)/TiO, was prepared, and its oxo-biodegradation behavior was studied. FC loading of 5 and 1% resulted in an opaque film and
relatively good transparence, respectively. Fourier transform infrared (FTIR) spectra of the nonphotodegraded composite samples
revealed little PP auto-oxidation under the melt-mixing condition. Ultraviolet irradiation enhanced the auto-oxidation of the com-
posite. FTIR analyses of the composite indicated that TiO, and PEO functioned as the initiator and accelerator of PP auto-oxidation,
respectively. In addition, even with 1% PEO, the accelerator effect was enhanced by the spreading of the degraded PEO component
from other areas when the film thickness was increased. All PP/PEO/TiO,/FC composites with a PEO content varying from 0.3 to
5% showed a Young’s modulus value of ~ 180% higher than that of pristine PP. Biodegradability of the photodegraded composite
was confirmed by a soil burial test. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION oxidation (auto-oxidation) stage inside the composite, which

Cellulose is a highly popular polymeric material worldwide and leads to an extreme decrease in the microbial oxidation rate.

is used as a raw material for building materials and paper. Commercial application of the PP/cellulose composite requires

biodegradability under sunshine irradiation as well as a high
modulus. Thus, the design of a novel pro-oxidant system by

which auto-oxidation proceeds in this composite is needed. In
12-14

Cellulose is a low-cost, high-modulus, renewable, and bio-
degradable material. Cellulose has recently attracted much atten-
tion as a filler material for polypropylene (PP),'™ because of its
great potential for the production of composite materials with a
high-modulus and biodegradability.

our previous studies, we succeeded in preparing an oxo-
biodegradable PP using a novel pro-oxidant system. The pro-

PP is a typical nonbiodegradable polymer because large mole- oxidant system was composed of TiO, and poly(ethylene oxide)

cules such as PP cannot enter into the cells of microorganisms,
making it difficult for microorganisms to metabolize. PP can be
degraded to low-molecular weight compounds; however, by a

(PEO) compounds. In this system, the TiO, worked as a radical
initiator for both PP auto-oxidation and PEO degradation.'?
PEO was photocatalytically degraded by TiO,, producing acid

pro-oxidant that converts it to a biodegradable polymer. This
method is called “oxo—biodegraldation,”7_11
comprises two stages: abiotic and microbial oxidation. Oxo-bio-
degradation also renders PP/cellulose composites biodegradable.
There is a major obstacle, however, for the application of oxo-
biodegradation to PP/cellulose composites, which is the opacity

of the PP/cellulose composite. Opacity disturbs the photoabiotic

and the mechanism

and aldehyde compounds. These products accelerated hydroper-
oxide decomposition, which is the rate-determining step in PP
auto-oxidation.">'® PEO acted to accelerate PP auto-oxida-

12

tion. © PEO accelerates hydroperoxide decomposition even

inside the PP/cellulose composite. Because the acid and
aldehyde compounds produced by PEO photodegradation

spontaneously spread inside the PP/cellulose composite, the

Additional Supporting Information may be found in the online version of this article.
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hydroperoxide is rendered decomposable even by irradiation
with a common light source such as sunlight or a mercury
lamp.

In this study, we prepared a PP/PEO/TiO,/fibrous cellulose
(FC) composite and studied its oxo-biodegradation behavior
with Fourier transform infrared (FTIR) spectra. The effects of
FC loading on the tensile properties of the PP/PEO/TiO, com-
posite were studied with tensile testing. In addition, the PP/
PEO/TiO,/FC composite film retrieved from the soil burial test
was stained with lactophenol cotton blue, and then attached
fungal morphologies were observed by optical microscopy to
identify the species.

EXPERIMENTAL

Materials

PP (meso pentad fraction = 98%) was supplied by Japan Poly-
propylene. The number-average molecular weight (M) and the
polydispersity (M,/M,) of the PP were 4.6 x 10* and 5.7,
respectively.

PEO was purchased from Wako Pure Chemical Industries. The
average molecular weight was 5.0 x 10°.

