Chapter V: Results and discussion:
[Cr30(Cl3CCO,)6.2H,0)]ClsCCO,.3H,0
as Ziegler-Natta catalyst for ethylene
polymerization
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5.1 Introduction

The [CO(CILCCQO,)6.2H,0]CI;CCO,.3H,O complex has been synthesized by
treating CrCJ.6H,O with trichloroacetic acid. Its single crystal Xyrstructure analysis
has been published [1] and full characterizatiomproperties has been described in
Chapter Il. The complex, a fine green powder, wable at ambient atmosphere and

contained 11.32 % of chromium, (11.30 % theoretiedie of chromium content).

The above complex, combined with AJEL, has been investigated as a potential
catalytic system for ethylene polymerization. Tlilsapter describes the effect of
varying the monomer pressure on the homopolymésizaif ethylene under similar

conditions.

Details of materials used, experimental set-upyrmpetization procedure and

polymer characterization have been described irptenal.

A series of polymerization experiments were carrged at constant Al / Cr
molar ratio of 45 and 0.08 g of ground chromium pter. The mixture of th@s-0xo
centered trinuclear chromium(lll) carboxylate compland AIE$Cl in toluene was a
yellow, heterogeneous solution, with green suspensi finely dispersed chromium
compound. The total polymerization solution volumas 400 mL. The catalyst was
aged for 40 minutes and each polymerization wasechout at 40°C for one hour

using the experimental apparatus detailed in Chaibte
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5.2  Kineticsof ethylene polymerization

Homopolymerization of ethylene was carried out wéh initial monomer
pressure of 672 kPa using the heterogeneous datalysystem,

[Crs0(CLCCO,)6.2H,0]ClsCCO,.3H,0 / AIELCI.

Figures 5.1 and 5.2 show, the drop in monomer pressnd in In P in function
of reaction time respectively. As one can obsefoe,the initial six minutes of the
polymerization, the drop in pressure is linear (ffgy5.1). Moreover, the plot of In P
versus reaction time is also linear. These inditizethe polymerization is of first order

with respect to monomer [2].

The amount of polyethylene formed under differez@ction times in the above
experiment is given in Figure 5.3. The fairly lingmrtion seen in the curve from 21 to
48 minutes indicates that the number of activessitiethe catalyst remain constant in

that period of time [3].

Figure 5.4 is a representative kinetic curve fbwyketne polymerization obtained
using the [C§O(CLCCQG,)6.2H,0O]CIsCCO..3H,0 / AIELCI catalytic system with 672
kPa as initial monomer pressure. It is observed tha rate of the polymerization
increases sharply to a maximum during the firstutd@rof the polymerization. Then, it
decreases to a constant value. As explained ed@ieapter 1V), this decaying-rate
behavior is the result of the rapid reaction betwd® monomer and the active centers
at the beginning of the polymerization, followed dactivating of some of the active

sites, resulting in the decrease in the rate ofmpetization.
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Figure 5.1: Homopolymerization of ethylene withtigi monomer pressure of 672 kPa,
using [CgO(ClCCQG,)e.2H,0]CI3CCO,.3H,0 / AlELCI catalytic system, Al / Cr = 45
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Figure 5.2: Plot of In P as a function of reactiimme for the polymerization of ethylene
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Figure 5.3: Accumulative polymer yield as a funotaf reaction time, using
[Cr30(CLCCD,)6.2H0]CIsCCO,.3H,0 / AlELLCI catalytic system with initial monomer
pressure of 672 kPa, Al / Cr = 45, reaction temipeea= 40C, aging time = 40
minutes.
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Figure 5.4: Kinetic curve for ethylene polymeriaat using
[Cr30(CLCCD,)6.2H0]CIsCCO,.3H,0 / AlELCI catalytic system with initial monomer
pressure of 672 kPa, Al / Cr = 45, reaction temipeea= 46C, aging time = 40
minutes.
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5.3 Effect of monomer pressure

A series of polymerization experiments were carried at constant Al / Cr
molar ratio of 45 and 0.08 g of ground {Of{Cl5CCQ,)s.2H,O]CIsCCQO,.3H,0
complex. The co-catalyst used was AlEtand the medium of the polymerization was
toluene. The total polymerization solution volumasm00 mL. The catalyst was aged
for 40 minutes and the polymerization was carrigtias 40°C for one hour. Table 5.1
summarizes the results obtained from the experignékd observed, the polymer yield
and catalytic activity increase with increase innmmer pressure from 317 kPa to 795
kPa. The highest activity obtained is 36.71 kg-BECr / hr / atm at 795 kPa. Figure 5.5
shows the effect of different monomer pressuregshenamount of PE produced. In
addition, a plot of accumulated yield as a functantime is represent in Figure 5.6.

