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ABSTRACT: The dehydrochlorination of poly(vinyl chloride) (PVC) film samples modified with titanium dioxide (TiO2)/poly(ethylene

oxide) (PEO) based paint photocatalysts [the addition of methyl linoleate (ML) or methyl oleate (MO)] was performed. After 24 h

of UV photoirradiation, the sample with TiO2/PEO showed that there existed a structure with the longest polyene length, whereas

that with TiO2/PEO/ML contained the most polyene structures. The chloroform-soluble fraction of the sample with TiO2/PEO con-

tained a poly(vinyl alcohol) (PVA) structure instead of a polyene one and showed a novel method of PVA production via PVC photo-

degradation. The molecular weight curve of the fraction shifted slightly to a lower molecular weight compared to that without the

photocatalyst; this showed that slight polymer chain scission occurred. The 1H-NMR and 13C-NMR spectra showed that the content

of PVA units was about 20%, and the PVA sequence was blocky. The fraction of the sample with TiO2/PEO/ML contained the highest

methyl group content; this showed that the branch degree was highest as was the polyene content. These highest contents were due

to the existence of the grafted ML. Pyrolysis gas chromatography/mass spectroscopy measurements suggested that there existed more

polyene and graft units in the chloroform-insoluble fractions of the samples with TiO2/PEO, TiO2/PEO/ML, and TiO2/PEO/MO,

respectively. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40760.
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INTRODUCTION

Poly(vinyl chloride) (PVC) is a common polymeric material

and is widely used as an industrial one. Although PVC has

many attractive properties, its waste is not good for the envi-

ronment because of its chlorine content.1 Many investigators

have proposed recycling methods based on the evaluated tem-

perature to prevent the formation of toxic chloride com-

pounds.1–5 In particular, the production of substitutions for

PVC, such as poly(vinyl alcohol) (PVA), has attracted much

attention from the viewpoint of upgraded recycling.1,2,5 Such

PVA production with a photochemical reaction would show

good productivity because an expensive heating unit and/or

heat-resistant container are not used. However, the application

of the photochemical reaction has been hardly performed. PVC

dehydrochlorination is readily caused by photoirradiation, and

this leads to the formation of a polyacetylene-like polymer com-

posed of a polyene structure.2,6 The solubility of polyacetylene

for various solvents is poor as is its processability. Therefore,

the application of a substituted PVC has has been difficult.

If PVA is produced via a simple PVC photochemical reaction,

such as photodegradation, its application has a high degree of

availability as a novel PVC recycler.

In our previous work,7,8 we succeeded in photodegrading poly-

styrene (PS) and polypropylene (PP) films with titanium diox-

ide (TiO2)/poly(ethylene oxide) (PEO) and TiO2/PEO/methyl

linoleate (ML) paint photocatalysts. Polymer photodegradation

with TiO2 photocatalysis has been studied.9–12 TiO2 is photoex-

cited and produces an electron and positive hole. The electron

and positive hole react with H2O and O2 and then form OH

radical species.13,14 The radical species has a high reactive ability

and initiates polymer degradation.10,13 The degradation rate is,

however, considerably slower because of the nonexistence of

H2O in the polymeric matrix. To improve the PP degradation

rate, we added PEO to the TiO2 photocatalyst.15,16 PEO was

hydrophilic and could adsorb moisture in the atmosphere. TiO2

reacted with an adsorbed H2O in the PEO phase and produced

OH radical species. The reaction of the PEO and radical species

produced acid and aldehyde compounds, and this brought
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about the facilitation of the PP degradation.17,18 In addition,

H2O was reproduced, and then, these reactions were repeated

until the PEO component was completely consumed. The higher

PP photodegradation rate was due to the coexistence of the TiO2

and PEO components.15,16 Moreover, the additional ML compo-

nent certainly blocked a PS crosslinking reaction and PP chemi-

crystallization and accelerated their photodegradation rate.

