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Abstract

A series of Ni-exchanged AlMCM-41 catalysts with carefully controlled concentrations of metallic and acidic sites was prepared
terized, and tested in ethylene oligomerization performed in slurry batch mode. The mesoporous materials were characterized us
techniques including X-ray diffraction, nitrogen sorption measurements, temperature-programmed desorption of NH3, thermal gravimetric
analysis, and temperature-programmed reduction. The presence of a uniform pore-size distribution in the ordered mesoporous
very favorable for the oligomerization process. High activities wereobtained for most of tested catalysts, and the reaction was highl
lective, resulting almost exclusively in olefins with an even number of C4–C12 carbon atoms. Both metal and acid sites are required fo
activation of ethylene oligomerization. However, the samples with lower acidity showed very high reaction activity and stability due
lower deactivation rate. The catalytic activity and product spectrum showed a pronounced dependence on the oligomerization condition
Thus, the ethylene conversion goes through a maximum at 150◦C reaction temperature, and increased linearly when the pressure inc
from 2 to 5 MPa.n-Heptane was found to be an efficient solvent for the ethylene oligomerization.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The oligomerization of ethylene is of considerable ac
demic and industrial interest for the synthesis of hig
olefins, which are valuable products used in the manu
ture of detergents, plasticizers, oil additives, fatty ac
etc. Moreover, as a consequence of environmental conc
there is an increasing interest in the production of a
matics and sulfur-free transportation fuels via lower ole
oligomerization.

The neutral Ni complexes are the most widely used as
mogeneous catalysts for industrial ethylene oligomeriza
due to their high activity and capability to direct the react
toward specific target products[1]. Other usual homoge
neous catalysts are AlR3 (Ziegler type) and Me(OR)4–AlR3
(Ziegler–Natta type)[1].

* Corresponding author. Fax: +33 4 67 16 34 70.
E-mail address:hulea@cit.enscm.fr (V. Hulea).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.04.018
,

A significant research effort has also been directed
the development of a heterogeneous process to take a
tage of easy separation of catalyst and oligomers[2–19].
Nickel-loaded zeolites[2–7], usually obtained by metal io
exchange showed good catalytic activity in the gas-phas
action of ethylene.

Unfortunately, most of these catalysts suffered a se
deactivation during the oligomerization reaction, mainly du
to the blocking of micropores with heavy products[5–7]. It
was found that the strong acid sites are responsible fo
formation of those products by further transformations
primary oligomers. One of the approaches to overcome t
problems was the use of a catalyst with larger pores
tuneable acidity, under mild oligomerization conditions. I
was reported that in a three-phase slurry reactor, at low
perature, the nickel/sulfated-alumina[9,10] and especially
Ni-exchanged amorphous silica–alumina (NiSA)[11] cata-
lysts are active and very stable for the ethylene oligom
ization. Thus, the rate of ethylene oligomerization (120◦C,
3.5 MPa) obtained with NiSA (1.56 wt% Ni, 425 m2/g BET
surface area) was 11.5 g/(gcath).

http://www.elsevier.com/locate/jcat
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In this context, it appeared very appealing to test
ethylene oligomerization nickel catalysts based on w
structured MCM-41 mesoporous materials. These mate
have certain advantages over their microporous counterp
viz., highly ordered mesoporosity, large surface area
pore volume, and moderate acidity[20]. The concentration
and the strength of acid sites may be tuned by the inco
ration of different amounts of Al atoms into the MCM-4
framework. Moreover, MCM-41-type materials can be m
ified by several techniques such as ion exchange, adsorp
and grafting to generate new acid, base, and redox a
sites.

In a previous report, Hartmann et al.[21] have shown
that Ni-MCM-41 and Ni–AlMCM-41 are catalytically ac
tive for ethylene dimerization (after a 24-h reaction
riod, in a static gas-phase reactor the ethylene conve
was near 5%). To our knowledge, no detailed investiga
using Ni-containing mesoporous materials as catalyst
ethene oligomerization has been performed. Here we repo
a comprehensive study on C2H4 oligomerization over Ni–
AlMCM-41. In order to understand the influence of nick
ion and acid sites on the catalytic performance, a serie
Ni ion-exchanged mesoporous silica–aluminas with a c
fully controlled concentration of Ni2+ and acidic sites wa
prepared and characterized. Our attention has also been f
cused on the effect of reaction conditions on the ethy
oligomerization performed in slurry batch mode.

