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ABSTRACT

Supported catalysts synthesized via the interaction of Mg(OEt), with TiCl, in the presence or absence of an
internal stereoregulating donor (di-n-butyl phthalate), with different solvents (chlorobenzene, n-undecane,
n-heptane) at different titanation temperatures have been studied by a set of physicochemical methods. Data on
the chemical composition, X-ray structure and pore structure of these catalysts as well as data on their activity
and stereospecificity in polymerization of propylene were obtained. Chemical composition, structure, activity
and stereospecificity depend primarily on the presence of an electron donor stereoregulating component and
on the solvent nature and titanation temperature. Activity of the catalysts is determined by totality of different
characteristics: the chemical composition, in particular, the presence of inactive by-products like TiCl,(OEt), the
MgCl, X-ray structure and pore structure. More active catalyst which was synthesized under optimal conditions in
the presence of di-n-butyl phthalate contains the minimal amount of TiCl,(OEt) by-product, and has a more ordered
X-ray structure and a homogeneous mesoporous structure with a narrow mesopore size distribution. Polyolefins J

(2017) 4: 111-122
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INTRODUCTION

Modern processes of polypropylene (PP) produc-
tion employ supported titanium-magnesium catalysts
(TMCs) of the composition TiCl,/D1/MgCl,, which
consist of MgCl, as the support with TiCl, (the active
component) and an electron donor compound (D1 is the
stereoregulating component) adsorbed on the support
surface. TMCs can be synthesized by various methods,

* Corresponding Author - E-mail: chumach@catalysis.ru

which differ mostly in composition of the initial mag-
nesium compound that is used to obtain MgCl, with
the required characteristics. Magnesium diethoxide is
one of the most efficient precursors for TMC synthe-
sis. Methods of TMC synthesis involving magnesium
diethoxide, chemical and phase composition of TMCs,
their pore structure, morphology and catalytic perfor-
mance in propylene polymerization over such catalysts
were reported in many works [1-18].
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Additional treatments in an excess of titanium tet-
rachloride of the intermediate solid products obtained
upon synthesis of such catalysts in the presence of
benzoyl chloride were shown to exert a substantial ef-
fect on the catalyst composition, specific surface area,
activity and stereospecificity in polymerization of pro-
pylene [3, 8]. A catalyst synthesized using a mixture of
internal donors (ethyl benzoate and diisobutyl phthal-
ate) was studied in [17]. The size of MgCl, primary
crystallites and activity of the catalysts were found to
increase with raising the content of diisobutyl phthal-
ate in a mixture of donors.

The catalyst formation by reacting magnesium
diethoxide with titanium tetrachloride in the pres-
ence of di-n-butyl phthalate (DBP) as a stereoregu-
lating electron donor was studied by characterization
of the intermediate products during catalyst synthesis
in [18]. Chemical and phase composition, pore struc-
ture, activity and stereospecificity of these products
were investigated. It was shown that before addition
of DBP, the X-ray amorphous product consisting of
MgCl, and TiCl,(OEt) was formed. This product had
the micro-mesoporous structure, a very high surface
area, but low activity and stereospecificity. DBP had a
significant effect on both the chemical composition of
the catalyst due to removing inactive TiCL,(OEt), en-
tering DBP and TiCl, in a solid product, and formation
of MgCl, crystallites with the mesoporous structure.
At the same time, a significant increase in the activ-
ity and stereospecificity was observed. A subsequent
TiCl,/chlorobenzene treatment of the solid product
completed these processes, provided some increase in
the surface area at a similar mesoporous structure, and
additionally increased activity and stereospecificity.

In the formation of this catalyst, of particular interest
is the effect of internal donor on the catalyst composi-
tion, its crystal and pore structure. Besides, the litera-
ture provides insufficient data concerning the effect of
solvents used in the catalyst synthesis and temperature
of the synthesis on the composition, structural charac-
teristics and performance of TMCs in polymerization
of propylene.

In this work, titanium-magnesium catalysts were
synthesized with magnesium diethoxide as a precursor
upon variation of synthesis conditions: the presence or
absence of internal donor (dibutyl phthalate), the use
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of a chlorinated aromatic solvent (chlorobenzene) or
aliphatic solvents (heptane and undecane), and differ-
ent temperatures of catalyst synthesis. The chemical
and phase composition, pore structure and catalytic
performance of these catalysts in propylene polymer-
ization were studied to find correlations between cata-
lytic performance and physicochemical characteristics
of the catalysts.

EXPERIMENTAL

Materials

Reactive isopentane (i-C5), n-heptane (n-C7), n-un-
decane (n-C11), chlorobenzene (ChB) and di-n-butyl
phthalate (DBP) were preliminarily kept over molecu-
lar sieves and held in an argon atmosphere. TiCl, and
Mg(OEt), (Aldrich) were used without additional pu-
rification.

