
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 8
:1

3:
07

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A mathematical m
aSchool of Pharmacy, Jilin Medical Univers

E-mail: cxtpxedu@163.com; zirenjlcc@jlmu
bQueen Mary College, Nanchang Universit

China

Cite this: RSC Adv., 2023, 13, 10703

Received 28th February 2023
Accepted 27th March 2023

DOI: 10.1039/d3ra01363d

rsc.li/rsc-advances

© 2023 The Author(s). Published by
odel of catalyst combination
design and temperature control in the preparation
of C4 olefins through ethanol coupling

Pengxiang Tang, a Hongting Li, b Xiaomei Zhang *a and Xin Sun *a

The preparation of C4 olefins through ethanol catalytic coupling is a crucial area of study. According to the

experimental data obtained by a chemical laboratory for different catalysts at different temperatures, three

mathematical models were developed to provide insights into the relationships among ethanol conversion

rate, C4 olefins selectivity, yield, catalyst combination, and temperature. The first model is a nonlinear fitting

function that analyses the relationships among ethanol conversion rate, C4 olefins selectivity, and

temperature under varying catalyst combinations. Two-factor analysis of variance was employed to

determine the influence of catalyst combinations and temperatures on ethanol conversion rate and C4

olefins selectivity. The second model is a multivariate nonlinear regression model that describes the

relationships among the yield of C4 olefins, catalyst combination, and temperature. Finally, an

optimization model was derived based on the experimental conditions; it provides a solution for the

selection of the optimal catalyst combinations and temperatures to achieve the maximum yield of C4

olefins. This work has significant implications for the field of chemistry and the production of C4 olefins.
Introduction

Ethanol is a clean, easily obtained raw material that chemical
industry methods and biological fermentation techniques can
produce. Biological fermentation is the popular primary tech-
nology and uses corn, sugarcane, and other crops as raw
materials to produce ethanol.1 As the technology matures and
the scale of use expands, the industrial application of ethanol as
a raw material is also increasing. For example, ethanol is
a renewable fuel that can be used in engines.2 It can also be used
as a coolant in various metal–organic frames and similar
applications,3 which has broad prospects for producing high-
value-added products, such as C4 olens, an essential primary
chemical raw material. C4 olens can be obtained through uid
catalytic cracking (FCC) or from byproducts in ethylene
cracking reactions. Isobutene can be converted into methyl tert-
butyl ether (MTBE) by methanol etherication,4,5 and is one
gasoline additive. The reaction mechanism of preparation of C4

olens by ethanol coupling is the Prince mechanism,6 or aldol
condensation mechanism.7

The preparation of C4 olens through ethanol coupling is
very complicated, and the mechanism of the reaction must be
further studied. In the preparation of C4 olens through ethanol
coupling, it is crucial to control the temperature and catalyst
ity, Jilin, Jilin Province, 132013, China.

.edu.cn; sunxin@jlmu.edu.cn

y, Nanchang, Jiangxi Province, 330000,

the Royal Society of Chemistry
design.8 In an experiment in China, Lv9 designed a Co/SiO2-HAP
catalyst with both acid and base activities on the surface that is
aimed at the preparation of C4 olens using ethanol. She
studied the optimum conditions for the catalyst charging ratio
and reaction temperature in a chemical experiment; her
conclusions are consistent with those of this article which
employs a mathematical modelling method. Ge10 studied the
selective superposition process of mixed C4 olens using
experimental methods and investigated the inuence of reac-
tion conditions on the selective superposition of mixed C4

olens, such as temperature, air speed, and pressure. Through
such experiments, it has been concluded that the selectivity of
C4 olens will be signicantly reduced if the temperature drops,
which supports the ndings obtained from the analysis of
experimental data in this paper.

However, using experimental data, the mathematical
modelling method can be employed to study the quantitative
relationship and optimal design in the preparation of C4 olens
through ethanol coupling, which is an interdisciplinary
method. Mathematical modelling is widely used in various
elds. For example, it has been applied to identify an optimi-
zation strategy to improve the performance of microbial fuel
cells11 and to assess the risk of airborne transmission of COVID-
19.12 Moreover, it has been used for drug discovery and devel-
opment.13 In examining the preparation of C4 olens by ethanol
coupling, Li et al.14 established the Analytic Hierarchy Process/
Entropy Weight Method-Technique for Order Preference by
Similarity to Ideal Solution (AHP/EWM-TOPSIS) and built
a production-quality C4 olens assessment system. With the
RSC Adv., 2023, 13, 10703–10714 | 10703
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Table 1 Experimental Data 1 (catalyst combination, temperature, ethanol conversion rate, experimental selectivity)

Catalyst combination
number Catalyst combination

Temperature
(°C)

Ethanol
conversion rate (%)

Ethylene
selectivity (%)

C4 olens
selectivity (%)

Acetaldehyde
selectivity (%)

