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SY NOPSlS 

The surface modification of polyethylene (PE) and polypropylene (PP) was investigated 
by UV light/ozone (UVO) treatment. The surface oxygenation was determined by electron 
spectroscopy for chemical analysis (ESCA). As shown from ESCA spectra, after UVO 
treatment, oxygen-containing functional groups, such as carbonyl, carboxyl, and ether 
groups, were produced in the sample surface. The dependence of oxygenation extent (as 
measured by O,,/C1, value of ESCA spectra) on different experimental conditions, such as 
irradiation time, temperature, and O2 flow rate, was obtained. It was shown that after UVO 
treatment a t  suitable conditions the surface properties of polyolefine samples, such as 
hydrophilicity, adhesion property, and dyeability, were improved remarkably. Furthermore, 
UVO treatment in short time does not have notable effect on the ageing property. It was 
concluded that UVO treatment is a promising technique to modify polyolefine surface 
properties. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

Polyolefine, in particular polyethylene (PE) and 
polypropylene (PP), are the most widely used syn- 
thetic polymers. For most of them, the outermost 
surface is hydrophobic and inert due to a prepon- 
derance of nonpolar bonds. Extensive work to de- 
velop practical and economical method for surface 
modification of polyolefine has been carried out by 
many workers. For improvement of adhesivity, dye- 
ability, and wettability, surface photografting mod- 
ification in gas-phase or liquid-phase has received 
wide attention.'-6 Surface treatment of polyolefine 
with ozone has also been actively How- 
ever, there are still some technical or economical 
problems to be resolved for industrial use of these 
methods. 

Recently, an alternative surface modification 
method named ultraviolet light/ozone (UVO) treat- 
ment has been developed in Canada and Japan."-13 
In this method the polymer surface was exposed to 
UV in a flow of an oxygen gas containing ozone. 
After the UVO reaction of polyolefine, there ap- 
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peared oxidation groups such as -C-0- and 
- C = 0 groups in their surface, the contact angle 
to water of PP reduced to ca. 3Ool3 and the adhesion 
property of PE  fiber to epoxy resin matrix im- 
proved." The present study was undertaken to pro- 
ceed the surface analysis of polymer with Electron 
Spectroscopy for Chemical Analysis (ESCA) and 
specify the suitable experimental condition of UVO 
treatment to produce significant changes in the po- 
lyolefine surface. It is hoped that the results pre- 
sented in this work will contribute to a technical 
and commercial practice successfully. 

EXPERIMENTAL 

Materials 

In this work different kinds of samples (film, sheet, 
and fiber) were used for investigating the efficacy of 
UVO treatment. LDPE films ca. 90 pm thickness 
were supplied by Beijing Twelfth Plastic Plant. They 
were extracted with acetone for 2 days before use. 
LDPE and PP sheets of 0.5 mm thickness were pre- 
pared by pressing the resin powder at  170° and 180°, 
respectively, between two PET sheets. LDPE and 
PP powder without any additives were supplied by 
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Beijing Second Auxiliary Plant and Yanshan Pe- 
trochemistry Company, respectively. PP fiber was 
supplied by the Institute of Chemistry, Academia 
Sinica. 

UVO Treatment 

UVO equipment is schematically illustrated in Fig- 
ure 1. It consists of two parts: 1) ozone generator; 
2) ultraviolet light irradiation apparatus. The ozone 
concentration in oxygen gas was varied by changing 
the generator voltage and the oxygen flow rate. The 
amount of ozone produced was determined by pass- 
ing the gas through acidified potassium iodide so- 
lution at  different O2 flow rate and titrating the lib- 
erated iodine with 0.1N sodium thiosulfate solution. 
The concentration of ozone under different oxygen 
flow rate is shown in Table I. 

The polymer sample was placed in the irradiation 
reactor. An oxygen gas containing ozone was passed 
through the reactor when the reactor was heated to 
a specified temperature. Then the sample was ir- 
radiated through a quartz window for a definite time. 

Measurements 

After UVO treatment, the following analyses and 
tests of samples were carried out: 
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2. ultraviolet light irradiation apparatus 

Figure 1 UVO equipment. 