In this study, the dehydrochlorination of a PVC film sample

was performed with three kinds of paint photocatalysts [TiO2/

PEO, TiO2/PEO/ML, and TiO2/PEO/methyl oleate (MO)]. After

these photocatalysts was painted on the samples, they were pho-

toirradiated by UV light. The polyene structures that we

obtained were analyzed with an ultraviolet–visible (UV–vis)

spectrophotometer. The phototreated samples were fractionated

with boiling chloroform. The soluble fractions were analyzed

with gel permeation chromatography (GPC) and NMR spec-

troscopy, respectively. On the other hand, the insoluble fractions

were analyzed with pyrolysis gas chromatography/mass spectros-

copy (Py-GC/MS) spectroscopy.

We studied the modification of the PVC dehydrochlorination

process with the paint photocatalysts and succeeded in develop-

ing a novel synthetic process of PVA.

EXPERIMENTAL

Materials

PVC was purchased from Sigma-Aldrich Co., LLC. The number-

average molecular weight and polydispersity (weight-average

molecular weight/number-average molecular weight) were 4.7 3

104 and 1.7, respectively. PEO was purchased from Wako Pure

Chemical Industries, Ltd. The average molecular weight was 5.0

3 105. TiO2 (anatase-type, diameter � 5 lm), ML and MO

were purchased from Wako Pure Chemical Industries. The puri-

ties of the ML and MO were greater than 98 and 99%, respec-

tively. Figure 1 shows the chemical structures of ML and MO.

Preparation of PVC Film

The PVC pellets were molded into a film (30 3 30 3 0.2 mm2)

by compression molding at 160�C under 10 MPa for 5 min and

successively under 50 MPa for 5 min.

Painting of the Photocatalyst on the PVC Film

The paint conditions on the PVC film were as follows: (1) a

50-mL water solution containing 10 mg of TiO2 and 500 mg of

PEO was prepared (TiO2/PEO), (2) a 25-mL water solution

containing 5 mg of TiO2 and 250 mg of PEO 1 25 mL of ML

was prepared (TiO2/PEO/ML), and (3) a 25-mL water solution

containing 5 mg of TiO2 and 250 mg of PEO and 25 mL of

MO was prepared (TiO2/PEO/MO). These solutions were

painted on the film surface and were dried at room temperature

to remove the water component. The paint amounts were 10 g

of solution/g of film for a 0.2 mm thick film with the same sur-

face (30 3 30 mm2).

Photoirradiation Conditions

The 30 3 30 mm2 film was laid on a Petri dish. A 400-W mer-

cury vapor lamp (Toshiba H-400P, luminance value 5 200 cd/

cm2) was used as a UV light source. The distance between the

specimens and the lamp was 50 cm. The photoirradiation was

carried out at 30�C for 24 h. With our previous results,7 the

performance of the photocatalyst could be not maintained for

more time. All of the photoirradiated films were washed with

methanol solvent and dried before the measurements.

UV–Vis Spectrophotometer Analysis

The UV–vis spectra of 16 scans were recorded on a Shimadzu

Multi Spec-1500.

Boiling Chloroform Extraction

The chloroform extraction was performed with a Soxhlet extrac-

tion apparatus. Approximately 1.2 g of the photoirradiated sam-

ple was cut into 30 3 5-mm2 rectangles and was placed in a 24

3 100 mm2 extraction thimble (Advantec 86R, Toyo Roshi Kai-

sha, Ltd.). It was extracted with 100 mL of chloroform for 7 h

in a Soxhlet apparatus. After the extraction, the soluble part

was thoroughly dried with a rotary evaporator at room temper-

ature, and its weight was measured. The chloroform-soluble

ratio was defined as follows:

Chloroform 2soluble ratio wt %ð Þ
5Soluble part weight =Sample weight 3100

The chloroform-soluble part obtained was analyzed with GPC

and 1H-NMR measurements, and the insoluble part was

obtained with a Py-GC/MS one.

GPC Analysis

A sample in a small vial was dissolved in 5 mL of chloroform,

and the obtained sample solution was directly measured by

GPC. The molecular weight was determined by GPC (Shi-

madzu, Prominence GPC system with a GPC-80MC column,

Shimadzu Co., Japan) at 40�C with chloroform as a solvent and

was calibrated with PS standards.

