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Abstract: The polymerization of ethylene in the presence of vanadium catalysts 
supported on zeolite NaY, HY and charcoal was examined. The catalysts were 
prepared by the incipient wetness method and characterized by a variety of 
techniques to determine the oxidation state of the vanadium species inside the 
zeolite. In all the catalysts that were prepared vanadium is not in a single oxidation 
state. These catalysts were active in the polymerization of ethylene with activities 
of the order of magnitude 105 gPE/molV.[M].h for the zeolite catalysts and 103 
gPE/molV.[M].h for the charcoal systems. No polymer could be obtained in the 
absence of alkylaluminum or aluminoxane in the experimental conditions used. 
The kinetics of ethylene polymerization reactions using the vanadium catalysts was 
studied. A kinetic model based on a proposed mechanism for these reactions was 
used to fit the experimental data. The application of this model resulted in very 
good fittings and the kinetic rate constants of each elementary step could be 
estimated. Since the polyethylene that was produced is closely bound to the zeolite 
catalysts, the thermal and mechanical properties of the PE/zeolite composites were 
measured, indicating that the presence of zeolite improved the mechanical 
properties of the polymers produced.  
Key Words: Ethylene Polymerization, Transition Metals, Zeolites, Vanadium. 

 
Introduction  
Since Hogan and Banks discovery, by the early 50’s, that chromium oxide supported 
on a silicate was able to catalyze the polymerization of olefins to high molecular 
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weight polymers [1] a lot of work has been published on related subjects, not only on 
chromium-based catalysts [2-8] but also on the activity and structure of other 
supported transition metals [9-17]. Silica, alumina and zeolites have been used as 
supports [17, 18]. 
The use of zeolites as catalyst supports for the production of polyethylene has the 
drawback that results from the fact that the zeolite particles will be embedded in the 
polymer produced and their separation is difficult. However, many polyethylene 
applications require additional mechanical strength and various materials have been 
used to improve mechanical properties [19-25]. 
In this paper we report the activity and kinetics of vanadium supported on Y zeolite 
and charcoal for ethylene polymerization. The results are compared with those of Cr 
supported catalysts [26, 27]. The effect of temperature on the kinetic parameters is 
also studied in the case of these V catalysts and an estimation of the activation 
energy of each reaction step is depicted. The mechanical properties of the polymer 
produced was also measured and compared with pure polyethylene. 
 
Results and discussion 
 
 XPS and ESR 
The catalysts V/Y1-3.1, V/Y2-0.4, V/Y2-2.5 and V/C-4.0 prepared as described in the 
experimental part were studied by XPS spectroscopy. Figures 1 to 3 and 5 show the 
XPS spectrum of the samples displaying the V2p3/2 peak. The V peaks lie on the 
region of the satellites of the oxygen and were obtained by subtraction of those 
satellites. Thus, it is possible that part of them have been cut by this operation. This 
seems to be especially true for the peak corresponding to V2p1/2, which is not shown 
for this reason. After peak fitting of sample V/Y1-3.1 spectrum (Figure 1), the three 
values for the binding energy obtained, BE = 518.0 ± 0.2 eV, BE = 516.5 ± 0.2 eV 
and BE = 514.9 ± 0.2 eV (ΔE ≅ 1.5 eV), seem to correspond to V5+, V4+ and V3+ 
respectively in spite of the great dispersion of values reported in literature specially 
for V4+ or V3+ species [9, 28-32]. The V concentration determined by this method was 
found to be 5.3 w% which is higher than that determined by ICP (3.1 w%). A similar 
segregation effect, leading to higher concentrations of metal on the surface than in 
the bulk of the particles, has already been previously observed on catalysts with 
either Cr [26] or Pt [33] supported on a zeolite catalyst. The distribution of vanadium 
oxidation states present on the surface of these sample is 38.5 % for V5+, 43.9 % for 
V4+ and 17.7 % for V3+ (Table 1).  
The XPS spectrum of sample V/Y2-2.5 (Figure 2) displays the same three peaks, at 
binding energy values of BE = 517.85 eV, BE = 516.49 eV and BE = 515.07 eV. 
These values are quite close to those observed in the case of sample V/Y1-3.1 thus 
indicating that the same three V species (V5+, V4+and V3+) are present in this sample, 
and in very similar relative concentrations (21.5 % for V5+, 59.8 % for V4+ and 18.6 % 
for V3+). The total V concentration of 3.9 w % determined by XPS is also very close to 
the value determined by the same method for sample V/Y1-3.1.  
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Fig. 1. XPS spectrum of the sample V/Y1-3.1 displaying the V 2p3/2 peak. After peak 
fitting the three peaks could be assigned to V5+, V+4 and V+3 (BE = 518.0 ± 0.2 eV, 
BE = 516.5 ± 0.2 eV and BE = 514.9 ± 0.2 eV) respectively. 
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Fig. 2. XPS spectrum of the sample V/Y2-2.5 displaying the V 2p3/2 peak. After peak 
fitting the three peaks could be assigned to V5+, V+4 and V+3 (BE = 517.9 ± 0.2  eV, 
BE = 516.5 ± 0.2  eV and BE = 515.1 ± 0.2  eV) 
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This means that the modification introduced in the support, consisting in the ion 
exchanging of the cations Na+ for H+, does not affect either the oxidation state of the 
vanadium or the distribution of its different oxidation states. 
In the case of sample V/Y2-0.4 only two V species could be observed by XPS at 
binding energies of BE = 516.0 eV ± 0.2 and BE = 514.7 ± 0.2 eV (Figure 3) thus 
indicating that only V4+ and V3+ species are observed at the surface of this sample. 
This observation does not rule out the possibility of V5+ being present in the sample, 
but they should, then, be mainly located on the bottom of pores and consequently will 
not be seen by this technique. Since it is known that XPS can induce the reduction of 
vanadium, a fresh sample was later analysed running 50 sweeps one by one in order 
to compare the successive sums of sweeps. The sum of the first 15 sweeps does not 
show any difference from the first sweep. The sum of the 50 sweeps displays the 
increase of the low binding energy side of the V 2p region showing the reduction 
induced by the radiation. But, even in the first sweeps, no V5+ could be detected and 
the species V3+ is already present. 
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Fig. 3. XPS spectrum of the sample V/Y2-0.4 displaying the V 2p3/2 peak. After peak 
fitting the two peaks could be assigned to V+4 and V+3 (BE = 516.0 ± 0.2 eV and 
BE = 514.7 ± 0.2 eV)  
 
