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The properties of Ni-based inorganic porous materials and their catalytic performances in
ethylene oligomerization are reviewed.
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Abstract

Ni-based inorganic porous materials are the mogbrant heterogeneous catalysts for the
ethylene oligomerization. In spite of extensiveeggsh carried out in previous decades on
these catalysts, only few aspects were reviewdtdriterature. We illustrate here the main
properties of these materials and their catalyBcfggmances in oligomerization reactions

performed under mild conditions.

The major groups of oligomerization catalysts, uidchg NiO on various carriers and Ni-

exchanged zeolites, sulfated-alumina or silica-ahanare described in the first part of this
review. The nature of the active sites and thde mothe ethylene oligomerization process are
pointed out. In a second part, the literature dealvith the catalyst performances under
various reaction parameters is reviewed. The infteeof catalyst properties (in particular the
catalyst pore size) and reaction conditions (eemderature and pressure) on the productivity
and the product distribution in oligomerization ngethodically discussed. The excellent
performances of Ni-exchanged ordered mesoporousa-silumina, which are the best

oligomerization catalysts known today, are cargfathphasized.
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1. Introduction

With annual worldwide capacity running over 140lion tons, ethylene is among the most
important basic organic chemicals. Currently, ethgl is produced in the petrochemical
industry by steam thermal cracking of gaseous quidi saturated hydrocarbons. However,
emerging methods involving alternative sources sagmatural gas, coal and biomass are
envisaged. For example, the methanol (which islye@asoduced from all these sources
syngas) can be efficiently converted into ethylbgea zeolite-catalyzed proce$$The bio-

ethanol conversion into ethylene is also a verymsing application (Scheme 15.
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Scheme 1Ethylene: feedstocks and major derivatives

Ethylene is the raw material for a wide range o&mlfcal products and intermediates.
Industrial reactions of ethylene include in ordeir scale polymerization, oxidation,
halogenation/hydrohalogenation, alkylation, hydnati  oligomerization, and
hydroformylation. Ethyleneoligomerization is of considerable academic andusgtrial
interestbecause it is one of the major processes for ptauof linear and branchekigher

olefins, which are components of plastics (C4-C6 in copolynag¢ion), plasticizers (C6-C10
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through hydroformylation), lubricants (C10-C12 thgh oligomerization) and surfactants
(C12-C16 through arylation/sulphonation). The ethg oligomers are also starting materials

for other important chemicals, such as propyletomhmls, amines and acids.

Ethylene oligomerization can be carried out in tpheesence of homogeneous and
heterogeneous catalysts. The product selectivibngly depends on the type of catalyst and
operating conditions. The commercial processesnaking long chain-olefins from ethylene
oligomerization use organic solvents and homogen@atalysts, such as trialkylaluminium
(Chevron and Ethyl) and nickel complexes (SHelf)During the past decades new efficient
homogeneous catalysts including complexes of ni¢kahium, zirconium, chromium, cobalt

and iron have been developgd?

With respect to the green chemistry principlessot-free process, catalyst recycling, easy

separation of reaction products and catalyst, ,etb8terogeneous catalysis is an

environmentally friendly alternative to the tradital methods. Consequently, significant

research efforts have been directed to the devedoprof heterogeneous processes for

ethylene oligomerization. Three main classes atistatalysts have been reported: (i) solid
24-30 31-35

acids; " (ii) nickel complexes immobilized on polymers aorlides; ™ and (iii) nickel

supported on inorganic porous materi4ls’

Acid catalysts, such as supported phosphoric aedlites, silica-aluminas and macroporous
sulfonic resins demonstrated high potential for thkgomerization of C3+ olefins.
Unfortunately, with acid catalysts, particularlyratld temperatures, the oligomerization rate
of ethylene is much lower compared with that of eotholefins®® Generally the
oligomerization of ethylene is carried out at highemperatures and the best acid catalysts

are zeolite$>*° Under these conditions, besides oligomerizatiosactions such as
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isomerization, disproportionation, cracking, arowmetton occur, and a broad spectrum of

products and large amounts of coke are formed.

The solid catalysts obtained by anchoring organalth@tnickel compounds on polymeric
matrices (Polymer-supported nickel complexes) ameplly less active and less stable with
respect to the homogeneous ones. Moreover, theugrambnsisted in complex mixtures
oligomers-polymeré**® Similarly, when nickel complexes have been hetenamed on
inorganic supports (SK) Al,O3, SiO,/Al,O3) poor activity/selectivity and doubtful stability
were obtained in the ethylene oligomerizatidiMore recently, Rossettet al. reported that
nickel-$-diimine/silica is an active catalyst in ethyleniggomerization, but it is less active
than its homogeneous anafdgDe Souzaet al. showed that Ni(MeCNjBFs), on MCM-41
mesoporous silica is highly active in ethylene dizegion and trimerization in the presence

of AlEt3. %23

As regards Ni-based inorganic materials, they rhedeaery interesting properties in the
ethylene oligomerization, especially under mild @pi@g conditions. Despite the large
number of publications devoted to these catalystdy few aspects were reviewed in the
literature. Sanatt al. have reviewed the heterogeneous catalysts usie@ ioligomerization

of ethylene, propylene, butenes and higher moleauéaght olefins, but their paper focused
mainly on solid acid catalysf§.Review articles written in the early 1990s by Of@or?
Skupinskd8 and Al-Jarallahet al” described for the most part the homogeneous

oligomerization catalysts and only a little bit theterogeneous catalysts.

The aim of the present paper is to provide an agerof the current knowledge on the Ni-
based materials used as heterogeneous catalyite imild ethylene oligomerization. The
behaviour in ethylene oligomerization exhibited thg microporous Ni-exchanged zeolites

will be compared with that shown by the catalysasihg larger pores, such as Ni-sulfated-
4
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alumina, Ni-amorphous silica-alumina and NiO onimas oxide carriers. Oligomerization
processes performed in various ways (static, fletusry) will be discussed taking into
account the key variables that govern the catélghtwviour, i.e. reaction parameters, catalyst

pore size, number/type of active sites, etc.

2. Ni-supported materials as catalysts for ethyleneligomerization

As mentioned above, ethylene oligomerization carffieiently catalyzed by homogeneous
and heterogeneous catalysts containing transitietals) in particular nickel. Indeed, porous
materials, such as NiO on various carriers or Nibaxged materials like zeolites, sulfated-
alumina, amorphous silica-alumina and mesostrudtigiica-alumina have been widely

investigated in the past decades.

