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Abstract: The separation of mixtures with close boiling points is a critical task in the petrochemical
industry, and one such mixture that requires separation is o-xylene/styrene. The STED process is
used to separate o-xylene/styrene, which contains a certain amount of organic sulfur in the product
due to the limitations of the process. In this study, the process underwent enhancements to attain
the effective separation of styrene and accomplish deep desulfurization. A mixture of sulfolane
(SUL) and N-methylpyrrolidone (NMP) was selected as the extraction solvent after calculating
the UNIFAC group contributions. An orthogonal experiment was conducted to investigate the
effects of the solvent/oil ratio, reflux ratio, water addition rate, and solvent ratio on the product.
The correspondence between each factor and the indexes examined was determined, enabling the
optimization and prediction of the styrene product quality. The final optimized conditions for the
extractive distillation column are as follows: solvent/oil ratio of 7, reflux ratio of 4.5, water addition
rate of 6000 kg/h, and a solvent ratio of 9:1. Under optimal conditions, the purity of the product was
observed to be greater than that of the original process and the sulfur content of the product can be
reduced to lower than 10 ppm at the cost of an increase of 12.31% in energy consumption.

Keywords: styrene; o-xylene; organic sulfur; aspen plus

1. Introduction

Styrene represents a significant basic chemical raw material utilized in the synthesis
of resins, rubber, and other polymer materials, reaching millions of tons of global annual
consumption [1]. Styrene is produced through two methods: the dehydrogenation of
aromatic hydrocarbons and recovery from the petroleum refining process [2–6]. Apart
from being synthesized through the dehydrogenation of ethylbenzene, styrene can be
separated from the pyrolysis gasoline, typically having styrene concentrations ranging
from 4% to 6% [7,8]. The increasing demand and high added value of styrene stimulate the
development of techniques for styrene recovery from pyrolysis gasoline. Moreover, the
efficient recovery of styrene from such sources aligns with contemporary trends towards
environmentally sustainable and clean chemical practices.
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Pyrolysis gasoline is a byproduct resulting from the process of naphtha cracking. Its
primary constituents comprise aromatics, specifically ethylbenzene and xylene, alongside
varying quantities of mono-olefins, diolefins, straight-chain alkanes, and cycloalkanes [9].
One considerable challenge in extracting styrene with high purity from pyrolysis gasoline is
the separation of styrene and o-xylene, two components that have very close boiling points
(145.2 ◦C vs. 144 ◦C, respectively) [10–12]. Efficient methods employed for the separation
of styrene/o-xylene include extractive distillation, ionic liquid extraction, and adsorption
based on porous materials [13–17]. The implementation of ionic liquids and porous materials
on a large-scale industrial basis is hindered by their high cost and extreme difficulties in
recovery or regeneration [18–23]. Extractive distillation finds the most widely applications in
this separation practice [24–26]. Specifically, such process is accomplished by changing the
relative volatility of distillation components through the incorporation of auxiliary solvents,
such as sulfolane, N-methylpyrrolidone, and N-formylmorpholine [27–29].

Several typical extraction technologies for styrene recovery from cracking gasoline,
including the GT-Styrene process [30] and the (Extractive distillation of styrene from py-
rolysis gasoline) STED [31] process, have been developed by GTC Technologies (Houston,
USA) and Sinopec Petrochemical Scientific Research Institute (Shanghai, China). A general
flowchart of the STED process is shown in Figure 1. Previous work focused only on the sepa-
ration of styrene from pyrolysis gasoline feedstock using different extractants [19,27–29,32].
However, in practice, various products obtained from petrochemical processes often contain
a variety of sulfide compounds. Typically, several organosulfides, such as dimethylthio-
phene, propylthioether, and pentanethiol, are rich in the products of styrene during the
extractive distillation process using sulfolane due to the large dissolving affinity of sulfides
in the sulfolane solvent. Specially, most difficulties are found in the removal of dimethylth-
iophene and propylthioether because of their very low relative volatilities. Additionally,
the separation of o-xylene/styrene requires 75–80% of the total energy consumption of
the entire process [9]. It is crucial to optimize the styrene extractive distillation process for
enhanced desulfurization efficiency.
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The present study provides an extractive distillation approach to the separation of
styrene from pyrolysis gasoline feedstock coupled with deep desulfurization. The UNIFAC
group contribution method was utilized to calculate the activity coefficients and selectivity
of alternative extraction solvents and determine the extractant compositions. Process
simulations were carried out to evaluate the efficiencies of styrene separation and sulfide
removal via the utilization of different extractants. The optimal operating conditions
were determined through orthogonal experiments, and the effect of different operating
conditions on product quality was evaluated using both extreme difference and variance
analyses. In addition, a regression model was developed to predict the quality of the
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product under different operating conditions. The present study highlights a practical
solution for achieving the efficient recovery of styrene from pyrolysis gasoline along with
the deep desulfurization of the product.

2. Methods
2.1. Process Simulation
2.1.1. Calculation of Activity and Selectivity Coefficients

The UNIFAC group contribution method was employed to calculate the activity
coefficients of all components, then the activity coefficients were used to determine the
selectivity of different extractants towards the target component [33–36]. The selectivity
coefficients were used for the preliminary screening of potential desulfurization extractants.

