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ARTICLE INFO ABSTRACT
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The production of ethylbenzene from dry gas is a representative of an energy-intensive process in oil refineries,
and the distillation process accounts for the major energy consumption and carbon emissions. Due to the
increasing energy and environmental challenges, there is a strong demand for new technologies or intensified
process designs that enable us to have energy-efficient and sustainable process operations. In this work, an ionic
liquid (IL)-based energy-efficient extractive distillation (ED) process with low carbon emission is proposed for the
distillation process of ethylbenzene production from dry gas. First, the structure of task-specific ILs is optimized
through the computer-aided IL design (CAILD) method with a novel design objective. An ammonium-based IL
ethylammonium trifluoromethanesulfonate ([CoHgN][TfO]), that has the best objective performance, is identi-
fied by solving a mixed-integer nonlinear programming (MINLP) problem. The energy, environmental (carbon
emission), and economic performance of this [CoHgN][TfO]-based ED process in the ethylbenzene production is
then thoroughly evaluated on the basis of optimized process operations in Aspen Plus. For demonstration pur-
poses, a case study for the separation process of an industrial-scale ethylbenzene production in a Chinese refining
industry is performed. When compared to the conventional process that is currently used in the petrochemical
industry, our proposed [C2HgN][TfO]-based ED separation process has 40 % energy (hot utility) savings and a 11
% cost reduction. Notably, the IL-based ED separation process has 40 % lower carbon emissions versus the
conventional process, indicating its great potential for sustainable operation in the production of ethylbenzene
from dry gas.

the increasing shortage of oil. On the other hand, fluid catalytic cracking
tail gas, also known as dry gas, which contains 10 % — 30 % ethylene,
can also be used to produce EB after serval appropriate processes. Pro-
ducing EB from dilute ethylene can not only make the efficient utiliza-
tion of depletable resources, but also reduce production costs and carbon
emissions. The dilute-ethylene process has essential improvements in

1. Introduction

Ethylbenzene (EB) is a significant high-output petrochemical in the
petrochemical community. More than 90 % of EB is used to produce

styrene, one of the most important intermediates that is widely used in
the production of fibers, rubbers, and resins [1]. In industry, most EB is
produced on a large scale from ethylene and benzene in an acid-
catalyzed chemical conversion. Currently, the pure-ethylene and the
dilute-ethylene process are the two main processes applied to the pro-
duction of EB. The further development and industrial application of the
former process is largely limited due to the strict purity requirement of
ethylene as well as the fast increase of olefin demand accompanied with
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the chemical industry over the past three decades.

The production of EB from dry gas generally contains three steps: dry
gas refining, EB reaction, and EB distillation. This production is an
energy-intensive and high carbon emission process, and the EB distil-
lation part accounts for the major energy consumption and carbon
emissions [2]. Therefore, any new methods or technologies of process
intensification that allow us to have energy-efficient and sustainable EB
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List of Abbreviations
ACC Annualized capital cost
CAILD  Computer-aided ionic liquid design
CAMD  Computer-aided molecular design
DC Distillation column
DC1 benzene column
DC2 ethylbenzene column
DC3 diethyl benzene column
EB Ethylbenzene
ED Extractive distillation
EDC Extractive distillation column
EDC1 Extractive distillation benzene column
EDC2 Extractive distillation ethylbenzene column
EDC3 Extractive distillation diethyl benzene column
SRC Solvent recovery column
GC Group contribution
HP High pressure
IL Ionic liquid
MINLP  Mixed-integer nonlinear programming
Nst Number of equilibrium stages
OPEX Operating cost
RR Reflux ratio
SEC Specific energy consumption
SRC Solvent recovery column

S/F Mass ratio of solvent

TAC Total annual cost

TEC Total energy consumption

aqj anion group described by binary variables

Ci cation group described by binary variables

g side chain described by binary variables

My, molecular weight of ILs

Ny number of substituent groups on the side chain

P saturated vapor pressure of benzene

PSy saturated vapor pressure of ethylbenzene

Tm melting point

T, temperature of every processing unit

Vi the group valence of cations

Vil the group valence of substituents

YR dilution activity coefficient of benzene

YRR infinite dilution activity coefficient of diethyl benzene in
the IL solvent

YRBIL infinite dilution activity coefficient of ethylbenzene

YEKIL infinite dilution activity coefficient of the heavy key
component in the IL solvent

ik infinite dilution activity coefficient of the light key
component in the IL solvent

Oass mass-based design target

production are critical for mitigating the issue of energy shortage and
global warming caused by carbon emissions. To date, different design
and optimization approaches have been recommended to improve the
energy performance, economic and environmental performance which
have been investigated of EB production from dry gas. For the EB
distillation process, the studied alternative methods include extractive
distillation [3], azeotropic distillation [4], reactive distillation [5], etc.
Similar to many other energy-intensive and different separations, IL
(ionic liquid)-based distillation processes have also received more
attention in the separation of benzene homologues as ILs generally have
negligible vapor pressure, high thermal stability, and they also have
good selectivity for a wide range of chemicals [6-8].