A1 200 mg 1 wt% Co/SiO2-200 mg HAP-
ethanol concentration 1.68 ml min−1

250 2.07 1.17 34.05 2.41
275 5.85 1.63 37.43 1.42
300 14.97 3.02 46.94 4.71
325 19.68 7.97 49.70 14.69
350 36.80 12.46 47.21 18.66

A2 200 mg 2 wt% Co/SiO2-200 mg HAP-
ethanol concentration 1.68 ml min−1

250 4.60 0.61 18.07 0.94
275 17.20 0.51 17.28 1.43
300 38.92 0.85 19.60 2.21
325 56.38 1.43 30.62 3.79
350 67.88 2.76 39.10 4.20

A14 33 mg 1 wt% Co/SiO2-67 mg HAP-ethanol
concentration 1.68 ml min−1

250 2.50 0.14 1.89 2.63
275 5.30 0.14 2.55 2.80
300 10.2 0.25 3.61 4.07
350 24.0 1.04 10.83 6.25
400 53.6 2.92 22.30 7.22

B1 50 mg 1 wt% Co/SiO2-50 mg HAP-ethanol
concentration 1.68 ml min−1

250 1.40 0.10 6.32 5.70
275 3.40 0.19 8.25 4.03
300 6.70 0.45 12.28 4.11
350 19.3 1.22 25.97 4.40
400 43.6 3.77 41.08 4.13

B7 100 mg 1 wt% Co/SiO2-100 mg HAP-
ethanol concentration 0.9 ml min−1

250 4.40 0.13 4.08 2.04
275 7.90 0.15 6.62 3.49
300 11.70 0.20 12.86 6.47
325 17.80 1.42 18.45 7.94
350 30.20 1.53 25.05 10.30
400 69.40 2.51 38.17 13.96

Table 2 Experimental Data 2 (given catalyst combinations at 350 °C)

Time (min)
Ethanol conversion
rate (%)

Selectivity (%)

Ethylene selectivity
C4 olens
selectivity

Acetaldehyde
selectivity

20 43.50 4.23 39.90 5.17
70 37.80 4.28 38.55 5.60
110 36.60 4.46 36.72 6.37
163 32.70 4.63 39.53 7.82
197 31.70 4.62 38.96 8.19
240 29.90 4.76 40.32 8.42
273 29.90 4.68 39.04 8.79
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support of the evaluation system, the improved mixed congru-
ence method was used to simulate the production conditions of
the preparation of C4 olens through ethanol coupling and to
construct the reverse neural network (BPNN). Then, the optimal
scoring production scheme at different temperatures was
determined using the mathematical model. Wang et al.15

employed a logistic regressionmodel to analyse the relationship
between ethanol temperature and conversion rate with C4

olens selectivity in C4 olens preparation through ethanol
coupling. The relationship between different catalysts and
temperature with the maximum yield of C4 olens was also
examined by constructing a neural network. Zhang et al.16

conducted a two-dimensional visualisation analysis using
experimental data on ethanol-coupled C4 olens and used
clustering analysis for different catalyst combinations. Finally,
10704 | RSC Adv., 2023, 13, 10703–10714
a BPNN was used to calculate the reaction conditions for the
maximum yield of ethanol-coupled C4 olens. However, these
studies have all been conducted from a single point of view,
giving us an incomplete and unsystematic understanding of the
preparation of C4 olens by ethanol coupling.

Therefore, based on the experimental data collected from the
reactions of preparing C4 olens through ethanol coupling, this
paper systematically analysed and solved the four-part problem
using mathematical modelling. In the rst part, based on the
characteristics of the experimental data and on the premise of
the unknown reaction mechanism, the relationships among the
key components, such as ethanol, C4 olens, and temperature,
were analysed, and different tting functions were compared. In
the second part, a specic constant catalyst combination and
reaction temperature were selected to study the data
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Symbols and definitions of the parameters

Parameter Explanation

T Temperature
t Time
i Combination number
Ai Catalyst combination number using charging method I in

Table 1
Bi Catalyst combination number using charging method II in

Table 1
Y(T) Ethanol conversion rate, corresponding to a specic catalyst

combination and temperature (%)
P(T) C4 olens selectivity, corresponding to a specic catalyst

combination and temperature (%)
yI Yield of C4 olens in charging method I
yII Yield of C4 olens in charging method II
x1 Co load
x2 Co/SiO2

x3 HAP
x4 Amount of ethanol added per minute

Fig. 1 Scatter plot of temperature T and ethanol conversion rate Y in
catalyst group A1.

Fig. 2 Fitting function diagram of temperature T and ethanol
conversion rate Y in catalyst group A1.
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characteristics of specic indexes of the reaction components
under different experimental time, which has further explained
how the reaction conditions change over time. In the third part,
the inuence of varying catalyst combinations and tempera-
tures on the critical indexes of ethanol conversion rate and C4

olens selectivity were analysed using experimental data. In the
fourth part, the yield of C4 olens in the reaction was calculated
according to the experimental data, and a multivariate
nonlinear model of C4 olens yield with catalyst and
© 2023 The Author(s). Published by the Royal Society of Chemistry
temperature was established. A reasonable optimisation model
was established to nd the optimum catalyst combination and
corresponding temperature under different charging methods.

