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SUMMARY 

A study was performed to determine possible emission products during plastic 
welding that may be responsible for health problems. Thermal degradation of 
poly(viny1 chloride) samples was carried out at 170°C in a thermal desorption gas 
chromatography (GC) injector and in a modified impinger in a GC oven, in combi- 
nation with various analytical techniques, thermogravimetric analysis, capillary GC, 
GC-mass spectromety, high-performance liquid chromatography and isotachopho- 
resis. Some of the degradation products found are known to be eye irritants. 

INTRODUCTION 

Electromagnetic welding is used for joining polymeric materials’. Polymers 
based on poly(viny1 chloride) PVC have suitable chemical and physical properties for 
this technique and the high content of plasticizers (10-40%) in PVC materials im- 
proves their welding properties. Various products, ranging from plastic folders for 
the office to large military tents, are manufactured by means of this technology. 

Pure PVC polymers are unstable at high temperatures, degradation commenc- 
ing at about 100°C with the emission of hydrogen chloride2. This instability is a 
limitation on the use of PVC, and various additives have been used to stabilize such 
polymers. In addition to plasticizers and stabilizers, PVC products contain other 
additives, such as dyes, flame retardants and fillers3T4. In heat treatment of PVC 
materials the emitted compounds originate from the additives as well as from the 
polymer itself. 

Several investigations on the thermal degradation and pyrolysis of PVC have 
been published and have been reviewed3-6. Thermogravimetric analysis is the method 
most frequently used for the determination of weight losses, and gas 
chromatography-mass spectrometry (GC-MS) for identification of the compounds 
emitted. The degradation products formed are highly dependent on the tempera- 
ture7-9 and on the purity of the polymer. A large number of compounds has been 
reported above 200°C: hydrogen chloride, benzene and other aromatic hydrocarbons, 
aliphatic hydrocarbons, halogenated aromatics and esters of phthalic acid and adipic 
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acid2,4-6,10. Some compounds, such as carbon monoxide2~5~6, vinyl chloride’ l and 
phosgener2, are highly hazardous. A few reports concern degradation temperatures 
below 200”C2~’ 3-* 5. These are studies of the dehydrochlorination reaction and were 
carried out by following the emission of hydrogen chloride, with no attempts to 
determine other products. The emission of benzene has been reported at temperatures 
just above 200”C2~1 6. 

In test animals, thermal decomposition products are mainly responsible for 
causing lesions in the respiratory system’ 7-2 l, and hydrogen chloride is considered to 
be the principal contributor l 7,20. Occupational illnesses have been reported in work- 
ers exposed to degradation compounds. Workers engaged in meat-wrapping are re- 
ported to have developed pulmonary illness’ 6,22 although the air concentrations of 
hydrogen chloride and other organic compounds are far below the occupational 
threshold limit values. Neurological lesions have been reported in the PVC-processing 
industry, phthalate esters (plasticizers) being considered to be responsible23,24. 

An investigation of leakage fields around industrial plastic-welding machines 
revealed that the occupational ceiling values for the electric and magnetic fields are 
frequently exceeded and that occupational health problems, including eye troubles, 
occur25,26. The aim of the current laboratory investigation was to identify possible 
volatile products emitted by PVC samples at low welding temperatures that may be 
responsible for the eye problems. 

EXPERIMENTAL 

Plastic material 
Seventeen different PVC samples (approx. 0.5-m* sheets) from three factories 

were investigated, representing products ranging from writing pads and raincoats to 
large dust covers. 

Thermogravimetric analysis 
The analysis was performed by means of a Stanton Redcroft Simultaneous 

Thermal Analyzer equipped with a Commodore CBM Model 4032 data system. Sam- 
ples (15 mg) were heated from 20 to 500°C (3O’jmin) in an airflow of 40 ml/min. 