The IL-based extractive distillation has been widely studied in many
separation processes [9], such as [EMIM] [TCM] is employed in the
aromatic/aliphatic separation [10,11]. Table 1 summarizes the pub-
lished works using ILs for the separation of benzene homologues. So far,
most reported ILs are imidazolium and pyridinium solvents, and their
applications are limited to separate binary mixtures of benzene homo-
logues. However, in industry, the EB separation process usually consists
of 3-4 distillation columns because the stream from the EB reaction
process is a multicomponent mixture. Therefore, ILs that can promote
the separation of benzene homologues in all distillation columns are
essential for the implementation of IL-based EB separation technology in
the industry. As we know, the number of potential IL candidates is so
large, and it would be extremely challenging to find suitable ILs that can
meet the separation requirements in all distillation columns. In this re-
gard, the computer-aided molecular design (CAMD) approach is thor-
oughly based on predictive property formulas and optimization
algorithms may have the potential to provide solutions for this chal-
lenging problem. Unlike the trial-and-error method which generally is
time-consuming and expensive, the computer-aided design method is
more systematic and cost-effective.

As reported, the computer-aided ionic liquid design (CAILD) method
has been efficiently employed to screen high-performance ILs for
different purposes, including gas separation [12,13], bioproduct re-
covery [14,15], separation of near azeotropic system, and azeotropic
mixtures [16-19], etc. The quality of the solutions from CAILD-based

design problems mainly depends on the reliability of the used prop-
erty models and optimization algorithms. By far, thermodynamic
models such as UNIFAC [12-15,19,20], NRTL [21-33], COSMO-RS
[34-41], and UNIQUAC [25,28] have been employed to study the
thermodynamic behavior of IL-organic chemical systems. Among these
studied thermodynamic models, UNIFAC being a group contribution
(GC)-based model, is the most widely applied one in CAILD. This is
because the UNIFAC model not only can be easily integrated into CAILD
models, but also usually provides good quantitative predictions. Mean-
while, GC-based models developed in our previous work can be used to
predict the physical properties of ILs. Furthermore, optimization solvers
such as LINGOGLOBAL and CPLEX in the general algebraic modeling
system (GAMS) have been proven also to solve CAILD-based optimiza-
tion models [42].

The research motivation of this work is to focus on the high energy
consumption and high carbon emission of EB distillation units in prac-
tical applications. A novel IL-based ED process is firstly proposed to
achieve energy-saving and low-carbon emission operation of the EB
distillation process in the EB production from dry gas. In this process, the
IL that can satisfy the separation requirements in all distillation columns
is determined by solving a complex CAILD-based optimization model.
The energy, environmental (carbon emission), and economic perfor-
mance of this IL-based ED process are thoroughly evaluated following a
rigorous simulation model in Aspen Plus. The application of this IL-
based separation process is demonstrated through a case study at the
level of a Chinese oil refining industry.

2. CAILDxxx
2.1. Mixed integer nonlinear programming (MINLP) model

Like many other decision-making optimization problems in process
industries, the CAILD-based optimization problem also leads to a MINLP
model combining discrete variables, continuous variables, and
nonlinear equations in the objective equations and/or the constraint
conditions. Table 2 summarizes the formulated MINLP model for the
CAILD-based optimization problem targeting the EB distillation process.
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Table 2

MINLP model formulation for the CAILD-based optimization problem targeting

EB distillation process.

