/
o Reennes
0.00 Publishing

Journal of Materials Science and Chemical Engineering, 2017, 5, 155-167
http://www.scirp.org/journal/msce

ISSN Online: 2327-6053

ISSN Print: 2327-6045

Response Surface Methodology as an Approach
for Optimization of the Synthesis of
1-(2-Aminoethyl)-2-imidazolidone

Yaoyi He, Jianguo Cai, Yu Zhang

Chemical Engineering Research Institute, East China University of Science and Technology, Shanghai, China

Email: jgcai@ecust.edu.cn

How to cite this paper: He, Y.Y., Cai, J.G.
and Zhang, Y. (2017) Response Surface
Methodology as an Approach for Optimi-
zation of the Synthesis of 1-(2-Aminoe-
thyl)-2-imidazolidone. Journal of Materials
Science and Chemical Engineering, 5, 155-
167.
http://dx.doi.org/10.4236/msce.2017.51019

Received: March 9, 2017
Accepted: January 21, 2017
Published: January 24, 2017

Abstract

Ruthenium loaded on activated carbon pre-treated by HNO; was used to cat-
alyze the reaction of 1-(2-Aminoethyl)-2-imidazolidone (AEI) synthesized
from ethylenediamine, ethanolamine and CO,. Response surface methodology
(RSM) based on Box-Behnken design (BBD) was employed to optimize the
synthesis of AEIL The statistical analysis results showed that the yield of AEI
was significantly affected by the CO, pressure, reaction temperature and reac-
tion time. According to the results of variance analysis, the value of the de-
termination coefficient of 0.9854 was in reasonable agreement with the “Adj
R-Squared” of 0.9666, which means this model can predict the yield of AEI
well and can be used to optimize reaction conditions for higher AEI yield. The
optimal values of AEI yield predicted by RSM was 84.9% under temperature
206.51°C, CO, pressure 9.35 Mpa, reaction time 10.11 h, and the verification
experiment yield of AEI was 83.1%.
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1. Introduction

The development of efficient approach to the production of imidazolidone de-
rivative is a valued research area since many imidazolidone derivatives are wide-
ly used in pharmaceutical, material and some other field [1]. 1-(2-Ami-noe-
thyl)-2-imidazolidone, also been called AEI, is one of the most important
2-imidazolidone derivative which is widely used as intermediates in the synthesis
of tetrazolium diamine somatotropin secretagogue [2] and oxadiazoles enzyme

inhibitors [3], it can be also used as functional additive in the material field [4].
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The first synthetic method of AEI was mentioned in a patent of American in
1952 [5]. Since then, few related synthetic methods were reported. Liu has de-
signed the method using ethanolamine and imidazolidone as reactants to syn-
thesis AEI with the existence of thionyl chloride and the side-product of this
route contains HCI [6]. Ren use triethylene diamine and urea to synthesis AEI
under high temperature [7].

This is the first time to synthesize AEI from ethylene diamine, ethanolamine
and CO; catalyzed by Ru/AC. The reaction was carried out in a reactor as Equa-
tion 1, and actually it consists of two reactions (Equation 2, Equation 3). Ruthe-
nium loaded on activated carbon (AC) was used as the catalyst. CO,, one of the
reactants, exists in supercritical state which has excellent solubility and mass
transfer ability, and that would be conducive to the synthesis of AEI [8] [9] [10].

Response surface methodology (RSM) is an effective method of optimizing
process conditions, it can collectively optimize all the affecting parameters to
eliminate the limitations of a single factor optimization process, it’s also an ef-
fective way to identify the important factor among a large number of variables.
RSM, which includes factorial design and regression analysis, helps in evaluating
the important factors, building models to study the interaction between the va-
riables, and selecting the optimum conditions of variables or desirable responses.
[11] [12].

2. Experimental
2.1. Materials

Anhydrous ethylenediamine and ethanolamine, analytically pure, were purchased

(0]

)J\ NH,
NH, /\/OH A N/\/
C02 + H2N/\/ + H2N — + 2H20

Equation 1. Reaction equation of the synthesis of AEL

N)kNH

NH, ’
co, + HZN/\/ —> + H,0

Equation 2. 2-Imidazolidone synthesized from ethylenediamine and COs..

0 (e

)’L NH
HNJKNH OH HN N/\/ 2
¥ HZN/\/ - + H0

Equation 3. AEI synthesized from 2-imidazolidone and ethanolamine.
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from Shanghai Lingfeng Chemical reagent Industrial Co., Ltd., China. High-
purity hydrogen and CO, (>98%v/v), Shanghai Wujing Industrial Co., Ltd.,,
China and directly used from a cylinder. Ruthenium (RuCls-3H,O, Ru = 37%),
the AC carrier were purchased from Sinopharm Chemical Reagent Co., Ltd.,
China. Reference AEI (>98%), Sigma-Aldrich.

