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Abstract

In this study, PNSiP, a silicon-bridged diphosphines ligand, was coupled with
CrCI(THF); and modified methylaluminoxane (MMAO) to form a catalytic system.
The continuous ethylene tri-/tetramerization catalytic performance of the PNSiP/
CrCIy(THF);/MMAO system was evaluated with a self-designed continuous stirred
tank reactor (CSTR). The products have more than 88.00% selectivity for 1-hexene
and 1-octene. Cyclic-Cy by-products (methyl-cyclopentane and methylene-cyclo-
pentane) have a selectivity of less than 1.00%. The optimal process parameters for
continuous ethylene tri-/tetramerization in CSTR were 60 °C reaction tempera-
ture, 5.0 MPa ethylene pressure, 1.2 mL/min catalyst feed flow rate, and 200 r/min
impeller speed. The catalytic activity of the system can reach 7.26 x 10° g(products)
g(Cr)~' h™!. The mass fraction of polyethylene is less than 0.15% after 30 h. Finally,
a kinetic model was established to describe the effects of chromium concentration
and ethylene pressure on the continuous reaction of PNSiP/CrCl;(THF);/MMAO
catalyzed ethylene tri-/tetramerization in CSTR under the optimum conditions. This
paper provides data basis and preliminary preparation for the continuous industrial
production of linear a-olefins.
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Introduction

Linear a-olefins (LAOs), primarily 1-hexene and 1-octene, have a low energy con-
sumption and high market demand, making them suitable for utilization as raw
materials in polyolefin comonomers [1, 2]. Non-selective ethylene oligomeriza-
tion produces LAOs with the Schulz—Flory distribution or the Poisson distribution,
resulting in difficult product separation [3, 4]. Nowadays, the preparation of highly
selective and easy-separated 1-hexene and 1-octene by ethylene trimerization and
tetramerization can enhance raw material usage and minimize manufacturing costs,
which has piqued the interest of the industrial sphere [5].

Nowadays, continuous production has been proved to be more efficient and reli-
able than intermittent production in the organic chemical industry [6]. Michael et al.
researched the catalytic behavior of NIMCM-41 in a continuous stirred tank reactor
(CSTR), and NiMCM-41 is easily inactivated above 70 °C [7]. Xu et al. reported
that ethylene oligomerization reactions over CoOx/N—C were highly selective to lin-
ear a-olefins at 80 °C in continuous flow reactors but only 5.2% 1-octene at 20%
conversion [8, 9]. Finiels et al. reported that Ni-sulfated alumina (1.7 wt% Ni) cata-
lyzed ethylene oligomerization and revealed high activity and stability against deac-
tivation at low temperature and pressure in a continuous slurry reactor [10]. The
majority of continuous reactions employ metal catalytic systems such as nickel and
cobalt, but the continuous reaction of ethylene oligomerization catalyzed by metal
chromium has received less attention. Kuhlman et al. reported the ethylene tri/
tetramerization catalyzed by Cr(III)/DMP-PNP/MMAO carried out only in a push
flow tubular reactor (PFTR) [11]. There have been no studies on homogeneous sili-
con-bridged diphosphines/chromium complexes (PNSiP/Cr) catalyzed ethylene oli-
gomerization for CSTR thus far.
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Our group developed a series of PNSiP/Cr used in catalyzing intermittent eth-
ylene tri- and tetramerization with high catalytic activity and product selectivity
[12—-15]. Here we aimed to further evaluate the PNSiP/CrCl;(THF),/MMAO cata-
lytic systems for continuous ethylene tri-/tetramerization in CSTR. We have also
conducted kinetic studies to determine the reaction order of chromium concentration
and ethylene pressure relative to ethylene tri-/tetramerization, and finally calculated
the apparent activation energy and rate equation to provide basic data for industrial
production.

