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AbstractThree types of nanoporous silica support were modified by methylaluminoxane MAO and characterized
by using BET, SEM, XRD and TGA. Dimethylsilyl (N-tert-butylamido)(tetramethylcyclopentadienyl) titanium dichl-
ride was synthesized and immobilized on modified support. The prepared complex was then used as a reactive cata-
lyst for ethylene polymerization. The effect of immobilization conditions on catalyst performance was studied. The
results revealed elevated temperature grafting, decrease in precatalyst loading. Also, increasing of immobilization reac-
tion time showed an increase in activity to 130 Kg poly/mol Ti.h.bar. The effects of polymerization temperature and
[Al]/[Ti] ratio on the catalyst behavior, namely activity and bulk density, were investigated. According to the results, the
activity of single-site catalyst depends on condition of immobilization and structure of nanoporous silica support.
Keywords: Nanoporous Silica, Titanocene, Immobilization, Polymerization, Polyethylene (PE)

INTRODUCTION

The discovery of metallocene and single-site catalysts for olefin
polymerization exhibits many interesting characteristics of produced
polymer through the rational design of ligands and the structure
of related complexes [1-8]. It also offers wide flexibility range along
with control on polymer properties in comparison with conven-
tional Ziegler-Natta catalysts [9]. Constrained geometry catalysts
(CGCs) (Insite technology, Me2Si(C5Me4) (N-tBu)TiCl2, are a new
generation of metallocenes which have found wide range of inter-
ests both in academia and industry since the 1990s [10-14]. Com-
mon types of CGC catalysts retain one of the cyclopentadienyl rings
of metallocenes, but replace the other ring with a nitrogen substit-
uent which is able to coordinate with the metals [13,15]. The amide
donor ligand in the structure of these types of complexes stabi-
lizes the electrophilic metal center, while the short Me2Si<bridging
group creates more space at the metal site environment compared
to conventional metallocenes [16]. This unique structure allows
excellent control of the polymer chain structures and production
of polymer with high efficiency and value added [17-20]. Although
several experimental studies on olefin homo and copolymerization
with CGCs have been published [10-14], the preparation of sup-
ported single-site catalysts is indeed a big challenge, mostly because
the polymer morphology must be controlled in such a way that
characteristics of molecular catalysts are retained [21]. Despite the

numerous advantages of metallocene and single-site catalysts, some
issues such as control on polymer morphology, thermal stability of
the catalysts and adaptability to various commercial processes such
as slurry and gas phase processes, still need to be addressed. To
fulfill these requirements, immobilization of the catalysts on vari-
ous carriers especially silica to make a ‘‘drop-in’’ process, has been
an important topic for researchers [6]. One of the most important
keys in immobilization is to ensure fine control of the surface chemis-
try of the support as well as procedure which is used to produce
the methylaluminoxane (MAO) activated silica support [22,23].
Several methods have been reported for immobilization of metal-
locene catalysts but the most widely used method is to treat a sil-
ica surface containing surface silanol groups with MAO before
addition of metallocene catalyst to make a catalytic complex with
the surface-anchored MAO [24-26].

In this research, nanoporous silica support was modified with
MAO. The dimethylsilyl (N-tert-butylamido)(tetramethylcyclopenta-
dienyl) titanium dichlride (Fig. 1) was synthesized and immobi-
lized on modified support, and was then used as catalyst for ethylene
polymerization. The influence of some critical parameters such as

Fig. 1. Structure of CGC catalyst used in this study.
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silica type and immobilization conditions including temperature
and time of immobilization on catalyst performance was studied.
The polymerization behavior at various conditions such as differ-
ent temperature and [Al]/[Ti] ratio was also studied.

MATERIAL AND METHODS

1. Materials
All methods and manipulations involving air or water sensitive

compounds were handled under inert atmosphere in a glove box.
MAO (10 wt% in toluene) was purchased from Aldrich (USA) and
used without further purification. Polymer grade ethylene with high
purity was obtained from Bandar Imam Petrochemical Corporation
(Iran) and further purified by passing through an oxygen/moisture
trap. Silica Grace Davisil 643 and 633 were purchased from Aldrich
Company and the synthesized silica sample was denoted by NPC-
RT Company (Iran). The silica supports were dried under nitro-
gen flow prior to use. Toluene for polymerization was supplied from
Merck Company and was refluxed in the presence of sodium/benzo-
phenone and distilled prior to use (the water content was lower than
5 ppm by Karl-Fischer titration). The catalytic precursor dimethyl-
silyl (N-tert-butylamido)(tetramethylcyclopentadienyl) titanium dichl-
ride was synthesized according to previously reported procedure [27].
2. Catalyst Preparation
2-1. Preparation of Synthesized Silica