TiO, was purchased from Wako Pure Chemical Industries. The
crystal structure was anatase (more than 98.5%), and the sur-
face area was about 6 m?®/g. The TiO, was used without
pretreatment.

Fibrous cellulose (W-100GK) was donated by Nippon Paper
Chemicals. The FC was dried in desiccator for 7 days before
preparation. The moisture of the FC was below 0.7%. The FC
dimensions are more than 90% pass 100 mesh (below 150 pm),
and the average length was about 37 um.

Preparation of PEO/TiO,/FC Blend

Mixing of pure water solution (40 mL/g-PEO) of the PEO/
TiO,/FC was performed using a 0.1-L glass equipped with a
stirrer at 23°C for 24 h. The water solvent was evaporated using
a rotary evaporator. The sample obtained was dried at 50°C for
24 h in a vacuum oven and was used as the PEO/TiO,/FC
blend.

Preparation of PP/PEO/TiO,/FC Composite

Loading of the PEO/TiO,/FC blend into PP was prepared by an
Imoto Seisakusyo IMC-1884 melting mixer. After a small
amount of the phosphite antioxidant (ADK STAB PEP-36,
ca. 0.1%) was added, the mixing was performed at 180°C at
100 rpm for 5 min.

Photodegradation Test

The sample was molded into a thin film (50 or 100 pum) by
compression molding at 190°C under 5 MPa for 5 min. The
film was cut into the 20 x 20 x 0.05 mm’ or 20 x 20 x 0.1
mm?’, and put into a vial (Pyrex reactor). The photodegradation
test was performed with a Riko rotary photochemical reactor
(RH400-10W, Riko-Kagaku Sangyo) equipped with a high-pres-
sure mercury vapor lamp of 400 W (UVL-400HA ultrahigh-
pressure mercury lamp with an intensity of 5 mW/cm? Riko-
Kagaku Sangyo). The test was performed at 30°C in air.
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Fourier Transform Infrared Analysis and Estimation of
Carbonyl Group Concentration

The IR spectra of 16 scans were measured with an FTIR spec-
trometer (Perkin-Elmer Spectrum One) at a resolution of
2 cm™! over the full mid-IR range (400-4000 cm™ Y.

Carbonyl group (methylketone) is a main product of auto-oxi-
dation of PP."” The corresponded IR peak appears at around
1720 cm™", and its average molar absorptivity is 330 mol L™
cm™ " The carbonyl group concentration of the photode-
graded PP was estimated by Lambert—Beer law using the average
molar absorptivity and the pristine PP density (0.900 g/mL).

Tensile Testing

Stress—strain behavior was observed using a SHIMADZU EZ-S
at a cross-head speed of 3 mm/min. The sample specimens were
cut with dimensions 30 x 5 x 0.05 mm’ shape in which the
gauge length was 10 mm. We chose the specialized specimen
(like ISO reed-shape) to adapt to the size of our tensile testing
machine. All tensile testing were performed at 20°C. The values
of Young’s modulus were obtained from the slope of the stress—
strain curve (until about 1% of the strain value). All results
obtained were the average values of 10 measurements.

Biodegradation Test

A soil burial test was performed for biosusceptibility. The film
samples (20 x 20 x 0.05 mm’) put into containers with the
soil of the flowerbed in our institute (Kitami Institute of Tech-
nology). The pH of the soil was 7.7, and the soil was used with-
out addition of nutrients and micronutrients. To avoid the soil
dryness, the containers were treated with water spray every day.
The biodegradation test had been performed for 28 days at
20°C.

Optical Microscope Observation

Optical microscope observation was performed with a Nikon
ECLIPSE 50/POL optical microscope (Nikon, Tokyo, Japan).
The samples were stained with lactophenol cotton blue (pur-
chased from Kanto Chemical)
imaging.

before optical microscope

RESULTS AND DISCUSSION

FC is hydrophilic and tends to aggregate, showing incompatibil-
ity with hydrophobic PP. In addition, loading of opaque FC
decreases the transparency of PP, thus FC directly interferes
with PP photodegradation. Figure 1 shows photographs of the
PP(98.2%)/PEO(0.3%)/TiO4(0.5%)/FC(1.0%) and PP(94.2%)/
PEO(0.3%)/Ti0,(0.5%)/FC(5.0%) films. Although 5% FC load-
ing considerably increases the film opacity, transparency is still
relatively maintained following 1% loading. Therefore, a small
FC loading keeps the PP transparent at some level.

