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Ziegler-Natta catalysts are commonly employed in alfa-olefin (co)polymerization. Such systems are
extremely sensitive to some organic compounds, which may act as poison, reducing polymer productiv-
ity. Among them, oxygenated compounds such as acetone can cause catalyst deactivation. In the present
study, silica and chrysotile, in their pure form and after chemical modification with Cu and Ag, were char-
acterized by a series of volumetric, spectroscopic and microscopic techniques. The results are discussed in
terms of silanol group density, Lewis acid centers introduced by the metal and textural properties of the
support. The resulting sorbents were evaluated in the adsorption of acetone from cyclohexane. Solvent
containing acetone was percolated through the investigated sorbents and evaluated in the polymeriza-
tion of ethylene using Ziegler-Natta catalysts. The best results in catalyst activity were observed in the
case of silica or chrysotile modified with Cu.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The term Ziegler-Natta catalyst encompasses a great variety
of catalytic systems based on transition metals that are capa-
ble of polymerizing and co-polymerizing a-olefins and dienes.
There are numerous polymer grades produced by Ziegler-Natta
catalysts, such as high-density polyethylene (HDPE), low-density
polyethylene (LDPE), low linear density polyethylene (LLDPE), and
polypropylene (PP), to mention a few [1]. Currently, polyethylene
production reaches 75.2 million tons a year, with predicted expan-
sion to about 100 million tons in 2010 [2].

Nevertheless, as in any catalyst process, poisoning is an impor-
tant issue of investigation [3-5]. Specifically, in the case of the
titanium-based Ziegler-Natta (TiCl4/MgCl,) polymerization cata-
lysts, such systems are strongly inhibited by alcohol, organic amines
and sulfites, as shown by Eley et al. [6], Ballard et al. [ 7], Grayson and
McDaniel [8] and Vizen et al. [9]. For these catalysts, traces of oxy-
genated compounds in the parts per billion (ppb) level are enough
to engender significant loss of catalytic activity, because they can
compete with ethylene for the Ti active site. Chlorine mobility in
titanium chlorides has also been modeled as potential responsible
for Ziegler-Natta catalyst deactivation [10]. These poisons can be
indirectly introduced in the polymerization process by the solvent
or by the feed stocks.
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In order to avoid such problems, adsorbents have shown to be an
economical way to remove contaminants form industrial solvents.
For these processes, there are adsorbent materials such as silica,
alumina and zeolites which are used industrially for the purifica-
tion of solvents [11]. In recent years, other minerals in their natural
or modified forms have been investigated as alternative potential
adsorbents. Examples of the use as adsorbents of chrysotile [12]
and kaolin [13] have been recently reported in the literature.

In the present paper, we report the use of chrysotile, native
and modified with Ag and Cu, for the adsorption of acetone from
cyclohexane, which is the solvent usually employed in the polymer-
ization process. For comparative purposes, silica-based materials
were modified with the same metals. The modification of such
materials with Ag and Cu (Lewis acid centers) represents an attempt
to increase the interaction of acetone with the adsorbent materials,
and therefore reduce the poison content in the solvent.

2. Experimental
2.1. Chemicals

All employed chemicals were analytical reagent grade. For
adsorption studies, the solutions were prepared using acetone
(Mallinckrodt, HPLC) and cyclohexane (VETEC). Silica (provided by
Braskem, Camagari, Brazil) was used as received. Chrysotile (gen-
erously donated by SAMA, Mineracdo de Amianto Ltda, mined in
Uruagu, Brazil) was used in its native form and also after acid treat-
ment.
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For the polymerization experiments, titanium tetrachloride
(Merck), acetone and diethylaluminium chloride toluene solution
(DEAC) were used without purification. Cyclohexane and toluene
were purified by distillation on metallic sodium and benzophenone.
Silica Grace 948 (255m2g-1), employed for the preparation of
Ziegler-Natta catalyst, was activated under vacuum (P< 10~% mbar)
for 16 h at 110°C. The support was cooled to room temperature
under dynamic vacuum and stored under dried argon.

