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SUMMARY 
The kinetics of oxygen consumption during the induction period of 

oxidation of high density polyethylene was studied in the presence of 
inhibitor 2,2'-methylene-bis(4-methyl-6-tert.butylphenol) within the range 
180-220~ The oxygen consumption curves are complicated, the initial 
and maximum rates of oxygen consumption pass through minimum with 
increasing inhibitor concentration. The molecular weight distribution 
narrows in the course of inhibited oxidation. 

Analysis of the regularities found enabled us to distinguish the 
rates of oxygen consumption by the polymer and by the inhibitor. 

INTRODUCTION 
The induction period is the first and slow stage of the inhibited 

oxidation reaction. During this period the essential part of the inhibitor 
present in the polymer is consumed [l,2j and a marked amount of polymer 
chains becomes broken [ 12], but the rate of oxygen consumption remains 
low. Some papers have been published on the oxygen consumption during 
induction period in the inhibited oxidation of rubber (for example [ 3] ) 
while only one was concerned with the oxygen consumption in inhibited 
polyolefin oxidation I 4]. 

There are two main difficulties concerning the quantitative investiga- 
tion of oxygen consumption in the presence of inhibitor: the extremely 
low rate of the process and the formation of volatile products in an amount 
comparable with that of oxygen consumed. To overcome the first difficulty 
the reaction volume was decreased to N6 cm 3 and an oil-filled manometer 
was used, thus increasing the device sensitivity. To overcome the second 
difficulty a volatile product absorber (solid KOH) was placed in the cool 
part of the tube connecting the reactor with the manometer. 

EXPERIMENTAL 
High density polyethylene was purified by heating the polymer 

powder in inert atmoshphere in a boiling propanol-water (l:l) solution of 
oxalic acid to remove the traces of metals with subsequent dissolution in 
boiling m-xylene and precipitation by cooling, then washing with ethanol 
and vacuum drying. The inhibitor was added to polymer powder with 
addiciton of a small amount of ethanol. The samples were O.l cm thick 
plates prepared by pressing powder at 150~ in nitrogen. 

The reaction tube containing the sample (O.IOO g) was heated 
in a thick-wall aluminium cylinder to decrease the temperature gradient, 
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the reaction temperature was kept constant to +O.35~ The temperature 
was varied within 180- 220~ the oxygen pressure within IO-66.7 kPa. 
MMD was measured by gel-chromatography method (l,2,4-trichlorbenzene, 
135~ 

RESULTS AND DISCUSSION 
As seen from Fig.l.a., the kinetic curves of the pressure change 

in the reaction volume markedly differed in the absence and in the 
presence of volatile absorber (solid KOH). Thus in all later experiments 
an absorber was used to obtain reliable data. 

Cl 

  oo'ot 17 
~176176 A / 

0 t .-~". ~ , 
0 50 100 

l ime { rain) 

b 

c., ! i  
O ~  , , 

0 250 500 
Tim e I rain) 

Fig.l.a. The change of 
overall pressure in 
the reaction system in 
the presence of-,~orber 
of volatiles (2), N = �9 
: V ( R T ) - l (  - a P ) ;  
b.  Oxygen  consump-  
t ion in the p r e s e n c e  of 
i nh ib i t o r  (2) ,  Oxygen 
consumpt ion  in the 
p r e s e n c e  of convers ion  
p r o d u c t s  of i nh ib i t o r  
(3) ,  and  wi thout  i n -  
h ib i to r  (4) .  Po lye thy -  
l ene ,2OO~ 4 0 k P a ,  
io=O. O4 mol /kg .  

Variation of the sample thickness in the range 0.05 - O.2 cm 
caused no change in the oxygen consumption curves: the oxygen diffusion 
does not limit the rate of inhibited oxidation in the experiment. Curves 2. 
and 4. of Fig.l.b. show the kinetics of oxygen uptake of stabilized and 
unstabilized PE samples respectively. The effect of decomposition products 
of stabilizer can be seen on the curve 3 of Fig.l.b. In this experiment 
sample containing inhibitor was oxidized during IOO rain., than cooled. 
The remaining inhibitor and its volatile conversion products were removed 
in vacuo (l hour, 2OO~ than the oxidation process was continued. 
Curve 3. shows that the non-volatile conversion products of inhibitor 
retard the oxidation in a markedly less degree than the initial inhibitor. 

