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Gas phase copolymerization of ethylene/1-butene was performed in a semi-
batch reactor using MgCl2 supported Ziegler-Natta catalyst. Prepolymerized
catalysts with different Al/Ti ratios were prepared by slurry polymerization of

ethylene and the resulting polymers were dried in-situ. DSC and FTIR were used to
identify 1-butene incorporation in the copolymerization. DSC Measurements showed
that by copolymerization of ethylene with 1-butene, Tm and the crystallinity decrease.
This decrease is more pronounced in lower Al/Ti ratios. By increasing Al/Ti ratio, the
crystallinity of copolymers increases. FTIR showed that with introducing 1-butene in
the polymerization and formation of ethylene/1-butene copolymer, the A1378/A1368
ratio increases considerably. Polymerization rates were affected by Al/Ti ratio showing
two regions of different slopes. The slopes in the first region in the polymerization rate
curves are similar while the slopes in the second region vary depending on the Al/Ti
ratio. The decay constant (kd) of catalyst deactivation was calculated and it was con-
cluded that Al/Ti with value of 8 has a lower kd indicating lesser temperature variation
during polymerization which is probably preferred in industrial production of ethylene-
1-butene copolymers.

INTRODUCTION

Gas phase polymerization is one of
the most important methods for the
production of polyolefins. Low
energy consumption, a solvent-free
process, an advantage over the
products obtained by solution and
slurry processes, in addition with

simpler technology over the other
processes favour gas phase poly-
merization for commercial produc-
tion [1-3].

Studies on polyolefin polymer-
izations are commonly performed
in semi-batch slurry reactors.
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However, a prediction of the activity of a catalyst
for gas phase polymerization using the results from
slurry polymerization could be incorrect. The differ-
ences in catalyst behaviour between gas phase and
slurry processes could result from various causes such
as differences in activation and deactivation rates of
the active centres by alkyl aluminium [4,5] and differ-
ences in heat and mass transfer in the particles of the
catalyst [6,7]. Gas phase polymerization of ethylene
using MgCl2/ethyl benzoate/TiCl4 was performed and
the effects of TEA (triethyl aluminium) and tempera-
ture were reported [8]. A comparison between gas-
phase and slurry copolymerization of ethylene with 1-
butene using similar catalyst was carried out and dif-
ferent rate-time profiles were obtained [9]. A dynam-
ic kinetic model describing gas-phase copolymeriza-
tion with a multiple active site Ziegler-Natta catalyst
was reported which is capable to predict molecular
weight, copolymer composition and changes in an
industrial reactor [10]. Catalyst site activation and
deactivation were studied using a short stop reactor
and it was concluded that depending on catalyst sys-
tem and the reaction conditions, different morpholo-
gies of nascent polymer are obtained [11]. Due to the
ease of  setting up and controlling the reaction condi-
tions, most of the reports in the literature describe
slurry polymerization using Ziegler-Natta catalysts
and there is a growing need toward gas phase poly-
merization and determination of effective parameters
in this kind of reactions. The present work was there-
fore performed to study gas-phase copolymerization
of ethylene with 1-butene on active prepolymerized
catalyst prepared by slurry homopolymerization of
ethylene. Changes in the reaction conditions in terms
of temperature and pressure were precisely monitored
in order to investigate the effects of different Al/Ti
ratios on the polymerization rates and deactivation of
catalyst active sites. In comparison with other works
essentially that of Wu [9], the main objective of this
work was to examine the effect of different Al/Ti
ratios.

EXPERIMENTAL

Materials
TiCl4/DMF/MgCl2 Catalyst solution in n-hexane hav-

ing 150 mmol/L of Ti was used. Tri-n-octyl alumini-
um solution in hexane having 810 mmol/L Al (Arak
Petrochemical Co.) was used without further purifica-
tion. Ethylene, nitrogen and hydrogen of extra pure
grades were further purified with filled columns of
molecular sieves that absorb H2O, CO2 and sulphur.
1-Butene of extra pure grade in a pressurized cylinder
was used without further purification.

Characterization
Melting points (Tm) and the degree of crystallinity of
polymers were measured using PL differential scan-
ning calorimetry (DSC) at 10ºC/min heating rate. The
values of MFI (melt flow index) of the polymerization
products were measured by Ceast Junior melt flow
indexer, at 190ºC with 2.16 kg load according to
ASTM D-1238. Densities of the products were meas-
ured according to ASTM 1505.

FTIR Spectra were obtained with a Bruker
(Equinox 55). Chemical structures of ethylene/1-
butene copolymers were identified by IR spec-
troscopy. By calculating the A1378/A1368 absorbance
ratios, 1-butene partitioning in the copolymers was
investigated [12].