2.2. Catalyst Preparation

It was reported that there are oxygen containing functional groups and nitrogen
containing functional groups on the surface of AC [13], and those groups (espe-
cially oxygen containing functional groups) has proven to be the depocenter of
metal which loaded on AC. Treated by acidic or alkaline can change the quanti-
ties of groups on the surface of AC [14] [15]. The more oxygen containing func-
tional groups contains on the surface of AC is, the easier solution of metal salts
conducts with surface of AC.

AC was pre-treated by 20% nitric acid (HNO;-TAC), 20% hydrochloric acid
(HCI-TAC) and 2 mol/L sodium hydroxide (NaOH-TAC) before ruthenium
loaded on it. Those pre-treated AC would be tested by Boehm titration method
to confirm the amount of oxygen containing functional groupssince those func-
tional groups would make it easier for Ru** to contact with and to load on the
surface of AC.

The 1% Ru/TAC catalyst was prepared by incipient-wetness impregnation
method. RuCls:3H,0 was dissolved in a certain amount of water, TAC was add-
ed to the resulting solution with stirring. After 12 hours, NaOH was added into
solution above, stirring for another 12 hours. The Ru**/TAC was reduced under
5 MPa, 240°C for 4 hours.

2.3. Synthesis of AEI

The schematic diagram of reaction system is given in Figure 1. Synthesis of AEI
was carried out in a 140 ml high pressure reactor. 1.5 g of 1% Ru/TAC, 1.5 g
ethylenediamine and 1.5 g ethanolamine were loaded into the reactor, assemble
the reaction equipment. Flush the reactor with CO, twice, heat the reactor to the
required temperature and then fill the reactor with CO, to required pressure.

When the reaction finish, the liquid product is separated from the catalyst by

—( 2 = oo =Tk

Figure 1. Schematic diagram of reaction system. 1. CO: cylinder, 2.CO, Compressor, 3.

High pressure reactor, 4. Heater and magnetic agitator, 5. Temperature controller.
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filtration and was analyzed by GC-FID (capillary column, 50 m x 0.32 mm X
0.52 um, Agilent Technologies Inc.).

3. Results and Discussion
3.1. The TAC and Its Catalysis

Boehm titration [16] is a method of titration which can confirm the amount of
oxygen containing functional groups since NaHCOj3 can only react with carbox-
yle on the surface of TAC, Na,COj; can react with carboxyle and lactonic group
on the surface of TAC and NaOH can react with carboxyle, lactonic, phenolic
hydroxyl group on the surface of TAC. The results of Boehm titration are in Ta-
ble 1. As it shows in Table 1, the amount of oxygen containing functional
groups on the surface of HNO;-TAC was increased a lot, while HCI-TAC just
had a slight increase comparing with AC. It can also be seen that the amount of
oxygen containing functional groups on the surface of NaOH-TAC was de-
creased comparing with AC.

Load 1% ruthenium on those TAC and use them to synthesis AEI, results
were in Table 2. From Table 2, it can be seen that Ru/HNO;-TAC has a better
catalytic activity than those of others under 6 MPa, 200°C, 8 hours.

3.2. Single Factor Experiment

3.2.1. Effect of CO; Pressure

To evaluate the influence of the CO, pressure, AEI was synthesized at fixed
temperature of 220°C and reaction time of 10 hours with 1% Ru/HNO;-TAC as
catalyst. The CO, pressure was varied from 6 MPa to 12 MPa. Results are shown
in Figure 2, as it can be seen from Figure 2, the yield of AEI is significantly af-
fected by the CO, pressure. When the CO, pressure increases to 8 MPa, the yield
of AEI reach the maximum value, while the CO, pressure exceed 8 MPa, the
yield of AEI decrease. The possible reason was that when CO, pressure was un-
der 8 MPa, increase of CO, pressure is good for the generation of 2-imidazoli-
done, while continually increase the CO, pressure will dilute ethanolamine, and
influence and affect the second step of the reaction (Equation 3). What’s more,

CO; can interact with the amidogen of 2-imidazolidone, that impede the reaction

Table 1. Concentration of oxygen containing functional groups on the surface of TAC.