The curves of oxygen consumption in the oxidation of polyethylene 
containing different concentrations of inhibitor are shown in Fig. 2. The 
curves are of complex shape and some stages can be distinguished (see 
insert in Fig.2.): at first, the rate of oxygen consumption slowly increases 
(I.), then passes through maximum (W max), slowly decreases (II.), and 
sharply increases (III.) to the end of the induction period. The slow 
increase of the oxidation rate within the induction period and at the 
beginning of stage III. may be caused by the products of inhibitor conver- 
sion. It was seen (Fig.l.b., curve 3.) that the products, non-volatile 
in vacuum at 2OO~ slightly retard the polymer oxidation in the absence 
of initial form of the inhibitor. When the initial inhibitor concentration 
exceeds a certain value ( ,-, 5xlO -3 mol/kg) furhter increase in concentra- 
tion causes a simultaneous increase in initial and maximum rates of oxygen 
consumption and of the induction period (Fig.3.). 
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Fig.2. Oxygen consumption in the course of 
inhibited polyethylene oxidation at 
2OO~ oxygen pressure 40 kPa, 
initial inhibitor concentrations i o = 
= 0.02 (1), 0.04 (2), 0.06 (3), and 
0.08 mol/kg (4). 

Fig.3. Initial (I) and maximum (2) rates of 
oxygen consumption as functions of 
initial inhibitor concentration. 2OOOC, 

oxygen 40 kPA. 

The initial and maximum rates of oxygen consumption as functions 
of the inhibitor concentration are shown in Fig. 3. Both dependences are 
presented by curved lines with minima, the right branches possess 
straight-line asymptotes. 

Fig.4. shows the kinetic curves of oxygen consumption in poly- 
ethylene oxidation at the same inhibitor concentration (0.04 mol/kg), 
but at different oxygen pressures. The increase in oxygen pressure 
results in a higher initial rate of oxygen consumption and in decrease of 
the induction period. 
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Fig.4. Kinetic curves of oxygen 
consumption at 2OO~ initial 
inhibitor concentration 0.04 
mol/kg, and various oxygen 
pressures: IO (I), 20 (2), 
40 (3), and 66.7 kPa (4). 

The pressure dependences of initial and maximum rates are presented 
in Fig. 5. Within the range of 10-66.7 kPa these dependences are presented 
by straight lines (which do not cross the coordinate origin). 
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Fig.5. Initial (I) and maximum (2) rates of 
oxygen consumption as functions 
of oxygen pressure at 2OO~ 
i = 0.04 mol/kg. 
O 

The oxidation at low oxygen pressures (O-IO kPa) has not been studied 
because of the poor reliability of experiments within this pressure range. 

The molecular weight distribution of polyethykene ir~ the course of 
inhibited oxidation changes only within the range IO v - iO', the part of 
the curves referring to the lower molecular wights (iO3-5xlO 5) virtually 
coincide (Fig.6.) M decreases from about 200 OOO to 80 OOO mainly 
in the beginning of~induction period, when Mn changes gradually from 
12 400 at the beginning to 9 800 after 400 minutes of oxidation (2OO~ 
inhibitor concentration i = 0.04 mol/kg), the average rate of chain 
scission being 7.2xlO-Tn~ol/kg s. 
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Fig. 6. The curves of 
molecular weight 
distribution of 
polyethylene be- 
fore oxidation(1), 
after 200 min (2), 
and 400 min (3) 
during h oxidation 
at 2OOVG, 40 klZ~, 
i =0.04 mol/kg 
O 