The properties of an extractant molecule are evaluated from the nature of its central
atom or group and the substituents attached to this active center. The central atom or group
of the extractant molecule typically consists of ligand atoms, such as oxygen, nitrogen,
and sulfur, which have a high electronegativity. These ligand atoms can form basic or
acidic functional groups. Meanwhile, the central atom or group also contains unshared
electron pairs that can interact with other compound molecules. Furthermore, the selectivity,
solubility, and stability of each extractant are significantly influenced by the induction,
conjugation, hyperconjugation, and spatial site resistance of the substituents connected to
the active center atom. From the perspective of the physical and chemical properties, the
initial selection of extractants should depend on solubility, selectivity, boiling point, toxicity,
price, and thermal and chemical stability and other aspects. The addition of a small amount
of water can significantly affect the intermolecular interactions in the separation systems.
This is because water readily dissolves in extractants and has a high polarity. Specially, the
selectivity of the organic extractant can be largely improved by adding a certain amount of
water into the solvent [8,10,12,28].

The component with the highest boiling point in the system is styrene, which is
extracted as the heavy key component. The three xylene isomers, styrene, and the organic
sulfides have very similar boiling points. Specifically, the differences in boiling points
between styrene and 3,4-dimethylthiophene, o-xylene, dipropyl sulfide, and pentanethiol
are 0.5 ◦C, 1.2 ◦C, 3.5 ◦C, and 18.7 ◦C, respectively [2,3]. Thus, the greatest challenge is
the separation of 3,4-dimethylthiophene from the styrene product. The polarity of styrene
is stronger than that of o-xylene but weaker than that of 3,4-dimethylthiophene. As a
result, the non-idealities of the three systems, namely 3,4-dimethylthiophene/styrene, o-
xylene/styrene, and dipropyl sulfide/styrene, play a significant role in the selection of an
appropriate extractant.

Therefore, a preliminary screening of commonly used extractants for o-xylene/styrene
separation and other processes was conducted according to the above analysis. These
extractants used in our work have been widely employed in various industrial processes
and academic research [27–29]. The structures and properties of all alternative extractants
are listed in Table 1. The functional groups of the compounds and the corresponding group
volume and surface area parameters are listed in Tables S1 and S2, respectively [33,36–38].

The relative volatilities (αij) of all components in the system are close to 1, and therefore
the selectivity coefficient (Sij) of the extractant can be simplified using Equation (1).

Sij =
αijs

αij
= αijs =

yi/xi
yj/xj

=
γis ps

i
γjs ps

j
(1)

where x is the molar content of component i or j in the liquid phase, y is the molar content
of component i or j in the gas phase, γ is the liquid phase activity coefficient of component
i or j, and ps is the saturation vapor pressure of pure component i or j, in mmHg. α is the
relative volatility of components i or j. The greater deviation of α from 1 suggests an easier
separation of the binary mixture through distillation.
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Table 1. Structures of all alternative extractants.

Extractant Molecular
Structure Ligand Atom Functional

Group
Strength of
Polarity

Molecular
Weight

Density,
kg·m−3

Boiling
Point, ◦C

Melting
Point, ◦C

Viscosity,
mPa·s Toxicity

Sulfolane (SUL)
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The activity coefficient (γis) is calculated for the component using the UNIFAC group
contribution method. The saturation vapor pressure, ps

i , is calculated using the Antoine
equation (see Equation (2)). Subsequently, the Sij can be obtained.

log ps
i = A− B

T + C
(2)

T is the system temperature, in ◦C, and A, B, and C are the Antoine equation coefficients.

2.1.2. Construction of the Process Flowchart

The process simulation was carried out using Aspen Plus V11, while the RadFrac
model was used for the extraction distillation simulation. Models, including NRTL, UNI-
FAC, and Wilson equations, are commonly used for the non-ideal systems [39,40]. The
simulation results indicate that the UNIFAC model is the most suitable thermodynamic
model for the o-xylene/styrene system [41]. The simulation flowchart was established
according to a typical industrial process (Figure 2). The composition of each stream is listed
in Table S3.
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Figure 2. Extractive distillation process for styrene separation from pyrolysis gasoline. 1—Mixer,
2—extractive distillation column, C301, 3—pump, 4—solvent recovery column, C302, 5—heater,
6—spliter.

This process primarily comprises the extractive distillation column (C301), the solvent
recovery column (C302), and the heat exchange equipment. The C8 cracked fraction (F1)
and lean solvent (S) are introduced into the middle and upper section C301, respectively.
Meanwhile, a portion of the crude styrene (F2) is mixed with water and fed into the kettle.
The extractant enriched with styrene is directed from the bottom of C301 to C302. Two
streams of lean solvent (MAKEUP1, 2) are introduced into the middle section of the C302.
The top stream of the column is returned to the column through the condensing section,
while a portion is collected as the crude styrene product. The lean solvent at the bottom of
the column is recycled to C301.

2.2. Orthogonal Experiment

The orthogonal experiment is employed to obtain the optimal operation conditions [42,43].
The impact of each factor on separation efficiency and energy consumption was identified
through the extreme difference and analysis of variance (ANOVA). The ANOVA method is
based on the idea of decomposing the total sum of squared deviations into the sum of squared
deviations for each different level effect and the sum of squared deviations due to random
errors, according to the data structure set. The assumption of the normal distribution is then
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used to calculate the statistic F, which is compared with its critical value Fc. This method is used
to determine whether the factor will have a significant effect on the results [44–46].

