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Ethene oligomerization kinetics on a nickel(II)-exchanged silica–
alumina catalyst were determined using a mechanically stirred
laboratory-scale slurry reactor. With analysis of both gaseous and
liquid outlets from the reactor, the various reaction rates could
be correlated in terms of liquid-phase reactant concentrations. In
addition, vapour–liquid equilibria could be measured. All experi-
ments were carried out at an operating pressure of 3.5 MPa and the
temperature was varied between 120 and 180◦C. The feed MHSV
was varied between 1 and 12. Three second-order reactions were
used to correlate the observed rate of ethene conversion and the
Schulz–Flory-type product distribution: ethene–ethene dimeriza-
tion, ethene–oligomer reaction, and butene–butene dimerization.
The inferred rate of butene dimerization was confirmed experimen-
tally using butene as the reactant feed. Very little deactivation was
observed during experimental runs lasting 900 h or more, with con-
versions being maintained throughout at over 90%. Oligomers up
to C16 were obtained. The absolute rate of ethene oligomerization
typically exceeded 11.5 g g−1

cat h−1. It was shown experimentally that
both gas–liquid and interparticle mass transfer limitations were ab-
sent in this work. c© 2001 Academic Press

Key Words: ethene oligomerization; slurry reactor; nickel(II)-
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1. INTRODUCTION

The behaviour of catalysts prepared by the ion exchange
of nickel(II) onto silica–alumina supports in the oligomer-
ization of ethene has recently been described (1). The es-
sential features of the catalytic system comprise the sta-
ble oligomerization of ethene to C4–C20 products at low
temperature and high pressure. At 120◦C, 3.5 MPa, and
MHSV= 2 in a fixed-bed flow reactor, the conversion of
ethene typically reaches 97–99% and greater than 97%
of the products contain an even number of carbon atoms
per molecule. Useful though the fixed-bed system is in es-
1 To whom correspondence should be addressed. Department of Chem-
istry, University of the Witwatersrand, Private Bag 3, P.O. Wits, Johannes-
burg, 2050, South Africa. E-mail: scurrell@aurum.chem.wits.ac.za.
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tablishing the overall behaviour of this catalyst, the high
exothermicity of the oligomerization process would render
scale-up difficult. In addition, to establish accurate kinetic
data, a CSTR reactor configuration is more useful. There-
fore, a study of the conversion of ethene using a slurry reac-
tor was undertaken. The primary objectives were to deter-
mine the intrinsic kinetics of the oligomerization reaction,
the product spectrum that can be obtained, and the stability
of the catalyst under slurry reactor operation.

2. EXPERIMENTAL

A stainless steel reactor of nominal internal volume of
700 ml was used. The reactor was approximately half-filled
with liquid oligomer produced in a prerun carried out be-
fore the actual experimental run was deemed to have com-
menced. Ethene or butene were fed to the reactor in a con-
trolled manner using a mass flow controller or a positive
displacement pump, respectively. An inert gas (usually ni-
trogen) was used as an internal standard for determining
the rate of flow of gaseous products from the reactor. The
liquid level in the reactor was determined using a differ-
ential pressure transducer and controlled by means of an
electrically actuated valve. The level control and the gas
and liquid outlets provided for separation of the gaseous
and liquid fractions formed under reaction conditions. In
this manner, the vapour concentration of reactants in the
liquid at the surface of the catalyst could be measured di-
rectly to determine the reaction kinetics. In addition, the
vapour–liquid equilibrium could also be determined. Anal-
yses of gaseous and liquid products were conducted using
gas chromatographic procedures described before (1).

The catalysts used were identical to those described in de-
tail in our previous publication and designated as NiSA-II
(1). They were prepared by nickel exchange of the silica–
alumina supports with nickel chloride solutions at reflux.
After purification (1), the nickel content was 1.6% by mass.
The catalyst particle sizes used in the present study are
indicated in the text.
0021-9517/01 $35.00
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In a typical experimental run a mass of 9.14 g of catalyst
was used and preconditioned for 16 h using a temperature
of 250◦C with flowing nitrogen. Thereafter, the reactor was
cooled to the desired temperature and ethene (or butene)
feed was introduced in a gradual manner to avoid any tem-
perature excursions in the reactor. When the liquid level in
the reactor (due to oligomer formation) had become mea-
surable, the rate of feed was increased to the desired normal
operating flow rate. At the same time the pressure in the re-
actor was gradually raised to the operating level. Normally,
the operating pressure was reached when the reactor was
about 20% full. The entire start-up procedure (excluding
the catalyst conditioning step) took about 3 h. After 2 or
3 days consistent catalytic performance had usually been
achieved and data collection was undertaken. The total
pressure in the reactor was maintained at 3.5 MPa through-
out. This was identical to the pressure used for the fixed-bed
microreactor work that was reported previously (1).