The mechanism of polyolefin oxidation proposed in [1,2,5] is given 
by scheme 

k 
O. RH + 0 2 o (R" + HO 2) R-----H-~ - H  f R '  

k . o 

O ~. IH + 02 ~ (I" + HO 2) R H f.R" 
kl l 

I. R" + 02 ~ RO'2 (1) 
k 2 

2. RO 2 + RH ~ (ROOH + R') ~ ROOH + R" 

k 3 
3. RO 2 + IH ~ ROOH + I" 

I r  
4. ROOH + RH ~ (RO" + R') + H20 

I R. ~_r R "  

T h e  b r a c k e t s  d e n o t e  a c a g e  w h i c h  a l w a y s  c o n t a i n s  monomer i c  u n i t s  
of  t h e  o x i d i z i n g  p o l y m e r  RH,  f o '  fi'. ~ '  a n d  ~ a r e  t h e  y i e l d s  of  f r e e  
r a d i c a l s  a n d  h y d r o p e r o x i d e  g r o u p s  m t h e  c o r r e s p o n d i n g  r e a c t i o n s ,  a n d  
IH - i n h i b i t o r  m o l e c u l e .  T h e  r e l a t i v e l y  s t a b l e  p r o d u c t s ,  s u c h  as  
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carbonyl- and alcohol-hydroxyl groups are not shown in the scheme since 
the low concentration of these groups formed in the induction period 
influence negligibly the reactivity of the polymer as a whole. 

The following equations for free radical and hydroperoxide group 
balance are derived from scheme (1): 

d<[R'] + [ RO 2] ) 

dt 
= foko[RH ] [O23 + fikoi i [O23 + @'k4[ RH][ROOH] - 

- k3i[RO 2 ] (2) 

d[ROOH] 
= o4k2[RH][RO h] + k3i [RO 2] - k4[RH][ROOH ] 

dt 
(3) 

(here i = [ IH ] ). Using the method of Bodenstein we assume 
d([R~ +[ RO~] )/dt = O. At high temperature the rate of reactlon (2) 
and that of reaction (4) are commensurable and one may assume that 
d[ROOH]/dr = O. Solving the algebraic equations obtained we find the 
expression for the free radical RO 2 concentration 

(foko E RH] + fikoi i) [o2] 
[ ~o~]  = (4) 

(1 - ~ ' ) k 3 i  - o ( ~ k 2 [ R H  ] 

This expression is valid only when the denominator of (4) is positive, 
i.e. when i > i where i is the critical inhibitor concentration c r '  cr 

o( ~ k2[ RH] 
i = 5) 
cr (l - ~')k 3 

Assuming that the reaction R'+ 0 2 is equal to the rate of 
interaction of RO 2 with RH, we get: 

k 1 [ R ~  [O 5 = k 2 [RO~ [RH]  

Neglec t ing  the r a t e s  of free rad ica l  formation and  o x y g e n  consumpt ion  m 
reac t ion  O compared to O ~ in  scheme (1) we get the e x p r e s s i o n  for the  
ra te  of o x y g e n  consumpt ion  by  the oxid iz ing  polymer  

fikoik2 [ RH] [ 0 2] i fikoik2 [ RH][ 0 2] i (6) 

(Wo2)P (i -O')k3i -o(o-~k2[RH] (I -O') (i - icr)k 3 

When the oxidation of one inhibitor molecule takes ~ molecules of oxygen, 
the rate of oxygen consumption in direct inhibitor oxidation will be 

(Wo2) i = Ekoi[ 0 2 ] k (7) 

Adding (6) and (7) together we find the overall rate of oxygen 
consumption in inhibited polymer oxidation 
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fik2 [ RH] ~ 
= + = + koi [O 2] i 

Wo2 (Wo2)P (Wo2)i (1 -@') (i - icr)k 3 
(8) 

Expression (8) is in good agreement with experimental data obtained for 
polyethylene oxidation in the presence of inhibitor. This expression gives 
a curve with a minimum, and two straight-line asymptotes: W O -----,---o<~ 

if i-~icr, and if i=~-icr then WO2 = fik;:[RH][O2] (i -{~'o-lkf 1 2 

+ ~k i [ OH i. The point of intersection of the second asymptote with 
the or~mat~e axis corresponds to minimum rate of oxygen consumption 
by the polymer as such, and the slope is 6koi [02] = 2.3xlO-gs -l 
for the initial and l. O3xlO -4 s -l for the maximum rates. 