The main difference between this sample and the previous ones is the much smaller 
amount of V present. The surface concentration of V in this sample is 1.1 w%. The 
distribution of the different species in this case is 55 % for V4+ species and 45 % for 
V3+ ones (Table 1). 
The ESR study of this sample confirms the presence of V4+ species in the calcined 
catalyst with a well resolved spectrum (Figure 4), thus supporting the information 
obtained by XPS. Other authors have found similar behaviours both in alumina and 
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ZSM-5 zeolite supported vanadium catalysts [34, 35, 36]. In the first case the alumina 
is impregnated by using a vanadium (V) salt and after calcination under flowing air at 
823 K reduced species in the final catalyst [35, 36]. In the second case the vanadium 
(V) is introduced in the zeolite through a solid-state reaction of the ZSM-5 zeolite with 
V2O5 being detected VO2+ species in the reaction product [34]. 
 

-150

-100

-50

0

50

100

150

200

250

0 1000 2000 3000 4000

Field (G)

Si
gn

al
 (x

10
-3

)

 
 

Fig. 4.  ESR spectrum of the sample V/Y2-0.4 displaying the peaks assigned to V4+ 
species; g=2.058. 
 
The XPS spectrum of the sample V/C-4.0 shows a main peak at a binding energy of 
517.0 eV that can be assigned either to a V5+ or a V4+ species and a second peak at 
a binding energy of 515.6 eV that can be assigned either to V4+ or V3+ (ΔE=1.6 eV) 
[31, 32] (Figure 5). However, these values are closer to those observed in the other 
samples for the pair V+4 / V+3 than those observed for the pair V5+ / V4+. This may be 
related to the different experimental procedure as this catalyst was prepared by 
thermal treatment under N2 flow and Charcoal is also known to have reductive 
properties. On the other hand, since the total amount of V detected at the surface in 
this case is rather small, around 1.6 w%, it is likely that a distribution similar to the 
one observed in the case of the sample V/Y2-0.4 is occurring. Besides that, since the 
most oxidized species are also the smallest ones, they would lie preferably in the 
bottom of the pores. 
The relative amount of V species present in this sample is 72.7 % for V4+ and 27.3 % 
for V3+. The values summarized in Table 1 show that the main peak, in all these 
samples, is that corresponding to V4+ species and that showing the lowest 
concentration corresponds to the V3+ species. They also show that, for the samples 
with lower V loadings, no V5+ species can be observed on the surface. 
It is also interesting to note that, while in the case of V samples over zeolite some 
positive segregation of the V to the surface is observed (the surface concentration of 
vanadium as determined by XPS is higher than the average concentration as 
determined by ICP) in the case of the V samples over charcoal this segregation is 
negative (a lower concentration of V was determined for the surface by XPS method 
(1.6 w%) than the one determined by ICP (4 w%) for the bulk. It seems that in the 
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case of the charcoal most part of the V ions lie deep inside the micro pores and, thus, 
are not observed by XPS. This effect may be due to the larger diameter of the 
charcoal pores compared to those of the zeolite Y (22 μ vs 13 μ). A larger interaction 
of the zeolite surface with the metal compared to that of the charcoal, may also 
explain in part why a larger concentration of V is found at the surface in the case of 
the zeolite sample. The same effects had been observed in the case of Cr supported 
catalysts [26]. 
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Fig. 5. XPS spectrum of the sample V/C displaying the V 2p3/2 peak. After peak fitting 
the two peaks can be assigned eith 4+er to the pair V5+ / V  or V4+ / V3+. (V 2p3/2 at 
17.0 ± 0.2 eV and 515.6 ± 0.2 eV). 

