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Abstract 

The complexes [(mall)Ni(dppanis)][SbF6] (mall = methallyl, dppanis = (2-

methoxyphenyl)diphenylphosphine) 1, [(mall)Ni(PPh3OC10)][SbF6] (PPh3OC10 = (2-

decyloxyphenyl)diphenylphosphine) 2, and [(mall)Ni(PPh3OdiMePh)][SbF6] (PPh3OdiMePh = (2-

(2,6-dimethylphenoxy)phenyl)diphenylphosphine) 3 were immobilized as Supported Ionic Liquid 

Phase (SILP) catalysts and applied for the tandem dimerization/isomerization of ethylene to 2-butene 

in a fluidized bed reactor. The better heat removal in the fluidized bed improves the catalyst stability 

and allows for a more detailed investigation of the deactivation mechanism. Based on kinetic studies, a 

second order deactivation mechanism is proposed, in which two nickel complexes dimerize if supply 

of ethene is insufficient.  

Introduction 

Over the last decades, on-purpose routes for the production of propene from ethene (ethene to propene, 

ETP) have attracted increasing interest due to a shifting demand from polyethylene to 

polypropylene.[1-3] The ETP sequence involves dimerization of ethene to 1-butene and consecutive 

isomerization to 2-butene. Metathesis of the formed 2-butene with ethene finally yields propene. 

Literature known systems for these consecutive reactions include heterogeneous catalysts, such as e. g. 

zeolites, supported molybdenum, tungsten oxide, tungsten hydride or nickel ions loaded on MCM-

41.[4-11] We recently reported an immobilized version of cationic, homogeneous nickel complexes 

that allow the dimerization and isomerization of ethylene to 2-butene with an exceptionally high 

selectivity.[12] Such nickel complexes were tested in the past for ethylene oligomerization to alpha-

olefins but were discarded due to their disadvantageous high isomerization activity.[13] Homogeneous 

nickel complexes are well known oligomerization catalysts following a nickel-hydride chain growth 

mechanism in which the competition between chain growth and termination via β-hydride elimination 

is governing the product distribution.[14-16] While neutral nickel complexes usually produce higher 

alkenes in a relative wide Schulz-Flory distribution, short alkenes are mainly obtained with cationic 

catalysts.[17,18] Amongst those, methallyl nickel complexes, predominantly with 

phosphinocarboxylates as ligands, displayed high oligomerization and isomerization activities already 

at mild temperatures and at low ethylene pressures (see Figure 1 for the complexes 

[(mall)Ni(dppanis)][SbF6] (dppanis = (2-methoxyphenyl)diphenylphosphine) 1, 

[(mall)Ni(PPh3OC10)][SbF6] (PPh3OC10 = (2-decyloxyphenyl)diphenylphosphine) 2, and 
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[(mall)Ni(PPh3OdiMePh)][SbF6] (PPh3OdiMePh = (2-(2,6-

dimethylphenoxy)phenyl)diphenylphosphine) 3).[19-26] 

 

 

Figure 1. Cationic nickel catalyst complexes applied for the tandem dimerization/isomerization 

of ethene to 2-butene. 

 

Due to their ionic nature, these nickel complexes can be dissolved in ionic liquids.[27-30] By 

dispersing the so-obtained ionic catalyst solutions on a highly porous inorganic support, solid 

materials are obtained that can be handled like classical heterogeneous catalysts.[31,32] These 

supported ionic liquid phase (SILP) catalysts, depicted in Figure 2, have been applied in a variety of 

reactions, both in liquid and gas phase contact.[33] Due to the extremely low volatility of ionic liquids, 

the SILP concept is ideally suited for continuous gas-phase processes.[34] 

 

 

Figure 2. Schematic representation of the applied Ni-based SILP catalyst systems. 

 

For the gas-phase dimerization/isomerization of ethene in the presence of the cationic Ni-SILP 

catalysts 1 to 3, the complexes were dissolved in the ionic liquid [C2C1Im][FAP] (see Figure 2) and 

dispersed as thin film over silica gel 100 support.[12] These SILP catalysts showed high activity in the 

first phase of the reaction, exemplified by an initial turn-over frequency TOF0 of around 520 molbutene 

molNi
-1 h-1. Catalyst stabilities were reasonable and reached overall turn-over numbers (TONs) ranging 

from 53,300 (for complex 1) to 97,700 (for complex 3) at 19 °C. The low reaction temperature was 

required to avoid thermal decomposition of the cationic Ni-complexes.[35] Under these conditions, the 

combination of high catalytic activity and strong exothermicity of the dimerization reaction still 

resulted in hot spot formation inside the fixed catalyst bed. The temperature at the top end of the fixed 

bed (Ttop) and the temperature at the bottom end of the fixed bed (Tbottom) were measured over time by 

two thermocouples (Figure 3). At the beginning of the reaction, a severe rise in temperature to Ttop = 

59 °C was observed, while the temperature at the bottom end increased to only 42 °C. After that, the 
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temperature at the top rapidly decreased approximating the cooling temperature Tc while the 

temperature at the bottom end slowly increased. With concomitant approach of the maximum 

temperature at the bottom of Tbottom = 56 °C, a drop in conversion occurred. The observed course of 

temperature indicates deactivation of the catalyst by a migrating reaction/deactivation front as 

schematically depicted in Figure 6. This front obviously first develops at the top end of the fixed bed 

reactor where ethene contacts the catalyst bed. Due to the high activity of the applied cationic nickel 

complexes, full conversion of ethene occurs in this upmost layer of the fixed bed. Accordingly, the 

major part of the reaction heat (∆HR = -112.3 kJ mol
-1

) is released in this layer and a temperature hot 

spot forms resulting in the thermal deactivation of the dissolved Ni-complex. 