2.1. NiO and NiSQ on supports

The original Ni-based heterogeneous catalysts thylene oligomerization consisted of
nickel oxide supported on silica. Morikawa firspoeted thalNiO supported on Kieselguis
able to catalyze the dimerization of the ethylemeneat room temperaturéBailey and Reid
from Phillips Petroleum Company revealed that Ni@pmorted on silica gel exhibited
catalytic activity at temperatures in the range0dfto 150 °C* They suggested that the
presence of alumina in support appeared necessagpdure the properties of the catalyst.
Moreover, only the catalysts activated by heatm@m oxidizing atmosphere at 400-500 °C
were able to catalyze the ethylene oligomerizatidre product mixture consisted of dimers,
trimers and tetramers. Ozaki and ShibX, and later Uchida and Antar® showed that
NiO/SIO, is an effective catalyst for the dimerization ¢iydene at room temperature. The
mechanism of this reaction was investigated by Karet al. by means of the deuterium

tracer®®
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In a series of studies it has been shown that et plays a major role in the ethylene
oligomerization with NiO. Thus, Matsudg al. reported that only NiO supported on acidic
silica and/or alumina exhibited activity for ethyéedimerizatiorf! Silica-alumina was found

to be an excellent support for Nf&’* Moreover, the alumina content in support seemed to

influence the catalyst behavitt’®

Other oxides were used as efficient supports faD:Ni-Al.Os,"? silica pillared vacancy
titanaté® and B,Os-Al,03."* In a series of studies, Sohet al investigated the ethylene
dimerization at room temperature in the presendgiOfsupported on carriers including HO
and ApO5-TiO, modified with WQ,">"® Zr0, and LaOs-ZrO, modified with WQ,”" " ZrO,
modified with MoQ,* TiO, and ZrQ treated with HSO,*"** TiO, modified with HSO,,
HsPQ,, H3BOs, and HSeQ.?® The catalytic activity of these materials was eagd in

relation with their acid site density and strengthwith their thermal stability.

NiSO4/support is also an important Ni-based heterogeneous salyor ethylene
oligomerization. Usually these catalysts were pregdy impregnation with nickel sulfate on
different supports such asAl,03,*%4%" Sj0,-Al ,03,28 Zr0,,* Fe0;,° Fe0s-2r0,,** CeQ-

Zr0,,%% TiO,-Zr0,.%° Their catalytic activity strongly depended on #uidity of the surface.

2.2. Ni-exchanged materials

In order to obtain catalysts with isolated Ni sitedferent microporous and mesoporous
supports were exchanged with?Nions. Ni-exchanged zeolites showed good qualities
heterogeneous catalysts in the ethylene oligontesizabut a major disadvantage is their
significant deactivation. Indeed, the microporousaracter of these materials leads to
intracrystalline diffusion limitations which ressiltn a rapid enrichment of polymeric waxes

in the micropores. One of the approaches to oveecttns problem was the use of catalysts
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with larger pores, such as Ni-sulfated-alumina, aMierphous silica-alumina and Ni-

mesostructured materials. These materials willrizflip presented below.

2.2.1. Ni-zeolites

Nickel exchanged faujasite X and Y were the firsblZzes used as catalysts for the ethylene
dimerization and oligomerizatiofRussian researchers found that these materials, wétl
dispersed Ni sites, are more active than NiO§&id suggested that the active sites were the
Ni?* ions bonded to the oxygen anions of the zeoli@méwork®’**% The selective
conversion of ethylene into dimmers over Ni-contagnzeolites with faujasite topology, at
low temperature and pressure has been also stbgie@rious research groups in order to

examine either the nature of the active sites @kthetics of the reactiot:3¢:9°

The oligomerization of ethylene over zeolites perfed under more severe conditions led to
hydrocarbons with higher molecular weight. Forragpée, with Ni-Beta zeolite, at 120 °C
and 35 bar, the main products we26-C10 oligomers® Hevelinget al. reported that the
oligomerization of ethylene over Ni-Y catalyststamperature higher than 300 °C can be
directed towards diesel-range products (C12-G48).

More recently Lallemanet al compared Ni-containing zeolites having variougotogies
and pore size¥® % They showed that materials having large cavities Ni-dealuminated
Y)191192 or mesopores (i.e. Ni-MCM-38Y are more active and stable catalysts than the
purely microporous Ni-Y and Ni-MCM-22 zeolites.

2.2.2. Ni-silica-alumina

The oligomerization activity of catalysts prepated the ion exchange of fionto silica-
alumina supports has been firstly reported by Lapiet al in 1970£%° The catalytic

behavior has been related to the quantity of ates present (i.e. the alumina content) in the

mixed oxide support. A series of studies focusedttos catalytic system has been later
7
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accomplished by the Nicolaides’ group. In orderofiimize the catalyst formula and the
oligomerization process, they studied the effecthef acid strength of the supptit;'®the
reaction parameters;'® the composition and the texture of catdffsiand the nickel
concentratioff % in laboratory tests carried out either in a fixwti flow reactd®'*®or a
slurry reactor?®

2.2.3. Ni-mesoporous materials

Hartmannet al. have shown that Ni-MCM-41 and Ni-AIMCM-41 revealeatalytic potential
for ethylene dimerizatioh'® After a 24-h reaction period, in a static gas-phesactor the
ethylene conversion was near 5Bore recently, in a series of detailed studies, gnaup
showed that Ni-exchanged mesostructured matewdls carefully controlled texture and
concentrations of nickel and acidic sieedhibited very interesting properties as heterogese
catalysts for ethylene oligomerizatih:'**** Thus, catalysts with different topologies,
including Ni-AIMCM-41, Ni-AIMCM-48 and Ni-AISBA-15, effectively activated the
ethylene in oligomerization processes perfornredlurry batch mode or in a CSTRnder
mild conditions. The general method used for pregathese catalysts starts from Al-
containing mesostructured silica, which is modifimdionic exchange and thermal treatment
(Fig. 1). Linet al. reported the synthesis of Ni-AISBA-15 materialsimpregnation of the
parent AISBA-15 with nickel nitrate, followed by Icmation at 450 °C® These materials

were effective catalysts for the ethylene oligomration performed in a fixed-bed reactor.