The general reaction process of preparing C4 olens through
ethanol coupling is as follows:

Ethanol þ catalyst ��������!combination

Temperature
C4 olefinsðmain productÞ

þ by� products (1)

A chemical laboratory has conducted several experiments
on the preparation of C4 olens through ethanol coupling. The
corresponding experimental data were obtained by changing
the experimental conditions of catalyst combination (Co
loading, Co/SiO2, HAP loading ratio, ethanol concentration)
and temperature. In Experimental Data 1, there are 21 groups
of catalyst combinations (14 groups of class A, 7 groups of class
B). Each group contains ve temperatures and the corre-
sponding ethanol conversion rates, ethylene selectivity, C4

olens selectivity, acetaldehyde selectivity, carbon number 4–
12 fatty alcohol selectivity, methyl benzaldehyde and methyl
benzyl alcohol selectivity, and the experimental data for the
selectivity of other products. Experimental Data 2 comprises
data of unknown catalyst combinations at 350 °C at six time
points and contains the ethanol conversion rate, C4 olens
selectivity, and so on. It is of great practical signicance to
study the inuence of changing temporal conditions on C4

olens selectivity and C4 olens yield. It is also important to
use existing experimental data and results to analyse and
explore the reactions of C4 olens preparation through ethanol
coupling.

Experimental design
Data sources

The original experimental data used in this paper are from
Question B of the 2021 Higher Education Community Cup
National Mathematical Contest in Modelling for College
Students;17 charging method I was used in catalyst experi-
ments A1–A14, and charging method II was used in catalyst
experiments B1–B7. Some experimental data are shown in
Tables 1 and 2, and the parameters used in this paper are
presented in Table 3.

The relationships among ethanol
conversion rate, selectivity of C4

olefins, and temperature under each
catalyst combination

The relationships among temperature change and selectivity of
ethanol conversion rate and C4 olens are studied in different
catalyst combinations. The experimental data in Tables 1 and 2
have been preliminarily analysed using scatterplots. The nd-
ings indicate that the temperature changes in different catalyst
combinations have some relationships with ethanol conversion
rate and C4 olens selectivity. The curve tting toolbox (cool)
RSC Adv., 2023, 13, 10703–10714 | 10705
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Table 4 Fitting functions of temperature T, ethanol conversion rate Y(T), and C4 olefins selectivity P(T) in different catalyst combinations

Catalyst combination Temperature T and ethanol conversion rate Y(T) Temperature (T) and C4 olens selectivity (P)

A1

YðTÞ ¼ 315:6 e
�
�
T � 569:3

149:2

�2

PðTÞ ¼ 48:84 e
�
�
T � 311:9

128:8

�2

A2

YðTÞ ¼ 67:38 e
�
�
T � 350:1

64:69

�2 P(T) = 30.58 − 4.786 cos(T × 0.02781) − 13.58
sin(T × 0.02781)

A3

YðTÞ ¼ 88:13 e
�
�
T � 441:1

129:1

�2

PðTÞ ¼ 54:91 e
�
�
T � 416:1

107:6

�2

A4

YðTÞ ¼ 540:6 e
�
�
T � 650:8

456:8

�2

PðTÞ ¼ 88:23 e
�
�
T � 575:9

202:2

�2

A5 Y(T) = 436 100 000 − 436 100 000 × cos(T ×

3.831 × 10−6) − 436 500 × sin(T × 3.831 ×
10−6)

PðTÞ ¼ 194 e
�
�
T � 668:7

210:6

�2

A6 Y(T) = 0.02233 e0.01849T P(T) = 0.02233 e0.01849T

A7 Y(T) = 29.36 − 74.96 × cos(T × 0.005311) +
8.471 × sin(T × 0.005311)

P(T) = 48.03 + 20.86 × cos(T × 0.008251) −
36.75 × sin(T × 0.008251)

A8

YðTÞ ¼ 101:9 e
�
�
T � 522:1

158:3

�2

PT ¼ 57:26 e
�
�
T � 489:5

157:2

�2

A9 Y(T) = 0.006922 e0.0217T

PðTÞ ¼ 42:7 e
�
�
T � 414:6

115:1

�2

A10

YðTÞ ¼ 92:52 e
�
�
T � 522

112:6

�2 P(T) = 0.01622 e0.01605T

A11

YðTÞ ¼ 401 e
�
�
T � 604:2

128:9

�2

PðTÞ ¼ 9:625 e
�
�
T � 450:2

113:6

�2

A12

YðTÞ ¼ 93:32 e
�
�
T � 512:9

131:2

�2

PðTÞ ¼ 87:06 e
�
�
T � 594:6

208:3

�2

A13

YðTÞ ¼ 349:3 e
�
�
T � 636:6

160:7

�2

PðTÞ ¼ 27:98 e
�
�
T � 396:6

109:2

�2

A14

YðTÞ ¼ 262:1 e
�
�
T � 623:3

177:2

�2

PðTÞ ¼ 72:09 e
�
�
T � 579:3

165:7

�2

B1

YðTÞ ¼ 97:87 e
�
�
T � 520:4

133:9

�2 P(T) = 29.49 + 22.79 × cos(T × 0.01355) + 4.235
× sin(T × 0.01355)