Table 1
Reported ILs for separating benzene homologues.
Separation system IL Full name of IL Refs
Hexane/benzene [CoMIM] 1-ethyl-3-methylimidazolium bis [43]
[NTf,] (trifluoromethylsulfonyl)imide
[C4MIM] 1-butyl-3-methylimidazolium bis
[NTf,] (trifluoromethylsulfonyl)imide
[CgMIM] 1-octyl-3-methylimidazolium bis
[NTf;] (trifluoromethylsulfonyl)imide
Benzene/n-octane [BMPYR] 1-butyl-1-methylpyrrolidinium [44]
/n-decane [NTf,] bis(trifluoromethylsulfonyl)
imide
Cyclohexane [4BMPY] 1-butyl-4-methylpyridinium [26]
/benzene [TCM] tricyanomethanide
Methylcyclohexane [EPY] 1-ethylpyridinium ethylsulfate [45]
/benzene [ESO4]
Heptane/p-xylene [BMIM] 1-butyl-3-methylimidazolium [46]
[NOs] nitrate
Octane/p-xylene [OMIM] 1-methyl-3-octylimidazolium [46]
[NOs] nitrate
Benzene/ [EMIM] 1-ethyl-3-methylimidazolium [47]
acetonitrile [BF4] tetrafluoroborate
n-hexane /benzene [EMIM] 1-ethyl-3-methylimidazolium bis [48]
[NTf,] (trifluoromethylsulfonyl)imide
[EMIM] 1-ethyl-3-methylimidazolium
[EtSO4] ethylsulfate
n-heptane/toluene [EMIM] 1-ethyl-3-methylimidazolium [49-51]
[SCN] thiocyanate
[BMIM] 1-butyl-3-methylimidazolium
[SCN] thiocyanate-
[EMIM] 1-ethyl-3-methylimidazolium
[DCA] dicyanamide
[BMIM] 1-butyl-3-methylimidazolium
[DCA] dicyanamide
[EMIM] 1-ethyl-3-methylimidazolium
[TCM] tricyanomethanide
[BMIM] 1-butyl-3-me-thylimidazolium
[TCM]) tricyanomethanide
[4BMPY] 1-butyl-4-me-thylpyridinium
[TCM] tricyanomethanide
[4EMPY] 1-ethyl-4-me-thylpyridinium bis [49,51]
[Tf2N] (trifluoromethylsulfonyl)imid
[4BMPY] 1-butyl-4-methylpyridinium bis
[Tf2N] (trifluoromethylsulfonyl)imid
Toluene/n-heptane [C2C1IM] 1-ethyl-3-methylimidazolium [52]
[TCM] tricyanomethanide
[4-C4C,PY] 1-butyl-4-methylpyridinium
[TCM] tricyanomethanide
n-hexane + [C2C1IM] 1-ethyl-3-methylimidazolium [53]
benzene [TCM] tricyanomethanide
n-octane + p-xylene  [4-C4C,PY] 1-butyl-4-methylpyridinium
[TCM] tricyanomethanide
n-octane + benzene [C2C1IM] 1-ethyl-3-methylimidazolium [54]
[TCM] tricyanomethanide
[4-C4C,PY] 1-butyl-4-methylpyridinium
[TCM] tricyanomethanide
n-heptane + [C2C1IM] 1-ethyl-3-methylimidazolium
benzene [TCM] tricyanomethanide
[4-C4C,PY] 1-butyl-4-methylpyridinium
[TCM] tricyanomethanide
n-octane + toluene [C2C1IM] 1-ethyl-3-methylimidazolium
[TCM] tricyanomethanide
[4-C4C1PY] 1-butyl-4-methylpyridinium
[TCM] tricyanomethanide

The IL structure is optimized by maximizing the mass-based design
target (Eq. 1) that evaluates the separation performance of the IL. In this
MINLP model, different IL functional groups (i.e. cations, anions, sub-
stituents) are totally combined subject to several molecular structural
constraints (Eqs. 2-8), physical properties constraints (Egs. 9 and 10),
and thermodynamic property constraints (Eqs. 11 and 12).

In Egs.2-8,C, A andS, respectively, denote the sets of cation groups,
anion groups, and substituent groups. The occurrence of the cation
groupi, anion groupj, and side chain [ are described by binary variables
ofc;, a; andg, respectively. The number of substituent group k on the side

Objective function oo reuPs m
R £ =_'BILB
(maximization) mass Yo pr M
Molecular structural constraints Diecti =1 2
[38] Djeati =1 3
S8 —Siectivi =0 “
PiecCi(2 = i) + ®
S k@i (2 — via) = 2
D kes&ima(2 = via) =1 )
NESY ) CkesGimas<ng %
1, <D ks 8iM <G, ®
Physical property constraints Tm < Ty —5(K) ©
n < 0.1(Pa-s) (10)
Thermodynamic property ik 1 an
constraints YRKIL z
wl < 100 a2
YDBIL
Table 3

IL functional groups used in the CAILD-based MINIP model for the EB distillation
process.

Types Groups Groups

Substituents CH3 Anions [TfoN]~
CHa [BF4]

Cation skeletons [mm]* [PFg]™
[MIM] " [CF5CO0]~
[Py]” [CF2S0;]
[(Mpyl* [MeSO4]™
[CH5N]* [EtSO4]™
[CoHsNT ™" [MDEG]~
[CsH,N]* [ci-
[C4HoNT™ [SCN]™

chain [ is represented by integer variables ofny;, while the group valence
of cations and substituents are expressed by integer variables of v;
andvy, respectively. nk and ng are the minimum and the maximum
number of substituent group k in the whole IL molecule, while nf; and
nY, are the are the minimum and the maximum number of substituent
group k on the sidel, respectively. The feasibility of the generated IL
candidates is described by Eqs.2-6, wherein Eqs.2 and 3 are used to
ensure there is only one cation and anion in each IL molecule, and Eq.4 is
utilized to describe the octet rule that ensures the consistency between
the number of side chains N and the free valence of the cation. Mean-
while, Egs.5 and 6 are introduced to ensure that any two adjacent groups
are not linked by more than one covalent bond. On the other hand, Egs.7
and 8 are used to ensure the complexity of the generated IL candidates.
Table 3 gives all the IL functional groups used in the CAILD-based
optimization problem for the EB distillation process.