Silica support was prepared using alkaline solution of sodium
silicate by sol-gel method. The first 30 ml sodium silicate with 25
ml of deionized water was mixed and 35 ml of sulfuric acid 12.5%
by weight over a period of 105minutes by stirring was added. After
addition, acid was separated from the ice bath (without perform-
ing aging stage), and sodium ion from silica hydrogel by washing
with aqueous ammonium nitrate solution was removed. Dry pow-
der silica was obtained at 550 oC.
2-2. Pretreatment of Silica with MAO

Silica was dried under nitrogen flow prior to use at 350 oC for
6 h (calcination). In a round-bottom flask, 3 g of dried silica was
stirred in toluene and then 7 ml of MAO solution (10 wt% in tolu-
ene) was added drop-wise in 30 min at room temperature. Then
the reaction temperature was set to 70 oC and allowed to be stirred
for 18 h. The resulted suspension containing silica was filtered and
washed with 400 mL of dried toluene for 8 to 10 times to remove
the unreacted aluminum. Finally modified silica was dried under
vacuum at room temperature.
2-3. Preparation of Immobilized Titanocene Catalyst on Silica

A typical procedure for immobilization of dimethylsilyl (N-tert-

butylamido)(tetramethylcyclopentadienyl) titanium dichlride on sil-
ica was as follows. In a 250mL round-bottom flask, 2.6g of silica pre-
treated with MAO from the previous section was introduced and
stirred in 10mL of toluene. Then, 0.12g of precatalyst was dissolved
in 6 mL of toluene and transferred to pretreated of silica with MAO
using syringe at room temperature. The catalyst mixture was heated to
50-70 oC and stirred for 3-18h. The obtained catalyst was filtered and
washed with toluene and dried under vacuum at room temperature.
3. Ethylene Polymerization

For ethylene polymerization a 1 L stainless steel reactor was used.
The reactor, which was equipped with a magnetic stirrer, was
degassed and filled with nitrogen, toluene (500mL), and MAO solu-
tion (400mg) as scavenger was introduced to the reactor and stirred
at 400 rpm for 15 min. A certain amount of MAO as activator was
added to the reactor, and after 15 minutes the appropriate amount
of catalyst was introduced. The reactor was pressurized with eth-
ylene and the pressure reached 8.0bar. Then the vessel was warmed
to the desired polymerization temperature. After the polymeriza-
tion (1 h), excess ethylene was vented off and the polymerization
quenched by adding acidified ethanol. The polymer was filtered,
washed extensively with ethanol and dried at 40 oC in an oven
overnight to reach a constant weight.
4. Characterization

The metal content of the immobilized catalysts was determined
by inductively coupled plasma (ICP). Scanning electron micros-
copy (SEM) was used to determine the morphology of silica sup-
ports, catalyst and polymer. SEM images were obtained with Vega-
Tescan (Czech Republic) electron microscope. The elemental map-
ping images were taken from Philips instrument (XL30), under
vacuum, accelerated at 20 kV. X-ray diffraction (XRD) was used to
determine the bulk crystalline phases of samples. Diffraction pat-
terns were obtained using a Siemens Diffraktometer D500 instru-
ment. Thermogravimetric analysis (TGA) was used for evaluation
of thermal stability of the silica and the measurements were done
by a Perkin Elmer Pyris Diamond. BET surface area, average pore
diameter and pore size distribution were measured by N2 phy-
sisorption using NOVA 2000 Quantachrome (USA) system. Dif-
ferential scanning calorimetry (DSC) tests were recorded on a
Mettler-Toledo (Switzerland) model 822e instrument, at a heating/
cooling rate of 10 oC min1, under nitrogen flow. Gel permission
chromatography (GPC) was performed by Varian (PL-GPC220) at
145 oC in trichlorobenzene with polystyrene standards. Powder bulk
density (BD) of samples were measured based on the industrial
standard procedures ASTM D1895-69. Particle size distribution of
polymers was characterized by Mastersizer 2000, Malvern.