2. Experimental

2.1. Preparation of catalysts

Al-MCM-41 materials (MSA) with varying Si/Al ratios
were synthesized by autoclaving gels with a molar co
position of: Al2O3:x SiO2:2.5 Na2O:CTABr:500 H2O (x
varies with Si/Al ratio). In a typical synthesis, 5 g of NaO
(Carlo Erba),y g of NaAlO2 (Carlo Erba), 18.22 g of CTAB
(Aldrich), and 30 g of SiO2 (Aerosil 220 V, Degussa) wer
successively added under vigorous agitation to 225 g of
tilled water (y = 4.1, 2.05, 1.37, 0.82, and 0.51 for Si/Al
gel ratios of 10, 20, 30, 50, and 80, respectively). The
sulting gel was stirred for 1 h at room temperature and t
was autoclaved for 24 h at 130◦C. The solid was sepa
rated from the solution by filtration, washed thoroughly w
deionized water, and dried at 80◦C for 12 h. The sample
was finally calcined at 550◦C in air for 8 h to expel the
template. A larger pore-size MSA sample was synthes
by using trimethylbenzene as a swelling agent, accordin
previously published procedure[22].

The as-synthesis Na+-mesoporous silica–alumina samp
(Na-MSA) was converted into NH4+ form (NH4-MSA) by
cationic exchange with ammonium nitrate. Thus, 5 g of
MSA was contacted three times at 40◦C for 2 h, under con
stant agitation (600 rpm), with 200 cm3 of 0.1 M alcoholic
solution of NH4NO3. The solid was then separated by
,

,

tration, washed with deionized water, and dried at 80◦C for
12 h. The NH4-MSA was subjected to nickel-ion exchan
with a 0.1 M alcoholic solution of nickel nitrate, followin
the same procedure as above. The resulting Ni–NH4-MSA
sample was finally calcined for 5 h at 550◦C to obtain the H
form, denoted in this study Ni-MSA.

2.2. Characterization of catalysts

The phase identification of the calcined samples was
ried out by XRD, using Cu-Kα radiation. The samples we
scanned from 0.5◦ to 7◦ (2θ ) angle in steps of 0.5◦. The
textural characterization was achieved using a convent
gas adsorption method. N2 adsorption/desorption isotherm
were measured with a Micrometrics ASAP 2000 autom
analyzer at 77 K. Specific surface areas were calculate
the BET method, the mesopore volume was determine
nitrogen adsorption at the end of capillary condensation,
pore size distribution was determined from the desorp
isotherms.

The samples acidity was measured by temperat
programmed desorption (TPD) using ammonia as pr
Prior to TPD experiments, the solids were pretreated in
flow at 450◦C for 5 h. Ammonia was adsorbed for 15 m
at 100◦C. The physisorbed ammonia was removed by e
uation of sample at 100◦C for 4 h, in a dry nitrogen stream
The ammonia desorption was carried out in nitrogen str
at a heating rate of 10◦C/min up to 650◦C. The amount o
desorbed ammonia was monitored with a conductivity c

The state of the nickel species in the prepared c
lysts was established by temperature-programmed redu
(TPR), using a Micromeritics AutoChem 2910 appara
Prior to TPR, 140 mg of sample placed in a quartz tube r
tor was treated at 1000◦C in air for 1 h. The TPR was carrie
out using H2/He (25/75, v/v) at a flow rate of 13 cm3/min.
The temperature was increased linearly from 25 to 100◦C
at a heating rate of 10◦C/min. The hydrogen consumptio
was monitored with a thermal conductivity detector.

Thermogravimetric-differential thermal analysis (TG
DTA) was carried out in a Netzsch TG 209C thermobalan
About 15 mg of catalyst was loaded, and the airflow u
was 50 cm3/min. The heating rate was 20◦C/min and the
final temperature was 850◦C.