NMR Spectroscopy Measurement

The NMR spectrum was measured with a JEOL EX-400 spec-

trometer at 20�C in chloroform-d. Tetramethylsilane was added

as an internal chemical shift reference.

Py-GC/MS Measurement

A furnace-type pyrolyzer was applied in this study. It had a ver-

tical microfurnace and temperature-programming capability.

The multifunctional pyrolyzer (Frontier Labs, EGA/PY-3030D)

Figure 1. Chemical structures of ML and MO.
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was attached to a gas chromatography (GC)/mass spectroscopy

(MS) instrument (Shimadzu, GCMS-QP2010 PLUS). The mea-

surement was done with the chloroform insoluble fraction

(500 lg). The fraction sample was heated at a rate of 30�C/min

from 100 to 200�C and was then kept for 3 min to remove the

solvent. The fast pyrolysis was performed at 350, 450, and

550�C. The GC/MS ion source and interface were kept at 200

and 300�C, respectively. Helium was used as the carrier gas for

the capillary column with a flow rate of 1.0 mL/min. The MS

system was operated under electron ionization mode at 70 eV

and in a scan range of mass-to-charge ratio (m/z) of 10–300.

RESULTS AND DISCUSSION

PVC dehydrochlorination was induced by photoirradiation; as a

result, a polyene structure was produced. As shown in Scheme 1,

the photocatalyst generated radical species and facilitated the

dehydrochlorination. Figure 2 shows the UV–vis spectra of the

pristine PVC and 24-h-photoirradiated PVC samples with vari-

ous photocatalysts. It is known that the maximum absorption

moves to a longer wavelength with increasing polyene length.19

The order of the 24-h-photoirradiated PVC samples showed a

longer wavelength at the maximum absorbance as follows: With

TiO2/PEO>With TiO2/PEO/ML�Without photocatalyst>

Pristine>With TiO2/PEO/MO. On the other hand, the order of

the absorbance intensity was as follows: With TiO2/

PEO/ML>TiO2/PEO 5 Without photocatalyst>Pristine>With

TiO2/PEO/MO. The intensity was correlated with the amount of

polyene units; this showed that the sample with TiO2/PEO/ML

had the greatest amount of the unit among these samples.

Although the sample with TiO2/PEO had the longest polyene

length, the amount of polyene was lower than that with TiO2/

PEO/ML. These results suggest that there was a difference in the

reactions induced by these photocatalysts. After dehydrochlorina-

tion, radical addition reactions were successively caused by the

photocatalysts. It seemed that the frequency in the radical addi-

tion reaction and the kind of added functional group depended

on the kinds of photocatalyst.

Figure 3 shows the chloroform-soluble fractions of the pristine

PVC and 24-h-photoirradiated PVC samples with various

photocatalysts. The pristine PVC was heat-treated during com-

pression molding, and the chain branching, including crosslink-

ing, was certainly caused. Therefore, there existed about an 80%

insoluble fraction in the PVC. The order of the soluble fraction

amount was as follows: Pristine (18.6%)>With TiO2/PEO

(13.2%)>With TiO2/PEO/ML (7.9%)�Without photocatalyst

(7.0%)>With TiO2/PEO/MO (3.3%). Among the 24-h-

photoirradiated PVC samples, the sample with TiO2/PEO pro-

vided the largest soluble fraction. The amount of the soluble

fraction with TiO2/PEO/ML was about 60% of that with TiO2/

PEO. The amount of the soluble fraction with TiO2/PEO/MO

was the lowest. The MO chemical structure was similar to that

of ML, and the difference was only the number of carbon–car-

bon double bonds (see Figure 1). On the other hand, the

Scheme 1. Production of the polyene structure with the photocatalyst system.

Figure 2. UV–vis spectra of the pristine PVC and 24-h-photoirradiated

PVC samples with various photocatalysts.