Table 1. The influence of structure of support on the catalyst systema

No. Silica Surface area
(m2/g)

Pore volume
(cm3/g)

Average pore
diameter (Å)

Average particle
size support (m)

Average particle
size polymer (m)

Bulk density
(g/mL)

Activity
(kg poly/molTi.h.bar)

1 Davisil 643 276 1.10 150 55 415 0.32 130
2 Synthesized 204 0.75 130 64 030 0.11 087
3 Davisil 633 493 0.86 060 52 155 0.20 097
4 Homogeneous - - - - 075 0.26 520

aT=75 oC , P=8 bar, Al/Ti=450 (molar ratio)
Calcinations condition: T=350 oC, t=6 h
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RESULTS AND DISCUSSION

Four series of experiments were conducted to evaluate the per-
formance of prepared catalyst system in ethylene polymerization:
(1) the pore characteristics of various silica supports; (2) the catalytic
activity of metallocene catalyst systems prepared using the supports;
(3) the loading of activator and metallocene on to the support;
and (4) the properties of produced polymers from polymerization
reaction which is catalyzed by the above prepared metallocene cat-
alyst system. Three kinds of silica samples were employed in this
study and their specification is summarized in Table 1. All three
silicas had total surface areas of at least ~200 m2/g and pore vol-
ume of at least ~0.75cm3/g. The average support particle size ranged
from 52 to 64 micrometers.
1. Effect of Support Structure on the Catalyst System

It has been reported that the activity usually decreases by im-
mobilization of the catalyst on the support [28]. The type and the
structure of support would have an important impact on perfor-
mance of metallocene catalyst. The sufficiently large pore diame-
ter of silica allows metallocene to diffuse and interact efficiently
with inner surface of the support. At the same time, the pore vol-
ume must not be too large in order to decrease the surface area for
activator-metallocene-support interactions, or to create too fragile
a metallocene catalyst system. Such that it does not remain intact
during the process for formation of the metallocene catalyst system
or during the metallocene catalyst system’s transport to a reactor.

Table 1 shows that synthesized silica and Davisil 633 have low
total pore volume; most of the pores have diameters of less than
150Å. It has been reported that in silicas with pore diameter smaller
than 100Å, the negative curvature keeps silanol groups closer, favor-
ing the formation of hydrogen bonds and therefore, increasing the
stability of silanol groups against dehydroxylation, which leads to a
decrease in catalyst activity [25]. Table 1 also shows that although
Davisil 633 has a high total surface area, most of the surface area is
allotted to small pores with diameters of less than 150 Å.

The highest catalyst activity was observed for the catalyst using
Davisil 643 support which was commercial silica and the lowest
activity obtained with the supported system immobilized on the
synthesized silica. This observation could be most likely attributed
to the pore volume and pore diameter of Davisil 643, which allows
greater amounts of metallocene to be bound and activated in the
interior pores in this support compared to synthesized support.
Although Davisil 633 has small pore diameter, its catalyst activity
is more than catalyst system including synthesized silica due to its
higher pore volume and surface area (Table 1).

SEM images of silica supports are depicted in Fig. 2. It can be
seen that the physical surface of synthesized silica is frangible. The
produced polymer by using system with synthesized silica sup-
port has the lowest particle size in comparison to other systems
including Davisil 643 and Davisil 633 (see Table 1). The frangible
structure of synthesized silica and its catalyst also leads to very low
bulk density.

Thermal behavior of noncalcinated silica samples was studied
by using TGA under inert atmosphere, and results are in Fig. 3.
The trend of weight loss for Davisil 643 and Davisil 633 was simi-
lar. There is a steep weight loss at about 100 oC that most likely is

Fig. 2. SEM images of silica supports which are used for CGC cata-
lyst, Davisil 643 (a), synthesized silica (b), and Davisil 633 (c).
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associated with the loss of OH groups. The observed weight loss is
about 3 percent. Increasing temperatures to 750 oC led to weight
loss of about 5-7% with a mild slope (Fig. 3(1), (3)). Davisil 633 in
comparison with synthesized silica loses ~2% more, due to its higher
surface area and in consequence higher amount of OH groups. The
weight losses of synthesized silica with the least surface area were
about 1% and 3% at 100 oC and 750 oC, respectively. Therefore, less
reduction in OH groups led to decrease in loading of precatalyst
and catalyst activity.