 

 

Figure 3. Schematic representation of the reaction/deactivation front moving through the fixed 

bed containing the SILP catalyst.   

Once a certain layer of the catalyst bed has been deactivated the reaction front moves to the next layer; 

again, inducing a rise in temperature followed by thermal catalyst deactivation. In this manner, a 

reaction/deactivation front migrates through the entire fixed bed until it reaches the bottom and the 

whole system turns inactive.  

Remarkably, these hot spot formation problems could neither be improved by diluting the SILP 

catalyst with inert material nor by lowering the nickel content nor by increasing the content of inert 

gas in the reaction mixture. Note that the failure of all these well-established ways to circumvent hot 

spots in fixed bed reactors is linked to the extreme sensitivity of cationic Ni-complexes against 

humidity and all traces of nucleophiles that may act as strong catalyst poisons. 

In the present work we report on the application of fluidized bed reactor technology to improve the 

heat removal from the SILP catalyst. It is anticipated that increased isothermicity in the reactor will 

lead to prolonged catalyst stability. To the best of our knowledge, the here described work represents 

the first attempt to apply SILP catalysts in a fluidized bed reactor. 
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Results and discussion 

Fluidization behavior of silica based support materials 

We first conducted a detailed characterization of appropriate SiO2-based porous support materials and 

their fluidization behavior in a nitrogen carrier flow. An overview of the tested support material and 

their characteristics is given in Table 1. The measured particle size distribution, bulk density, and 

minimum fluidization velocities of the support materials applied in a fluidized bed reactor are listed as 

well. 

 

Table 1. Characteristics of SiO2-based porous support materials and their minimum 

fluidization velocity νmf  for the fluidization in a nitrogen flow. 

Entry Support Vpore 
a) SBET b) dpore 

c) δ d) x50 
e) νmf,meas 

f) νmf,calc 
g) 

  ml g
-1

 m
2
 g

-1
 nm g cm

-3
 µm cm s

-1
 cm s

-1
 

1 S1 h) 0.455 111.9 13.9 3.203 68.5 0.25 0.18 

2 S2 
h)

 0.578 216.6 17.3 2.525 58.7 0.11 0.09 

3 S3 
h)

 0.958 182.3 12.6 2.356 98.8 0.21 0.28 

4 S4 h) 0.732 191.4 9.1 2.664 89.0 0.35 0.26 

5 S5 
h)

 0.732 296.2 7.0 2.129 56.0 0.16 0.08 

6 S6 h) 0.784 229.5 8.8 2.104 57.0 0.17 0.08 

7 S7 
h)

 0.972 346.2 11.0 2.650 123.8 0.37 0.57 

8 S8 i) 0.483 180.3 4.7 1.921 120.9 n.d. 0.34 

9 S9 j) 1.392 k) 45.7 k) 130 k) 2.218 80.7 0.11 0.18 

10 S10 
j)
 1.381

 k)
 54.4

 k)
 57.7

 k)
 2.489 95.1 0.22 0.24 

11 S11 j) 1.392 k) 45.7 k) 130 k) 2.218 47.8 0.10 0.06 

12 S12 
i)
 0.855 346.5 7.0 2.070 59.5 0.17 0.09 

a) Pore volume; b) surface area according to BET method; c) average pore diameter; d) density; e) mean particle size; f) 

minimum fluidization velocity, measured; g) minimum fluidization velocity, calculated according to [36] as summarized in 

[37]; h) supplied by Clariant; i) supplied by Merck KgaA; j) supplied by VitraBio; k) manufacturer's data by means of 

mercury intrusion method. 

 

In 1973, Geldart classified four different groups of solids applied in gas-solid fluidized beds regarding 

their fluidization behavior [38]. Group A solids are aeratable and form a homogenous fluidized bed, 

whereas Group B particles lead to rising gas bubbles inside the fluidized bed. Group C particles are 

very small and cohesive and thus a fluidization is hardly realizable. Particles related to group D are 

relative huge and fluidized beds tend to build a spouted bed with gas channels. From the Geldart 

classification of our support materials shown in Figure 4a) it became obvious that some supports (S2, 