Carboxyle (mol/g) Lactonic (mol/g) Phenolic hydroxyl group (mol/g)

HNOs-TAC 5.732 x 107* 3.264 x 107 1.716 x 107™*
HCI-TAC 2,937 x 107 1.992 x 107 8.143 x 107
NaOH-TAC 7.237 x 107 9.027 x 107 2.719 x 107°
AC 2.058 x 107 1.773 x 107* 5.638 x 107

Table 2. Influence of Ru/TAC on the yield of AEL

Catalyst Ru/HNOs;-TAC Ru/HCI-TAC Ru/HNO;-TAC Ru/AC
Yield of AEI 64.4% 55.9% 37.7% 53.2%
2
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Figure 2. Influence of CO; pressure reaction conditions: T = 220°C, t =10 h.

between 2-imidazolidone and ethanolamine [17] and cause decrease of the yield
of AEIL

3.2.2. Effect of Temperature

Reaction temperature is also a critical factor for this reaction. Synthesis of AEI
was studied in fixed CO, pressure 8 MPa and reaction time 10 h, reaction tem-
perature ranges from 160°C to 240°C, and experimental results are shown in
Figure 3. As seen from Figure 3, yield of AEI is significantly affected by the
reaction temperature. As the reaction temperature increases to 200°C, the yield
of AFEI reach the maximum value. That means a higher temperature can raise the
conversion of ethylenediamine and the yield of AEI. When the reaction temper-
ature keeps increasing, there would be carbonization reaction carried out in the
reactor. It can be observed that the color of final product is becoming deeper as

the reaction temperature increasing.

3.2.3. Effect of Reaction Time

Fix the reaction temperature to 220°C and the CO, pressure to 8 MPa, the in-
fluence of reaction time on the conversion of ethylenediamine and Yield of AEI
has been studied. The results are shown in Figure 4. The yield of AEI reach the
maximum value when reaction time is 10 h, then it decreased as reaction time
continue increasing. The reason may be a side reaction, which may cause the
hydrolysis of amidogen on AEI to generate 1-(2-ethoxy)-2-imidazolidone since
concentration of 1-(2-ethoxy)-2-imidazolidone continually increase when reac-

tion is more than 10 h.
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Figure 3. Influence of reaction temperature reaction conditions: P = 8 MPa, t = 10 h.
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Figure 4. Influence of reaction time reaction conditions: T = 220°C, P = 8 Mpa.

4. Response Surface Experiment Design

On the basis of results and analysis of single factor experiments, a Box-Behnken
design has been employed to figure out the degree of variables affect the yield of
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AEL In this design, the effects of three independent factors, A (reaction temper-
ature), B (CO, pressure), C (reaction time), was examined at three levels: —1 for
the low level,0 for the median and +1 for the high level. Table 3 illustrates the
factors and their corresponding levels used in the experiment design. The values
of three levels were set according to the previous single factor experiments.

The Box-Behnken design and values of synthesis of AEI are shown in Table 4.
It shows the Box-Behnken design for 3 factors number has 17 experiments. The
experimental sequence was randomized in order to minimize the effects of the
uncontrolled factors, five experiments are repeated in order to estimate the ex-
perimental error. Multiple regression analysis was used to analyze the data and

thus a second-order polynomial equation was derived, as follows:
yield = —19.50387 + 0.15074 * A+ 0.66512 * B +0.33194*C — 7.375%10 ™" * A* B
+6.25%10° * A*C —8.125%10° * B*xC —3.48437 %10 * = A
—0.023031*B? —0.012719*c?

Table 3. Factors levels table of response surface experiments.

Factors
level
A (Temperature/°C) B (CO: pressure/MPa) C (time/h)
-1 180 8 8
0 200 10 10
220 12 12

Table 4. Scheme and results of response surface experiments.

Experiment number A B C Yield of AEI
1 -1 1 0 49.6%
2 1 0 -1 70.2%
3 -1 0 1 57.3%
4 0 0 0 82.8%
5 0 -1 1 74.2%
6 0 0 0 81.9%
7 0 0 0 83.3%
8 0 1 -1 69.3%
9 1 0 1 73.3%
10 0 0 0 82.5%
11 0 1 1 57.8%
12 1 -1 1 75.6%

13 0 0 0 81.2%
14 -1 0 -1 54.3%
15 0 -1 -1 72.7%
16 1 1 0 60.2%
17 -1 -1 0 53.2%
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4.1. Data Analysis and Evaluation of the Model by RSM [18]

Results of variance analysis for this regression model are shown in Table 5. As
shown in Table 5, the model “F-value” of 52.47 implies the model is significant.
Value of “Prob > F” less than 0.0500 indicate that model terms are significant. In
this case, linear terms of A, B, C, quadratic terms of A% B? C? and interactive
terms of AB and BC are significant for the yield of AEL Values greater than
0.1000 indicates that the model terms are not significant, interactive term AC is
not significant for the yield of AEIL. The R? (coefficient of determination) value
was 0.9854, which means 98.54% variability of the total variation in the yield of
AFI is attributed to the experimental variables studies, “Adj R-Squared” valued
0.9666 indicated good agreement between the experimental and the predicted
values ,and the adequate precision (greater than 4 is desirable) is the signal to

noise ratio valued 20.026.