Fig. 4 shows an X-ray powder diffraction pattern of silica sam-
ples. An amorphous peak with the equivalent Bragg angle at 2=
26.04, 24.80 and 25.18 degrees was recorded for Davisil 643, Syn-
thesized silica and Davisil 633, respectively. This peak was related to
the amorphous phase and was existent on heating silica up to 800 oC.
Overheated amorphous silica at 1,000 oC, tetragonal -crystobalite
and a small fraction of monoclinic tridymite were received [30].
2. Effect of Calcination Temperature on Catalyst Activity

Due to better characteristics of silica Davisil 643, it was chosen

Fig. 3. TGA graph of silica support Davisil 643 (1), synthesized silica (2) and Davisil 633 (3).

Fig. 4. XRD patterns of silica Davisil 643 (1), synthesized silica (2),
Davisil 633 (3) with a characteristic amorphous peak.

Table 2. Variable studied parameters on immobilization of (C5Me4SiMe2NtBu)TiCl2 on Davisil 643a

No. T (immobilization)
(oC) 

t (immobilization)
(h) %Ti %Al T (calcination)

(oC) 
Activity

(kg poly/molTi.h.bar)
1 50 18 0.12 3.28 350 109
2 60 03 0.10 3.12 350 083
3 60 06 0.14 3.31 350 102
4 60 18 0.15 1.62 600 096
5 60 18 0.23 3.81 350 130
6 70 18 0.19 3.70 350 114

aPolymerization condition: T=75 oC , P=8 bar, Al/Ti=450 (molar ratio), solvent: toluene
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for more investigation. Silica support was dried at 350 oC and
600 oC. From another side, in extremely low calcination tempera-
ture, the resulting catalyst system may show less activity. Less activ-
ity of catalyst at low temperature would be likely attributed to the
reaction of hydroxyl groups with catalyst components, which there-
fore leads to the inactivity of catalyst. But at elevated temperatures,
hydroxyl groups on the silica surface are isolated. The constant in-
crease in calcination temperature leads to decrease in the hydroxyl
content on the silica surface, and consequently the amount of load-
ing of the precatalyst on support [27-29]. The amount of alumi-
num in the catalyst decreases with increasing calcination temperature
[34].
3. Effect of Immobilisation Condition on Catalyst Activity

The immobilization of precatalyst on silica Davisil 643 in differ-
ent condition and its effect on the activity of catalyst under typical
polymerization condition were studied. According to the obtained
results, a temperature in the range of 50-70 oC was selected for im-
mobilization. It is assumed that heating facilitates the fixation of
precatalyst on the silica, as compared to precatalyst fixation done
at 50 oC. It has been reported that higher grafting temperatures lead
to the elimination of both (Cl) ligands of the original metallocene
and produce bidentate species and lower precatalyst loading. This
species should be inactive in polymerization reactions since the
absence of a labile ligand (Cl) prevents the formation of the active
center which is generated through alkylation of the complex in a
reaction with MAO [31]. Increasing the immobilization reaction
time from 3 to 18 h led to increase in activity up to 130 Kg poly/

Fig. 5. SEM/elemental mapping images of catalyst sample 5.

Fig. 6. TGA graph of the catalyst sample 5.
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mol Ti.h.bar (Table 2). This observation could be most probably
attributed to an increase in loading of precatalyst on support.

The SEM and elemental mapping for the catalyst sample 5 with
high activity is shown in Fig. 5. It displays the external surface and
distribution of Al, Si, and Ti on the catalyst. The morphology remains
unchanged from support to the catalyst. It shows clearly that the
distribution is essentially random and uniform.

Thermal analysis for the catalyst sample 5 was carried out (Fig.
6). The sample is stable at about 100 oC and above this tempera-
ture up to 270 oC with a gentle slope loses about 16% of its weight.
Up to 750 oC the catalyst loses its weight with a mild slope and at
the end weight loss is 21% of its original weight.
4. Effect of Polymerization Conditions on Ethylene Polymer-
ization Behaviors of CGC Catalyst

Table 3 summarizes the results of ethylene polymerization of
catalyst 1 at different conditions. According to Table 3, there is an
increase in activity by increasing [Al]/[Ti] ratio. This implies that
in this range there is no hindrance of efficient activation of the cat-
alyst with a cocatalyst. The maximum activity of catalyst 1 (1,042
kgPE/mol Ti.bar) with full 1h run appears at 75 oC after raising

[Al]/[Ti] ratio to 1160. As has been reported before for immobi-
lized FI(phenoxy-imin) and CGC systems, the activity of this cata-
lyst was increased to a maximum value as the polymerization in-
creased to 75 oC and then decreased [6,15].