S5, S6 and S12) can be classified as part of Geldart group A, while most SiO2-based porous supports 

are in the boundary region between Geldart group A and B (S1, S3, S4, S8, S10 and S11). Only S7 can 

clearly be assigned to Geldart B; most likely forming a bubbling fluidized bed. These results were 

confirmed by the pressure drop curves of the investigated materials given in the ESI. The minimum 

fluidization velocity νmf,meas determined for these materials indicated also the best fluidization 

performance for the support S5 and S11 (entries 5 and 11). The measured values are in the range of the 

predicted minimum fluidization velocity νmf,calc calculated according to literature procedure [36,37] 

(for equation see supporting information). 
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Figure 4.  a)  Classification of porous support materials according to Geldart; mean particle  

size from particle size distribution and solid density. b) Specif ic pressure drop curves of the 

support S5 (αIL  = 0) and SILP-systems consisting of S5  with different pore filling of  

[C2C1Im][BF4]  (αI L = 0.3, 0.6 and 0.9); mb e d  = 5 g, d i  = 16 mm, Vn it ro g e n  = 2-100 ml min
-1

. 

In a consecutive fluidization experiment we were interested in the change of the fluidization 

characteristics of SILP-systems compared to the respective neat support material. We therefore 

prepared SILP-particles based on S5 with different amounts of the ionic liquid 1-ethyl-3-

methylimididazolium tetrafluoroborate ([C2C1Im][BF4]). The measured pressure drop curves of S5 and 

the SILP-systems based on S5 with a pore filling degree of αIL = 0.3, 0.6 and 0.9 are shown in Fig. 

4b). The results indicate that with a higher ionic liquid loading both the overall pressure drop and the 

minimum fluidization velocity (νmf from 0.15 cm s-1 for αIL = 0 to 0.20 cm s-1 for αIL = 0.9) are 

increasing. A homogenous fluidization, however, is still possible using S5 with an ionic liquid pore 

filling of αIL = 0.9 of [C2C1Im][BF4]. Obviously the Geldart classification specifies these SILP-

systems to behave still like Geldart A particles. 

In a preliminary catalytic experiment we investigated the performance of the SILP catalyst (S5, 

[C2C1Im][FAP], αIL = 0.3, Ni-loading = 0.25 wt.-%) in a fluidized bed reactor using an undiluted 

ethene flow as feedstock at a flow rate of 25.5 Nml min
-1

. An incomplete fluidization of the fluidized 

SILP bed was observed, caused by the decrease of the volume flow due to the volume contraction 

during the dimerization reaction. Additionally, the condensation of high-boiling by-products, mainly 

hexenes and octenes, in the porous SILP material turned out to be a severe drawback; and 

consequently, the SILP particles agglomerated in the course of the experiment. Increasing the volume 

flow of ethene to 51 Nml min-1 gave also an undesirable result, as the temperature inside the catalyst 

bed instantaneously rose to around 353 K. This could be attributed to the high exothermicity of the 

dimerization reaction and led to an immediate deactivation of the temperature sensitive Ni catalyst. In 

consecutive experiments we therefore diluted the ethylene feed with argon in order to sustain the 

fluidization of the SILP catalyst bed. Under these conditions, no temperature increase was detectable 

while the fluidization of the catalyst bed was conserved. Details of these preliminary experiments are 

given in the Supporting Information. 

Comparison of fixed bed and fluidized bed dimerization 

The dimerization of two diluted ethene substrate flows, purified and non-purified (for details see 

Experimental Part), in both fixed bed und fluidized bed operation of the reactor was investigated and 

Table 2 compiles the parameter of the SILP catalysts, the reaction conditions, and the catalytic results 
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(Entries 14-17). Figure 5a) represents the comparison of both operation modes by showing the 

conversion and selectivity over time-one-stream (TOS).  

 

Figure 5.  Comparison of  conversion, selectivity of 2-butenes within C4-fraction and TON of 

fixed and fluidized bed dimerization of purif ied and non-purified di luted ethene stream with the 

SILP catalyst [(mall)Ni-dppanis][SbF6]  1, wNi  = 2.50 mgN i g su p po rt
-1

, S5, [C2C1Im][FAP], 

αI L  = 0.3; mS ILP = 1000 mg, Trea cto r = 292 K,  pe th en e = 68 mbar, Ve th en e = 5.1 Nml min
-1

,  

τ ≈ 1.3 s, prea ct io n = 1 bar. 

 

The results for both feeds (purified and non-purified ethene and argon) show a significant difference 

between the fixed bed and fluidized bed operation, as expected. The fixed bed experiment with non-

purified feeds (Entry 14, Table 2) showed a constant conversion level of above 80 % for 3 h, followed 

by a pronounced decrease of conversion within the next 20 h. This deactivation was accompanied by a 

distinct decrease of the 2-butene selectivity, which dropped from 95 % to 75 % at the residual 

conversion of 20 %. The turn-over number at 50 % activity TONt1/2 was 1.55 103 molbutene molNi
-1. In 

contrast, the fluidized bed experiment (Entry 15) showed an instantaneous decrease of the conversion 

of ethene, but also a prolonged deactivation time to reach a residual conversion of 20 % at which the 

2-butene selectivity was still 85 %. The TONt1/2 was almost 2.8 times higher than for the comparable 

fixed bed experiment. This indicates an improved distribution of the released reaction heat throughout 

the fluidized catalytic bed. Within the fixed bed experiment hot spots are formed, resulting in a faster 

deactivation due to the temperature sensitivity of the Ni catalyst.  

