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Polypropylene (PP) is a commodity plastic that can be used for various applications.
Conventional methods for synthesizing PP result in a broad molecular weight distribution
(MWD) with high molecular weight averages. In order to accommodate processing
requirements in various applications, the molecular weight distribution of PP needs to be
adjusted. For this reason, long chains of PP may be degraded.” After degradation, PP has
lower viscosity and is referred to as “controlled rheology PP” (CRPP)[1,2].

Furthermore, in spite of the large market of polypropylene, poor rheological properties such
as lack of melt strength limit it’s processing in certain applications. The melt strength of PP

can be modified by introducing long chainbranching (LCB) to its backbone [4,5].

In order to modify melt strength or decreasing its MWD benzophenone (BPH) is used as
photo-initiator for generating the radicals in the PP backbone. UV radiation is conducted in
solid state. Effect of radiation duration on the degree of degradation and LCB is studied in

this work.

Experimental procedure.and characterization

PP homopolymer (Pro-fax PH 382M) from Lyondell Basell Ind. with M, and M,, of
66,900 and 314,900 was used along with Benzophenone (99% purity).

In order to come up with a homogeneous distribution of BPH with PP pellets, 0.5 wt-% of
benzophenone was dissolved in acetone and mixed with the pellets at room temperature.

After evaporation of the acetone, the pellets were impregnated with benzophenone [3].

Impregnated pellets were mixed inside the batch mixer at 200 °C and 100 rpm for 7
minutes. The samples were ground and compression moulded into discs with 25 mm

diameter and 1 mm thickness at 200 °C under applied force of 10000 Ib; for five minutes.



The discs were irradiated using a Mercury UV lamp (Versa Cure). Radiation was set at
47 % of the lamp intensity.

Irradiation steps were conducted in one minute intervals. Samples were irradiated for 60,
120, 240 and 360 seconds in 60 seconds intervals. Before each irradiation intervals the
lamp was turned on for three minutes so that a constant level of radiation intensity was
achieved. After three minutes, samples were irradiated for a minute and then the lamp was
turned off to cool down. During irradiation, pressurized air was used to cool down the area

beneath the lamp and keep temperature below 50 °C.

Table 1 shows the sample number and duration of irradiation for each sample. In all runs
except one (run 2 in Table 1) samples were irradiated on both sides, which means that half
of the irradiation time was spent irradiating one side and the other half was spent irradiating
the other side. The labels in Table 1 are used to identify different samples on the
graphs/plots that follow. These labels showthe run number along with the number of 60 s
intervals that each side of the disc was Irradiated. Forexample, 2-1s1 means run 2, one side
irradiated, for one time interval (60 s). As another‘example, 4-2s2 means run 4, two sides

irradiated, for two 60 secondsitime intervals.

Table 1: Experiment runs for studying the-effect of UV exposure duration

nuRnl:tr:er Conc. (wt-%) Radiation (%) Label dur-;)i?rll ©
1 0.5 0 1 0
2 0.5 47 2-1s1 60
3 0.5 47 3-2s1 120
4 0.5 47 4-2s2 240
5 0.5 47 5-2s3 360

1. Concentration

Parallel plate rheometer at constant stress was used to measure rheological properties of the
irradiated mixtures. The actual tests were subsequently performed within the frequency
range of 0.01-100 HZ at constant strain of 4 %.




Results and discussions

Cole-Cole plots are also constructed (Figurel) to compare the virgin PP with the irradiated
samples. It can be seen that at the low frequency range runs 4 and 5, which are irradiated
for longer times, show more elastic behaviour (greater G’) than virgin PP (run 1). The
initial part of the graph has blown up again in order to visualize this trend better. Figurel
also indicate that in runs 2 and 3 the PP chains are mostly degraded and thus appear below
runs 1, 4 and 5.
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Figure 1: Cole-Cole plots,for runs with different irradiation time, the small graph is zoomed at low
frequencies