Figure 3. Chloroform-soluble fractions of the pristine PVC and 24-h-

photoirradiated PVC samples with various photocatalysts.
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amount of the soluble fraction with TiO2/PEO/MO was only

50% of that with TiO2/PEO/ML, and the additive effect on the

PVC solubilization was considerably less. Figure 4 shows the dif-

ferential molecular weight distribution curves of the

chloroform-soluble fractions. The curve of the 24-h-

photoirradiated PVC without photocatalyst shifted to a higher

molecular weight compared with that of the pristine one. This

behavior was due to the crosslinking reaction. The curves of the

samples with TiO2/PEO, TiO2/PEO/ML and TiO2/PEO/MO

showed different behavior, respectively. The curve of PVC with

TiO2/PEO shifted slightly to a lower molecular weight com-

pared to that without photocatalyst, and the peak in the low-

molecular-weight region was developed. It seemed that a slight

polymer chain scission occurred. The curve shape of the PVC

with TiO2/PEO/ML became much broader compared to those

without photocatalyst and with TiO2/PEO. The molecular

weight drastically decreased, and this suggested that vigorous

chain scission occurred. On the other hand, the curve of the

PVC with TiO2/PEO/MO was located between those without

photocatalyst and with TiO2/PEO/ML and its shape had both of

their characteristics. Figure 5 shows the low-molecular-weight

(<23 104) fractions. The fraction of the 24-h-photoirradiated

PVC with TiO2/PEO/ML was approximately two times higher

than that of the pristine one. In our previous work,7 we suc-

ceeded in photodegrading a PS film with a TiO2/PEO/ML paint

photocatalyst system. The additional ML component certainly

blocked a PS crosslinking reaction and accelerated the photode-

gradation rate. The ML worked as antiblocking agent for PVC

as well. ML had allyl hydrogens and became a stable radical

because of its radical resonance structure. Therefore, ML was

suitable as source of such small radical molecules for graft poly-

merization with the unsaturated and/or radical PVC molecules.

When the photoirradiation to the PVC samples was performed,

a competition reaction between the PVC chain scission and

crosslinking was certainly caused. The ML certainly blocked the

crosslinking reaction; this led to a decreasing molecular weight.

MO had the same ability because of its chemical structure.

However, its grafting efficiency was considerably lower. The rad-

ical stability of MO was less than that of ML because MO had

only one unsaturated group (carbon–carbon double bond) in

the chemical structure (see Figure 1). The lower radical stability

led to fewer blocking crosslinking reactions.

The chloroform-soluble fractions were characterized by 1H-

NMR measurement. The obtained internal double-bond and

Figure 4. Differential molecular weight distribution curves of the chloroform-soluble parts of the pristine PVC and 24-h-photoirradiated PVC samples

with various photocatalysts.

Figure 5. Low-molecular-weight (<2 3 104) fraction (%) of the pristine

PVC and 24-h-photoirradiated PVC samples with various photocatalysts.

Table I. Contents of Internal Double Bonds and Methyl Groups in

Chloroform-Soluble Fractions of Various PVC Samples

Chloroform-soluble
fraction

Internal double
bond/1000 VC

Methyl group/
1000 VC

Pristine PVC 0.8 6.3

24-h-Photoirradiated
PVC samples

Without photocatalyst 1.4 11.9

With TiO2/PEO 0.1 0.3

With TiO2/PEO/ML 1.6 17.2

With TiO2/PEO/MO 0.3 4.1
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methyl group contents (per 1000 VC 5 ACHClA units) are

summarized in Table I. The methyl group content provided an

indication of the branching degree. The soluble fraction of the

sample with TiO2/PEO showed the minimum values among

these samples. Figure 6 shows the 1H-NMR spectrum of the

chloroform-soluble fraction of the sample with TiO2/PEO. The

apparent resonances assigned to the PVA unit appeared around

1.6, 3.5, and 3.6 ppm, respectively. The content of the PVA unit

was estimated from the ratio of the PVA peak area at 1.6 to the

PVC one around 2.3 ppm and was approximately 20%.