2.2. Adsorbent modification

2.2.1. Acid treatment

Leached chrysotile was prepared by treating natural chrysotile
(ca. 30 g) with hydrochloric acid solution (1000.0 mL—5.0 mol L-1),
following a previously reported protocol [14]. The suspension was
stirred for 48 h at room temperature. Then, it was filtrated and
washed abundantly with water, yielding 15.0 g of product.

2.2.2. Chemical modification of silica and chrysotile

Silica (initially heated at 110°C for 8 h), chrysotile or leached
chrysotile was treated with CuCl, or AgNO3; aqueous solutions
(5-50wt %) for 4h at room temperature. Then, the solvent was
removed under heating and the resulting material was calcinated
in air at 450°C for 8 h.

2.3. Adsorbent characterizations

2.3.1. X-ray diffraction spectroscopy (XRD)

The crystal structure and phase composition of the adsor-
bents were analyzed by powder X-ray diffraction, using a
Rigaku X-ray diffractometer, model DMAX, with Cu Ka radiation
(A=0.154178 nm), at an accelerating voltage of 40 kV. Samples were
analyzed as powders.

2.3.2. Scanning electron microscopy and energy-dispersive X-ray
spectroscopy (SEM-EDX)

Grain morphology and metal distribution in the adsorbents was
determined by a JEOL JSM-5800 scanning electron microscope. The
samples were placed on an aluminum stub using double-sided
adhesive tape and then coated with gold to avoid charging under
the electron beam. An accelerating potential of 20 kV and a current
of 18 mA were used during the measurement.

2.3.3. Nitrogen adsorption/desorption

Specific pore size distributions, surface area, and pore vol-
ume were calculated by the BET and BJH methods after nitrogen
adsorption/desorption using a Gemini 2375 (Micromeritics) ana-
lyzer. Prior to the analysis, the samples were degassed at 150°C at
10~2 mbar for 4 h.

2.3.4. Diffuse reflectance infrared Fourier transmission
spectroscopy (DRIFTS)

DRIFTS measurements were performed on a Bomem instrument,
in reflectance mode. The spectra were obtained by coadding 32
scans at a spectral resolution of 4cm~!. Samples were analyzed
as powders.

2.4. Equilibrium adsorption studies

A glass column (L= 15 cm; @0.5 cm) was packed with adsorbent
(10g). The column was loaded with a solution (10 mL) of sol-
vent contaminated with a known concentration of acetone (range
1-200 ppm) in cyclohexane that was percolated through the col-
umn under an equilibrium time of 20 min.

2.5. Polymerization

2.5.1. Synthesis of the supported Ziegler-Natta catalyst

In the preparation of the Ziegler-Natta catalyst, activated silica
was impregnated with a toluene slurry containing MgCl, corre-
sponding to 50 wt% MgCl,/SiO,, at 80°C for 30 min under reflux.
Solvent was removed under vacuum and a TiCl4 cyclohexane solu-
tion (corresponding to 3.0% Ti/SiO, ) was added. The resulting slurry
was stirred for 1 h at room temperature and filtered through a frit-
ted disk. More details are reported elsewhere [15].

2.5.2. Polymerization reactions

Ethylene polymerization reactions were performed in a 300 mL
Pyrex glass reactor. The reactions were performed under Ar atmo-
sphere using cyclohexane as the solvent (150mL) in 1.6atm of
ethylene for 20 min at 60 °C. DEAC was employed as the cocatalyst
(Al/Ti=200). For the non-supported TiCl4 catalyst system the fol-
lowing conditions were employed: [M]=10-3 mol/L and Al/Ti=5,
while for the supported ones: [M]=10>mol/L and Al/Ti=200.
After distillation, cyclohexane was contaminated with acetone
(0-80 ppm). In the reactions using adsorbents, the contaminated
solvent (50 ppm) was percolated through the adsorbent (2.0g)
column under inert atmosphere and transferred into the reac-
tor. Replicates in polymerization reactions were performed up to
reach standard deviation lower than 6%. Catalyst activity was cal-
culated taking into account the dried mass of the resulting polymer
expressed in terms of metal present on the polymerization medium,
either in terms of soluble catalyst or present on the supported cat-
alyst.