The FTIR spectra around ethylenic unsaturated and carbonyl
group peaked before and after photodegradation (Figure 2).
Broad peaks (at 1642 cm ') assigned to the ethylenic unsatu-
rated group were also observed. The amount of the ethylenic
unsaturated group was hardly dependent on the FC content or
the presence of PEO. Thus, a small amount of the ethylenic un-
saturated group was spontaneously produced during the melt-
mixing process. In addition, there was no carbonyl peak. These
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Figure 1. Photographs of the PP((99.2-x)%)/PEO(0.3%)/Ti0,(0.5%)/FC(x%) films: Film thickness = 50 um.

findings suggest that little PP auto-oxidation occurs under the
melt-mixing condition. In the sample with a higher FC content
(5.0%), the rate of the ethylenic unsaturated group increase was
higher after 6 h photodegradation compared with the sample
with a lower FC content (1.0%). Thus, FC appears to act as the
photodegradation initiator.'®

FTIR spectra were observed around 2000-4000 cm™' of the
pristine PP, PP/FC, and PP/PEO/TiO,/FC samples, respectively
(Figure 3). In the PP/FC sample, the peak intensity of the OH
group (around ca. 3350 cm™ ') of PP(90.0%)/FC(10.0%) was
quite high. In addition, no change in the peak intensity was
observed in the photodegraded sample [see Figure 3(I)]. This
behavior suggests that the OH group originating from hydro-
peroxide is not contained in these peaks. Thus, auto-oxidation
does not occur in these PP/FC samples under photodegradation
conditions. Interestingly, the OH group peak intensity of
PP(98.2%)/PEO(0.3%)/Ti0,(0.5%)/FC(1.0%) was considerably
higher than that of PP(95.0%)/FC(5.0%), although the FC con-
tent was lower. The OH group peak shape was sharper than
that of the other samples, and the peak intensity was hardly
changed before or after photodegradation. This finding suggests
that the OH group originating from hydroperoxide is absorbed
by the PP(98.2%)/PEO(0.3%)/TiO,(0.5%)/FC(1.0%). Consider-
ing the good transparency of the PP(98.2%)/PEO(0.3%)/
Ti0,(0.5%)/FC(1.0%) film (see Figure 1), it is likely that auto-
oxidation easily occurred in these PP/FC samples under a low-
intensity light source such as interior light. In the PP(94.2%)/
PEO(0.3%)/Ti0,(0.5%)/FC(5.0%) film as well as in the
PP(95.0%)/FC(5.0%) film, the OH group peak intensity was
weaker. In the PP(94.2%)/PEO(0.3%)/TiO,(0.5%)/FC(5.0%)
sample, however, both the OH group peak intensity and the
ethylenic unsaturated group intensity were higher after 6 h pho-
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todegradation treatment [see Figure 3(II)]. This finding suggests
that auto-oxidation occurs by irradiation with a high-pressure
mercury vapor lamp. Because the film is highly opaque,
the auto-oxidation process requires a much stronger light
source compared with the PP(98.2%)/PEO(0.3%)/Ti0,(0.5%)/
FC(1.0%) film. These results reveal that the presence of PEO
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Figure 2. FTIR spectra of undegraded and photodegraded PP(94.2%)/
PEO(0.3%)/Ti0,(0.5%)/FC(5.0%) around ethylenic unsaturated and car-
bonyl group peaks. Film thickness = 50 pm.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37808



4

ARTICLE
1.5 r l
M
Photodeg. time
1.2 F Cz mvsanans =6h -
B: —— =0h
Ai—-— =0h
12
£
<

0‘3 1 1 1

3500 3000 2500 2000

Wavenumber (cm™)