Catalyst synthesis

The TMC-Icatalyst has been prepared according to
[18]. In this case the synthesis was performed via the
interaction of Mg(OEt), with TiCl, in a chlorobenzene
solution at a volume ratio TiCl,:ChB = 1:1 and mo-
lar ratio DBP/Mg = 0.15 in four consecutive steps. At
step I, a TiCl, solution in ChB and Mg(OEt), (molar
ratio TiCl /Mg =13) were introduced at room tempera-
ture in an argon atmosphere into a reactor equipped
with mechanical stirrer and placed in a thermostatical-
ly controlled bath. After that, the reactor temperature
was raised from room temperature to 110°C at a rate of
1.5-2°C/min for 60 min. After reaching a temperature
of 110°C, a sample of the suspension was transferred
from the reactor to a vessel with heptane (60°C) (step
I). Then DBP (DBP/Mg = 0.15) was introduced in to
the reactor at 110°C. The reaction mixture was stirred
at 110°C for 60 min. This was followed by the second
sampling of the suspension (step II), sedimentation
of the solid product, and decantation of the mother
liquor. At step III, a TiCl,/ChB solution (TiCl,/Mg =
13, TiCl,: ChB = 1:1 vol.) was added into the reactor
with the solid product and held at 110°C for 60 min;
this was followed by the third sampling of the reaction
mixture. After decantation of the solution, step IV of
the synthesis was carried out under conditions similar
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to those of step III, but the reaction mixture was held
for 30 min. The TMC synthesis was completed by a
repeated washing of the solid product with heptane;
the washing temperature was gradually decreased
from 70°C to room temperature. The samples taken
during the synthesis were washed in a similar way.
Prior to physicochemical studies, solid products were
additionally washed with i-C5. The samples were
dried by evacuation at room temperature for 60 min
and then at 50°C for 60 min.

The same technique was employed to synthesize
catalysts TMC-2-TMC-5. The TMC-2 catalyst was
obtained by the same procedure as TMC-1, but with-
out DBP. The TMC-3 catalyst was synthesized simi-
larly to TMC-1, but chlorobenzene was replaced with
n-undecane. The TMC-4 catalyst was synthesized as
TMC-1, but at 90°C instead of 110°C. The synthesis
of TMC-5 was similar to that of TMC-1, but n-heptane
was used instead of chlorobenzene and the synthesis
was performed at 90°C instead of 110°C. General data
on variation of the catalyst synthesis conditions are
listed in Table 1.

Chemical analysis

The Ti and Mg content was found using inductively
coupled plasma atomic emission spectroscopy (ICP-
AES) on an Optima 4300DV (Perkin-Elmer) ICP
spectrometer, and the CI content was measured by po-
tentiometric titration with an AgNO, solution after a
preliminary dissolution of the catalyst in a 5% solution
of sulfuric acid. The content of ethoxy groups was es-
timated by gas chromatography (NetChrom v2.0 soft-
ware) with respect to ethanol after a preliminary dis-
solution of the sample in methyl cellosolve containing
decyl alcohol as the internal standard. The content of

Table 1. General parameters of TMC-PP preparation.

TMC-PP preparation
Catalyst | Internal donor Temperature
Solvent

(DBP) (°C)
TMC-1 + chlorobenzene 110
TMC-2 - chlorobenzene 110
TMC-3 + n-undekane 110
TMC-4 + chlorobenzene 90
TMC-5 + n-heptane 90
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dialkyl phthalates (DBP, ethylbutyl phthalate (EBP),
diethyl phthalate (DEP) and phthaloyl dichloride (PC,
(1, 2-benzenedicarbonil dichloride)) was analyzed us-
ing liquid chromatography. The measurements were
made on an LC-20 Prominence (Shimadzu) liquid
chromatograph after a preliminary extraction of dial-
kyl phthalates and phthaloyl chloride from the solid
product by acetonitrile.

Pore structure

Pore structure of the samples was analyzed by low-
temperature nitrogen adsorption on an ASAP 2400
Micromeritics instrument. The adsorption measure-
ment data were used to calculate specific surface
area (S, m*/g) and total pore volume (V__, cm'/g),
which was estimated from the maximum adsorption
obtained in the study.

Pore volumes and pore size distributions were cal-
culated by BJH method using the adsorption branch
of the isotherm. Results of calculation are presented in
two modes. The first approach, as distribution cumula-
tive pore volume versus average pore diameter (D) for
the pore size range 2-100 nm. The second approach,
as percentage of incremental pore volume (V) of the
maximum incremental pore volume (V) versus av-
erage pore diameter. The latter method allows com-
parison of porosity of catalysts which differs sharply
on the total pore volume.

XRD analysis

XRD patterns of the final catalysts were recorded on
an X-ray diffractometer D8 (CuKa radiation, one-
dimensional multichannel detector LynxEye) in the
range of 5-90° 20 by scanning with a step of 0.05°
and accumulation time of 2 s. Previously the samples
were placed into a closed sample holder under argon
in a glove box.