B2 Y(T) = 0.01647 e0.01978T P(T) = 0.01647 e0.01978T

B3

YðTÞ ¼ 344:7 e
�
�
T � 647:6

148:2

�2 P(T) = 28.25 + 25.07 × cos(T × 0.0129) + 0.401 ×
sin(T × 0.0129)

B4

YðTÞ ¼ 106100000 e
�
�
T � 1666

327:3

�2

PðTÞ ¼ 47:84 e
�
�
T � 582

202:4

�2

B5 Y(T) = 0.01256 e0.02046T P(T) = 26.29 + 14.19 ×cos(T × 0.009524) − 17.19
× sin(T × 0.009524)

B6

YðTÞ ¼ 160200 e
�
�
T � 1340

335:8

�2 P(T) = 17.29–11.31 × cos(T × 0.02212) + 6.735 ×

sin(T × 0.02212)

B7

YðTÞ ¼ 15150 e
�
�
T � 1054

281:7

�2

PðTÞ ¼ 41:39 e
�
�
T � 435

121:7

�2
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View Article Online
in MATLAB was used for preliminary data tting.18 Through
comparing the coefficients of determination, R2, and the
residuals among various tting functions, a better tting
function was obtained. Then their correlation was analyzed.19

Next, the data in Table 2 were classied. Since the time data are
not uniformly distributed but are complete, spline interpolation
was used to supplement the complete time data. The selectivity
data were analysed using scatterplots and were processed
according to the data trends.
10706 | RSC Adv., 2023, 13, 10703–10714
Model 1: nonlinear curve tting of ethanol conversion rate, C4

olens, and temperature

The original experimental data in Table 1 suggest that the
temperature increases from 250 °C in each group of catalysts.
There are specic changes in the ethanol conversion rate Y and C4

olens selectivity P, which were the core elements of the experi-
ment. MATLAB soware was used to draw each catalyst combi-
nation scatter plot of temperature and ethanol conversion rate.
For example, the relationship between temperature T and ethanol
conversion rate Y in catalyst group A1 is shown in Fig. 1.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Experimental Data 2: results of spline interpolation every 20
minutes

Time
(min)

Ethanol
conversion
rate (%)

Selectivity (%)

Ethylene
selectivity

C4 olens
selectivity

Acetaldehyde
selectivity

20 43.55 4.23 39.90 5.17
40 39.99 4.21 40.27 5.30
60 38.24 4.25 39.28 5.48
80 37.49 4.32 37.82 5.75
100 36.98 4.41 36.79 6.13
120 35.93 4.51 37.05 6.65
140 34.33 4.59 38.38 7.25
160 32.88 4.63 39.47 8.06
180 32.14 4.62 39.31 8.06
200 31.61 4.63 38.97 8.21
220 30.72 4.69 39.57 8.31
240 29.85 4.76 40.32 8.42
260 29.55 4.76 40.15 8.61
280 30.34 4.61 37.99 8.92

Fig. 6 Grey prediction model to predict acetaldehyde selectivity.

Fig. 3 Expectancy map of the grey prediction model for ethanol
conversion rate in Table 5.

Fig. 4 qq diagram of ethylene selectivity in Table 2.

Fig. 5 Normal qq verification plot for C4 olefins selectivity analysis.

Fig. 7 Catalyst combination-temperature-ethanol box diagram. Note:
the abscissa represents the catalyst group number, and the ordinate
represents the ethanol conversion rate.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The preliminary analysis of the gure indicates a specic
relationship between the temperature T of the A1 catalyst and
ethanol conversion rate Y; the curve tting toolbox in MATLAB
RSC Adv., 2023, 13, 10703–10714 | 10707
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Table 6 Catalyst combination, temperature, and ethanol conversion rate data

Ethanol conversion rate at.