To avoid solvent solidification in practical operations, the melting
point (Tp,,) of the IL solvent must be at least 5 K lower than the tem-
perature of every processing unit, as expressed by Eq. 9. In the EB
distillation process, the referenced temperature (350 K) is taken from
the top of the benzene distillation column. As known, viscosity denotes
opposition to flow, and therefore we use Eq. 10 to ensure that all the
generated IL candidates have viscosity lower than 0.1 Pa-s (T = 298.15
K). These two physical properties of ILs can be, respectively, predicted
from GC-based models [55,56].

Besides specifying appropriate design constraints, selecting a
reasonable design objective is also critical to find high-performance ILs
when using the CAILD method. In the distillation process, relative
volatility (a) indicates the ease or difficulty to separate the volatile
components from the less volatile components in a mixture. As a result,
the ability to increase the relative volatility of different components in a
mixture is a significant target to estimate the separation performance of
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Table 4
Model summary of CAILD-based MINLP problem.
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Continuous variables Integer variables Binary variables

Equations Constraints Iterations Best solution time (s)

338 137 42

373 373 17,797 7

/—NH3+

(a) cation (b) anion

Fig. 1. Molecular structure of [C;HgN][TfO].

an IL. In industry, the cost of IL solvents is generally depended on their
mass consumption, and it would be easier for us to find ILs with good
economic performance if the molecular weight of ILs (M) is considered
in the design objective. For this reason, a mass-based design target
(8%45s)> as formulated in Eq. 1, is employed as the objective function of
the MINLP problem. In Eq. 1, P§ and P§; denote the saturated vapor
pressure of benzene and ethylbenzene, while y; and i3, describe the
infinite dilution activity coefficient of benzene and ethylbenzene in the
IL solvent, respectively. 87 .. evaluates the mass-based separation per-
formance of IL in the first distillation column (DC), which accounts for
the most energy consumption of the whole EB distillation process (see
Section 4). In addition, Eq. 11 is used to ensure that the IL solvent has a
positive effect on the septation of the light key component and the heavy
key component in all distillations, while Eq. 12 is utilized to control the
difficulty of solvent recovery at a reasonable level. For the studied EB
distillation process in this work (see Fig. 2), benzene is the light key
component and EB is the heavy key component in EDC1; EB is the light
key component and isopropybenzene is the heavy key component in
EDC2; isopropybenzene is the light key component and diethylbenzene
is the heavy key component in EDC3. yfy andyy, respectively,
denote the infinite dilution activity coefficient of the light key compo-
nent and the heavy key component in the IL solvent, while y§j;, de-
scribes the infinite dilution activity coefficient of diethylbenzene (the
heaviest key component) in the IL solvent.

2.2. MINLP solution

The structure of the task-specific ILs is optimized by maximizing 95,
of the formulated MINLP problem in the GAMS, where LINDOGLOBAL is
selected as the solver. The model statistics of the GAMS solution for this
CAILD-based MINLP problem is summarized in Table 4. In this study,
ethylammonium trifluoromethanesulfonate [C;HgN][TfO1, which has a
melting point of 336.4 K and a viscosity of 0.062 Pa-s (at 298.15 K), is
defined as the best IL for the studied EB distillation process. The struc-
ture of this ammonium-based IL is given in Fig. 1. From the functional
group level, the excellent separation performance of [CoHgN][TfO] can
be demonstrated by the positive and strong interactions between its
functional groups and the alkane/aromatic carbon-alkane groups in the

EB molecule. Currently, experimental information of [CoHgN][TfO] is
not available in the literature, but even combining the model uncer-
tainty (+£3.58 %), the maximum calculated viscosity of [CoHgN][TfO]
(0.064 Pa.s) can still meet the design constraint of viscosity. On the other
hand, the calculated melting point of [CoHgN][TfO] is between 314.2 K
and 360.2 K after considering the model uncertainty (£+7.07 %).
Although the maximum calculated melting point is a little higher than
the upper value in the design constraint, the actual melting point of
[CoHgN][TfO] is probably close to 314.2 K as the reported melting point
of another ammonium-based IL diethylmethylammonium tri-
fluoromethanesulfonate ([C¢Hp4N]1[TfO]) is only 268.1 K.

3. Process design

The [CoHgN][TfO]-based EB distillation process will be rigorously
simulated and optimized in Aspen Plus V9. It’s worth noting that two
issues need to be addressed: (1) ILs are still not included in the
component database of Aspen Plus. In this work, [CoHgN][TfO] will be
defined as a pseudo component, and Table 5 gives all the information
that required for pseudo-component definition in Aspen Plus. (2)
Thermodynamic models that can describe systems containing ILs are not
available in Aspen Plus. In this study, the UNIFAC-IL model [42] is used
as it has been extended to the IL-organic chemical systems containing
functional groups decomposed from [CoHgN][TfO]. And the good pre-
dictivity (AARD < 10 %) has been confirmed in previous work [57,58].