The results indicate that the supported catalyst makes narrow
molecular weight distribution polymers. The data in Table 3 show
that high bulk density polymers can be prepared from supported
catalyst system with various combinations of Al/Ti and tempera-
ture. SEM images of polymer sample 4 have been depicted in Fig.
7. It shows that polymer grows and formed clusters. The MAO-
treated silica allowed easy access to the monomer in the inner core.

The results extracted from DSC curves showed that in these
polymerization condition samples with crystallinity of ~44-66% could
be obtained (Table 3). These results are in agreement with the reports
related to effective parameters in the formation of branches with
CGC catalysts [17].

CONCLUSIONS

Structural properties of silica support were shown to influence

Table 3. Ethylene homopolymerization with (C5Me4SiMe2NtBu)TiCl2/SiO2/MAOa

No. [Al]/[Ti]
(molar ratio)

Temp
(oC)

Activity
(kg poly/molTi.h.bar)

Bulk density
(g/cc)

Crystalinity
% Mw/Mn Mw×(103)

(g/mol)
1 0190 75 0037 0.31 65.84 2.08 823
2 0320 75 0068 0.31 60.29 2.34 755
3 0450 65 0073 0.30 51.10 2.14 562
4 0450 75 0130 0.32 43.82 2.40 693
5 0450 80 0094 0.32 43.74 2.28 715
6 0640 75 0156 0.31 43.25 2.55 764
7 0770 75 0260 0.29 42.68 2.78 874
8 0900 75 0287 0.31 41.27 2.83 653
9 1160 75 1042 0.30 41.14 2.94 783

aPolymerization condition: P=8 bar, t=1 h, immobilization condition: T=60 oC, t=18 h

Fig. 7. SEM images of polyethylene sample 4.
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several parameters and properties of the supported catalyst. Nev-
ertheless, better catalyst activity was obtained with Davisil 643 and
Davisil 633, probably due to a more suitable and uniform particle
size. Synthesized silica did not afford any advantage in terms of
catalyst activity, polymer characteristics. Calcination of support at
350 oC and 600 oC was performed and the results revealed that cal-
cinations at higher temperature lead to systems with higher activity.
Synthesis of heterogeneous catalysts was investigated, and the syn-
thesized catalyst showed the highest activity at 60 oC for ethylene
polymerization. The time of immobilization of catalyst was evalu-
ated and higher activity was obtained at 18hours. The catalyst syn-
thesis and polymerization were at different temperatures, and the
results showed that the optimum temperature for the polymeriza-
tion of these systems was 75 oC. With changing the molar ratio of
[Al]/[Ti] from 190 to 1160 the activity of catalyst systems changed
from 37 to 1,042 (kg poly/molTi.H.bar). The specific morphology
of the polymer particles is amorphous with a crystallinity of about
44-66%.

ACKNOWLEDGEMENTS

The authors would like to express their gratitude to National
Petrochemical-Research and Technology Co., of Iran for financial
support with grant No. of 870229013.

REFRENCES

1. D. Arrowsmith, W. Kaminsky, A. M. Schauwienold and U. Weing-
arten, J. Mol. Catal. A: Chem., 160, 97 (2000).

2. W. J. Wang, S. Zhu and S. J. Park, Macromolecules, 33, 5770 (2000).
3. M. W. McKittrick and C. W. Jones, J. Am. Chem. Soc., 126, 3052

(2004).
4. K. Yu, M. W. McKittrick and C. W. Jones, Organometallics, 23,

4089 (2004).
5. M. W. McKittrick, K. Yu and C. W. Jones, J. Mol. Catal. A: Chem.,

237, 26 (2005).
6. J. H. Woo and S. C. Hong, Polymer-Plastics Technol. Eng., 50, 1557

(2011).
7. J. M. Campos, J. P. Lourenc, H. Cramail and M. R. Ribeiro, Prog-

ress Polym. Sci., 37, 1764 (2012).
8. M. M. Stalzer, M. Delferro and T. J. Marks, Catal. Lett., 145, 3