Catalyst combination 250 °C 275 °C 300 °C 325 °C 350 °C 400 °C

A1 2.07 5.85 14.97 19.68 36.80 87.09
A2 4.60 17.20 38.92 56.38 67.88 77.88
A3 9.70 19.20 29.30 37.60 48.90 83.70
A4 4.00 12.10 29.50 43.30 60.50 88.40
A5 14.80 12.40 20.80 28.30 36.80 76.00
A6 13.40 12.80 25.50 39.50 55.80 83.30
A7 19.70 29.00 40.00 49.30 58.60 76.00
A8 6.30 8.80 13.20 21.06 31.70 56.10
A9 2.10 3.00 4.70 8.00 13.40 40.80
A10 0.30 1.00 1.70 4.30 9.00 28.60
A11 0.20 0.50 1.60 3.70 8.20 32.60
A12 1.40 3.50 6.90 12.00 19.90 44.50
A13 1.30 2.30 4.10 8.10 14.60 40.00
A14 2.50 5.30 10.20 15.40 24.00 53.60
B1 1.40 3.40 6.70 11.60 19.30 43.60
B2 2.80 4.40 6.20 10.10 16.20 45.10
B3 0.40 0.60 1.10 3.30 6.00 21.10
B4 0.50 1.10 3.00 6.10 9.60 33.50
B5 2.10 3.80 5.80 9.80 15.90 45.00
B6 2.80 7.50 12.60 15.90 27.00 63.20
B7 4.40 7.90 11.70 17.80 30.20 69.40

Fig. 9 Surface plot of ethanol conversion rate with catalyst combi-
nation and temperature.
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was used for tting. In the chemical reaction with an unknown
mechanism, the most suitable curve model was selected
according to the data distribution in the scatter plot.20 The
known values increased in the change of temperature-to-
ethanol conversion rate, which accorded with the exponential
model. However, the ethanol conversion rate is unlikely to grow
explosively, as in an exponential model, and it is unlikely to
exceed or equal 100%, so the exponential model was not
adopted. At the beginning the trend of ethanol conversion rate
increases with the temperature, and then at a certain point of
time, it decreases, and it does not change periodically hence.21

Therefore, the relation equation should be obtained by tting
the Gaussian distribution model;22 the same is true for the
selectivity of C4 olens (Fig. 2).
Fig. 8 Box plot of ethanol conversion rate for six temperature groups.
Fig. 10 Contour plot of ethanol conversion rate with catalyst
combination and temperature.

10708 | RSC Adv., 2023, 13, 10703–10714 © 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra01363d


Fig. 13 Surface chart of C4 olefins selectivity with catalyst combina-
tion and temperature.
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According to the curve tting, the relationship between
temperature T and ethanol conversion rate Y satised the
equation:

YðTÞ ¼ 315:6 e
�

�
T � 569:3

149:2

�2

(2)

The residual value is 13.6410, and the coefficient of deter-
mination, R2, is 0.9817, indicating an excellent t.

By comparing the R2 and residual values, the closer R2 is to
1, the better, and the smaller the residual value is, the better.
Furthermore, considering the simplicity of the equation, the
tting functions of ethanol conversion rate, C4 olens selec-
tivity, and temperature under the other catalyst groups
(groups A02–A14 and B01–B07) could be obtained, as shown
in Table 4.

According to the tting functions in Table 4, the corre-
sponding values of ethanol conversion rate and C4 olens
conversion at a given temperature under each catalyst combi-
nation can be calculated.
Fig. 11 Catalyst combination-temperature-C4 olefins selectivity.

Fig. 12 Box plot of C4 olefins selectivity for six temperature groups.

Fig. 14 Contour map of C4 olefins selectivity with catalyst combina-
tion and temperature.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Using the data in Table 2, the experimental results under
different experiment times were analysed with a specic
constant catalyst and 350 °C constant temperature. However,
the experiment time in Table 2 is not equally spaced, and the
data do not accord with the basic principles of the experiment,
so the analysis could not be completed. Therefore, primary
treatment should be completed for the data. Using spline
interpolation,23 starting from 20 minutes, ethanol conversion
rates and selectivity indexes were calculated at an isometric
time point every 20 minutes. The results are shown in Table 5.

The results presented in Table 5 suggest that the ethanol
conversion rate decreases monotonically with time, and acet-
aldehyde selectivity increases with time. The other data uc-
tuate around their means. The grey prediction model GM
(1,1)24,25 could describe the relationship between time and
ethanol conversion rate. It was used to predict the ethanol
conversion rate (%); the results are shown in Fig. 3.

Fig. 3 illustrates that the ethanol conversion rate decreased
with the increase in reaction time, but the rate of decline also
decreased over time. It stabilized at about 29% when the reac-
tion time was 260 minutes.

Analysis of ethylene selectivity. The ethylene selectivity
values in Table 5 uctuate around the mean and are believed to
follow a normal distribution, so the qq diagram (Fig. 4) was
RSC Adv., 2023, 13, 10703–10714 | 10709
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Table 7 Data for catalyst combination-temperature–C4 olefins yield

Yield at.