The two reactor types also gave different results when using purified (ethene and argon with H2O and 

O2 ≤ 15 ppb) instead of standard feed with the latter yielding lower stability. In the fixed bed (Entry 

16, Table 2) the catalyst showed a higher initial activity compared to standard feed and the long-term 

stability of the fluidized bed experiment (Entry 17, Table 2) was higher. The turn-over number (TON) 

over time-on-stream TOS, shown in Figure 5b) demonstrates the improved stability of the SILP 

catalysts used in a fluidized bed reactor, as these TON values exceed the TON of the corresponding 

fixed bed experiment by almost a factor of two. Moreover, the better stability with purified gas 

suggests at least one additional deactivation mechanism besides the thermal decomposition. This 

deactivation mechanism obviously involves impurities in the feed streams, such as traces of oxygen or 

moisture.  
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Table 2. SILP catalyst composition, reaction conditions and results from f luidized bed 

dimerization experiments. 

Entry Support ωNi 
a) mSILP 

b) Treactor pethene TOFmax t1/2 
c) TON1/2 

  wt‰ g K 10-3 bar 
molbutene molNi

-1
 

h-1 h molbutene molNi
-1 

13 S5 2.50 
d)

 1 292 68 181 10.9 1550 

14 S5 2.50 e) 1 292 68 189 34.2 4280 

15 S5 2.50 
g)

 1 292 68 215 49.0 8040 

16 S5 2.50 1 292 68 174 132 15500 

17 S5 2.50 0.2 292 68 913 21.4 11300 

18 S6 2.50 0.2 292 68 860 21.4 12300 

19 S7 2.50 0.2 292 68 870 9.3 5420 

20 S11 2.60 0.2 292 68 954 28.9 18000 

21 S5 2.50 0.2 292 17 185 29.8 3740 

22 S5 2.50 0.2 292 34 364 29.3 7430 

23 S5 2.50 0.2 292 136 1644 15.7 18300 

24 S5 1.25 h) 0.2 292 68 441 7.8 2890 

25 S5 1.88 
h)

 0.2 292 68 388 16.6 4630 

26 S5 2.50 h) 0.2 292 68 420 19.8 5370 

27 S5 3.13 
h)

 0.2 292 68 409 16.1 4590 

28 S5 2.50 0.2 282 68 1010 27.9 1850 

29 S5 2.50 0.2 302 68 774 15.8 8000 

30 S5 2.50 0.25 
i)
 292 68 714 24.5 11600 

31 S5 2.50 0.31 j) 292 68 640 62.0 27100 

Standard condition: [C2C1Im][FAP], αIL = 0.3; 
etheneV&  = 5.1 Nml min-1, τ ≈ 1.3 s. a) Nickel loading related to support; b) total 

mass of catalyst in reactor; c) time to reach 50 % initial conversion; d) fixed bed, feed not purified; e) fluidized bed, feed not 

purified; g) fixed bed, feed purified; h) other charge of nickel precursor; i) αIL = 0.6; j) αIL = 0.9. 

 

Although the use of purified ethene feed gas in combination with a fluidized bed instead of a fixed bed 

improved the activity and stability of the Ni-SILP catalyst; however, the deactivation process could 

not be suppressed completely. We therefore investigated the effect of different support materials on 

the deactivation behavior of the SILP catalyst in fluidized bed operation. 

Support material variation 

In this set of experiments we focused on the supports exhibiting a good fluidization behavior, namely 

S5, S6 and S11 and the Geldart B support S7 as a reference support material (Entries 17-20, Table 2). 

Figure 6 compiles the obtained TOF and TON over TOS data for the different SILP catalysts with 

constant metal content of Ni at wNi = 2.50 mgNi gsupport
-1

. 
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Figure 6.  TOF and TON over TOS of the ethene dimerization with SILP catalyst ([(mall)Ni-

dppanis][SbF6]  1, wNi  = 2.50 mgNi  gsu p p o rt
-1

,  [C2C1Im][FAP], αIL  = 0.3) with di fferent support 

materials S5 , S6,  S7  and S11  in a fluidized bed reactor; mS IL P = 200 mg, Trea cto r = 292 K,  

pe th en e = 68 mbar, Ve th en e = 5.1 Nml min
-1

, τ ≈ 0.3 s,  pr ea ct io n = 1 bar. 