Si Si Al Si Si Al Si Si\ /Sl\ /Al\ Si\ /Sl\ ;\l\ /Si
~ ™~ VIV NIAN + -
0/ 0/ \0/ (o] (o] 0/ 1. exchange with NHg4 o o o o o o
: | 2. exchange with NiZ+ 5+ P 5+ | 6+
.+ _+ + . _.
Na Na Na Na 3. calcination at 550 °C Ni H Ni N
: o o_o_ o —— . o 0 O o O o0
AN ONAONAON AN AN SN NS NSNS SN
Si Al Si Si Al Si Si Si Al Si Si Al Si Si

Fig. 1. General protocol for preparing Ni-mesoporous it
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2.2.4. Ni-sulfated alumina

Zhanget al. studied the ethylene oligomerization on a catatyspared by ion-exchanging
Ni?* onto a sulfated alumina supp8:*° In a continous slurry reactor, at low temperature
and pressure, a catalyst with 1.7 wt% Ni revealggh hactivity and stability against
deactivation. The nature of the active sites imehscatalyst was investigated by Davycdiv

al. by means of FTIR spectroscopy of adsorbed®CO.

3. Nature of the active sites for ethylene oligomeration

It is well-known that the catalytic properties o€kel-modified materials strongly depend on
the nature of the nickel species. For exampletherhydrogenation of unsaturated organic
compounds zerovalent N\sites are needéd’ On the other hand, there are catalytic reactions
e.g. conversion of methanol to ethaffeselective NOx reductidh’** and lower olefins
oligomerizatiori”#+-86.87.109.110.122-124 0 qjiring nickel ions as active sites. Moreovere t
oxidation state of the nickel ions appears to heiaf for the catalytic performance in these
reactions.

In the case of the ethylene oligomerization catdylay Ni-based materials, extensive studies
have been accomplished, and different opinions ewmmtg the oxidation state of Ni have
been expressed (Table 1). In erlier works on supdoNiO/ALOs-SIiO, catalysts, isolated
Ni?* ions in a high coordinative unsaturation witH**Alons in the neighbourhoGtor Ni**
ions assisted by acid sites® were suggested to be the active sites. In a restemly,
Martinezet al. proposed Ni" cations in exchange positions in Ni-Beta zeolgesetive sites.
The monovalent Nispecies were assigned the role of spectaid@ther authors considered

that for Ni-Y highly dispersed Ris the catalytic site in the ethylene oligomeriaaf®
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Table 1 Nature of the catalytic sites in Ni-based catalysr ethylene oligomerization

Catalyst Catalyst treatment Catalytic sites Charactrization Reference
method for Ni
NiO/Al,0-SiO, thermal Ni*" and AP* ESCA, UV-Vis 71
Ni-Beta thermal Ni%* FTIR/CO/GH, 100
Ni-Y thermal Ni° ESR 96
NiO/SiO, thermal; photochemical  low valent Ni and acid site deuterium tracer 60
NiO/y-Al,0q thermal; photochemical  low valent Ni EPR 72
Ni-X thermal Ni* ESR 37
Ni-clionoptilolite thermal Ni* ESR 134
Ni-SAPOs H.:thermal/photoreduction Ni* EPR 135
Ni-CaY thermal Ni* ESR 38
NiSO4/AI,O, thermal Ni* ESR 127
NiSO,/AI,O, thermal; CO reduction Ni* FTIR/CO 86
NiSO4/AIl,04 thermal Ni* and acid site FTIR/CO, XPS 87
NiSO4/Al,04 thermal Ni* and acid site FTIR/CO 84,85
NiSO,/SiO-Al,O;  thermal Ni* and acid site FTIR/CO 88
Ni-MCM-41 thermal Ni* and dehydrated Kii FTIR/CO 112

However, there are many more arguments supportiagview that low valent

nickel ions,

most likely Ni species, are the sites responsible for the etbyldigomerization. For

example, a linear relationship between the ratesetbfylene conversion and the *Ni

concentrations in the catalyst has been reportesbweral studie¥.**'%In addition, it was

observed that the reaction rate decreased whewas further reduced to Ni

Ni* is not a common oxidation state of nickel, butéih be produced by the reduction of Ni
ions present as extraframework sites in variousropmrous and mesoporous materials.
According to literature dat£>*?” only isolated Ni* ions are able to be partially reduced to
Ni*. This behavior can be correlated with the oligdmagion results. For example, using both
exchanged and impregnated Ni-MCM-41, Lacarrigral. showed that the catalytic sites for

ethylene oligomerization are the nickel cationsexthange positions and that nickel oxide

10
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species are most probably inactive in this reacttoA similar finding has been reported for
NiO/B,05-Al,0s,"* Ni-Betd*® and Ni-amorphous silica—alumif?.
Generally, the formation of Niions is highly sensitive to the reduction methasd
conditions, as well as to the support naflifé:**>*%%A number of methods have been used to
transform Nf* into Ni*: reduction with Na or Cs vapory-irradiation at -196 °C, photo
reduction by ultraviolet light at -196 °C under hggden, reduction with molecular hydrogen,
CO and hydrocarbons. Dehydration under dry condtiat elevated temperatures is a very
simple procedure, and it has been usually usedhén dligomerization studies. It was
suggested that the formation of the” Niations during the thermal treatment takes place
through a dehydration mechanidf?®*2°In Ni-exchanged microporous and mesoporous
aluminosilicates, the nickel ions are present m 2k oxidation state, surrounded by pOH
molecules as ligands @ 6) [130,131]. When the temperature is increaseel ligands are
released®? (eqg. 1) and the water removed reduces i Ni* (eq. 2) 24126129

Ni**(H20) — Ni*'(H20) + (n-x)HO (1)

2NF* + H,O — 2Ni* + 2H" + 160, 2)
In order to explore the Ni ions, appropriate tegaes, including deuterium tracer electron
analysis, electron paramagnetic/spin resonance /EFHR), or IR spectroscopy of probe
molecules were employedor example, Kimuraet al. investigated the mechanism of the
ethylene dimerization in the presence of NiO/SE9 means of the deuterium traé&They
suggested that the active sites consist of a Identanickel and an acid. Eleat al. worked
with NiO/y-Al,O; activated by thermal- and photoreduction with loggm’® EPR
measurements on the reduced samples indicateddbernge of low valent nickel among the
active centersBonneviotet al. studied the dimerization of ethylene over Ni-exayed X

zeolite>” By means of EPR spectroscopy, they showed thaNifieions can be reduced to

11
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Ni* by either thermal or photochemical treatment. iNihs are able to form complexes with
olefin molecules and thus the catalyst becomes aetiye even at room temperature.

Chooet al. investigated the formation of monovalent nickeNizeolites, such as ferrierite,
mordenite and clinoptilolite, using ESR spectrosctp’®* A high reducibility of Nf* in
zeolites was observed upon both thermal and hydrogguction. The g values of Nions in
ESR spectra, at about 2.1 and 2.5, are similaalfareolite topologies. For Ni-clinoptilolite,
Ni* sites can be also obtained via direct reductioNidf by ethylene at temperatures higher
than 100 °C3* Over this catalyst, the conversion of ethylenentbutenes reached a
maximum at a reaction temperature of 350 °C. Taimsperature corresponds to the highest
ESR intensity of Nispecies.

