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Abstract

A series of Ni-exchanged AIMCM-41 catalysts with carefully controlled concentrations of metallic and acidic sites was prepared, charac-
terized, and tested in ethylene oligomerization performed in slurry batch mode. The mesoporous materials were characterized using various
techniques including X-ray diffraction, nitrogen sorption measurements, temperature-programmed desorptigntioéidtal gravimetric
analysis, and temperature-programmed reduction. The presence of a uniform pore-size distribution in the ordered mesoporous materials i
very favorable for the oligomerization process. High activities wasgined for most of tested catalysts, and the reaction was highly se-
lective, resulting almost exclusively in olefins with an even numbersf@G» carbon atoms. Both metal and acid sites are required for the
activation of ethylene oligomerization. However, the samples with lower acidity showed very high reaction activity and stability due to their
lower deactivation rate. The catalytic adétyvand product spectrum showed a pronounced déeece on the oligomerization conditions.

Thus, the ethylene conversion goes through a maximum &t@%8action temperature, and increased linearly when the pressure increased
from 2 to 5 MPaxn-Heptane was found to be an efficient solvent for the ethylene oligomerization.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction A significant research effort has also been directed to
the development of a heterogeneous process to take advan-
The oligomerization of étylene is of considerable aca- tage of easy separation of catalyst and oligonj2r<l 9]
demic and industrial interest for the synthesis of higher Nickel-loaded zeolitef2—7], usually obtained by metal ion
olefins, which are valuable products used in the manufac- exchange showed good catalytic activity in the gas-phase re-
ture of detergents, plasticizers, oil additives, fatty acids, action of ethylene.
etc. Moreover, as a consequence of environmental concerns, Unfortunately, most of these catalysts suffered a severe
there is an increasing interest in the production of aro- deactivation during the oligoemization reaction, mainly due
matics and sulfur-free transportation fuels via lower olefins to the blocking of micropores with heavy produf®s-7]. It
oligomerization. was found that the strong acid sites are responsible for the
The neutral Ni complexes are the most widely used as ho-formation of those products by further transformations of
mogeneous catalysts for industrial ethylene oligomerization primary oligomers. One of the approaches to overcome these
due to their high activity and capability to direct the reaction problems was the use of a catalyst with larger pores and
toward specific target producfd]. Other usual homoge- tuneable acidity, under mildligomerization conditions. It
neous catalysts are ARZiegler type) and Me(OR}AIR3 was reported that in a three-phase slurry reactor, at low tem-
(Ziegler—Natta type]1]. perature, the nickel/sulfated-alumif,10] and especially
Ni-exchanged amorphougiisa—alumina (NiSA)[11] cata-
lysts are active and very stable for the ethylene oligomer-
ization. Thus, the rate of ethylene oligomerization (120
* Corresponding author. Fax: +33 4 67 16 34 70. 3.5 MPa) obtained with NiSA (1.56 wt% Ni, 425ty BET
E-mail addresshulea@cit.enscm.fr (V. Hulea). surface area) was 11.3@cath).
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In this context, it appeared very appealing to test in
ethylene oligomerization nickel catalysts based on well-
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tration, washed with deionized water, and dried at@0dor
12 h. The NH-MSA was subjected to nickel-ion exchange

structured MCM-41 mesoporous materials. These materialswith a 0.1 M alcoholic solution of nickel nitrate, following
have certain advantages over their microporous counterpartsthe same procedure as above. The resulting Ni+NISA

viz., highly ordered mesoporosity, large surface area and
pore volume, and moderate acid[80]. The concentration
and the strength of acid sites may be tuned by the incorpo-
ration of different amounts of Al atoms into the MCM-41
framework. Moreover, MCM-41-type materials can be mod-

ified by several techniques such as ion exchange, adsorption,
and grafting to generate new acid, base, and redox active

sites.

In a previous report, Hartmann et §21] have shown
that Ni-MCM-41 and Ni—-AIMCM-41 are catalytically ac-
tive for ethylene dimerization (after a 24-h reaction pe-
riod, in a static gas-phase reactor the ethylene conversio
was near 5%). To our knowledge, no detailed investigation
using Ni-containing mesoporous materials as catalyst for
ethene oligomerization hagén performed. Here we report
a comprehensive study o84 oligomerization over Ni—
AIMCM-41. In order to understand the influence of nickel

ion and acid sites on the catalytic performance, a series of

Ni ion-exchanged mesoporous silica—aluminas with a care-
fully controlled concentration of Ni- and acidic sites was
prepared and characterizeduiGattention has also been fo-
cused on the effect of reaction conditions on the ethylene
oligomerization performed in slurry batch mode.