The S7 based SILP catalyst (Entry 19) formed a bubbling fluidized bed at the given flow parameters, 

consequently the SILP catalyst based on the latter showed the poorest stability and thus the lowest 

TONt1/2 of 5420 molbutene molNi
-1 and the lowest TON after 40 h of 13800 (due to locally high ethene 

concentration and thus – presumably – to higher temperatures. Both SILP catalysts with almost 

identical support S5 and S6 showed approximately the same catalytic performance (Entry 17 and 18) 

with slight advantages in activity and stability for the latter. The S11 based SILP catalysts (Entry 20) 

showed the slowest deactivation with a half-life time of nearly 29 h and also the highest TOF of 

954 molbutene molNi
-1

 h
-1

. As a consequence, this catalyst gave the highest TONt1/2 of 

18000 molbutene molNi
-1 and a final TON after 40 h of almost 25000 molbutene molNi

-1. Although the TOF 

of the S11 based SILP exceeded the TOF found for S5, S6 and S7, the effective reaction rate related to 

the catalytic volume of the S11 based catalyst was around 1.5 to 2 times lower than the reaction rates 

for the other supports. This specific difference probably resulted from the differing inner surface, pore 

volume, and pore diameter of the supports S11, S5/S6, and S7 (see Table 1). As a result of the smaller 

inner surface and the different pore volume, the thickness of the IL film inside the pores was 

increased. With a constant pore filling degree the theoretical film thickness was one order of 

magnitude higher using S11 (7.64 nm) compared to S5 (0.72 nm). Additionally, the calculated 

concentration of Ni-precursor dissolved in the dispersed IL was varied in order to keep ωNi constant. 

For S11 based SILP catalysts 102 mol mIL
-3 were used, while for S5 systems 198 mol mIL

-3 were 

required. Regarding the achievable TON values for the different catalysts it seemed to be 

advantageous to have Geldart A porous supports with a high pore volume and lower inner surface, 

since the effective reaction rate related to the catalytic volume was decreased. Obviously, the smaller 

reaction heat released can then be more effectively distributed throughout the catalyst bed. Regarding 

this aspect increasing the pore filling should result in a similar effect on the deactivation process. 

Variation of pore filling degree 

Entries 17, 30, and 31 in Table 2 summarize the ethene dimerization performance of Ni-SILP catalysts 

with different pore fillings of αIL = 0.3, 0.6 and 0.9. In these investigations the TOF of the catalysts as 

well as the volume specific reaction rate were reduced as a consequence of the increase in pore filling 

of the SILP catalysts. The catalyst with a pore filling of αIL = 0.3 (Entry 17) showed the highest 

activity with a TOFmax of 913 molbutene molNi
-1

 h
-1

, that was lowered for αIL = 0.6 (Entry 30) to a 
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TOFmax of 714 molbutene molNi
-1 h-1 and for αIL = 0.9 (Entry 31) to a TOFmax of 640 molbutene molNi

-1 h-1. 

Since the Ni loading was kept constant at wNi = 2.50 mgNi gsupport
-1

, this trend reflects the lower nickel 

concentration in the ionic liquid film and the influence of mass transport limitations, in particular 

limitations due to the increasing thickness of the relatively viscous ionic liquid film. In fact, the 

effective reaction rate is reduced by the decrease of the mass transfer area inside the SILP catalyst 

pellet and by the longer diffusional path lengths of the substrate in the thicker ionic liquid film. The 

BET surface area of the particular SILP catalysts is linearly lowered due to an increase of pore filling. 

Interestingly, this lower activity of the nickel catalyst in the ionic liquid film resulted in an improved 

stability of the SILP material, since the lower rate was naturally accompanied with less heat 

generation. Also, the thicker film could distribute the reaction heat much better in the liquid phase; 

thereby, stabilizing the temperature sensitive nickel complex. Using the SILP material with the 

thickest ionic liquid film, a total TON of 27100 was obtained, which clearly demonstrates the 

improved stability. 

Variation of nickel loading 

To test the influence of mass transport limitation, we varied the specific amount of the complex Ni-

dppanis related to the neat support material from 0.125 wt.-% to 0.313wt.-% (Entry 24-27). Thereby 

the concentration of Ni inside the IL film was altered from 99.35 mol mIL
-3

 to 248.37 mol mIL
-3

. Figure 

7 displays the volume specific effective reaction rate over TOS as well as the dependency of the initial 

effective reaction rate from the catalyst complex concentration of the four named experiments. 

 

Figure 7.  Effective reaction rate over TOS of SILP catalysts comprising [(mall)Ni-

dppanis][SbF6]  1, [C2C1Im][FAP], S5,  αIL  = 0.3 with different Ni-loadings wNi  = 1.25, 1.88, 

2.50 and 3.13 mgNi  g su p p o rt
-1

 in a fluidized bed reactor; mca t  = 200 mg, V e th e n e = 5.1 Nml min
-1

,  

τ ≈ 0.3 s,  T = 292 K, prea c t io n  = 1 bar.  

While the maximum TOF values of these experiments stayed in the same range of 388 to 

441 molbutene molNi
-1

, the effective reaction rate increased with increasing amount of Ni precursor. The 

reaction order regarding Ni could be determined as a nearly first order reaction, indicating the absence 

of mass transport influence at this low ionic liquid loading. The longest half life time, and thus also the 

highest TONt1/2 was identified for the catalyst with a Ni loading of wNi = 0.250 wt.-%. Based on the 
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assumption of lower reaction rates of diluted systems resulting in higher stability, this effect was 

probably counterbalanced by oxygen and water impurities still present in the purified feed gas, leading 

to faster deactivation of the lower concentrated nickel. 