As shown in Scheme 2, the internal double bond reacted with

the OH radical species generated by the photocatalytic PEO

photodegradation with TiO2. PVC dehydrochlorination pro-

duced a polyene compound, that is, a polyacetylene-like poly-

mer.2,6 Figure 7 shows the 13C-NMR spectrum. The methine

carbon resonances assigned to PVA and PVC appeared around

71 and 56 ppm, respectively. Each of the resonances split into

multiplets, and this indicated that there existed stereochemical

sequence distributions (i.e., tacticity) in the corresponding

methine carbons. These multiresonances reflected a specific

Scheme 2. Schematic reaction paths of PVA and lower molecular compounds produced with the TiO2/PEO and TiO2/PEO/ML photocatalysts.

Figure 6. 1H-NMR spectrum of the chloroform-soluble fraction of the

24-h-photoirradiated PVC with TiO2/PEO.

Figure 7. 13C-NMR spectrum of the chloroform-soluble fraction of the

24-h-photoirradiated PVC with TiO2/PEO.
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reaction mechanism of the OH substitution. The carbon–carbon

double bond was continuously produced by dehydrochlorina-

tion20 and then selectively reacted with the OH radical species, as

shown in Scheme 2. Accordingly, a blocky PVA sequence was

produced. The OH multiresonance demonstrated that the OH

substitution proceeded by a two-step reaction. The processability

of the polyacetylene-like polymer was too poor to have commer-

cial value.2 The TiO2/PEO photocatalyst partially changed the

polyacetylene-like polymer into a PVA-like one and provided an

improvement in the chloroform solubility. In addition, as shown

in Table I, the PVA-like polymer had few carbon–carbon double-

bond groups, and the PVA tacticity resonances appeared, as

shown in Figure 7. The results show that the carbon–carbon

double-bond group mostly converted to OH ones. The work of

the TiO2/PEO/ML photocatalyst was considerably different from

that of the TiO2/PEO one. The chloroform-soluble fraction con-

tained the greatest methyl group content in all of the samples;

this showed that the branching degree was the highest. In addi-

tion, the internal double-bond content was the highest as well.

Figure 8 shows the 1H-NMR spectrum of the chloroform-soluble

fraction of the 24-h-photoirradiated PVC with TiO2/PEO/ML.

The apparent resonances assigned to the ML unit appeared

around 1.6 and 3.6 ppm; this showed that there existed an ML-

grafted structure in the sample. As shown in Scheme 2, the OH

radical species was generated by the PEO photodegradation with

TiO2, and it attacked ML as well as PVC.7,8 The ML radical spe-

cies and polyene units were generated and then reacted each

other. Although the OH radical species could react with the poly-

ene as well, the ML radical species was preferentially added to it

because of its good radical stability.7,8 The addition of ML itself,

having polyene units, led to a higher content of internal carbon–

carbon double bonds, and additionally, autoxidation was facili-

tated to decrease the molecular weight7,8 and simultaneously to

crosslink. The decreases in the molecular weight and soluble frac-

tion were due to the ML addition.

Because the UV–vis spectrum of the whole 24-h-

photoirradiated PVC with TiO2/PEO showed the maximum

polyene length, the chloroform-insoluble part, having the poly-

ene structure, must have existed more in it. To study the com-

ponent in the chloroform insoluble part, the analytical pyrolysis

(Py-GC/MS) was performed. Figure 9 shows the relative yields

of HCl, benzene, and toluene in the fast pyrolysis of the

chloroform-insoluble parts of the pristine PVC and 24-h-

photoirradiated PVC samples with two kinds of photocatalyst.

The relative amount of HCl decreased with increasing pyrolysis

temperature, and this tendency was the same in all of the

samples. Interestingly, the temperature tendency of the benzene

relative amount in the sample with TiO2/PEO was similar to

that of the HCl one; it was considerably different from those of

other samples. The other samples showed maximum values at

450�C. Benzene is a pyrolysate originated from a polyene

unit,21–23 and its amount certainly depended on the polyene

unit content. In the sample with TiO2/PEO, a strong negative

correlation between the relative amount and pyrolysis tempera-

ture was seen. Because the sample contained more original

polyene units, much benzene pyrolysate could be produced,

even at 350�C. It seemed that the pyrolysis reaction became too

fast at the higher temperature and mainly produced other

Figure 8. 1H-NMR spectrum of the chloroform-soluble fraction of the

24-h-photoirradiated PVC with TiO2/PEO/ML.