For ethene as feed, overall mass balances were better
than 96%. With butene as feed the mass balances were bet-
ter than 95%.

Oligomerization runs were performed using MHSV val-
ues between 2 and 12, with reaction temperatures selected
to lie between 120 and 160◦C.

3. DESCRIPTION OF THE MODELS EXAMINED

Vapour–Liquid Equilibrium

The vapour–liquid separation obtained with the reactor
system was compared with data predicted using the PRO-
CESS software of Simulated Sciences Inc. The K values,
defined as the ratio of the molar concentration in the gas
phase to the molar concentration in the liquid phase, are
compared in Table 1. The SRK vapour–liquid equilibrium
model (2) was used in the PROCESS package.

All components heavier than C10 were lumped together
as a C13 species. (The effective chain growth probability, as
depicted in Fig. 5, is 0.727 and using this value, the aver-
age carbon number of the C11–C18 fraction is 12.98.) All the
component data were for linear alkenes. Only in the case
of octene is there a significant error between measured and

TABLE 1

Comparison of K Values for Ethene Oligomerization
at 140◦C and 3.5 MPa

Component K (experimental) K (SRK) Error %

Nitrogen 12.4404 11.3867 9.2
Ethene 3.4523 3.4108 1.2
Ethane 3.1272 2.8533 9.6
Butene 0.9175 0.8867 3.5

Hexene 0.3814 0.3999 −4.6
Octene 0.1768 0.1291 36.9
IDES, AND SCURRELL

predicted values. This is ascribed to the very low concen-
tration of octene found in the gas phase. Overall, the data
show very good agreement and vapour–liquid equilibrium
values measured in the system are reliable. It therefore ap-
pears that the reactor system is free of any effects due to
liquid entrainment in the gaseous product lines, and there
are also no gas–liquid mass transfer resistances in the sys-
tem (see below).

Mass Balance

Gas chromatographic analyses were performed as mass
fractions for 23 components (alkenes in the range C2 to
C20, nitrogen, methane, ethane, and propane). In practice
the concentrations of the alkanes were negligible under the
reaction conditions studied. For the purposes of the model
presented here all isomeric alkenes of a given C number
are lumped together and treated as a single component.

The stream notation used is depicted in Fig. 1. Gas chro-
matographic analyses gave the mass fractions zB,i , zC,i , and
zD,i . The mole fractions of streams B, C, and D are

Xi = zi /Mi∑
zi /Mi

. [1]

The volume flow rate of stream C (QC) is determined using
a wet gas flowmeter at atmospheric pressure and the ideal
gas law was used to calculate the molar flow rate of stream
C:

XC,tot = QC patm/RT. [2]

The mass flow rate of stream C is then given by

ZC,tot = xC,tot

∑
xi Mi [3]

and the individual component mass flow rates as

ZC,i = zC,i ZC,tot. [4]

Calculation of Rate Constants

A general model was first derived for the oligomerization
of any lower alkene, where products are expressed in terms
of multiples of the monomer. This is designated Model 1.
An extension of the first model, designated Model 2, is de-
rived particularly for ethene oligomerization to take into ac-
count non-zero rates of conversion of the butenes formed.
For the well-stirred two-phase reactor system employed in
this work applicable mass flows are as shown in Fig. 2. The
gas and liquid phases are in equilibrium and products in the
gas and liquid phases leave the reactor at volumetric flow
rates of QG and QL, respectively. Mass and molar flow rates
are given by Z and X, respectively, and mass and mole frac-
tions are designated zi and xi , respectively, where the sub-

scripts denote the stream number and component identity.
The gas- and liquid-phase component concentrations in the
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FIG.
OLIGOMERIZATION OF ETHENE IN A SLURRY REACTOR
o
FIG. 1. Stream notati

reactor CG,i and CL,i are related by the solubility coefficient,
mi :