Thermal degradation 
The degradation was performed in two different types of equipment. For the 

analysis of volatile organic compounds, 15mg samples were heated in empty glass 
tubes belonging to a GC injector for thermal desorption, Fig. 1 (Thermodesorption 
Cold Trap Injector, Chrompack). The glass tube contained silylated glass wool at 
one end. The compounds emitted were collected in the cold trap and injected in one 
portion into the capillary gas chromatograph. The cold trapping was performed by 
means of liquid nitrogen in a 10-l Dewar vessel. Nitrogen gas was passed into the 
vessel through a 24 cm x 5 cm I.D. copper helix (copper line, 3.9 m x 2 mm I.D.) 
connected to the cold trap. The trap cooling (- 120°C) was started 3 min before the 
sample was applied. The desorption oven was heated to 170°C for 4 min and and the 
trap to 230°C (2 min) during the injection. The trap was then immediately cooled to 
- 120°C again and maintained at this temperature during the experiment. The de- 
sorption gas was nitrogen or air with a flow-rate of 5 ml/min during the desorption. 
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Fig. 1. Chrompack GC injector for thermal desorption. Enlarged view of the glass tube with a PVC sample. 

Fig. 2. Equipment for thermal degradation of polymer samples and simultaneous sampling of emitted 
compounds. A modified glass impinger in a gas chromatograph was supplied with a condenser before 
sampling. 

Otherwise, the flow-rate was 1 ml/min. When air was used, the injector port was 
plugged during the desorption period and the column was then reinstalled before 
admitting the carrier gas (nitrogen or helium). 

For analysis of aldehydes, hydrogen chloride and less volatile compounds, 
degradation was performed in an impinger that was modified to fit inside a GC 
injector for packed columns with two injector ports (Fig. 2). The flask inlet was fitted 
tightly in one injector port and the outlet passed through the other. The outlet was 
supplied with a water-cooled metal condenser before it was connected to an adsorbent 
tube or bubbler. The airflow was 200 ml/min and the oven temperature 170°C. 

Sampling on adsorbent and in a bubbler 
For the aldehyde analysis, 2-g plastic samples were heated for 25 min. The 

aldehydes were sampled as their 2,4_dinitrophenylhydrazones; formaldehyde and 
acetaldehyde on reagent-coated Amberlite XAD-2*‘, the other aldehydes in 10 ml 
reagent solution (250 mg 2,4_dinitrophenylhydrazine in 100 ml 2 M hydrogen chlo- 
ride) in a bubblerZ8. The compounds were desorbed with 1 ml acetonitrile and an- 
alyzed by liquid chromatography (LC). The reagent solution was extracted with 
2 x 20 ml diethyl ether, evaporated to dryness and dissolved in 3 ml acetonitrile prior 
to LC analysis. 

For the hydrogen chloride analysis, a 2-g sample was heated for 15 min, col- 
lection being performed in silica tubesz9 and analysis by isotachophoresis. 
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The less volatile compounds, emitted by 500-mg samples heated for 10 min, 
were collected in Amberlite XAD-2 tubes. Desorption was carried out with 1 ml 
diethyl ether before GC analysis. 

Gas chromatographic equipment 
GC analysis was carried out on an Hewlett-Packard Model 5880A gas chro- 

matograph with flame ionization detection (FID) and an injector for thermal de- 
sorption. The chromatograph was equiped with a 25 m x 0.20 mm I.D. fused-silica 
capillary column (Ultra A2 cross-linked 5% phenyl methyl silicone with 0.32-mm 
film thickness, Hewlett-Packard). Nitrogen was used as the carrier gas with a column 
flow of 1 ml/min and a detector temperature of 250°C. 

In the thermal desorption experiments, the oven temperature was held at 60°C 
for 3 min and then raised at a rate of 15”/min to 250°C which was held for 20 min. 

In analyzing the less volatile compounds, injection was made in the split mode 
(2 ~1, splitting ratio l/30). The temperature of the injector was 250°C and that of the 
detector was 300°C. The column temperature was held at 250°C for 1 min and then 
raised at a rate of lS”C/min to 300°C which was held for 10 min. 

GC-MS system 
The gas chromatograph above was combined with a Finnigan Model 4021 

mass spectrometer system. The capillary column was connected to the ion source via 
a heated copper line (150°C). Helium was used as the carrier gas and the column and 
other GC parameters were as above. The temperature of the mass spectrometer sep- 
arator oven and ion source was held at 250°C. Spectra were recorded in the electron 
impact (EI) mode at 70 eV, with an electron multiplier voltage of 1800 V and a pre- 
amplifier setting of 10p8. 