In addition to the simulation and optimization of the IL-based ED
process, the conventional EB distillation process will also be simulated
and optimized, and then the two processes will be systematically
compared. The conventional EB distillation process contains three
distillation columns, i.e., benzene column, ethylbenzene column, and
diethyl benzene column (see Fig. 2a). The crude fractionator bottom oil
(crude feed 1, see Table 6) and reverse alkylation products (crude feed 2,
see Table 6) from the upstream are fed from the middle of the benzene
column (DC1). 99.4 % of benzene is distilled from the top of the DC1.
The substances at the bottom of the DC1 enter the ethylbenzene column
(DC2), and 96.2 % of ethylbenzene is obtained at the top of the ethyl-
benzene column (DC2). The substances at the bottom of the DC2 enter
the diethyl benzene column (DC3), and 25 kg/h of propyl benzene is
distilled from the top of the DC3. The mass flow of propyl benzene in the
material at the bottom of the DC3 is controlled to be less than 2 kg/h,
and the purity of diethyl benzene at the bottom of the DC3 is 99.3 %.
Different from the conventional EB separation process, the IL-based EB
distillation process requires a solvent recovery column (SRC) to regen-
erate IL for its recycling, as shown in Fig. 2 (b). Fresh IL (S3) as
extractant enters the extractive distillation benzene column (EDC1)
from the upper part of the extractive distillation column, and benzene
(S4) with greater than 99.4 wt% is obtained in EDC1. The mixture of IL
and other benzene homologues enters the extractive distillation ethyl-
benzene column (EDC2), and 96.2 % ethylbenzene is obtained at the top
of the EDC2. IL and the remaining benzene homologues at the bottom of
the EDC2 enter the extractive distillation diethyl benzene column
(EDC3), and propyl benzene is distilled from the top of the EDC3.

Table 5
Required information for pseudo-component definition of [C;HgN][TfO] in process simulation.
Solvents MW P, [48] (bar) T, [48] V. [48] API gravity Tap (K) n w
(g/mol) (K) (ecm®/mol) (Pas,
298.15 K)
[CoHgN][TfO] 195.14 14.86 835.9 588.95 —30.73 645.62 0.062 0.69
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Fig. 2. Flow diagram of EB distillation process.

Finally, IL and the rest of the benzene homologues enter SRC, where
99.3 % diethylbenzene is obtained at the top of the SRC and 99.9 %
circulating IL is directly recycled to EDC1 through a pump.

The rigorous process simulations of an industrial-scale EB distillation
process are performed, followed by an in-depth evaluation on the en-
ergy, carbon emissions, and economic performance of the [CyHgN]
[TfO]-based ED process.

3.1. Process simulation

Table 6 gives the composition of crude feed 1 (flow rate 26066 kg/h)
and crude feed 2 (flow rate 5279 kg/h). The data and information of
these two feed streams are directly obtained from a China’s oil refinery,
where the conventional EB distillation process, as presented in Fig. 2, is
currently used. In this work, the rigorous equilibrium stage model
(RADFRAC) is employed to simulate all involved columns including DC,
EDC, and SRC for achieving accurate simulation results. In addition, the
SRK and UNIFAC [59] models are, respectively, employed to perform

the thermodynamic calculations for the EB distillation process simula-
tion [60].

Parameter optimization that allows us to maximize the process
performance is an important step to simulate the process in Aspen Plus.
In this study, several sensitivity analyses are employed to optimize the
key design and operation. The optimizing strategy used in our work is
shown in Fig. S1. The optimization of the parameters (i.e. the number of
equilibrium stages, feeding location, reflux ratio) of the conventional EB
distillation process is performed on the basis of the actual requirements
in the industry. The parameter optimization results are given in Table 7.
Obviously, the benzene column and ethylbenzene column account for
the most energy consumption of the whole EB distillation process.

For the [CoHgN][TfO]-based EB distillation process that includes
three extractive distillation columns (EDC1-3) and a SRC, the key pa-
rameters will be analyzed as follows: (1) the number of equilibrium
stages(Ngr), feeding location, and RR of EDC1-3; (2) Ngr and feed
location of SRC and RR; (3) Mass flow rate of extractant in EDC1; (4)
Distillation column pressure of EDC1 and EDC2. In EDC1, as the Ngr
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Table 6
Composition of the crude feeds for EB distillation process in a China’s oil
refinery.