Category 250 °C 275 °C 300 °C 325 °C 350 °C 400 °C
A1 0.70 2.19 7.03 9.78 17.37 40.81
A2 0.83 2.97 7.63 17.26 26.54 33.83
A3 0.53 1.55 4.98 10.79 18.03 44.73
A4 0.39 1.04 3.16 8.18 16.48 36.28
A5 0.29 0.83 2.11 3.93 6.90 29.06
A6 0.44 0.91 1.83 3.52 5.94 31.11
A7 1.13 1.91 3.53 6.77 10.92 25.28
A8 0.35 0.75 1.82 4.29 8.21 23.24
A9 0.11 0.29 0.76 1.89 4.16 17.15
A10 0.01 0.02 0.04 0.12 0.30 2.94
A11 0.00 0.01 0.03 0.11 0.36 2.58
A12 0.09 0.28 0.78 2.01 4.43 19.83
A13 0.07 0.18 0.52 1.47 3.43 11.18
A14 0.05 0.14 0.37 1.11 2.60 11.96
B1 0.09 0.28 0.83 2.22 5.01 17.91
B2 0.09 0.22 0.58 1.63 3.70 17.47
B3 0.01 0.03 0.09 0.25 0.47 2.91
B4 0.04 0.07 0.15 0.50 1.26 7.18
B5 0.09 0.19 0.46 1.14 2.43 11.62
B6 0.12 0.36 1.11 2.55 6.06 19.28
B7 0.18 0.52 1.50 3.28 7.57 26.49
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used for verication.26 The distribution of the data points in
Fig. 4 is roughly linear, so it can be assumed that the sample
data on ethylene selectivity follow a normal distribution, with
a mean of 4.51 and a standard deviation of 0.19.

Analysis of C4 olens selectivity. C4 olens selectivity was
believed to follow a normal distribution, and the qq plot was
used for verication (Fig. 5). The plot appeared linear, so the
assumption of normality for the sample data for C4 olens
Table 8 Experimental data: yield, temperature, and catalyst compositio

C4 olen
yield (y)

Temperature
(x1) Co loading capacity (x2)

0.04 250 1
0.07 275 1
0.15 300 1
0.50 325 1
1.26 350 1
7.18 400 1
0.09 250 1
0.19 275 1
0.46 300 1
1.14 325 1
2.43 350 1
11.62 400 1
0.12 250 1
0.36 275 1
1.11 300 1
2.55 325 1
6.06 350 1
19.28 400 1
0.18 250 1
0.52 275 1
1.50 300 1
3.28 325 1
7.57 350 1
26.49 400 1

10710 | RSC Adv., 2023, 13, 10703–10714
selectivity was supported; the mean is 38.95 and the standard
deviation is 1.17.

Analysis of acetaldehyde selectivity. The grey prediction
model GM (1,1) was used to predict acetaldehyde selectivity (%),
and the results are shown in Fig. 6. Here, acetaldehyde selec-
tivity increases with the increase in reaction time, but the rate of
change decreases and tends to a stable value of about 9%.

Based on the above analyses, it is clear that ethylene selec-
tivity and C4 olens selectivity are weakly correlated with reac-
tion time.

Effects of catalyst combinations and temperature on ethanol
conversion rate and selectivity of C4 olens. Table 1 shows that
each ethanol conversion rate and C4 olens selectivity are
related to different catalyst combinations and temperatures,
but the temperature range varies by catalyst. Therefore, the
temperature range must be unied before analysis and pro-
cessing. According to the relationship between temperature and
ethanol conversion rate and C4 olens selectivity in different
catalyst combinations (obtained using the tting function in
Table 4), the data corresponding to the range 250–400 °C in
each group of catalysts were used. For example, using the tting
function in Table 4, the tting function between ethanol
conversion rate and temperature under catalyst combination A1
is as follows:

YðTÞ ¼ 315:6 e
�

�
T � 569:3

149:2

�2

(3)

The data for ethanol conversion rate and catalyst combina-
tions at a uniform temperature were obtained.
n of C4 olefins in charging method I

Co/SiO2 (x3) HAP (x4)
Amount of ethanol
added per minute (x5)

25 25 1.68
25 25 1.68
25 25 1.68
25 25 1.68
25 25 1.68
25 25 1.68
50 50 2.10
50 50 2.10
50 50 2.10
50 50 2.10
50 50 2.10
50 50 2.10
75 75 1.68
75 75 1.68
75 75 1.68
75 75 1.68
75 75 1.68
75 75 1.68

100 100 0.90
100 100 0.90
100 100 0.90
100 100 0.90
100 100 0.90
100 100 0.90

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Results of stepwise regression under loading mode I.
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Effects of different catalyst combinations and temperatures
on ethanol conversion rate. The above catalyst combination-
temperature-ethanol conversion rate data were imported into
MATLAB, and a box diagram was created (Fig. 7).

The mean, maximum, and minimum values of the ethanol
conversion rate differ for the 21 catalyst combinations and
corresponding temperatures. Moreover, the ethanol conversion
rate in charging method I is higher than that in charging
method II, which implies that the ethanol conversion rate may
be affected by the catalyst combination, temperature, and
charging method. To further verify these observations, a two-
factor analysis of variance was conducted.27 The null hypoth-
esis of no relationship was rejected, as catalyst combination and
temperature have a signicant effect on ethanol conversion rate
(p < 0.001).