CG,i = mi CL,i . [5]

The mass balance for a single component is

Fi + ri − QGmi CL,i − QLCL,i = 0, [1 < i <∞]. [6]

Assuming that the liquid density is essentially indepen-
dent of composition, for a given volume, the sum of all moles
of monomer must equal the mass of liquid divided by the
2. Two-phase model reactor.
n for the mass balance.

molecular mass of the monomer,

∞∑
i=1

iCL,i = ρL/Mi , [7]

where Mi is the molecular mass of monomer.
For ideal gas behaviour,

∞∑
i=1

Mi CL,i = P/RT. [8]

For the general case where the rate constant for the reaction
between any two species i and j is given by ki, j , the rate of
formation (i.e., consumption) of the monomer is given by

r1 = −2k1,1wcat(CL,i )
2 − wcatCL,1

∞∑
i=2

k1,i CL,i [9]

and the rate of formation of any other component [i> 1] is
given by

r i =wcat

 i /2∑
j=1

kj,i− j CL, j CL,i− j −CL,i

∞∑
j=1

ki, j CL, j −ki,i C
2
L,i

 .
[10]

(If i is an odd number, the limiting value of the first sum is

[i − 1]/2.) The number of components in this general sys-
tem is infinite and so too is the number of rate constants.
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It is necessary to determine a relationship between the
rate constants to determine the concentrations of consec-
utive oligomers. The two models developed, Model 1 (ap-
plicable to butene as the feed) and Model 2 (applicable to
ethene as the feed), use two parameters and three param-
eters, respectively, in describing the rate constants. Each
model is reviewed in turn.

Model 1

The following relationships between the rate constants
are used as the basis for this model:

k1,1 = k1 [11]

k1,i = k2 (2 ≤ i <∞) [12]

all other ki j = 0. [13]

The solution of Eq. [6] leads to the following relationship
between consecutive oligomers:

CL,2 =
k1wcatC2

L,1 + F2

k2wcatCL,1 + QGm2 + QL
, (i = 2) [14]

CL,i = k2wcatCL,1C1,i−1 + Fi

k2wcatCL,1 + QGmi + QL
, (i > 2). [15]

Note that with only monomer as the feed and when m= 0
(large i), a geometric progression in the liquid-phase con-
centrations of consecutive oligomers is predicted, described
by Schulz–Flory product distributions (3). The chain growth
probability, α, is defined as

α = k2wcatCL,1

k2wcatCL,1 + QL
. [16]

The liquid-phase product distribution of this set of re-
actions (where mi= 0) is shown in Fig. 3. Note that the
FIG. 3. Product distribution for the two-parameter model 1 — and
the three-parameter model 2 - - - for MHSV = 2.
IDES, AND SCURRELL

concentration of any component is dependent entirely on
the concentration of the next lightest component.

Model 2

When the feed monomer is ethene, the assumption con-
tained in Model 1 that k2,2= 0 will not necessarily hold; in
other words, a non-zero rate of butene dimerization has
to be considered. [In the context of the present work ex-
perimental data show that other rate constants k2,i (i > 2)
are sufficiently low under all conditions that they can be ig-
nored.] Model 1 is adjusted to incorporate the rate constant
k2,2:

Define k2,2 = k3. [17]

This reaction affects only rates r2 and r4. r2 is calculated as
follows:

r2 = wcat
[
k1C2

L,1 − k2CL,1CL,2 − 2k3C2
L,2

]
. [18]

Solving for CL,2,

CL,2 = −b±√b2 − 4ac

2a
, [19]

where

a = 2wcatk3

b = k2wcatCL,1 + QGm2 + QL

c = −F2 − k1wcatC
2
L,1.

(The positive root must be used since both a and b are
always positive.)

Similarly,

r4 = wcat
[
k2CL,1CL,3 − k2CL,1CL,4 + k3C2

L,2

]
. [20]

And solving for CL,4,

CL,4 =
k3wcatC2

L,2 + k2wcatCL,1CL,3 + F4

k2wcatCL,1 + QGm4 + QL
. [21]

A typical product distribution obtained with Model 2 is
shown in Fig. 3.

