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ABSTRACT: To study the effectiveness of photosensi-
tizers to accelerate the degradation of cellulose acetate
(CA) under ambient environment, CA (degree of substitu-
tion ¼ 2.45) films containing benzophenone, which is one of
the typical photosensitizers, were prepared and their de-
gradative behavior by photoirradiation was examined.
Decrease in molecular weight of CA and generation of car-
bon dioxide, carbon monoxide, and acetic acid from the CA
films were observed by the irradiation of xenon arc lamp
light, which was passed through a filter for cutting off the
wavelength shorter than 275 nm. With increasing the con-

centration of benzophenone, the molecular weight of CA
decreased and the generation of the degradation products
from the CA films increased. These results may suggest that
radical reactions of CA films proceed by photoirradiation
and lead to oxidation and random cleavage of CA, and that
benzophenone is an effective additive to accelerate the deg-
radation of CA under ambient environment. � 2007 Wiley
Periodicals, Inc. J Appl Polym Sci 105: 3235–3239, 2007
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INTRODUCTION

Cellulose acetate (CA) (Fig. 1) is obtained by acetylation
of cellulose, and has been used in various applications
including photographic film, cigarette filter, base mate-
rial for adhesive tape, and coating material. Although
CA has good light stability, free radical generation in
CA and photodegradation of CA under irradiation with
ultraviolet have been reported in some literatures.1–3

Hon has reported that ultraviolet exposure to CA fibers
led to loss of sample weight and acetic acid content.2 In
our previous study using a xenon fadometer for light
stability tests, however, CA films showed no detectable
acetic acid generation or decrease in the molecular
weight by photoirradiation for at least 28 days.4 There-
fore, photodegradation of CA under ambient environ-
ment seems to be very slow.

One of the effective ways to accelerate the degrada-
tion of polymer materials, which are carelessly dis-
carded into the natural environment, is addition of
photosensitizers to the polymers.5–7 For example,
some photosensitizers including derivatives of benzo-
phenone and anthraquinone induce free radicals by
photoirradiation and accelerate the degradation of
polyethylene by radical reactions.5,8

Merlin and Fouassier reported the generation of free
radicals by irradiation of ultraviolet to cellulosic materi-
als including CA with or without photosensitizers, and
assumed that the glycosidic scission and the hydrogen
abstraction occurred.3,9 However, the effectiveness of
photosensitizers for the photodegradation of cellulose
derivatives including CA under ambient environment
has not been demonstrated since the previous studies
intended to realize the degradation of cellulosic poly-
mers during the photo-graft polymerization on the
polymers using photosensitizers.

In this study, to investigate the effectiveness of photo-
sensitizers to accelerate the degradation of CA under am-
bient environment, degradative behavior of CA films
containing benzophenone has been examined under
simulated solar exposure bymeans of a xenon fadometer.

EXPERIMENTAL

Materials

CA (degree of substitution ¼ 2.45) and benzophenone
were purchased from Acros Organics (Geel, Belgium)
and Sigma-Aldrich (St. Louis, MO), respectively, and
used without further purification.

Preparation of CA films

CA films containing up to 160 mg/g of benzophenone
were prepared by a simple casting method. About 1 mL
of acetone solution containing benzofenone and 5% of
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CA (w/v) was spread on a glass petri dish (the inner di-
ameter: 32.6 mm), and the acetone was evaporated under
ambient atmosphere. Then, the films were dried under
vacuum, punched into round shape with the diameter of
25 mm, and stored at 22 8C, 60% relative humidity, for at
least 1 week. The thickness of the films was measured
using a micrometer and the films of 406 5 mm thickness
were selected to be used for further investigation.

UV–vis absorption spectroscopy

The UV–vis spectra of the CA films were collected in a
UV–visible spectrophotometer, UV-1700 (Shimadzu,
Kyoto, Japan).

Photoirradiation

CA films were placed in glass vials (20 mL, 23 � 75
mm2) and the vials were sealed with aluminum caps
attached by poly(tetrafluoroethylene)/silicon septum,
and then they were exposed to light from a xenon arc
lamp of 1.5 kW in a fadometer TS-2 (Suga Test Instru-
ments, Tokyo, Japan). The light was filtered at the cut-off
value of 275 nm so that the spectra were similar to those
from the solar according to the spectra data in the user’s
manual of the fadometer. The intensity of illumination at
the sample vials was 107 W/m2 (integrated from 300 to
700 nm). During the irradiation, the temperature in the
instrument was kept at around 358C by air-cooling.