Additional analyses were conducted to explore the inuence
of each temperature group on the ethanol conversion rate using
the data in Table 6. A box plot of the ethanol conversion rate for
six temperature groups was drawn, as shown in Fig. 8.

As indicated in Fig. 8, the ethanol conversion rate is the
highest when temperature is high (t = 400 °C) and catalyst
combination A2 is used. Using two-dimensional interpolation,28

the curves for ethanol conversion rate, catalyst combination,
and temperature were obtained (Fig. 9 and 10).

Fig. 9 depicts the surface plot of the ethanol conversion rate
with catalyst combination and temperature, while Fig. 10 shows
the contour plot of the ethanol conversion rate with catalyst
combination and temperature. From these illustrations, it is
clear that the ethanol conversion rate was highest when the
Fig. 16 Results of stepwise regression under loading mode II.

© 2023 The Author(s). Published by the Royal Society of Chemistry
temperature was 400 °C and the catalyst combination was A1,
A3, or A6.

Effects of catalyst combinations and temperatures on the
selectivity of C4 olens. The effects of different catalyst combi-
nations and temperatures on the selectivity of C4 olens were
analysed using the same approach. The catalyst combination-
temperature-C4 olens selectivity box plot is shown in Fig. 11.

The results of a two-factor analysis of variance indicate that
the null hypothesis that catalyst combination and temperature
have no signicant effects on C4 olens selectivity should be
rejected (p < 0.001 for both).29

As shown in Fig. 12, when the temperature increased, the C4

olens selectivity also increased. When the maximum temper-
ature was 400 °C, the ethanol conversion rate was highest.

Two-dimensional interpolation was used to create the surface
plot (Fig. 13) and contour plot (Fig. 14) for C4 olens selectivity
with catalyst combination and temperature. The results indicate
that the selectivity of C4 olens is higher when the temperature
is 400 °C and the catalyst combination is A2 or A3.

Analysis of the relationship between C4 olens yield with
catalyst combination and temperature. The yield of C4 olens is
the key index in the preparation of C4 olens by ethanol
coupling, and the value is equal to the ethanol conversion rate
multiplied by the selectivity of C4 olens. The previous analysis
showed that catalyst combination and temperature signicantly
affect the ethanol conversion rate and C4 olens selectivity.
Therefore, the catalyst combination and temperature also have
a corresponding effect on the C4 olens yield. The quantitative
relationship between them was further investigated, and the
regression model for C4 olens yield, catalyst combination, and
temperature was established.

Model 2: multivariate nonlinear regression model of C4

olens yield with catalyst combination and temperature

The C4 olens yield equation is as follows:

C4 olefins yield = ethanol conversion rate

× C4 olefins selectivity (4)

Using eqn (4) and available data, the yield of C4 olens was
calculated, as shown in Table 7.

The data were normalized, and a multiple linear regression
model was established, with the yield of C4 olens as the
response variable, and with temperature and four catalysts (Co
load, Co/SiO2, HAP, ethanol addition per minute) as the
predictor variables. The coefficient of determination, R2, of the
multiple linear regression30 is only 0.69, which is small, and the
optimization results are poor.

Multivariate nonlinear regression using interaction terms.
According to the results of the multiple linear regression,31 it
was necessary to analyse the possible nonlinear relationship
including an interaction effect between the reaction
conditions.32

Since the units of temperature, Co loading, Co/SiO2, HAP,
and ethanol added perminute differ (Table 8), the data for these
variables were divided by the corresponding data in the rst row
in order to remove the units. From previous analyses, multiple
RSC Adv., 2023, 13, 10703–10714 | 10711
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interaction effects are known to exist under charging method I,
and multiple nonlinear regression was used.33 The model can
be written as follows:

yI = 90.384 − 114.04 × T − 1.6525 × x1 − 136.45 × x3 − 9.2553

× x4 + 52.928 × T2 − 3.1473 × T × x1 + 67.791 × T × x2 −
27.336T × x3 − 7.0734T × x4 − 1.0955 × x12 − 102.06 × x1 ×

x2 + 104.65 × x1 × x3 + 8.5108 × x1 × x4 − 84.468 × x22 +

153.35 × x2 × x3 + 7.0522 × x3 × x4 + 2.6543 × x42 (5)

The R2 value is 0.91, indicating that the interaction effects
and data nonlinearity in the reaction have a strong t; however,
the model is very complex, which is not conducive to inter-
preting the results. Therefore, stepwise regression was carried
out to further highlight the model's key factors (Fig. 15).34 The
model for the stepwise regression is:

yI = 77.1798 − 129.936 × T − 2.3408 × x2 + 54.831

× T2 − 0.7725 × T × x1 + 41.1626 × T × x2 (6)

The results indicate that R2 is 0.85, further highlighting the
key inuencing factors and improving the applicability of the
model. Moreover, it is concise.