4000

Applied Polymer

CIENCE

145 T T
(1I)
Photodeg. time
12 i C: ............ =6h J
B: —— =0h
Al —-— =0h
2
o~ 09 -
0.6 -
0.3 L L 1
4000 3500 3000 2500 2000

Wavenumber (cm)

Figure 3. FTIR spectra of various samples around OH group peak. Film thickness = 50 pum. (I): A = pristine PP, B and C = PP(90.0%)/FC(10.0%).
(II): A = pristine PP, B and C = PP(94.2%)/PEO(0.3%)/Ti0,(0.5%)/FC(5.0%).

and TiO, allows for auto-oxidation to proceed in the PP/FC
composite.

Figure 4 shows the FTIR spectra of PP(98.5-x%)/PEO(x%)/
Ti0,(0.5%)/FC(1.0%) film samples containing two different
amounts of PEO around the ethylenic unsaturated and carbonyl
group peaks before and after photodegradation. An increase in
the PEO content increases the peak intensity of both groups af-
ter photodegradation. Figure 5 shows the FTIR spectra of these
samples around the OH group peak. Samples with a 1.0% PEO
content show an increase in the ethylenic unsaturated and car-
bonyl group peak intensities after photodegradation, but the
OH group peak intensity is almost zero, and the increase can
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hardly be detected. In samples with 5% PEO, however, there is
an observable increase in the OH group peak intensity after
photodegradation. Figure 6 shows the increases in the ethylenic
unsaturated and carbonyl group peak intensities for the pristine
PP and the PP(98.5-x%)/PEO(x%)/Ti0,(0.5%)/FC(1.0%) films
during photodegradation. The intensities of both peaks
increased with an increase in the PEO content, whereas the
peak intensities of the pristine PP were zero (no degradation)
until after 6 h photodegradation. The photodegradation time-
dependence was considerably different, however, between these
samples. The maximum peak intensity of the ethylenic unsatu-
rated group occurred after ~ 1 h of photodegradation,
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Figure 4. FTIR spectra of various samples around ethylenic unsaturated and carbonyl peaks. Film thickness = 50 pum. (a) = PP(97.5%)/PEO(1.0%)/

Ti0,(0.5%)/FC(1.0%). (b) = PP(93.5%)/PEO(5.0%)/Ti0,(0.5%)/FC(1.0%).
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Figure 5. FTIR spectra of various samples around OH group peak. Film thickness = 50um. (a) = PP(97.5%)/PEO(1.0%)/TiO,(0.5%)/FC(1.0%). (b) =

PP(93.5%)/PEO(5.0%)/TiO,(0.5%)/FC(1.0%).

regardless of the PEO content, whereas that of the carbonyl
group logarithmically increased with an increase in the photo-
degradation time, also regardless of the PEO content.

TiO, initiates PP auto-oxidation (Figure 7).121319 PEQO acts to
produce an acid and an aldehyde, which accelerate auto-oxida-
tion.'#1>151¢ In other words, TiO, and PEO work as the “initia-
tor” and the “accelerator,” respectively. In auto-oxidation of the
PP/PEO/TiO,/FC composite, in particular, the presence of PEO
appears to be important for development. As mentioned earlier,
it is likely FC acts as the auto-oxidation initiator as well as
TiO,. Therefore, the auto-oxidation initiation readily occurs in
the composite. Some of the generated alkyl radicals affect the
ethylenic unsaturated group (terminal reaction), and others
affect the hydroperoxide group. The radical species (OH') gener-
ated by TiO, photocatalysis spreads and initiates the auto-oxi-
dation inside the composite films. Hydroperoxide decomposi-
tion requires light and cannot easily occur inside the composite

0.12 T T T T T T
@ Pristine PP PEO cont.

films. In fact, the hydroperoxide accumulates, and the auto-oxi-
dation hardly proceeds in the composite films with a small
amount (0.3%) of PEO (Figure 3). In composite films with
higher amounts (>1%) of PEO, there is little accumulation of
hydroperoxide and auto-oxidation proceeds. PEO is photocata-
lytically decomposed in the presence of TiO, and generates acid
and aldehyde compounds, which accelerate the hydroperoxide
decomposition.'>"> This PEO accelerator effect supports the
auto-oxidation process inside the composite films. The gener-
ated acid and aldehyde compounds make the films degradable
under lower light intensity. Therefore, the degree of auto-oxida-
tion process depends on the amount of PEO amount.