2.3. Oligomerization procedure

The catalytic ethylene oligomerization was performe
in a 0.3 l well-mixed gas-slurry reactor operating in ba
mode. Prior to each experiment, the catalyst was pretreate
in autoclave at 150◦C for 15 h under atmospheric pressu
nitrogen flow. The autoclave was then cooled at 80◦C and
charged with 100 ml of dry oxygen-free organic solvent. T
reactor was heated to the desired temperature under con
agitation (800 rpm) and the pressure was raised to the op
ing level by ethene feeding. During the experiment ethyl
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was continuously fed so that the total pressure was m
tained constant in the reactor.

After the reaction, the autoclave was cooled in ice w
ter, and then the liquid products were collected, weigh
and analyzed. Analysis of oligomers was performed by
on a HP 5890 chromatograph, equipped with a flame
isation detector and a DB-1 60 m capillary column. T
following temperature program of the oven was adop
40◦C for 3 min, after which the temperature was increa
by 10◦C/min heating rate until 250◦C was reached. In thi
way, it was possible to separate the olefins of C4–C16 cuts.

3. Results and discussion

3.1. Characterization of catalysts

MSA samples were amorphous mesoporous mate
with XRD pattern of MCM-41 type. Both XRD and N2 sorp-
tion measurements showed that this structure was preserve
during the nickel exchange. The main properties and the
centration of acid sites of some parent mesoporous mate
and NiMSAn samples (n is the molar Si/Al ratio in gel syn-
thesis) are given inTable 1. It is evident that both surfac
area and pore volume decreasedwith increasing Al content
but the effect of the Si/Al ratio on pore diameter is les
important. The textural properties of MSA materials we
completely preserved during Ni exchange.

MSA and NiMSA materials displayed nitrogen adso
tion/desorption isotherms of type IV according to the I
PAC nomenclature[23]. As can be seen inFig. 1 no hys-
teresis was obtained in the case of N2 isotherms of catalys
having pore sizes less than 40 Å. For this sample, the s
inflection atp/p0 of about 0.35 indicates a uniform mes
pore system. NiMSA30 (d = 86 Å) exhibits an irreversible
type IV adsorption/desorption isotherm with a H1 hysteres
loop atp/p0 = 0.75. The BJH model pore-size distributio
indicates a narrow size distribution.

The acidic properties of the NiMSA samples were inv
tigated by means of NH3-TPD, a technique which provide
Fig. 1. N2 isotherms of NiMSA30 and NiMSA30 (d = 86 Å).

general information about the number and distribution of
acid sites. As expected, the concentration of the acces
acid sites decreases as the Si/Al ratio increases (Table 1).
Thus, increasing the Si/Al ratio from 10 to 80 led to a con
siderable decrease in acidity (from 0.72 to 0.27 mmol/g).
We consider that for our NiMSA samples (having a re
tively close nickel content,Table 1) the amount of acid site
was mainly affected by the Si/Al ratio and less by the degre
of nickel ion exchange.

Ammonia TPD profiles of NiMSA materials with differ
ent Si/Al ratios are plotted inFig. 2. For all catalysts there
is a large ammonia desorption band between 200 and 45◦C
with a maximum intensity at about 250◦C. This TPD profile
suggests that the NiMSA catalysts have mainly weak
medium acid sites.

Ammonia TPD measurementshave also evidenced th
the acidic properties of MSA materials changed during
ion exchange of NH4+ with Ni2+. On the one hand, th
quantitative evaluation of acidity (Table 1, entries 1, 2, 5
and 6) indicates that the total number of acid sites in
NiMSA is higher than for the MSA support. On the oth
hand, NiMSA samples show a higher density of weak
Table 1
Physicochemical properties of MSAand Ni-containing MSA catalysts

Entry Material Molar Si/Al ratios Ni BET surface Vmeso Mesopore Acidity

Gel Solida (wt%) area (m2/g) (ml/g) diameterb (Å) (mmol/g)

1 HMSA30c 30 26.5 – 945 0.70 37 0.40
2 HMSA50c 50 49.0 – 950 0.72 39 0.26

3 NiMSA10 10 10.2 0.6 825 0.53 34.5 0.72
4 NiMSA20 20 18.2 0.5 930 0.68 36.5 0.59
5 NiMSA30 30 26.2 0.5 940 0.70 37 0.45
6 NiMSA50 50 49.1 0.4 950 0.72 39 0.34
7 NiMSA80 80 75.4 0.3 975 0.75 39 0.27
8 NiMSA30 (d = 86 Å)d 30 25.7 0.5 830 1.53 86 0.45

a Determined by ICP measurements.
b De Boer (desorption).
c Obtained from NH4-MSA (450◦C, 5 h).
d Synthesized with TMB as a swelling agent.
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Fig. 2. TPD profiles of NiMSA catalysts.