Slurry Prepolymerization
A one litre stainless steel buchi reactor with a special
spiral type mixer was purged with nitrogen at 80ºC for
2 h. Then, 250 mL n-hexane was charged into the
reactor at 60ºC and 1 mL tri-n-octyl aluminium solu-
tion (cocatalyst) was added in order to remove all
impurities inside the reactor. Certain amounts of cata-
lyst (0.15 mmol) and cocatalyst (2.4, 1.2 and 
0.6 mmol) were added and ethylene with a rate of 
50 mL/min and hydrogen with a rate of 1 mL/min
were introduced for 120 min, using two mass flow
controllers (Brooks model: 5850S) which were con-
trolled by a personal computer. Prepolymerization
was carried out at 60ºC and 400 rpm using three Al/Ti
ratios of 4, 8 and 16 and the reaction was halted when
a yield of 50 g PE/mmol Ti was achieved. This was
designed upon rate and the total time of ethylene
injection into the reactor. Prepolymerized product was
dried in the reactor and purged by dry nitrogen at 70ºC
for 2 h. In this way polymer powder having active
sites for polymerization was obtained which was sub-
sequently used for gas phase polymerization.
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Gas Phase Polymerization
Polymerization was continued in the same reactor at
75ºC in the gas phase using dried polymer powder.
Particles were stirred at a speed of 1200 rpm with a
special designed mixer in order to simulate the flu-
idized bed reactor.

Initially 1.5 bar hydrogen, 3.5 bar 1-butene, 11 bar
nitrogen and 4 bar ethylene were applied to the reac-
tor producing a total pressure of 20 bar. The pressure
of the reactor was controlled with a personal comput-
er which acts as a PID controller and mass flow con-
troller (MFC). The MFC allows ethylene to pass into
the reactor parallel to ethylene consumption in order
to maintain the pressure at 20 bar. Each 20 s, a com-
puter recorded the reactor pressure, temperature, rpm
and flow rate of the introduced ethylene.

RESULTS AND DISCUSSION

In the slurry polymerization the final yield of 50 g
PE/mmol Ti was obtained. After drying the polymer
particles, gas phase copolymerization was performed
and the reactions were continued until a low and fair-
ly constant ethylene consumption was observed. As
mentioned, the controller should keep the reactor
pressure at a constant value of 20 bar. But at the
beginning of gas phase polymerization, the tempera-
ture increases considerably which in turn it causes an
increase in reactor pressure. At the same time ethylene
is rapidly consumed in the polymerization reaction
which leads to a decrease in pressure. 

In order to remove all changes related to tempera-
ture variations, pressure was calculated at a constant
temperature and the results were plotted in Figure 1
using Boyle's law. Figure 1 shows the variation of
reactor pressure as a function of time for reactions of
different Al/Ti ratios. It can be seen from Figure 1 that
all curves show two regions of pressure drop. The
slope of the curve in the first region is very high indi-
cating a very high rate of ethylene consumption. But
the slope of curve in the second region is lower, show-
ing lower ethylene consumption. Furthermore Figure
1 shows that by increasing Al/Ti ratios from 4 to 16,
the pressure drop increases. This is related to the high-
er ethylene consumption due to higher activity of the
catalyst. Moreover, after the initial pressure drop and 

Figure 1. Reactor pressure as a function of time for differ-
ent Al/Ti ratios.

before the second region, different behaviours in pres-
sure are observed. By using Al/Ti of 4 there is an
increase in pressure while by Al/Ti of 8 a constant
pressure is observed. With Al/Ti of 16 the second
pressure drop is happened immediately after the ini-
tial drop, indicating higher catalyst activity.

Figure 2 shows ethylene consumption rate as a
function of time for Al/Ti equal to 16. There are three
curves shown in this figure. Curve A shows the data
which were obtained directly from MFC.
Exceptionally there is a flat line in this curve between
20 to 75 min which is due to the limited MFC flow
rate capacity (1000 mL/min), showing that the con-
sumption of ethylene is higher than 1000 mL/min. As 

Figure 2. Ethylene consumption rate as a function of time in
gas phase polymerization for Al/Ti=16.
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Figure 3. Linear relationship between ethylene consump-
tion and reactor pressure.

the rate of reaction and consumption of ethylene is
higher than MFC upper limit, the pressure of the reac-
tor will decrease significantly. In order to determine
the consumption rate between 20 and 75 min, a linear
relationship between the reactor pressure and the flow
rate of consumed ethylene was used and the results
are shown in curve B of Figure 2. The linear relation-
ship between pressure and ethylene consumption is
shown in Figure 3.

Curve C in Figure 2 shows the consumption rate of
ethylene adjusted to a constant temperature of 75ºC.
Because of poor heat transfer between gas phase and
thermal jacket of the reactor, a precise temperature
control of the reaction is very difficult. The tempera-
ture of the reactor shows a high increase from 65ºC to
around 78ºC during the first 20 min. Since changing
the temperature will change the pressure, adjustments
of temperature and pressure are necessary to obtain
the polymerization rate at a constant temperature. To
do this, at first all temperatures were adjusted to 75ºC
and the corresponding pressures were calculated
using Boyle's law equation. Then with employing the
linear relationship between pressure and ethylene
flow rate (Figure 3), ethylene consumption rate at
constant temperature of 75ºC is obtained (Curve C).
This procedure was repeated for all experiments
(Figures 4 and 5). The variation in the slope of poly-
merization rate which manifests itself in a bimodal
curve could be due to the decreasing rate in the reac-
tion temperature. The decrease in the rate is due to the
somewhat high ethylene introduction with low tem-
perature into the reactor which to some extent com-
pensates the heat of polymerization. The remarkable 

Figure 4. Ethylene consumption rate as a function of time in
gas phase polymerization for Al/Ti=8.

issue is that the turning point in the reactor tempera-
ture is in accordance with that of the polymerization
rate, both within 3 to 5 min after the reaction starting
point.