Components Molecular wt. % mol %
formulas
Crude feed AIR AIR 0.063 0.179
1 CARBON-MONOXIDE Cco 0.006 0.018

CARBON-DIOXIDE CO 0.07 0.131
METHANE CH4 0.03 0.153
ETHANE CyHe 0.121 0.330
ETHYLENE CoHy 0.001 0.003
N-BUTANE C4Hyo-1 0.006  0.008
1-BUTENE C4Hs-1 0.001 0.001
N-PENTANE CsHipo-1 0.028 0.032
N-HEXANE CeHi4-1 0.055 0.052
BENZENE CeHe 80.806  84.837
N-HEPTANE CyHy6-1 0.096 0.079
TOLUENE CyHg 0.032 0.029
ETHYLBENZENE CgHi0-4 16.86 13.024
P-XYLENE CgHio-3 0.016  0.012
ISOPROPYLBENZENE CoH12-2 0.099 0.068
O-DIETHYL BENZENE CioH14-2 1.698 1.038
1,2,4- Ci12H15-6 NA NA
TRIETHYLBENZENE
N-BUTYLBENZENE N-BUT-02 0.011 0.007
N-PENTYLBENZENE Ci11Hie NA NA

Crude feed N-PENTANE CsHio-1 0.062 0.071

2 N-HEXANE CeHya-1 0.062  0.059
BENZENE CeHe 83.655 88.062
N-HEPTANE CyHi6-1 0.107 0.088
TOLUENE C;Hg 0.038 0.034
ETHYLBENZENE CgHyo-4 11.354 8.794
O-DIETHYL BENZENE CioH14-2 4.692 2.874
1,2,4- C1oHig-6 NA NA
TRIETHYLBENZENE
N-BUTYLBENZENE N-BUT-02 0.03 0.018
N-PENTYLBENZENE C11Hie NA NA
Table 7

Optimized parameters of the conventional EB distillation process.

Benzene Ethylbenzene Diethyl benzene
column column column
(DC1) (DC2) (DC3)
Number of equilibrium 100 60 30
stages
Feed location 28/36 50 10
Reflux ratio (RR) 1.4 5 10
Column mass flow rate 25420.8 / 5183.6 / 740.5 74 / 666.5
(kg/h) 5924.2
Reboiler heat utility 6188.3 2649.4 66.3
(kW)
Percentage of energy 69.5 % 29.8 % 0.7 %

consumption

changes from 90 to 110, the mass ratio of solvent (S/F) begins to
decrease rapidly and then maintains a relatively gentle trend. When the
Ngr is 104, the solvent ratio is the smallest, as shown in Fig. 3(a).
Therefore, the Ngt of EDC1 is determined to be 104. In EDC2, with the
increase of the Ngr, RR shows a decreasing trend first and then main-
taining a gentle trend, as shown in Fig. 3(b), so the optimal Ngr is set as
60. Fig. 3(c) and 3(d) illustrate the impact of the Ngr on the RR of EDC3
and SRC, respectively. It is finally determined that 25 equilibrium stages
are applied for EDC3 and 30 equilibrium stages for SRC. The material
balance of the conventional and [CoHgN][TfO]-based ED processes are
shown in Table S1 and S2.

Figs. 4-7 present the details of the sensitivity analysis on the main
process parameters in EDC1-3 and SRC, respectively. In our previous
study, it was found that the heat duty of the distillation column increases
with increasing the feed temperature [50], so the effect of the feed
temperature on the process performance is excluded from consideration
in this work. The effect of the feed location of S1 and S2 on the RR,
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reboiler duty, and condenser duty of EDC1 are given in Fig. 4. We find
that EDC1 has the smallest RR and the lowest heat duty when the feed
location of S1 is 37 and the feed location of S2 is 33. In EDC2, both the
RR and heat duty of the reboiler decrease and then increase with
increasing feed location, as shown in Fig. 5. This column demands the
smallest heat duty input when the feed location is set to 45. In EDC3,
firstly, the RR decreases slightly. And then increases significantly with
increasing feed location, as illustrated in Fig. 6. The optimal energy
performance of this column is identified with a feed location of 5. For the
SRC, both the RR and the heat duty of the reboiler have similar trends
against the feed location in EDC3, as presented in Fig. 7, and the optimal
feed location of this column is 7. In all distillation columns, the heat duty
of the condenser shows the opposite trend to the RR and the heat duty of
the reboiler.

Similar to the conventional EB distillation process, the extractive
distillation benzene column (EDC1) accounts for most energy con-
sumption of the whole [CyHgN][TfO]-based EB distillation process.
Therefore, the key parameters of this distillation column are further
investigated, and the results are presented in Figs. 8-10. Table 8 gives all
the optimized key design parameters of the IL-based EB distillation
processes. It should be pointed out that the operating pressure of SRC is
controlled to ensure that the maximum operating temperature is lower
than the thermal decomposition temperature of IL.

3.2. Energy consumption analysis and economic evaluation

The Aspen Energy Analyzer V9 and Aspen Process Economics
Analyzer V9 will be employed to evaluate the energy, carbon emission,
and economic performance of the conventional and [CoHgN][TfO]-
based EB distillation processes.