Table I 
Flow Rate 

Oxygen Flow Rate Na2S203 Ozone Flow Rate 

Ozone Flow Rate of Different Oxygen 

(L/min) (mL) (mL/min) 

0.5 4.00 4.5 
1.0 9.57 10.7 
2.0 10.00 13.0 
3.0 14.83 17.0 
4.0 15.25 17.1 
5.0 16.16 18.0 
7.0 18.00 20.3 

1. 

2. 

3. 

4. 

5 .  

ESCA analysis. The ESCA spectra were re- 
corded on a ES-300 Spectrometer with a Mg 
K a X-ray radiation source. 
Contact angle measurement. The contact 
angles to  water of the modified samples were 
measured on a CA-D Contact Angle Goni- 
ometer a t  ambient humidity and temperature. 
Dye and color measurement. PP fiber samples 
were immersed in an aqueous solution of 
methylene blue. The dye solutions were buf- 
fered by adding acetic acid and sodium ace- 
tate. The dye solution was heated slowly to 
boiling and then continued heating for 1 h. 
Dyed samples were washed thoroughly with 
hot water and acetone and dried at  room 
temperature. The color measurement of PP 
fiber sample was performed on a SC-80 Col- 
orimeter. 
Tensile shear adhesive strength measure- 
ment. The polymer sheets of 60-mm length 
and 10-mm width were cut lengthwise into 
half. Two parts of the polymer sheet were 
bonded with a 10 X 5 mm overlap with the 
epoxy resin adhesive, and the adhesive was 
cured for 24 h a t  room temperature. The ad- 
hesive strength was measured at  a SHICKCH 
Tensile Testing Instrument. 
Photo-oxidation test. The photo-oxidation 
test was carried out in a Model CS-801 
Weather-Ometer supplied by Chongqing Test 
Equipment Plant. Two 1OOOW high-pressure 
mercury lamps were used as the light source 
and a Pyrex glass filter was used to cut off 
light with a wavelength shorter than 290 nm. 
The test temperature was 50°C. The extent 
of oxidation of the PE film during irradiation 
was followed by the growth of the carbonyl 
absorption at  1712 cm-l, expressed in the 
form A1712/A729, where ATZ9 is the IR absor- 
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Figure 4 Changes of O,,/C,, measured from ESCA with 
irradiation time of PE film. Treatment conditions: tem- 
perature: 40°C; 0, flow rate: 3 L/min. 

01, Peak 

Figure 2 CIS peak and O,, peak of ESCA spectrum of 
PE sheet after UVO treatment. Irradiation time is 40 min, 
temperature is 5OoC. 

bance at  729 cm-', used as an internal stan- 
dard. 

RESULTS AND DISCUSSION 

Surface Oxygenation 

As an example, a ESCA spectrum of PE sheet after 
UVO treatment is shown in Figure 2. The tail on 
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Figure 3 Changes of O,,/C,, measured from ESCA with 
irradiation time of PE and PP sheets. Treatment condi- 
tions: temperature, 40°C; O2 flow rate, 3 L/min. 0, PP 
sheets; 0, PE sheets. 

the high binding energy side of the main CIS peak 
for PE shows that oxygen incorporation into the 
polymer surfaces gave rise to a variety of functional 
groups. This C1, peak can be resolved into compo- 
nent peaks at  binding energies of 285, 286.5, 289 
eV, corresponding to carbon in -C-H--, 
- C - 0 - - ,  - and -C=O. The 01, peak can be 
decomposed into two peaks with binding energies of 
532.4 eV and 533.8 eV, respectively. The peaks are 
assigned as follows: 01, 533.8 eV(0 = C -0- H 
or O=C-Q-C-)  and 01, 532.4 eV(-C=O 
or - C - 0 - ). From ESCA data, it can be seen 
that after UVO treatment, there appeared oxygen 
functional groups such as carbonyl, ether, and car- 
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Figure 5 Changes of O1$C1, measured from ESCA with 
temperature of PE film. Treatment conditions: irradiation 
time: 15 min; O2 flow rate: 3 L/min. 
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Figure 6 Changes of O,,/C,, measured from ESCA with 
different O2 flow rate of PE film. Treatment conditions: 
irradiation time: 15 min; temperature: 40°C. 

boxyl in PE  surface, It is in agreement with the ear- 
lier studies.6 Therefore, we can use the ratio of in- 
tensity of 01, to that of C1, (Ols/Cls) as a measure 
of the surface oxygenation extent. And by means of 
ESCA measurement, we investigated the depen- 
dency of surface oxygenation of PE and PP on dif- 
ferent experimental conditions. No matter which 
exact oxygen-functional group it was, so long as the 
amount of oxygen-functional groups increased and 
the surface properties of polymer might be improved. 