2. Experimental
2.1. Preparation of catalysts

Al-MCM-41 materials (MSA) with varying $iAl ratios
were synthesized by autoclaving gels with a molar com-
position of: AbO3:x Si02:2.5 NgO:CTABr:500 HO (x
varies with SyAl ratio). In a typical synthesis, 5 g of NaOH
(Carlo Erba)y g of NaAlO, (Carlo Erba), 18.22 g of CTABr
(Aldrich), and 30 g of SiQ (Aerosil 220 V, Degussa) were
successively added under vigorous agitation to 225 g of dis-
tilled water (y = 4.1, 2.05, 1.37, 0.82, and 0.51 for/all
gel ratios of 10, 20, 30, 50, and 80, respectively). The re-
sulting gel was stirred for 1 h at room temperature and then
was autoclaved for 24 h at 13C. The solid was sepa-
rated from the solution by filtration, washed thoroughly with
deionized water, and dried at 830 for 12 h. The sample
was finally calcined at 55TC in air for 8 h to expel the
template. A larger pore-size MSA sample was synthesized
by using trimethylbenzene as a swelling agent, according to
previously published proceduf22].

The as-synthesis Namesoporous silica—alumina sample
(Na-MSA) was converted into NAt form (NHz-MSA) by

n

sample was finally calcined for 5 h at 530 to obtain the H
form, denoted in this study Ni-MSA.

2.2. Characterization of catalysts

The phase identification of the calcined samples was car-
ried out by XRD, using Cu-K radiation. The samples were
scanned from 05to 7° (20) angle in steps of 0% The
textural characterization was achieved using a conventional
gas adsorption method Mdsorptioridesorption isotherms
were measured with a Micrometrics ASAP 2000 automatic
analyzer at 77 K. Specific surface areas were calculated by
the BET method, the mesopore volume was determined by
nitrogen adsorption at the end of capillary condensation, and
pore size distribution was determined from the desorption
isotherms.

The samples acidity was measured by temperature-
programmed desorption (TPD) using ammonia as probe.
Prior to TPD experiments, the solids were pretreated in air
flow at 450°C for 5 h. Ammonia was adsorbed for 15 min
at 100°C. The physisorbed ammonia was removed by evac-
uation of sample at 10TC for 4 h, in a dry nitrogen stream.
The ammonia desorption was carried out in nitrogen stream
at a heating rate of 10C/min up to 650 C. The amount of
desorbed ammonia was monitored with a conductivity cell.

The state of the nickel species in the prepared cata-
lysts was established by temperature-programmed reduction
(TPR), using a Micromeritics AutoChem 2910 apparatus.
Prior to TPR, 140 mg of sample placed in a quartz tube reac-
tor was treated at 100 in air for 1 h. The TPR was carried
out using H/He (25/75, v/v) at a flow rate of 13 cifymin.

The temperature was increased linearly from 25 to @O0
at a heating rate of 10C/min. The hydrogen consumption
was monitored with a thermal conductivity detector.

Thermogravimetric-diffezntial thermal analysis (TG-
DTA) was carried out in a Netzsch TG 209C thermobalance.
About 15 mg of catalyst was loaded, and the airflow used
was 50 cm/min. The heating rate was 2C/min and the
final temperature was 85C.

2.3. Oligomerization procedure

The catalytic ethylene alomerization was performed
in a 0.3 | well-mixed gas-slurry reactor operating in batch
mode. Prior to each experimeiie catalyst was pretreated
in autoclave at 150C for 15 h under atmospheric pressure
nitrogen flow. The autoclave was then cooled at@0nd

cationic exchange with ammonium nitrate. Thus, 5 g of Na- charged with 100 ml of dry oxygen-free organic solvent. The
MSA was contacted three times at4Dfor 2 h, under con-  reactor was heated to the desired temperature under constant
stant agitation (600 rpm), with 200 énof 0.1 M alcoholic agitation (800 rpm) and the pressure was raised to the operat-
solution of NHyNO3. The solid was then separated by fil- ing level by ethene feeding. During the experiment ethylene
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. . 1400 -
was continuously fed so that the total pressure was main- NMSATOGS6A)
tained constant in the reactor. 1200 4 _
. .. ——NiMSA30
After the reaction, the autoclave was cooled in ice wa-

ter, and then the liquid products were collected, weighted, o 1000 1
and analyzed. Analysis of oligomers was performed by GC 5
on a HP 5890 chromatograph, equipped with a flame ion- g 07
isation detector and a DB-1 60 m capillary column. The < 600 4
following temperature program of the oven was adopted: €
40°C for 3 min, after which the temperature was increased 2 400 -
by 10°C/min heating rate until 250C was reached. In this %
way, it was possible to separate the olefins pfCig cuts. S 200 1
0 . . . . .
3. Resultsand discussion 0 0.2 04 ; 06 08 !
p/p°