ESR-Ni sites were also detected by other research griougstive oligomerization catalysts
such as dehydrated Ni-SAP&S prereduced Ni-CaY zeolit¥sand NiSQ/AI,0:.% For the
last catalyst, Caét al. showed that Niis formed by partial reduction of Niwith ethylene.
The reduction of Ni" to Ni* in NiSOyy-Al,O; was also performed by evacuation at 600
OC.127

IR spectroscopy of adsorbed CO is considered tongeof the most suitable techniques to
explore the nature of nickel species because fhjtesimultaneous detection of&iNi* and
Nj0. 122126136 According to literature data, the C-O-stretchingdms of nickel carbonyls
appear in distinct spectral regions: 2220-2180" éan Ni**-CO, between 2160 and 2110 ¢m
for Ni*-CO and below 2100 cfnfor Ni®-CO. This technique was used to examine the nature
of the active sites in Ni-sulphated alumf&’ Ni-Y,*? Ni-MCM-41'*? and Ni-Beta
zeolite!® According to Davydovet al. isolated NI species are the active sites in the
oligomerization proces¥. These sites are formed in a reduction procesdifigem vacuum

or with CO at temperature not higher than 400 #€yyhich Bronsted acid sites are involved.

12
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Sohn et al. suggested that the active sites responsible foyleste dimerization can be
generated by thermal treatment at high temperaiutlethey consist of Niand an acid sit&"

In a detailed study, Lallemaret al. used the IR spectroscopy to evaluate the effechef
thermal treatment on the oxidation state of nidkeNi-Y and Ni-MCM-41? It has been
established that during the thermal activation undiy atmosphere, the Niions were
dehydrated or/and reduced to' Nbns. The thermal reduction of Nito Ni* was effective in
Ni-Y (Fig. 2), but it was only partial in Ni-MCM-41lt was also found that the catalytic
activity in the ethylene oligomerization perform&d batch mode, at 150 °C strongly
increased when the catalyst activation temperatareased from 200 °C to 550 °C. Based on
spectral and catalytic measurements the authogesteyl that both Kiand dehydrated Kii

species in Ni-MCM-41 catalyst are catalytic sitegihylene oligomerization.
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Fig. 2 DRIFT spectra (carbonyl region correspondinghddsorbed CO at 30 °C on Ni-Y

activated at 200 °C and 550 °C. Reproduced witmssion from ACS

Note that, in most of published studies, to ob&fiective catalysts for oligomerization, the

Ni-based materials were thermoactivated beforeticaat temperatures higher than 500 °C.

13
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4. Catalysis and processes in ethylene oligomeriaat

The ethylene oligomerization over Ni-based catalysts been carried out in wide ranges of
temperatures (from 20 °C to 360 °C) and pressurem (0.4 to 40 bar), in static, slurry or
dynamic reactors. The reaction conditions, as wasglthe catalyst properties have a strong
effect on the activity/productivity and the oligomdistribution (Table 2). NiO on supports
are rather poor catalysts for ethylene oligomeiorathe productivity was less than 3.&ggn
Oeatai~ - and TOF values varried between 5 and 33Better results were obtained with Ni-
exchanged alumina: productivity up to 11.5 § " and TOF up to 1500 h Purely Ni-
zeolites (Ni-Y, Ni-Beta, Ni-MCM-22) exhibited modsde activity, but the solids with
microporous and mesoporous, i.e. Ni-Y (Si/Al = 30)d Ni-MCM-36 showed excellent
behaviour with TOF of 10 500 hand 16 000 1, respectivelly. The best catalysts were the
Ni-exchanged mesoporous materials with MCM-41 ar@@M#48 topology. In batch mode, at
150 °C and 35 bar of ethylene, productivities bemv&10 and 158 g'th™ and TOF between

15 700 and 47 380°hwere reported**

The nature of the oligomers depended on the catdbys also on the reaction mode and
parameters. Depending on these factors, the ethytdigomerization can be selectively
directed to dimers (C4);"* 77888919 termediate olefins (C6-C1)02104199 1y even to
diesel-range products (C12-C¥8Y*'°The effect of various elements on the oligomeidrat

process will be discussed more in detail here below

4.1. Role of the pore size of the catalyst

Among the properties of catalysts having a cruefdct on the activity and the stability, the

porosity seemed to be the most important. We coeaptre catalytic behaviour of Ni-based

catalysts with diverse topologies and porositied #re experimental data obtained under

similar conditions are ploted in Fig!% 103112114

14
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Table 2. Comparison of catalytic performances in the oligaaation of ethylene of Ni-based

catalysts with different compositions

Catalyst Ni Reaction T P Activity TOF Oligomers (wt.%)  Reference
(Wt%) mode (°C) (bar) (g g*h?H? (hh)P
C4 C6 C8 Clo+

NiO/SiO,- Al,O; 3.9 flow 275 10 X ni¥ 818 16 17 05 69

7.8 flow 275 1.0 x® n.i. 839 125 18 18 69
NiO-ZrO,/WO; 18 static 20 04 28 326 100 - - - 77,78
NiO-ZrO,/MoO; 3.9 static 20 04 04 21.5 100 - - - 80
NiO/AlL,O,TiO,/WO;  15.6 static 20 04 09 121 100 - - - 76
NiO-ZrO, SO 18 static 20 04 07 8.1 100 - - - 82
NiO-TiO,/SO 36.5 static 20 0'4 0.9 5.2 100 - - - 81
NiO/Al,03-SiO, 4 flow 40 20.7 0.3% 50 16 13 21 62
NiO/Al,03-Si0O, 3.6 batch 150 28 3.2 187 854 9.6 2.3 2.7 63
NiOf/silica-titanate n.i. batch 150 11-28 3.2 13.2 20.7 16494 73
NiO/B,0s-Al ,03 3.0 flow 200 10 0.33 231 738 202 51 09 74

3.0 flow 200 40 n.i. 10 10 25 55 74
Ni-NaY 5.6 flow 70 41 0.4 15.0 67.3 327 - - 97
Ni-Y 5.6 flow 60 28 0.3 11.2 67 13 5.5 145 98
Ni-NaY(Si/Al=2.8) 3.7 flow 115 35 251 1422 37 20 17 26 28
Ni-Y (Si/Al=31.5) 0.6 static 20 04 075 262 100 - - - 99
Ni-Y (Si/AlI=30) 0.6 batch 50 40 30 10482 67 10 14 9 021
Ni-Beta(Si/Al=12) 1.7 flow 120 26 0.57 70 723 134 7.2 31" 100

