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Synopsis 

The morphologies of the as-produced polyethylenes obtained by slurry polymerizatiod process 
of ethylene in n-heptane, using heterogeneous conventional and supported Ziegler-Natta catalysts, 
were investigated. The ability of four different catalytic systems in controlling the size and shape 
of the nascent polymer particles were tested. The catalytic systems employed were: the original 
Ziegler type catalyst produced by reduction of T i c 4  with Et2AlC1, the Natta type catalyst TiClrAA, 
the reduced Tic14 with the metal carbonyls [Mo(CO)s and Mnz(CO)lo], and the supported Tic14 
on three commercial silicas having different surface areas: Davison 951,952, and also the Dart 1OOO. 
It was found that the carriers affect the catalytic activity of the final catalyst and also its kinetic 
behavior. The supported Ziegler-Natta catalysts control more easily the nascent polymer particles 
(size, shape, and porosity) than the conventional ones. In addition, the morphology of the catalysts 
and the subsequent polymer particles are closely related to the parent morphology of the silicas used 
as carriers. Furthermore, the nascent morphology of the polyethylenes obtained with the conven- 
tional TiC14-Et~AlCl catalytic system can be modified by using different IAII/ITiI ratios, resulting 
in more dense, spherical, and bigger polymer particles by increasing this ratio. On the other hand, 
detailed studies on the texture or arrangement of the polymer particles reveal the existence of mainly 
two fine morphologies (globular and wormlike), which are the result of the order of the primary or 
elementary catalyst particles (microspheres and platelets), the force linking them together, and the 
activity of the polymerization centers placed on their surface. 

INTRODUCTION 

In the recent years a great effort has been made to understand how the poly- 
olefins grow on the surface of heterogeneous Ziegler-Natta In- 
dustrial and academic reasons can be given for that interest. On one side, the 
elucidation of the growth mechanism of single polymer chains on the active 
centers of the catalyst and the process by which they become assembled to form 
the different morphologies could give valuable information on the very complex 
coordinative polymerization mechanism. On the other hand, by controlling the 
average size and size distribution, shape, bulk density, and porosity of the 
polymer particles, these can be more easily worked up, the reactor productivity 
can be enhanced, and the elimination of the pelletizing process in the manufac- 
ture of the polyolefins can be expected. This process is one of the most energy 
consuming steps in a polymer plant. 

It has been previously reported that, for the catalyst systems @-Tic13 obtained 
by reduction of Tic14 with A1 alkyl and for the TiC13-AA-Et2AlC1, the polymer 
particles retain the shape of the original catalyst  particle^.^,^ This ability of the 
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catalyst to impose its shape on the as-produced polymer has been named repli- 
cation phenomenon. 

The macroscopical catalyst particles consist of loosely bounded agglomeration 
of small subparticles with diameter in the microns. The monomer diffuses 
through the pores into the aggregate of subparticles. The polymerization takes 
place at  the active centers located on their surface, crystallizing the produced 
polymer as soon as it becomes insoluble in the reaction medium, producing the 
encapsulation of the catalyst subparticles. The pores are, therefore, filled with 
polymer, leading to the fissuring, rupture, and expansion of the particles. The 
diameter of the polymer particles grows to a factor, several times the size of the 
catalyst particles, as the conversion increases (replication factor).g 

In the case of the catalytic system based on TiC14-AA, we have shown8J0 that 
the different nascent morphologies (globules and wormlike) are basically made 
up by the different aggregations of essentially two types, primary or elementary 
polymer subparticles (platelets and microspheres) produced by very tiny catalyst 
particles of the same shape, which remain embedded within them during the 
polymerization. Therefore, the variety of morphologies mentioned depends, 
consequently, on the manner by which these primary catalyst particles are ar- 
ranged with respect to each other and also to their activity (polymerization rate). 
In the present paper we offer more evidence gathered not only with the Tic13 
but also by using other catalytic systems, such as Tic14 reduced with Et2A1Cl 
and metal carbonyls [Mo(CO)~ and Mn2(CO)lo] and the supported T i c 4  on three 
different commercial silicas: Davison 951,952, and also the Dart 1000. 