3.1. Characterization of catalysts

MSA samples were amorphous mesoporous materials
with XRD pattern of MCM-41 type. Both XRD andd\sorp-

Fig. 1. Np isotherms of NiIMSA30 and NiMSA3Q/(= 86 A).

general information about the number and distribution of the

tion measurements showed thasthtructure was preserved acid sites. As eXpeCted, the concentration of the accessible
during the nickel exchange. The main properties and the con-acid sites decreases as th¢/iratio increasesTable .
centration of acid sites of some parent mesoporous materialsThus, increasing the BAl ratio from 10 to 80 led to a con-

and NiMSAn samples# is the molar SiAl ratio in gel syn-
thesis) are given ifable 1 It is evident that both surface
area and pore volume decreasdth increasing Al content,
but the effect of the JiAl ratio on pore diameter is less
important. The textural properties of MSA materials were
completely preserved during Ni exchange.

MSA and NiMSA materials displayed nitrogen adsorp-
tion/desorption isotherms of type IV according to the 1U-
PAC nomenclaturg23]. As can be seen ifig. 1 no hys-
teresis was obtained in the case of iSotherms of catalyst

siderable decrease in acidity (from 0.72 to 0.27 myghl
We consider that for our NIMSA samples (having a rela-
tively close nickel conteniTable J) the amount of acid sites
was mainly affected by the BAl ratio and less by the degree
of nickel ion exchange.

Ammonia TPD profiles of NIMSA materials with differ-
ent Sy Al ratios are plotted irfFig. 2 For all catalysts there
is a large ammonia desorption band between 200 an@i@50
with a maximum intensity at about 25CQ. This TPD profile
suggests that the NIMSA catalysts have mainly weak and

having pore sizes less than 40 A. For this sample, the sharpmedium acid sites.

inflection atp/p° of about 0.35 indicates a uniform meso- Ammonia TPD measurementsve also evidenced that

pore system. NIMSA30d = 86 A) exhibits an irreversible  the acidic properties of MSA materials changed during the

type IV adsorptioridesorption isotherm with a H1 hysteresis ion exchange of Ni™ with Ni*. On the one hand, the

loop atp/p® = 0.75. The BJH model pore-size distribution ~quantitative evaluation of acidityTable 1 entries 1, 2, 5,

indicates a narrow size distribution. and 6) indicates that the total number of acid sites in the
The acidic properties of the NIMSA samples were inves- NiIMSA is higher than for the MSA support. On the other

tigated by means of NHTPD, a technique which provides

hand, NIMSA samples show a higher density of weak and

Table 1

Physicochemical properties of MSad Ni-containing MSA catalysts

Entry Material Molar SjAl ratios Ni BET surface Vmeso Mesopore Acidity
Gel Solicd?t (Wt%) area (n%/g) (ml/g) diamete? A (mmol/g)

1 HMSA3C 30 265 - 945 070 37 040

2 HMSA5CF 50 490 - 950 072 39 026

3 NiMSA10 10 102 0.6 825 053 345 0.72

4 NiMSA20 20 182 05 930 068 365 0.59

5 NiMSA30 30 262 05 940 Q70 37 045

6 NiMSA50 50 491 04 950 Q72 39 034

7 NiMSA80 80 754 0.3 975 Q75 39 027

8 NiIMSA30 (@ = 86 A)d 30 257 05 830 153 86 045

@ Determined by ICP measurements.

b De Boer (desorption).

¢ Obtained from NH-MSA (450°C, 5 h).

d Synthesized with TMB as a swelling agent.
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Fig. 4. TPR profile of NIMSA20 and NiO-MSA20.
Fig. 2. TPD profiles of NIMSA catalysts.

