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ARTICLE INFO ABSTRACT
Keywords: Butene-1 is one of the most important petrochemical industry products that is produced in
Butene-1 different ways. Ethylene is an important source of Butene-1 production through the oligomeri-
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zation process. In this study, to reduce the by-product of the polymer produced and to improve
the catalyst yield, the dicyclopentyldimethoxysilane (DCPDS) modifier in the presence of a ho-
mogeneous titanium tetra butoxide/triethyl aluminum catalyst and a combination of dichloro-
methane (as a promoter) in a high-pressure Buchi reactor were used. Gas chromatography was
used for liquid and gas phase analysis in the reactor. The design of experiments was performed
with the Box-Behnken design technique (BBD) based on the response surface method (RSM). In
this method, four effective factors of catalyst concentration, modifier, promoter, and temperature
were evaluated. The results of the analysis of variance for the answers of ethylene conversion rate,
selectivity, polymer production rate, and yield showed that there is a good agreement between
the actual values and the values obtained from the model. Optimization using design expert
software showed values of 85.6, 88.5, 2.43, and 75.78% for ethylene conversion rate, selectivity,
polymer content and yield, respectively, which showed an error of less than one percent
compared to the laboratory results. Comparison of the catalyst performance with and without
DCPDS and DCM showed that the presence of these two compounds together with the catalyst, in
addition to increasing by 4, 6, and 9% for conversion, selectivity of Butene-1 and yield, respec-
tively, reduced the production of the undesirable polymer in the reactor from 136 mg to 2.4 mg.

Terminology and abbreviations:

Term Chemical formula Abb.
Titanium Tetrabutoxide Ti(C4H90)4 TTB
Tetrahydrofuran C4H80 THF
Triethylaluminum C6H15A1 TEA, AlEts
Dicyclopentyldimethoxysilane C12H240,Si DCPDS
Dichloromethane CH2CI2 DCM
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1. Introduction

In recent decades, one of the strategic areas in petrochemical processes has been the development of production processes of linear
alpha olefins (LAOs) through ethylene oligomerization. Butene-1, the first member of the LAOs, is most widely used as an ethylene
comonomer for the production of polyethylene resins (LLDPE and HDPE) with strength and resistance to stress and failure, which
accounts for about 80% of the market [1-3].

The most important industrial sources of butene-1 production are crude oil refining operation, fission of four carbon (C4) hy-
drocarbons by steam, ethylene oligomerization processes, ethylene dimerization process, separation of C4 section output from olefin
unit or butadiene unit, butene dehydrogenation, butyl alcohol dehydrogenation, pyrolysis of butyl acetate and butyl chloride [4-7].

In the catalytic dimerization method of ethylene for the production of butene-1, the main goal is to produce long-chain polymers
through the growth reaction of aluminum compounds [7,8]. In general, homogeneous and heterogeneous catalytic systems are used in
this process. Heterogeneous active sites play the role of a ligand in a coordinated metal atom in a homogeneous system. Various
compounds such as nickel, palladium, titanium, rhodium, zirconium, tantalum, and cobalt with (or without) alkyl of aluminum, with
(or without) hydrogen atoms, and base (or baseless) are used as catalysts [9-12].

Palladium complex, especially PdCly, under the influence of the solvent used, easily converts ethylene to dimer butene. However, in
a series of polar and non-polar solvents, no dimerization reaction occurs and the reaction proceeds gently using only oxygen-containing
solvents [13].

In a study, Kusunoki et al. [14] observed a similar effect of the solvent and its selectivity to butenes. It was found that selectivity
decreases in the following order: acetic acid > ethylene dichloride > benzene > chloroform > ethanol.

The dichloro-bis (benzonitrile) complex of palladium (II) in benzene solvent catalyzes dimerization exclusively to a mixture of
butenes (4% butene-1, 36% cis-butene-2, and 60% transbutene-2). The reaction rate is the first order concerning ethylene [13].

Organic complexes of chromium (III) phosphine and ethyl aluminum dichloride were reported for ethylene dimerization with good
conversion and selectivity. A catalytic system consisting of CrCl3(Py)s and EtAICl, was used for ethylene dimerization and a mixture of
butenes with a selectivity of 83% was obtained, of which 50% was butene-1 and the rest was butene-cis and trans [15].