EXPERIMENTAL 

Catalyst Preparations. Brown P-TiC13 was prepared by reduction of tita- 
nium tetrachloride (Merck, West Germany) with diethyl aluminum monochloride 
(Ethyl Co., United States) in the polymerization medium at  25"C, under stirring 
and using JAlI/ITil ratios within the range of 5-40. A suspension of porous 
catalyst particles in n-heptane was obtained, which could be easily stirred. 

The reduction of TIC4 with Mo(CO)~ and Mns(C0)lo (RIC/ROC, United 
States) was carried out following the procedure described by Greco et al.," ac- 
cording to the general reaction scheme: 

nTiCl4 + M(CO), - IM(CO),.nTiCl4I - MnCl4nTiCl3 + xCof (1) 

Well-defined stoichiometric adducts of Tic13 with MC1, showing high activity 
for ethylene polymerization were prepared. 

The Tic13 grade AA from Stauffer Chemical Co. was used without any modi- 
fication or purification. 

The supported catalysts containing Ti metal were prepared by previous 
treatment of the silica gels at 150°C under vacuum for 4 h. Then, the SiOs were 
reacted with a 7M solution of Tic4 in n-heptane under stirring (80 rpm) at  60°C 
during 3 h, using a ratio of 1 g Si02/2 mL TiC14. After the impregnation was 
finished, the excess of solution was vacuum eliminated. Then, it was washed 
with plenty of n-heptane and the solid catalysts dried at  room temperature for 
1 h. All the procedures were carried out in dry box or under N2 blanket in order 
to assure anaerobic and anhydrous conditions. The total amount of supported 
Ti was determined as its peroxide by a colorimetric method using an ultraviolet 
Unicam SP 1800 Spectrometer. 
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Surface Area and Pore Size Determinations. The surface areas of the 
supported catalysts were determined by the well-established BET method.12 
First, the samples were evacuated at torr for 24 h at  room temperature to 
remove physisorbed molecules. Then, nitrogen gas was admitted, and the 
pressure drop was measured. The determinations were made for PIP0 between 
0.05 and 0.3; where P is the measured pressure and PO is the saturating vapor 
pressure of the nitrogen. 

The results were plotted according to the equation 
1 c-1 P +- X -  pIpQ - 

V ( 1 -  P/Po) v,c v,c Po 
where V is the volume at  pressure P ,  V ,  is the volume of N2 corresponding to 
the monolayer, and C is the BET constant. 

The surface area S is determined by the following equation: 

m2.g-1 V,As 
W (  22,400) 

S =  (3) 

where V,  has been previously calculated by eq. (2), A is the Avogadro's number, 
s is the area of one nitrogen molecule taken as 16.2 X 10-20 m2, and W is the 
sample weight (g). 

The pores size distribution was calculated by the adsorption-desorption iso- 
therms using the Brunauer-Mikhail-Bodor method,13 which is applied to pores 
of any shape. The determinations were made for values of PIP0 until 1.0. 

The total surface acidity (Lewis and Braston acid centers) was determined 
by the Webb method,14 using the chemisorption of NH3 gas and given as mmol 
of NH3/g of solid. 

Polymerization Procedure. The polymerization procedures have been 
described e1~ewhere.l~ Careful precautions were taken to ensure anaerobic and 
anhydrous conditions. Polymerizations were conducted in batch in a 250-mL 
stirred glass autoclave (Buchi, Switzerland). Except where otherwise noted, 
the runs were carried out in n-heptane at constant ethylene pressure of 5 atm 
at  50°C and under 1200 rpm stirring speed in order to minimize mass transfer 
control of the polymerization rate, and normally using an IAlI/ITi( ratio of 10. 
Both catalyst components, solid containing Ti and the Et2AlC1 used as cocatalyst, 
were introduced into the reactor separately. First, the cocatalyst was introduced 
and then the catalyst containing Ti. 