Variation of ethene partial pressure 

Applying the standard SILP catalyst at 292 K, the partial pressure of ethene was varied by adjusting 

the volume flow of ethene while keeping the total volume flow and residence time constant. Figure 8 

depicts the measured TOF over TOS for four different partial pressures of ethene ranging from 

17 mbar to 136 mbar and the resulting reaction order of ethene calculated from the initial effective 

reaction rate and the corresponding deactivation parameter kd,2 (Entries 17 and 21-23). 

 

Figure 8.  Turn over frequency over time on stream of the standard SILP catalyst at different 

partial pressure of ethene in a fluidized bed reactor - determination of the reaction order of 

ethene by linearization of initial effective reaction rate and dependency of deactivation 

coefficient kd , 2  on the ethene pressure; [(mall)Ni-dppanis][SbF6]  1 , wNi  = 2.50 mgNi  g su p p o rt
-1 , 

[C2C1Im][FAP] , S5,  αIL  = 0.3; mca t  = 200 mg, Ve th en e = 1.28 – 10.2 Nml min
-1

, τ ≈ 0.3 s,  

T = 292 K, pr ea ct io n  = 1 bar. 

The differential analysis of ln(reff) vs. ln(pethene) (see insert) indicates a first order reaction of ethene. 

We additionally noticed an influence of the partial pressure on the deactivation, exemplified by the 

deactivation parameter kd,2 (for details see next chapter). Surprisingly, the deactivation seemed to be 

decelerated with increasing partial pressure of ethene, since kd,2 decreased while TONt1/2 increased. 

This observation is in conflict with the assumption that a slower reaction rate would result in a 

reduction of the released reaction heat and would therefore result in an improved stability of the Ni-

SILP catalyst. We interpret this result as a hint for an additional deactivation mechanism of the 

cationic Ni-dppanis complex apart from thermal decomposition and poisoning by gas impurities. Our 

observation would be in line with the assumption of a deactivation route involving the reaction of two 

active Ni complexes with one another in case insufficient ethene is present.[35] This aspect will be 

developed in more detail below. 
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Deactivation kinetics and modeling 

The deactivation behavior of cationic Ni SILP-type catalysts based on the support S5 were studied in 

more detail under fluidized bed operation in a diluted ethene stream in the range of 282 to 302 K. The 

applied temperature range was restricted by the temperature sensitivity of the catalyst and by the 

agglomeration of SILP catalyst particles as a consequence of oligomer condensation in the catalytic 

fluidized bed at very low temperatures. For a first order reaction in ethene and Ni-complex, the time 

dependent effective reaction rate can be described with Equation (1). 

 

 )()( ' tcktr Nieffeff ⋅=  with etheneeffeff ckk ⋅='
 (1) 

 

For a first order deactivation mechanism, the amount of Ni is reduced within the reaction time t 

according to Equation (2). The effective reaction rate drops accordingly (Equation (3)). 
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Alternatively, a second order deactivation mechanism can be considered, leading to the effective 

reaction rate represented by Equations (4) and (5), respectively. 
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Figure 9 displays the experimental dimerization result in form of Equations (3) and (5). The graphs 

have been obtained by plotting the logarithmic reff and reff
-1

 versus TOS. The slope of the three 

experiments with different temperatures represents the deactivation constant kd,1 (ln reff over TOS) for a 

first order and kd,2 (reff
-1 over TOS) for a second order deactivation.  

   

Figure 9.  Determination of the deactivation coefficient kd ,1  for the assumption of a first order 

and kd , 2  for the assumption of a second order catalyst deactivation process at the three 
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different temperatures 282, 292 and 302 K and determination of the activation energy of 

deactivation; SILP catalysts with Ni-dppanis[(mall)Ni-dppanis][SbF6]  1 complex, wNi = 2.50 

gNi  gsu p po rt
-1

,  S5,  [C2C1Im][FAP], a IL  = 0.3; mS IL P  = 200 mg, pe th en e = 68 mbar, Ve th en e  = 5.1 

Nml min -1,  t ≈ 0.3 s, p rea ct io n  = 1 bar.  

While the plot of the logarithmic reff deviates strongly from linearization, reff
-1 matches with a 

coefficient of determination of R
2
 > 0.994 the linear behavior required by the deactivation model 

indicates a second order deactivation process. With the deactivation constants kd,2 at four different 

temperatures (one additional experiment at 272 K is shown in the Supporting Information), an 

activation energy of deactivation EA,d of 23.2 kJ mol-1 can be determined. A consequence of this 

relatively low value is that it is not possible to suppress catalyst deactivation completely by applying 

low temperatures.  

A dimensionless reaction process for the observed second order catalyst deactivation is given by 

transformation of Equation (5) into Equation (6). 