Fig. 3. TPD profiles of NiMSA20 and HMSA20 catalysts.

medium acid sites and a lower density of strong acid s
compared to HMSA sample (Fig. 3). In fact, during the ion
exchange, the original strong Brønsted acid sites were
stituted by Ni cations and a new weaker acidity was ge
ated by the metal sites.

This type of acid sites was already observed in the c
of other Ni-containing molecular sieves. Minchev et al.[24]
suggested that the nickel cations play the role of Lewis
centers. Nkosi et al.[6] reported that the acidity is du
to the hydrolysis of the [Ni(H2O)6]2+ species (known a
the Planck mechanism[25]). Mosqueda-Jiménez et al. ha
evaluated the concentration and the nature of acid sites o
MOR by NH3-TPD and IR spectroscopy[26]. Their results
indicate the formation of additional Brønsted acid sites
ter Ni2+ ion exchange of NaMOR; moreover, for each Ni2+
ion incorporated two acid sites were formed. One of th
sites results from the hydrolysis of the Ni2+Z− complex and
the other is associated with the NiOH+ groups of the Ni2+
(Ni2+ + H2 O → [Ni(OH)]+ + H+).

The nature of the Ni species in NiMSA samples was
vestigated by TPR measurements. For NiMSA20 catalys
(Fig. 4), as well as for all nickel-exchanged MSA sampl
the TPR profile showed only a band located between 700
-

Fig. 4. TPR profile of NiMSA20 and NiO-MSA20.

900◦C, which we attribute to the hard reduction of Ni2+ to
Ni0.

To confirm this assertion, the reduced sample was tre
in the same reactor, in air flow, at 800◦C for 5 h resulting
in the generation of Ni-oxide species (Ni0 + 1

2O2 → NiO).
The NiO-MSA20 sample was then cooled at 25◦C and a
new TPR measurement was performed in the same wa
above (see Experimental section). A narrow peak cent
at 350◦C was obtained for the reduction of NiO spec
(Fig. 4). These TPR measurements clearly indicate the
sence of bulk nickel oxide in our NiMSA catalysts. T
only cationic Ni2+ species present in mesoporous mater
strongly interact with the support making very difficult th
reduction. This agrees with the results recently reported b
Lewandowska et al.[27].

3.2. Catalytic activity

3.2.1. Role of nickel sites
In order to spotlight the role of nickel in the oligome

ization of ethylene, separate experiments using NaMSA
HMSA30, and NiMSA30 as catalysts were performed. B
Na+ and H+ forms of Ni free Al-MCM-41 were completel
inactive for ethylene oligomerization at 150◦C, 3.5 MPa,
in n-heptane as solvent, whereas NiMSA sample show
high activity (41.4 gethyleneconverted/(gcath)) under these
conditions. These results indicate that the nickel sites
an indispensable role in the ethylene oligomerization. O
preliminary tests with NiMSA catalysts showed that the e
ylene oligomerization is completely inhibited by the pr
ence of oxygen in the reactor.

3.2.2. Selection of the solvent
It is known that the solvent plays a very important r

in the liquid-phase catalytic reactions. Therefore, the ef
of various common solvents on the catalytic oligomeri
tion of ethylene was investigated. The reaction was carrie
out at 150◦C and 3.5 MPa, using NiMSA30 as cataly
The performances of various solvents, expressed in term
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Table 2
Solvent effect in ethylene oligomerization over NiMSA30

Entry Solvent Activity (g/(g h)a)

1 n-Heptane 41.4
2 Toluene 28.7
3 Cyclohexane 26.3
4 iso-Octane 8.2
5 n-Decane 5.5

a goligomers/(gcath).

oligomers quantity per unit mass of catalyst and time,
listed inTable 2.