Interplanar distances were calculated using the
Bragg equation from the 003 peak position. Average
crystallite sizes (ACS) in the two perpendicular direc-
tions [001] (normal to the layers) and [110] (along the
layers) were calculated using the Scherrer equation
from the widths of (003) and (110) peaks, respectively.

XRD patterns for turbostratically disordered (TD)
MgCl, were simulated by a program [19, 20]. The cal-
culations were based on the model of a one-dimen-
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sionally (1D) disordered crystal. The model represents
a sequence of C1-Mg-Cl layers that can be shifted rela-
tive to each other by random vectors distributed by
the Gauss law. XRD patterns of turbostratically disor-
dered a-MgCl, were simulated using absolute values
of vectors (expressed in fractions of a cell size) of the
mean square deviations (from 0 to 0.5) from equilib-
rium position. The turbostratic disorder degree (TDD)
was obtained by multiplication of this value by two.
A deviation of 0.5 gives a complete disorder and cor-
responds to a TDD equal to unity.

XRD patterns were simulated for the a-MgCl, hav-
ing different degrees of turbostratic disorder and av-
erage crystallite sizes of 6 nm. An increase in TDD
introduced as the increase in mean square deviations
of layers from their positions in a-MgCl, leads to the
broadening of all reflections except 00L and HKO.
When mean square deviations reach half of the lattice
parameter, TDD becomes full (equal to 1) and XRD
patterns are represented by a reduced set of peaks,
namely, 003 and 006 combined with the broadened
104, 110, 0012 and 0015 ones.

Polymerization of propylene

Polymerization of propylene was carried outina 1 L
steel reactor in a heptane medium. Before the reaction,
a catalyst (10-12 mg) in a sealed ampoule was placed in
a reactor, which was evacuated at 80°C for 1.5 h. After
cooling the reactor to 25°C, heptane (300 ml), triethyl-
aluminum cocatalyst ([AlEt,] = 4 mmol/L), and prop-
yltrimethoxysilane (PrSi(OMe),) as an electron donor
additive were introduced successively at a molar ratio
Al/PrSi(OMe), = 20. After that, the ampoule with the
catalyst was broken and the reaction mixture was held
under stirring for 20 s. Hydrogen and propylene were
then added into the reactor up to 0.5 atm. Prepolymer-

ization was performed under the indicated conditions
for 2 min. After that, the temperature and propylene
pressure were raised to 70°C and 6 atm, respectively.
Polymerization was carried out for 1 h at 70°C, a pro-
pylene pressure of 6 atm and a constant hydrogen/pro-
pylene molar ratio (H,/C,H, = 0.013).

Stereospecificity of the catalyst was estimated from
the content of atactic PP (APP), which was found as
the fraction of polymer dissolved in polymerization
heptane.

RESULTS AND DISCUSSION

Chemical composition of catalysts

Table 2 lists data on the content of titanium, magne-
sium, chlorine, OEt groups and DBP for the catalysts
obtained upon variation of the synthesis conditions
(solvent, temperature, and presence or absence of
DBP). Data on the content of Ti, Mg, Cl, OEt groups
and DBP were used to calculate the composition of
catalysts under the assumption that i) Mg(OEt), com-
pletely converts to MgCl; ii) OEt groups enter the
composition of ethoxytitanium chloride -TiCl,(OEt);
iii) a part of titanium is in the form of TiCl, since in all
cases the OEt/Ti ratio is less than 1.

Effect of internal donor (DBP)

The key property of the internal donor (DBP) intro-
duced in the TMC composition is its ability to enhance
stereospecificity of the catalyst (isotacticity of the re-
sulting PP). Therewith, DBP, which is introduced upon
Mg(OEt), interaction with TiCl, to obtain the MgCl,
support, can exert a substantial effect on the chemical
composition of the catalyst, its crystal and pore struc-
ture. Comparative data acquired in our study on the

Table 2. Data on chemical composition and polymerization results for TMC-PP catalysts.

Exp Content (wt. %) Molar ratio (mol/mol) Activity A
" | Catalyst . Ti DBP | DBP | OEt (kg PP/ (kg PP/ o
No. wt.
Ti Mg | Cl | OEt | DBP Mg Mg = = (9. h) (a.h) (wt. %)
1 TMC-1 3.3 18.8 | 62.0 0.5 11.5M | 0.09 0.053 0.60 0.16 10.4 315 0.5
2 TMC-2 8.5 16.7 | 65.6 4.2 - 0.26 - - 0.53 3.9 46 15.6
3 TMC-3 3.3 18.6 | 57.0 0.9 11.3@ | 0.09 0.053 0.59 0.29 5.0 152 2.0
4 TMC-4 34 18.0 | 60.0 0.5 9.4 0.096 | 0.046 | 0.048 | 0.16 9.5 279 1.2
5 TMC-5 6.7 14.0 | 516 2.8 19.3 0.24 0.12 0.50 0.44 0.6 9.0 13.7