Vanadium Concentrations Calculated from XPS 
pectra of V/Y and V/C Catalysts 

 
 Oxidation State  
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Tab. 1. Binding Energies and 
S

  
 

Sample 
(  
eV) 

(  (± 0.2 eV) 

[V]total 
(w%) 

V5+

BE 
± 0.2

V4+

BE 
± 0.2
eV) 

V3+

BE 

V/Y2-0.4 
R  

 1.1 
elative %

516.2 
55% 

514.8 
45% 

V/Y2-2.5 
R  

3.9 
elative %

517.9 
21.5% 

516.5 
59.8% 

515.1 
18.6% 

V/Y1-3.1 
R  38.5% 

5.3 
elative %

518.0 516.5 
43.9% 

514.9 
17.7% 

V/C-4.0 
Relative % 

 
72.7% 27.3% 

1.6 517.0 515.6 
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Cyclic Voltammetry 
The vanadium catalyst V/Y1-3.1 was also studied in CV. From the results obtained 
we can also conclude that the fresh catalysts possesses vanadium in various 
oxidation states; in fact, if the sweep cycle is started, on a fresh pellet, from a positive 
potential, a significant oxidation current is readily observed indicating the presence of 
species that are sufficiently reduced to be oxidised at these potentials and if it is 
started from a negative potential, a significant reduction current is observed (see 
Figure 6). 
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Fig. 6. Cyclic voltammograms of V/Y1-3.1 starting either in the positive (a) or negative 
(b) scan directions, showing that the catalyst contains both oxidised and reduced 
species. Cyclic voltammograms were obtained at 10 mV/s. 
 
A typical cyclic voltammogram of the electrode with V/Y1-3.1 presents two distinct 
waves, that can be attributed to the V5+/V4+ and V4+/V3+ redox couples, as it is 
depicted in Figure 7. 
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Fig. 7. Cyclic voltammogram of V/Y1-3.1 presenting two distinct waves, that can be 
attributed to the V5+/V4+ and V4+/V3+ redox couples. Cyclic Voltammogram was 
obtained at 10 mV/s and starting towards more negative potentials. 

Partial Conclusion 
The ensemble of characterization results indicates that vanadium, in the calcined 
samples, appears in a variety of oxidation states, namely as V(IV). This is not 
unusual and it has been observed by other authors, namely in the study of the solid 
state reaction between V2O5 and ZSM-5 by Anpo [34]. The fact that the zeolite 
seems to stabilize in an oxidation state lower than V for vanadium may be related to 
the charge distribution in the zeolite framework. In fact, calculating the number of 
aluminium atoms in a supercage, where the larger vanadium particles that are 
introduced during the incipient wetness procedure are likely to reside, gives a value 
close to 4; this means that a +5 cation would compensate all the framework negative 
charges in the supercage and an additional one, which would be farther apart. Lower 
cation charges, like the ones of V(IV) or of the vanadyl species VO2+ (as it was 
observed by Anpo [34]) result in a closer proximity between the cation and the 
framework negative charges that it compensates, thus leading to a more stable 
structure. 
 
Ethylene Polymerization 
The vanadium samples, both supported on zeolite and on charcoal, were used as 
catalysts in the polymerization of ethylene. No polymer could be obtained in the 
absence of any alkylaluminum or aluminoxane. The activities obtained when TIBA, 
TMA, DEAC and MAO were used as scavenger of the medium (or cocatalyst) are 
shown in Table 2. In this table only the best results obtained for each catalyst system 
are depicted. Thus the experimental conditions reported are inevitably different from 
run to run. These results show that, for all the catalyst systems studied, DEAC is the 
best scavenger (or cocatalyst), the zeolite-based catalysts are slightly better than the 
charcoal-based ones and the concentration of V in the catalyst affects the activity of 
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the system. The amount of Na in the support seems not to affect the activity of the 
catalyst system since similar catalyst performances were obtained when either NaY 
or HY were used as starting material. 
 
Tab. 2. Ethylene Polymerization using V/Y and V/C Catalysts. 
 