Figure 6 shows the ethylene consumption as a
function of time for reactions of different Al/Ti ratios.
It can be seen from Figure 6 that each reaction has two
intervals of ethylene consumption [13]. The portion of
curve corresponding to the first interval shows a very
high slope, indicating very high polymerization rate at
the beginning of the reaction. But in the second inter-
val the curves show lower slopes which means ethyl-
ene is consumed at a lower rate. It can be seen from 

Figure 5. Ethylene consumption rate as a function of time in
gas phase polymerization for Al/Ti=4.
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Figure 6. Polymerization rate for different Al/Ti ratios.

Figure 6 that the slope of rate of ethylene consump-
tion in the first interval is similar for all reactions,
while by increasing Al/Ti ratio the slope of polymer-
ization rate increases in the second interval. By
increasing Al/Ti ratio to 16, polymerization rate
increases and reaches 700 g PE/h.mmol Ti which indi-
cates the highest catalyst activity among different
Al/Ti ratios in this study. After these maximums, a
decay in polymerization rate occurs with different
slopes (Figure 6). Similar behaviour was observed by
Han-Adebekun and Ray in gas phase polymerization
of olefins through TiCl4/MgCl2 catalyst [14]. 

An explanation of the rate decay phenomenon is
that active sites are lost during the reaction due to the
chemical deactivation. Siegfried Weber attributed the
decay rate to the non-reductive metathesis reactions
like those known for zirconium alkyls [15]. Han-
Adebekon and Ray assumed an overall first order
spontaneous deactivation. On this basis, a first order
deactivation with time during the copolymerization
was proposed. With respect to first order decay sys-
tem, the rate constant of decay can be obtained by the
following approximate equations [16]:

Since monomer concentration is constant during the
copolymerization at a given Al/Ti ratio the rate of

polymerization becomes directly proportional to the
active centres concentration, the following equations
can be derived:

and then

where R0 and Rt are polymerization rates at the time
of maximum polymerization rate and the time of t,
respectively, and kd is the decay rate constant. The
dependence of the rate of polymerization on the cata-
lyst active site concentration has been reported in gas
phase, slurry and solution reactors [17]. Figure 7
shows the plot of ln(Rt/R0) against time and fitted
lines and the results of curve fitting are demonstrated
in Table 1. 

Table 1 represents the absorbance ratio of ethyl-
ene/1-butene copolymers with different Al/Ti ratios
and decay rate of copolymerizations. It is shown that
by addition of 1-butene, the ratio of A1378/A1368
increased considerably. This is related to the higher 
-CH3 group in ethyl branch structures. It can be seen
from Table 1 that by increasing Al/Ti ratio the melting
points and degree of crystallinity of copolymers
increase. Furthermore by introducing 1-butene in the
polymerization and formation of ethylene/1-butene
copolymer, the melting point decreases considerably
which is due to the side branches. From Figure 7 and 

Figure 7. First order kinetic plot of decay rate with time at
various Al/Ti ratios.
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Table 1 it can be seen that different kd constants were
obtained due to the different catalyst activities. In
Al/Ti equal to 8 a lower decay rate was observed indi-
cating lesser temperature variation during polymeriza-
tion which is probably preferred in industrial produc-
tion of ethylene-1-butene copolymers.

CONCLUSION

Gas phase polymerization of ethylene with 1-butene
was performed using prepolymerized MgCl2 support-
ed Ti catalyst with varying Al/Ti ratio. It was shown
that the rate of reaction increases with Al/Ti ratio and
the corresponding curves show two different slopes of
ethylene consumption. The first slopes for all reac-
tions are similar while the second ones increase with
increase in Al/Ti ratio. A first order decay equation
was employed and kd was calculated for each Al/Ti
ratio. It was found that Al/Ti ratio equal to 8 has a
lower decay rate. FTIR Spectroscopy confirmed 1-
butene addition to PE chains during the copolymeriza-
tion. DSC results showed that Tm and the degree of
crystallinity increase with increase in Al/Ti ratio and
copolymerization reduced considerably the melting
point of the polyethylene homopolymer. 
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Al/Ti Comonomer A1378/A1368 Tm 

(ºC) 

Crystallinity  

(%) 

MFI 

(g/10 min)  

Density 

(g/cm3) 

Kd 

(min-1) 

Correlation 

coefficient  

8 - 0 135.22 58.91 0.01 0.9487 - - 

4 l-butene 0.71 125.49 39.68 0.29 0.9242 0.0119 0.98 

8 l-butene 0.73 127.49 42.94 2.1 0.9325 0.0056 0.91 

16 l-butene 0.70 129.43 57.15 2.7 0.9400 0.0067 0.97 

Table 1. Physical properties and decay rate coefficients of samples.
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