Figure 5.7 shows the effect of initial monomer prgs on the maximum initial activity.

Table 5.1: Catalyst activity and polymer yield atigus initial monomer pressures

Run Initial monomer Maximum initial activity Yield (g)
pressure (kPa) (kg-PE / g-Cr / hr / atm)

1 317 5.13 2.40

2 412 7.63 2.68

3 505 17.03 3.15

4 672 20.82 4.54

5 795 36.71 5.32
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Figure 5.5: Polyethylene yield versus initial moresmressure, using
[Cr30(CLCCD,)6.2H0]CIsCCO,.3H,0 / AIELCI catalytic system, Al / Cr = 45,
reaction temperature = 4Q, aging time = 40 minutes
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Figure 5.6: Accumulative yield versus reactiondjrat various ethylene pressures
using [CeO(CI;CCQO)e.2H,0]CIsCCO..3H,0 / AlELCI catalytic system, Al / Cr of 45,
reaction temperature = 4Q, aging time = 40 min
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Figure 5.7: Maximum initial activity versus initislonomer pressure, using
[Cr30(CLCCD,)6.2HO]CICCO..3H,0 / AIELCI catalytic system, Al / Cr = 45,
reaction temperature = 4G, aging time = 40 min

The rates of the ethylene polymerization as reptesein Figures 5.8 and 5.9
show decay type, similar to those of highly actgiegler-Natta catalysts [4-6]. The
steady state in each experiment was observed dtivengeriod of 21 to 48 minutes of
the reaction. The polymerization rate initially ieases to a maximum in the first
minute of the polymerization; then, it decreasesiptly to a steady state, followed by a

gradual decline in rate at the end of the polynagion.
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Figure 5.8: Drop in ethylene pressure versus readime, at various pressures, using
[Cr30(CLCCD,)6.2H0]CISCCO..3H,0 / AIELCI catalytic system, Al / Cr = 45,
reaction temperature = 4@, aging time = 40 min
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Figure 5.9: Kinetic curves for ethylene polymeriaaf at various monomer pressures,
using [CEO(CI3CCQO;)6.2H,0]CI;CCO,.3H,0 / AIELCI catalytic system, Al / Cr of 45,
reaction temperature = 4@, aging time = 40 minutes.
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54 Characterization of polymers

5.4.1 Morphology

Polyethylene obtained from [€D(ClCCQ;)s.2H,0]CIsCCO,.3H,0 / AlELCI

catalytic system were white and clumpy particleseen in Figure 5.10.

Figure 5.10: Optical micrograph of PE from §Of{Cl3CCQ,)s.2H,0]CI;CCQ0,.3H,0 /
AIEt,Cl catalytic system.
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5.4.2 Fourier Transform Infrared spectroscopy (FTIR)

A representative of the FTIR spectra of polyethgleproduced using the
catalytic system [GO(CLCCQ,)6.2H,0]CIsCCO,.3H,0 / AIELCI is shown in Figure
5.11. Typically there are six major bands. The stong peaks, at around 2915tm
and 2848 cm, are respectively characteristic of C-H asymmetiw symmetric
stretching modes. The double medium bands at 1#73amd 1463 ci are due to the
CH, deformation and CHsymmetric deformation vibrations respectively.aldition,

the doublet band around 730 ¢mnd 718 cri is due to the Ckirocking mode.

There were no significant changes in the FTIR spettof PE when the initial
monomer pressure varied. Table 5.2 recapitulatescitfaracteristic bands observed in
the FTIR spectra of polyethylene produced at varimitial monomer pressures. In
addition, the relative proportions of crystallinadaamorphous portions of PE were
measured using the absorption frequencies at 730acmd 720 crit as shown in Table
5.3. The ratio of the absorbance at 730'@nd 720 crl is high. This indicates that PE

samples were of high crystallinity.
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Table 5.2: Band assignments for FTIR spectra of/giblylene produced at various
initial monomer pressures using O(ClLCCQ,)6.2H,0]CI;CCO,.3H,0 / AlELCI

catalytic system

D

Assigned PE vibration mod

-

Initial monomer pressure (kPa)

s = strong, m= medium

317 412 505 672 795
CH, - Asymmetric 2916 s| 2915s 2915s 291bs 2915s
Stretehing o metric | 2849s| 28495 2849s 284bs  2848's
CH; — deformation 1473 m 1473 m 1472{473 m| 1473 m
CHz — symmetric 1463 m| 1463 m 1463 m1463 m| 1463 m
deformation
CH; - rocking 730m | 730m| 730m 730m 730m
718 m 718 m| 718 m 719m 718 m