Reaction rate between triethyl aluminum and ethylene in a range of operating conditions (temperature 80-220 °C, pressure 1-9
atm, catalyst 1-10 wt%) according to the concentration of soluble ethylene in the liquid phase and the composition of triethyl
aluminum, is the first order. The reaction rate increases with increasing temperature, although it is slow at temperatures below 120 °C.
Under these conditions, butene-1 is the main product in the gas phase [16].

In the case of titanium (IV) alkoxide catalysts in conjunction with aluminum trialkyl as the homogeneous selective catalyst effective
in the ethylene-butene-1 dimerization reaction, triethyl aluminum should be part of the active site of the titanium homogeneous
catalyst. The most important factors that affect the reaction activity and selectivity of homogeneous titanium catalytic systems for the
production of butene-1 are the Al/Ti molar ratio, titanate complex concentration, nature of the modifier, amount of promoters, the
pressure of ethylene, reaction temperature and reaction time [17-19].

Due to the nature of the process, the production of ethylene dimerization on both laboratory and industrial scales is accompanied
by the production of the undesirable polymer. The rate of polymer formation will vary depending on the type of catalysts from different
companies and the reactor process conditions [17,20,21]. The main problem of all catalysts is the high rate of polymer formation and
the performance of adverse reactions. The formation of the polymer in the reactor and its outlets will reduce the activity of the catalyst,
reduce the intensity of heat transfer, reduce the service life of the reactor and, consequently, decommission the unit and perform
repairs and cleaning of all relevant equipment [22,23]. These will significantly reduce the profits of butene-1 production units and also
impose high maintenance costs. In addition, decommissioning and opening of equipment will reduce the safety and risk of potential
hazards for the operational unit [19,24].

Given the above, it is important to determine the conditions that improve the process selectivity and reduce the rate of polymer
formation. In this research, as an applied study, the effect of dicyclopentyldimethoxysilane (DCPDS) modifier and dichloromethane
(DCM) promoter on the performance of AlEt3-Ti(BuO), catalyst were investigated and the effect of these compounds on the conversion
rate, selectivity, yield and the amount of polymer formed was investigated.

2. Materials and methods
2.1. Materials

In this study, titanium tetra butoxide, dichloromethane, triethyl aluminum and DCPDS were purchased as catalyst components
from Merck. Normal heptane (as solvent) was obtained from Merck Company and ethylene gas (purity of 99.9%) was supplied from
Jam Petrochemical Company.

2.2. Equipment used

A 1000 cc stainless steel Buchi reactor was used to perform the dimerization reaction of ethylene to butene-1 by a titanium catalyst
in the homogeneous phase. The vessel reaction is an SS316 tank with a design pressure of 60 bar and a design temperature of 250 °C,
which was equipped with temperature and pressure sensors and gas inlet and outlet paths. Also, the second wall of the reactor (thermal
jacket) was made of SS304, which heats/cools the tank with the help of a fluid heat exchanger (usually an oil circulator). The reactor
system was equipped with the catalyst and chemical injection system, gas flow measurement system (MFC), and pressure safety valves
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Fig. 1. Schematic of the laboratory set-up of the reactor used.

Table 1
Input parameters and levels used in the BBD method.

Independent Parameters Lower level (1) Mid-level (0) Higher level (+1)

A: Al/Ti Ratio (mol/mol) 3 5 7

B: DCPDS/Ti Ratio (mol/mol) 3 5 7

C: DCM/Ti Ratio (mol/mol) 3 5 7

D: Temperature, (°C) 50 55 60

for emergency pressure relief (set pressure 60 bar). The flow diagram of the reactor system is shown in Fig. 1.

