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Initiated Oxidation of PE and PP in Solution
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Summary

A study was made on the oxidation of a low density polyethylene and of
an isotactic and an atactic polypropylene in solution. The solvent was 1,2,
4~trichlorobenzene and the process was investigated at different tempera-
tures, with varying concentrations of the initiator and of the polymer.
Under the experimental conditions, a non-accelerating chain reaction proceeds
at the beginning of the process. The equation derived from the proposed sim-
plified mechanism describes consistently the dependences of experimentally
measured rates on the concentrations of the initiator and of the polymer.

Introduction

Several publications indicate that the oxidation of PE and PP are proc-
esses of interest and of importance, but of very high complexity not yet
clarified and composed of many elementary steps.

The study of those processes discloses several phenomena which cannot
be explained by merely chemical factors. Several experimental observations
prove that the mechanism and rate of oxidation of a homopolymer free of ad-
ditives is highly influenced, among others, by the following factors: molec-
ular mass, orientation of the chains, qualitative and quantitative charac-—
teristics of crystallinity, phase state, structural defects and chemical
environment of the polymer chain. The majority of these factors slightly af-
fects the mechanism and rate of primary initiation process of the oxidation
(these are mainly determined by the chemical structure of the polymer). Re-
cently, we dealt with the connection between the extent of chain orientation
and the mechanism of. primary initiation [1].

Fig. 1 shows the dependences of the induction period (ti) and of the

maximum rate (WO max) of isotactic polypropylene (IPP) autooxidation on the
3

thickness of the” layer (1/go is the reciprocal mass). Fig.2 illustrates the
temperature dependences of the induction period and of the maximum rate of
low density polyethylene (PE). The t; value is independent of the layer
thickness (IPP, t; vs. 1/g, plot) and of the phase state (PE, In{1/t;) vs.
1/T plot). However, the layer thickness and the temperature considerably in-
fluence . the rate and even the mechanism of the further elementary steps of
the chain reaction, especially of the chain propagation and termination.
This is well illustrated by the Wp,, vs. 1/g, (IPP, Fig.1) and In(Wg, . ) vs.
1/T (PE, Fig.2) plots. The maximum rate of oxygen uptake of IPP above the
critical thickness rapidly decreases with the further increase of the thick-
ness., The In (Wy,,) vs. 1/T plot shown for PE has a break near the melting
point, indicating that the rate of the process depends on the phase state in
this stage of the oxidation. If some physical factors are eliminated, for
example, by working in solution, then the main features of the process can
surprisingly well be described by a simple chemical scheme introduced by
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Bolland and Gee [2].

4 g ..
Wol,max 10, gpoy Min
i ////////’%"
./‘
10 —*%—
{
1]
1
1
!
!
0
ti,min
150
100 |——— =TT
0 1 -4
0 3009—,cm1 g ' 600

Fig.1: Dependence of t; and
on layer thickness

W
0, ,max

in“IPP oxidation.

and W

h‘%/ﬁWfb
!

by max: mmol mmol_)

mol-min

10l
22 24 26
103/1 4"

Oz,max

.6 b
22 26 26 28

Fig.2: Temperature dependence of t;
in PE oxidation.

Further on, we present our experimental results concernlng the oxida-
tion of PE, of IPP and of atactic polypropylenme (APP) in solution, ini-
tiated by dicumyl perox1de (DCP), and the dependence of the oxidation rate
on the temperature and on the concentrations of initiator and of polymer,

together with kinetical description.

In Table 1, some characteristics of purified, additive-free polymers
are summarized.

Table 1.

APP

Density, g/cm3

M oe1073
n

Polydispersity

Semicrystalline melting point,°C 113
0.3/10 min/190 °c

Melt index

Isotactic proportion, %
Average size of crystallites, ]

Crystalline proportion, 7%

[-OOH]O, mmol/g
[>co]y, mmol/g

Short chain branching

0.922

-3

12/1000 C atoms

1.4/10 min/230 °C

0.851
4.5
4.6
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Table 2. contains the experimental conditions,relationships investigated
and notations.

Table 2.

Experimental conditions Notation Unit Range
Solvent: 1,2,4-trichlorobenzene TCB

Temperature T OC 90-130
Oxygen pressure P kPa ~95
Polymer concentration [Ru] mol m.u./1% 0.07-2.3
Initiator: (dicumyl peroxide) [DCP] mol/1 0.01-10_2—8.5-10_2

concentration

Relationship investigated: The dependence of the initial rate of oxygen up-—
take (Wp) of the polymer on the temperature and on the concentrations of the
polymer and initiator.

*m.u. = monomeric unit

Results

The time dependence of oxygen uptake in the initiated oxidation of the
three polymers and of the initiator alone are illustrated in Fig.3 by the
A0y vs. t plots. All the plots are linear. As can be seen, PE has a three-
fold lower rate of oxygen uptake compared to both PP samples.