’s 900°C, which we attribute to the hard reduction ofNito

- Ni©.
sy e N ' To confirm this ass'erti(.)n, the reduced sample Was'treated
- e in the same reactor, in air flow, at 800 for 5 h resulting
& iz ) in the generation of Ni-oxide species @Ni %02 — NiO).
é The NiO-MSA20 sample was then cooled at°Z5and a
= o new TPR measurement was performed in the same way as
;.g above (see Experimental section). A narrow peak centered
g 5] at 350°C was obtained for the reduction of NiO species

(Fig. 4). These TPR measurements clearly indicate the ab-
6 sence of bulk nickel oxide in our NIMSA catalysts. The

only cationic NF+ species present in mesoporous materials
strongly interact with the support making very difficult their
reduction. This agrees with étresults recently reported by
Fig. 3. TPD profiles of NIMSA20 and HMSA20 catalysts. Lewandowska et a[27].

100 200 300 400 500 600 700

Temperature, °C

medium acid sites and a lower density of strong acid sites 3.2. Catalytic activity

compared to HMSA sampld={g. 3). In fact, during the ion

exchange, the original strong Brgnsted acid sites were sub-3.2.1. Role of nickel sites

stituted by Ni cations and a new weaker acidity was gener-  In order to spotlight the role of nickel in the oligomer-

ated by the metal sites. ization of ethylene, separate experiments using NaMSA30,
This type of acid sites was already observed in the caseHMSA30, and NiIMSA30 as catalysts were performed. Both
of other Ni-containing molecular sieves. Minchev efa#] Na™ and H" forms of Ni free AI-MCM-41 were completely

suggested that the nickel cations play the role of Lewis acid inactive for ethylene ligomerization at 150C, 3.5 MPa,
centers. Nkosi et al[6] reported that the acidity is due in n-heptane as solvent, whereas NiIMSA sample showed a
to the hydrolysis of the [Ni(HO)s]>" species (known as high activity (41.4 @thylene COnverted(gecath)) under these
the Planck mechanisf&5]). Mosqueda-Jiménez et al. have conditions. These results indicate that the nickel sites play
evaluated the concentration and the nature of acid sites of Ni-an indispensable role in the ethylene oligomerization. Other
MOR by NH3-TPD and IR spectroscod26]. Their results preliminary tests with NiIMSA catalysts showed that the eth-
indicate the formation of additional Brgnsted acid sites af- ylene oligomerization is completely inhibited by the pres-
ter Nit ion exchange of NaMOR; moreover, for eactfNi  ence of oxygen in the reactor.
ion incorporated two acid sites were formed. One of these
sites results from the hydrolysis of the?NiZz~ complex and 3.2.2. Selection of the solvent
the other is associated with the NiOHjroups of the Ni+ It is known that the solvent plays a very important role
(Ni%t +Hp O — [Ni(OH)] T + HH). in the liquid-phase catalytic reactions. Therefore, the effect
The nature of the Ni species in NIMSA samples was in- of various common solvents on the catalytic oligomeriza-
vestigated by TPR measurentenFor NiIMSA20 catalyst  tion of ethylene was investiged. The reaction was carried
(Fig. 4), as well as for all nickel-exchanged MSA samples, out at 150C and 3.5 MPa, using NiIMSA30 as catalyst.
the TPR profile showed only a band located between 700 andThe performances of various solvents, expressed in terms of
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60

Table 2
Solvent effect in ethylene oligomerization over NiIMSA30 —=—NiMSA10

A Ni 4 50
Entry Solvent Activity (g(g h)?) NiMSAS50
1 n-Heptane 414 4 40
2 Toluene 28 g/g.h
3 Cyclohexane 28
4 iso-Octane & 4 30
5 n-Decane 55)

2 goligomers/ (Geath). 4 20
oligomers quantity per unit mass of catalyst and time, are 110
listed inTable 2

These results clearly indicate the favorable effect of — 0

. : o 150 100 150 200 250
heptane as solvent in the ethylene oligomerization. The
lower conversions of ethene are probably due to its low sol- Temperature, °C

Ublllty. In Some tested s.olv.ents. Moreover, the analysis of Fig. 5. Effect of the reaction temperature on the amount of oligomers
the oligomeric products indicated that toluene andiecane (60 min, n-heptane, 3.5 MPa).

were strongly involved in parallel reactions such as alkyla-

tion and isomerization, respeatly. Next, the effectiveness

of various catalysts was investigatediiheptane as solvent.
70

3.2.3. Effect of temperature and ethylene pressure

The effect of the reaction temperature was investigated
on NiIMSA10 and NiIMSA50 catalysts. Oligomerization runs 50 A
were performed im-heptane, at 3.5 MPa, with reaction tem-
peratures selected between 50 and ZD0As can be seen
from Fig. 5, in both cases the catalytic activity goes through gb 30 -