Run 

No 

Catalyst Cocatalyst Activity×10-3

gPE/molV.h.[E]* 

80 V/Y1-3.1 - a) 0 

81 V/Y1-3.1 TIBAb) 0.53 

82 V/Y1-3.1 MAO b) 0.46 

KV33 V/Y1-3.1 DEAC c) 10.41 

84 V/Y1-3.1 TMA b) 0.08 

PV19 V/Y2-2.5 DEAC d) 19.6 

KV70 V/Y2-0.4 DEAC e) 101.15 

85 V/C-4.0 - f) 0 

87 V/C-4.0 TIBA g) 0.03 

KV28 V/C-4.0 MAO h) 3.38 

KV25 V/C-4.0 DEAC i) 5.86 

89 V/C-4.0 TMA g) 0.71 

 
Experimental conditions: v=50 ml toluene; T=25 ºC; P=2×105 pascal [E] ≈0.37 M; t= 60min unless 
otherwise indicated; a) [V]=1000 μM; b)[V]=430μM, Al/V= 300; c) [V]=341 μM, Al/V= 774; d) 
[V]=283 μM, Al/V= 600 e) [V]=530 μM, Al/V= 67 f)[V]= 800 μM; g) [V]=450 μM, Al/V = 300; h) 
[V]=1000 μM, t=30min, Al/V = 300; i) [V]=1000 μM, t=18min; Catalyst V/Y1 ([V]=2.4-3 %); Catalyst 
V/Y2-2.5 ([V]=2.5 w%); Catalyst V/C ([V]=4 w%). * Only the organic matter obtained was used for the 
activity calculations. E concentration determined according to the solubility parameters listed in 
ASPEN37.  
 
The best specific activity, as measured per vanadium atom, was obtained for the 
catalyst system with a smaller vanadium load, V/Y2-0.4 / DEAC 
(Ap = 101.5×103 gPE/molV.h.[E]). The activities of the catalysts V/Y1-3.1 and V/Y2-2.5 
(Ap = 10×103 gPE/molV.h.[E]) are quite similar and are around ten times lower than 
observed for the catalyst V/Y2-0.4. The activity obtained with the catalyst system 
V/C-4.0 / DEAC is only slightly lower than those obtained with the zeolite systems of 
similar V content (Ap = 5.9×103 gPE/molV.h.[E]) indicating that, in the case of 
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vanadium catalysts prepared by the incipient wetness method, charcoal is a support 
almost as good as the zeolite. 
The Differential Scanning Calorimetry (DSC) and Thermal Gravimetric Analysis 
(TGA)  results in Table 3 show that the amount of inorganic matter incorporated in 
the polymers obtained with different catalyst systems varies between ca 30% w/w 
(for the catalyst V/Y2–2.5) and ca 70% w/w (for  the catalyst V/C-4.0). These values 
also show that the presence of inorganic matter affects the heat of fusion and slightly 
the melting point. The higher the concentration of inorganic matter, the lower the heat 
of fusion and the melting point of the polymer. It was possible to correlate the values 
of ΔHf with the amount of inorganic matter in the polymer samples and thus estimate 
the value of ΔHf for a pure PE sample (with 0% of inorganic matter). This estimated 
value, ΔHf=236.4 J/g is close to that referred in literature for a fully crystallized PE 
(ΔHfc=291.6 J/g) [38]. This result and the values obtained for the melting points, ca 
145 ºC suggest that high density PE’s are obtained with these vanadium systems.   
 
Tab. 3. Thermal Analysis of the Polymers. 
 

  TGA DSC 

Run 

No 

Catalyst Inorganic matter 

(%) 

ΔHf 

(J/g) 

Tm(max) 

(ºC) 

KV34 V/Y1 –3.1 51 100 132 

KV70 V/Y2-0.4 39 145 145 

PV19 V/Y2 –2.5 27 162 144 

KV4 V/C-4.0 70 - - 

 
In the case of chromium catalysts, previously studied [26], similar results were 
obtained for both Cr/Y and Cr/C catalysts prepared by the same incipient wetness 
method, which showed similar activities. Only in the case of zeolite supported 
catalysts prepared by ion exchange did the activity increase significantly [26, 39]. As 
discussed in the preparation section, in the case of the V catalysts the preparation 
method was restricted to the incipient wetness one, since the ion exchange method 
cannot be used due to the fact that the vanadium in the precursor (NH4VO3) is part of 
the anion, not of the cation. In spite of this, the activities obtained with the vanadium 
catalysts are comparable to those obtained with the Cr ones having the same 
amount of metal incorporated (Ap = 101.5×103 gPE/molV.h.[E] in the case of the V 
catalyst, V/Y2-0.4, vs Ap = 104×103 gPE/molCr.h.[E] in the case of the Cr one, Cr/Y-
0.3 [26]).  
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The NMR of the polyethylene, depicted in figure 8, shows that, as in the case of Cr 
catalysts, the polymer obtained is linear in agreement with the thermal results 
observed (Table 3). 

 
 

 Fig. 8.  1H NMR spectrum of the polyethylene obtained using the V/Y2-2.5/DEAC 
catalytic system. 
 
