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Synopsis 

The thermal degradation of poly(viny1 chloride) (PVC) was studied by following the rates of 
dehydrochlorination a t  temperatures between 18OOC and 280°C in pure nitrogen and air flow. Iron 
oxide accelerates the elimination of hydrogen chloride from PVC. The accelerating effect depends 
on the concentration of the oxide, and it has a maximum. This work tried to explain these behaviors. 
A mechanism of dehydrochlorination is suggested for polymer containing iron oxide. 

INTRODUCTION 

A number of studies in the literatures have dealt with the mechanism of deg- 
radation and stabilization of PVC. Recently, the effects of metal oxides and 
metal chlorides as an additive were investigated by several Their 
effects were reported in various ways, but the mechanism of dehydrochlorination 
of PVC in the presence of these additives was not established. 

Dudley et al.' observed the thermal degradation of polymers containing 
chloride under inert gas atmospheres in the presence of iron oxide by using a 
thermal analytical method, and recognized the accelerating effect of iron chloride 
on the reaction. The mechanism they proposed shows that labile structures 
containing chloride ions react during an induction period to yield iron chloride 
and that at the end of the period iron chloride initiates cationic crosslinking which 
is followed by rapid elimination of hydrogen chloride. On the contrary, the in- 
hibiting effect of iron chloride was reported by Servaas et al.5 They explained 
that the dehydrochlorination reaction proceeds slower than that without addi- 
tives by trapping chloride anion in the addition of complexing agents such as iron 
chloride, since chloride anion seems to act as a strong basic catalyst in the reac- 
tion. 

In the present study, a detailed quantitative examination has been made of 
the rate of dehydrochlorination of PVC under nitrogen or air flow at temperature 
between 180°C and 28OOC in the presence of iron oxide to clarify the role of the 
oxide in the reaction. A mechanism of the reaction was also proposed. 

EXPERIMENTAL 

Materials. The PVC used in these studies has a degree of polymerization 
of 800. The polymer was washed several times with cooled acetone. All 
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chemicals were reagent grade and were used without purification. Silica gel of 
80/100 mesh was used as supporter. 

Preparation of Catalysts. Iron oxide was prepared by depositing on the 
silica gel by addition of ammonia water from an aqueous solution of ferric nitrate, 
and then calcined at  450°C for a day in the atmosphere as described in the di- 
rections? After evacuation at 450°C for a day, it was supplied as a catalyst. Iron 
chloride catalyst was prepared by the chlorination of the above oxide catalyst 
in nitrogen flow containing hydrogen chloride at  200°C for 6 hr. Reduced iron 
oxide catalyst was obtained from the reduction of the iron oxide catalyst in a 
hydrogen atmosphere at  350°C for 3 hr. 

Preparation of Samples for Degradation. The catalyst was immersed in 
a tetrahydrofuran solution containing weighed PVC. Then, the tetrahydrofuran 
was removed from the catalyst under evacuation for a week at  room tempera- 
ture. 

Experimental Method. For studies on dehydrochlorination of PVC, a 
conventional flow system apparatus was used. The glass tube reactor packed 
with a sample was set in an electric furnace at constant temperature. After the 
carrier gas passed through, an experiment was begun. The gas outlet of the re- 
actor led into an enclosed flask containing 0.5N sodium hydroxide aqueous so- 
lution. The hydrogen chloride evolved was followed over the first 3 hr of deg- 
radation by measuring chloride ion concentration in the solution. The con- 
centration was analyzed by the argentimetric determination of chloride ions 
according to Volhard’s method.1° The dehydrochlorination rates were deter- 
mined from the tangents a t  some reaction extent in the amount of evolved hy- 
drogen chloride-versus-reaction time curves. The amount of chlorine in PVC 
was calculated from the initial concentration of PVC and evolved hydrogen 
chloride, which means the amount of chlorine that is not evolved in the gas phase. 
The activation energies were also obtained by comparison of the rates at different 
temperatures corresponding to the same amount of PVC. Infrared spectra of 
the polymer were measured in KBr pellets by use of a Hitachi EPI-G2 type 
spectrophotometer. The samples for measurement were obtained by degrada- 
tion of the polymer films containing iron oxide at 200°C. 