4. SOLUTION OF THE REACTOR MODEL

To solve the reactor model, an infinite sum (Eq. [7]) must
be evaluated. It has been shown that when the solubil-
ity coefficients tend to zero (with higher carbon number
products), the product distribution follows a geometric pro-
gression. This property of the system can be used to solve
Eq. [7]. Note that Eq. [8] is not an infinite sum if, beyond
components are considered to be zero.
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Assuming that n− 1 components have solubility coeffi-
cients that are sufficiently large enough that they exert an
effect on the solution of the model (n > 4), Eq. [7] can be
written in the form

n−1∑
i=1

iCL,i +
∞∑

i=n

iCL,i = ρL/Mi . [22]

The second term can be rewritten in terms of α:

∞∑
i=n

iCL,i = nCL,n+ (n+ 1)CL,n+ 1+ (n+ 2)CL,n+2+ · · ·

= CL,n[n+ (n+ 1)α + (n+ 2)α2 + · · ·]
= α[n/(1− α)+ α/(1− α)2]Cn−1. [23]

If CL,i, QG, and QL are known, all concentrations can
be determined successively up to CL,n−1 using Eqs. [14]
and [15] for Model 1 and Eqs. [14], [15], [19], and [20] for
Model 2. The solution of CL,1, QG, and QL must be de-
termined numerically since the equations are nonlinear in
these variables.

A Simplex hill-climbing method was used (4). This ap-
proach has the advantage of reliability; speed was not par-
ticularly important when there were as few as three un-
knowns.

Solubilities were determined by reference to vapour–
liquid equilibrium data. Because of the infinite number of
components that needed to be considered in this work,
use was made of the homologous nature of the series of
alkenes involved in oligomerization processes. A model
developed by Caldwell and van Vuuren (5) for predicting
the vapour pressures of alkane products obtained via the
Fischer–Tropsch (FT) synthesis was used as a basis for the
present work. For FT products the vapour pressure of an
alkane as a function of temperature and carbon number is
predicted by the equation

ln pi = A− B(1/T − C), [24]

where

A = 9.7891
B = 427.218 and
C = 1.029807× 10−3.

This correlation originally presented for temperatures in
the range 180–400◦C was found to require slight modifica-
tion for the lower temperature range of 80–180◦C applica-
ble to the present oligomerization work. The temperature
coefficients for lower temperatures then become

B = 539.333 and

C = 1.2522× 10−3.
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TABLE 2

Vapour Pressure Correlation and Literature Values

Temperature (◦C)
Pressure

Component (kPa) Correlation Alkane Alkene

C10 5.32 83.4 85.5 83.3
C10 13.30 106.4 108.6 106.5
C10 53.20 147.5 150.6 149.2
C10 101.08 169.6 174.1 172.0
C12 1.33 89.2 90.0 87.8
C12 5.32 119.7 121.7 118.6
C12 13.30 142.8 146.2 142.3
C16 0.13 104.2 105.3 101.6
C16 1.33 146.5 149.8 146.2
C16 5.32 176.8 181.3 178.8

In addition, for alkenes rather than alkanes it was found
that the coefficient A should be increased slightly to 10.042.

Table 2 shows the good agreement between the predicted
and literature values for C10, C12, and C16 alkenes. Although
the temperatures involved may exceed the critical temper-
atures of the lower alkenes, it is common practice to use
hypothetical vapour pressures for the purposes of perform-
ing vapour–liquid equilibrium calculations. The model does
not provide for vapour–liquid equilibrium for nitrogen, and
further, the extension of the model to components as light
as butene and ethene necessitates the use of slightly re-
vised Antoine coefficients. The latter were obtained by ex-
perimental measurements of solubilities and the values are
summarized in Table 3.