Experimental and methods
CSTR pilot design

All catalyst preparation procedures are completed in an oxygen-free environment,
with purified and dried cyclohexane as solvent (Dehydration and drying with a 4A
molecular sieve). PNSiP/CrCl;(THF); complex (Fig. 1) and MMAO as an activa-
tor make up the catalytic system. Akzo Nobel and Strom contributed MMAO and
chromium precursors, respectively. In prior studies, we have already developed and
synthesized the PNSiP/CrCl;(THF); complex [15].

Fig. 2 shows the flow chart of continuous ethylene tri-/tetramerization in CSTR.
The main components include catalyst tank (3 L), cocatalyst tank (3 L), solvent feeder
(5 L), CSTR (1 L), oligomers storage tank (10 L), temperature controller, pressure
transducer, vacuum system, gas generation system, gas chromatography and flame
ionization detection (GC-FID). CSTR is made up of a stainless container, two pairs
of high-speed three-bladed electromechanical agitators, a liquid level indicator, and a
heat exchange jacket. The temperature of CSTR is regulated by a temperature indicator
controller (TIC) temperature controller and monitored by thermocouples. The ethyl-
ene and nitrogen are supplied into CSTR through the top pipe, where the differential
pressure gauge and pressure indicator controller (PID) control the pressure. A high-
performance liquid chromatography (HPLC) type pump controls the liquid flow when
the solvent is utilized. A discharge valve and pipeline are located at the bottom of the
catalyst and cocatalyst tanks. The overflow pipeline attached to CSTR is constructed
with a 60° inclination angle to avoid the polyethylene (PE) solid phase in the reaction

Fig. 1 Molecular structure of
PNSiP/CrCl;(THF); complex Q
[15]
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Fig. 2 Flow chart of continuous ethylene tri-/tetramerization in CSTR

product from clogging the overflow pipeline, ensuring long-term stable operation of the
continuous ethylene tri-/tetramerization.

Continuous ethylene tri-/tetramerization reaction

The catalytic system (PNSiP/CrCl;(THF);/MMAO) was suspended in liquid sol-
vent cyclohexane at a preset stirring speed during ethylene tri-/tetramerization at
the required pressure and temperature. Before each experiment, high-purity nitrogen
(99.99%) and high-purity ethylene (99.99%) are first introduced to pump and clean
the device multiple times, and then the heat exchange jacket is preheated to the pre-
set temperature using the temperature control system to make the catalyst thermally
activated in CSTR. According to the predetermined feed rate, the solvent, PNSiP/
CrCl;(THF); complex, and MMAO were progressively supplied into CSTR for eth-
ylene tri-/tetramerization. The liquid phase product was collected via the bottom of
the CSTR, and the liquid phase components were quantitatively analyzed using GC-
FID. With n-heptane as the internal standard, we calculate the catalytic activity of
the product in ethylene tri-/tetramerization.

Activit fx mgx A; X Wt x 10° X
1V1 =
vy t X Ay X m; X n(Cr) X 52 M
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Here f is a mass correction factor; my is the mass of n-heptane, g; m, is the mass
of product extracted, g; Wt is the mass of the product, g; A, is the peak area of
n-heptane; A, is the peak area of product extracted; t is the reaction time, h; n(Cr) is
the moles of metal catalyst activity center, pmol.

The yield of PE was examined by weighing the solid phase after vacuum drying.

Results and discussion
Effects of reaction temperature on ethylene tri-/tetramerization in CSTR

Table 1 shows the catalytic activity and selectivity of the PNSiP/CrCl;(THF),/
MMAQO system in CSTR as the reaction temperature varies from 40 to 80 °C.
The activity rose with the reaction temperature initially, peaking at a maximum
(8.11x10° g(products) g(Cr)~! h™!) at 60 °C before declining somewhat. The initial
enhancement of catalytic activity is due to the increase of average kinetic energy
at high temperatures. However, higher temperatures may result in reduced ethylene
concentrations in cyclohexane and deactivation of the active center, reducing cata-
lytic activity 14. The trend of the total selectivity of 1-hexene and 1-octene is con-
sistent with that of activity, and also reaches a maximum (89.45%) at 60 °C. This
may be because the chain growth rate of the active center in ethylene tri-/tetrameri-
zation increases faster than the chain transfer rate as the reaction temperature rises
from 40 to 60 °C 13. Excessive metal active centers are inactivated when the reac-
tion temperature surpasses 60 °C, which is detrimental to improving the total selec-
tivity of 1-hexene and 1-octene. The selectivity of the C,,, products increased with
reaction temperature, owing to the continuous participation of 1-butene, 1-hexene,
and 1-octene in the secondary reaction at high temperatures. As a result, in CSTR,