Liquid chromatographic equipment 
A Waters high-performance liquid chromatographic (HPLC) system with an 

M-5 10 pump, a 20-~1 loop injector (Rheodyne) and a Radial-Pak A column (100 mm 
x 5 mm I.D., octadecyl silane, IO-pm particles) was supplied with a Pye Unicam 
LC3 UV detector (365 nm). The mobile phase was a gradient of acetonitrile-water 
(from 80:20 to 100% acetonitrile in 12 min) with a flow-rate of 1 ml/min. 

Isotachophoretic equipment 
The analyses were performed by means of a Shimadzu IP-2A isotachophoretic 

analyzer. 

Reagents 
Amberlite XAD-2 sorbent tubes (glass tubes with two sections of 80 and 40 

mg; SKC, Lot 289), 2,4-dinitrophenylhydrazine-coated XAD-2 tubes and silica gel 
tubes (Acid Mist tubes, 400 mg, Supelco, Orbo-53, Lot 492-32) were employed. The 
following solvents and standards were used: acetonitrile (HPLC grade, Rathburn), 
diethyl ether (May and Baker), 2,4_dinitrophenylhydrazine (puriss, Fluka), acetal- 
dehyde (puriss, Fluka), cyclohexanone (99%, Aldrich), 2-(2-butoxyethoxy)ethanol 
(99%, EGA-Chemie), di-n-butyl phthalate (99%, Aldrich), diethyl phthalate (99%, 
Aldrich), di-2-ethylhexyl phthalate (Pfaltz & Bauer), formaldehyde (36.6% in water, 
Fisher), n-hexanal (99%, Aldrich) and n-nonanal (97-98%, EGA-Chemie). 
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Fig. 3. Thermogravimetric analysis of six PVC samples from the same factory. 

RESULTS AND DISCUSSION 

PVC samples from three factories, with an high incidence of eye problems 
among the employees, were used in this study. In the thermogravimetric analysis, the 
degradation curves from the polymer samples show similar shapes, with drastic deg- 
radation above 250°C (Fig. 3). The welding temperature was 120-170°C and weight 
loss started during this interval. A computer-aided calculation showed weight losses 
of 0.331.5% for 15 of the 17 samples tested in the temperature interval 20-200°C. 
For the other two samples, the losses were 4 and 8%, respectively. 

The results of the thermal degradation of the polymer samples monitored with 
various analytical techniques are presented in Table I. No attempt has been made to 
determine the quantity of the compounds emitted. As in earlier reports, the emission 
of hydrogen chloride has been confirmed. The other products found have not been 
reported earlier as emission products from PVC at this low temperature (170°C). 
They are not typical degradation products of pure PVC polymers but probably orig- 
inate from the various additives. Benzene has not been detected at this low degra- 
dation temperature. 

The thermal degradation experiments, in combination with GC and GC-MS, 
were performed at 170°C in an atmosphere of air, nitrogen or helium (Fig. 4). At this 
temperature the atmosphere used in the degradation experiments did not a effect the 
main compounds emitted. For GC analysis of high- and middle-volatile compounds, 
degradation in the GC injector for thermal desorption (Fig. 1) proved to be very 
suitable. However, low-volatile compounds such as phthalic esters gave bulky chro- 
matogram peaks when this equipment was used. In this case, degradation was carried 
out in the modified impinger (Fig. 2) in combination with adsorbent sampling. After 
liquid desorption, the samples were analyzed by GC-MS. This degradation equip- 
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TABLE I 

DEGRADATION PRODUCTS FROM PVC SAMPLES AT 170°C 

a, b, c are retention times respectively from thermal desorption CC, CC on Amberlite XAD-2 and HPLC 
of hydrazones. 