 

 
tkrr

tr

deffeff

eff

⋅⋅+
=

2,0,0, 1

1)(
  (6) 

 

With the known initial reaction rate and rate constant of deactivation the course of the reaction can be 

predicted. As the deactivation coefficient is not only temperature dependent but also influenced by the 

partial pressure of ethene, the deactivation coefficient kd,2 has to be described as a function of both. In 

the Supporting Information we give values for kd,2 (in l mol
-1

) as a function of the reaction temperature 

and the partial pressure of ethene. In Figure 10 the mathematical modeling of the deactivation process 

is compared with the measured course of the reaction for the three temperatures 282, 292, and 302 K. 

The lines reflect the calculated deactivation process for the temperatures between 252 and 312 K in 

steps of 10 K, assuming an almost unchanged initial reaction rate, as we surprisingly found for the 

temperatures between 282 and 302 K. 

 

Figure 10. Comparison of the mathematical modelling of the catalyst deactivation process with 

experimental results – the applied model includes a second order deactivation process and a 

EA, d  value of 23.2 kJ mol -1  - SILP catalysts comprising [(mall)Ni-dppanis][SbF6]  1,  
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wNi  = 2.50 mgNi  gsu p p o r t
-1

, S5, [C2C1Im][FAP], a IL  = 0.3; mS IL P = 200 mg, pe th en e = 68 mbar, 

Ve th en e = 5.1 Nml min-1 ,  t ≈ 0.3 s, p rea ct io n  = 1 bar. 

The mathematical modeling of the deactivation process fits very well for an assumed second order 

deactivation process. For comparison, the mismatching fit for an assumed first order deactivation 

process can be seen in SI. These results illustrate that even for a temperature as low as 252 K the 

deactivation process of the catalyst would be still significant if the same deactivation mechanism 

prevails at this low temperature. However, at such low temperatures, condensation of oligomerization 

products in the SILP catalyst would cause major problems.  

Conclusion 

In this study, we adapted cationic Nickel based SILP catalysts in a fluidized bed reaction for the first 

time. We therefore characterized different SiO2-based porous support materials with regard to their 

fluidization behavior and monitored the influence of IL loading of the support on the fluidization 

characteristics. By adding an IL to the support, the minimum fluidization velocity was increased (for 

pore filling αIL = 0.9 of around 27 %) and the overall pressure drop became more pronounced. 

However, even with a high pore filling of up to 90 % fluidization was still possible. We could not 

observe a major drawback like agglomeration of the SILP catalysts as a result of the IL impregnation. 

Our catalytic experiments establish that a dilution with inert gas was required for the dimerization of 

ethene with cationic Ni SILP-type catalysts in a fluidized bed operation, since a process with pure 

ethene led to an immediate deactivation by the released reaction heat and an agglomeration of SILP 

catalysts due to condensation of higher boiling products. The comparison of a fixed bed and fluidized 

bed process indicated that the improved distribution of the released reaction heat in the latter was 

advantageous for the stability of the cationic Ni SILP-type catalysts. The investigation of the influence 

of support materials, pore filling, and reaction temperature on the deactivation behavior of the SILP 

catalysts showed that higher pore filling degrees gave lower reaction rates and, in consequence, 

generated less reaction heat. For temperature sensitive Nickel catalysts this lower heat generation 

resulted in prolonged stability. Additionally, an improved removal or distribution of the reaction heat 

by higher heat conductivity and thicker ionic liquid films proved advantageous for the reaction.  

The variation of the partial pressure of ethene showed opposing trends. With increasing partial 

pressure the rate of reaction increased, while at the same time deactivation was reduced. We attributed 

this to a deactivation mechanism of Ni complexes reacting with themselves or impurities when the 

availability of ethene is low while too high ethene concentrations would result in high reaction rate, 

thus generating too much heat inside the SILP catalyst pellets. 

Applying SILP catalysts in the fluidized bed reactor with its good isothermicity, we were also able to 

determine the deactivation kinetics of the ethene dimerization with cationic Ni based SILP catalysts in 

diluted feed. The activation energy of deactivation for the particular SILP material comprising the Ni-

dppanis precursor dissolved in [C2C1Im][FAP] (αIL = 0.3 on the support S5) was determined to be 

EA,d = 23.2 kJ mol-1. The results indicate that even at temperatures as low as 252 K catalyst 

deactivation would still be observed if the same catalyst deactivation mechanism prevails. At this 

temperature, however, product condensation would be a major practical issue. Future work will focus 

on the development of cationic Ni complexes with higher robustness against temperature and low 

ethylene pressures. Catalytic oligomerization using SILP catalysts in a fluidized bed reactor has in 

principal proven to be an interesting and feasible concept.   
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Experimental 

All air- and moisture-sensitive experiments and syntheses were carried out in an inert glovebox or 

under argon atmosphere using standard Schlenk techniques. 1-ethyl-3-methylimidazolium 

tris(pentafluoroethyl)trifluorophosphate [C2C1Im][eFAP] (purity ≥ 99.0 %, water content ≤ 100 ppm, 

halide content ≤ 100 ppm) and 1-ethyl-3-methylimidazolium tetrafluoroborate [C2C1Im][BF4] were 

purchased from Merck KGaA and used without further purification. The Ni catalyst complex 

[(mall)Ni-dppanis][SbF6] (dppanis = (2-methoxyphenyl)diphenylphosphine) that was applied in the 

dimerization of ethene was synthesized by Dr. Nicola Taccardi, Chemical Reaction Engineering, FAu 

Erlangen-Nürnberg, according to literature known preparation routes. The support materials Carrier 1-

4 (S1-S4), Spherical A (S5) and B (S6) was provided by Clariant. The support materials silica 100 

(S7) and silica gel 60 (S8) and PharmPrep 60 cc (S12) was purchased from Merck. Trisoperl 1200 45-

65 µm (S9) and 20-35 µm (S11) and Trisoperl 500 (80-130 µm) (S10) was purchased from VitraBiotm. 