Table 1 Effects of reaction temperature on catalytic activity and product selectivity in CSTR

T (°C)  Activity Product selectivity (wt%)
10° g(products
(g(Cr;g_(lp 1) ) Gt 1-CP C& G Cup 1=-Ce+1-C cy-C

40 242 0.93 0.60 3455 5552 8.18 88.40 0.82
50 6.63 090 0.63 3458 5476 891 89.02 0.85
60 8.11 0.89 0.58 3391 56.89 735 89.45 0.96
70 7.75 0.85 0.68 3599 53.08 927 88.02 0.81
80 6.92 096 0.75 36.96 5127 10.04 86.42 0.77

General conditions: n(Cr), 2.0 pmol; ethylene pressure, 5.0 MPa; solve, cyclohexane (200 mL); reaction
time, 60 min; n(Al)/n(Cr), 466 equiv; n(ligand)/n(Cr), 1.05 equiv; impeller speed, 200 r/min; catalyst
feed rate: 1.2 mL/min; cocatalyst, MMAO

“Mass fraction of butene, hexene, octene, decene and above a-olefins in liquid products
"Mass fraction of 1-butene in butane
“Mass fraction of 1-hexene in hexane
9Mass fraction of 1-octene in octane

“Mass fraction of methyl-cyclopentane and methylene-cyclopentane in liquid products
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the PNSiP/CrCl;(THF);/MMAO system has the highest reaction activity and total
selectivity of 1-hexene and 1-octene at 60 °C.

Effects of ethylene pressure on ethylene tri-/tetramerization in CSTR

Table 2 shows the catalytic activity and selectivity of the PNSiP/CrCl;(THF)4/
MMAQO system with ethylene pressure changing from 1.0 to 6.0 MPa. The cata-
lytic activity rises with increasing ethylene pressure, peaking at a maximum
(87.50% 10* g(products) g(Cr)~' h™!) at 6.0 MPa. Because the solubility of ethyl-
ene monomer in the solvent increases as the reaction pressure rises, so does the dif-
fusion rate of active center molecules, resulting in dramatically increased catalytic
activity [16]. The total selectivity of 1-hexene and 1-octene reaches a maximum of
88.58% at 5.0 MPa, while the selectivities of Cyclic-Cg4 and 1-butene are both less
than 1.00% at 5.0 MPa. At 6.0 MPa, the selectivity of C,,, product is 10.69%, which
is compatible with the results of high carbon product formation [17]. As a result, at
5.0 MPa, the PNSiP/CrCl;(THF);/MMAO system demonstrates the greatest activity
and total selectivity of 1-hexene and 1-octene selectivity in CSTR.

Effects of catalyst feed rate on ethylene tri-/tetramerization in CSTR

Table 3 shows the catalytic activity and selectivity of the PNSiP/CrCl;(THF),/
MMADO system. The activity of the catalyst rose first and subsequently declined with
the catalyst feed rate raised from 0.25 to 3.00 mL/min. When the feed rate of the
catalyst is too low, the contact time between the main catalyst and the cocatalyst

Table 2 Effects of ethylene pressure on catalytic activity and product selectivity in CSTR

P* (MPa) Activity Product selectivity (wt%)

1o* g(products) 5 . 5 o 5 7 " ;