RESULTS AND DISCUSSION 

Typical kinetics of dehydrochlorination of PVC alone and with iron oxide at 
200°C are shown in Figure 1. This figure shows apparently the accelerating 
effect of the oxide on the reaction. There is, however, a fall in the reaction rate 
with time in the presence of the oxide although PVC alone degrades constantly, 
and this is shown quantitatively in Table I. 

Variation of Iron Oxide Concentration on Silica Gel. The rates at dif- 
ferent concentrations on silica gel were measured, and the rates at 20% extent 
of reaction were plotted against the concentrations of iron oxide on silica gel in 
Figure 2. The rate is linearly proportional to concentration up to a t  least 
Fe3+ g atom/g silica gel, showing a first-order dependence of the rate on the iron 
oxide. But when the concentration is higher than about 2.5 X Fe3+ g atom, 
the rate gradually decreases. 

Variation of PVC Concentration. The dehydrochlorination rates of PVC 
in various weights on the iron oxide catalyst Fe3+ g atom/g silica gel) were 
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Fig. 1. Dehydrochlorination of PVC in Nz flow at  200°C alone (2) and with iron oxide (1). Iron 
oxide: 1 X Fe3+ g atom/g silica gel; PVC: 8.0 X mole monomer units. 

investigated to demonstrate the dependence of PVC concentration. As already 
described, the rate gradually decreases with reaction time and the relation be- 
tween rate, and the amount of chlorine in PVC is shown in Figure 3. The figure 
shows that the rates r increase proportionally with the square of the chlorine p 
in PVC. The following equation was obtained: 

r = cp2 (1) 

(2) 

po is the initial concentration of PVC, a is the extent of reaction, and c is a 
coefficient. The tangents c of the straight lines on Figure 3 decrease with in- 
crement in initial concentrations of PVC. The relation between them loga- 
rithmically, shown in Figure 4, is linear, with a slope of about -%. Thus, the next 
equation was obtained: 

where 

P = PO(1 - a )  

TABLE I 
Variation in Rate of Dehydrochlorination of PVC in the Presence of Iron Oxide 

with Extent of Reaction a t  200°C in N, Flowa 

Loss of chlorine 
in polymer, 76 

Rate of dehydrochlorination, 
mole evolved HCl X 104/hr 

20 
25 
30 
35  
40 
4 5  
50 

4.12 
3.03 
2.29 
1.93 
1.67 
1.51 
1.17 

aIron oxide: Fe3+ g atom/g silica gel; PVC: 8.00 x lov4 mole monomer units. 
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Fig. 2. Rates of dehydrochlorination of PVC in the presence of various concentration of iron oxide 
in NO flow at 200°C. PVC: 8.0 X mole monomer units. 
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Fig. 3. Relationship between dehydrochlorination rate and chlorine in PVC at 200°C in N2 flow. 
mole monomer units. Initial concentration of PVC: (1) 6.4; (2) 10.4; (3) 16.0; (4) 25.7; (5) 40.1 X 

Iron oxide: Fe3+ g atomlg silica gel. 

Hence, making use of the eqs. (l), (2), and (3), 

r = kp01/2(1 - a)' (4) 
where k is constant. On the other hand, a plot of logarithmic rate at 20?? reaction 
extent against logarithmic initial concentration of PVC, shown in Figure 5, is 
linear, with a slope of about yz, and this result well coincides with eq. (4). 

Since the dehydrochlorination is a second-order process, the rate constants 
were calculated from eq. (5): 

(5) xlpo(p0 - x )  = k t  



THERMAL DEHYDROCHLORINATION OF PVC. I. 969 

LO6 P o  + 4 

Fie. 4. Relation of rate constant and initial concentration of PVC. Iron oxide: 1 X Fe3+ 
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Fig. 5. Relation of rate and initial concentration of PVC a t  20% reaction extent. Iron oxide: 1 
X Fe”+ g atom/g silica gel. 

where x is the evolved hydrogen chloride, po is the initial concentration of PVC, 
k is the rate constant, and t is the reaction time aft? an induction period. The 
results are tabulated in Table I1 with the activation energies obtained from the 
rate constants at different temperatures. In the nitrogen atmosphere, the values 
are reported to be as great as ours, for example, 34 kcal/mole by Arlrnan,ll 39 
kcal/mole by Hartman,12 and 33 kcal/mole by Talamani.13 Yoshinaga et al.14 
reported that the activation energy obtained from induction period of ignition 
was 16.6 kcal/mole for PVC containing 5% antimony oxide and 12 kcal/mole for 
PVC alone. But in an atmosphere of antimony chloride vapor, it was 22.9 to 17.0 
kcal/mole, which varied with the amount of the chloride. Their results are not 
easely comparable with ours because of quite different experimental condi- 
tions. 