( Along with DBP the catalyst TMC-1 contains 1 wt. % of (EBP + DEP).
@ The catalyst TMC-3 contains complementary 0.55 wt. % of (EBP + DEP) and 5 wt. % of phthaloyl dichloride.
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chemical composition of catalysts synthesized in the
presence of DBP (TMC-1) and in its absence (TMC-
2) are listed in Table 2. The TMC-2 catalyst (Table 2,
exp. 2), which was synthesized without DBP, contains
a much greater amount of titanium and OEt groups
(8.5 and 4.2 wt%) as compared to TMC-1 (exp. 1) (3.3
and 0.5 wt%). The molar ratio OEt/Ti = 0.53 in the
TMC-2 catalyst indicates that approximately a half of
titanium compounds is represented by TiCL(OEt) in
this case. Thus, in the absence of donor, TiCL(OE?) is
strongly retained in the catalyst. As seen from data on
the chemical composition (Figure 1a, b), in the case
of TMC-2 catalyst, additional treatments of the solid
product at steps III and IV in a TiCL/ChB medium
are low efficient for removal of TiCl,(OEt) formed at
the first step of catalyst synthesis. In TMC-2, a part
of titanium is present also as TiCl, because molar ra-
tio OEt/Ti is equal to 0.53. By this means, according

11+
10
9 m
TMC-2
8 m
g 71 T omves
S
= 07
4 TMC-3
31 TMC-1
2 |
14
0 T T T T
Ia I I I
Steps of catalyst synthesis
(a)
11+
104
9
8-
£ o
= 51
© 44 TMC-2
3 TMC-5
2
14 TMC-3
0 TMC-1

Ia I I III
Steps of catalyst synthesis

(b)

Figure 1. Content of Ti (a) and OEt-groups (b) in solid prod-
ucts formed during TMC synthesis.
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to the chemical analysis data, the TMC-2 catalyst has
the composition MgCl,+0.136 TiCl,(OEt) +0.122TiCl,.
It is seen in the TMC-2 catalyst, titanium-containing
compounds are present in two states: as TiCl, ad-
sorbed on the MgCl, surface and as TiCl,(OEt) or the
TiCl,(OEt) complex with MgCl,, which are the in-
termediate products in the synthesis of TMC-1. The
introduction of DBP after raising the temperature to
110°C results in efficient removal of the TiCl,(OEt)
by-product, and formation of the catalyst containing
TiCl, adsorbed on MgCl, (catalyst TMC-1).

Effect of a solvent

The TMC-3 catalyst (Table 2, exp. 3), which was syn-
thesized similar to TMC-1 (exp. 1) but with n-undec-
ane instead of chlorobenzene, has a close to TMC-1
content of Ti, Mg and DBP. During the TMC-3 syn-
thesis, the content of Ti and OFEt groups in the solid
product decreases, as in the case of TMC-1 (Figure
la, b). Note that, in addition to DBP, the both catalysts
contain EBP and DEP, which are formed in situ during
the synthesis as by-products via the exchange of bu-
toxy groups of DBP and ethoxy groups of Mg(OEt),
or TiCL,(OEt) [7, 9]. The TMC-3 catalyst has a higher
content of OEt groups and the higher molar ratio OEt/
Ti=0.29 and accordingly TiCl,(OEt) content. Solubil-
ity of TiCl,(OEt) in a TiCl,/C,, medium may be lower
in comparison with that in TiCl,/ChB, thus increas-
ing the fraction of titanium represented by TiCL,(OEt)
in the catalyst. In addition, TMC-3 has a high con-
tent of phthaloyl dichloride (5 wt %), which forms
by a side process of DBP chlorination with titanium
tetrachloride [21]. According to the chemical analy-
sis data, the composition of TMC-1 can be presented
as MgCl,+0.083 TiCl,*0.006 TiCl,(OEt)*0.053DBP,
and the composition of TMC-3 as MgCl,0.064
TiCl,+0.026 TiCl,(OEt)+0.053 DBP<0.027 PC. Thus,
chlorobenzene as a component of TMC synthesis is
more preferable than n-undecane, because the TiCl,/
ChB medium provides a more efficient removal of
TiCl,(OEt) and prevents the formation of phthaloyl
dichloride (PC).

Effect of temperature
The synthesis of TMC at 90°C in a chlorobenzene
medium in the presence of DBP produces the TMC-4
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catalyst with the chemical composition close to that of
TMC-1, which was obtained in the same medium but at
110°C (Table 2, compare exp. 4 and exp.1). These cata-
lysts have a close content of titanium and a low content
of ethoxy groups. Thus, a decrease in the synthesis tem-
perature to 90°C with chlorobenzene as a solvent and
in the presence of DBP does not produce a noticeable
effect on the chemical composition of TMC.