25 flow 120 26 1.6 132 381 84 138 36.3 100
Ni-silica-alumina 0.27 flow 300 115 3.7 2873 722 141 6.2 '3.4104
Ni-silica-alumina 156 flow 110 35 1.9 266 27 176 25304 105,106
Ni-silica-alumina 1.6 CSTR 160 35 11.5 1507 31 17 19 3 3 109
Ni-MCM-22 0.55 batch 150 40 2.2 876 81 5 13 1 103
Ni-MCM-36 0.5 batch 70 40 10 4193 81 8 6 5 103

0.6 batch 150 40 46 16072 45 25 15 15 103
Ni-SBA-15 5 flow 120 30 1.0 42 n.i. n.i. n.i. 35.1 115
Ni-MCM-48 0.5 batch 150 35 113 47379 42 37 14 7 111
Ni-MCM-41 (3.5Aj 2 batch 150 35 150 15723 45 33 15 7 114
Ni-MCM-41 (10Aj 2 batch 150 35 158 16561 40 33 16 11 114
Ni-MCM-41 0.5 CSTR 30 20 3 1257 56 24 10 10 113
Ni/sulphated alumina 1.7 CSTR 50 0.7 6.1 752 88.8 11.2 - - 41
NiSO,/Al 0, 6.4  static 20 04 14 46 100 - - - 84
NiSO,/Al,05-Zr0O, 3.1 static 20 04 33 223 100 - - - 137

2 QpligomersGeatalyst. N5 ° MOlcang MOINi™ h; ©ethylene conversion = 15%n.i. - not indicated .
¢ ethylene conversion = 23.8%dnitial pressure? go.igomersmLcamys;l ht "3.4-4% cracking products4.1%
cracking products,pore diameter
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As shown in this figure, the average activitypeessed in terms of oligomers quantity per

unit mass of catalyst and time, strongly increasben the pore size of catalyst increased.

100 +

B =2 [+
o o o
L L

Activity (gongom/gcata)

N
o
1

0 +

Ni-MCM-22 Ni-USY Ni-MCM-36 Ni-MCM-41 Ni-MCM-41
micropores  micropores and mesopores mesopores  mesopores
(3nm) (9nm)

Fig. 3. Activities of Ni-exchanged materials with difésnt topologies and pore sizes (1.5-2

wt% Ni; reaction conditions: 150 °C, 35 bar, 1flveaction, batch mode)

With Ni-MCM-22 (a zeolite having only micropores)vary small amount of oligomers was
obtained:®® The activity significantly increased in the presenof zeolites having both
micropores and mesopores, such as Ni-dealuminai@d-¥SY) and Ni-MCM-36'%21%and

it was much higher for the mesoporous Ni-MCM-41 eniais***'* Measurements done on
the spent catalyst showed that the microporoudysétahave been very fast deactivated by
pore blocking with heavy reaction produttsNote that similar rapid deactivation suffered
the Ni-Y catalyst in the oligomerization reactioarfpmed in dynamic mod€:*® In contrast,
the large pores in nickel-mesoporous catalystdit@e the diffusion of larger oligomers,
which results in a low deactivation rate and higaetivity of these catalysts. Similar high
stability against deactivation has been exhibitgdothers catalysts with mesopores, like

nickel/sulphated alumiri& and Ni-silica-alumind®

16
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4.2. Role of the Ni concentration

The effect of the nickel concentration on the getaperformances has examined in many
studies>?"#488.100.106-108.118 5 hiyset al. compared catalysts with 5% and 10%NiO/S&D,Os

in oligomerization reactions performed at 275°®The ehylene conversion was 30.4 % and
23.8%, respectively. When they used Ni-Y zeolithe,conversion was 39.2% and 29.4% for

4.7 wt% and 8.1 wt% Ni, respectivel.

Nicolaideset al. showed that the addition of nickel ions in excefsghose introduced by ion-
exchange in silica-alumina lead to major changehenactivity and selectivity of catalyst¥.
The ethylene conversion increased with increasingeh content up to a maximum at a Ni
content of 1.5 wt%. Above this nickel content tloaeersion fell fairly sharply. The 1-hexene
selectivity mirrored the ethylene conversion lewethat the higher the conversion, the lower
was the selectivity. The same research group regdhat at the lower nickel concentration
the activity per nickel site is higher than at trigher nickel concentratioff® In addition,
increasing the Ni concentration resulted in a maudtaft to a lighter product.

According to Hevelinget al, over Ni-Y, at 150 °C, the oligomerization proceddby a
selective growth reaction following Schulz-Floratsstics and the growth factarincreased
with the nickel loading® High nickel loadings favour the formation of diesgnge olefins in
the product spectrum.

We studied the role of nickel loading on the atyivin ethylene oligomerization using MCM-
41 catalysts (Si/Al = 9, pore size of 3.5 nm) walifferent Ni concentrations, prepared by
both ion exchange and wet impregnatt6hThe catalyst activitys. Ni loading is plotted in
Fig. 4. The activity increases when the nickel eahtincreases up to 2 wt%. Then, the
activity reaches a plateau and beyond 5.5 wt% hitke activity decreases. The decreasing

activity observed for highly loaded Ni-catalystssm@aused by partial blocking of pores by

17
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bulk NiO particles. The TPR measurements indic#tatl up to 2 wt% nickel in the material,
nickel is present only as charge-compensating maémd beyond, NiO appears. Similar
remarks can be made for the TOFs obtained witlewifft catalysts. It is about 15 008 for
nickel loadings lower than 2% and it falls dradticto 5 600 K" for catalysts with 5.6 wt% of
nickel. These results suggest that the active Ncigig for oligomerization are the nickel
cations in exchange positions and that nickel osjokecies formed by impregnation are most

probably inactive in this reaction.

TOF = 15 000 b’} TOF =5 600 h !