Polymer Characterization. Viscosimetries were performed in Ubbelohde 
suspended level instruments. The intrinsic viscosity of the samples were de- 
termined at  135 f 0.05"C in decalin containing 0.1 wt  % of Santonox to avoid 
polymer degradation. The molecular weights were calculated by the equa- 
tionl6 

171 = 6.2 X at7' (dL/g) (4) 
Electron Microscopy. The catalysts and the polyethylene samples were 

examined in a scanning electron microscope (SEM) Philips SEM 500, using an 
accelerating voltage of 20 kV. The specimens were previously deposited on SEM 
stubs, joined by conductive-adhesive silver paint and coated with a film of gold 
about 20 A by sputtering techniques in order to avoid electrostatic discharges 
during observations. General views of the samples for size and shape catalysts 
and polymer particles determinations were taken using an electron beam di- 
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ameter between 640 and 320 8, while, for morphological detailed observations, 
smaller electron beam diameters of 80-160 8 were used, obtaining under the 
latest conditions higher resolutions at  higher magnifications. 

The preparations of the samples for observation under the transmission 
electron microscope (TEM) were made in the usual manner. Before viewing, 
the polyethylene samples were disrupted mechanically in ethanol by ultrasonic 
desintegrator. Subsequently, drops of the obtained suspension were dried on 
grids previously coated with a film of evaporated carbon. Then, the specimens 
were shadowed with Pt-C at  an angle of 35" to improve the contrast. 

Finally, the specimens were examined in a transmission electron microscope 
Philips TEM 201 at  100 kV acceleration voltage. 

RESULTS AND DISCUSSION 

Catalyst Composition and Kinetic Behavior 

According to extensive ~ t u d i e s , ~  when Tic14 is mixed with AlEtzCl, a series 
of reactions take place which involve reductions, alkylations, and dealkylations 
of the titanium, as shown in 

TIC4 + AlEt2Cl- EtTiCl3 + AlEtClZ (5) 
Tic14 + AlEtClz - EtTiC13 + AlC13 (6) 

EtTiCl3 - Tic13 + Et. (7) 

(8) 

The so-produced brown catalytic solid is very complex in its chemical com- 
position, consisting of @-Tic13 mixed with AlC13 and probably with some 
chemisorbed AlEtC12. 

This catalyst is very unstable and undergoes several reactions during the 
polymerization, which leads to its deactivation. This behavior is the main reason 
for the decay type curve observed for ethylene polymerization, as shown in Figure 
1. The initial part of the curve could not be detected, owing to the formation 
of very high active centers immediately after the catalyst formation, which 
produces a very high polymerization activity. Therefore, only the decay period 
during which the activity decreases gradually has been represented. 

In case of the reduction of Tic14 with the metal carbonyls Mnz(CO)lo and 
Mo(CO)6, the produced catalytic solids show the chemical composition of 
MnC1~2TiC13 and MoC13-3TiC13, respectively, according to Greco et a1.k find- 
ing." The MoTi3C112, having probably a mixture of @ and y modification of 
Tic13 is brown in color, while the MnTizClg presents the y modification and is 
red-violet. 

The polymerization kinetic curves obtained with these two catalytic systems 
are also of the decay type, but in these cases the build-up periods could be re- 
corded. This might be due to the formation of more stable and probably less 
active centers than those produced in the TiC14-AlEt2Cl system. Thereupon, 
the deactivation of the active centers occurs slower. Finally, the activity obtained 
with the system containing Mo is lower than with Mn, as previously established 
by Greco et a1.l1 In the case of TiC13-AA/AlEtZCl also a decay type curve was 

2Et- - ethane + ethylene 
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Fig. 1. Dependence of activities with the polymerization time observed for different catalysts: 
(0) Tic4 reduced with AEt2Cl; (A) TiClrAA; (0 )  T i c 4  reduced with MO(CO)~; (X) T i c 4  reduced 
with Mns(CO)lo. 

found, although with this catalytic system usually acceleration type curves have 
been reported.17 The apparent disagreement with the results obtained in this 
work can be explained by the high IAlI/ITil ratio used for activation (i.e., 10 
instead 4). This might produce a more intensive attack of AlEt2Cl to the active 
centers placed on the surface of the TiC13, poisoning and reducing the Ti(II1) 
to a lower valence state. 

The reason for using so high a I A1 I /I Ti I ratio in the present work is owing to 
the necessity of comparing the results obtained with the previous unsupported 
conventional catalytic systems with the supported ones. With the later systems, 
the higher activities were achieved at  IAlI/ITil ratios over 2018; nevertheless, 
as a compromise a ratio of 10 was chosen. 