A five-factor, four-level orthogonal experimental design Table L16 (45) was utilized,
and one factor, the empty column, was reserved for the ANOVA analysis. To achieve the
separation of styrene and the removal of organic sulfur, we investigated the following
factors: solvent/oil ratio (A), reflux ratio (B), the amount of water added to the column
kettle (C), and the extractant ratio of NMP to SUL (D). A and B directly affect the operating
conditions and power consumption of the extractive distillation column, and C and D
determine the enrichment and purification effect of styrene.

The recovery rate of styrene (y1, wt%), the weight content of o-xylene in the product (y2,
wt%), the content of organic sulfur in the product (y3, ppm), and the energy consumption
of column C301 (y4, kW) were considered as the response variables. The factors of the
orthogonal experimental design were relatively independent, and no interaction factor was
set [47]. The detail information of the factors is listed in Table 2. During the process, if a
high separation efficiency, a reduction in organic sulfur content, and the optimization of
energy consumption are all desired, the objectives should be ranked in order of importance,
as follows: y3 > y1 = y2 > y4.

Table 2. Factors and levels of the orthogonal experiment.

Level
Solent/Oil Ratio Reflux Ratio Water Addition Rate Solent Ratio

A B C D

1 3 4.5 1500 3:7
2 5 5.0 3000 5:5
3 7 5.5 4500 7:3
4 9 6.0 6000 9:1

2.3. Linear Regression

Multiple linear regression analysis was used to predict one or more response variables
(dependent variables) based on a set of predictor variables (independent variables) [48,49].

The equation of multiple linear regression is expressed as y = w0x0 + w1x1 + · · ·+
wnxn, which can be represented in matrix form as Y = XW. The dependent variable is
represented by Y, while X denotes the independent variable, with the first column of X
always set as 1 (the bias column). The coefficients of the independent variable are W, and
the independent variable of dimension is N. The objective of multiple linear regression is to
identify the W coefficients that are closest to the solution of the linear equation or minimize
the sum of squared residuals.

Residual equation is expressed as Equation (3).

ei = yi − ŷi (3)

The sum of squared residuals can be calculated using Equation (4).

Q =
n

∑
i=1

(yi − ŷi)
2 = eT

i ei = (y− Xw)T(y− xw) (4)

And
ei ∼ N

(
0, σ2

)
(5)

L =
M

∏
i=1

1√
2πσ

e−
(yi−ŷi)

2

2σ2 (6)
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ln L = ln

(
M
∏
i=1

1√
2πσ

e−
(yi−ŷi)

2

2σ2

)
=

m
∑

i=1
ln

(
M
∏
i=1

1√
2πσ

e−
(yi−ŷi)

2

2σ2

)
=

m
∑

i=1

(
ln
(

1√
2πσ

)
− (yi−ŷi)

2

2σ2

)
= m√

2πσ
−− (yi−ŷi)

2

2σ2

(7)

max ln L⇔ min
m

∑
i=1

(yi − ŷi)
2 (8)

∂Q
∂W

=
∂ 1

2 (Y− XW)T(Y− XW)

∂W
= XT

(
XW − XTY

)
(9)

∂Q
∂W

= 0⇔W =
(

XTX
)−1

XTY (10)

W can be obtained from Equations (9) and (10), which leads to the multivariate linear fitting
expression. Multivariate linear regression analysis offers an effective way to establish the
relationship between a single set of dependent variables and multiple types of independent
variables, which helps to minimize the risk of overfitting observed in univariate linear
regression analysis. The technique allows for the accurate prediction of the dependent
variable when the values of the independent variables are known.

3. Results and Discussion
3.1. Selection of Entrainment Agent for Extractive Distillation

The activity coefficients of the compounds and the selectivity for styrene in different
systems are listed in Tables S4 and S5. The selectivity for styrene in different extractants
with varying solvent/oil ratios is shown in Figure 3.
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Figure 3. Selectivity of styrene in different extractants over (a) o-xylene, (b) 3,4-dimethylthiophene,
and (c) dipropyl sulfide with varying solvent/oil ratios.

SUL exhibits the highest styrene selectivity at the optimal solvent/oil ratio of 3~8 for
the o-xylene/styrene system, and NMP takes the second place. Other extractants have
limited effects on improving the relative volatility of the system, or even exhibit a higher
dissolving affinity to o-xylene than styrene. After achieving the enrichment of styrene,
only SUL and NMP need to be considered for other systems that contain sulfides. For the
system of 3,4-dimethylthiophene/styrene, only NMP has a high selectivity for styrene. SUL
has the lowest selectivity and is deemed as the least favorable extractant for the removal
of 3,4-dimethylthiophene from styrene. As for the dipropyl sulfide/styrene system, both
NMP and SUL show a higher styrene selectivity compared to other extractants. In summary,
NMP was found to be the most effective extractant for the separation of o-xylene/styrene
mixture and the removal of sulfides from the styrene product.
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3.2. Process Simulation

Using SUL as an extractive entrainment agent, the simulation results and industrial
data are summarized in Table 3, indicating the satisfactory simulation accuracy for this
sulfide-aromatic systems. To validate the results obtained from the group contribution
model, the simulations of extractive distillation were performed using SUL, DMSO, BZA,
DEG, NMP, and γ-BL as extractants while maintaining the typical conditions of an industrial
plant. Figure 4 shows the obtained simulation results. The styrene recovery rates of different
solvents are ranked in the following order: DMSO > SUL > NMP > BAZ > γ-BL > DEG.
Correspondingly, the order of the selectivity of styrene over o-xylene is SUL > NMP >
DMSO > γ-BL > BZA > DEG. Moreover, the pentanethiol content was reduced to 0 ppm for
every extractant case, indicating that the separation of the pentanethiol/styrene system
is easy.