The contamination of these PE samples with zeolite may be inconvenient for some 
applications but may also bring some benefits. It is known that polyethylene-based 
composites, including those reinforced with inorganic ceramic particles [19], natural 
fibres or particles [20, 21], silica nanoparticles [22], glass fibres [23], nanoclay [24] or 
carbon [25] may have improved mechanic properties when compared to neat PE. 
Dynamic mechanical analysis (DMA) has been widely used in describing the 
mechanical performance of those composites. 
The PE samples containing about 30% of incorporated NaY, prepared by using the 
catalyst system V/Y2 –2.5, were studied by DMA. The results at room temperature 
are shown in Figure 9, where both E’ and tan δ are displayed as a function of 
frequency. As expected, the storage modulus increases with frequency for both PE 
and zeolite reinforced PE (sample PV 19). The composite material exhibits significant 
higher values of E’ as compared with the pure matrix, indicating that the 
reinforcement result produced by the zeolite fraction is effective; for example, at 1 Hz 
the storage modulus are 600 MPa and 1.17 GPa for pure PE and composite films, 
respectively. No significant changes are found in the loss factor for the two materials: 
at 1 Hz tan δ varies between 0.08 and 0.1, indicating that the addition of this content 
of zeolite does not change the damping properties of polyethylene.   
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Fig. 9. Dynamic mechanical spectra of PE (squares) and PE/Zeolite blend (circles) 
recorded at room temperature. Both storage modulus (solid symbols) and loss factor 
(open symbols) are shown as a function of frequency. 
 

On the other hand it is also known that the presence of microporous materials [40-42] 
and different zeolites [43, 44] including Y zeolite in the PE samples results in a more 
rapid thermal degradation of the polymer [45]. Since the conventional plastic waste 
processes (landfill and incineration) is becoming progressively expensive and 
generates problems due to unacceptable emissions, thermal degradation of polymers 
may become an interesting alternative [40, 46]. However this process requires high 
temperatures and produces undesirable heavy products. Thus, a method leading to a 
decrease of the degradation temperature and producing valuable hydrocarbon 
products would be rather attractive [45].  
 
 Kinetic and Modelling Studies 
Although, from the results in this paper and the previous studies with Cr [26, 39], the 
latter are, as expected, the most promising ones, V over zeolite and charcoal is still 
interesting enough to be studied in more detail from the kinetic point of view.  
 
-Kinetic Model 
The kinetic profiles shown are very similar to those observed for some homogeneous 
catalyst systems, which also show a decrease of the polymerization rate with time 
[47, 48]. The low activity values observed for these catalysts exclude the possibility of 
diffusion limitations and, so, as for other systems, we can see that, even in the 
absence of diffusion problems, the polymerization rate may show a decay type profile 
due to the deactivation of the active sites.  

The mechanism proposed is basically described by the following set of equations for 
the coordination, propagation and deactivation reactions: 
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Where Cn represents an active site with a polymer chain of n monomers, M 
represents the monomer, CnM represents the active site with one molecule of 
monomer coordinated and CnM2 the site bearing two coordinated molecules of 
monomer. 
As described in a previous paper [27] a set of differential equations, corresponding to 
the material balances for all the species involved can be written and integrated. 
Each experiment was computed individually, taking into account its particular set of 
experimental conditions, but using the same set of kinetic parameters. The rate of 
consumption of ethylene was then compared to the experimental values and the 
model was, then, fitted to the ensemble of all the experiments for a specific catalyst, 
for various initial concentrations of catalyst, for various ethylene partial pressures and 
for different temperatures, so as to obtain a single set of kinetic parameters. The 
fitting was done using a least-squares approximation, minimizing the sum of the 
squares of the residuals for all data points in the set of experiments under analysis. 
Minimization was performed using the Solver tool in Excel. 
Estimates for the confidence intervals on the parameters thus computed were 
obtained by the “bootstrap method” [49]. In this procedure, 1/3 of the original data 
points were randomly replaced by other data points in the same set and a new 
optimisation procedure was performed. This procedure was repeated 10 times and 
the reported set of parameters, along with the respective confidence intervals (for a 
95 % confidence level), were computed from the distribution of parameter values 
obtained. 
 