The synthesis of TMC-5 at 90°C in a n-heptane
medium gives quite a different composition of the
catalyst in comparison with TMC-1 and TMC-4. The
synthesis conditions of TMC-5 lead to the formation
of the catalyst with a higher content of titanium, OFEt
groups and DBP (Table 2, exp. 5). As seen on Fig-
ure la,b, the content of titanium and ethoxy groups
in solid products of TMC-5 remains virtually constant
during the synthesis in the TiCl,/C, medium. Despite
the presence of DBP in the synthesis of TMC-5, a
complete removal of OEt groups from its composition
does not occur. A comparison of OEt/Ti molar ratios
showed that in TMC-5 (OEt/Ti = 0.44) the content of
titanium in the form of TiCl,(OEt) was much higher
than that in TMC-4 (OEt/Ti = 0.16). In addition, the
TMC-5 catalyst contains a much greater amount of
DBP (19 wt %) as compared to TMC-4 (9.4 wt %).
The crystal structure of molecular complex TiCl, sDEP
(DEP-diethyl phthalate), which was synthesized under
the conditions close to those of TMC-5 catalyst (in a
n-hexane medium), was characterized in [22]. Taking
into account these data, the high content of DBP and
titanium can be attributed to the presence of solid com-
plexes of titanium-containing compounds with DBP:
TiClL,(OEt)sm DBP and/or TiCl,»sn DBP, in the com-
position of TMC-5. In this case, the chemical analysis
data listed in Table 2 imply that the TiCl,/C_/DBP me-
dium facilitates the formation of the TMC-5 catalyst
with inhomogeneous composition, which comprises
MgCl, with titanium tetrachloride adsorbed on its sur-
face and the solid complex TiCl,(OEt) *m DBP and/or
TiCl,sn DBP, which is insoluble in heptane at 90°C.
The composition of TMC-4 can be presented as MgCl
,°0.135TiCl,+0.108 TiCL,(OEt)+0.12 DBP.

A different pattern is observed in the case of TMC-3
(Table 2, exp. 3) and TMC-5 (exp. 5), which were syn-
thesized, respectively, at 110 and 90°C in a medium of
aliphatic hydrocarbons (undecane or heptane, respec-
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tively) in the presence of DBP. An increased tempera-
ture (110°C) produces a sharp drop in the content of
Ti, OEt groups (Figure 1) and DBP (Table 2, compare
exps 3 and 5). This may be related to a higher solubil-
ity of TiCL,(OEt) complexes with DBP in a TiCl,/C |
medium at 110°C, which results in their removal from
TMC-5.

Phase composition by X-ray data
Figure 2 shows XRD patterns (after subtraction of
XRD pattern of the sample holder) for the studied
catalysts and simulated XRD patterns for a-MgCl, at
different turbostratic disorder degrees (Figure 3). As
it was shown earlier by the examples of graphite-like
carbon [20] and aerogel Mg-V hydroxide [23], such
XRD patterns are typical of turbostratically disordered
materials. Such a disorder can arise in layered materi-
als and appears as random shifts or rotations of layers.
XRD patterns of the studied samples indicate that, ir-
respective of the synthesis conditions, all the catalysts
contain MgCl,: the (003) peak, a broad joint peak for
two overlapping peaks (006) and (104)), and the (110)
peak (Figure 2a). Assignment of the peaks is shown
on Figure 3 (pattern 1) for the MgCl, crystallite con-
sisting of six Cl-Mg-Cl layers and having a size of 6
nm. The shape of the second broad peak makes it pos-
sible to estimate approximately the turbostratic disor-
der degree in the MgCl, structure by comparing the
experimental pattern with the simulated ones. XRD
patterns of TMC-1 (Figure 2, pattern 1) and TMC-3
(pattern 3) are close to the simulated pattern 3 (Figure
3): they have the same shape of the second peak with

_MMMM@

3
S 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20(°)
Figure 2. Experimental XRD patterns of catalysts from Ta-
ble 3: TMC-1 (1), TMC-2 (2), TMC-3 (3), TMC-5 (4).
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20(°)
Figure 3. XRD patterns simulated for MgCl, with the same
average crystallite size of 6 nm and different TDDs equal to
0(1),0.2(2), 0.4 (3), 0.6 (4), 1.0 (5).

the double apex. Table 3 lists data on crystallite sizes
in directions [001] and [110] for the studied catalysts.

It is seen that in the TMC-2 catalyst (Figure 2, pat-
tern 2) the MgCl, structure differs from that in TMC-1
or TMC-3. This is indicated by the shape of the broad
second peak that looks like asymmetric triangle with a
single apex. XRD pattern of this catalyst is similar to
the simulated pattern 5 (Figure 3), which corresponds
to MgCl, with a completely disordered structure (TDD
~1).