¢(Cr T hY Cy 1-Cf Cq Cg Ciop. 1=C+1-C¢  cy-Cq
1.0 3.09 0.79 0.66 49.85 40.57 759 87.08 1.20
2.0 6.73 0.66 0.58 4798 4158 825 88.17 1.53
3.0 11.23 0.53 037 46.15 4281 9.12 87.46 1.39
4.0 29.03 048 0.39 39.71 49.1 9.11 88.06 1.60
5.0 87.11 051 043 3557 5443 856 88.58 0.93
6.0 87.50 0.79 0.66 32.88 5461 10.69 86.26 1.03

General conditions: n(Cr), 2.0 pmol; 7, 60 °C; solve, cyclohexane (200 mL); reaction time, 60 min;
n(Al)/n(Cr), 466 equiv; n(ligand)/n(Cr), 1.05 equiv; impeller speed, 200 r/min; catalyst feed rate: 1.2 mL/
min; cocatalyst, MMAO

“Ethylene pressure

"Mass fraction of butene, hexene, octene, decene and above a-olefins in liquid products
“Mass fraction of 1-butene in butane

9Mass fraction of 1-hexene in hexane

“Mass fraction of 1-octene in octane

"Mass fraction of methyl-cyclopentane and methylene-cyclopentane in liquid products
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Table 4 Effects of impeller speed on catalytic activity and product selectivity in CSTR

Speed (r/min) Activity Product selectivity (wt%)

(10° g(products) . . . .

o(Co- b Ct 1-C G G  Cup 1-Cf+1-C cy-Cy
100 4.30 0.37 0.26 3546 5341 993 88.53 0.83
200 6.34 0.35 0.22 36.79 52.69 9.36 88.99 0.81
250 6.46 0.38 0.29 35.87 5193 1098 87.58 0.84
300 6.86 041 0.33 31.70 53.48 13.52 84.52 0.89
310 6.78 0.39 0.31 31.81 5299 13.88 84.36 0.93
320 6.81 0.56 0.41 32.61 5228 13.67 83.96 0.88
350 6.80 045 0.38 31.96 52.72 1397 84.13 0.90

General conditions: n(Cr), 2.0 pmol; 7, 60 °C; ethylene pressure, 5.0 MPa; solve, cyclohexane (200 mL);
reaction time, 60 min; n(Al)/n(Cr), 466 equiv; n(ligand)/n(Cr), 1.05 equiv; catalyst feed rate, 1.20 mL/
min; cocatalyst, MMAO

#Mass fraction of butene, hexene, octene, decene and above a-olefins in liquid products
®Mass fraction of 1-butene in butane
“Mass fraction of 1-hexene in hexane
dMass fraction of 1-octene in octane

“Mass fraction of methyl-cyclopentane and methylene-cyclopentane in liquid products

is too long under olefin-free conditions, resulting in over alkylation and deactiva-
tion of the catalyst; when the feed rate is too high, most of the chromium complex
cannot coordinate with ethylene in time and fails to form active center [18]. As a
result, when the catalyst feed rate is 1.20 mL/min, the total selectivity of the 1-hex-
ene and 1-octene reaches the maximum (88.99%) and the catalytic activity is highest
(63.46 x 10* g(products) g(Cr)~' h~!) in CSTR.

Effects of impeller speed on ethylene tri-/tetramerization in CSTR

Table 4 shows the catalytic activity and selectivity of the PNSiP/CrCl;(THF),/
MMAQO system with impeller speed changing from 100 to 320 r/min. The catalytic
activity increases with impeller speed, peaking at 6.86x 10> g(products) g(Cr)~' h™!
at 300 r/min. The following factors can be related to the enhancement of catalytic
activity: On the one hand, high impeller speed enhances ethylene solubility in
cyclohexane solvent; on the other hand, high impeller speed increases the contact
frequency between ethylene and chromium catalyst active center species. At 300 r/
min, the total selectivity of 1-hexene and 1-octene declined while the selectivity of
C,o4 10se, and this is due to the higher contact probability of the secondary reac-
tions of 1-butene, 1-hexene, and 1-octene to C,,, products [19]. When the impeller
speed exceeds 300 r/min, the activity and product selectivity tend to be stable, and
the effect of mass transfer resistance between the liquid phase and solid phase can be
ignored. Therefore, from a comprehensive point of view, we set the impeller speed
of CSTR to 200 r/min.
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Table 5 Effects of running time on catalytic activity and product selectivity in CSTR