Group Compound lR (min) 

a b c 

Aliphatic 
hydrocarbon 

Halogenated 
hydrocarbon 

Aromatic 

hydrocarbon 

Alcohol 

Alkoxyalcohol 

Phenol 

Aldehyde 

Ketone 

Acid 

Ester 

Hydrogen 
chloride* 

G 2.0 
C8 9.6 
C11 19.0 
C 12 19.7 
C13 27.0 

1, I-Dichloroethylene 1.5 

Trimethylbenzene 9.5 

1 -Nonanol 
1 -Decanol 

2-(2-Butoxyethoxy)ethanol* 

Phenol 

Formaldehyde* 
Acetaldehyde* 
Hexanal* 
Nonanal* 

Cyclohexanone* 

2-Ethylhexanoic acid 

Diethyl phthalate* 
Di-n-butylphthalate* 
Di-2-ethylhexyl phthalate* 

13.6 
16.3 

14.2 

8.4 

3.9 
11.8 

6.1 

13.5 

3.0 
4.1 
7.2 

1.7 
2.0 
3.8 
6.4 

3.3 

- 
l A reference compound was used. 

ment, supplied with a bubbler, was also used for sampling hydrogen chloride. Iso- 
tachophoresis also revealed the emission of hydrogen chloride. 

The MS analysis of the various samples was performed by comparing the mass 
spectra of the most frequently occurring peaks with the 36000-entry NBS reference 
library. A spectrum matching index (“fit”) threshold higher than 900 of a possible 
1000 was the limit for a positive analysis 30. With this limitation, it was not possible 
to determine some of the low-volatile compounds. In some cases, reference samples 
were used to confirm the identity of the compounds. A further confirmation of al- 
dehyde identity was made by degradation of the samples in the modified impinger 
and, during sampling, conversion of the aldehydes into 2,4-dinitrophenylhydrazones. 
These derivatives were analyzed by HPLC and by comparing retention times with 
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Fig. 4. Reconstructed ion chromatogram from the analysis of a PVC sample with a thermal desorption 
injector (GC-MS). Degradation was performed at 17o’C for 4 s in an helium atmosphere. 

the respective reference compounds. Moreover, in this analysis formaldehyde and 
acetaldehyde were also detected 

Sample degradation at temperatures lower than 170°C was also performed. 
This showed that the emission of the main compounds started at as low as 50°C (Fig. 
5). Thus, the emission compounds are the result of degradation of the PVC polymer 
and its additives as well as evaporation of additives and solvents used in the prepa- 
ration of the PVC materials. 

The current laboratory investigation has revealed the occurrence of volatile 

, ,,,,,, l ~, J, 50°C 

r .,a,. 110 "c 

I I 3 , I 
5 15 min 

Fig. 5. Chromatograms from thermal degradation (in a GC injector) of a PVC sample and capillary GC 
at three different degradation temperatures in a nitrogen atmosphere. 
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emission compounds, alcohols, aldehydes, a ketone and a phenol and hydrogen chlo- 
ride, that are known irritants, especially to the eyes3i. These compounds, as well as 
the esters of phthalic acid, which affect the nervous system, may contribute to the 
health problems found in the medical study. Thus, these compounds should be tested 
for in occupational exposure measurements in electromagnetic welding of PVC. 
Based on the air levels found, an assessment should be made of whether the the 
chemical environment is responsible for some of the symptoms reported. 

ACKNOWLEDGEMENTS 

The author thanks Professor Kjell Hansson Mild and Professor Birgitta Kol- 
modin-Hedman for valuable discussions, also Professor Kurt Andersson for inspiring 
discussions and for critical reading of the manuscript and Mrs Margit Sundgren for 
her skilful technical assistance. The thermogravimetric analysis was performed at the 
University of UmeB, and the isotachophoretic analysis at the Department of Occu- 
pational Medicine, Linkoping Hospital. This project was financially supported by 
the National Institute of Radiation Protection, through a grant to Professor Kjell 
Hansson Mild. 

REFERENCES 

I G. F. Abele, Hochfrequenz-Schweissfechnik, Zechner & Hutig Verlag, Speyer am Rhein, 1973. 

2 T. Hjertberg and E. M. Siirvik, in E. D. Owen (Editor), Degradation and Stabihsalion of PVC, Else- 
vier-Applied Science Pub]., London, New York, 1984, p. 21. 