Table 3. Simulation results and industrial data.

Items Industrial Data Simulation Results Relative Error %

Styrene recovery rate (wt%) 96.43 96.41 0.02
Styrene purity (wt%) 99.78 99.80 0.02

O-Xylene content (wt%) 0.07 0.09 18.60
Organic sulfur content (ppm) 297.469 319.33 6.85
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Figure 4. Separation performance of the various extractants under industrial operation conditions.

Among these extractants, only NMP enabled a remarkable reduction in sulfide content.
The findings of the process simulation are consistent with the results of the group contri-
bution method. Therefore, in order to achieve a better recovery rate, high product purity,
and low sulfur content at the cost of minimal changes in industrial operating conditions, a
mixture composed of SUL and NMP was used to achieve the efficient and energy-saving
separation of styrene from the o-xylene/styrene mixture with organic sulfides.

3.3. Extreme Difference Analysis of the Orthogonal Experiment

The orthogonal experimental design and the simulation results from Aspen Plus
are listed in Table S6. The specific values of the extreme difference analysis are listed in
Tables S7–S10. The effect curves for each target under the extreme difference analysis are
shown in Figure 5. The order of the primary impact of each factor on y1 and y2 is ACBD,
and the optimal solution is A4B3C4D1. Moreover, the main order of influence on y3 is
DACB, and the optimal solution is A3B1C1D4. Additionally, the main order of influence on
y4 is CBAD, and the optimal solution is A1B1C1D4. It can be seen from Figure 5a,b that the
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factors have entirely contrary effects on y1 and y2. Specifically, A is positively correlated
with y1 and negatively correlated with y2, which promotes the recovery of styrene. The
impacts on both y1 and y2 can be attributed to the change in the relative volatility of the
whole system that resulted from the extractants, which contributes to the increase in styrene
recovery rate and the decrease in the content of o-xylene. In an extractive distillation, the
reflux ratio can affect the composition of the extraction phase at the plates, leading to the
changes in the relative volatility of the system. Under the influence of this aspect, adjusting
the reflux ratio is supposed to result in a locally optimal operation. As a result, B1 was
found to be the optimal reflux ratio. From Figure 3 and Table S5, as for the separation of
3,4-dimethylthiophene using SUL as a solvent, it can be observed that a larger solvent/oil
ratio does not necessarily mean a higher separation efficiency. In Figure 5d, all factors
indicate linear relationships with y4.
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3.4. ANOVA and Linear Regression

The ANOVA was conducted on y1, and the results listed in Tables 4 and S11 indicate
that the factor A has a significant impact on y1. The significance analysis results of different
factors are listed in Table 5. The results obtained from the ANOVA are consistent with
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those of the extreme difference analysis. The negligible error fluctuations indicate that all
key factors have been included in the orthogonal experiment. According to the combined
analysis of extreme differences and ANOVA, the optimal solution can be determined to be
A3B1C4D4. The equation for regression analysis was established by using the data obtained
from the simulations. To ensure the accuracy of the model, the validation groups were
selected to reflect the range of variation for each factor. Four groups were chosen for the
test, while the remaining 12 groups were utilized as the training data.

Table 4. ANOVA results for the styrene recovery rate.

Factors S-S DOF F Significance

A 123.422 3 86.97815 **
B 1.016 3 0.715997
C 6.631 3 4.673009
D 0.811 3 0.571529

Error 1.419 3
Total 133.299 15

** indicates highly significant.

Table 5. Significance analysis of each factor.

y1 y2 y3 y4

A ** ** **
B **
C **
D *

* indicates relatively significant and ** indicates highly significant.

The regression equation for y1 is expressed as Equation (11).

y1 = 84.738 + 1.166 ∗ A + 0.220 ∗ B + 0.000 ∗ C− 0.175 ∗ D (11)

The regression model analysis on y1 is listed in Table 6. It indicates that the regression
model is statistically significant and has no issue of covariance. Furthermore, the F-test
(F = 17.758, p = 0.001 < 0.05) indicates that at least one of A, B, C, or D has a significant effect
on y1. The p-value analysis confirms the positive effect of A on y1. The linear regression of
the other targets can be calculated using Equations (S1)–(S3) and the results are presented
in Tables S12–S14. The prediction performance is shown in Figure 6. The predicted results
are very close to the industrial values.

Table 6. Linear regression analysis of y1.