2.5.3. Polymer characterization

The resulting polymers were characterized by differential
scanning calorimetry (DSC). Polymer melting points (Tp;) and
crystallinities (X.) were determined on a Thermal Analysis Instru-
ments DSC-2010 calibrated with Indium, using a heating rate of
10°Cmin~! in the temperature range of 40-180°C. The heating
cycles were performed twice, but only the second was taken into
account, since the first cycle was influenced by the mechanical and
thermal history of the samples. The samples (ca. =5 mg) were put
into an aluminum pan and hermetically sealed.

Table 1
Metal crystallite size of the chemically modified chrysotile and silica.

Sample Particle size (nm)
LC Cu 50 10.1
LC Ag 50 10.4
S Cu 50 10.4
SAg 50 10.3

LT

Silica

Modified-silica

Scheme 1. Interaction of carbonyl with (a) silica and (b) metal modified silica sur-
face.
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Fig. 1. X-ray diffraction patterns of chrysotile: (a) leached; (b) modified with Cu and
(c) modified with Ag.

3. Results and discussion

The interaction of acetone with the silica surface has already
been described by Schwarzenbach [16]. It takes place via a hydrogen
bond between the oxygen from the carbonyl with the hydrogen
from silanol groups. The introduction of a metal (M) on the surface
engenders the formation of Lewis acid sites (M*), which might also
interact with the carbonyl group (Scheme 1).

The modification of silica and chrysotile with metals aims at
improving the adsorption capacity of these supports by generat-
ing potential Lewis acid sites which are capable of interacting with
acetone.

In the present study, silica and chrysotile, modified with differ-
ent amounts of Ag and Cu were characterized by XRD, SEM and
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Fig. 2. X-ray diffraction patterns of silica: (a) pure; (b) modified with Cu and (c)
modified with Ag.



386 M.A.C. Gollmann et al. / Chemical Engineering Journal 147 (2009) 383-390

nitrogen adsorption. In the following discussion, the labels contain
the phase (S for silica, NC for native chrysotile and LC for leached
chrysotile), the metal (Cu or Ag) and the metal content expressed
in terms of percentage. So, for instance, LC Ag 5 indicates a leached
chrysotile sorbent that was modified with 5wt.% of Ag.

3.1. Adsorbent characterization

The external structure of natural chrysotile is mainly com-
posed of magnesium mineral (brucite) as described in Refs. [17,18].
Normally, acid treatment removes this mineral and results in a
nano-fibriform silica, which is completely amorphous [ 19]. The XRD
patterns of native, leached and chemically modified chrysotiles are
shown in Fig. 1.

In spectrum a of Fig. 1, the peaks at 260=12.2; 19.2; 24.3;
35.9; 61.8 and 64 are attributed to crystalline chrysotile. After
acid leaching (spectrum b), the crystalline structure of chrysotile
is maintained, but an amorphous structure can also be identi-
fied. The broad halo in the range of 20-30° (26) can be assigned
to amorphous silica resulting from the acid treatment applied to
the natural chrysotile. The observed disappearance of the peak
centered at 20=40° is attributed to brucite. Spectrum c of Fig. 1
shows the results of copper-modified chrysotile. Signals centered
at260=16.1; 32.4; 36.6; 39.8; 50 and 57.1 are attributed to atacamita
(CuyCI(OH)3), as discussed by Larser and Noriega [20], Cai et al. [21]
and Ndfiez et al. [22]. In the case of silver-modified chrysotile (spec-
trum d of Fig. 1), the peaks at 26=20.9 and 32.9 are attributed to
silver oxide (Ag,0), while those at 26 =34.8 and 38.1 are attributed
to metallic silver (Ag) [23,24].