All stages of the catalyst sample preparation were performed under a nitrogen gas atmosphere. For this purpose, the reactor was
heated to 30-70 °C for 30 min to remove water, air and impurities. It was then cooled to ambient temperature and dried by nitrogen
and then ethylene was poured into the system for 5-10 min. Then, the following steps were performed: injecting 400 ml of the solvent

Table 2
Description of experiments and results for the four response parameters examined.
Run  Al/Ti ratio DCPDS/Ti ratio DCM/Ti ratio Temperature Ethylene Selectivity, PE production, Yield,
(mol/mol) (mol/mol) (mol/mol) (9] Conversion, (%) (%) (mg) (%)
1 3 5 7 55 80 85 2.0 68.00
2 5 3 7 55 68 81 3.5 55.08
3 7 3 5 55 84 77 1.5 64.68
4 5 5 5 55 86 88 2.3 75.68
5 5 7 7 55 82 84 3.7 68.88
6 5 5 7 60 69 87 3.5 60.03
7 3 7 5 55 83 81 2.5 67.23
8 7 7 5 55 88 83 4.6 73.04
9 7 5 7 55 76 84 3.2 63.84
10 7 5 5 60 74 87 3.5 64.38
11 5 5 5 55 84 88.5 2.1 74.34
12 7 5 5 50 75 80 29 60.00
13 7 5 3 55 85 78 3.3 66.30
14 5 7 3 55 77 82 4.3 63.14
15 3 5 3 55 68 77 2.1 52.36
16 5 3 5 60 66 84 4.3 55.44
17 5 5 3 50 65 80 2.5 52.00
18 5 3 3 55 73 75 2.4 54.75
19 3 3 5 55 69 79 4.0 54.51
20 5 3 5 50 65 81 4.2 52.65
21 5 5 7 50 66 86 5.2 56.76
22 5 7 5 50 71 83 5.0 58.93
23 3 5 5 50 62 86.5 2.4 53.63
24 5 7 5 60 81 82 4.4 66.42
25 5 5 5 55 86 88 2.8 75.68
26 3 5 5 60 78 80 2.6 62.40
27 5 5 3 60 72 79 4.9 56.88
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Table 3
Analysis of variance of designed test results.

Source Ethylene Conversion Selectivity PE production Yield

F-value p-value F-value p-value F-value p-value F-value p-value
Model 36.30 <0.0001 13.73 <0.0001 8.86 0.0003 52.08 <0.0001
A-Al/Ti 51.25 <0.0001 0.0116 0.9160 4.71 0.0508 50.06 <0.0001
B-DCPDS/Ti 75.57 <0.0001 15.06 0.0022 11.88 0.0048 157.63 <0.0001
C-DCM/Ti 0.0291 0.8675 60.22 <0.0001 1.47 0.2485 31.74 0.0001
D-Temp 37.66 <0.0001 0.2904 0.5998 0.9168 0.3572 42.91 <0.0001
AB 8.72 0.0121 2.23 0.1611 25.87 0.0003 2.45 0.1432
AC 38.44 <0.0001 0.5576 0.4696 0.0000 1.0000 42.28 <0.0001
AD 25.19 0.0003 25.41 0.0003 0.1956 0.6662 2.49 0.1407
BC 5.58 0.0359 2.23 0.1611 2.40 0.1476 3.78 0.0758
BD 7.06 0.0209 2.23 0.1611 1.76 0.2093 2.85 0.1171
CD 1.39 0.2605 0.5576 0.4696 20.55 0.0007 0.3346 0.5737
A? 5.43 0.0381 39.08 <0.0001 2.41 0.1463 50.73 <0.0001
B? 27.33 0.0002 55.31 <0.0001 20.93 0.0006 107.39 <0.0001
c? 80.59 <0.0001 37.74 <0.0001 6.09 0.0296 191.35 <0.0001
D? 223.31 <0.0001 5.62 0.0353 25.22 0.0003 312.24 <0.0001
Lack of Fit 2.38 0.3318 25.63 0.0381 1.69 0.4287 3.68 0.2323
R? 0.9769 0.9412 0.9118 0.9838
Adjusted R? 0.9500 0.8727 0.8090 0.9649
Predicted R> 0.8734 0.7631 0.7249 0.9097

into the reactor and then adjusting the circulator temperature (52-55 °C), preparing the main catalyst sample and injecting it into the
reactor in the amount of 0.5-1 ml, injecting hexane solution containing triethyl aluminum (TEA) under nitrogen atmosphere to the
reactor (TEA concentration in hexane is 25 wt%). The molar ratio of TEA to the catalyst was also considered, and the reactor pressure
was 17 bar.