150 7 \

=
=1

2]
=

ion
exchange wetimpregnation

Average activity, g g'1h'1

40

0 1 2 3 1 5 6 7 8
Nickel. wt%

Fig. 4. Activity of Ni-MCM-41 catalysts in ethylene oligoerization as a function of nickel
loading (reaction conditions: 150 °C, 35 bar, rigerctime 1 h, batch mode). Adapted from
ref. 114

Note that similar findings have been reported byarSet al. for NiSOs-based catalysts;*
Lavrenovet al for NiO/B,0s-Al.Os"* and Martinezet al. for Ni-Beta catalyst’® Thus, the
activity of Ni-Beta (Si/Al = 12, at T = 120 °C, P26 bar, WHSV = 2.1 increased linearly
with increasing the Ni loading up to 2.7 wt% andrtheveled off until a constant conversion
of 85% was reached at loading above 5 wt%. Hevelirg. found that Ni-exchanged silica-

alumina (0.73 wt% Ni) was superior in terms of cersion and TOF compared with Ni-
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impregnated silica-alumina (3.84 wt% Nifif. Based on these results, but without specifying
the nature of the active species, they considdratithe metal was more efficiently used in

the ion-exchanged catalyst than in the impregnaited

The Ni loading in catalyst also affected the prdddcstribution. Thus, when the Ni
concentration increased from 1.0 wt% to 2.5 wt%NirBeta, the amount of butenes in
products decreased from 69.9% to 38.1%, whereayi#h@ of C10+ oligomers increased
from 2.1% to 37.2%% With a Ni-silica-alumina catalyst, the dimers/tera ratio varied

linearly with the nickel contertf®

4.3. Role of the acid sites

Generally, Ni-supported materials contain both N acid catalytic sites. There is agreement
that the Ni sites are indispensable for ethylengoaterization. But, what is the role of the
acid sites? A large number of studies showed treaatidity of catalyst is also crucial for this
reaction. Thus, it was reported that the ethylehigomerization activity of the nickel-
exchanged silica—alumina is proportional to thel atiength of the surfacé**

For catalysts prepared by the ion exchange &f dtito silica-alumina supports Lapidesal.
suggested that the catalytic behavior can be celatéhe quantity of acid sites present (i.e.
the alumina content) in the mixed oxide suppdff.They suggested that the active sites in
ethylene oligomerization include both®Xions and acid centers. Soahal showed that the
activity of NiO and NiSQ supported on different carriers can be closelyatated with their
acid site density and strendftf>®893As previously reported by Kimuet al, they suggested

that the active sites in ethylene dimerization ésiref low valent Ni ion and acid sit&%.

Davydov et al. showed the essential role played by the acid,sitdsch are required to

promote the Ni/Ni* redox cycle and to stabilize the *Nions involved in the ethylene
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oligomerizatior?’ Ng et al. suggested that a"NH" couple is involved in the oligomerization

mechanism of ethyleri&.

In oligomerization studies performed under mildctean conditions, in a slurry batch reactor,
in the presence of Ni-AIMCM-413 Ni-Y*%? and Ni-MWW!® we found that both nickel and

acid sites are required for the activation of ti@action.Moreover, the balance between the
acid and nickel site densities is a key factor tinduences the activity, selectivity, and

stability of the catalystTable3).

Table 3. Effect of the acidic properties of catalyst oa #verage activity

Catalyst Si/Al Acidity ¢ (mmol g%)  Ni/acid site Average activity
(mol mol™) (mol mol™) (g gthh)e
Ni-Y? 6 1.02 0.25 15
15 0.58 0.29 20
30 0.35 0.29 30
Ni-MCM-41° 10 0.72 0.14 21
18 0.59 0.14 25
26 0.45 0.19 41
49 0.34 0.21 64

Oligomerization conditions:50 °C, 40 bar} 150 °C, 35 bar’ from ammonia TPD’ Goiigom Geatal - N~

For Ni-based zeolites, a too high density of adtdssmay be detrimental to activity by
promoting the formation of long chain oligomersspensible for pore blocking and catalyst
deactivation®*'®® In the case of Ni-containing mesoporous materiais, found that the
amount of oligomers strongly increased when thdiaaite concentration decreased from
0.72 to 0.3 mmol ¢.*3 In addition, a too low acidity was detrimental fhe catalytic activity.
Indeed, a high acidickel ion sites ratio results in rapid surfacedi®ation of Ni-containing
materials due to acid-catalyzed reactions, whiehrasponsible for the formation of strong

adsorbed long-chain oligome¥s'® Consequentlyonly a carefully selected acid sites density
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has a beneficial influence on the stability of Misbd catalyst and implicitly on the

oligomerization activity.

4.4. Effect of the temperature

The reaction temperature plays a decisive rolesterthining activity, stability and selectivity
of catalysts. According to literature data, theabat performances changed with the
temperature in different ways. Ovearrow ranges of temperatugesingle mode of variation
was observedThus, Zhang and Dalla Lana reported that on niskgihated alumina in a
slurry reactor, the ethylene conversion decreastdtiae increase in reaction temperature for
the range of 5-50 °&° This decrease has been attributed to the lowstegtl solubility in
solvent (n-heptane) and to catalyst deactivatiohigiher temperature. At low temperature
high selectivity to 1-butene was attained, whilee teelectivity to C6 increased with
temperatureNg and Creaser found that on Ni-Y, at 40 bar, fixed-bed reactor, the reaction
rate increased from 6.04 (at 50 °C) to 13.19 mnidig(at 70 °C)"*®In CSTR mode, with
Ni-SiO.-Al 03, at 35 bar, Heydenrycét al, reported that the ethylene conversion slightly
decreased between 120 and 16G%C.

For broader ranges of temperature, polymodal degrese$s between the activity and the
reaction temperature were observed. For examplekimg in a fixed-bed reactor, in the
temperature range 40-360 °C, over both Ni%and Ni-SiQ-Al,05'% Heveling et al.
identified two distinct temperature regions of hightalytic activity. One was at a low
temperature, a volcano-type curve with a conversiatimum at about 120 °C, and the other
at a higher temperature (> 300 °C). For reactie@rfopmed in batch mode we found that the
ethylene conversion followed volcano-type curveshwnaxima at about 50 °C and 150 °C,

for Ni-Y and Ni-MCM-41, respectively (Fig. 5):'%
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Fig. 5. Effect of the reaction temperature on the amofiotigomers (batch mode, reaction

time 60 min, pressure 40 bar).