Two 20 regions can be distinguished on the XRD
pattern of the TMC-5 catalyst (Figure 2, pattern 4).
The first region, 20 < 20°, is represented by a wide
set of narrow peaks with different intensities, and the
second region includes two broad peaks at 20 = 28-38°
and 20 = 50°, which belong to the MgCl, structure. A
broad peak at 20 = 28-38°, which results from over-
lapping of two peaks, (006) and (104), has asymmetric
triangular shape and a single apex, as on the simulated
XRD pattern with TDD ~1 (Figure 3, pattern 5). A
set of narrow peaks at 20 = 20° testifies that, in addi-
tion to MgCl,, there is also the second well crystal-

Table 3. Structural data and activity for TMC-PP-catalysts.

lized phase, which is difficult to identify. Taking into
account the high content of DBP and Ti in TMC-4 and
the X-ray data reported in [22], which indicate that the
crystal molecular complex TiCl *DEP can appear in a
TiCl,/hexane medium, one can suppose that a set of
narrow peaks in the region of 20 < 20° belongs to the
crystal phase of molecular complexes TiCL(OEt)sm
DBP and/or TiCl,sn DBP. Thus, the TMC-4 catalyst
consists most likely of two phases: MgCl, with a com-
pletely disordered structure and a well crystallized
phase with non-identified composition, which may
be represented by molecular complexes TiCL(OEt)sm
DBP and/or TiCl,»n DBP. Note that the average sizes
of MgCl, crystallites for TMC-5 are close to those
for TMC-2 (Table 3), which was synthesized with-
out DBP and has also a high content of titanium and
ethoxy groups. Evidently, the synthesis conditions of
TMC-2 and TMC-5 do not ensure such a complete
formation of MgCl, crystallites as in the case of TMC-
1 and TMC-3 catalysts.

The TMC-1 and TMC-3 catalysts, which were syn-
thesized in the presence of DBP at a titanation tem-
perature of 110°C, have a less disordered structure and
a greater size of MgCl, crystallites in direction [110]
as compared to TMC-2 and TMC-5.

Thus, variation of the synthesis conditions of titani-
um-magnesium catalysts (the presence of DBP, fea-
tures of the solvent, and temperature of titanation in
an aliphatic solvent) exerts a pronounced effect on the
crystal structure of the resulting catalysts.

Pore structure of TMCs

The initial Mg(OEt), has a low specific surface area (5
m?%g). As follows from the data reported in previous
sections, the chlorination of Mg(OEt), with titanium
tetrachloride produces either MgCl, alone (TMC-

X-ray data Porous structure Activity

) )
Catalyst Inferplaner ACS in [001] ;_ACS_ in [110] s v V@ VO (kg PP/ (kg PP/

distances | direction (normal | direction (along (mZIET) (cn‘:;;l ) (cn;3l ) (cn123l ) h) ... h)
(nm) to layers) (nm) layers) (nm) 9 9 9 9 Yenr- Gni-

TMC-1 0.59 2.0 6.4 275 0.18 0.18 0 10.4 315
TMC-2 0.61 1.4 3.6 - 0.28 0.17 0.1 3.9 45.9
TMC-3 0.61 1.9 7.6 194 0.17 0.14 0 5.0 152
TMC-5 0.61 1.9 4.3 36 0.055 0.050 0 0.6 9.0

() Average crystallite size
@V, — cumulative pore volume (pore diameter 2-100 nm)
@'V, — micropore volume (pore diameter < 2 Hm).
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1 and TMC-3) or MgCl, and the X-ray amorphous
complex of MgCl, with TiCL,(OEt) (TMC-2) or two
crystal phases: MgCl, and the phase with a probable
composition TiCl,(OEt)>m DBP and/or TiCl,sn DBP
(TMC-5). Differences in the phase composition of the
catalysts and in the degree of MgCl, structural disor-
der manifest themselves in characteristics of their pore
structure.

Data on the pore structure of catalysts are summa-
rized in Table 3 and Figure 4 (a, b, c¢). According to
XRD and chemical analysis data, the pore structure
of the TMC-1 catalyst is formed by MgCl,, which has
a disordered structure, with TiCl, and DBP adsorbed
on its surface. TMC-1 possesses a mesoporous struc-
ture (Figure 4a, b) with a narrow pore size distribu-
tion of 2.9 nm (Figure 4c). Specific surface area of the
catalyst is 275 m?/g, and total pore volume (V) is
0.18 cm?/g. The cumulative pore volume (0.18 cm?/g),
which is the sum of incremental pore volumes for the
mesopore size region of 2-100 nm, corresponds to the
total pore volume (Table 3).

The TMC-2 catalyst, which was synthesized under
the same conditions as TMC-1 but without DBP, has
a texture that differs from TMC-1 and is characterized
by higher values of total pore volume (0.28 cm?/g)
(Table 3). However, the cumulative volume of 2-100
nm pores is much smaller (0.17 cm?/g) than the total
pore volume (0.28 cm?/g). This fact can indicate the
presence of micropores with the diameter < 2 nm in
TMC-2. A rough estimate made from the difference
between total and cumulative pore volumes shows

198+

Adsorbed volume (cm*STP)g™)

0/0 0/2 0/|4 0/I6 0/8 1/0
Relative Pressure (P/P))

Figure 4a. N, adsorption /desorption isotherms for exam-

ined catalysts.
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Figure 4b. Cumulative pore volume distribution vs. average
pore diameter.

that the micropore volume (with the pore diameter
<2 nm) is 0.11 cm?/g. Thus, TMC-2 has the micro-
mesoporous structure.