Dehydrochlorination of PVC with Various Iron Compounds. In order 
to clarify a role of iron oxide in the dehydrochlorination of PVC, experiments 
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TABLE I1 
Second-Order Rate Constants and Activation Energies for 

Dehydrochlorination of PVC in N, Flowa 

Rate constants x mole-' hr-' 
Catalysts 

temperature, "C 182 200 227 2 53 271 E,, kcal/mole 

Silica gel - 0.03 0.25 0.91 3.82 34.5 
Iron oxide 0.07 0.19 - 2.50 4.40 24.0 

16.9 Iron chloride 0.22 0.33 0.82 1.27 - 

aIron oxide: 1 X lo-' Fe3+ g atom/g silica gel; iron chloride: 1 x Fe3+ g 
atom/g silica gel. 

were tried with various iron compounds. These were iron oxide, iron chloride, 
and reduced iron oxide. The results obtained at  20O0C are shown in Figure 6. 
The rate is thus deduced as follows: iron chloride (air), iron oxide (air), iron oxide 
(Nz), iron chloride (N2), reduced iron oxide (Nz), silica gel (air), silica gel (N2). 
Parentheses show the atmosphere of the experimental conditions. These results 
prove that both iron and oxygen have a role in the dehydrochlorination of 
PVC. 

Infrared Spectra Measurement. Infrared spectra of the polymer samples 
were taken before and after the reaction. Figure 7 demonstrates the differences 
between PVC degradation alone and those with iron oxide at  200°C for 2 hr in 

1 2 3 
REACTIOI I  T l M F  ( W R )  

Fig. 6. Dehydrochlorination of PVC on various iron compounds at  2OOOC in N2 or air flow: (1) 
silica gel (Nz); (2) silica gel (air); (3) reduced iron oxide (N2); (4) iron chloride (N29; (5) iron oxide 
(Nz); (6) iron oxide (air); (7) iron chloride (air). Fe: 1 X Fe3+ g atom/g silica gel; PVC: 8.0 
X mole monomer units. 
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1 

Fig. 7. Infrared spectra of PVC before (1) and after (2 ,3 ,4 )  heating at 20O0C in Nz or air flow: 
(1) PVC with iron oxide; (2) PVC (Nd;  (3) PVC (air); (4) PVC with iron oxide (Nz). 

nitrogen atmosphere. The most obvious difference between the two samples 
is the appearance of the strong absorption bands between 1840 and 1520 cm-l, 
identified as carbonyl and vinyl absorption bands.15 The carbonyl band has 
its highest absorption at  1720 cm-l, indicating a ketonic group, which is also 
generated on the oxidation of PVC alone (see curve 3 in Fig. 7). Yoshinaga et 
al. obtained the same results on the degradation of PVC in the presence of an- 
timony oxide in nitrogen atmosphere. These results suggest that the role of 
oxygen in the oxide on the dehydrochlorination process of PVC resembles that 
in the oxidation of PVC. Namely, carbonyl groups formed in PVC by oxygen 
in the oxide may induce a radical reaction during the dehydrochlorination. 

To explain the effect of iron oxide on the dehydrochlorination of PVC, a 
mechanism should be considered. In the literature, two main mechanisms have 
been suggested for the reaction: a free-radical one16 and an ionic 011e.l~ In the 
latter case, the reaction is initiated through ally1 activation of adjacent chlorine 
as shown in the sequences of eq. (6): 

-t 
-CH=CH-CH-CH2- - -CH=CH-CH=CH- + HCl -+ etc. ( 6 )  

A1- 
A free-radical mechanism takes place as shown in eq. (7): 
R. + -CHCl-CH$HCl-CH2- - RH + -CHClCHCHClCH2- 