The increase in the extent of surface oxidation 
with time of UV/ozonation is shown in Figure 3. 
The atomic ratio of oxygen to carbon of PE without 
UVO treatment is lower than that of PP. Probably 
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Figure 7 Changes of contact angle with irradiation time 
of PE and PP sheets. UVO treatment conditions: tem- 
perature: 40°C; O2 flow rate: 3 L/min. (0): PP sheets; (0): 
PE sheets. 
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Figure 8 Changes in tensile shear adhesive strength 
with irradiation time of PE and PP sheets. UVO treatment 
conditions: temperature: 40°C; O2 flow rate: 3 L/min. (0): 
PP sheets; (0): PE sheets; (A): PP sheets broken. 

the thermal oxidation in the process procedure of 
PP was more serious than that of PE. The initially 
faster oxidation of the PE shows that the ratio of 
O/C can reach a level which changes the surface 
composition distinctly in a short time (on the order 
of one minute). And this point is very important for 
commercial practice. The situation of PE film is 
similar to that of PE sheets as displayed in Figure 
4. The high oxidation rate of PE film in the begin- 
ning of UVO treatment is also useful to practice. 

Figures 5 and 6 displayed the changes of O/C 
measured from the ESCA spectra with the reaction 
temperature and oxygen gas flow rate, respectively. 
From these figures, an optimum experimental con- 
dition can be found. This is: the reaction tempera- 
ture lies between 20°C and 30°C and suitable oxygen 
flow rate is 2-3 L/min. 

Improvement of Surface Properties of PE and PP 

The surface properties of PE and PP after UVO 
treatment were measured to examine the efficiency 

Table I1 Color of PP Fiber 

Color Specification 
UVO Treatment Time 

(min) L* a* b* 

0 78.20 1.22 -5.88 
5 78.64 15.27 -8.40 

10 82.11 14.21 -11.50 
15 71.08 12.91 -13.07 
20 80.59 15.38 -13.09 
30 76.12 22.50 -14.17 
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Table I11 Value of A1712/&29 of PE Film 

Photo-oxidation UVO Treatment Time (min) 
Time (h) 

0 2 5 10 13 20 

0 0 0 0.0191 0.0125 0.0182 0.0152 
130 0.239 0.244 0.223 0.218 0.245 0.390 

of this modification method. The wetting property 
of the modified PE and PP were estimated on the 
basis of the contact angle measurement. Figure 7 
shows the change of contact angles to water of PE 
and PP sheets with the UVO treatment time. The 
contact angle to water of samples reduced with the 
exposure time. The surface of PE  sheet became hy- 
drophilic more rapidly than that of PP, and the re- 
duction of the contact angle is in agreement with 
the increase of amount of oxygen functional groups 
showed by the ESCA spectra. These results indicate 
that surface modification with UVO is effective in 
enhancing their hydrophilicities. 

Figure 8 represents the change of tensile shear 
adhesive strength with the UVO treatment time. 
The adhesive strength increased with the treatment 
time. In the first 10 min of treatment, the adhesive 
strength increased rapidly. It coincides with the in- 
crease of the oxygen functional groups measured 
from the ESCA spectra. It is worth emphasizing that 
PP sheets of some adhesive samples broke in the 
tensile test during elongation instead of separation 
of two adhesive sheets. This reflects that the 
strength a t  which the two modified PP adhesive 
sheets separated almost reached the same value as 
the bulk tensile strength of the PP sheet. Further- 
more, the bulk tensile strength of modified PE  or 
PP samples was the same or slightly higher than 
that of pure PE or PP without UVO treatment, al- 
though no rigorous mechanical data were attained. 
The result stated that the bulk property of polymer 
wasn’t influenced by UVO treatment. It can be con- 
cluded that UVO treatment can not only improve 
the tensile shear adhesive strength, but also main- 
tain the bulk property of polyolefine samples. 