These results clearly indicate the favorable effect ofn-
heptane as solvent in the ethylene oligomerization.
lower conversions of ethene are probably due to its low
ubility in some tested solvents. Moreover, the analysis
the oligomeric products indicated that toluene andn-decane
were strongly involved in parallel reactions such as alky
tion and isomerization, respectively. Next, the effectivenes
of various catalysts was investigated inn-heptane as solven

3.2.3. Effect of temperature and ethylene pressure
The effect of the reaction temperature was investiga

on NiMSA10 and NiMSA50 catalysts. Oligomerization ru
were performed inn-heptane, at 3.5 MPa, with reaction tem
peratures selected between 50 and 200◦C. As can be see
from Fig. 5, in both cases the catalytic activity goes throu
a maximum for a temperature of about 150◦C.

The pronounced fall in conversion at a temperature ab
150◦C can be attributed to the fast catalyst deactivatio
higher temperatures or/and to the instability of the surf
organometallic species (responsible for oligomerization), as
previously reported[11]. We note that similar volcano-typ
curves were observed for ethylene and propene oligom
ization in a fixed-bed flow reactor over nickel-exchang
amorphous silica–alumina catalysts[28]. A strong effect of
the reaction temperature on the oligomers distribution
also observed over our catalysts, but this aspect will be
cussed in the next section.

NiMSA30 catalyst has been chosen for testing the ef
of the pressure on the activity in the ethylene oligomer
tion. As expected, the role of the pressure in three-phase
liquid–solid reaction system was very important (Fig. 6).
Thus, the catalytic activity increased linearly by increasin
ethylene pressure from 2 to 5 MPa. We consider that this
havior is principally due to ethylene solubility dependen
on pressure. For technical reasons further experiments
be performed at 3.5 MPa.

3.2.4. Influence of the acid site concentration
The catalytic properties of NiMSA materials with di

ferent acid sites concentration and close Ni-loading (
Table 1) were evaluated for the same reaction conditi
150◦C, 3.5 MPa, inn-heptane as solvent. As shown inFig. 7
the acid site density has a great importance in control
the activity of tested catalysts. The amount of oligom
–

Fig. 5. Effect of the reaction temperature on the amount of oligomers
(60 min,n-heptane, 3.5 MPa).

Fig. 6. Effect of the ethylene pressure on the amount of oligomers (60 min,
n-heptane, 150◦C, catalyst NiMSA30).

Fig. 7. Catalytic activity of NiMSA samples (inn-heptane, after 60 min, at
150◦C and 3.5 MPa).
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Fig. 8. Effect of the acidic properties on the catalytic activity (n-heptane,
60 min, 150◦C, 3.5 MPa).

(goligomersper mole of Ni and hour) strongly increases wh
the acidic site concentration decreases from 0.72 mm
NH3/gNiMSA10 to 0.3 mmol NH3/gNiMSA80.

On the basis of this trend, two questions concerning
impact of the acid properties of oligomerization catalyst
could be formulated: (i) Is the presence of acid sites (s
required? (ii) Why is a high density of acid sites so unfav
able to the ethylene conversion?

To clarify the role of acid sites, the ethylene oligomeriza
tion was carried out in presence of a Ni–NH4-MSA catalyst,
which is the noncalcined Ni-MSA sample (see experime
part). We can consider that most of the Brønsted acid
are neutralized in the Ni–NH4-MSA sample. As shown in
Fig. 8, for both 30 and 50 Si/Al ratios, the activity of the
NH4-form catalyst was lower compared to H-form catalys

It appears from these results that a too low acidity is de
mental for the catalytic activity and therefore we consi
that both nickel and acidic sites are required for the act
tion of ethylene. Some earlier reports concerning the effe
of acidity support this assertion. Thus, Davydov et al.[29]
showed the essential role played by the acid sites, which
required to promote the Ni2+/Ni+ redox cycle and to stab
lize the Ni+ ions involved in the ethylene oligomerization.
general, there is agreement that the isolated Ni+ species are
the active metal sites for this reaction[4,12,29]. Moreover,
Ng et al. suggested that the Ni+–H+ couple is involved in
the oligomerization mechanism of ethylene[7]. It was also
previously reported that the ethylene oligomerization ac
ity of the nickel-exchanged silica–alumina is proportiona
the acid strength of the surface[7,30]. Though the presen
study points to a positive role of acidity, our data do not
low more precise conclusions regarding the implication
acid sites in the oligomerization reaction mechanism of
ylene to be drawn.