3.2.1. Energy consumption analysis

The analysis of energy consumption should be considered to evaluate
process performance, especially for an energy-intensive process, such as
the EB distillation process. Due to the advantages of IL solvent, the en-
ergy performance of the distillation columns in the suggested IL-based
EB distillation process is better than that of the conventional process.
As presented in Fig. 11, the hot utilities of DCs in the conventional
process is over 8.9 MW, while the total hot utilities of EDCs and SRC in
the [CoHgN][TfO]-based ED process is about 5.3 MW, leading to a 40 %
energy-savings.

The pinch technology is a powerful method to achieve maximum
heat recovery in the heat exchangers network (HEN). In our study, the
optimal HEN scenarios of both the conventional and [CoHgN][TfO]-
based EB distillation processes are carried out to maximize heat recov-
ery. The hot and cold streams used in the HNE design are directly taken
from Aspen Plus V9. The supply, target temperature, and heat capacity
of all process streams are listed in Table S3. The heat transfer and cost
coefficients embedded in the Aspen database are used in the heat inte-
gration. The total annual cost (TAC) is used to evaluate and analyze the
performance of the proposed HENs. With a ATy, of 10 K, the pinch
temperatures of the conventional and [CoHgN][TfO]-based EB distilla-
tion processes are 475.45 K and 415.45 K, respectively. The grand
composite curves (GCC) and the grid diagrams of recommended HENs
for the above two separation processes are given in Figs. S2 and S3,
respectively. The summary of the optimized HENs for both the con-
ventional and [CoHgN][TfO]-based EB distillation processes is presented
in Table 9. The TAC of the optimized HEN is less than that of the initial
HEN. It because there is the cold utility utilization in series employed in
the optimized HEN as shown in Fig. S3.

For the optimized HEN designs, the minimum heating and cooling
duties in the [CoHgN][TfO]-based EB distillation process are, respec-
tively, reduced by 41 % and 39 % when compared with the conventional
EB distillation process, as shown in Table 9. Meanwhile, the [CoHgN]
[TfO]-based separation process saves 39 % in operating costs (OPEX)
and 25 % in capital costs. As a result, TAC of 37 % is reduced. Overall,
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the energy efficiency of the [CoHgN][TfO]-based EB distillation process
is much higher than that of the conventional EB distillation process.
Moreover, if heat integration is considered, the capital cost and TAC of
the conventional process and the [Cy;HgN][TfO]-based process are
reduced by 21 % and 36 %, respectively. The results indicate that heat
integration between cold and hot streams is essential in the process
design.

Total energy consumption (TEC) contains several energy mediums
used in hot and cold utilities. In our work, the equivalent energy penalty
is used to calculate the TEC of the studied EB distillation processes. The
equivalent energy penalty of used working mediums can be found in
Table S4. In addition, specific energy consumption (SEC), as expressed
by Eq.13, is an effective index for evaluating the quality of TEC and it
will be used to compare the energy performance between the conven-
tional and IL-based EB distillation processes.

SEC = %(1 3)where the unit of SEC is MJ/kg EB and the unit of TEC
is MJ/h. mgg is the mass basis flow of EB product distilled from the top of
EDC2. The TEC of the conventional EB distillation process has two
components: AIR and HP Steam. For the IL-based ethylbenzene distil-
lation process, the TEC contains AIR, Fired Heat, and HP Steam. As
illustrated in Fig. 12, the SEC of the conventional EB distillation process
is 14.5 MJ/kg EB, and for the [CoHgN][TfO]-based EB distillation pro-
cess the value is 8.8. In addition, the IL-based EB separation process
saves 40 % heating facility and 39 % cooling facility, resulting in a 39 %
reduction in SEC, compared to the conventional EB distillation process.

3.2.2. Environmental assessment

For the distillation process, environmental friendliness can be eval-
uated by calculating CO2 emissions [61]. The Net CO, emission is
calculated in Eq. 14 [62].

Net CO; emission = Direct emission + Indirect emission — Captured CO,(14)

In this study, no part of the process products contains COj, so direct
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Fig. 4. Sensitivity analysis on the main design and operation parameters in extractive distillation benzene column.

emissions are not calculated. Indirect emissions are from utilities and
can be obtained directly through Aspen Plus. Compared with the con-
ventional EB process, the [CoHgN][TfO]-based EB distillation process
has a makeup ionic liquid as the material input. The amount of the
makeup ionic liquid is only 0.23 kg/h, and the CO2 emission is 1.073 kg/
h [63], which is very small compared with the indirect emissions by
utilities, we have omitted this part of CO, emissions. The carbon emis-
sion results of the conventional and [CoHgN][TfO]-based EB distillation
process are shown in Fig. 13. The [CoHgN][TfO]-based EB distillation
process has almost less 40 % carbon emissions than the conventional EB
distillation process.