Figure 8 shows the carbonyl peak intensity increases of thicker
PP/PEO/TiO,/FC films (100 um) during photodegradation. The
intensity increase samples with a 1% PEO content was distinct
and was greater than that in samples with a 5% PEO content
more than 3 h of photodegradation. The dependence on the
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Figure 6. Increments of peak intensities in pristine PP and PP([98.5-x]%)/PEO(x%)/Ti0,(0.5%)/FC(1.0%) during photodegradation. (a) Ethylenic un-

saturated group. (b) Carbonyl group.
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Figure 7. Degradation induced by PEO/TiO, initiator and accelerator
system.

PEO content was different from that of the 50-um films. Figure 9
shows the increases in the carbonyl group concentration (esti-
mated as methylketone) before and after photodegradation in the
PP(97.5%)/PEO(1.0%)/Ti0,(0.5%)/FC(1.0%) and PP(93.5%)/
PEO(5.0%)/Ti0,(0.5%)/FC(1.0%) films with thicknesses of 50
and 100 pm, respectively. Interestingly, in PP(97.5%)/PEO(1.0%)/
Ti0,(0.5%)/FC(1.0%), the carbonyl group concentration increase
in the 100-um film was approximately four times higher than that
of the 50 um film. The concentration increase was not different,
however, between the 50 and 100-um PP(93.5%)/PEO(5.0%)/
Ti0,(0.5%)/FC(1.0%) films. The difference in the increase was
due to the PEO content. As mentioned earlier, the acid and alde-
hyde compounds, which are generated by PEO photodegradation,
accelerate hydroperoxide decomposition. The generated com-
pounds have a certain degree of molecular mobility. The generated
accelerators (acid and aldehyde compounds) spread throughout
the composite film. As shown in Figure 10, at some point distant
from each of the PEO/TiO,/FC domains, the accelerator, which
spreads from other PEO/TiO,/FC domains, fills in the gaps. The
complementary effect would be amplified to a suitable level by an
increase in the film thickness, resulting in acceleration of the hy-
droperoxide decomposition, even in films with a PEO content as
low as 1%. In fact, as shown in Figure 8, the carbonyl peak inten-
sity of the sample with a 1% PEO content exponentially increases
between 2 and 3 h of photodegradation, suggesting that the accel-
erator reaches the requisite concentration to accelerate the hydro-
peroxide decomposition by spreading. Composite film with a low
PEO content is similarly affected when the film thickness is
enhanced.
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Figure 8. Increments of carbonyl peak intensity in PP(97.5%)/PEO(1.0%)/
Ti0,(0.5%)/FC(1.0%) and PP(93.5%)/PEO(5.0%)/Ti0,(0.5%)/FC(1.0%)
during photodegradation.

Figure 11 shows a comparison of Young’s modulus, tensile
strength, and elongation at break values of the pristine PP and
the PP/PEQ/TIiO,/FC films. In our previous reports,””*' we
studied the effects of FC and PEO loadings on PP tensile prop-
erties and revealed the following: (1) FC loading increases
Young’s modulus and tensile strength, and rapidly decreases
elongation at break; (2) PEO loading decreases Young’s modulus
and tensile strength, but hardly affects elongation at break; (3)
loading the PEO/FC blend into the PP weakens the interface
strength between the PEO/FC and PP and increases the PEO
content. The tendencies of the tensile properties were the same
in PP/PEO/TiO,/FC. Notably, all the composites showed a
Young’s modulus of about 180% higher than that of pristine PP.
This finding indicates that PP/PEO/TiO,/FC has good photode-
gradability with a higher Young’s modulus.