Size exclusion chromatography

Number-average molecular weight of degraded CA
was estimated by size exclusion chromatography
(SEC) by means of an HLC-8220GPC system (TOSOH,
Tokyo, Japan) equipped with differential refractive
index detector and four consecutive TSKgel columns
(a-M, a-4000, a-3000, a-2500) produced by TOSOH.
The system was operated at 408C and at a flow rate of
1.0 mL/min using N,N-dimethylformamide contain-
ing 0.01M lithium bromide as an eluent. Polystyrene
standards were employed for calibration.

1H NMR spectra

1H NMR (400 MHz) spectra of the CA films were
recorded with a JEOL ECX-400 (JEOL, Tokyo, Japan)

using dimethylsulfoxide-d6 as a solvent and tetra-
methyl silane as an internal standard.

Gas chromatography

Carbon dioxide (CO2), carbon monoxide (CO), and
acetic acid generated from the CA films were analyzed
by gas chromatography. CO2 and CO in the glass vials
were detected by means of a thermal conductivity de-
tector. Two-hundred microliters of the gas phase in
the glass vials were obtained by an airtight syringe
and injected into a gas chromatograph Agilent 6890
series (Agilent Technologies, DE). Helium gas was
used as a mobile phase, and a packed column WG-100
(GL Sciences, Tokyo, Japan) was used for a solid
immobile phase. The temperatures of the injector and
the detector were set at 2508C and the temperature in
the oven was kept at 508C during the measurement.

Acetic acid was extracted from the CA film by shak-
ing in the vial for 30 min with 3 mL of ethanol solution
containing anethole as an internal standard. The extract
was analyzed by means of the gas chromatograph
equipped with flame ionization detector. Helium gas
was used as a mobile phase, and a DB-WAX column
(0.53 mm inner diameter, 1.0 mm film thickness, 15.0 m
length; Agilent Technologies) was used for a solid
immobile phase. The temperatures of the injector and
the detector were set at 2508C. The oven temperature
program had an initial temperature of 1608C for 0 min,
and then was programmed to reach 2208C at the ratio of
208C/min, then held for 2 min. The injection volume
was 1 mL and the split ratio at the injector was 1 : 10.

RESULTS ANDDISCUSSION

UV absorption of the CA films

To investigate the effect of the benzophenone concen-
tration, we prepared CA films containing different
amounts of benzophenone by casting. The transmit-
tance of light of the CA films containing benzophe-

Figure 1 Molecular structure of cellulose acetate.

Figure 2 UV–vis spectra of CA films containing different
amount of benzophenone.
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none is described in Figure 2. In the case of the CA
film containing 10 mg/g of benzophenone, the slight
absorbance was observed at 337 nm, and 0% transmit-
tance was reached at � 265 nm. The absorbance at
337 nm increased with increasing the benzophenone
concentration. Furthermore, the wavelength, at which
0% transmittance reached, was changed from 265 to
295 nm as the benzophenone concentration increased
from 10 to 160 mg/g.

Benzophenone appeared to have a good miscibility
with CA, because all of the films prepared for this
study were transparent and colorless by visual obser-
vation, regardless of the concentration of benzophe-

none. This suggests that benzophenone was homoge-
neously dispersed in the CA films, resulting in the
uniform degradation described later.

Change in molecular weight of CA

The degradative behavior was evaluated by the change
in the molecular weights of the CA films, which were
estimated by SEC using polystyrene standards. The
changes in the number average molecular weights of the
specimens during the photoirradiation are described in
Figure 3. The molecular weights of the CA films contain-
ing benzophenone decreased with the photoirradiation
time, while no significant change was observed in the
film without benzophenone even after 28 days. Further-
more, higher concentration of benzophenone led to re-
markable decrease in the number-average molecular
weight. The number-average molecular weight of the
CA film containing 160 mg/g of benzophenone de-
creased from� 50,000 to less than 1000 within 7 days.

1H NMR investigation

Figure 4 shows 1H NMR spectra of the CA film con-
taining 160 mg/g of benzophenone before [Fig. 4(A,C)]
and after [Fig. 4(B,D)] 28-day photoirradiation. The con-
secutive small peaks between 2.9 and 5.7 ppm, which are
assigned to anhydroglucose units (AGU),10,11 are visible
before irradiation [Fig. 4(A)], while these peaks change
into broader spectrum after irradiation [Fig. 4(B)]. This
observation may suggest that carbon–carbon single bond
cleavages occurred inside the six-membered rings as

Figure 4 1H NMR spectra of the CA films containing 160 mg/g of benzophenone before (A, C) and after (B, D) photoirradia-
tion for 28 days. AGU: anhydroglucose unit; DMSO: dimethylsulfoxide. a: new peak appeared after photoirradiation.