Figure 2 shows complex viscosity (n') versus frequency and it indicates that more
irradiation time results in higher viscosities and more shear thinning behaviour. It has been
reported that long chain branched PP has greater complex viscosity values, smaller flow
index and smaller Newtonian plateau region compare to linear PP [4]. In Figure 2 it can be
seen that runs 4 and 5 show higher viscosities compare to runs 2 and 3 due to formation of
long chain branches or any other network. In run 5 this increase at the terminal region

results in complex viscosity that is as high as virgin PP viscosity. Furthermore, it can be



seen that Newtonian region is eliminated in run 4 and 5 and it becomes shorter as the
irradiation duration increases. Moreover, run 4 and 5 show more shear thinning behaviour
compare to the virgin PP (run 1) and runs that have been gone through degradation (runs 2
and 3). These behaviours are also in agreement with the behaviour reported for long chain
branched PP in the literature [4-8].
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Figure 2: Changes in complex viscosity (n*) vs. frequency plots for runs with different irradiation time
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Problems with Commercial Polypropylene (PP)
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Steps/Objectives of the Project

Modifying rheology of PP by photo-initiator

e Investigating effect of radiation duration and cooling

Increasing the melt strength of polypropylene by LCBs

¢ Modification in solid state
e Temperature around 53 °C or lower

Characterizing modified PP

e Rheometry
* GPC

Experiments: Materials and Methods

|Pre—impregnation of PP
granules with BPH

Melt mixing in the batch
mixer

|Hot pressing

|Irradiation (1 to 8 minutes)

racterization

Refs [12,24,25]

Characterization: Rheometry

Degradation » linear polymer with shorter chains and narrower MWD than parent polymer
Reference for comparisons: Linear PP with broad MWD
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Storage Modulus (G’) vs. Frequency

Higher energy storage in longer chains at low frequencies
Runs 2 and 3 have lower G’ compared to runs 4 and 5
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Loss modulus is higher for longer chains at low frequencies
Runs 2 and 3 have lower G” compared to runs 4 and 5

Toral
| dbaration (s) |
[
[
120

| Run # | Label

Smaller G” vs. frequency slope in
LCB PP compared to linear PP

p—"
—m
Y

— s

5243

Complex Viscosity (n*) vs. Frequency
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* Shorter plateau region in runs 4 and 5 longer relaxation times
* Runs 4 and 5 have more shear thinning behaviour
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tan & vs. Frequency

Lower tan & in LCB samples == less energy dissipation
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Capillary Rheometry: Shear Viscosity
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LCB Content

Increasing irradiation time from 300 to 480 s decreases the degree of branching
Irradiating in intervals increases degree of branching
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Concluding Remarks

BPH can act as an initiator for PP
modification reactions

Larger G’, n, and more
o shear thinning
Irradiation at behaviour confirm
temperatures greater formation of LCBs
than 53 °C leads to B-
Increasing radiation | scission and narrowing
e to 5-6 min leads MWD
to greater degree of
LCB

Radiation in solid state
(T<53 °C) leads to LCB

Higher n; and P, are
cations of formation

Thank You

Questions?

References

*  1.Ryu SH, Gogos CG, Xanthos M. Melting behaviour of controlled rheology polypropylene.
Polymer 1991;32(13):2449-2455.

* . 2.lugao A, Otaguro H, Parra D, Yoshiga A, Lima L, Artel B, Liberman S. Review on the
production process and uses of controlled rheology polypropylene--Gamma radiation versus
electron beam processing. Radiat Phys Chem 2007;76(11-12):1688-1690.

* 3.Gotsis A, Zeevenhoven B, Hogt A. The effect of long chain branching on the processability
of polypropylene in thermoforming. Polymer Engineering & Science 2004;44(5):973-982.

. 4 ing D. Synthesis of b hed polypropylene by a reactive extrusion process.
Macromolecules 2002;35(12):4602-4610.

* 5.Dutta S. and Rai A., More efficient manufacture of controlled-rheology polypropylene,
Society of Plastic engineering, Home page of:

‘teaching.shu.ac.uk/hwb/chemistry/tutorials/molspec/luminl.htm; webpage,[online],
[02/01, 2012]

*  6.Ratzsch M, Arnold M, Borsig E, Bucka H, Reichelt N. Radical reactions on polypropylene in

the solid state. Progress in polymer science 2002;27(7):1195-1282.

7. Tzoganakis C, Vlachopoulos J, Hamielec A. Production of controlled-rheology
polypropylene resins by peroxide promoted degradation during extrusion. Polymer
Engineering & Science 1988;28(3):170-180.