For comparative purposes, silica was also chemically modified
with Cu and Ag. The diffraction pattern of silica is characterized
by a broad halo centered in the range of 18-30° (26), which indi-
cates an amorphous structure (spectrum a in Fig. 2), according to
Godec et al. [25]. After chemical modification, crystalline structures
can be identified. According to spectrum b of Fig. 2, the signals
at 260=11.2; 32.6 and 39.9 can be attributed to crystalline parat-
acamide (Cuy(OH)3Cl) and those at 260 =35.6 and 38.9 to crystalline
tenorite (CuO). In Fig. 2c, the peaks observed at 20=22.4 can be
assigned to AgNOs (starting product), thatat 26 = 34 can be assigned
tosilver silicate (AggSi; O7) and, finally, that at 26 = 38.2 corresponds
to metallic silver (Ag).

The average crystallite size was estimated from the full width at
half maximum (FWHM) of the XRD peaks assigned to the (200)
3Mg0Si0,-2H;0, (011) CuyCI(OH)3 and (111) Ag, (002) CuO,
(421) AggSi»07 phases, using Scherrer’s equation. The calculated
average crystallite sizes are presented in Table 1. Independent of the
phase or of the element, particle metal size remained at ca. 10 nm.

18kUy

Table 2
Textural properties of the adsorbents.

Silica Chrysotile Leached chrysotile
Sger (m?/g) 646 23 294
D, (A) 22 54 39
Vp (cm?/g) 0.2 0.02 0.3

Table 3
Specific area (m?/g) of adsorbents doped with metals determined by nitrogen
adsorption and calculated by the BET method.

Metal content (wt.%) Specific area (m? g1)

S LC

646 294
Cu (10) 578 136
Cu (50) 406 31
Ag (10) 454 27
Ag (50) 54 <10

Metal-modified silicas were also characterized by SEM. Fig. 3
illustrates the microstructure of S Cu 50 (a) and S Ag 50 (b). Among
the investigated adsorbents, that resulting from the modification
with Cu presents a homogeneously rough surface. In the case of S
Ag 50, particles in the micrometer range can be observed.

Fig. 4 shows the micrographs of the LC (a) and after chemical
modification: LC Cu(b)and LC Ag(c). Fig. 4ais characterized by long
nanotubes and crystal-fiber bundles. When chrysotile is doped with
Cu (Fig. 4b), the surface seems to be covered with particles, while in
the case of Ag-modified chrysotile, particles seem to grow around
the fibers.

In order to gain some information about their textural prop-
erties, the employed adsorbents were further characterized by N,
adsorption. Table 2 shows the textural properties determined by
nitrogen adsorption, calculated by the BET and the BJH methods
[26].

According to Table 2, silica is the adsorbent with the highest
specific area (Sggr), followed by LC. NC presents a very low specific
area, but after the acid treatment there is a significant increase.
The pore diameter (Dp) lay in the range of 20-60 A, being higher
in the case of natural chrysotile. The volume of the micropore (Vp)
increased after acid treatment, being comparable to that of silica.

Table 3 shows the modification in specific areas after chemical
treatment with Ag and Cu.

According to Table 3, the chemical modification of the adsor-
bents results in specific area loss, probably due to formation of
metal deposition inside or in the opening of the pores. In the case

Fig. 3. Silica micrographs employed in adsorptions process, 10,000x: (a) doped with Cu (50%) and (b) doped with Ag (50%).
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Fig. 4. Leached Chrysotile SEM images (22,000x ): (a) pure, (b) modified with Cu (50 wt.%), and (c) modified with Ag (50 wt.%).

of silica modified with Ag, this loss is more accentuated than with
Cu. In the leached chrysotile, the same behavior was observed.
Alterations of Dp and V,, were not observed, suggesting that the
deposition of metal must be occurring on the uppermost external
surface of the grain adsorbent.

3.2. Acetone adsorption

Table 4 shows the percentage of acetone adsorption using mod-
ified chrysotile and silica. Data were expressed in terms of acetone
adsorption capacity by adsorbents containing different amounts of
M (Cu or Ag).