The reaction started with the stirrer start and ended after 15-20 min. The discharged liquid sample was first washed with alcohol
and hydrochloric acid to remove the remaining titanium and triethyl aluminum particles, and then the resulting liquid sample was
distilled. The distilled product was then injected into the agilent model GC for analysis. All tests of gas exiting from the reactor have
been done with a GC-450 Varian (The method for Hydrocarbons and impurities was ASTM D6159 and ASTM D4429, respectively). In
each batch, the polymers formed on the reactor wall and around the stirrer blade were collected and washed with hexane or heptane.
Then it was dried in a vacuum oven at 100 °C. The percentage of conversion and selectivity of the products were calculated from the
mass balance of ethylene consumption, the weight of gaseous and liquid products and the volume of gas.
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Fig. 2. Predicted conversion rate of ethylene to actual values, T = 50-60 °C, Al/Ti = 3-7, DCPDS/Ti = 3-7, DCM/Ti = 3-7.
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Fig. 3. Ethylene conversion rate changes according to a) temperature and DCM/Ti ratio, b) DCPDS/Ti ratio and Al/Ti ratio, and c) all parameters.

2.3. Experimental design

To design the experiments, effective input and output parameters of the reaction including the molar ratio of trimethylaluminium
to titanium complex (Al/Ti molar ratio), the molar ratio of the new modifiers to the titanium complex (DCPDS/Ti), promoter molar
ratio to titanium complex (DCM/Ti), and the reaction temperature were considered. The test results were also used to obtain the
catalyst yield (%VYield), the ethylene conversion rate (%Conversion), the amount of polymer formed (PE, mg), and the selectivity (%).

Design Expert 11 software and the RSM method were used. Based on this, the Box-Behnken design method [19,24] with the in-
formation in Table 1 was used.

27 experiments were performed to design the experiments by the design expert software. To test the repeatability of the results,
each experiment was repeated three times with intermediate levels of input parameters.



S. Bahrami Reyhan et al. Heliyon 9 (2023) 20481

9 _|

88 _|

86 _|

84

82 _|

Predicted

80_|

78 _|

76 _|

74 _|

I I I ! T T I ! T
74 76 78 80 82 84 86 88 90

Actual

Fig. 4. Predicted selectivity values compared to actual values, T = 50-60 °C, Al/Ti = 3-7, DCPDS/Ti = 3-7, DCM/Ti = 3-7.
3. Results and discussion

Table 2 reports the conditions of the 27 experiments and the response parameters. The results of the analysis of variance to
determine the rate of ethylene conversion, selectivity, the polymer produced and catalyst yield are shown in Table 3.

3.1. Investigation of ethylene conversion rate

According to the variance analysis for the conversion rate, the parameters A, B, D, AB, AC, AD, BC, BD, AZ B%, C% and D? are
significant. Based on the results, of analysis and design, the obtained model for the conversion rate is as Eq. (1):

DCPDS DCM Al DCPDS
+25.98 x T+50'32 x T —0.625 x T X Ti

Al DCM Al DCPDS DCM DCPD D
71‘31x—,xifo.425><—,><T+0.50>< C, SXL.+0.225>< C, S><T70‘10><L. (€D)]
Ti Ti Ti Ti Ti Ti Ti

2 2 2
x T —0.427 x (%) —0.96 x <DCPDS> —1.65x (D;:.M ) —044 x T?
1 1

Al
Ethylene Conversion % = — 1487.01 +39.08 x T 0.042 x

Ti

The predicted R? of 0.8734 in Table 3 is in reasonable agreement with the adjusted R of 0.9500; i.e. the difference is less than 0.2.
Predicted R-squared is a measure of how well the model predicts a response value. It is computed as Eq. (2):

(2

Predicted R*=1- {LESS} _1_ { PRESS }
S8 esidual + SSmodel SSumat — SSeurvanre — SShoek

Where PRESS stands for the Predicted Residual Sum of squares. R-squared adjusted for the number of parameters in the model relative
to the number of points in the design. A measure of the amount of variation about the mean explained by the model. The Adjusted R-
squared is obtained Eq. (3):

SSrmi ua SSresi uai SSmo el SSrc:i uai SSoa 7 SScurva ure S8, oc
it 21 [ (S /(S S} [ S = S =SS ®
df residual dj residual d,f model dj residual dj total — df curvature df block

The adjusted R-squared and predicted R-squared should be within approximately 0.20 of each other to be in “reasonable agree-
ment”. If they do not exist, there may be a problem with the data or the model.