3 E. D. Owen, Degradation and Stabilisalion of PVC, Elsevier-Applied Science Pub]., London, New York, 

1984. 
4 J. Wypych, in A. D. Jenkins (Editor), Polyvinyl Chloride Stabilisation, Polymer Science Library 4, 

Elsevier, Amsterdam, 1986. 
5 D. Braun, Dev. Polym. Degradation, 3 (1981) 101-133. 
6 G. Cl. Choudhry and 0. Hutzinger, Toxicol. Environ. Chem., 5 (1982) 97-151. 
7 E. P. Chang and R. Salovey, J. Polym. Sri., I2 (1974) 2927-2941. 
8 E. A. Boettner and G. L. Ball, Am. Ind. Hyg. Assoc. J., 41 (1980) 513-522. 
9 K. Matsusaka, A. Tanaka and I. Murakami, Polymer, 25 (1984) 1337-1341. 

IO N. J. Alvares. A. E. Lipska-Quinn and H. K. Hasegawa, ASTM Spec. Tech. Publ.. 816 (1983) 42-66. 
11 I. B. Wakeman and H. R. Johnson, J. Vinyl Tech., 2 (1980) 20&203. 
12 J. E. Brown and M. M. Birky, J. Anal. Toxicol., 4 (1980) 166174. 
I3 G. Palma and M. Carenza, J. Appl. Polym. Sci., II (1970) 1737-1754. 
I4 J. W. Wimberley, A. B. Care1 and D. K. Cabbiness, Anal. Left., I5 (1982) 89-100. 
I5 H. Anders, J. Behnisch and H. Zimmermann, Acra Polym., 35 (1984) 344349. 
I6 W. A. Cook, Am. Ind. Hyg. Assoc. J., 41 (1980) 508-512. 
I7 C. S. Barrow, H. Lucia and Y. C. Alarie, J. Cornbust. Toxicol., 6 (1979) 3-12. 
I8 C. Nouges, C. Fouet, P. Picart and J. M. Jouany, J. Combust. Toxicol., 2 (1981) 108-120. 
I9 R. J. Jaeger, W. A. Skornik and R. Heimann, Am. Ind. Hyg. Assoc. J.. 43 (1982) 900-907. 
20 K. L. Wong, M. F. Stock and Y. C. Alarie, Toxicol. Appl. Pharmacol., 70 (1983) 236248. 
21 Y. Alarie, Annu. Rev. Pharmacol. Toxicol., 25 (1985) 325-347. 
22 R. Vandervort and S. M. Brooks, J. Occup. Med., I9 (1977) 188-191. 
23 L. E. Milkov, M. V. Aldyreva, T. B. Popova, K. A. Lopukhova, Y. L. Makkarenko, L. M. Malyar 

and T. K. Shakhova, Environ. Health Perspect.. 3 (1973) 175-178. 
24 J. Nielsen, B. Akesson and S. Skerving, Am. Ind. Hyg. Assoc. J., 46 (1985) 643-647. 
25 A. Eriksson and K. Hansson Mild, J. Microwave Power, 20 (1985) 95-107. 
26 B. Kolmodin-Hedman. K. Hansson Mild, M. Hagberg, E. Jiinsson. M.-C. Andersson and A. Eriksson. 

Inr. Arch. Occup. Environ. Health, 60 (1988) 243-247. 



THERMAL DEGRADATION OF WELDABLE PVC SAMPLES 361 

27 K. Andersson, C. Hallgren, J.-O. Levin and C.-A. Nilsson, &and. J. Work Environ. Health, 7 (1981) 
282-289. 

28 L. Johnson, B. Josefsson and P. Marstorp, Int. .I. Environ. Anal. Chem., 9 (1981) 7-26. 
29 NIOSH Manual of Analytical Methods, Vol. 7, National Institute for Occupational Safety and Health, 

Cincinnati, OH, 2nd ed., 1981, method P&CAM 339. 
30 D. A. Kalman, Am. Ind. Hyg. Assoc. .I., 47 (1986) 270-275. 

31 W. M. Grant, Toxicology of the Eye, Charles C. Thomas Pub]., Illinois, 3rd ed., 1986. 