60

40

a maximum for a temperature of about P&0 sh
The pronounced fall in conversion at a temperature above 20 1
150°C can be attributed to the fast catalyst deactivation at 10 -
higher temperatures or/and to the instability of the surface
organometallic species (resporisifor oligomerization), as 0 ; ; :
previously reportedl1]. We note that similar volcano-type 1.5 2.5 3.5 45 55

curves were observed for ethylene and propene oligomer-
ization in a fixed-bed flow reactor over nickel-exchanged
amorphous silica—alumina Catalym]' A strong effect of Fig. 6. Effect of the ethylene pressure on the amount of oligomers (60 min,
the reaction temperature on the oligomers distribution was -heptane, 150C, catalyst NIMSA30).
also observed over our catalysts, but this aspect will be dis-
cussed in the next section.

NiMSA3O0 catalyst has been chosen for testing the effect
of the pressure on the activity in the ethylene oligomeriza- 140+
tion. As expected, the role of the pressure in three-phase gas- —
liquid—solid reaction system was very importafid. 6). 2
Thus, the catalytic activity icreased linearly by increasing 1004 — —
ethylene pressure from 2 to 5 MPa. We consider that this be- =
havior is principally due to ethylene solubility dependence
on pressure. For technical reasons further experiments will
be performed at 3.5 MPa.

pressure, MPa

80

60

(x10%) g/molNi

. . . 40+
3.2.4. Influence of the acid site concentration

The catalytic properties of NIMSA materials with dif- 2041 —
ferent acid sites concentration and close Ni-loading (see
Table ) were evaluated for the same reaction conditions 0-
150°C, 3.5 MPa, im-heptane as solvent. As showrfig. 7
the acid site density has a great importance in controlling Fig. 7. Catalytic activity of NIMSA samples (in-heptane, after 60 min, at
the activity of tested catalysts. The amount of oligomers 150°C and 3.5 MPa).

NiMSAIO  NiMSA20  NiMSA30  NiMSA50  NiMSAS80
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g(oligomers)/g(catalyst)
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reaction time, min

Ni-NH4-MSA30 NiMSA30 Ni-NH4-MSAS50 NiMSAS0

Fig. 8. Effect of the acidic properties on the catalytic activityhgptane, ) )
60 min, 150°C, 3.5 MPa). Fig. 9. Evolution of catalytic activity along reaction time duringH;

oligomerization in-heptane, at 150C and 3.5 MPa.

(9oligomersper mole of Ni and hour) strongly increases when L

the acidic site concentiian decreases from 0.72 mmol Proceeded, the catalytic adtiy gradually decreased. As can

NH3/gnimsa1o to 0.3 mmol NH/gnimsAgo. be seen from these re;ult§, the most acid N|MSA'10 catalyst
On the basis of this trend, two questions concerning the Suffered severe deactivation after only 15-20 min of reac-

impact of the acid propertiesf mligomerization catalysts ~ tion (when the amount of jomers reaches a plateau). On

could be formulated: (i) Is the presence of acid sites (still) the contrary, a remarkable stability (the oligomers quantity

required? (i) Why is a high density of acid sites so unfavor- increases constantly with reaction time) was observed in the

able to the ethylene conversion? case of the less acid NIMSA80 sample. The performance of
To clarify the role of acid sitg the ethylene oligomeriza-  the moderately acid NiIMSA30 places this sample between
tion was carried out in presence of a Ni-\MISA catalyst,  the other two.

which is the noncalcined Ni-MSA sample (see experimental It is of importance to study the state of catalysts after
part). We can consider that most of the Brgnsted acid sitesPerforming the reaction of the oligomerization of ethylene.
are neutralized in the Ni-NHMSA sample. As shown in Thus, the spent catalysts were characterized using several
Fig. 8, for both 30 and 50 il ratios, the activity of the ~ methods, such asNsorption, TPD, TPR, and TGA/DTA.
NH,-form catalyst was lower compared to H-form catalysts. NO obvious change was observed betweersiitherms and