Non-Standardized Coefficient
t p VIF

B Standard Error

Constant 84.738 3.229 26.243 <0.01 -
A 1.166 0.140 8.326 <0.01 1
B 0.220 0.560 0.392 0.703 1
C 0 0 2.037 0.066 1
D −0.175 0.280 −0.626 0.544 1
R2 0.871
F F (4,7) = 17.758, p = 0.001
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3.5. Simulation Optimization of the Process

The extractive distillation column C301 was optimized under the A3B1C4D4 conditions
of solvent/oil ratio of 7, reflux ratio of 4.5, water addition rate of 6000 kg/h, and a solvent
ratio of 9:1. The comparison between the original and optimized processes is listed in
Table 7. Under optimal conditions, the sulfur content of the product can be reduced to
lower than 10 ppm at the cost of an increase of 12.31% in the energy consumption.

Table 7. Comparison of two processes using different solvents.

Items SUL Mixed Solvent

Styrene recovery (wt%) 96.41 96.48
Styrene purity (wt%) 99.78 99.84

O-Xylene content (wt%) 0.09 0.02
Organic sulfur content (ppm) 319.33 6.98

Energy consumption (kW) 16,658.6 18,709.09

In the extractive distillation process, the extractant recovery column, C302, plays a
crucial role in separating styrene from the extraction solvents. The crude styrene product
is obtained as the top distillate and the extractant is recycled at the bottom. Due to the
significant difference in boiling point between styrene and the extractant, the effective
separation of this mixture is easily achieved. From the simulation results, the purity and
water content of the product at the top of the column were considered as the optimization
targets. The separation efficiency of C301 has been defined, and the position of the inlet
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and outlet flow units of C302 was fixed. As a result, only the influences of the reflux ratio
on the contents of styrene, water, and extractant in the product need to be examined (see
Figure 7). And the direction of the arrow corresponds to the respective vertical coordinate
it is pointing towards. As depicted in Figure 7, using a reflux ratio of 1.5, the purity of
styrene is 75.57% and the contents of water and extractant in the product are 1.427% and
22.95%, respectively. As the reflux ratio increases to 3, the purity of styrene substantially
increases to 99.20%, and the contents of water and extractant decrease to 0.137% and 0.63%,
respectively. As the reflux ratio further increases up to 3.2, the purity of styrene increases up
to 99.87%, while the contents of water and extractant decrease to 0.126% and 0, respectively.
Therefore, the optimal reflux ratio of extractant recovery column was determined to be 3.2.
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Figure 7. Effect of the reflux ratio on the contents of styrene, water, and extractant in the product.
The direction of the arrow corresponds to the respective vertical coordinate it is pointing towards.

4. Conclusions

Aspen Plus V11 was used to investigate styrene products with a high sulfur content
produced by a Chinese refinery using STED technology. The UNIFAC group contribution
model was used to compute the selectivity coefficients of various extraction solvents for
diverse separation systems. The results indicated that NMP could be deemed as the most
suitable extractant for the effective separation of styrene from pyrolysis gasoline feedstock
coupled with deep desulfurization. However, in order to decrease the fluctuations in
operational conditions, a combination of SUL and NMP was used as the extraction solvent.
The outcomes of the extreme difference and ANOVA analyses of the orthogonal experiments
demonstrate that the key factors that significantly influenced the recovery of styrene, the
organic sulfur content, the o-xylene content in the product, and the energy consumption of
C301 were the solvent/oil ratio, solvent ratio, solvent/oil ratio, and the amount of added
water, respectively. A mathematical regression analysis was carried out on the simulation
results to establish the relationship between the impacts of factors on the target. After
optimization, the recovery rate of styrene was 96.48%, the purity of styrene in the product
was 99.84%, the content of o-xylene in the product was 0.02%, the content of organic sulfur
was 6.89 ppm, and the energy consumption was 18,709.09 kW.



Separations 2023, 10, 341 13 of 15

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations10060341/s1. Table S1: Division of the system com-
ponent groups; Table S2: Volume and surface area parameters of the component groups; Table S3:
Composition of the main streams; Table S4: Activity coefficients of styrene (STY), o-xylene (OX), and
3,4-dimethylthiophene (3,4-DT) in different solvents; Table S5: Selectivity of each solvent for the
systems of o-xylene/styrene, 3,4-dimethylthiophene/styrene, and dipropyl sulfur/styrene; Table S6:
Orthogonal experimental design and simulation results; Table S7: Analysis of extreme difference on
styrene recovery; Table S8: Analysis of extreme difference on o-xylene content; Table S9: Analysis of
extreme difference on the organic sulfur content; Table S10: Analysis of extreme difference on energy
consumption; Table S11: ANOVA of y2, y3, y4; Tables S12–S14: Linear regression analysis of y2, y3,
and y4.

Author Contributions: Conceptualization, G.G., C.L., Y.C., B.S. and H.S.; methodology, G.G., C.L.,
H.S., Q.Z., W.G., B.S. and H.W.; software, G.G., C.L., Y.C., F.Y.; validation, G.G., C.L., Y.C., B.S. and
H.S.; formal analysis, G.G., C.L., Y.C., H.S., Q.Z., W.G., B.S. and H.W.; investigation, G.G., C.L., H.S.,
Q.Z., W.G., B.S. and H.W.; resources, H.S., B.S. and D.W.; data curation, H.S., B.S. and D.W.; writing—
original draft preparation, G.G., C.L., B.S. and H.S.; writing—review and editing, G.G., C.L., B.S.
and H.S.; visualization, H.S., B.S. and D.W.; supervision, H.S., B.S. and D.W.; project administration,
H.S., B.S. and D.W.; funding acquisition, H.S., B.S. and D.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of China
(Grant 21878097).