Table 5.3: Absorbance ratio of polyethylene produet various initial monomer
pressures using [@D(CLCCQO,)6.2H,0]CIsCCO,.3H,0 / AIEL,CI catalytic system

Max R (kpa) Intensity (cnt) A730/ A71g
A730 A719
317 0.08 0.15 0.53
412 0.06 0.21 0.29
505 0.08 0.14 0.57
672 0.06 0.15 0.40
795 0.09 0.17 0.53

Where Max P is the maximum initial monomer pressure;sAand Ao are the
absorption frequencies at 730 ¢rand 720 cri respectively.
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5.4.3 Thermal Gravimetric analysis (TGA)

A representative of the TGA curves of PE sampleslyeced using the catalytic
system, [C4O(CLCCO,)6.2H,O]CI3CCOG,.3H,0 / AIELCI is shown in Figure 5.12. As
seen, the polymer starts decomposing at around°@00n addition, 96 % of PE

decomposes without any break. This indicates tlepblymer is of high purity.
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Figure 5.12: A representative thermogram for theodgosition of polyethylene
produced using [GO(ClCCQO,)6.2H,0]CIsCCO,.3H,0 / AIELCI catalytic system.

166



5.4.4 Differential Scanning Calorimetry (DSC)

DSC measurements of polyethylene samples  producerbm f
[Cr30(CLCCO,)6.2H,0]CIsCCO,.3H,0 / AIELCI catalytic system were measured. To
study the effect of various initial monomer pressyrthe PE samples used for the
measurements were produced using five differentisgamonomer pressures. Their
DSC data as well as the crystallinityfXn the polyethylene matrices are summarized
in Table 5.4. The degree of crystallinity was estied by comparing the measured
melting enthalpy (from the second scan) to thatqfure polyethylene crystal (289
J/mol) [7, 8]. In addition, the DSC curve of a reggntative PE sample is shown in

Figure 5.13 (direct scan), Figure 5.14 (cooling) &mgure 5.15 (rescanning).

All PE samples show well defined endothermic andtlermic peaks,
respectively characteristic of melting and crystation (Table 5.4). The melting
temperatures (142 to 14T) in the direct scan are found to decrease (13B48°C)
after annealing and rescanning. In addition, théingetemperatures () increase with
increase in monomer pressure. However, varyingethglene pressures has little effect
on the crystallization temperature. The higher @etage of crystallinity (58.28%) is
observed for a PE sample produced with ethylensspre of 505 kPa and the lower
percentage of crystallinity is for a PE sample oigtd at 412 kPa. This implies that the

percentage of crystallinity is independent of thigal monomer pressure.
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Table 5.4: DSC data for polyethylene produced aioua initial monomer pressures
using [CgO(ClLCCQG,)e.2H,0]CI3CCO,.3H,0 / AIELCI catalytic system

P, 1% scan Crystallization " scan X
(kPa) (%)

(C) | O | Qg | (C) | Qg | (C) | (C) | (N9)

317 | 141.82 128.17| 203.04| 114.98| 153.20| 136.08| 122.89| 158.21| 54.74

412 | 144.51 132.68| 87.34 | 115.61 78.77 | 136.59 124.45| 80.78 | 27.95

505 | 146.20 136.42| 202.69| 113.40| 161.40| 139.31| 125.84| 168.42| 58.28

672 | 146.64 134.80| 130.08| 114.14| 102.77| 140.41| 126.12| 106.30| 36.78

795 | 146.03 131.59| 172.08| 113.07| 114.53| 142.47| 125.45| 150.92| 52.22

Where

P, is the maximum initial monomer pressurg, The melting temperature,,Tthe onset
temperature, d the crystallization temperaturgéH, the enthalpy of fusion and.Xs the

percentage of crystallinity in the PE samples.
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5.45 Hardness

Hardness values of polyethylene produced at vanmoasomer pressures using
the [CrO(CICCQy)6.2H,0]CI;CCO,.3H,0 / AIELCI catalytic system, were in the
range of 50.1 to 59.3 Shore D (Table 5.5). As carobserved, hardness values are
independent of the ethylene pressure. This agreésmith the crystallinity values from

DSC measurements X Whereby, hardness values increase with incrgasiix.