-Influence of Ethylene Pressure and Reaction Temperature 
Figure 10 through 12 show typical kinetic profiles obtained at different pressures of 
ethylene for the V/Y2-0.4 and V/C-4.0 catalysts using DEAC as scavenger. For both 
catalysts the consumption of ethylene has a maximum followed by a decrease due to 
the deactivation of the catalyst. This effect is more pronounced for the charcoal 
supported catalyst. The effect of temperature was also studied for the Zeolite catalyst 
and the kinetic model fitting was made simultaneously for variations in both pressure 
and temperature conditions, as depicted through Figure 11. Raising the temperature 
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up to 50 ºC corresponds to an increase of the catalytic activity, but when the 
temperature is further increased up to 80 ºC the global catalytic activity drops. 
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Fig. 10. Consumption of monomer rate versus time for different pressures of 
ethylene. Experimental conditions: Catalyst V/Y2-0.4 ([V]=0.4 w%); Scavenger 
DEAC; v=50 ml toluene; Al/V = 100; T=25 ºC;  [V]=530 μM; ♦ P=2.1 ×105 pascal;  ∗
 P=1.4×105 pascal; 5P=2.9×105 pascal . Symbols are experimental data and lines 
correspond to the kinetic model.  
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Fig. 11. Consumption of monomer rate versus time for different pressures of 
ethylene and different temperatures. Experimental conditions: Catalyst V/Y2-04 
([V]=0.4w %); Scavenger DEAC; v=50 ml toluene; Al/V = 100;  [V]=530 μM; ∗
 P=1.4×105 pascal; T=25 ºC;♦ P=2.1 ×105 pascal;  T=25 ºC; 5P=2.9 ×105 pascal; 
T=25 ºC; + P=2.1 ×105 pascal, T=80 ºC; ∆ P=2.2 ×105 pascal, T=50 ºC. Symbols 
represent experimental data and lines correspond to the kinetic model. 
 
The curves in Figure 12, obtained at different ethylene partial pressures for the 
catalysts system V/C-4.0 – DEAC, show that when the support is the charcoal, a 
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faster decrease of the monomer consumption rate along the polymerization time is 
observed. 
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Fig. 12. Consumption of monomer rate versus time for different pressures of 
ethylene. Experimental conditions: Catalyst V/C-4.0 ([V]=4 %); Cocatalyst DEAC; 
v=50 ml toluene; Al/V = 300; T=25 ºC;  [V]=1042 μM; ♦ P=1.7 ×105 pascal; 5P=2.4 
×105 pascal; ∗ P=2.7 ×105 pascal. Symbols are experimental data and lines 
correspond to the kinetic model.  

 
In this case, a clear effect of monomer concentration is observed while in the case of 
the charcoal supported chromium catalyst the partial pressure of ethylene had a very 
small effect on the reaction rate time profile [26].  
 
Tab. 4. Kinetic rate constants estimated by fitting the model described to the 
experimental data obtained for the catalyst systems V/Y2-04/DEAC and V/C-
4.0/DEAC. 
 

Catalyst k1 k-1 kc1 k2 k-2 kc2

V/Y (25ºC) (2.92±0.23)×10-1 (8.37±0.32)×10-2 (5.19±0.75)×10-4 9.02±0.23 (4.11±0.88)×10-4 399±43 
Ea (V/Y) (3.51±0.39)×10+4 0 (9.46±1.63)×10+1 (4.10±0.17)×10+4 (2.19±0.04)×10+5 (1.69±0.22)×10+2

V/C (25ºC) (2.45±0.09)×10-3 0 0 (2.73±0.06)×10+3 (1.26±0.05)×10-4 125.04±3.89 
       

Catalyst k1d k-1d k2d k-2d k3d k-3d

V/Y (25ºC) (1.83±0.14)×10-2 (6.23±0.13)×10-3 (4.5±0.18) ×10-3 (3.51±0.07)×10-4 (2.88±0.3) ×10-2 (5.8±0.93) ×10-5

Ea(V/Y) (7.58±0.46)×10+4 (2.29±0.13)×10+4 (7.12±0.79)×10+3 (3.50±0.45) ×10+1 (4.61±0.13)×10+4 (2.81±0.75)×10+2

V/C (25ºC) (2.52±0.07)×10-2 (4.1±0.02)×10-4 2.57±0.11 0 (5.68±0.14)×10-1 (8.03±0.34)×10-3

All first order rate constants (k-1, kc1, k-2, kc2, k1d, k-1d, k2d, k-2d, k3d, k-3d) are expressed in s-1, all second 
order rate constants (k1, k2) are expressed in s-1M-1 and Ea are expressed in J.mol-1. Confidence 
intervals were computed to a 95% confidence level.  
 
The kinetic parameters obtained by the fitting of this model to the experimental data 
are shown in Table 4. The values of the kinetic constants show that both the mono- 
and bi-coordinated sites are active in the polymerization of ethylene. However, both 
the coordination and insertion rates of the bi-coordinated species are much higher 
(k2=9.02 s-1M-1, kc2 = 3.98 × 102 s-1) than those of the mono-coordinated ones 
(k1=2.92×10-1s-1M-1, kc1= 5.19 × 10-4 s-1) thus showing that a trigger mechanism [50] 
may be present even in a zeolite supported catalyst. 
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The deactivation of this catalyst seems to be temperature dependent with activation 
energies for the deactivation reactions ranging from 35 J/mol to 75.8 KJ/mol, the 
uncoordinated species C* being the one witch presents the highest activation energy 
as well as the highest pre-exponential factor. This may explain the decrease of the 
activity observed when the reaction temperature is raised up to 80 ºC. 
In the case of the charcoal supported catalyst the kinetic behaviour is described by 
the same model but a higher second order effect is present since kc1 was fitted to a 
value indistinguishable from 0. 
 