Each of the support materials were calcined prior to application by following procedure: The support 

material was heated up from room temperature to 423 K with a heating rate of 4 K min
-1

. In order to 

remove water out from the pores the temperature of 423 K was kept constant for two hours. 

Afterwards, the support was heated up to 873 K with a heating rate of 4 K min-1. Before the material 

finally cooled down to room temperature, the temperature of 873 K was maintained for another 12 h. 

The pretreated material was evacuated overnight and eventually stored in an inert gas box. 

The SILP catalysts were prepared by dissolution of the self-activating Ni-methallyl complex and the 

required amount of ionic liquid in dichloromethane (< 0,004% H2O stabilized with 50.00 ppm 2-

methyl-2-buten). After addition of the desired amount of the support material the solvent of the 

suspension was removed within 30 min at 273 K. The catalyst was cooled for transportation at 273 K 

and stored in the glovebox at 253 K. The formal pore filling αIL of the SILP catalyst was calculated 

according to Equation (7). 

 

��� =
 VIL

msupport·Vpore

 � cmIL
3 ·g

support

g
support

·cmpore
3

� (7) 

 

The content of Ni of the SILP catalysts was calculated according to Equation (8).  

 

ωNi =
 mNi

msupport

= 
mNi-precursor·MNi

msupport·MNi-precursor

 � �g
Ni

g
support

� (8) 

 

In order to investigate the effect of various IL loadings on the stability of the SILP catalyst, samples 

with pore fillings of αIL = 0.3, 0.6 and 0.9 were prepared. The specific pore volume and the specific 

BET surface area of the original support materials were determined using a Quantrachrome 

Quadrasorb SI Micrometrics ASAP instrument. The particle size distribution was measured at the 

chair of particle technology, University of Erlangen-Nuremberg with a Malvern Mastersizer 2000. 
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Pressure drop curves were recorded with a GDH precision digital manometer for pressure range of 0-

199.9 mbar. These experiments were conducted in a glass reactor with an inner diameter of 15 mm. 

The nitrogen flow was adjusted with a mass flow controller in the range of 1-50 ml min-1. 

All catalytic experiments were conducted within continuous gas phase reactor built in-house. A 

schematic view of the dimerization set-up is depicted in Figure 11. 

Figure 11. Schematic view of the experimental set up for the gas phase dimerization of ethene 

in a fluidized bed or fixed bed reactor.  

The gas phase experiments were carried out with ethene (3.5, ≥ 99.95 %, Linde Gas AG) as substrate 

for the dimerization and argon (4.8, ≥ 99.998 %, Linde Gas AG) as inert carrier gas. For additional 

purification, the ethene feed was cleaned with a high-capacity oxygen trap (Restek) to remove oxygen 

to less than 15 ppb. We refer to this ethene quality as “purified ethene”. Argon was purified with a 

high-capacity moisture trap (Restek, water content ≤ 15 ppb) and an aforementioned high-capacity 

oxygen trap (all experiments except entry 17 and 18). Each gas was dosed via a multi range mass flow 

controller (Bronkhorst). The adjustable volume flow is ranging from 1-50, 1-100 and 1-150 ml min-1. 

Both gases were mixed in a static mixer and subsequently passed through the double-walled glass 

reactor either upstream or downstream. Due to flexible connections at the reactor in- and outlet, both 

operation modes (fixed bed and fluidized bed) could be realized. For reaching steady-state conditions 

the reactor was by-passed. After passing through the reactor the gas stream was analyzed online with a 

gas chromatograph (Agilent 7820A GC).   

In preparation of the dimerization the reactor was evacuated over several hours at 343 K and 1·10
-2

 

mbar. Afterwards the pressure was adjusted with argon at 292 K. At the beginning of the reaction the 

cooled SILP-catalyst was filled in the reactor under argon stream (V = 10 ml min-1). In addition the 

reactor was subsequently purged with argon (V = 100 ml min
-1

) in order to avoid moisture and oxygen 
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contaminants for 2 min and closed afterwards with a slight over pressure of 200 mbar. Before the 

reaction started the volume flows of ethene and argon were adjusted over the bypass. Reaching 

continuous flow conditions the bypass was closed and the reactor valves were opened. With the 

reaction the online measurement was started simultaneously. 
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Ethene dimerization to 2-butenes was catalyzed by Ni-SILP complexes for the first time in a fluidized 

bed to improve heat removal. 
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