(2015).
9. A. Shamiri, M. H. Chakrabarti, S. Jahan, M. A. Hussain, W. Kamin-

sky, P. V. Aravind and W. A. Yehye, Materials, 7, 5069 (2014).
10. P. J. Sinnema, B. Hessen and J. H. Teuben, Macromol. Rapid Com-

mun., 21, 562 (2000).
11. A. Eisenhardt and W. Kaminsky, Catal. Commun., 5, 653 (2004).
12. P. Kaivalchatchawal, P. Praserthdam, Y. Sogo, Z. Cai, T. Shiono and

B. Jongsomjit, Molecules, 16, 4122 (2011).

13. S. Mehdiabadi and J. B. P. Soares, Macromolecules, 45, 1777 (2012).
14. S. Guo, H. Fan, Z. Bu, B. G. Li and S. Zhu, Macromol. React. Eng.,

9, 32 (2015).
15. J. Chai, K. A. Abboud and S. A. Miller, Dalton Trans., 42, 9139

(2013).
16. I. V. Sedov, V. D. Makhaev and P. E. Matkovskii, Catal. Ind., 4, 129

(2012).
17. P. Liu, W. Liu, W. J. Wang, B. G. Li and S. Zhu, Macromol. React.

Eng., 10, 156 (2016). 
18. B. Yang, M. Yang, W. J. Wang and S. Zhu, Polym. Eng. Sci., 52, 21

(2012).
19. E. Kolodka, W. J. Wang, S. Zhu and A. Hamielec, Macromol. Rapid

Commun., 24, 311 (2003).
20. W. J. Wang, D. Yan, S. Zhu and A. E. Hamielec, Macromolecules,

31, 8683 (1998).
21. F. Pradest, J. P. Broyet, I. Belaid, O. Boyron, O. Miserque, R. Spitz

and C. Boisson, ACS Catal., 3, 2288 (2013).
22. M. A. Bashir, T. Vancompern, R. M. Gauvin, L. Delevoye, N.

Merle, V. Monteil, M. Taoufik, T. F. L. McKenna and C. Boisson,
Catal. Sci. Technol., 6, 2962 (2016).

23. J. S. Oh, B. Y. Lee and T. H. Park, Korean J. Chem. Eng., 21, 110
(2004).

24. S. Y. Lee and K. Y. Choi, Macromol. React. Eng., 8, 755 (2014).
25. J. S. Chung, G. Tairova, Y. Zhang, J. C. Hsu, K. B. McAuley and

D. W. Bacon, Korean J. Chem. Eng., 19, 597 (2002).
26. S. Y. Lee, J. S. Lee and Y. S. Ko, Korean Chem. Eng. Res., 53, 397

(2015).
27. J. C. Stevens, F. J. Timmers, D. R. Wilson, G. F. Schmidt, P. N. Nick-

ias, R. K. Rosen, G. W. Knight and S. Y. Lai, EP Patent 0, 416, 815
A2 (1991).

28. A. C. dos Ouros, M. O. de Souza and H. O. Pastore, J. Brazilian
Chem. Soc., 25, 2164 (2014).

29. F. Silveira, C. F. Petry, D. Pozebon, S. B. Pergher, C. Detoni, F. C.
Stedile and J. H. Z. dos Santos, Appl. Catal. A: Gen., 1, 96 (2007).

30. S. Music, N. F. Vincekovic and L. Sekovanic, Brazilian J. Chem.
Eng., 28, 89 (2011).

31. J. H. Z. dos Santos, C. Krug, M. B. da Rosa, F. C. Stedile, J. Dupont
and M. de C. Forte, J. Mol. Catal. A: Chem., 139, 199 (1999).

32. M. Atiqullah, M. N. Aktar, A. A. Moman, A. H. Abu-Roqabah, S. J.
Palackal, H. A. Al-Muallem and O. M. Hamed, Appl. Catal. A:
Gen., 320, 134 (2007).

33. Tailor-Made Polymers via Immobilization of Alpha-olefin Polym-
erization Catalysts, Edited by John R. Severn and John C. Chad-
wick, Copyright 2008 WILEY-VCH Verlag GmBH & Co., KGaA,
Weinheim.

34. M. A. Bashir, T. Vancompernolle, R. M. Gauvin, L. Delevoye, N.
Merle, V. Monteil, M. Taoufik, T. F. McKenna and C. Boisson, Catal.
Sci. Technol., 6, 2962 (2016).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