The colors of different PP fiber samples were 
measured on the colorimeter in order to investigate 
the dyeability of PP fiber after UVO treatment. The 
results are shown in Table 11. It can be found that 
the value of colorimetric parameters L*, a* and b* 
change with the treatment time. The significant in- 
crease of a* and b* shows the deepening of color of 
methylene blue of PP fiber. Therefore the UVO 
treatment is benefit to improve the dyeability of PP 
fiber. 

The photooxidation test of PE films was carried 
out in a weather-ometer to show the influence of 
UVO treatment on the photostability of PE films. 
Some results are shown in Table 111. It can be seen 
that the difference of values of A1712/A729 of PE  films 
after UVO treatment and PE film without UVO 
treatment after 130 h photo-oxidation is rather small 
(except PE film after 20 min UVO treatment). It 
showed that UVO treatment in short time does not 
have notable effect on the ageing property of PE 
films. 

CONCLUSION 

ESCA spectra of PP and PE reveal well the effect 
of UVO treatment on the polymer surface compo- 
sition. There appeared oxygen functional groups 
such as ether, ketone, and carboxyl groups in the 
polymer surface after UVO treatment. The experi- 
mental conditions, such as irradiation time, reaction 
temperature, and oxygen gas flow rate, influence the 
degree of surface oxidation. The atomic ratio Ols/ 
C1, of ESCA spectra can be taken as a measure of 
the degree of surface oxidation in UVO process. 

The results of contact angle measurements, ad- 
hesive strength, and dyeability measurements show 
that UVO is an effective method to improve the sur- 
face properties of polyolefine. UVO treatment in 
short time does not have notable effect on the ageing 
property. Furthermore, from present investigation 
it can be seen that UVO technology for polyolefine 
surface modification appears to offer a number of 
advantages: 1) the equipment is simple and cheap; 
2 ) the equipment can be safely and easily operated; 
3 )  no chemical reagents are required; 4) there are 
no residual polluting byproducts and tedious after- 
treatment. Therefore, it is expected that UVO 
treatment is a promising technology to modify po- 
lyolefine surface properties in industry field. 

The authors are grateful to the State Key Laboratory of 
Engineering Plastics of China for supporting this research. 



2402 GONGJIAN ET AL. 

REFERENCES 

1. S. Tazuke and H. Kimura, Makromol. Chem., 1 7 9 ,  

2. K. Allmer, A. Hult, and B. Ranby, J .  Polym. Sci.: Part 
A: Polym. Chem., 2 6 ,  2099-2111 (1988). 

3. K. Yamada, H. Tsutaya, S. Tatekawa and M. Hirata, 
J .  Appl. Polym. Sci., 46, 1065-1085 (1992) .  

4. Z. Feng, M. Icherenska, and B. Ranby, Die Ange- 
wandte Makromol. Chem., 1 9 9 ,  33-44 (1992) .  

5. L. M. Hamilton, A. Green, S. Edge, J. P. S. Badyal, 
W. J.  Feast, and W. F. Pacynko, J .  Appl. Polym. Sci., 
52,413-419 (1994) .  

6. H. Mingbo and H. Xingzhou, Polym. Degrad. Stab., 
1 8 ,  321 (1987) .  

2603-2612 ( 1978). 

7. J. Peeling and D. T. Clark, J .  Polym. Sci.: Polym. 

8. S. Dasgupta, J .  Appl. Polym. Sci., 41,233-248 (1990). 
9. H. Chtourou, B. Riedl, and B. V. Kokta, Polym. Degrd. 

Stab., 43, 149-156 ( 1994). 
10. R. Foerch, N. S. Mcintyre, and D. H. Hunter, J .  Po- 

lym. Sci.: Part A: Polym. Chem., 28,193-204 ( 1990). 
11. T. Yoshikawa and A. Kojima, J.  SOC. Mat. Sci., Japan, 

4 1 ,  No. 462, pp. 369-374, Mar. 1992. 
12. T. Yoshikawa, A. Kojima, and Keisuke Shimizu, Nip- 

pon Setchaku Gakkaishi 30 ( 4 ) ,  184-191 ( 1994). 
13. N. S. Mcintyre and M. J. Walzak, Modern Plastics 

International, 6 9 ,  March ( 1995). 

Chem. Ed., 2 1 ,  2047-2055 ( 1983). 

Received December 29, 1995 
Accepted January 3, 1996 