After the soil burial test for 28 days with incubation at 20°C,
microorganisms (fungi) were observed on the surface of the
photodegraded =~ PP(97.5%)/PEO(1.0%)/Ti0,(0.5%)/FC(1.0%)
sample. Figure 12 shows the FTIR spectra of the samples before
and after the soil burial test. In the nonphotodegraded sample,
the carbonyl peak intensity was considerably lower and hardly
changes between before and after the soil burial test, indicating
that the microorganisms do not metabolize the composite. In
contrast, the photodegraded sample shows that the carbonyl
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Figure 9. Increments of carbonyl group concentration between before and after photodegradation in PP(97.5%)/PEO(1.0%)/Ti0,(0.5%)/FC(1.0%) and
PP(93.5%)/PEO(5.0%)/T10,(0.5%)/FC(1.0%) having 50 and 100 mm film thickness, respectively. Photodegradation time = 5 h.
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Figure 10. A schematical image of complementary auto-oxidation induced
by enhancement of film thickness.

peak intensity was much higher than that of the nonphoto-
degraded sample. The higher carbonyl peak almost disappeared
after the soil burial test, which is typical biodegradation behav-
ior by metabolism of the microorganism.'***7* To investigate
the microorganism morphology, the film retrieved from the soil
burial test was stained with lactophenol cotton blue and then
examined by optical microscopy. A long and short filamentous
fungus with septate hypha was observed. Motta et al.>> observed
colonization and adhesion of Curvularia sp. on an oxidized
polystyrene surface and this phenomenon implied its biodegra-
dation (metabolism) by the fungus. The observed filamentous
fungus would be an identical species, that is, Curvularia sp.
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because it exhibits a characteristic appearance, that is, a ribbon-
like shape and septate structure. This type of fungus has the
ability to degrade lignocellulosic materials due to its highly effi-
cient enzymatic system.”® Therefore, the filamentous fungus has
the potential to degrade FC as well as PP. Attachment of the
fungus suggests biodegradation of the PP/FC composite.
Although examination of the fungus gene is necessary for iden-
tification, it appears that this fungus is able to biodegrade the
photodegraded PP/PEO/TiO,/FC composite.

There are several reports of biodegradable polyethylene (PE)/starch
composites.””>* The PP/PEO/TiO,/FC composite is similar to the
PE/starch composite in terms of the biodegradable components it
contains, such as FC. The biodegradable portion of the PE/starch
composite, however, is confined to the starch component. The PP/
PEO/TiO,/FC composite shows different biodegradation behavior,
although the biodegradation rate is not very high. Complete bio-
degradation is possible, however, by inducing the oxo-biodegrada-
tion mechanism.

CONCLUSION

In this study, the PP/PEO/TiO,/FC composite was prepared, and its
oxo-biodegradation behavior was studied. The FC loading of 5 and
1% resulted in opaque film and relatively good transparence,
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Figure 11. Comparisons of Young’s moduli, tensile strengths, and elongation at break values of pristine PP and PP((98.5-x)%)/PEO(x%)/Ti0,(0.5%)/

FC(1.0%) films: Pristine PP elongation at break = more than 200%.
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Figure 12. FTIR spectra of undegraded and photodegraded PP(97.5%)/PEO(1.0%)/Ti0,(0.5%)/FC(1.0%) samples before and after soil burial test for 28
days of incubation at 20°C. Film thickness =50 pm. Photodegradation treatment for 24 h at 30°C.

respectively. The FTIR spectra of the nonphotodegraded composite
samples indicated that the PP auto-oxidation hardly occurred under
the melt-mixing condition. After the ultraviolet irradiation, the
auto-oxidation smoothly advanced in the composite. The FTIR
analyses of the composite revealed that the TiO, and the PEO
played the roles of the initiator and the accelerator of PP auto-oxi-
dation, respectively. In addition, even at a lower PEO content, the
accelerator effect was found to be supplemented with the spreading
of the degraded PEO component from other place by the enhance-
ment of the film thickness. The PP/PEO/TiO,/FC composite
showed the higher Young’s modulus. The biodegradability of the
photodegraded composite was confirmed by the soil burial test, and
the attachment of the filamentous fungus was observed on the
surface.
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