As shown in Table 2, the oligomers distribution elegls on the reaction temperature. Thus, at
near-room temperature ethylene was selectively miee to butend® 86102113 pgre
generally,under mild conditions, on weakly acidic catalysi® ethylene oligomerization was
highly selective, resulting almost exclusively itefins with an even number of carbon
atoms*3100105109.11L.116, aqdition, a Schulz-Flory-type distribution (&4C6 > C8 > C10...)
was typically obtainedOnly traces of alkanes, aromatics, and odd numb&nes were
present in the oligomeric products. At higher terapge, and especially in the presence of
strongly acidic catalysts, a broad range of saddrand unsaturated hydrocarbons are formed,
including both even- and odd-carbon prodd&tS:*°That is suggestive of the occurence of
secondary cracking reactions which are catalysethbyacid sites. The acid sites are also
considered to be responsible for two other mairosgary reactions: the isomerization and

co-oligomerization of primary product$®1921931% consequently, the high values of

temperature resulted in increased catalyst dedictivy
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In order to highlight the effect of the temperatarethe product distribution, we summarized
in Table 4 the results obtained in our laboratorhwdifferent catalysts. The contribution of
the temperature is evident from the changes irdisigibution of oligomers and the isomers
inside each Cn olefin group of products. At low paratures, a near Schulz—Flory-type
product distribution was obtained over all cataystAt higher temperatures, the
oligomerization was mainly directed towards thenfation of C6 and C8 or C10+ olefins.
Among the butenes, the proportion of 1-C4 decreaseglly with increasing reaction
temperature. These results indicate that 1-butenethe initial product of ethylene
oligomerization and that its acid-catalyzed isome#ion to cis/trans 2-butene becomes

prominent when the reaction temperature increases.

Table 4. Oligomer distribution vs. reaction temperature

Catalyst Temperature, Selectivity, % Reference
°C 1-C4 2-C4 C6 C8 Cl0+

Ni-MCM-41° 50 31 26 32 9 2 43
100 16 40 31 11
150 10 42 27 15 6
200 3 26 15 36 20

Ni-USY® 35 82 10 5 2 1 102
50 21 47 10 14 8
70 10 44 9 22 15

Ni-MCM-36° 70 38 43 8 6 5 103
150 12 42 15 15 17

2patch mode, 35 bar, n-heptane solvBhbatch mode, 40 bar, n-heptane solvent

As shown in Table 4, small amounts of olefins hgwimore than 10 carbon atoms are formed.
In order to further increase the chain length efphoduced olefins, we combined the effect of
the Ni-MCM-41catalyst with that of an acid catalystMCM-41)** In the presence of two
catalysts, the distribution of oligomers was diegictowards longer-chain olefins with the

formation of heavier olefins up to C18, with a Rois type distribution centered on C12 (Fig.
23
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6). In addition, the productivity increased fronB1digom Geatar~ W for the oligomerization of

ethylene over Ni-MCM-41 to 180cgom Gearai~ h™* for the co-oligomerization with Ni-MCM-

41 and H-MCM-41.

60 +

50 ,
| Ni-MCM-41
40 4
O Ni-MCM-41/H-MCM-41
5 | 2 it i O

Selectivity, %

204

109

C4 Cs C8 C10 C12 C14 Ci6 C18

Fig. 6. Product selectivity in olefins oligomerizationdaco-oligomerization (150 °C, 34 bar

of ethylenen-heptane solvent)

4.5. Effect of the pressure

For reactions performed in the liquid phase, dueetioylene solubility dependence on
pressure, the catalytic activity increased by iasmeg the olefin pressure. Thus, in slurry
mode, with Ni-MCM-41, at 150 °C, usingheptane as solvent, Hulea and Fajula found that
the catalytic activity increased linearly when #t@ylene pressure increased from 20 to 50
bar®® The favorable effect of the ethylene pressure \&m® emphasized when the
oligomerization was performed in dynamic mode, ifixad-bed reactor. For example, with
reaction pressures in the range 10-35 bar, ovesilidg-alumina, at 100 °C, the ethylene
conversion increased from 5.4% to 41.8%In addition, the 1-hexene selectivity was the
highest at the intermediate pressure of 15 bah W& same catalyst, Espincataal. reported
that the ethylene conversion slightly increasedwtie pressure increased from 11.5 to 26

bar3® Ng and Creaser evaluated the properties of Ni-dfiteeat 70 °C in the pressure range
24
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of 7-40 bar’’*® The reaction rate (mmol’gh?) was 1.69 at 7 bar, 5.53 at 14 bar, 7.73 at 27.5

bar and 13.19 at 40 bar.

4.6. Kinetics

It is important to note that only few detailed regoon the kinetics of oligomerization
reaction have been reported. The earlier reseamheise reaction kinetics of ethylene were
performed in the presence of Ni-Y zeolite and Mecai alumina, in fixed-bed type
reactors’>?8124139sing IR techniques, Riekert found that the resctver Ni-Y was of
second order with respect to ethylene concentrarmhthe activation energy was 88 kJ mol
1 138 Hevelinget al evaluated the activity of Ni-Y by analysis of gumt samples taken from
reactor after 45 minutes of streaffi.For an isothermal flow reactor model, at 150 <Gt f
order kinetics were found to be followed. First@rd#inetic with respect to ethylene has also
reported by Ng and Creaser on Ni-Y at temperataeging from 50 to 70 °€ The apparent
activation energy was observed to decrease frof 6842.1 kJ mét with increase in time
on stream. Espinozet al. studied the oligomerization of ethylene over Ncleanged silica-
alumina, in a fixe-bed type reactor over the terapee range 120-380 °€ The reaction was
found to be first order based on an isothermabateflow reactor model.

Due to the high exotermicity of the oligomerizatiprocess, a stirred slurry reactor is more
adapted than the fixed-bed reactor for establislogurate kinetic data. Zhang and Dalla
Lana investigated the reaction kinetics of ethylatigomerization over nickel/sulphated
alumina, in n-heptane solvent, at low temperaté&(Q °C) and atmospheric pressure in a
laboratory slurry reactdr® A first-order dependence of ethylene consumptiate was
determined, with an apparent activation energy68 kJ mof'. Heydenrychet al. measured
the ethylene oligomerization kinetics on a Ni-exujeed silica-alumina catalyst, using a

continous stirred tank reactor, under 35 bar ampezature varying from 120 to 180 €.
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Three second-order reactions were used to corréflatebserved rate of ethylene conversion
and the Schulz-Flory-type product distribution: y¢ime-ethylene dimerization, ethylene-
oligomer reaction, and butene-butene dimerizafldre activation energies for these reactions
were 15.51, 11.71 and 66.6 kJ molrespectively. The maximum absolute rate of

oligomerization of ethylene was 11.5@m Geatai~ h'