8. Krause B, Voigt D, Lederer A, Auhl D, Munstedt H. Determination of low amounts of long-
chain branches in polypropyl using a ination of cl ic and ri i
methods. Journal of Chromatography A 2004;1056(1-2):217-222.

9. Auhl D, Stange J, Miinstedt H, Krause B, Voigt D, Lederer A, Lappan U, Lunkwitz K. Long-
chain branched polypropylenes by electron beam irradiation and their rheological properties.
Macromolecules 2004;37(25):9465-9472.

10. Abbas Mousavi S, Dadbin S, Frounchi M, Venerus DC, Guadarrama Medina T. Comparison
of rheological behavior of branched polypropylene prepared by chemical modification and
electron beam irradiation under air and N2. Radiat Phys Chem 2010;79(10):1088-1094.

11. Lugdo AB, Hutzler B, Ojeda T, Tokumoto S, Siemens R, Makuuchi K, Villavicencio A-CH.
Reaction mechanism and rheological properties of polypropylene irradiated under various
atmospheres. Radiat Phys Chem 2000;57(3-6):389-392.

* 12.He G, Tzoganakis C. A UV-initiated reactive extrusion process for production of
controlled-rheology polypropylene. Polymer Engineering and Science 2011;51(1):151-157.

* 13.Balke S, Suwanda D, Lew R. A kinetic model for the degradation of polypropylene. Journal
of Polymer Science Part C: Polymer Letters 1987;25(8):313-320.

* 14.Rabek JF. Mechanisms of photophysical processess and photochemical reactions in
polymers : theory and applications. Chichester [West Sussex] ; Toronto: Wiley, 1987.

* 15.Mita |, Hisano T, Horie K, Okamoto A. Photoinitiated thermal ion of I

y processes of ion of polystyrene. Macr ules 1988;21(10):3003-3010.

+  coagent

* 16. Karpukhin ON, Slobodetskaya YM. Kinetics of photo-oxidation of polypropylene sensitized
by benzophenone. Polymer Science U.S.S.R. 1974;16(7):1882-1887.

17. Parent JS, Bodsworth A, Sengupta SS, Kontopoulou M, Chaudhary BI, Poche D, Cousteaux S.
Structure-rheology relationships of long-chain branched polypropylene: Comparative analysis
of acrylic and allylic coagent chemistry. Polymer 2009;50(1):85-94.

* 18. Wong B, Baker W. Melt rheology of graft modified polypropylene. Polymer
1997;38(11):2781-2789.

19. Su F, Huang H. Supercritical carbon dioxide-assisted reactive extrusion for preparation long-
chain branching polypropylene and its rheology. The Journal of Supercritical Fluids
2011;51(1):114-120




* 20.Nam G, Yoo J, Lee J. Effect of long-chain branches of polypropylene on rheological
properties and foam-extrusion performances. J Appl Polym Sci 2005;96(5):1793-1800.

* 21.TianJ, Yu W, Zhou C. The preparation and rheology characterization of long chain
branching polypropylene. Polymer 2006;47(23):7962-7969.

*  22.Scorah M, Tzoganakis C, Dhib R, Penlidis A. Characterization by dilute solution and
rheological methods of polystyrene and poly (methyl methacrylate) produced with a
tetrafunctional peroxide initiator. J Appl Polym Sci 2007;103(2):1340-1355.

* 23.Scorah M, Dhib R, Penlidis A. Branching Level Detection in Polymers. Encyclopedia of
Polymer Processing (ECHP), S.Lee, Ed., Taylor and Francis, New York 2005;251.

*  24.Batch intensive mixing, http://www.polymerprocessing.com/operations/batch/index.html|
; webpage, [online], [02/01, 2012.

*  25.Psarreas A, Nitroxide-Mediated Controlled Degradation of Polypropylene, Master thesis:
University of Waterloo, 2006.