Running  Activity

Product selectivity (wt%)

: S5
time (h) él(OCrff? }rl‘iﬂi;m) Ct 1-CP C& C¢ Cpt 1-Citl-Cf cyCe
1 6.26 071 062 3637 5336 874 89.23 0.82
2 6.36 083 072 3677 5307 849 89.36 0.84
3 6.42 0.54 045 3635 53.62 8.66 89.49 0.83
4 6.86 081 072  37.17 5166 953 8827 0.83
5 6.71 076 063 3938 5065 840 89.45 0.81
6 6.71 077 062 3780 50.68 995 87.92 0.80
7 6.88 069 056 3779 5094 9.80 88.14 0.78
8 6.36 056 041 3799 5007 1059 87.56 0.79
9 6.69 079 0.6 3748 5164 927 886l 0.82
10 6.44 035 022 3679 5269 936 88.99 0.81
1 6.84 024 0.3 3708 5228 9.60 88.87 0.80
12 6.71 047 025 3848 5102 928 88.82 0.75
13 6.36 069 050  39.13 5008 9.26 88.65 0.84
14 6.61 077 059 3878 5036 93  88.57 0.79
15 7.26 033 019 3667 5243 982 8851 0.75
16 6.42 030 0.16 3807 5078 1006 88.33 0.79
17 6.84 032 024 3619 5131 1138 87.20 0.80
18 6.38 027 019 3685 5164 1044 88.22 0.80
19 7.09 027 019 3623 5121 1154 87.18 0.75
20 6.71 025 016 3779 5102 10.18 8848 0.76
21 6.00 0.19 012 3824 5050 1021 88.49 0.86
2 7.00 0290 019  37.15 5101 1070 87.80 0.85
23 7.21 036 022 3751 5052 1075 87.62 0.86
24 7.03 0.57 041 3991 4857 10.16 87.91 0.79
25 7.15 0.56 041 4115 4698 1054 87.49 0.77
26 7.03 0.63 041 4261 4523 1077 87.14 0.76
27 6.48 0.50 038  43.09 4438 1119 86.72 0.75
28 7.30 104 078 4418 4318 10.84 8653 0.76
29 6.82 0.53 030 4547 4248 1077 87.06 0.75
30 6.46 0.56 035 4945 37.83 1146 86.09 0.70

General conditions: n(Cr), 2.0 pmol; 7, 60 °C; ethylene pressure, 5.0 MPa; solve, cyclohexane (200 mL);
n(Al)/n(Cr), 466 equiv; n(ligand)/n(Cr), 1.05 equiv; impeller speed, 200 r/min; catalyst feed rate,

1.20 mL/min; cocatalyst, MMAO

#Mass fraction of butene, hexene, octene, decene and above a-olefins in liquid products

"Mass fraction of 1-butene in butane

“Mass fraction of 1-hexene in hexane

9Mass fraction of 1-octene in octane

“Mass fraction of methyl-cyclopentane and methylene-cyclopentane in liquid products
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Effects of running time on ethylene tri-/tetramerization in CSTR

Table 5 shows the catalytic activity and selectivity of the PNSiP/CrCl;(THF),/
MMAQO system with the running time changing from 1 to 30 h. We measured the
catalytic activity and product selectivity of the catalyst in the tank every hour. Dur-
ing the long-term operation of CSTR for 30 h, the catalytic activity remained over
6.00% 10° g(products) g(Cr)~' h™!, and the total selectivity of 1-hexene and 1-octene
was greater than 86.09% with no notable variation. The PE mass fraction (including
PE overflowing into the product storage tank) in the CSTR reaction product is just
0.15% after 30 h, indicating that CSTR can efficiently limit PE accumulation, ensur-
ing the continuous and stable reaction. Furthermore, the selectivity of Cyclic-Cq is
less than 1.00%, indicating that the disproportionation reaction of metal chromium
cycloheptane in CSTR is insignificant. Due to the relatively high average product
concentration in the reaction solution, a minor quantity of C,,, will be generated in
the latter stages of such reactions in CSTR 14.