Gas-phase concentrations could be calculated as follows:

CG,i = CL,i pi[∑∞
j CL, j

]
RT

. [25]

And the solubilities were then obtained according to the
definition of solubility coefficients,

mi = CG,i /CL,i

where

mi = pi[∑∞
j CL, j

]
RT

. [26]

TABLE 3

Antoine Coefficients Used for Light Components

Component A B

Nitrogen 12.9214 −935.83
Ethene 14.0789 −1969.01
Butene 11.4430 −1381.75
Note. ln p=A+B/T.
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Initial estimates were made for the sum of the liquid mo-
lar concentrations and for the values of QG, QL, and CL,i.
The objective function, OF (see below), was evaluated and
then minimized using the optimization routine (4) by vary-
ing the values of QG, QL, and CL,i. The optimization was
terminated when the OF approached zero, rather than us-
ing the usual tests for optimization convergence, because
the optimum point was the solution of three equations with
three unknowns. Liquid molar concentrations determined
by the model were used to derive improved solubility coef-
ficients that were in turn used in further optimization rou-
tines until the solubilities converged. If the value of any of
the parameters QG, QL, or CL,i were found to be negative,
they were adjusted to a small positive value and a penalty
added to the OF. The penalty (p) was proportional to the
magnitude of the negative number and the proportional
constant was chosen to affect the OF strongly, even if the
parameter deviates only slightly below zero. It is stressed
that such a penalty function does not affect the eventual
solution of the model; it merely “dissuades” the optimiza-
tion program from selecting negative values for the three
parameters.

In this algorithm, nitrogen (as an inert, with rN2 = 0) was
taken into account using

CL,N2 =
FN2

QGm2 + QL
, [27]

where

CL,2 = −b±√b2 − 4ac

2a
,

where

a = 2wcatk3

b = k2wcatCL,1 + QGm2 + QL [28]

c = −F2 − k1wcatC
2
L,1

CL,3 = k2wcatCL,1CL,2 + F3

k2wcatCL,1 + QGm3 + QL
[29]

CL,4 =
k3wcatC2

L,2 + k2wcatCL,1CL,3 + F4

k2wcatCL,1 + QGm4 + QL
. [30]

Higher CL,i values were also calculated to take into con-
sideration the effect of the term QGmi . When mi tended
to zero, these terms (required only to calculate the sum of
the concentrations CL,i ), could be calculated as a sum using
Eq. [33] below:

CL, i = k2wcatCL,1CL,i−1 + Fi

k2wcatCL,1 + QGmi + QL
[31]

k w C

α = 2 cat L,1

k2wcatCL,1 + QL
[32]
IDES, AND SCURRELL

∞∑
i=2

CL, i = CL,2 + CL,3 + · · ·+CL,14 + 1
1− αCL,15 [33]

r1 = −2k1wcatC
2
L,1 − k2wcatCL,1

∞∑
i=2

CL,i [34]

ξ1 = F1 + r1 − QGm1CL,i − QLCL,i . [35]

From Eq. [23],

∞∑
i=1

iCL,i = CL,1 + 2CL,2 + · · · + 14CL,14

+ 15L,15

[
15

1−α +
α

(1−α)2
]
. [36]

Assuming that the liquid density of nitrogen equals that
of the monomer,

ξ2 = MN2

M1
CL,N2 +

∞∑
i=1

iCL,i − ρL/M1 [37]

ξ3 = MN2CL,N2 +m1CL,1 + · · · +m15CL,15 − P/RT. [38]

The OF was then calculated as the sum of the absolute
values of the errors ξ ,

0 = a1|ξ1| + a2|ξ2| + a3|ξ3| + p, [39]

where a1, a2, and a3 are constants, chosen so that each of the
terms were of the same order of magnitude. This ensured
that each of the terms exerts a comparable influence on the
OF. The penalty function, p, of course has a much larger
effect than any of the preceding terms should any of the pa-
rameters QC, QL, or CL, i become negative. Normally, p= 0.

5. RESULTS AND DISCUSSION

Product Distribution

Figure 4 shows a typical product spectrum obtained
with ethene as feed in the slurry operations of the ethene
oligomerization reaction using nickel-exchanged silica–
alumina catalysts. The corresponding Schulz–Flory plot is
depicted in Fig. 5. The effectiveness of the model in pre-
dicting the product distribution is clearly evident.

Rate Constants

The mathematical model assumes second-order kinet-
ics for ethene oligomerization. The rate of consumption of
ethene is dependent on both the rate of ethene dimeriza-
tion and the rate of reaction between ethene and product
oligomers. However, the rate of the dimerization dominates
when ethene concentration is high because
• the rate constant for this process was higher and
• second-order kinetics were involved (Fig. 6).
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FIG. 4. Total product distribution (gas and liquid) by mass, for reac-
tion at 160◦C, MHSV = 3.9.