According to Table 4, the adsorbent capacity of pure leached
chrysotile was higher than that of silica. The addition of metal in
leached chrysotile, independent of the amount added, engendered
areduction in acetone adsorption capacity. For silica modified with
Ag or Cu (10%), a positive effect was observed. When the amount of
added metal increased (50%), the adsorption capacity was similar
to that observed for bare silica.

Table 4
Acetone adsorption capacity on silica and leached chrysotile modified with Cu and
Ag.

M (wt.%) Acetone adsorption capacity (%)
LC Ag LC Cu S Ag SCu
0 96 96 73 73
10 51 46 90 93
50 58 49 75 72

Many phenomena might be involved in the acetone adsorption
process, including the effect of the specific area and the nature of the
surface sites and of the silanol concentration introduced by chem-
ical modification. Attempts to elucidate the metal addition effect
on the silanol concentration were performed by DRIFTS analysis
(Fig. 5). For normalization of the signal, the area of the band cen-
tered at 3650 cm~! (silanol groups) was divided by the area of the
band at 1867 cm~! (overtone Si-0-Si), taken as the internal stan-
dard, since it was invariant under the experimental conditions used
in this analysis [27].
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144 ™ g -
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Fig. 5. Effect of metal loading on the silanol content.
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Table 5
Acetone adsorption on silica and chrysotile, monitored by v(c=o). M=Cu or Ag.

Sorbent Cu vic=0) (em~1) Ag V(=) (cm~1)
S 1711 1711
SM10 1697 1694
SM 50 1692 1691
LC 1707 1707
LCM 10 1696 1704
LCM 50 1692 1698

According to Fig. 5, for chrysotile there is a reduction in OH
concentration, which shows to be practically independent of the
added metal amount. Nevertheless, for silica the increase in metal
concentration results in a significant reduction of silanol groups.
This reduction is clear when the modification of silica is made with
Ag. Then, as the metal content increases, the number of potential
immobilization Lewis acid sites also increases. Nevertheless, for sil-
ica, metal modification engenders the reduction of silanol groups,
which are also potential adsorption groups. Acetone adsorption
on the silica surface modified with metals was also monitored
through DRIFTS. The v(c—g) stretching for isolated acetone appears
at 1737cm~! [28]. The stretching V(c=0) Of acetone adsorbed on
silica and on chrysotile is presented in Table 5.

Considering data for pure acetone (v(c—y = 1737 cm~1) and data
presented in Table 5, it is observed that v shifted to lower
wavenumber values both in the case of silica and leached chrysotile.
This shift of vc—o) for lower wavenumbers suggests that the metal
addition increases the acetone interaction with the adsorbent sur-
face. There is a reduction in the bond order of the carbonyl in
acetone, probably due to coordination onto the metallic center
(Lewis acid sites), presented on the silica surface, as proposed in
Scheme 2.

Evaluating all these factors, it seems that the OH concentra-
tion and the increase in Lewis acidity through the increase of silica
metal loading are factors that compete between themselves. For
low metal addition (10%), acetone adsorption capacity increases.
However, when this amount of metal loading increases (50%),
the reduction of OH groups on the surface is relatively signif-
icant, resulting in a decrease in acetone adsorption capacity of
silica.

3.3. Catalyst activity and polymerization

In order to evaluate the acetone adsorption capacity of the inves-
tigated adsorbents, cyclohexane was contaminated with acetone
(50 ppm) and percolated through the adsorbent materials. These
solvents were used in the reaction of ethylene polymerization. Fig. 6
correlates the relative catalytic activity (%) in ethylene polymeriza-
tion reactions for the different silica-based adsorbents.
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Scheme 2. Bonding order of carbonyl group on (a) silica and (b) metal modified
silica surface.
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Fig. 6. Catalytic activity in the ethylene polymerization with TiCl4/MgCl, catalyst,
using cyclohexane contaminated with 50 ppm of acetone and percolated through
chemically modified silicas.