TMC-5 has low specific surface area (36 m?/g) and
pore volume (0.055 cm?®/g) (Table 3) at a broad pore
size distribution (Figure 4 b, ¢). TMC-5 is a mixture
of two phases: MgCl, with a completely disordered
structure and the second well crystallized phase,
which is expected to be TiCl,(OEt)>sm DBP and/or
TiCl,sn DBP. Each of the phases has its own textural
characteristics, so the specific surface area and total
pore volume are determined by the contribution of
the surface area and pore volume of both phases. As
was demonstrated for TMC-1, the presence of MgCl,
alone and with a less disordered structure ensures high
specific surface area and pore volume. This fact and
the textural characteristics of TMC-5 allow a conclu-

100+ TMC-5
804
S 601

EZ TMC-3

ST 40
20

TMC-1

0 T T T 1
0 20 40 60 80
D (nm)

Figure 4c. Incremental pore volume distribution (Vi) as a
percentage of the maximum incremental pore volume (Vi-
max) vs. average pore diameter.
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sion that the second crystallized phase constitutes a
considerable fraction and makes the main contribution
to the formation of the pore structure of TMC-5.
MgCl,, which is formed under the synthesis condi-
tions of TMC-3, has the same disordered structure and
average size of crystallites as TMC-1. The specific
surface area (194 m?/g) of TMC-3 is lower than that
of TMC-1. Total pore volume (0.16 cm?/g) of TMC-5
is comparable with the pore volume of TMC-1, but
TMC-3 has a broader pore volume distribution and
inhomogeneous porosity: there are mesopores with
the size of 2.9 nm, which are typical and prevailing
in TMC-1, and pores with the size of 4-80 nm, which
are typical of the pore structure of TMC-5 (Figure 4c).

Activity and stereospecificity of TMCs in polymer-
ization of propylene

Data on the catalyst activity and stereospecificity (the
APP content) in polymerization of propylene are list-
ed in Tables 2 and 3. Of all the catalysts, the highest
activity and stereospecificity were observed for TMC-
1 (exp. 1). Activity and stereospecificity of TMC-4
(exp. 4) are close to those of the TMC-1 catalyst.

Activity of TMC-2 is much lower in comparison
with TMC-1, especially as referred to gram of tita-
nium. A high content of APP testifies to a low stereo-
specificity of the catalyst. The low activity and stereo-
specificity of TMC-2 are caused by the high content
of OEt groups and the absence of a stereoregulating
donor (DBP).

Data on the influence of OEt groups content on ac-
tivity and stereospesificity of TMCs in propylene po-
lymerization were previously reported in [3, 8] with
respect to catalysts Mg(OEt),/benzoyl chloride/TiCl,.
It was shown that increasing the number of treatments
of solid intermediate products with TiCl, or TiCl /ChB
resulted in decreasing of OEt groups content from a
few percent to fraction of a percent. In this case, there
was an increase in the activity and stereospecificity of
catalysts which was due to the removal of OEt groups
from the catalyst. According to our data, OEt groups
are part of the by-product TiCl,(OEt), which is inac-
tive in propylene polymerization [24].

TMC-5 (exp. 5) has the lowest activity (0.6 kg PP/
(gcateh)) and low stereospecificity (APP = 13.4 wt%).
The low activity and stereospecificity of TMC-5,
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which was synthesized in a TiCl,/C, medium at 90°C
and in the presence of DBP, may be caused by several
factors, which distinguish it from the highly active
catalyst TMC-1: 1) a high titanium content (6.7 wt%)
at virtually the same distribution of titanium as TiCl,
and TiCl,(OEt) (OEt/Ti = 0.44); ii) the involvement of
DBP in the formation of the TiCL,(OEt)>m DBP com-
plex and/or TiCl,»n DBP as an individual phase, which
is inactive in the polymerization process; iv) the pore
structure of the catalyst (very low specific surface area
and total pore volume, and a broad pore size distribu-
tion).

Note that stereospecificity of TMC-5, which was
synthesized with DBP, is as low as that of the phthal-
ate-free catalyst TMC-2. This fact indicates that DBP,
which is present in the composition of TMC-5, does
not serve as the internal stereoregulating donor.

Activity of TMC-3 is two times lower as compared
to that of TMC-1. This may be related to a lower spe-
cific surface area of the catalyst and a broader pore
size distribution. The decreased activity and stereo-
specificity of TMC-3 may be caused also by the inhib-
iting action of phthaloyl chloride, which is formed in
a large amount (5 wt %) upon synthesis of this catalyst
and, according to data reported in [21], deteriorates
the activity and stereospecificity of TMCs.