It appears from these results that a too low acidity is detri- TPR profiles of fresh and spent catalysts, indicating that both
mental for the catalytic activity and therefore we consider textural properties of catalyst and nickel state did not change
that both nickel and acidic sites are required for the activa- during the oligomerization reaction. Moreover, no nickel
tion of ethylene. Some earlieeports concerning the effect leaching was confirmed by elentahanalysis. However, the
of acidity support this assertion. Thus, Davydov et[28] TPD measurements revealed a certain diminution of the acid
showed the essential role played by the acid sites, which areSite concentration of spent catalysts. We also observed that
required to promote the Rif /Nit+ redox cycle and to stabi-  the amount of organic compounds deposition over used cata-
lize the Nit ions involved in the ethylene oligomerization. In  lysts (evaluated by TGA) ineased with increasing acid site
general, there is agreement that the isolatet $yiecies are  concentration of NiMSA catalysts.
the active metal sites for this reactif$12,29] Moreover, According to these results we can suppose that a high
Ng et al. suggested that the NiH™ couple is involved in acid/nickel ion sites ratio results in rapid surface deactiva-
the oligomerization mechanism of ethylefT@. It was also tion of Ni-containing matedls due to acid-catalyzed reac-
previously reported that the ethylene oligomerization activ- tions, which are responsible for the formation of strong ad-
ity of the nickel-exchanged silica—alumina is proportional to sorbed long-chain oligomers. Consequently, only a carefully
the acid strength of the surfa¢®,30]. Though the present  selected acid sites density has a beneficial influence on the
study points to a positive role of acidity, our data do not al- stability of NIMSA catalyst and implicitly on the oligomer-
low more precise conclusions regarding the implication of ization activity.
acid sites in the oligomerization reaction mechanism of eth-
ylene to be drawn. 3.2.5. Effect of pore size of catalyst

As concerns the ill-fated effect of the high density of acid The catalytic activity of several NIMSA samples with 35—
sites on catalytic performancesig. 7), a possible explana- 40 A pore size were investigated here above. In order to
tion could be formulated on the basis of the results presentedcheck the effect of mesopore diameter, we have examined
in Fig. 9 In this figure, the amounts of oligomers vs re- the ethylene oligomerizatinover two NiIMSA30 samples
action time for three samples with very different acid site with 37 and 86 A pore sizes. AccordingFag. 10 there are
concentration were plotted. For all samples, as the reactionobvious differences betweenetltatalytic performances of
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Fig. 10. Effect of the pore size of NIMSA30 catalyst-lfeptane, 60 min, Fig. 11. Product distribution per carbon atom number vs acidity;°T50

150°C, 3.5 MPa). 3.5 MPa,1-heptane.
two samples which possess the samgABiatio (30), acid- 60
ity (0.45 mmol NH;/g), and Ni content (0.5 wt%). It can
be concluded from this fact that the presence in NiIMSA30 1 50
(d = 86 A) catalyst of mesopores with 86 A diameter could
be the most important cause for its higher catalytic activ- . o
. e . . mass%
ity. In fact, the larger pores are beneficial to the diffusion
of branched-chain higher oligomers, and thus result in lower 4 30
deactivation rate.
1 20
3.3. Product distribution
1 10
It was previously reported that in the presence of strongly
acidic nickel-exchanged zeolites a broad range of hydrocar- : —_ 0
bons was formed by ethylene oligomerization, as well as © 50 100 150 200 250

by cracking, isomerization, and hydrogenation parallel reac- Temperature, °C

tions[5,6]. Under the present experimental conditions, over

NiMSA catalysts, the ethylenoligomerization was highly Fig. 12. Effect of reaction temperature on product distribution; catalyst
selective, resulting almost exclusively ins€;» olefins NiMSAS0, p = 3.5 MPa.

with an even number of carbon atoms. Traces pf Ginsat-

urated hydrocarbons were identified in the oligomeric prod-  The oligomers distribution was strongly affected by the
ucts. No alkanes, aromatics, and odd number alkenes wereeaction temperature and ethylene pressure. Thus, for tem-
present, indicating that acid-catalyzed cracking or hydrogen peratures less than 153G the oligomerization was mainly
transfer reactions are not oecing to a significant level. directed toward the formation ofs&nd G olefins Fig. 12).