The difference between the rate is caused by the difference of chemical
structures of the polymers; the tertiary hydrogen atoms in PP have a lower
bond energy than the secondary hydrogen atoms in PE.

The oxidation rates of IPP and APP differ only slightly under the given
conditions; interestingly the initial rate of oxygen uptake of IPP is some-
what (by cca 30 7) higher than that of APP, contrarily to the findings for
condensed phase [3,4].

The dependences of initial rates of oxygen uptake of polymer solutions
on the initiator concentration are shown in Fig.4 in linear and logarithmic

scale. The figure contains also the concentration dependence of the rate of
DCP oxidation.
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in the initiated oxidation at
120 oC ([DCP]0= 1.48¢1072 mol/1, Fig.4: Depengence of Wy on [DCPbconcenna-
[RH]g= 0.56 mol . m.u./1) tion at 120 C. ([RH]0= 0.56 mol m.u./1).
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For the latter, the virtual reaction order related to the initiator is
approximately 1, for the three polymers it is about 0.7.

The temperature dependence of the initial rate of oxygen uptake for the
polymers and for DCP is shown in Fig.5. The initial rate of oxygen uptake
increases uniformly, with an activa-

'g(We mmol 1 min) ] tion ener
- gy of about 126 kJ/mol, for
0 [rH] —0,56m(3/im.u4// all the four systems studied; the
: [DcPI-=148:10"mol/ 1 rate of initiation is determined by

the rate of thermal decomposition of
DCP also for the polymers.

The rate of IPP oxidation is
somewhat higher than that of APP
PP+ oxidation at all temperatures inves—

N

™ tigated in accord with the observa-
-2 E%aoo tions of Van Sickle [5] for other
conditions. The difference may be

\\\\\ caused by the combination of the fol-

. lowing two factors: the higher proba-

-3 | : bep bility of intramolecular chain pro-

24 25 28 27 wéqv(% pagation in IPP oxidation (due to

Fig.5: Temperature dependence of Wy stereoregularity) than in APP oxida-

in solution. tion, and a higher rate of initiation

in APP oxidation, due to the higher
concentration of structural defects. In autoxidation these two effects will
compensate each other, in an initiated process, however, where the rate of
initiation is determined at the beginning solely by the thermal decomposition
of DCP, the rate of IPP oxidation is higher.
The dependence of the rate of oxidation on the polymer concentration is
illustrated by Fig.6. The rates belonging to the same [RH] value are con-
siderably higher for the two kinds of PP
W6402 than for PE. The slopes and intercepts of

mmol | \ the straight lines were calculated by Equ.
Tmin /FV’/ o ‘ (17) (see further on), using the values
40 - a=0.8, £'kd=3.28:10"% min~! and the k,/Vk,
+ data of Table 3. As can be seen, the devia-
APP tions of experimental data from the calcu-
lated straight lines increase with the con-
30 -~/ centration of RH.
Evaluation
The initiated oxidation of polymers is
a complex process in which different elemen-
20 tary reactions of initiator oxidation and
those of initiated and autooxidation of the
PE polymer are combined.
///: The main elementary steps of the oxi-~
10 — dation of dicumyl peroxide are:
CHy CH3 k GH3
Ph—C-0-0-C~Ph —> 2Ph-C-0 Q)]
. CHy  CH, CH3
[‘;H] mo/.m,u? CHg
a Ph-C-0" ~ Ph-C=0 + CHj (2)
CH CH
Fig.6: Dependence of Wy on pol- 3 3
ymer concentration at 120 OC CH® + O. > CH.O" (3)

(IDCPly= 1.48-10"2 mol/1) 302 372
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GH3 GH3
Ph-C~0" + CH, + Ph-C-0-CHy (4)
CH, CH,

The thermal decomposition of initiator (I) is the rate determining proc-
ess, thus in terms of Reactions (1) to (4), the following "stoichiometric
equation can be given: K

I(+2f'02) -——EL—> Zf‘R'Oé + product (5)
where f is the radical efficiency factor and R' denotes the methyl group.

If the system contains only dicumyl peroxide, no further oxygen con-—
sumption should be assumed in the inert solvent and the, peroxy radicals un-
dergo bimolecular termination. The quantity of the oxygen liberated in the
termination reaction is neglected in this simplified treatment.

Thus, the rate of oxygen absorption in the system containing only ini-
tiator is described by the following relationship:

e _ \ -k ,t

W=2f'k,I = 2f' kT e d (6)
where I stands for the initial concentration of DCP. The experimental Arr—
henius plot based on the initial rate of DCP oxidation is the following:

£k = 2.57+10"3 exp{(-125.5 [kJ/mol]/RT) min~! )
From this, the value of f'ky belonging to 110 OC was calculated and 8.41076
sec! was found. Considering that for the rate constant of the thermal de-
composition of DCP, 8+10~6 sec=1 to 11-107° sec™! had been determined at 110
OC in different solvents [6], the approximative value of f' is 0.8 to 1.0
which seems acceptable. Also the experimentally determined activation ener-
gy is in a rather good agreement with the literature data (~144 kJ/mol) [6].
This suggests that the rate determining step of DCP oxidation is the thermal
decomposition of the initiator. The same is indicated by the experimental
value of about 1 of the virtual reaction order of oxygen absorption related
to DCP.