Kinetic investigation—effects of chromium concentration

According to the above study, we further assessed the kinetic parameters of the reac-
tion system in CSTR and utilized the initial rate method for the development of the
following kinetic equation (Eq. 2) [20, 21]

v, = K[C"[M]" @)

The reaction rates of reactions conducted were obtained from the GC data of
samples taken throughout these reactions. In different catalytic systems, the kinetic
reaction order of the catalytic process differs. As far as we know, the reaction rate

Table 6 Effects of chromium

. . Entry Chromium concentration v,
concentration on v, in CSTR (umol/L) (g(products)
h™h)
1 1.77 20.54
2 3.55 40.88
3 4.25 55.92
4 5.31 64.70
5 7.09 92.24
6 9.21 65.56
7 11.34 45.72
8 13.66 25.70
9 20.00 12.50

General conditions: 7, 60 °C; ethylene pressure, 5.0 MPa; solve,
cyclohexane (200 mL); n(Al)/n(Cr), 466 equiv; n(ligand)/n(Cr), 1.05
equiv; impeller speed, 200 r/min; cocatalyst, MMAO

*Reaction rate is only based on the reaction rate of liquid products
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Fig. 3 Dependence of reaction rate on chromium concentration in CSTR. General conditions: 7, 60 °C;
ethylene pressure, 5.0 MPa; n(Al)/n(Cr), 466 equiv; n(ligand)/n(Cr), 1.05 equiv; impeller speed, 200 1/
min; cocatalyst, MMAO

dependence on ethylene concentration in the intermittent reaction kinetics of ethyl-
ene oligomerization is in the order of 1-1.95, and the reaction rate dependence on
catalyst concentration is in the order of 0.6—1.12 [22-25].

Table 6 shows the changing of reaction rate v, with chromium concentration at
the ethylene pressure of 5.0 MPa. According to Jan’s report, the ethylene solubil-
ity in the solvent, which strongly depends on pressure, is an important property for
ethylene oligomerization [26]. In the range of temperature and ethylene pressure

6
® Invg,
Fitting correlation for ethylene pressure
4 -
g
-
=
2 -
Slope=1.90
R?=0.9949
0 1 1 1 1
-0.5 0.0 0.5 1.0 1.5 2.0

In P
Fig.4 Dependence of total products formation rate on ethylene pressure in CSTR. General conditions:

T, 60 °C; n(Cat), 2 pmol; n(Al)/n(Cr), 466 equiv; n(ligand)/n(Cr), 1.05 equiv; impeller speed, 200 r/min;
cocatalyst, MMAO
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studied, the solubility of ethylene and ethylene pressure conform to Henry’s law
[27-29]. According to the previous Ruta’s report, under the condition of fixed ethyl-
ene pressure, we can ignore the changes in ethylene solubility, and the liquid phase
is at a relatively low level in this reaction [30]. The reaction order with respect to
chromium concentration could now be determined from the relationship of a In v,
versus In C. The reaction order of chromium concentration on ethylene tri-/tetramer-
ization is 1.08 (Fig. 3), indicating that chromium active sites are involved in the
catalytic process. The catalytic activity of the system was enhanced when the chro-
mium concentration was raised from 1.77 to 7.09 pmol/L, and it was lowered when
the chromium concentration exceeded 7.09 pmol/L. This alteration might be related
to the synthesis of chromium trimers of inactive species at high chromium concen-
tration, as previously reported [31].