2012-05-10

Kinetics of PP Degradation and LCB

¢ The following reactions are considered for PP modification:

I = 5 i R— """ (Combinatin)

Termination
(Disproportionation)
— — ——————_______  Grafting to small molecule

Small molecule addition
Long chain branching

Cross-linking

Ref(7]

BPH UV-initiation Kinetics

¢ Absorption of UV light

Absorbtion
S+hy—— S= 3§

__dls)_dLis)

a —_— —e -

dt dt

- n e P -
Beer-Lambert law:
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= 10-¢ls]
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Excited State Generation

e UV absarption electron transition from ground state
to a higher orbital (internal conversion IC) spin
favoured transition formation of Singlet state (S, )

¢ Radiationless transition from unpaired spin favoured
state (S, ) to spin forbidden state (T, ) (inter system
crossing ISC)

I
(k| !

ground excited oxcited
singlet state singlet state triplet state

Other Probable Reactions

Ky
S+P = 84P  Physical quenching

wofo g
i5=5 Deactivation
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S+P t‘f S +p Hydrogen abstraction — @ = K,[PI[:5]
dt : L
Rate of Triplet state consumption:
d[3s
L350 _ ), — Ko + KqlP 4 KuPDISS]
With SS assumption: d[s] K\"'“o(] = ]l]"”ﬂ)
41381 _ o dt (Ko + K [Pl +K,[P])
dt
d[35] e /
o= 0 1= (K + Ky [P+ K, [PD[3S]

BPH Radical Formation

e UV absorption

e Formation of (S; )

* Formation (T, )

e Hydrogen abstraction from H donor (PP)
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R . . Step model
Kinetics of PP Peroxide Degradation P
¢ Moments model: Predicts M, ,, and PDI of PP after degradation This model predicts the whole MWD
« The following reactions are considered for PP modification using peroxides Initiation, B-scission and termination are reactions considered for modeling the MWD
s ag Initiation s aR Initiation
R+ PSP+ P +R _ Pescission R+B SR+ +R f-scission
PP fi P+P, Termination { Disproportionation) PR i B4R, Termination { Dispropormionation)
. ke . . Transfer to polvier
BtE Kﬂ::' S T Tdeeradan Writing the rate of these reactions and assuming S.S for intermediates the
P — B+ P renmial degradation following reactions will be obtained: Concentration of a chain

Initiator e reactions and using concept of moments of MWD TR )Y rll'fh length “r” at time
R Tnitiat ions below can be constructed. = iy t":q} [Azhy(tz = t)] ‘t” from initiation of

Ay

e i
Lf T[S - f By solving four differential equations === 2k, mg[s]oexp (—k,t) Y feaction
&= ZJ'[R] Q, Q,, Q; and initiator conc. vs. time , = el Pl |y -1 A =2 Z [B,] || Concentration of a chain
} =2 will be found P phans with length “r” at time “t-
e r =y . 1” from initiation of
| @ _ _ &H=3 [de . 20 L{"Having t are!\'i'ﬁii‘h'ﬁwy 8 reaction
| : . | dt 2; C.-0Q |dt 0,0 WD of BB LR "rm'caﬁslélr%“
[ ; A H = 2[K,[5 i 1
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Rate of UV-initiation 1000+
280000 . BE000 4
o _ Mgl 65000 +
* Moments and step model can be used for predicting MW of PP after UV 220000 4 M, 00 | <500
degr.a(_ia_tio.n B o . iiad P 33{:: |
¢ The initiation rate should be modified for UV-initiation reaction '; e b Qy E 61000 {
2 M, 60000 1
b PDI =25 59000 |
Absorbtion | oo F Fam n 58000 4
S+hy— S 35¢ % 140000 i 57000 1—— ;
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SHPSS P pp—{ g4 odl |
S — M ammeded « Both models deviate from experimental
X / izt results
= BN b ihon o B
dt \ - S~ 2300 el Palypropylene M, M
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- _- — Parent 666 | 2422
Quantum yield of BPH in = %lfkmmmstam | 100 00 W [ AR UV radiation | SL0_| 1593
K, compare to the rate con Rl T °°ef:rt '.'t' , v l sl [Mloments wodel (1=100) | 6298 w:
possible reactions, amount of radiation pheto-initiator absorbs |__Step model (r=100) | 59.11 | 182
i.e. initiator quenching or deactivation 34

Results: step model predictions

0
08
o7 Expanant Scission of long chains
06 Decrease in PDI

H

g0s Reasons for deviation

: 04 *® and I, amounts are not accurate
03 *Degradation due to UV radiation
02 without initiator is not taken into
o account

e time in the profile is not
known.

«Chain transfer reactions/thermal
degradations are not taken into

account.

Scission of short chains
is not predicted in the model