C1. + -CHCl-CH=CH--CH2- - HCI + -CHCl-CH=CHCH- + etc. (7 )  

The initiating radical comes from a catalyst residue or is the result of oxida- 
tion. 
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The accelerating effect of oxygen and hydrogen chloride on the degradation 
of PVC has been explained on the basis of the above mechanism: oxygen elim- 
inates tertiary hydrogen, and hydrogen chloride removes chloride atom. In order 
to stabilize PVC, on the other hand, it has been considered to remove evolved 
hydrogen chloride, to feed generating radicals immediately, or to prevent the 
growth of conjugated double bonds.18 Therefore, the accelerating effect of the 
iron oxide must have somewhat of a role in the initiation process of the PVC 
degradation. 

Mochida et al.19 recently reported that solid acids catalyze the elimination 
reaction of haloethanes, and they suggested the following mechanism. The 
elimination reaction on solid acids takes place through an ionic mechanism 
consisting of abstraction of a chloride anion and a proton. As primary carbonium 
ions formed are unstable, they immediately decompose into olefins. Therefore, 
in the elimination of chlorine from PVC, iron oxide must also act in the same role 
as a solid acid. 

As mentioned regarding the degradation of PVC in the presence of many other 
metal oxides by Abu-IsaFO an iron atom in the oxide will attack an electronegative 
chloride atom in PVC and abstract it as a chloride anion. The reaction may 
proceed through an ionic mechanism as follows: 

+6 
-CH-CH-CH-CH- -CH-CH-CH-CH- 

I -  
H 

I :  
C1--- H----C1 

1 1 1 1 -  
I -6 C1 H H 

I -6 +6 : 
k e  
+6 

+6 + 

I - -+ ionic mechanism 
C1- - - ---HCI 

--$H-CH-H- -CH-CH=CH- 
I c1- 

+6 -6 

Furthermore, evolved hydrogen chloride reacts with iron oxide to form iron 
chloride which has been well known as one of Friedel-Crafts catalysts being 
useful for the introduction of alkyl groups into the carbon atom, including un- 
saturated bonds.21 In our work, as shown in Figure 6, iron chloride accelerates 
the reaction and will probably act as Friedel-Crafts catalyst. These explanations 
were also made by Kelen et a1.22 and Dudley et a1.l on the degradation of PVC 
in the presence of calcium oxide and zinc oxide, respectively. 

In conclusion, it is reasonable to propose that iron oxide may electrically attract 
chloride atom to be easily eliminated from the polymer and that the reaction may 
proceed through an ionic mechanism. 

A quite different behavior of iron oxide on the reaction is seen in the variation 
of its concentration as shown in Figure 2. The oxide acceleratesthe reaction 
at less than 2 X 10-4 Fe3+ g atom/g silica gel that is, 4 Fe3+/C1 in PVC = 1, but 
the rate becomes slower with higher concentration. This behavior may be ex- 
plained to take account of the formation of iron chloride. An iron atom can 
combine with three chloride atoms as in the following Friedel-Crafts reac- 
tion: 

FeC13 + C1- - FeC14- 
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Therefore, in the case of the larger amount of iron than of chlorine in the polymer, 
most eliminated chlorine may be fed faster by iron than hydrogen chloride will 
appear in the gas phase by an unzipping reaction. But hydrogen chloride is 
eliminated by oxygen in the oxide and appears in the gas phase at a smaller rate. 
On the other hand, when the amount of iron is smaller than that of chlorine, after 
a short induction period hydrogen chloride appears in the gas phase at  a higher 
rate than in the case of PVC alone. 

The role of metal oxide in the dehydrochlorination of PVC must be well proven 
if the same experiments over many other metal oxides are compared to the results 
of the Friedel-Crafts reaction. This work is currently in progress in this labo- 
ratory. 

CONCLUSIONS 

Dehydrochlorination rate of PVC depends on a half-order of the initial con- 
centration of PVC and a first order of iron oxide in the smaller concentration 
than that of PVC. The mechanism of the dehydrochlorination of PVC con- 
taining iron oxide can be proposed as follows: the initial step takes place mainly 
via an ionic mechanism by iron and somewhat via a radical mechanism by oxygen 
in the oxide, and propagates like an unzipping reaction. 
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