Kinetic investigation—effects of ethylene pressure

Within the range of reaction temperature and ethylene pressure understudy, the solu-
bility of ethylene in cyclohexane is proportional to the ethylene pressure conformed
to Henry’s law [27-29]. Therefore, the ethylene pressure p can be directly correlated
with the reaction rate v,, and the expression of Eq. 1 is simplified to Eq. 3:

v, = K[C"P" 3)

The reaction order with respect to chromium concentration could now be deter-
mined from the relationship of a In v, versus In P. Fig. 4 shows the linear fitting
results derived in the pressure range of 1.0 MPa to 5.0 MPa. The reaction order of
ethylene concentration is 1.90 on ethylene tri-/tetramerization in CSTR, which is
consistent with prior reports [32].
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Fig.5 Change trend between reaction rate and reaction temperature in CSTR
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Fig. 6 Relationship between reaction rate constant and reaction temperature in CSTR. General condi-
tions: C(Cat), 7.09 pmol/L; ethylene pressure, 5.0 MPa; n(Al)/n(Cr), 466 equiv; n(ligand)/n(Cr), 1.05
equiv; impeller speed, 200 r/min; cocatalyst, MMAO

Determination of kinetic parameters—temperature dependence

We researched the reaction state increasing from 293.15 to 353.15 K at 5.0 MPa
to determine the influence of reaction temperature on reaction rate. The Arrhenius
equation (Eq. 4) and the logarithmic calculation equation (Eq. 5) will be used to dis-
cuss the following part [32].

k=Axew 4)

Ink = Ey InA 5
n——ﬁ+n ()

Here A is the Arrhenius constant; E, is the apparent activation energy, J/mol; R is
the molar gas constant, J/(mol K); T is the absolute temperature, K.

We computed the reaction rate constant k at different temperatures (293.15 K to
353.15 K) using Eq. 4 by combining the reaction order obtained earlier. In the case
of the Arrhenius diagram, we can find that the reaction rate is heavily influenced
by reaction temperature and exhibits two distinct states at 5.0 MPa (Figs. 5 and 6):
(a) From 293.15 K to 333.15 K, the reaction rate the temperature is essentially lin-
ear; (b) From 333.15 K to 353.15 K, the reaction rate falls dramatically as the tem-
perature rises and there is no linear relationship, which is consistent with a previous
report [22].

The slope of the straight line in the temperature from 293.15 to 333.15 K is
— 12,384 (Fig. 6), and the activation energy of ethylene tri-/tetramerization in CSTR
is 102.96 kJ/mol. The homogeneous catalytic reaction under this activation energy
is consistent with a previous report [31]. Equations (3) and (4) can be combined to
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form Eq. 6. We then get the rate equation of ethylene tri-/tetramerization (Eq. 7)
from 293.15 to 333.15 K in CSTR using Eq. 6 of reaction rate:

v, = Ax R [CI"[p" ®)
102960
=17.17%10'° (__ 108,190
Va X X exp RT > P %)

Conclusion

In conclusion, the optimum process parameters for continuous ethylene tri-/tetramer-
ization in CSTR based on PNSiP/CrCl;(THF);/MMAO system are as follows: The
reaction temperature is 60 °C; the ethylene pressure is 5.0 MPa; the catalyst feed rate
is 1.20 mL/min; the impeller speed is 200 r/min. Over the 30 h of reaction, the activ-
ity and product selectivity were consistently balanced within 7.26x 10° g(products)
g(Cr)~' h™! and 88%. The reaction order of chromium concentration on ethylene tri-/
tetramerization is 1.08, and the reaction order to ethylene pressure is 1.90. When
the chromium concentration is 7.09 pmol/L, the temperature is 20 °C to 60 °C, and
the ethylene pressure is 5.0 MPa, the apparent activation energy of the reaction is
102.96 kJ/mol. In summary, the preparation of linear a-olefins by CSTR under the
best conditions provides a promising choice for pilot and industrial production in the
future.
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