The value of R? for the conversion rate is 0.9769, which indicates the acceptable accuracy of the model. Fig. 2 shows the predicted
values of the ethylene conversion rate in terms of the actual values obtained from the experiments. The closer the points are to the line
y = X, the higher the model accuracy. Therefore, the model obtained in Eq. (1) can predict the conversion rate of ethylene with high
accuracy.

Fig. 3 shows the effect of input parameters on the ethylene conversion rate. According to these graphs, at DCPDS/Ti = 3-5 ratios,
ethylene conversion increases with increasing Al/Ti ratio. But in ratios higher than DCPDS/Ti = 5, the amount of ethylene conversion
will decrease with the increase of the Al/Ti ratio. In a constant ratio of DCM/Ti = 5 and a constant temperature of 55 °C, as well as a
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Fig. 5. Selectivity changes according to a) temperature and DCM/Ti ratio, b) DCPDS/Ti ratio and Al/Ti ratio, and c) all parameters.

constant ratio of Al/Ti, the amount of ethylene conversion increases continuously with an increase in the DCPDS/Ti ratio. It should be
noted that this increase was seen for low ratios of Al/Ti = 3-5, but the trend is different for ratios higher than Al/Ti = 5.

By increasing the DCPDS/Ti ratio up to 5, the conversion rate increases, but at values higher than Al/Ti = 5 and by increasing the
DCPDS/Ti ratio, the ethylene conversion decreases. At a fixed DCM/Ti = 5 ratio and a fixed temperature of 55 °C, Al/Ti = 5 and
DCPDS/Ti = 5 ratios, the maximum ethylene conversion is obtained.

As a Lewis acid, triethylaluminum plays the role of releasing the free coordination sites in the titanate complex, recovering the
electron density around the central titanium metal, and producing one or more Ti-C bonds by exchanging alkyl groups with the
alkoxide groups of the titanate complex. In dimerization reactions without promoters, the dimer decomposition constant to triethy-
laluminum monomer is very slight and only dimers participate in the reaction. Chloro geminal groups in DCM prefer to react with
triethylaluminum, which is usually known as a dimer with two ethyl bridge bonds and two Al Lewis acid sites with a specific
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Fig. 6. Predicted production polymer values in terms of actual values, T = 50-60 °C, Al/Ti = 3-7, DCPDS/Ti = 3-7, DCM/Ti = 3-7.

arrangement, and monomers of triethyl aluminum are produced. It is expected that the presence of triethylaluminum monomers is
effective for the formation of active titanium species, as a result of which the improvement of catalytic activity is observed with the
performance of triethylaluminum monomers [25].

The selectivity of butene-1 depends on the number of chlorine groups in the promoting compound. One of the reasons for the
formation of heavy compounds in the ethylene dimerization reaction can be considered due to be the participation and re-reaction of
butene-1 in the catalytic reaction cycle, as a result, the decrease in the selectivity of butene-1 with the increase in the number of
chlorine groups (increasing the DCM/Ti ratio) should be attributed to the effective interaction of the chlorine compound with the
active species in the reaction. Therefore, based on the rational confirmed reaction schemes and the chemical species involved in the
catalytic cycle, it can be shown that the rapid and easy decomposition of dimeric triethylaluminum into monomer type, which is
supposed to affect the formation of an increasing number of active titanium species, as one of the roles suggested the chemical
importance of chlorine compounds in the ethylene dimerization catalyst system.

3.2. Selectivity

Another important parameter in the study of reactions is selectivity. A catalyst with a higher selectivity can produce a higher
desired amount of product than other by-products. Analysis of variance based on the results obtained for selectivity according to
Table 2 shows that the model is significant and the terms B, C, AD, Az, Bz, Cz, and D? are significant in the model. Also, the value of R?
equal to 0.9412 indicates the acceptable accuracy of the obtained model. The resulting model equation for the selectivity of the catalyst
used is as follows:

Al DCPDS DCM Al DCPDS Al DCM
Selectivity % = — 87.79 — 10.10 x —+ 17.03 9.53 4.65xT+0.25x — —0.125 x —
electivity % ><Ti+ X T + X Ti + x T+ ><Ti>< T ><Ti>< T
Al DCPDS DCM DCPDS DCM Al\?
+0.34 x —xT—-0.25 x — X ————0.10 x —XT+005X ——xT—-091x|—=) —1.08 4
Ti Ti Ti Ti Ti

DCPDS\ 2 DCM) >
X ( . ) —0.89 x (—) —0.055 x T?
Ti Ti

A comparison of the predictable selectivity values with Eq. (4) compared to the actual values obtained from the design of the
experiments (as shown in Table 2) is shown in Fig. 4. It is observed that the points are reasonably close to the line y = x and therefore
confirm the model’s accuracy. Fig. 5 shows the selectivity changes according to the studied parameters. According to these graphs, the
selectivity for all parameters is first ascending and then descending. Therefore, despite the higher conversion rate of Al/Ti and DCPDS/
Ti parameters, there is a decrease in selectivity. But for DCM/Ti and temperature variables, the highest selectivity is still observed in
moderate values.

3.3. The amount of polymer formed

One of the problems in dimerization processes is the expansion of the reaction chain and production of polyethylene polymer inside
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Fig. 7. Changes in the amount of polymer produced according to a) temperature and DCM/Ti ratio, b) DCPDS/Ti ratio and Al/Ti ratio, and c)

all parameters.

the reactor. This phenomenon, on the one hand, causes the consumption of raw material to produce an undesirable product, and on the
other hand, sticking the polymer to the mixer and the container wall, may cause clogged ducts and prevent the mixing of the reactor
contents. Therefore, the reduction of polymer content was investigated as an output parameter. Analysis of variance of the amount of
polymer produced according to Table 2 indicates the significance of the model B, AB, CD, B2, C2, and D? are the significant terms of this
model. A value of R? equal to 0.9118 indicates good model accuracy. Also, the predicted R? of 0.7249 is in reasonable agreement with
the Adjusted R? of 0.8090. The model equation obtained for the produced polymer is as Eq. (5):

Al DCPDS
PEmg=95.81—1.09><ﬁ—1.36>< T +4.95 x

Al DCPDS DCM
xﬁxT—0.09x Ti XT—0.03><

DCM)\*
+0.12 x (%) +0.04 x T?

DCM Al DCPDS _16 Al _DCM
T—3.69><T+0.29><ﬁ>< Ti +5.1x10 xﬁx Ti +0.01
2 2
DCP,DS x T—0.10 x DC,M x T —0.08 x ﬁ +0.22 x DCP,DS (5)
Ti 1 Ti Ti
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Fig. 8. Graph of predicted yield values in terms of actual values, T = 50-60 °C, Al/Ti = 3-7, DCPDS/Ti = 3-7, DCM/Ti = 3-7.

The predicted polymer values in terms of the actual values obtained from the experiments are shown in Fig. 6, which have a
relatively acceptable agreement. Also, Fig. 7 shows the effect of the studied parameters on the amount of polymer produced. According
to this diagram, the produced polymer first decreases and then increases according to the parameters of DCPDS/Ti, DCM/Ti ratio, and
temperature. Therefore, in the middle values of these parameters, the least amount of polymer will be formed, which is desirable. For
the Al/Ti factor, first the amount of polymer produced increases and then decreases, so at the higher limit of this factor, the higher the
conversion rate, the less selectivity and the amount of polymer produced will be less. At the low Al/Ti limit, the amount of polymer
produced is lower than at other levels but is not recommended due to the low conversion rate under these conditions.

3.4. Catalyst efficiency (yield)

The last factor to be considered is the catalyst yield, calculated from Eq. (6):

(%conversion) x (overall selectivity to 1 — %Butene)
100 ©)

%Yield =

This parameter is obtained by multiplying the conversion rate and selectivity and thus can be considered a major factor. Analysis of
variance for catalyst yield has a p-value less than 0.0001 and is therefore significant. Terms A, B, C, D, AC, A?,B?, C2, and D? will also be
significant in the model. A value of R? equal to 0.9838 indicates the high accuracy of the model. Also, the predicted R? of 0.9097 is in
reasonable agreement with the adjusted R? of 0.9649. The equation obtained for catalyst yield is as Eq. (7):