In charging method II, rst, based on the results of the
multiple linear regression and considering the existence of the
interaction effects, group B1 was taken as the benchmark for
comparison aer removing the units. Complete quadratic
polynomial tting was used to obtain the following model:

yII = 106.47 − 172.91 × T + 69.481 × T2 + 9.4405 × T

× x2 − 6.445 × T × x4 − 3.3272 × x22 + 0.2338

× x2 × x4 + 0.80079 × x42 (7)

The results indicate that the R2 value is 0.96.
Furthermore, the model using stepwise regression was as

follows:

yII = 115.486 − 181.657 × T − 11.557

× x2 + 69.48 × T2 + 10.4993 × T × x2 (8)

The R2 value is 0.96, and the results are shown in Fig. 16.
Model 3: optimizing the model for C4 olens yield with
catalyst combination and temperature

The optimization model was established using eqn (6) and was
constructed as follows:35

maxyI = 77.1798 − 129.936 × T − 2.3408 × x2 + 54.831

× T2 − 0.7725 × T × x1 + 41.1626 × T × x2 (9)

The optimized conditions were divided according to the
available experimental data:

s.t T $ 1; T # 1.8 (10)

x1 $ 0.5; x1 # 5 (11)
10712 | RSC Adv., 2023, 13, 10703–10714
x2 $ 0.165; x2 # 1 (12)

Lingo soware was used to identify the optimization solu-
tion, and the following results were obtained. Under charging
method I, when T = 1.6, x1 = 0.5, and x2 = 1 (i.e. when the
temperature was 450 °C, the Co load was 0.5 wt%, and the Co/
SiO2 was 200 mg), the maximum yield of C4 olens was 52%.

When the temperature was below 350 °C, the constraint
conditions were changed to identify the optimal solution:36

T $ 1; T # 1.4 (13)

x1 $ 0.5; x1 # 5 (14)

x2 $ 0.165; x2 # 1 (15)

Again using Lingo soware, the following results were ob-
tained. When the temperature was lower than 350 °C, T = 1.4,
x1 = 0.5, and x2 = 1 (i.e. when the temperature was 350 °C, the
Co load was 0.5 wt%, and the Co/SiO2 was 200 mg), the C4

olens yield was at its maximum of 7.48%.
Using eqn (8), an optimization model was built:

maxyII = 115.486 − 181.657 × T − 11.557 × x2

+ 69.48 × T2 + 10.4993 × T × x2 (16)

s.t T $ 1; T # 1.6 (17)

x1 $ 1; x1 # 4 (18)

Lingo soware was again used to identify the optimization
solution, and the following results were obtained. Under
charging method II, when T = 1.6 and x1 = 4 (i.e. temperature
was 400 °C and Co/SiO2 was 100 mg), the C4 olens yield
reached the maximum of 23.67%. When the temperature was
below 350 °C and Co/SiO2 was 100 mg, the C4 olens yield
reached the maximum of 9.92%.
Conclusion

In the preparation of C4 olens through ethanol catalytic
coupling, the ethanol conversion rate and C4 olens selectivity
are two core indexes. The results of this study indicate that the
tting function between ethanol conversion rate, C4 olens
selectivity, and temperature under each catalyst combination
predicted the values of ethanol conversion rate and C4 olens
selectivity under different temperatures. The two-factor analysis
of variance showed that different catalyst combinations and
temperatures had signicant effects on ethanol conversion rate
and selectivity of C4 olens. However, analysing the test results
under a given catalyst combination at 350 °C at different times
in an experiment indicated that the ethylene selectivity and C4

olens selectivity correlate less as reaction time increases.
Therefore, the catalyst combination and reaction temperature
are mainly considered when analysing the above indexes. To
nd a certain catalyst combination and temperature that will
achieve the highest C4 olens yield under the same experi-
mental conditions, a multiple nonlinear regression model and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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stepwise regression model of C4 olens yield with four catalysts
and temperatures were established and the goal function in the
optimization model was obtained. Then, constraint conditions
were given under laboratory conditions. Finally, the maximum
C4 olens yield was obtained.

Through the establishment and analysis of three mathe-
matical models, this research showed that both catalyst
combination and reaction temperature would affect the C4

olens yield. Moreover, the higher the reaction temperature, the
higher the yield of C4 olens. The inuence of Co loading and
Co/SiO2 on the yield of C4 olens is greater than that of the other
two catalysts. When the minimum of Co loading was 0.5 wt%
and the maximum of Co/SiO2 was 200 mg, the yield of C4 olens
was largest. The amount of ethanol added per minute had little
effect on the C4 olens yield.

Based on the experimental data, this paper established
a mathematical model and concluded that the higher the
reaction temperature, the higher the C4 olens yield. However,
when the reaction temperature is higher than the maximum
value of 400 °C in the experimental data, will the C4 olens yield
continue to increase? And when the temperature continually
rises, will the four catalysts undergo denaturation? There are
insufficient experimental data to answer these questions, both
of which need further study.
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