The polymerization results displayed in Fig. 6 show that loading
10% metal for silica is more efficient than loading 50%. This con-
firms the results observed in acetone adsorption that demonstrated
than 10% metal is better for this system. Moreover, as previously
observed, the modification with Cu is more efficient than with
Ag: for the modification of silica with 10% metal, 97% efficiency
is obtained for Cu, as opposed to 83% for Ag. Bare silica (S) presents
values of catalytic activity comparable with S Ag 10%. Therefore,
modification with Ag does not seem to improve acetone retention
on silica. Fig. 7 shows the relative catalytic activity (%) in polymer-
ization reactions, using LC modified with Ag and Cu.

According to Fig. 7, the LC doped with 50% of Cu presents less
loss of the catalytic activity. For Ag, the effect of impregnated metal
in the loss of catalytic activity is practically non-existent: 78% effi-
ciency for 10% metal and 75% for 50% Ag added. For Cu, the catalytic
activity is comparable to the non-contaminated system (98% of
efficiency). For polymerization reactions, pure LC was shown to
be less efficient that LC modified with metals. Perhaps LC applied
in polymerization reactions releases some poison for polymeriza-
tion process. NC was also evaluated as an adsorbent for the solvent
used in polymerization reactions. Results, in terms of relative cat-
alytic activity in ethylene polymerizations with NC, are shown in
Fig. 8.

NC has been previously evaluated for acetone adsorption and
showed worse adsorption capacity in comparison to coal or alu-
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Fig. 7. Catalytic activity in the ethylene polymerization with TiCl4/MgCl, catalyst,
using cyclohexane contaminated with 50 ppm of acetone and percolated through
chemically modified LC.
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Fig. 8. Catalytic activity in the ethylene polymerization with TiCl4/MgCl, catalyst,
using cyclohexane contaminated with 50 ppm of acetone and percolated through
chemically modified NC.

Table 6
Melting temperature (T ) and crystallinity (X¢) of the polyethylene produced using
solvent percolated by the different sorbents.

Systems T (C©) Xc (%)
Non-contaminated 133 45
Contaminated 133 43
S Cu 10% 133 56
LC Cu 50% 11353 35
NC Ag 50% 133 49

mina [29]. The polymerization tests using NC modified with metal
demonstrate that for this modification, Ag is more efficient. The
higher the metal content in the adsorbent, the greater its efficiency
in the acetone retention, which in turn, results in higher catalytic
activity. The same occurs with LC modified with metals, in which
higher metal content affords more efficient adsorbent. Cuimproved
the NC adsorbent capacity, but less than Ag. For modification with
50% metal in NC, Cu has 75% efficiency, as compared to 99% for Ag.

The resulting polyethylenes were characterized by DSC. In
Table 6, the polymer melting points (Ty;) and the crystallinities (X;)
of polymers produced by several systems are presented.

According to Table 6, the polymer melting points were typical
of high-density polyethylene. No specific effect of the use of the
adsorbent was evident in the crystallinity of the resulting polymers,
which remained between 35 and 56%.

4. Conclusion

The addition of metal on silica and chrysotile can result in nega-
tive or positive effects on the acetone adsorption. This depends on
the particular characteristics of the adsorbent, in terms of adsor-
bent nature, specific area, metal nature and metal content. The
present results suggest that for acetone, retention in silica modi-
fied with 10% metal (Ag or Cu) is better. This content guarantees
a favorable ratio between silanol groups and Lewis acid sites,
both important components in acetone adsorption. For leached
chrysotile, the acetone adsorption processes seem to be more
complex. After acid treatment, leached chrysotile might become
amorphous silica, and chemical modification with metals does not
improve chrysotile adsorption capacity. However, this modifica-
tion positively influenced the polymerization reactions, making
this adsorbent a potential promoter in the system reaction. Yet, for
leached and native chrysotile, higher metal addition percentages

lead to more efficient systems in acetone adsorption. Nevertheless,
one cannot neglect that chrysotile asbestos fibers are associated to
lung cancer or asbestosis mortality. Recently research has suggested
that fibre dimension appears to be an important determinant of
respiratory disease risk [30,31]. Therefore, the technological appli-
cation of chrysotile as sorbent in polymerization plants may take
into account safety procedures in order to eliminate its potential
toxicological risks.
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