FIG. 5. Liquid-phase (molar) product distribution: s, experimental;
, model.
FIG. 6. Confirmation of the validity of second-order kinetics: 4,
experimental; —, model.
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FIG. 7. Arrhenius plot for k1, k2, and k3.

The temperature dependences of the three rate constants,
k1, k2, and k3 applicable to oligomerization with ethene as
the feed, is shown in Fig. 7. Expressing the k values in terms
of an Arrhenius expression:

k = Aexp(−Ea/RT).

The values of A and Ea were found as reported in Table 4.
Values of Ea for ethene–ethene (k1) and ethene–oligomer

(k2) reactions are sufficiently close that they may reflect a
similar activation step. The value of Ea (66.6 kJ mol−1) as-
sociated with the butene–butene reaction (k3) is very close
to the value of 60 kJ mol−1 obtained for this reaction using
butene in the continuous fixed-bed flow microreactor stud-
ies carried out with the identical catalysts (6). Since second-
order kinetics were found for ethene oligomerization, and
assuming that ethene adsorption–desorption equilibrium
is reached, it is likely that the effective surface coverage of
ethene in the present work is negligible. Consequently, the
Ea values associated with k1 and k2 are likely to be appar-
ent rather than real since the values obtained have been
effectively lowered by an amount related to the enthalpy of
adsorption of ethene on the catalyst. Butene is expected to
have a lower enthalpy of adsorption than ethene, although
we have no quantitative data to hand. The close similar-
ity in Ea values obtained in this work and in the fixed-
bed study (6) for butene are, however, encouraging and

TABLE 4

Rate Constants Used in the Model

A 106A Ea

(m6 kg mol−1 h−1 kg−1
cat) (m6 kg mol−1 h−1 m−2

cat) (kJ mol−1)

k1 20.1318 52.02 15.51
k2 0.3485 0.9005 11.71
k3 95320.0 246310 66.60
Note. k=A exp(−Ea/RT).
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FIG. 8. Ethene conversion in the slurry reactor at various tempera-
tures: s, 120◦C; h, 140◦C;4, 160◦C (experimental). —, 120◦C; - - -, 140◦C;
· · ·, 160◦C (model).

provide a strong element of consistency between the re-
sults secured from the two experimental systems. In ad-
dition, in the fixed-bed work, butene–butene dimerization
(during ethene oligomerization) is clearly extensive, result-
ing in higher concentrations of octenes relative to those of
the hexenes.

Conversion as a Function of Mass Hourly Space
Velocity (MHSV)

Figure 8 depicts ethene conversion levels as a function
of MHSV and reaction temperature, with experimental
data and model predictions. The fall in conversion seen
with increasing temperature in the range studied is in com-
plete agreement with the observations made with ethene in
fixed-bed microreactor work (1) where a pronounced fall in
conversion was seen upon increasing the temperature of
reaction from 120 to 160◦C and attributed to the instabil-
ity of the surface organometallic species, responsible for
oligomerization, above a temperature of 120◦C. In addi-
tion, the data fit the model fairly well, but for clarity some
data have been omitted from Fig. 8. Some data were ob-
tained for experimental nitrogen flow rates that differed
somewhat from the value used in the model. In the model
the nitrogen flow rate was assumed to be constant, while
ethene flow was adjusted to change the MHSV. In some ex-
periments, especially at lower values of MHSV, the nitrogen
flow rate was also decreased. The correlation of all condi-
tions tested with the model is given in Table 7. In this table,
the model solution was obtained using the actual nitrogen
flow rates used in the experiments.

Mass Transfer Limitations
Gas–liquid mass transfer limitations were assessed to be
absent as a result of considering three criteria:
IDES, AND SCURRELL

TABLE 5

Comparison of K (=Yi/Xi) Values (See Text)

Without catalyst

Component With catalysta Run 1 Run 2

Nitrogen 10.59 ± 1.44 11.21 11.34
Ethene 2.43 ± 0.34 2.85 2.97
Butene 0.772 ± 0.038 0.773 0.734
Hexene 0.240 ± 0.032 0.238 0.217
Octene 0.057 ± 0.011 0.139 0.065

a Ethene oligomerization at 120◦C, 3.5 MPa, MHSV = 8.