Figure 9. Relative yields of HCl, benzene, and toluene in the fast pyrolysis of the chloroform-insoluble parts of the pristine PVC and 24-h-

photoirradiated PVC samples with two kinds of photocatalysts.
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pyrolysates instead of benzene. Other samples with fewer poly-

ene units required polyene production via dehydrochlorination.

A temperature of 450�C was the optimum pyrolysis temperature

for such a benzene pyrolysate production path. The different

dependence of the pyrolysis temperature showed that more of

the chloroform-insoluble part having the polyene structure

existed in the whole 24-h-photoirradiated PVC with TiO2/PEO.

The temperature tendency of the toluene relative amount was

different from that of the HCl and benzene ones. Anthony22

reported that toluene pyrolysate was formed via an intermediate

composition of a crosslinked polyene structure.22 The toluene

production, therefore, was preferentially produced in the sample

with a great amount of the crosslinked structure. As shown in

Figure 9, the relative toluene amount of the sample with TiO2/

PEO/ML showed the maximum value at 450�C, whereas those

of other samples increased with the pyrolysis temperature. The

difference was due to the ML-grafted structure in the sample

with TiO2/PEO/ML. As shown in Scheme 2, the structure was a

kind of crosslinked polyene one, and it certainly became a

source of the formation of the toluene pyrolysate. A tempera-

ture of 450�C was the optimum pyrolysis temperature for the

toluene pyrolysate production with the ML-grafted structure.

The other samples required the production of a crosslinked

polyene structure via a PVC pyrolysis reaction, which preferred

a higher pyrolysis temperature. These results of the Py-GC/MS

measurements show that the samples with TiO2/PEO and TiO2/

PEO/ML contained such characteristic structures.

CONCLUSIONS

PVC dehydrochlorination with paint photocatalysts was per-

formed. The order of polyene length in the 24-h-photoirradiated

PVC was as follows: With TiO2/PEO>With TiO2/PEO/

ML�Without photocatalyst>Pristine>With TiO2/PEO/MO.

On the other hand, the order of the absorbance intensity was as

follows: With TiO2/PEO/ML>TiO2/PEO 5 Without photocata-

lyst>Pristine>With TiO2/PEO/MO. These results show that the

24-h-photoirradiated PVC with TiO2/PEO had the structure with

the longest polyene length and that with TiO2/PEO/ML had the

greatest amount of the polyene structure. The order of the

chloroform-soluble fraction amount was as follows: Pristine

(18.6%)>With TiO2/PEO (13.2%)>With TiO2/PEO/ML

(7.9%)�Without photocatalyst (7.0%)>With TiO2/PEO/MO

(3.3%). The chloroform-soluble fraction with TiO2/PEO provided

the largest amount of the soluble fraction and contained the PVA

structure instead of the polyene one. The GPC curve of the frac-

tion shifted slightly to a lower molecular weight compared with

that without the photocatalyst; this showed that slight polymer

chain scission occurred. The 1H-NMR and 13C-NMR spectra

showed that the content of the PVA unit was about 20%, and the

PVA sequence was blocky. It was found that the OH substitution

proceeded by a two-step reaction. On the other hand, the TiO2/

PEO/ML made a difference to the PVC sample. This fraction con-

tained the greatest methyl group content in all the samples; this

showed that the branching degree was highest. In addition, the

polyene content was highest as well. These highest contents were

due to the existence of the grafted ML. The amount of the soluble

fraction with TiO2/PEO/MO was lowest and was only 50% of that

with TiO2/PEO/ML. The MO grafting efficiency was considerably

less because of the poor radical stability of MO, and the additive

effect on the PVC solubilization was considerably less. The Py-GC/

MS results suggest that there existed more polyene and graft units

in the chloroform-insoluble fraction of the 24-h-photoirradiated

PVC samples with TiO2/PEO and TiO2/PEO/ML.
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