The selectivity toward different hydrocarbon groups de- On the contrary, at the high rigperatures, acid-catalyzed
pended on both acid properties of catalyst and operationsite reactions (hetero-oligomerization), to which the primary
conditions. Fronfig. 11, when the G distribution was plot- product alkenes are more susceptible than ethylene itself,
ted against the acid sites concentration of NiIMSA samples, play an important role. Thus, the high-temperature region
it can be observed that the main oligomerization product is characterized by large amounts af &d Go; hydrocar-
was G olefins. A large amount of £olefins (35 mass%)  bons.
was also obtained for the catalyst with the lowest acid site  An increase in the average molecular mass of oligomers
concentration. The increase in acid site density results in de-was also observed with an increase in ethylene pressure. We
crease of g—Cg/Cg, ratio. found that over NIMSAS0 catalyst, at 185G, the amount of

Moreover, in additional experiments, we found that the Cg, hydrocarbons increased from 21.3 mass% at 3.5 MPa
amount of (@, olefins obtained over Ni-MSA30 to 32 mass% at 5.0 MPa. We note that the product distri-
(34.2 mass%) was much higher than over Ni-NHYSA30 bution did not significantly vary with the pore size of the
(13.4 mass%). These changes in the product distribution sug-mesoporous catalysts (at 150 and 3.5 MPa).
gest that a higher acid sites concentration is favorable of Itis interesting to analyze the distribution of isomers for
further oligomerization of the initial £and G olefins, re- each G olefin. Looking at the composition of butenes shown
sulting in Gg;- hydrocarbons formation. in Fig. 13 it is evident that for all tested catalysts 2-butene
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O1-Cc4
Etrans-2-C4

Ocis-2-C4

NiMSAI0 NiMSA20 NiMSA30 NiMSAS0 NiMP80O Ni-NH4-MSA30

Fig. 13. G olefins distribution; 150C, 3.5 MPay-heptane.

predominates as compared with 1-butene. Only traces of 60
butene were detected among i€omers.

Fig. 13clearly indicates that £olefin distribution is de-
pendent on the acidic properties of the catalyst. HighghISi
ratio (lower acid site density) results in a higher selectivity
for 1-butene. The less acidic Ni-NHMSA30 sample also
favored the formation of a high amount of 1-butene. The
reaction temperature plays aga significant role in deter-
mining the distribution of @hydrocarbonsKig. 14). Itis ev-
ident that the selectivity toward 1-butene sharply decreases
with increasing temperature. These results suggest that 1-
butene is among the initial products of ethylene oligomer-
ization and that its acid-catagd isomerization to 2-butene
becomes prominent even at mild temperature.

With regards the gisomers distribution, the results ob-
tained over NiIMSA samplesTable 3 show that the linear
isomers and especially theekene-2 predominate as com-
pared with other ethylene trimers. A maximum selectivity
of 55.5% hexene-2 was obtained with the most acid catalyst
NiMSA10. Fig. 14. Temperature effect ory@omers distribution; catalyst NIMSAS50,

It is noteworthy that théranshexene-2cis-hexene-2ra-  p=35 MPa.
tio was about 2.5 over all catalysts. Generaly, at ¥Gthe

%

——1-C4
—A— trans-2-C4
—O—cis-2-C4

Il L 1 L Il L 1 L 0
50 100 150 200 250

Temperature, °C

Table 3

Cg olefins distribution; 150C, 3.5 MPai-heptane

Entry Catalyst Temperature %

(°C) 1-Hexene 2-Hexene 3-kene Methyl-pentenes

1 NiIMSA10 150 42 555 16 248
2 NiMSA20 150 42 507 15 269
3 NiIMSA30 150 46 490 147 316
4 NiIMSA50 150 56 449 138 356
5 NiIMSA80 150 63 441 151 345
6 NiIMSA50 50 194 418 171 217
7 NiIMSA50 100 84 479 153 284
8 NiMSA50 200 43 461 132 355
9 NH4MSA50 150 71 456 154 319
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Table 4
Linear and branchedd=C; g oligomers (LO= % linear olefins, BO= % branched olefins)
Catalyst Temperature &< Cg C1io

({©)] LO BO LO BO LO BO
NiIMSA10 150 752 248 97 903 20 980
NiIMSA30 150 684 316 133 867 39 961
NiIMSA50 150 644 356 22 78 89 911
NiIMSA80 150 635 365 276 624 123 877
NiIMSA50 50 783 217 344 656 159 841
NiIMSA50 200 481 519 31 969 0.1 999

C

hexene-1isomer concentration was 4—6%, but the proportion

of this olefin increases up to 19.4% when the reaction tem- - ¢-C=C-C C-C-C=C-C
perature was 50C (Table 3 entries 4, 6, 7, and 8). Thesere- . _ © —
sults suggest that hexene-1 could be the initial trimer product _ ¢ o c-c-c=c] c=C

but the high rate of double-bound shift leads to the formation olc=c (0)

of thermodynamically stable internal alkene products. With

respect to the composition of branchegli€omers, mainly

the 3-methyl-G chain structure was identified in the reac- .