Al DCPD DCM Al DCPD Al DCM
Yield % = — 1421.13+25.21 x —+11.34 x C, SJr28.15 XL,+47.54><T70.27><—,>< C, S71.13><—,><L,70A11
Ti 1 Ti Ti Ti Ti Ti
Al DCPDS DCM DCPD DCM A2 DCPDS) >
X —xT+0.34 x C, SXL,+O.12>< C_ S><T—O.04>< C_ XT—1.07x | =] —1.56 % C_ S —2.08
Ti Ti Ti Ti Ti Ti
DCM\*
><( _ > —0.43 x T*
Ti
@

Fig. 8 shows the yield values predicted based on the above equation versus the actual values in Table 3. In this diagram, the data are
close enough to the line y = x, so the model has high accuracy in predicting the yield. Also, Fig. 9 shows the yield changes in terms of
other parameters studied. According to this graph, the Yield value for all parameters first increases and then decreases. Therefore, the
highest returns will occur around the median values of each of the factors.

3.5. Determining the optimal parameters
After examining the quadratic models to predict the quadratic responses using a design expert software optimization tool, the
optimal values of each factor to obtain the highest yield, conversion and selectivity values and the lowest amount of polymer produced

were obtained in Table 4. Due to the small number of catalysts, modifiers and promoters, it is a little difficult to accurately control the
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Fig. 9. Changes in the yield produced according to a) temperature and DCM/Ti ratio, b) DCPDS/Ti ratio and Al/Ti ratio, and c) all parameters.

Table 4

Optimal values of factors under different conditions.

Parameters

Conventional Catalyst

Model Results

Experimental Results with Modifier and Promotor

Input Factors

Al/Ti ratio 5 4.67 5

DCPDS/Ti ratio 0 5.3 5

DCM/Ti ratio 0 5.3 5

Temperature (°C) 55 55.5 55

Output Parameters Run 4 Run 11 Run 25 Average
Ethylene Conversion, % 81.2 85.58 86 84 86 85.3
Selectivity, % 82.3 88.5 88 88.5 88 88.2

PE production, mg 136 2.43 2.3 21 2.8 2.4
Yield, % 66.1 75.78 75.68 74.34 75.68 75.2
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concentration of materials in the optimal range. It can be concluded that the median values of each parameter were close to the optimal
values obtained from the software.

The results of comparing the optimal catalyst proposed by the software with the results of the actual catalyst close to the optimal
conditions (according to Table 4) show the high predictive power of the model. With this method, the optimal values of the studied
factors were determined. Also, in Table 4, the results of experiments with the single catalyst, without the presence of the modifier and
promoter, which were performed at 55 °C, are reported. According to these results, without the use of a modifier and promotor, the
maximum ethylene conversion was about 81.2%, while in the new complex and with the presence of a modifier and promotor, the
ethylene conversion increased to about 85.3%. With the presence of modifier and promotor, the selectivity of Butene-1 has increased
from 82.3% to about 88.2%. The yield of the catalyst without modifier and promotor is about 66.1%. After using modifier and pro-
motor, this value has increased to about 75.2%. The amount of polymer in the reaction in conventional systems without modifier and
promotor has been obtained up to about 136 mg, which has been reduced to about 2.4 mg with the presence of modifier and promotor.

4. Conclusion

In this study, the process of producing butene-1 from ethylene in the presence of a homogeneous catalyst in a laboratory high-
pressure Buchi reactor was investigated. For this purpose, ethylene was introduced at a temperature of 50-60 °C and a pressure of
17 bar in a reactor containing a liquid catalyst and a heptane solvent. DCPDS modifier and dichloromethane promoter were used to
improve the catalyst performance. A Box-Behnken design method based on response surface methodology was used for experiments.
Four factors affecting the process with three adjustable levels were studied. Process responses such as ethylene conversion rate,
selectivity, polymer production and yield were all obtained from the results of gas and liquid sample analysis at the beginning and end
of the reaction time. The optimal results obtained from the design of the experiments showed a very good agreement with the lab-
oratory data. It can be concluded that by using a DCPDS modifier and dichloromethane promoter while achieving the desired catalyst
yield, the amount of polymer formed, which is an undesirable product of the process, is greatly reduced.
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