As concerns the ill-fated effect of the high density of a
sites on catalytic performances (Fig. 7), a possible explana
tion could be formulated on the basis of the results prese
in Fig. 9. In this figure, the amounts of oligomers vs
action time for three samples with very different acid s
concentration were plotted. For all samples, as the rea
Fig. 9. Evolution of catalytic activity along reaction time during C2H4
oligomerization inn-heptane, at 150◦C and 3.5 MPa.

proceeded, the catalytic activity gradually decreased. As ca
be seen from these results, the most acid NiMSA10 cat
suffered severe deactivation after only 15–20 min of re
tion (when the amount of oligomers reaches a plateau). O
the contrary, a remarkable stability (the oligomers quan
increases constantly with reaction time) was observed in
case of the less acid NiMSA80 sample. The performanc
the moderately acid NiMSA30 places this sample betw
the other two.

It is of importance to study the state of catalysts a
performing the reaction of the oligomerization of ethyle
Thus, the spent catalysts were characterized using se
methods, such as N2 sorption, TPD, TPR, and TGA/DTA
No obvious change was observed between N2 isotherms and
TPR profiles of fresh and spent catalysts, indicating that b
textural properties of catalyst and nickel state did not cha
during the oligomerization reaction. Moreover, no nic
leaching was confirmed by elemental analysis. However, th
TPD measurements revealed a certain diminution of the
site concentration of spent catalysts. We also observed
the amount of organic compounds deposition over used
lysts (evaluated by TGA) increased with increasing acid si
concentration of NiMSA catalysts.

According to these results we can suppose that a
acid/nickel ion sites ratio results in rapid surface deact
tion of Ni-containing materials due to acid-catalyzed rea
tions, which are responsible for the formation of strong
sorbed long-chain oligomers. Consequently, only a care
selected acid sites density has a beneficial influence o
stability of NiMSA catalyst and implicitly on the oligome
ization activity.

3.2.5. Effect of pore size of catalyst
The catalytic activity of several NiMSA samples with 3

40 Å pore size were investigated here above. In orde
check the effect of mesopore diameter, we have exam
the ethylene oligomerization over two NiMSA30 sample
with 37 and 86 Å pore sizes. According toFig. 10, there are
obvious differences between the catalytic performances o
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Fig. 10. Effect of the pore size of NiMSA30 catalyst (n-heptane, 60 min
150◦C, 3.5 MPa).

two samples which possess the same Si/Al ratio (30), acid-
ity (0.45 mmol NH3/g), and Ni content (0.5 wt%). It ca
be concluded from this fact that the presence in NiMSA
(d = 86 Å) catalyst of mesopores with 86 Å diameter co
be the most important cause for its higher catalytic ac
ity. In fact, the larger pores are beneficial to the diffus
of branched-chain higher oligomers, and thus result in lo
deactivation rate.

3.3. Product distribution

It was previously reported that in the presence of stron
acidic nickel-exchanged zeolites a broad range of hydro
bons was formed by ethylene oligomerization, as wel
by cracking, isomerization, and hydrogenation parallel re
tions[5,6]. Under the present experimental conditions, o
NiMSA catalysts, the ethylene oligomerization was highly
selective, resulting almost exclusively in C4–C12 olefins
with an even number of carbon atoms. Traces of C14+ unsat-
urated hydrocarbons were identified in the oligomeric pr
ucts. No alkanes, aromatics, and odd number alkenes
present, indicating that acid-catalyzed cracking or hydro
transfer reactions are not occurring to a significant level.

The selectivity toward different hydrocarbon groups
pended on both acid properties of catalyst and opera
conditions. FromFig. 11, when the Cn distribution was plot-
ted against the acid sites concentration of NiMSA samp
it can be observed that the main oligomerization prod
was C4 olefins. A large amount of C6 olefins (35 mass%
was also obtained for the catalyst with the lowest acid
concentration. The increase in acid site density results in
crease of C4–C6/C8+ ratio.