Conclusions 
This study shows that V supported catalysts are active for the polymerization of 
ethylene and produce composite materials, with the zeolite catalysts embedded 
inside the polymer that is produced. 
Vanadium supported in zeolite has an activity of the order of magnitude of 105 and 
when supported in charcoal they still show activities of the order of 103. The V 
catalyst supported in zeolite, after 25 minutes reaches a stationary state with an 
activity of 50% of the maximum of activity observed (after 8 seconds). 
The polyethylene obtained with V catalysts is practically linear as shown by its 
1H NMR spectra and has improved mechanical properties when compared to the 
pure polymer, due to the inclusion of the zeolite particles. 
We may conclude that the V catalysts show activities similar to those observed in the 
case of the Cr catalysts [26] and that the zeolite Y was shown to be a better support 
than charcoal. However, Cr and V even when supported in charcoal, showed to be 
efficient enough as catalysts for the polymerization of ethylene. It is interesting to 
note that a scavenger has to be used for all the studied metal-supported catalysts. 
No polymer could be obtained, under the experimental conditions used, in the 
absence of any alkylaluminum or aluminoxane. 
The kinetic study of the vanadium on zeolite catalyst and the modelling based on a 
proposed mechanism allowed us to clarify some features of this type of catalysts. 
First, it showed that even an active centre inside the cage of a zeolite (with a cage 
size of 13 A) seems to be able to coordinate two molecules of ethylene. In fact, the 
best fitting was achieved for the mechanism proposed when the insertion constant for 
the bi-coordinated species kc2 is seventy thousands higher than that of the mono-
coordinated species kc1. Secondly, this study showed that for the V/Y catalyst the 
main deactivation reaction is monomer independent.  
 
Experimental part 
Materials 
NaY zeolite (LZ-Y52, Na52Al52Si140O384) was supplied by Union Carbide. Charcoal 
Activated GR was purchased from Merck (particle size 30μm, 1% of ashes, 10% of 
humidity, specific area, S = 1081 m2/g and total porous volume, vp = 0.67 cm3/g). 
NH4VO3 was purchased from Merck. Trimethylaluminum (TMA), tri-i-butylaluminum 
(TIBA), and diethylaluminum chloride (DEAC) were all purchased from Aldrich. 
Methylaluminoxane PMAO-IP with 7% Al and 1.7% free TMA, was purchased from 
Akzo Chemical Company and used as received. 
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Ethylene (N25) was supplied by Ar Líquido and passed over a bed of molecular 
sieves before being used in polymerization. 
 