Table 5.5: Hardness data of PE samples produceohatant Al / Cr ratio and variable
initial monomer pressures.

P (kPa) T (°C) X (%) Hardness (Shore D)
317 136.08 54.74 53.1
412 136.59 27.95 50.1
505 139.31 58.28 59.3
672 140.41 36.78 50.3
795 142.47 52.22 51.9

X¢ is the crystallinity estimated from the DSC da8, [P is the maximum initial
monomer pressure ang, TS the melting temperature of the sample.
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5.4.6 Density

The proportion of crystals within the mass (dernsity of the produced PE was
measured as previously detailed in Section 4.5a6lel'5.6 summarizes the density data
obtained and the percentage of crystallinity derifeom the density [9, 10]. As
expected, the density of PE samples increases rdsdss and crystallinity increase.
This is due to a higher degree of molecular ordennPE with high crystallinity. The
percentage of crystallinity, calculated from thensiey value is slightly higher than
those from DSC data. This is because the samples lveg pressed, and cooled for one
day, at room temperature prior to the density f€kis long annealing time, probably
reorders the polyethylene molecule better than BCDmeasurements (10 minutes

annealing).

Table 5.6: Density data of PE samples producedmastant Al / Cr ratio and variable
initial monomer pressures; and the comparison gfekeof crystallinity obtained from

DSC and density results

P Tm Hardness p X wW¢
(kPa) (°C) (Shore D) (g.cm®) (%) (%)
317 136.08 53.1 0.9328 54.74 55.10
412 136.59 50.1 0.8989 27.95 31.40
505 139.31 59.3 0.9406 58.28 60.56
672 140.41 50.3 0.9079 36.78 37.69
795 142.47 51.9 0.9301 52.22 53.22

Xt is the crystallinity estimated from the DSC data
W is the crystallinity calculated with the densilve according to equation (1)
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5.4.7 Dynamic Mechanical Analysis (DMA)

DMA analysis of a series of different samples hasrbused to investigate the
relaxation behaviors of the polymer using dynamiechanical parameters such as
storage modulus, stiffness, loss modulus,dand complex viscosity. In addition the
variations of the dynamic mechanical propertiesaafunction of temperature are

presented in Figures 5.16 to 5.20.

The storage modulus, stiffness and complex visgasitves are similar. They
decrease with increasing temperature. This is lsecéheir chain movement increases

with heat [11].

Damping spectra show yapeak of the principal relaxation (~ -12Q) at the
glass transition temperature [12-14]; a relaxafigpeak (- 30°C < B-T4 < 15 °C),
attributed to local motions in the amorphous phHds and ano-peak (~ 40°C)
attributed to the relaxation in crystalline parté the PE [16-19]. These peaks
correspond to drops of the storage modulus, whicheases at low temperatures with
increase in crystallinity. PE samples with highergentage of crystallinity show an
increase in theily and a peaks. In addition, theirgTis observed to shift to higher
temperature. The-Ty peak is not completely resolved in samples withhéig

crystallinity.
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5.4.8 Nuclear magnetic resonance spectroscopy (NMR)

High temperaturéH and **C NMR analyses of all PE samples, produced at
various initial monomer pressures using thes@{€LCCO,)6.2H,0]CIsCCO,.3H,0 /
AIEt,Cl catalytic system, were carried out. Thélrand**C NMR spectra presented in
Figures 5.21 and 5.22 show single peaks at aroutiéirid 30 ppm respectively. This
closely resembles NMR data for ultrahigh molecutaight polyethylene (UHMWPE)

[20, 21].

5,5 Conclusion

The trinuclear oxo-centered, [KO(ClCCQO,)6.2H,0]CIsCCO,.3H0 in
combination with AIEZCI shows high activity in the homopolymerizationethylene at
40°C. The polymerization reaction is influenced by thenomer pressure. In addition,

the polymers produced have high melting point, teasd crystallinity.
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Figure 5.21:'H- NMR spectra obtained from PE samples produceéaguiCr:O(CLCCO,)s.2H,0]ClsCC0,.3H,0 / AlELCI
catalytic systetr
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Figure 5.22:*C- NMR spectra obtained from PE samples producéngu€rO(CkCCO,)s.2H,0]CIsCCO.3H,0 / AIELCI
catalytic systel
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