The initiated oxidations of PE, IPP and APP are initiated partly by the
methyl peroxide radicals (R'0j) originated from the DCP decomposition, how-
ever, in the presence of the polymer, also the initiating effect of the cu-
myl peroxy radicals on the oxidation must be considerable. The main proc-
esses of the initiation of polymer oxidation (of the formation of macroradi-
cals) can be approximated by the following scheme:

kd QH3 2af'RH + 2¢f 02
I —> 2f£'Ph~CO°
¢H

> 2af'ROé + product
2(1- cx)f‘o2
3 > 2(1-a)f'R'Oé+—product

(8)

where O denotes the probability of initiation by cumyl peroxy radicals.
The scheme of initiation by methyl peroxy radicals taking place with the
probability of 1-a is:

R'Oé + RH(+02)-+ R'OZH +RO5 + product (9)
Combination of Equs.(8) and (9) yields the whole initiation:
I[+2f'RH + 2(2- o) f' 02] }{—d—> 2f'Roi + product (10)
The chain propagation processes for the initiated oxidation are
RO, + RH L>R02H + R’ an
R + 0, > RO, (12)

2 2

With sufficiently high oxygen pressure, Process (12) goes very fast; in this
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case, by combining Equs.£11) and (12), we obtain

. 2 .
R02 + RH(+02) —> RO2 + ROZH (13)
The termination is the bimolecular reaction of ROj radicals
ROé + ROé —ﬁ> product (14)

In the treatment of the reaction, we assume that, under the conditions
of initiated oxidation, the decomposition of polymer hydroperoxide formed in
Process (11) is negligibly slow. The oxygen formed in Process (14) is not
considered either. The eross termination which can take place with the ini-~
tiator radicals is also neglected.

The steady radical concentration according to Equ.(16) canbe calculated
from Equ.(15), and the rate of the oxygen absorption (W) is given by Equ.(17).

d[ro,]

- 1 - M 2 _
—g— = 2f'k I 2k4[R02] =0 (15)
RO, = /f'kdl/k4 (16)
W= 2(2-q)f kI + kz//E;'/f"kdI-[RH] 17)

The dependences of the initiated oxidation on the concentrations of the
initiator and of the hydrocarbon can be investigated with the use of Equ.(17),
dividing it by the initial concentration of the initiator (IO), we obtain

Wo/Ig = 2(2-a)f'ky + kz/@-/f'kd ~[RH]0/|/I_0_ (18)

The experimental data are plotted by Equ.(18) in Fig.7.

Linearization gives rather
straight lines for all the three
polymers. As it has been assumed,
! the intercepts are in rather good
APP agreement for the three polymers.
60 This verifies that the rate of
initiation is determined by the
-+ [RHJconst thermal decomposition of DCP, and
40 t—— S —=" [DCAconst secondary initiation processes
- cannot prevail at the beginning of

4G the process.
20 Z%?//° L Using Equ.(7), the value of o
ki /’///,/”/,,//”’F%; is determined from the intercept,
7 : E uniformly 0.8 was obtained, which
ot - i means that only 20 per cent of the
0 0 >0 30%%Q0ﬂ00@% cumyloxy radicals undergo trans-
°

80 V/—V:/Us.m/hJ /==

formation in the presence of hy-
drocarbons. The kz/Vk4 rate con-
Fig.7: The Wp/Igvs. [RH]§/VIy plots in stants for 120 °C, calculated from

the initiated oxidation in solution at the slopes are listed in Table 3.
120 ©c.
Table 3.
-3 -1 . =-1.1/2

Polymer kz//EZ310 (lemol 'min )

PE 14.4

IPP 88.5 a~0.8
APP 69.9

The kz//iz values obtained from the data measured at different tempera-
tures using Equ.(17) are presented in Fig.8 and in Table 4 ([RH] = 0.56
mol m.u./1, [DCP]g= 1.48+102 mol/1). In the table, also the calculated Arr-
henius parameters are listed.
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K
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J i, m\o/-am/n
%::ho\
~_| . £ ::\\:”ya Fig.8: Temperature dependence of
\\\; APP kz//EZ in initiated oxidation in
2 0 -\\\\\k\ solution.
PE
-3
24 25 26 27 10¥7T k1
Table 4.
T, °C ky/Vig+10%  (Lomol min )'/2
PE 1PP APP
90 - 37.01 -
100 5.76 - 27.04
110 9.87 47.48 38.24
115 - 60.06 57.37
120 13.42 94.89 73.54
125 - 109. 30 92.35
130 30.31 - -
A, (Lemol 'min™ 'y'/? 2.1210° 2.97+10° 2.26+10°
E, kJ/mol 61.2 56.5 56.5
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