4.7. Catalyst deactivation in oligomerization procsses

The catalyst deactivation (which is a major dravbecheterogeneous processes) has been
evaluated in a number of studies on ethylene olggaration. The deactivation resulted
generally from strong adsorption of products onvacsites and pore blocking with heavy
molecules. Consequently, the catalyst lifetime igimy governed by the pore size and
reaction conditions. The microporous Ni-exchangedlites (Ni-Y, Ni-MCM-22) suffered
very fast deactivatioff®”*®1%21%0or example, NiY has lost about 50% of the iniéiativity
after 2-3 h time-on-stream (tos), at reaction terapees between 50 and 70 ¥CAn
exception was the Ni-Beta nanocrystalline zeolitith high external surfact® This catalyst
exhibited no signs of deactivation under reactionditions (120 °C and 35 bar). In contrast,
catalysts with mesopores, such as Ni-amorphousasiliumina, Ni-mesostructured silica-
alumina, Ni/sulphated alumina, showed very higlbistg against deactivation. Thus, using a
Ni-exchanged silica-alumina catalyst, in a fixedibenicroreactor, at relatively low
temperature (100-120 °C), high pressure (35 bad) MRSV = 2, Hevelinget al. reported
excellent catalyst stability over 144 days of ¥sn order to compare the deactivation rates
of a Ni-exchanged silica-alumina catalyst at ddfar reaction conditions, Espinoza al
monitored the ethylene oligomerization in a fixegkmicroreactor, at temperatures ranging

from 240 and 380 °C and pressure from 1.7 to 26>b@he deactivation of the catalyst
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(between 50 and 70% over 100 h time on stream)imgiependent of the space velocity, but
its rate increased with pressure and with tempe¥atu

The performances of Ni-mesoporous materials hawen bEso evaluated in pilot plants
equipped with continous stirred tank reactors. ghetnal. found that Ni/sulphated alumina
exhibited very good oligomerization activity withonapparent deactivation at low
temperatures (5-25 °C) during 34 h tb#\ccording to Heydenryckt al, under more severe
conditions (35 bar, 120-180 °C) Ni-exhanged siktamina exhibited only very little
deactivation during experimental runs of 900 h'f84.allemandet al reported that during
catalytic tests performed at 30 °C and 35 bar, &vérh on stream, Ni-MCM-41catalyst was

highly active (ethylene conversion > 95%) and \&aple to deactivatioH?

4.8. Reaction pathways

As discussed above, the various product distribstmbtained in the ethylene oligomerization
on Ni-containing catalysts were mostly relatedhte teaction temperature and the nature of
the active sites in cataly&t?®7488.97.100.102103 113 ha Jiterature data suggest that several
distinct rections occur, as shown in Scheme 2.fireereaction is based on the coordination
chemistry on nickel sites. They act as active sitesboth the initial oligomerization of
ethylene and further oligomerization reactions Iawa butene—ethylene coupling, leading to
linear olefins of medium-chain length. The secomé & based on the acid catalysis. Over
acid sites, the C4 and C6 olefins can be consurhezligh co-oligomerization reactions
(mechanism involving carbenium ions), leading t@ tormation of octenes or higher
branched olefins, respectively. These reactionseasentially favored by a stronger acidity
or/and a higher acid sites concentration and higbéaction temperatures. The same factors
are responsible for the isomerization of the ihpiduct (1- butene, 1-hexene, ...). The C4—

C10 oligomers can be involved in further acid gatetl reactions, leading to the formation of
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heavy hydrocarbons which are responsible for ptweking and catalyst deactivation. The
third type of reactions, occuring under severe d¢aré and involving the acid sites, consists

in thecracking of the primary and secondary oligomers tricansfer.**%°1%4

oligomerization | __ _ cracking
isomerization

i co-oligomerization Acild S:teg
11
Acid sites v

hranched (33: _

f

|

hranched C1:U E——

Mickel sites

|‘-ﬂ"ﬂ=ﬂ-="|'ﬂ Uﬂﬂ"'wﬂu"tﬂ|

‘ oligomerization products ‘

Scheme 2Reaction pathway in the ethylene oligomerizapoocess

5. Conclusions and outlook

This review, focusing on the catalytic behavioMNdfbased inorganic porous catalysts, shows
through a number of examples the high potentialttefse materials for the ethylene
oligomerization under mild conditions. NiO and NiS8upported on mineral oxides, Ni-
exchanged zeolites and mesoporous silica-alummgharcatalysts discussed in this paper.
After this extensive discussion, some concludimgakks can be done:

(i) Generally, the NiO-based catalysts showed inferatalytic behavior compared to that

exhibited by the Ni-exchanged porous materials.
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(i) The active sites are most probably ldhd dehydrated Kiiisolated species. Both can
be easily obtained by thermal treatment at higrptrature.

(i) The activity and the lifetime of catalysts mainp&nd on their pore topology and pore
size. Microporous materials deactivate faster lng fimbocking with heavy products.

(iv) The catalysts with mesoporous structure showedbéise behaviour: TOF up to 47 000
h* and productivity higher than 15051igbm Oeai- Y. The high activity and the
deactivation stability were ascribed to their megops texture and to their very high
nickel site dispersion. It is important to notettimaterms of TOF (see Table 2), these
materials exhibited behavior comparable to thatwsb by the nickel complexis in
homogeneous catalysis (Table 5).

(v) Oligomerization is a flexible process: dimers, nuedi olefins or long-chain
hydrocarbons can be obtained by tuning the cataiysberties (i.e. nickel sites - acid
sites balance) and reaction conditions. In ordeshiti the products to olefins C10+, the
oligomerization on Ni-catalysts can be coupled widb-oligomerization reactions
involving the primary olefins over an acid catalyst

(vi) 100-150 °C and 30-40 bar seem to be the optimaesifor the temperature and the
pressure, respectively.

(vi) The stirred slurry L-S system is the most adequatede for performing the
oligomerization.

(viii) The main drawback of these catalysts consists eir gensibility to poisoning with
molecules such as water, carbon monoxide, acetylbotadiene, oxygen, sulfur
compound$?*?

Despite the large number of studies and the rerblekaesults in this field, no industrial

oligomerization application based on these catalyghs developed until now. The main
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research challenge is to produce the knowledgessacg to design the “ideal” catalyst and

large-scale oligomerization processes.

Table 5. Catalytic performances in ethylene oligomerimatf Ni' complexes with different

ligands

Ligand Cocatalyst TOF () Ref.
o-(Diphenylphosphino)benzoic/acetic acid - 6 500 139
Aryl-substituteda-diimines Modified MAO? 53 000-110 000 140
2-Pyrazolyl substituted 1,10-phenanthroline deiest MAO 1 300-9 900 141
N-[(2-Chlorophenyl)methylene]-N-(1-pyridine-2ylethhamine  MAO 9 500 142
2-[(Diisopropylphosphino)methyl]-pyridine MAO 9 000 142
Modified a-nitroketonate MAO 26 600-41 300 143
a-Diimines MAO 17 400-69 100 144
Phosphinoimines MAO or AIEtCl, 7 000- 61 000 145

#MAO = methylaluminoxane
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