3.2.3. Economic evaluation

In general, economic performance is the most important indicator for
the acceptance and implementation of new processing technology in
industrial-scale production. TAC combining the annualized capital cost
(ACC) and the total OPEX is a well-known indictor that can be directly
used in the economic evaluation of a process. The information required
to calculate the ACC for different equipment (i.e. mathematical models,
model parameters) is given in Table S7. Due to the introduction of IL
solvent, the cost of IL regeneration and recycling is the non-negligible
part of ACC for the EB distillation process involving IL, while the cost
of make-up IL is classified as a contribution of OPEX. Therefore, the TAC
is obtained to evaluate the proposed process [19,59].

The price of ILs would definitely affect the TAC of the IL-based
process. In this case, the price of [CoHgN][TfO] is assumed to be 50
$/kg from continuous production [59,64]. Fig. 14 presents the detailed
economic performance of the conventional and [CoHgN][TfO]-based EB
distillation processes. The ACC increased by 19 % and OPEX decreased
by 22 % compared with the conventional EB distillation process. The
increase in ACC is due to the configuration for the heating furnace as the
reboiler of SRC in the [CyHgN][TfO]-based EB distillation process
compared with the conventional EB distillation process. However, the
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Fig. 6. Sensitivity analysis on the main design and operation parameters in extractive distillation diethyl benzene column.

TAC has decreased by 11 % because of 40 % energy conversation in the
[CoHgN][TfO]-based EB distillation process. Besides, it is found that the
contribution of OPEX in TAC is greater than ACC for both two processes,
indicating the importance of operating parameters optimization in
process design.

Although the price of IL has higher than that of many traditional
organic solvents, in the proposed IL-based EB distillation process, the
cost of make-up IL per year is 123,256 $/y, which only accounts for 6 %
of OPEX. However, the price of ILs also has a major impact on the
economic performance of the proposed IL-based EB distillation process
[40]. Therefore, the marginal price of the screened IL (P, @TACconven-
tional process = TACIL-based process) iS presented as an evaluating factor to
assess the economic benefit of this [CoHgN][TfO]-based separation
process [19]. In this work, the marginal price of [CoHgN][TfO] is 2349

10

$/kg for the IL-based EB distillation process, showing the good
competitiveness of this new separation technology. In addition, the wide
temperature interval of process streams in the [Cy;HgN][TfO]-based
process means that heat integration with adjacent plants can be
employed to achieve better performance of the HEN, which can lead to
further energy and economic benefit improvement of this process.

4. Conclusion

This work proposes an IL-based EB distillation process for achieving
energy-efficient and low-carbon-emission EB production from dry gas.
In this process, the structure of task-specific ILs is optimized by maxi-
mizing a mass-based separation performance design target in a CAILD-
based MINLP mathematical model. An ammonium-based IL [CoHgN]
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[TfO] is identified as the best performing candidate that can meet the
requirements in all distillation columns. The employment of this IL-
based separation technology is demonstrated through a case study in
China’s oil refining industry. The results from the process rigorous
simulation and complete optimization indicate that both the conven-
tional and [CoHgN][TfO]-based distillation processes can obtain high-
purity products (99.4 % benzene, 96 % ethylbenzene, 99.3 % dieth-
ylbenzene). However, results of process evaluation show that the
[CoHgN][TfO]-based EB distillation process has much better process
performance than that of the conventional process. When compared to
the conventional distillation process, the [CoHgN][TfO]-based EB
distillation process saves 40.2 % heating utility and 38.8 % cooling
utility. Meanwhile, the [CoHgN][TfO]-based EB distillation process is
able to reduce 40 % of carbon emissions. In addition, the [CoHgN][TfO]-
based EB distillation process can show 21 % OPEX savings, leading to a
11 % reduction in TAC.

11

In this work, the OPEX contributes more than ACC in TAC for both
the conventional and the [CoHgN][TfO]-based EB distillation processes,
indicating the importance of heat integration with maximum heat re-
covery. On the other hand, the marginal price of [CoHgN][TfO] (2349
$/kg) is much higher than the reference price (50 $/kg) from bulk
production, indicating a very low investment risk of this separation
technology. To the best of our knowledge, most ILs currently used in the
industry are ammonium-based ILs. This happens as they generally have
better thermal stability than other ILs, such as imidazolium- and
pyridinium-based ILs, which would definitely enhance the feasibility of
the [CoHgN][TfO]-based distillation technology. In addition, although
this work focuses on the EB distillation process, the process design and
optimization can be applied to other high energy-consuming separa-
tions, where the mixture generally contains benzene homologs with
similar properties, such as benzene and styrene.
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Fig. 9. Sensitivity analysis of benzene column pressure.
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Table 8

Optimized key operating parameters of the IL-based EB distillation process.
Column EDC1 EDC2 EDC3 SRC
Number of equilibrium Stages 104 60 25 30
Feed location 33/37 45 5 7
Column top pressure /MPa 0.5 0.05 0.03 0.01
RR 0.86 1.48 10 2
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Pinch analysis and process performance of the EB distillation process with an optimized HEN design.
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