. () Cc=C = C=C
tion products. —_— <T
The estimation of the ratio between linear and branched C'C-C;C =C-C © “) ¢

products for the carbon number range-Cy2 was obtained c-c-c=c-c-¢c | Y.

after hydrogenation of oligomers according to the method
described by Heveling et al15]. The hydrogenation was
performed in a batch reactor using a commercial Pd/C hy- 20 @ o
drogenation catalyst, at 10C and 1.5 MPa. A simplified
chromatogram of saturated hydrocarbons is obtained andthe ¢, + ¢, @ Cy
n-alkanes can be easily identified. I

According toTable 4 the G oligomers are mainly lin- 2C ——> ¢,
ear isomers, and the amount of these trimers decreases
with decreasing acid site concentration (from NiIMSA10 to
NiMSA80). A drastic decrease of the proportion of linear

isomers was observed in the case g@f @ligomers. Thisis  also occurs on nickel sites. This reaction occurs even on
a proofthat the higher oligomers are mainly formed via acid- weaker acid sites, particularit mild and high temperature.
catalyzed reactions involving&nd G primary olefins. Itis Cs and G olefins can also be consumed through dimer-
known that this reaction type results in branched hydrocar- jzation reactions (d), which are essentially favored by a
bon formation. For all olefins, the isomers of hlgher Iinearity stronger acidity or/and a h|gher acid sites concentration.
are favored by low temperatures, indicating a lower contri- These reactions, occurringavia cationic mechanism, are

Scheme 1.

bution of nonselective reacins under these conditions. responsible for the formation of strong adsorbed branched
chain higher oligomers. Theoatribution of acid-catalyzed

3.4. Reaction network reactions becomes prominent at higher temperatures and
pressures.

Based on the experimental results it is evident that several
parallel and consecutive reactions involving both ethylene
and primary oligomers may occur under our reaction condi- 4. Conclusion
tions. The oligomerization network is governed by both the
acidic properties of the catalyst and the reaction parameters. In this paper we have shown than Ni-exchanged well-
A possible reaction network for the ethylene transformation mesostructured silica—aluma catalysts (Ni-AIMCM-41)
over Ni-MSA catalysts is given iScheme 1 reveal very interesting properties for ethylene oligomeriza-
The initial nickel-catalyzed reaction is the oligomeriza- tion. The large and well-structured pores of the catalysts are
tion of pure ethylene yielding 1-butene. We consider that the very favorable for oligomerization process. The amounts of
nickel cations also act as aatisites for further oligomer-  oligomers (20.5-63.24fgcath)) formed with these catalysts
ization reactions (0) involving butene—ethylene and hexene—were much higher than those reported previo@isly with
ethylene couples. Subsequent double bond isomerization (i)Ni-exchanged amorphous silicaamina, under closely re-
of primary G—Cg olefins may be acid-catalyzed or it may lated conditions. The reaction was highly selective, resulting
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almost exclusively in olefins with an even number of carbon
atoms.

In agreement with literature data, we found that both
nickel and acid sites are required for the activation of this re-
action. Moreover, the acid dahsplays a significant role in
determining the activity, stability, and selectivity. We have
shown in this work that with Ni-AIMCM-41 catalysts, it

is possible to achieve a desired balance between acid and!

nickel ion sites (by the proper choice of the/ i ratio and

ion exchange level) so that high catalyst stabilities and high

V. Hulea, F. Fajula / Journal of Catalysis 225 (2004) 213-222

[9] Q. Zhang, M. Kantcheva, |.G. Dalla Lana, Ind. Eng. Chem. Res. 36

(1997) 3433.

[10] Q. Zhang, |.G. Dalla Lana&Chem. Eng. Sci. 21/22 (1997) 4187.

[11] M.D. Heydenrych, C.P. Nicola&s, M.S. Scurrell, J. Catal. 197 (2001)
49.

[12] T. Cai, Catal. Today 51 (1999) 153.

[13] R.L. Espinoza, C.J. Korf, C.P. Nicolaides, R. Snel, Appl. Catal. 29

(1987) 175.
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(1987) 259.
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selectivities to suitable products can be achieved. These in-[16] C.P. Nicolaides, M.S. Scurrell, P.M. Semano, Appl. Catal. A 245

teresting catalytic performances were obtained under mild

reaction conditions, in a slurry batch reactor.

In order to establish the kinetic parameters and the Ionger[18]

term behavior of Ni—AIMCM-41 catalysts, further investiga-
tions on the ethylene oligomeation, using a CSTR reactor,
are in progress in our laboratory.
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