Figure 3 Change in molecular weight of CA films contain-
ing benzophenone during photoirradiation. Number-aver-
age molecular weight (Mn) was determined by size exclu-
sion chromatography based on polystyrene standards
(eluent: N,N-dimethylformamide containing 0.01M lithium
bromide).
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well as glycosidic scissions. Before the irradiation, the
sample shows clear three peaks at 1.6–2.3 ppm, which
correspond to the 2, 3, 6 positions for acetyl substitution
in AGU of CA [Fig. 4(C)].10–12 After the irradiation for 28
days, these three peaks reduced significantly [Fig. 4(D)]
and one peak [a in Fig. 4(D)] appeared at 1.91 ppm, after
photoirradiation. Since the increasing acetic acid with the
concentration of benzophenone was detected from CA
films after the photoirradiation, as described later
(Fig. 6), the new peak at 1.91 ppm could be assigned to
acetic acid. These data support strongly that the side
chain cleavage (i.e., deacetylation) occurred as well as the
main chain scission.

Generation of degradation products from CA films

Some degradation products including CO2, CO, and
acetic acid were generated by photodegradation of
CA in a previous study.2 In this current study, larger
amounts of these three compounds were also detected
in the vials along with increasing the concentration of
benzophenone in the films (Figs. 5 and 6). Neither CO
nor acetic acid, but only the ambient air level of CO2,
was detected in the vial for the specimen without ben-
zophenone, even after 28 days.

As described earlier, substantial decrease in the mo-
lecular weight and generation of CO2, CO, and acetic
acid were observed by photoirradiation to the CA films
containing benzophenone. On the other hand, any
change in the molecular weight and any generation of
the three compounds were not detected even after
28 days, when a vial containing a film with 160 mg/g of
benzophenone was covered with aluminum foil to pre-
vent light exposure to the film and placed in the xenon
fadometer. These results indicated that both benzophe-
none and the photoirradiation are necessary for the deg-
radation of the CA films observed in this study. While
CO2, CO, and acetic acid were detected from the

degraded films, other compounds might be generated.
Hon observed the generation of several compounds
including acetic acid, acetone, CO2, CO, methane, ethane,
H2O, and H2 by the irradiation of ultraviolet to CA
fibers.2 Since the irradiation spectrum is similar to those
from the solar, CA can be degraded effectively under
ambient environment in the presence of photosensitizers.

Postulated mechanisms of the degradation

The absorption of ultraviolet under 380 nm increased by
the presence of benzophenone (Fig. 2) and the light expo-
sure to films led to the degradation of the CA molecules.
A benzophenone molecule is generally considered to be
raised to the triplet state via excited singlet state by light
absorption and then abstract an hydrogen from a sub-
strate, which leads to the oxidative degradation of the
substrate.5,9,13–16 Therefore it seems reasonable to sup-
pose the following postulated mechanism of the degra-
dation of CAwith benzophenone.

Figure 6 Generation of acetic acid from the CA films con-
taining benzophenone after photoirradiation for 28 days.
The amounts of liberated acetic acid per initial film weight
are plotted.

Figure 5 Generation of carbon dioxide (CO2) and carbon
monoxide (CO) from the CA films containing benzophenone
after photoirradiation for 28 days. The concentrations of CO2

and CO in the glass vials are plotted.
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CA has recently been drawing attention as a biode-
gradable polymer and it is well known that the lower
degrees of substitution by acetyl group provide the
higher biodegradability.17–22 Yamashita and Endo
reported that the presence of phosphoric acid as a cat-
alyst for hydrolysis in CA films led to deacetylation of
the CA molecules and increasing degradation of the
films in soil.23 The results in the current article indi-
cate that the deacetylation of CA proceeds by photoir-
radiation, as mentioned earlier. Furthermore, Ishigaki
et al. reported an increased enzymatic degradation of
CA by irradiation of ultraviolet as well as a decrease
in the molecular weight.24 Therefore, the acceleration
of photodegradation of CA may have some effective-
ness in the acceleration of biodegradation.

CONCLUSIONS

To study the effectiveness of photosensitizers to accel-
erate the degradation of CA under ambient environ-
ment, the degradative behavior of CA films containing
benzophenone was evaluated under simulated solar
exposure by means of a xenon fadometer. With
increasing the concentration of benzophenone,
decrease in the molecular weight of CA and increasing
generation of CO2, CO, and acetic acid from the CA
films were observed. These results suggest that benzo-
phenone is an effective additive to accelerate the deg-
radation of CA under ambient environment.
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