Data Availability Statement: The data presented in this study are available in Supporting Information.

Acknowledgments: D.W. acknowledges the institutional funds from the Gene and Linda Voiland
School of Chemical Engineering and Bioengineering and the Alexandra Navrotsky Institute for
Experimental Thermodynamics at Washington State University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chung, C.; Kim, J.; Sovacool, B.K.; Griffiths, S.; Bazilian, M.; Yang, M. Decarbonizing the chemical industry: A systematic review

of sociotechnical systems, technological innovations, and policy options. Energy Res. Soc. Sci. 2023, 96, 102955. [CrossRef]
2. Randall, G.A. Method of Separating Ethylbenzene from Styrene by Low Pressure Drop Distillation. U.S. Patent 3084108A, 2

April 1963.
3. Van Tassell, H.M. Separation of Ethylbenzene and Styrene by Low Pressure, High Temperature Distillation. U.S. Patent 3398063A,

20 August 1968.
4. Welch, V.A. Cascade Reboiling of Ethylbenzene/Styrene Columns. U.S. Patent 6171449B1, 9 January 2001.
5. Gupta, R.; Uslu, H.; Majumder, S. Production of Styrene from Dehydrogenation of Ethylbenzene. Chem. Eng. Technol. 2022, 45,

817–823. [CrossRef]
6. Sun, H.; Zhang, J.; Li, K.; Wang, H.; Zhu, X. Efficient Oxidative Dehydrogenation of Ethylbenzene over K/CeO2 with Exceptional

Styrene Yield. Catalysts 2023, 13, 781. [CrossRef]
7. Dai, X.; Cao, T.; Lu, X.; Bai, Y.; Qi, W. Tailored Pd/C bifunctional catalysts for styrene production under an ethylbenzene oxidative

dehydrogenation assisted direct dehydrogenation scheme. Appl. Catal. B Environ. 2023, 324, 122205. [CrossRef]
8. Gary, J.H.; Handwerk, G.E.; Kaiser, M.J. Petroleum Refining: Technology and Economics, 5th ed.; CRC Press: Kiev, Ukraine, 2007.
9. Busca, G. Production of Gasolines and Monocyclic Aromatic Hydrocarbons: From Fossil Raw Materials to Green Processes.

Energies 2021, 14, 4061. [CrossRef]
10. Jongmans, M.T.G.; Schuur, B.; de Haan, A.B. Ionic Liquid Screening for Ethylbenzene/Styrene Separation by Extractive Distillation.

Ind. Eng. Chem. Res. 2011, 50, 10800–10810. [CrossRef]
11. Sendich, E. Planning and Urban Design Standards; John Wiley & Sons: Hoboken, NJ, USA, 2006.
12. Jongmans, M.T.G.; Hermens, E.; Raijmakers, M.; Maassen, J.I.W.; Schuur, B.; de Haan, A.B. Conceptual process design of extractive

distillation processes for ethylbenzene/styrene separation. Chem. Eng. Res. Des. 2012, 90, 2086–2100. [CrossRef]
13. Jie, K.; Liu, M.; Zhou, Y.; Little, M.A.; Bonakala, S.; Chong, S.Y.; Stephenson, A.; Chen, L.; Huang, F.; Cooper, A.I. Styrene

Purification by Guest-Induced Restructuring of Pillar[6]arene. J. Am. Chem. Soc. 2017, 139, 2908–2911. [CrossRef]
14. Dey, A.; Chand, S.; Maity, B.; Bhatt, P.M.; Ghosh, M.; Cavallo, L.; Eddaoudi, M.; Khashab, N.M. Adsorptive Molecular Sieving of

Styrene over Ethylbenzene by Trianglimine Crystals. J. Am. Chem. Soc. 2021, 143, 4090–4094. [CrossRef]
15. Ding, Y.; Dey, A.; Alimi, L.O.; Bhatt, P.M.; Du, J.; Maaliki, C.; Eddaoudi, M.; Jacquemin, J.; Khashab, N.M. Optimizing Host–Guest

Selectivity for Ethylbenzene Capture Toward Superior Styrene Purification. Chem. Mater. 2022, 34, 197–202. [CrossRef]

https://www.mdpi.com/article/10.3390/separations10060341/s1
https://www.mdpi.com/article/10.3390/separations10060341/s1
https://doi.org/10.1016/j.erss.2023.102955
https://doi.org/10.1002/ceat.202100577
https://doi.org/10.3390/catal13040781
https://doi.org/10.1016/j.apcatb.2022.122205
https://doi.org/10.3390/en14134061
https://doi.org/10.1021/ie2011627
https://doi.org/10.1016/j.cherd.2012.05.019
https://doi.org/10.1021/jacs.6b13300
https://doi.org/10.1021/jacs.0c13019
https://doi.org/10.1021/acs.chemmater.1c03084