Moreover, in additional experiments, we found that
amount of C8+ olefins obtained over Ni-MSA30
(34.2 mass%) was much higher than over Ni–NH4-MSA30
(13.4 mass%). These changes in the product distribution
gest that a higher acid sites concentration is favorabl
further oligomerization of the initial C4 and C6 olefins, re-
sulting in C8+ hydrocarbons formation.
-

Fig. 11. Product distribution per carbon atom number vs acidity; 150◦C,
3.5 MPa,n-heptane.

Fig. 12. Effect of reaction temperature on product distribution; cata
NiMSA50, p = 3.5 MPa.

The oligomers distribution was strongly affected by
reaction temperature and ethylene pressure. Thus, for
peratures less than 150◦C the oligomerization was mainl
directed toward the formation of C4 and C6 olefins (Fig. 12).
On the contrary, at the high temperatures, acid-catalyze
site reactions (hetero-oligomerization), to which the prim
product alkenes are more susceptible than ethylene it
play an important role. Thus, the high-temperature reg
is characterized by large amounts of C8 and C10+ hydrocar-
bons.

An increase in the average molecular mass of oligom
was also observed with an increase in ethylene pressure
found that over NiMSA50 catalyst, at 150◦C, the amount of
C8+ hydrocarbons increased from 21.3 mass% at 3.5 M
to 32 mass% at 5.0 MPa. We note that the product di
bution did not significantly vary with the pore size of t
mesoporous catalysts (at 150◦C and 3.5 MPa).

It is interesting to analyze the distribution of isomers
each Cn olefin. Looking at the composition of butenes sho
in Fig. 13, it is evident that for all tested catalysts 2-bute
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Fig. 13. C4 olefins distribution; 150◦C, 3.5 MPa,n-heptane.
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predominates as compared with 1-butene. Only tracesi-
butene were detected among C4 isomers.

Fig. 13clearly indicates that C4 olefin distribution is de-
pendent on the acidic properties of the catalyst. Higher S/Al
ratio (lower acid site density) results in a higher selectiv
for 1-butene. The less acidic Ni–NH4-MSA30 sample also
favored the formation of a high amount of 1-butene. T
reaction temperature plays again a significant role in deter
mining the distribution of C4 hydrocarbons (Fig. 14). It is ev-
ident that the selectivity toward 1-butene sharply decre
with increasing temperature. These results suggest th
butene is among the initial products of ethylene oligom
ization and that its acid-catalyzed isomerization to 2-buten
becomes prominent even at mild temperature.

With regards the C6 isomers distribution, the results o
tained over NiMSA samples (Table 3) show that the linea
isomers and especially the hexene-2 predominate as com
pared with other ethylene trimers. A maximum selectiv
of 55.5% hexene-2 was obtained with the most acid cata
NiMSA10.

It is noteworthy that thetrans-hexene-2/cis-hexene-2 ra
tio was about 2.5 over all catalysts. Generaly, at 150◦C the
-

Fig. 14. Temperature effect on C4 isomers distribution; catalyst NiMSA50,
p = 3.5 MPa.
s

Table 3
C6 olefins distribution; 150◦C, 3.5 MPa,n-heptane

Entry Catalyst Temperature %

(◦C) 1-Hexene 2-Hexene 3-Hexene Methyl-pentene

1 NiMSA10 150 4.2 55.5 16 24.8
2 NiMSA20 150 4.2 50.7 15 26.9
3 NiMSA30 150 4.6 49.0 14.7 31.6
4 NiMSA50 150 5.6 44.9 13.8 35.6
5 NiMSA80 150 6.3 44.1 15.1 34.5
6 NiMSA50 50 19.4 41.8 17.1 21.7
7 NiMSA50 100 8.4 47.9 15.3 28.4
8 NiMSA50 200 4.3 46.1 13.2 35.5
9 NH4MSA50 150 7.1 45.6 15.4 31.9
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Table 4
Linear and branched C6–C10 oligomers (LO= % linear olefins, BO= % branched olefins)