Catalysts preparation and characterization 
Charcoal was impregnated by the incipient wetness method. The aqueous solutions 
of the metal salt (NH4VO3), with a metal concentration of 4 w %, were added drop by 
drop to the charcoal with stirring. The suspension was then evaporated to dryness 
keeping the stirring to ensure uniformity and catalyst V/C-4.0 was obtained. 
Incipient wetness was also used to prepare the vanadium/zeolite catalyst. NH4VO3 
was used since it was not possible to introduce vanadium by ion-exchange with the 
Na+ or H+ cations, of NaY or HY respectively, as it is usually done with metal cations, 
and the V is part of the anion of the salt and not of the cation. It is expected, 
however, that upon calcination vanadium cations will be formed, as observed by 
other authors in solid state reactions between vanadium (V) species and zeolites 
[34]. 
The solid state reaction may differ when NaY or HY are used as supports. In the 
case of NaY the calcination process will lead to the formation of oxides, which can be 
either from V or from Na, and that will result in deposits on the support. On the other 
hand if HY instead of NaY is used, and vanadium can replace the protons on the 
framework, no oxides are expected to remain on the catalyst since the water formed 
leaves the system during the calcination process. 
One V catalyst with a V concentration of 3.1 w% was prepared using NaY as support 
(V/Y1-3.1), and two others with concentrations of 0.4 and 2.5 w % were prepared 
using HY as support V/Y2-0.4 and V/Y2-2.5. A better interaction of vanadium with the 
support is expected in these V/Y2 catalysts since the amount of sodium oxides in 
these samples should be significantly lower than when NaY was used. 
HY was obtained by ion exchange of NaY with a 2 M aqueous solution of NH4NO3 
performed at 373 K during 1 hour, followed by calcination at 773 K under air. The 
exchange was not complete and the resulting zeolite HY still has 3.8 w % of sodium 
as determined by ICP, against the 8.2 w% of the original NaY zeolite. 
In the case of zeolite-based catalysts, the solids obtained after impregnation of the 
metals were dried at 373 K overnight and then calcined at 753 K for 8 hours, under 
air. The charcoal supported catalysts were also dried at 373 K over night and then 
calcined at 753 K under N2. 
The concentration of vanadium incorporated in the zeolite was determined by IPC. 
Cyclic voltammetry and XPS spectroscopy were used to characterize some of the V 
catalysts, namely to identify the oxidation state of the metal and to determine its 
surface concentration. Cyclic voltammograms were obtained using a Radiometer 
(model DEA 101) digital electrochemical analyzer controlled by a computer, which 
was also used to acquire the data. The XPS instrument used was a XSAM800 
(KRATOS) X-Ray Spectrometer operated in the fixed analyser transmission (FAT) 
mode, with a pass energy of 20 eV and the non-monochromatised MgKα X-radiation 
(hυ=1253.7eV). Charge effects were corrected using the carbonaceous 
contamination as reference for binding energies (C 1s binding energy =285 eV). X-
ray satellite peaks were subtracted. A Shirley background and pseudo-Voigt 
(Gaussian-Lorentzian products) profiles were fitted using XPSPeak41 software. 
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Other experimental details can be found in Part II of this set of papers and references 
therein [26].  The ESR instrument used was a Bruker SR 300 X-band. 
The dynamic mechanical analysis experiments were performed in a TRITEC2000B 
DMA from Triton Technology (U.K.), using the tensile mode. Both PE and PE/Zeolite 
blend films were cut into rectangular samples with about 14×4×0.07 mm. The films 
were fixed between clamps separated by 10 mm and a pre-load of 1 N was applied in 
order to maintain the sample tough. The experiments were carried out by keeping the 
displacement amplitude constant of 20 μm and the frequency was scanned at room 
temperature (ca. 25 ºC) between 0.1 and 40 Hz. In each experiment both the elastic 
modulus (E’) and the loss factor (tan δ = E”/E’, where E” is the loss modulus) were 
recorded against frequency. Each result is the average of three readings. 
 
Polymerization procedure and kinetic measurements 
-Polymerization procedure 
Polymerizations of ethylene were carried out in a flame dried 250 ml crown capped 
pressure bottle sealed with neoprene septum and pump filled with nitrogen 
atmosphere after three vacuum/nitrogen cycles. 50 ml of dry toluene were introduced 
in this polymerization bottle and after evacuating the nitrogen, the reactor is saturated 
with ethylene at the desired pressure. This pressure was kept nearly-constant 
throughout the polymerization reactions by using an on/off controller with a dead 
zone, which opens an inlet valve when the pressure falls below a pre-determined 
threshold, and closes it again when it exceeds another preset value. 
The co-catalyst was added in the proper Al/Ni ratio via a glass syringe. At this time, 
the solutions were allowed to equilibrate for 5 minutes. After this, the corresponding 
amount of a catalyst suspension in toluene was added to the polymerization reactors 
via a glass syringe equipped with a 3mm needle. The polymerizations were 
terminated after the desired time by quenching the mixture with 150 ml of a 1% 
HCl/methanol solution. The obtained polymers were then filtered, washed several 
times with 50 ml portions of methanol and dried in a vacuum oven at 50°C for three 
days. 
Typical kinetic measurements involving the heterogeneous catalysts in a slurry 
process are made by using an apparatus described previously in more detail [27, 51].  
 
-Polymer Characterization 
1H and 13C NMR spectra were obtained on samples dissolved in a mixture of 1,3,5-
trichlorobenzene with 10% C6D6 at 110 ºC. The instrument used was a Varian Unity 
300 spectrometer. The internal reference is provided by hexamethyldisiloxane (δ 1H 
0.06, δ 13C 2.0 relative to tetramethylsilane).  
The thermal properties of the polymers were determined by Differential Scanning 
Calorimetry (DSC). The amount of inorganic matter in the polymerization reaction 
product was determined by Thermal Gravimetric Analysis (TGA). The equipment 
used for the DSC/TGA analyses was a SDT 2960 simultaneous DSC/TGA from TA 
Instruments. The polymers were subjected to a heating ramp between 30 ºC and 200 
ºC using a heating rate of 10 ºC/min and a cooling rate less than 10ºC/min for DSC 
analysis. The TGA analyses of the polymers obtained with zeolite supported 
catalysts were performed by heating the samples from 30 ºC to 800ºC in an air 
stream. In the case of the polymers obtained with charcoal supported catalysts an 
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upper temperature of 600ºC and a nitrogen stream (contaminated with traces of 
oxygen) were used instead. Several blank runs (only charcoal and V/C catalyst) were 
carried out in order to get the best conditions for the polymer to be burned leaving 
almost intact the charcoal (within an error of ~1%). 
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