Separations 2023, 10, 341 14 of 15

16. Torres-Knoop, A.; Heinen, J.; Krishna, R.; Dubbeldam, D. Entropic Separation of Styrene/Ethylbenzene Mixtures by Exploitation
of Subtle Differences in Molecular Configurations in Ordered Crystalline Nanoporous Adsorbents. Langmuir 2015, 31, 3771–3778.
[CrossRef] [PubMed]

17. Niu, X.; Lv, W.; Sun, Y.; Dai, H.; Chen, H.; Chen, X. In situ fabrication of 3D COF-300 in a capillary for separation of aromatic
compounds by open-tubular capillary electrochromatography. Microchim. Acta 2020, 187, 233. [CrossRef] [PubMed]

18. Larriba, M.; de Riva, J.; Navarro, P.; Moreno, D.; Delgado-Mellado, N.; García, J.; Ferro, V.R.; Rodríguez, F.; Palomar, J.
COSMO-based/Aspen Plus process simulation of the aromatic extraction from pyrolysis gasoline using the {[4empy][NTf2] +
[emim][DCA]} ionic liquid mixture. Sep. Purif. Technol. 2018, 190, 211–227. [CrossRef]

19. Navarro, P.; de Dios-García, I.; Larriba, M.; Delgado-Mellado, N.; Ayuso, M.; Moreno, D.; Palomar, J.; García, J.; Rodríguez,
F. Dearomatization of pyrolysis gasoline by extractive distillation with 1-ethyl-3-methylimidazolium tricyanomethanide. Fuel
Process. Technol. 2019, 195, 106156. [CrossRef]
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21. Karpińska, M.; Wlazło, M.; Domańska, U. Investigation on the ethylbenzene/styrene separation efficiency with ionic liquids in
liquid–liquid extraction. Chem. Eng. Res. Des. 2017, 128, 214–220. [CrossRef]

22. Meindersma, G.W.; Hansmeier, A.R.; de Haan, A.B. Ionic Liquids for Aromatics Extraction. Present Status and Future Outlook.
Ind. Eng. Chem. Res. 2010, 49, 7530–7540. [CrossRef]

23. Torres Cantero, C.A.; Lopez Lopez, G.; Alvarado, V.M. Control structures evaluation for a salt extractive distillation pilot plant:
Application to bio-ethanol dehydration. Energies 2017, 10, 1276. [CrossRef]

24. Rumbo Morales, J.Y.; Perez Vidal, A.F.; Ortiz Torres, G. Adsorption and separation of the H2O/H2SO4 and H2O/C2H5OH
mixtures: A simulated and experimental study. Processes 2020, 8, 290. [CrossRef]

25. Torres Cantero, C.A.; Pérez Zúñiga, R.; Martínez García, M. Design and control applied to an extractive distillation column with
salt for the production of bioethanol. Processes 2022, 10, 1792. [CrossRef]

26. Hadj-Kali, M.K.; El Blidi, L.; Mulyono, S.; Wazeer, I.; Ali, E.; Rallapalli, J. Deep Eutectic Solvents for the Separation of Toluene/1-
Hexene via Liquid–Liquid Extraction. Separations 2022, 9, 369. [CrossRef]

27. Vega, A.; Díez, F.; Esteban, R.; Coca, J. Solvent Selection for Cyclohexane−Cyclohexene−Benzene Separation by Extractive
Distillation Using Non-Steady-State Gas Chromatography. Ind. Eng. Chem. Res. 1997, 36, 803–807. [CrossRef]

28. Lei, Z.; Dai, C.; Chen, B.; Ding, Z. Special Distillation Processes; Elsevier: Amsterdam, The Netherlands, 2021.
29. Chen, B.; Lei, Z.; Li, Q.; Li, C. Application of CAMD in separating hydrocarbons by extractive distillation. AIChE J. 2005, 51,

3114–3121. [CrossRef]
30. Cretoiu, L.; Xu, S.; Gentry, J.; Kumar, S. Pyrolysis Value Upgrade with GT-Styrene. In Proceedings of the ERTC Petrochemical

Conference Sofitel Rive Gauche Hotel, Paris, France, 3–5 March 2003.
31. Wei-Wei, P.; Wen-Cheng, T.; Long-Sheng, T.; Zhuo, Y.; Ming, Z. Development and Application of Styrene Recovery Process from

Pyrolysis Gasoline. Pet. Process. Petrochem. 2021, 52, 163–169.
32. Ayuso, M.; Navarro, P.; Moya, C. Extractive distillation with ionic liquids to separate benzene, toluene, and xylene from pyrolysis

gasoline: Process design and techno-economic comparison with the morphylane process. Ind. Eng. Chem. Res. 2022, 61, 2511–2523.
[CrossRef]

33. Fredenslund, A. Vapor-Liquid Equilibria Using UNIFAC: A Group-Contribution Method; Elsevier: Amsterdam, The Netherlands, 2012.
34. Fredenslund, A. UNIFAC and related group-contribution models for phase equilibria. Fluid Phase Equilibria 1989, 52, 135–150.