CONCLUSION

Supported catalysts were synthesized via the inter-
action of Mg(OEt), with TiCl, in the presence or ab-
sence of an internal stereoregulating donor (DBP),
with different solvents (chlorobenzene, heptane, un-
decane) and at different titanation temperatures (110
and 90°C). Data on the chemical composition of these
catalysts, the crystal structure of MgCl, formed during
the catalyst synthesis, the pore structure of the cata-
lysts as well as their activity and stereospecificity in
polymerization of propylene have been obtained.

The optimal catalyst TMC-1, which was synthesized
in the presence of DBP in a chlorobenzene medium
at 110°C, has high activity and stereospecificity. This
catalyst contains the minimal amount of TiCL,(OEt)
by-product, has a more ordered X-ray structure and
a homogeneous mesoporous structure with a narrow
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pore size distribution.

Elimination of DBP from the catalyst synthesis
(TMC-2) produces sharp changes in the chemical
composition, crystal and pore structure, and substan-
tially decreases activity and stereospecificity. The
content of titanium and ethoxy groups in the catalyst
sharply increases because a great part of titanium is
present in the catalyst as TiCL(OEt). MgCl,, which is
formed under the synthesis conditions of this catalyst,
has a maximum disorder of the crystal structure and
a lesser size of crystallites. The catalyst has a micro-
mesoporous structure with a significant contribution
from micropores (< 2 nm) to total pore volume. Ac-
cording to the comparative data obtained for the cat-
alysts TMC-1 and TMC-2, a stereoregulating donor
(DBP) is directly involved in the formation of final
catalyst via removal of TiCl,(OEt) by-product and
formation of MgCl, with optimal crystalline and pore
structures.

The replacement of chlorobenzene by non-aromat-
ic hydrocarbon n-undecane as a solvent in the syn-
thesis of catalyst at 110°C in the presence of DBP
(TMC-3) results in the formation of a catalyst whose
chemical composition and structural characteristics
of MgCl, are close to the catalyst synthesized with
chlorobenzene (TMC-1). However, this catalyst has
a high content of phthaloyl chloride, a lower specific
surface area and a broad pore size distribution. These
factors determine a lower activity of this catalyst in
comparison with TMC-1, which was synthesized with
chlorobenzene. A decrease in the synthesis tempera-
ture to 90°C (TMC-5) instead of 110°C with the use
of non-aromatic solvent (n-heptane) leads to crucial
changes in the chemical composition, structure and
performance of the catalyst in propylene polymeriza-
tion. The high content of titanium, ethoxy groups and
DBP is related with inhomogeneous phase composi-
tion of the catalyst, namely, with the presence of not
only MgCl, having a maximum structural disorder but
also of the second phase with a well crystallized struc-
ture, which is represented most likely by molecular
complexes TiCl,(OEt)>mDBP and/or TiCl,»snDBP that
are stable under the synthesis conditions. A very low
specific surface area and low total volume of pores
are caused by the high content of this phase and its
prevailing contribution to the formation of the catalyst
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pore structure. This catalyst has the lowest activity
and stereospecificity among all the catalysts studied in
the work. Stereospecificity of TMC-5 is low because
in this catalyst DBP is present mostly as a by-product,
the TiCL,(OEt)*DBP complex (and/or TiCl,*DBP), and
does not serve as the stereoregulating internal donor.
Thus, the chemical composition, structure, activity
and stereospecificity of the catalysts synthesized via
the interaction of Mg(OEt), with TiCl, depend on the
presence of a stereoregulating electron donor compo-
nent, the nature of solvent and titanation temperature.

Therewith, activity and stereospecificity of the cata-

lysts are determined by the following characteristics:

1) The chemical composition, in particular, the pres-
ence of inactive by-products formed during the in-
teraction of Mg(OEt), with TiCl, in case of TMC-2
and TMC-5 catalysts: (TiCl,(OEt) and complexes
TiCl,(OEt)>mDBP or TiCl,»nDBP).

2) The structure of MgCl,: low active catalysts TMC-2
and TMC-5 have a completely disordered structure
of MgCl, and a small size of crystallites. Highly
active catalysts TMC-1 and TMC-3 have a more
ordered crystal structure and a greater size of crys-
tallites.

3) The pore structure: the most active catalyst TMC-1,
in distinction to all other catalysts, has a homoge-
neous mesoporous structure and a narrow pore size
distribution.
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Symbols and Abbreviations

ACS - average crystallite size

Al(Et), - triethylaluminum

APP - atactic polypropylene

ChB - chlorobenzene

D - average pore diameter

DBP - di-n-butyl phthalate

DEP - diethyl phthalate

EBP - ethyl butyl phthalate

PC - phthaloyl dichloride (1, 2-benzenedicarbonil di-
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chloride)

PP -

polypropylene

PrSi(OMe), - propyltrimethoxysilane

S

BET

- specific surface area

TDD - turbostratic disorder degree

\Y

total

- total pore volume

V. - incremental pore volume

\Y

imax

- maximum incremental pore volume

XRD - X-ray diffraction method
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