(1) No effects on the observed kinetics were recorded
for impeller speeds varying between 200 and 1500 rpm.

(2) Second-order kinetics remained valid, even at very
high ethene concentrations, under which conditions the
highest mass transfer rates are to be found.

(3) Special runs were conducted in the absence of a cata-
lyst. A mixture was prepared that corresponded to
that found experimentally under specific reaction con-
ditions, namely, ethene feed, MHSV= 8, and reaction
temperature= 120◦C. This mixture was well stirred, and
with the impeller stationary, a small amount of gas was ana-
lyzed as well as some liquid. Table 5 compares the average K
values (yi/xi) of the active catalytic run with those obtained
from two separate runs in which a catalyst was absent. The
agreement between the sets of values is very good.

Finally, it was found that the model predictions of solubil-
ities and the solubilities measured experimentally were in
good agreement for a range of reaction temperatures with
ethene fed at MHSV= 8 (Fig. 9).

The absence of intraparticle mass transfer limitations was
demonstrated by varying the particle size range of the cata-
lyst used. As shown in Table 6, the average particle size had
FIG. 9. Comparison of solubilities: s, nitrogen; h, ethene; 4, butene.
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TABLE 6

Comparison of Rate Constants as a Function of Catalyst Particle Size

Catalyst particle size (µm)

75–150 45–75 (run 1) 45–75 (run 2)

106k1 m6 kg mol−1 h−1 kg−1
cat 0.2263 ± 0.0785 0.2138 ± 0.0539 0.1693 ± 0.0195

106k1 m6 kg mol−1 h−1 km−2
cat 0.5848 ± 0.2029 0.5525 ± 0.1393 0.4375 ± 0.0504

106k2 m6 kg mol−1 h−1 kg−1 1.15 × 10−2 ± 2.89 × 10−3 1.13 × 10−2 ± 1.40 × 10−3 9.25 × 10−3 ± 4.91 × 10−4

cat

106k2 m6 kg mol−1 h−1 km−2
cat 2.97 × 10−2 ± 7.5 × 10−3 2.92 × 10−2 ± 3.6 × 10−3 2.39 × 10−2 ± 1.3 × 10−3
negligible effect on the kinetics of the reaction. Applying
the Weisz criterion to the highest reaction rates measured
using the largest particle diameters shows that diffusion ef-
fects may play a role. However, by using the fitted rate
equations, it can be shown that, at all conditions, the effec-
tiveness factor is always greater than 90%. This provides
further evidence that the kinetics measured here are almost
fully kinetically dominated and very insensitive to diffusion
limitations. (In calculating the effectiveness factors porosity
of 0.67 and catalyst density of 1250 kg m−3 were used.)

TABLE 7

Model Versus Measured Ethene Conversion

Conversion Conversion
Temperature (model) (experimental) Difference

(◦C) MHSV (%) (%) (%)

120 8 95.6 95.6 0.0
140 1 97.6 95.8 1.8
140 2 94.7 95.2 −0.5
140 3 97.6 96.7 0.9
140 4 95.1 94.5 0.6
140 8 94.8 93.9 0.9
160 2 97.1 95.8 1.3
160 4 93.7 93.7 0.0
160 8 92.8 92.5 0.3
0 12 90.8 90.0 0.8
The maximum absolute rate of oligomerization of ethene
found in this work exceeds 11.5 g g−1

cat h−1. (We have reason
to believe that the nickel ion centres in these catalysts are es-
sentially isolated (7) and on this basis this rate corresponds
to a turnover frequency, TOF, of 0.42 s−1.) Even higher rates
may be expected from the extrapolation of data depicted in
Fig. 8 since the percentage conversion falls only very slightly
with increasing MHSV, particularly for a reaction temper-
ature of 120◦C. This finding, together with confirmation of
the extremely low rates of deactivation seen in the present
work, with no fall in activity apparent even after runs ex-
ceeding 900 h, once again demonstrates the high efficiency
and stability of the nickel(II)-exchanged silica–alumina sys-
tem and the present work provides adequate evidence for
the practical application of the slurry reactor to effecting
alkene oligomerization using this catalyst.
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