Another explanation given for the slow down of the catalytic activity is the 
encapsulation of the catalyst particles by the forming polymer, as the reaction 
proceeds. As a consequence of that, the polymerization becomes diffusion 
controlled. However, as will be referred to later on, this interpretation only does 
not give a consistent explanation to the results found for the supported catalysts. 
For these catalytic systems acceleration curves were found, proceeding the re- 
action at constant rate for several hours, although their activities are higher than 
those observed for the unsupported catalysts and therefore the polymer 
amount. 

The preparation of supported Ziegler-Natta catalysts on Si02 carriers is based 
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on the reaction of Tic14 with isolated, vicinal, and geminal hydroxyl groups of 
the silica, according to the following e q u a t i ~ n s l ~ - ~ ~ :  

(9) 
\ 
-Si-OH + TiCl, - h - O - T i - C I  + HCI 
/ / 

‘Cl single isolated 

\ 

7si-o\n/c1 + 2HC1 (10) 

L S i - o H  
/ 

+ Tic1, - 0, 
-Si-0 ’ ‘c1 O\ FSi-OH 
/ 

isolated pairs 
(vicinals) 

\ +HCI 
c1 

0 - H  
/ \  

OH 

1 geminals 

The amounts of Ti supported on the three different silicas are given in Table I. 
The higher amount of Ti (8.4%) deposited corresponds to the SiOn Davison 952, 
which is the more porous silica, and the lower Ti supported corresponds to the 
silica Dart 1000. It is also noteworthy that, during the reaction of Tic14 with 
Si02, approximately 0.4% of Ti(1V) is reduced to the oxidation state Ti(II1). 
Furthermore, the original surface area of the SiOa is reduced significantly, while 
the surface area acidities increase. By subsequent reaction of the supported 
TIC4 on SO2 with the cocatalyst AlEt2C1, the following probable active species 
might be formed: 

Precursors species Probable active species 

\ \ 

0 ’ ‘Ti’ + AlEt,CI _.t 0 + AIEtCl, (14) 

-Si-0 ‘ “Cl 

/’ 

FO\ /Et 
-Si-0 C1 

/ / 

Et 
/ 

‘Cl 
O-Ti-Cl+ AlEtCI, (15) 

-s1 ‘ ’/*Ti<; + 2AlEt2Cl - -Si ‘ ’ ’ ‘*€I ’ ‘O-AlEtCl + Et-H (16) 
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I 1 I I 

I 2 3 
POLYMERIZATION TIME ( h r )  

Fig. 2. Dependence of the activities with the polymerization time observed for the three supported 
Tic14 catalysts on three different silicas: (*) Dart 1ooO; (0 )  Davison 952; (0) Davison 951. 

Single alkylation reactions have been formulated, but double and even triple 
alkylations of the titanium might be also considered. Furthermore, it has been 
shown18 that a certain amount of the surface bounded Ti(IV), situated in close 
proximity to one another, can be reduced to Ti(II1) by the aluminum alkyl re- 
action. These species might also participate in the polymerization of eth- 
ylene. 

The kinetic curves for the three supported catalytic systems are given in Figure 
2. It can be observed that the activities for the supported catalysts are higher 
than the activities found for the unsupported ones. This might be due to an 
increase in the number of “working titanium” by spreading them out on the 
supports. On the other hand, the activity and also the kinetic behavior depend 
on the type of silica used. For the Davison 951 and Dart 1000, acceleration-type 
curves were obtained, while for the Davison 952 a decay curve was found. 

The following conclusions may be drawn from the above results: First, the 
decay period in the decay type polymerizations might be due mainly to deacti- 
vation processes of the catalytic active centers, rather than to diffusion controlled 
reactions. This is especially true when a low amount of polymer is formed. 
Second, the acceleration curves observed for catalysts supported on 951 and loo0 
silicas may be due to the formation of more stable and evenly distributed active 
centers on the catalyst surface. Third, the decay type curve found for the catalyst 
using 952 silica might be explained by admitting aggregations of active center 
by a poor dispersion of the titanium. In this case, deactivation between active 
centers might occur by the following equations: 
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OTiCl, . AlEt ,C1 
\ /  

/ ‘ OTiCl,. AlEt,CI 

+ EtH + olefin (17) 
OTiCI, . Et . AlEt ,C1 

-Si ’ ‘OTiCl,-Et~AIEtlCI 
- -Si \ /  

OTiCIEt,-AIEtzC1 0. Tic1 . AlEt &1 
+ EtH + olefin (18) \ /  - -Si \ /  -Si 

‘OTiClEt~.AlEt2Cl ’ ‘OTiCl~AlEt,Cl 

giving Ti in a less active oxidation state. On the other hand, the 952 SiOa par- 
ticles have poor mechanical strength undergoing disruption and pulverization 
into very fine particles. 