According to (8) the rate of oxygen consumption must be directly 
proportional to its concentration, i.e. to the oxygen pressure over the 
polymer. Some deviations observed for low oxygen pressures (Fig.5.) are 
due to contribution of the reaction of radical R" with IH and I'. This 
has not been considered in scheme (1). 

The inhibitor is consumed in reactions with radicals ROi and with 
oxygen. Correspondingly the rate of its consumption is equal Co the sum 
of rates of these two reactions, i.e. 

di 11k 3 RO2]i koi[ O2 { f.i i} - q :  + i : + koiE O 2 i=keffi 
dt (I - )(i - icr)qi 

(lO) 

is the stoichiometric coefficient of inhibition. According to (10) 
the inhibitor consumption is first order in concentration 

(k r~ = const.) but when the concentration approaches the critical value 
~I 

thls I]aw becomes vlolated and the observed rate constant increases. As 
seen from Fig.?. at an initial inhibitor concentration 0.04 mol/kg and 
i/icr = 30 the first order law is obeyed up to 85 % of the inhibitor 

where qi 
at i>>i 

cr 

conversion. 
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Fig. 7. Inhibitor consumption 
during induction period 
of polyethylene oxidation 
plotted in the usual (1) 
and semi-logarithmic 
coordinates (2). 2OO~ 
40 kPa, i =0 .04  mol/kg. 

O 

The observed rate constant of inhibitor consumption at 2OO~ and oxygen 
pressure PO2 = 40 kPa is kef f = 1.13xlO -4 s -1. This value is essentially 
lower than that at the same temperature and oxygen pressure in experiments 
that do not involve removing of the volatiles (--,3xlO -4 s-l). The difference 
can be attributed to the different topological structures of the samples 
studied, i.e. to the fact that the properties of a polymer depend on the 
character of polymer chain entanglement in it. 
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T h u s  the r e s u l t s  ob t a ined  for  o x y g e n  consumpt ion  in the  i nduc t ion  
p e r i o d  of i n h i b i t e d  ox ida t ion  conf i rm the  mechanism p r o p o s e d  ea r l i e r  
[1,2,5]. 

The minimum r a t e  of o x y g e n  consumpt ion  in the ox ida t ion  of po lymer  
as such  is e x p r e s s e d  by  the  f i r s t  te rm in (9) .  When ca lcu la t ed  from the  
data  on ini t ia l  ox ida t ion  r a t e  at 2OO~ 40 kPa,  th is  r a t e  was close to 
7xIO -7 mo l /kgs  and only slowly c h a n g e d  with t e m p e r a t u r e ,  w he rea s  tha t  
ca l cu la t ed  from the  maximum r a t e  v i r t u a l l y  did not  c h a n g e .  The  ac t iva t ion  
e n e r g y  of i n h i b i t o r  ox ida t ion  ca l cu la t ed  from the  t e m p e r a t u r e  change  of 
the  second  te rm in (9) was 117 k J / m o l ,  and  prac t i ca ] ly  co inc i sed  with  tha t  
c a l cu l a t ed  from ke f  f (121 k J / m o l  [ 6] ) .  

The symbols  k , f . ,  and  k .  in the  f i r s t  te rm of (9) c h a r a c t e r i z e  
. . . . .  O a n t l o x l d a t l v e  e f f i c i ency  oi ~ the  i n h ~ i t o r  when the  l a t t e r  has  no e f f ec t  on 

~" - the  f ree  r ad ica l  y ie ld  in the  h y d r o p e r o x i d e  g roup  decompos i t ion .  
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