Catalyst Temperature C6 C8 C10

(◦C) LO BO LO BO LO BO

NiMSA10 150 75.2 24.8 9.7 90.3 2.0 98.0
NiMSA30 150 68.4 31.6 13.3 86.7 3.9 96.1
NiMSA50 150 64.4 35.6 22 78 8.9 91.1
NiMSA80 150 63.5 36.5 27.6 62.4 12.3 87.7
NiMSA50 50 78.3 21.7 34.4 65.6 15.9 84.1
NiMSA50 200 48.1 51.9 3.1 96.9 0.1 99.9
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hexene-1 isomer concentration was 4–6%, but the propo
of this olefin increases up to 19.4% when the reaction t
perature was 50◦C (Table 3, entries 4, 6, 7, and 8). These r
sults suggest that hexene-1 could be the initial trimer pro
but the high rate of double-bound shift leads to the forma
of thermodynamically stable internal alkene products. W
respect to the composition of branched C6 isomers, mainly
the 3-methyl-C5 chain structure was identified in the rea
tion products.

The estimation of the ratio between linear and branc
products for the carbon number range C6–C12 was obtained
after hydrogenation of oligomers according to the met
described by Heveling et al.[15]. The hydrogenation wa
performed in a batch reactor using a commercial Pd/C
drogenation catalyst, at 100◦C and 1.5 MPa. A simplified
chromatogram of saturated hydrocarbons is obtained an
n-alkanes can be easily identified.

According toTable 4, the C6 oligomers are mainly lin-
ear isomers, and the amount of these trimers decre
with decreasing acid site concentration (from NiMSA10
NiMSA80). A drastic decrease of the proportion of line
isomers was observed in the case of C8+ oligomers. This is
a proof that the higher oligomers are mainly formed via ac
catalyzed reactions involving C4 and C6 primary olefins. It is
known that this reaction type results in branched hydro
bon formation. For all olefins, the isomers of higher linea
are favored by low temperatures, indicating a lower con
bution of nonselective reactions under these conditions.

3.4. Reaction network

Based on the experimental results it is evident that sev
parallel and consecutive reactions involving both ethyl
and primary oligomers may occur under our reaction co
tions. The oligomerization network is governed by both
acidic properties of the catalyst and the reaction parame
A possible reaction network for the ethylene transforma
over Ni-MSA catalysts is given inScheme 1.

The initial nickel-catalyzed reaction is the oligomeriz
tion of pure ethylene yielding 1-butene. We consider that
nickel cations also act as active sites for further oligomer
ization reactions (o) involving butene–ethylene and hexe
ethylene couples. Subsequent double bond isomerizatio
of primary C4–C8 olefins may be acid-catalyzed or it ma
s

.

Scheme 1.

also occurs on nickel sites. This reaction occurs even
weaker acid sites, particularlyat mild and high temperature

C4 and C6 olefins can also be consumed through dim
ization reactions (d), which are essentially favored b
stronger acidity or/and a higher acid sites concentrat
These reactions, occurring via a cationic mechanism, a
responsible for the formation of strong adsorbed branc
chain higher oligomers. The contribution of acid-catalyzed
reactions becomes prominent at higher temperatures
pressures.

4. Conclusion

In this paper we have shown than Ni-exchanged w
mesostructured silica–alumina catalysts (Ni–AlMCM-41)
reveal very interesting properties for ethylene oligomer
tion. The large and well-structured pores of the catalysts
very favorable for oligomerization process. The amount
oligomers (20.5–63.2 g/(gcath)) formed with these catalys
were much higher than those reported previously[11] with
Ni-exchanged amorphous silica–alumina, under closely re
lated conditions. The reaction was highly selective, resul
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almost exclusively in olefins with an even number of carb
atoms.

In agreement with literature data, we found that b
nickel and acid sites are required for the activation of this
action. Moreover, the acid density plays a significant role in
determining the activity, stability, and selectivity. We ha
shown in this work that with Ni–AlMCM-41 catalysts,
is possible to achieve a desired balance between acid
nickel ion sites (by the proper choice of the Si/Al ratio and
ion exchange level) so that high catalyst stabilities and h
selectivities to suitable products can be achieved. Thes
teresting catalytic performances were obtained under
reaction conditions, in a slurry batch reactor.

In order to establish the kinetic parameters and the lo
term behavior of Ni–AlMCM-41 catalysts, further investig
tions on the ethylene oligomerization, using a CSTR reacto
are in progress in our laboratory.
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