Finally, the polyethylene molecular weights obtained with different catalytic 
systems are given in Table 11. It can be seen that in absence of H2 the molecular 
weights are in the range of the ultra-high-molecular weight polyethylenes 
(UHMWPE). 

Morphology of the Polymer Granules 

SEM micrographs of polyethylene powder obtained by slurry polymerization 
of ethylene in n-heptane using Tic14 and reduced with AlEtzCl showed that this 
conventional catalytic system has a very poor control on the size and shape of 
the polymer particle. The granules are irregular, rough, and spongy, with very 
low bulk density of about 0.100 kgL-’ [Fig. 3(a)]. However, when the (AlI/ITiI 
ratio increases the produced polymer particles are more dense, smooth and nearly 
spherical [Fig. 3(b)]. In addition to this,the size also increases, as can be seen 
in Table 111. At higher magnifications, different interesting features could be 
observed. The particles exhibit a globular morphology, i.e., they are formed by 

TABLE I1 
Polyethylene Molecular Weights Obtained with Different Catalytic Systems 

Molecular weight 
Catalytic system (M, x 10-6) 

TiClJAIEt2Cl 1.26 
TiCla/Mo( CO)G/AlEtzCl 2.95 
TiC4/Mnz(CO)lo/AlEt&l 1.95 
TiC14/951Si02/AlEt2Cl 2.65 

TABLE 111 

Catalytic system 1‘41 I m i l  Average size (p )  

TiC14/AIEtzCl 5 100-200 
TiCldlEt2CI 10 200-400 
TiC14/AlEt2CI 30 300-500 
TiC14/M(CO),/AIEt~Cla 10 50-300 

TiC14/SiOz/AlEt&l 30 200-500b 
TiC13(AA)/AlEt&l 5 100-300 

a Where M = M,, and Mo. 
It depends on the original size of the catalytic support Si02. 
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(b) 

Fig. 3. SEM micrographs of polyethylene particles obtained with the Tic4  reduced with AIEt2CI 
at different IAII/(Til ratios: (a) 5; (b) 30. 

aggregations of globules, interconnected each other by fibers, which are originated 
by stretching the polymer between them due to expansion of the particles during 
growth (Fig. 4). Furthermore, it can be seen that the globules display a clear 
lamellar characteristic. 

Similar observations were obtained with the catalytic systems based on T i c 4  
reduced with metal carbonyls [MnZ(CO)lo and Mo(CO)s] and activated with 
AlEt2Cl [Fig. 5(a)]. However, in the case of the catalyst containing Mo, a 
wormlike morphology, as shown in Figure 5(b), was observed. On the other hand, 
the bulk densities of these polymers are lightly higher and the particle size dis- 
tribution broader (see Table 111). 

The polymer granules produced with the TiC13-AA/AlEt2Cl catalytic system 
are similar in size to those obtained with the previous catalytic system (Table 
111), at  the same I All / I  Ti I ratio. However, they are more regular in shape and 
more dense, having a bulk density of about 0.300-0.350 kg-L-'. 
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Fig. 4. SEM micrographs of the globular morphology obtained by the slurry polymerization of 
ethylene using the TiC14-AIEtZCI catalyst. 

(b) 
Fig. 5. (a) SEM micrographs of polymer particles and (b) wormlike morphology observed by the 

polymerization of ethylene using the TiC14-Mo(CO)e catalyst system. 
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(b) 
Fig. 6. (a) SEM micrographs of the silica Davison 951 before polymerization and (b) of the resulting 

polymer beads. 