[CrossRef]
35. Alessi, P.; Kikic, I.; Fredenslund, A.; Rasmussen, P. UNIFAC and infinite dilution activity coefficients. Can. J. Chem. Eng. 1982, 60,

300–304. [CrossRef]
36. Dong, S.; Sun, X.; Wang, L.; Li, Y.; Zhao, W.; Xia, L.; Xiang, S. Prediction, Application, and Mechanism Exploration of Liquid–

Liquid Equilibrium Data in the Extraction of Aromatics Using Sulfolane. Processes 2023, 11, 1228. [CrossRef]
37. Fredenslund, A.; Gmehling, J.; Michelsen, M.L.; Rasmussen, P.; Prausnitz, J.M. Computerized Design of Multicomponent

Distillation Columns Using the UNIFAC Group Contribution Method for Calculation of Activity Coefficients. Ind. Eng. Chem.
Process Des. Dev. 1977, 16, 450–462. [CrossRef]

38. Gmehling, J. Group contribution methods for the estimation of activity coefficients. Fluid Phase Equilibria 1986, 30, 119–134.
[CrossRef]

39. Lei, Z.; Li, C.; Chen, B. Extractive Distillation: A Review. Sep. Purif. Rev. 2003, 32, 121–213. [CrossRef]
40. Asprion, N. Modeling, Simulation, and Optimization 4.0 for a Distillation Column. Chem. Ing. Tech. 2020, 92, 879–889. [CrossRef]
41. Choi, Y.J.; Cho, K.W.; Cho, B.W.; Yeo, Y.-K. Optimization of the Sulfolane Extraction Plant Based on Modeling and Simulation. Ind.

Eng. Chem. Res. 2002, 41, 5504–5509. [CrossRef]
42. Liang, Y.-Z.; Fang, K.-T.; Xu, Q.-S. Uniform design and its applications in chemistry and chemical engineering. Chemom. Intell.

Lab. Syst. 2001, 58, 43–57. [CrossRef]
43. Lundstedt, T.; Seifert, E.; Abramo, L.; Thelin, B.; Nyström, Å.; Pettersen, J.; Bergman, R. Experimental design and optimization.

Chemom. Intell. Lab. Syst. 1998, 42, 3–40. [CrossRef]
44. Fang, K.; Liu, M.-Q.; Qin, H.; Zhou, Y.-D. Theory and Application of Uniform Experimental Designs; Springer: Berlin/Heidelberg,

Germany, 2018; Volume 221.

https://doi.org/10.1021/acs.langmuir.5b00363
https://www.ncbi.nlm.nih.gov/pubmed/25764506
https://doi.org/10.1007/s00604-020-4196-9
https://www.ncbi.nlm.nih.gov/pubmed/32180017
https://doi.org/10.1016/j.seppur.2017.08.062
https://doi.org/10.1016/j.fuproc.2019.106156
https://doi.org/10.1016/j.jct.2016.09.003
https://doi.org/10.1016/j.cherd.2017.10.016
https://doi.org/10.1021/ie100703p
https://doi.org/10.3390/en10091276
https://doi.org/10.3390/pr8030290
https://doi.org/10.3390/pr10091792
https://doi.org/10.3390/separations9110369
https://doi.org/10.1021/ie960426f
https://doi.org/10.1002/aic.10562
https://doi.org/10.1021/acs.iecr.1c04363
https://doi.org/10.1016/0378-3812(89)80320-6
https://doi.org/10.1002/cjce.5450600214
https://doi.org/10.3390/pr11041228
https://doi.org/10.1021/i260064a004
https://doi.org/10.1016/0378-3812(86)80047-4
https://doi.org/10.1081/SPM-120026627
https://doi.org/10.1002/cite.202000001
https://doi.org/10.1021/ie010435a
https://doi.org/10.1016/S0169-7439(01)00139-3
https://doi.org/10.1016/S0169-7439(98)00065-3


Separations 2023, 10, 341 15 of 15

45. Leardi, R. Experimental design in chemistry: A tutorial. Anal. Chim. Acta 2009, 652, 161–172. [CrossRef] [PubMed]
46. Gunst, R.F.; Mason, R.L. Fractional factorial design. WIREs Comput. Stat. 2009, 1, 234–244. [CrossRef]
47. Darani, N.S.; Behbahani, R.M.; Shahebrahimi, Y.; Asadi, A.; Mohammadi, A.H. Simulation and Optimization of the Acid Gas

Absorption Process by an Aqueous Diethanolamine Solution in a Natural Gas Sweetening Unit. ACS Omega 2021, 6, 12072–12080.
[CrossRef]

48. Su, X.; Yan, X.; Tsai, C.-L. Linear regression. WIREs Comput. Stat. 2012, 4, 275–294. [CrossRef]
49. Weisberg, S. Applied Linear Regression; John Wiley & Sons: Hoboken, NJ, USA, 2005; Volume 528.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.aca.2009.06.015
https://www.ncbi.nlm.nih.gov/pubmed/19786177
https://doi.org/10.1002/wics.27
https://doi.org/10.1021/acsomega.1c00744
https://doi.org/10.1002/wics.1198

	Introduction 
	Methods 
	Process Simulation 
	Calculation of Activity and Selectivity Coefficients 
	Construction of the Process Flowchart 

	Orthogonal Experiment 
	Linear Regression 

	Results and Discussion 
	Selection of Entrainment Agent for Extractive Distillation 
	Process Simulation 
	Extreme Difference Analysis of the Orthogonal Experiment 
	ANOVA and Linear Regression 
	Simulation Optimization of the Process 

	Conclusions 
	References