4.2. Response Surface Analysis

The graphical representations of the regression model, called the response sur-
face plots (3D) and their corresponding contour plots (2D) were obtained using
Design-Expert software and presented in Figures 5-7, where each response sur-
face plot showed the effect of two independent factors while the third factor was
hold at zero levels. Whether the mutual interaction between the independent
factors is significant or not can be indicated by the shape of the corresponding
contour plot, and the optimum point always lies in the area around the peak.
Figure 5 show the effects of reaction temperature and CO, pressure on the

yield of AEI while reaction time were kept at zero level, it was shown that the

Table 5. Variance analysis of regression model.

Sum of Mean P-value

Source square df square F value Prob > F significance
Model 0.22 9 0.24 52.47 <0.0001 P
A-temperature 0.053 1 0.053 112.94 <0.0001 S
B-pressure 0.019 1 0.019 40.37 0.0004 S
C-time 1.901E-004 1 1.901E-004 0.41 0.0434 peS
AB 3.481E-003 1 3.481E-003 7.47 0.0292 peS
AC 2.500E-007 1 2.500E-007  5.363E-004 0.9822
BC 4.225E-003 1 4.225E-003 9.06 0.0196 peS
A? 0.082 1 0.082 175.45 <0.0001 S
B? 0.036 1 0.036 76.65 <0.0001 S
C? 0.011 1 0.011 23.38 0.0019 S
Residual 3.263E-003 7 3.263E-003

Lack of fit 3.263E-003 3 3.263E-003
Pure error 0.000 4 0.000

Cor total 0.22 16

Where > means this factor had a significant effect on the yield of AEIL
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Figure 5. Response surface and contours of temperature and CO; pressure.

yield of AEI increases as reaction temperature and CO, pressure increase to op-
timum values, then the yield of AEI decreases when reaction temperature and
CO, pressure keep increasing. And the 2D corresponding contour plot showed a
clearly elongated running diagonally on plot which suggesting interaction be-
tween reaction temperature and CO, pressure has a significant effect on the yield
of AEL

The effects of reaction temperature and reaction time on the yield of AEI at
zero level of CO, pressure are shown in Figure 6. The yield of AEI increases as
the reaction temperature increases from 180°C to 200°C, but further increase of
reaction temperature showed a declining tendency of the yield of AEIL. The 2D
contour plot suggesting that reaction time and reaction temperature were inde-
pendent and there was insignificant interaction on the yield of AEI between

reaction time and reaction temperature.
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Figure 6. Response surface and contours of temperature and reaction time.

Effects on the yield of AEI produced by the interaction between reaction time
and CO; pressure are donated in Figure 7. As reaction time increases, the yield
of AEI increases when the CO, pressure is under 10 MPa, but when the CO,
pressure increases to higher than 10 Mpa, the yield of AEI decreases. And the 2D
corresponding contour plot reveals that the effect of CO, pressure and reaction
time on the yield of AEI is very significant.

4.3. Optimal Conditions and Verification of the Model

As a result of the response surface model, the optimal condition for the yield of
AEI was at 206.51°C, 9.35 Mpa, 10.11 h. The predicted value of the yield of AEI
under the optimal condition is 84.9%. A verification experiment was carried
under 207°C, 9.4 MPa, 10.1 h, and the yield of AEI was 83.1% which was very
close to the response surface model predicated value, 84.9%, of the AEI yield.
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5. Conclusion

1-(2-Aminoethyl)-2-imidazolidone was synthesized from ethylenediamine,
ethanolamine and CO, catalyzed by Ruthenium loaded on TAC pre-treated by
HNOs. There will be more oxygen containing functional groups on the surface
of AC while pre-treated by HNO; and that made HNO;-TAC a better carrier for
Ruthenium in this reaction. Box-Behnken Design of response surface metho-
dology was successfully employed to optimize conditions for this reaction and
the results of variance analysis for this regression model shows that the model
can predict the experimental results very well. The optimal conditions predicted
by the model are reaction temperature 206.51°C, CO, pressure 9.35 MPa and
reaction time 10.11 h, the predicted yield of AEI was 84.9%, and experimental
result carried out at reaction temperature 207°C, CO, pressure 9.4 MPa and

reaction time 10.1 h was 83.1%.
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