Finally, the supported catalysts on SiO2 showed the best catalytic control on 
the size and shape of the polymer particles (Fig. 6-8). The bulk densities are 
in the range of about 0.400-0.450 kgL-'. Furthermore, when the SiO2 aggregates 
have low mechanical strength, due to the fact that the primary particles are 
bonded together at a low degree of coalescence, they undergo dispersion into finer 
aggregate, giving rise to smaller polymer particles, broadening the particles size 
distribution, and increasing the amount of fines in the polymer. This is the case 
of the 952 Si02 and to a lesser degree of the Dart 1000. On the other hand, the 
higher polymer-catalyst average particle-size replication ratio corresponds to 
the catalyst obtained with the 952 Si02 having a value of 25, while the replication 
factors of the other catalysts were 10 and 5 for the Davison 951 and Dart 1000, 
respectively (Fig. 9). For comparison Luciani et a1.22 have reported polymer- 
catalyst replication ratios as high as 39-27, while Galli et aL9 have published 
values in the order of 20 using MgCl2-supported Tic14 catalyst. These values 
contrast with 7-10 of the traditional catalysts. 

Furthermore, it has been found that Davison 951 is the silica giving the best 
control of the shape and size distribution of the polymer [see Fig. 6(b)]. This 
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(b) 
Fig. 7. (a) SEM micrographs of the silica Davison 952 before polymerization and (b) of the resulting 

polymer beads. 

(a) 
Fig. 8. (a) SEM micrographs of the silica Dart loo0 before polymerization and (b) of the resulting 

polymer beads. 
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(b) 
Fig. 8 (Continued from the previous page.) 

is mainly due to the more uniformity in the size of the silica granules and also 
to its best mechanical strength, avoiding the formation of fine particles by dis- 
ruption of the catalyst during polymer growth. 

On the other hand, it was observed that a certain amount of polymer produced 
with the silica Davison 952 consists of hollow spherical beads, as can be seen in 
Figure 7(b). This is so, although the silica granules are apparently solids. Akar 

0 10 20 30 40 50 60 
DIAMETER / p  m 

SiOz 9 5 1  DAVISON 

0 10 20 30 40 50 60 
DIAMETER / p  m 

SiOz 9 5 1  DAVISON 

1 
hl 

L , 4 0 12 1 6 2 0  
D I A Y E T E R / p m  

SiOz 9 5 2  DAVISON 

D I A U E T E l / p n  DlAMET E l  / r m  

o UJ 60 a, OD 120 
DIAMETER/pm 

SiOZ loo0 DART 

Pdi*thrc*n* Sompla 513 ISsl  .%I@+ Polymer )  Polymav f o m r h  548 ISM UQtColvmu) Pdymrr ¶om@. 549 ( ~ 0 0 s q + ~ o i y n e r )  

Fig. 9. Approximate size distribution for the silica used as supports and for the resulting polymer 
beads. 
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(b) 
Fig. 10. SEM micrographs of the (a) hollow catalyst bead and (b) of the resulting replicated 

polymer bead. 

et a1.23 have found similar results in the ethylene polymerization using organo- 
metallic compounds, such as zirconium tetrabenzyl, supported on alumina. 
These authors suppose that the only reason for this result is a special mechanism 
that takes place by the nonuniform polymerization of the ethylene on the sup- 
ported catalyst. The polymerization occurs faster on the outside of the catalyst 
beads than on the inner surface; as a consequence of the diffusion limitation of 
the monomer in the very early stages of the reaction. The outer layers of the 
beads undergo expansion more rapidly producing the hollow polymer granules. 
Our results are.rather different. 

In this case, the hollow polymer beads are produced due to the fact that there 
were hollow particles already present in the catalyst, imposing their shape to the 
polymer by the replication phenomenon, as shown in Figure 10. It can be seen 
that, although the polymer bead is approximately 10 times bigger than the cat- 
alyst, it retains the hollow shape. 

Finally, further insight into the fine morphology of the polymer particles was 
possible to obtain using TEM techniques. It was found that the globular mor- 
phology is produced by catalysts which are formed by subparticles linked by 
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strong forces and its activity is not very high. On the other side, the wormlike 
morphology was observed when the catalyst subparticles were very active in the 
polymerization and the force linking them together was weaker. 
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