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Abstract

Shale gas, as a potential substitute for energy source, requires important processing
steps before utilization. The most common separation technology applied is
distillation, which is energy-intensive. With good stability, non-volatility and tailored

properties, ionic liquids (ILs) are regarded as novel potential solvents and alternative
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media for gas absorption. Therefore, a new strategy for hybrid shale gas separation
processing, where IL-based absorption together with distillation is employed for

energy-efficient and cost economic gas processing, is developed. In this work, a
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three-stage methodology for shale gas separation process is proposed: IL screening,
where a systematic screening method with two options (database screening and
computer-aided design based on UNIFAC model) is established; suitable ILs are
selected as promising candidates; process design and simulation, where separation
schemes and important design issues in the IL.-based processes are determined; and,
process evaluation, where the performance of the final separation process is evaluated
and verified.
1. Introduction

Coal has been a primary energy source since the industrial revolution. With
increasing environmental pollution and decreasing energy sources, finding alternative
energy sources is very important. With a large potential amount available for
utilization, shale gas, as a kind of natural gas trapped within shale formations, has
been receiving much attention. In addition to its important role as a fuel, shale gas is
also a source of hydrocarbons for petrochemical feedstocks to produce value-added
chemicals. Due to the presence of large amounts of CH4 and reasonable amounts of
C,He, many studies have been undertaken on natural gas and shale gas related to the
production of potential products such as syngas, methanol and ethylene " 2, Although
it is usually regarded as a “clean” fuel compared to other fossil fuels, the shale gas
found in reservoir deposits is not strictly “clean” and free from impurities. It is
primarily composed of CH4, considerable amounts of light and heavier hydrocarbons
as well as contaminating compounds such as CO,, H,, H,S, etc. 3, Thus, the impurities

must be removed before their utilization to meet strict pipe-line quality standards
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specifications for a consumer fuel to avoid pipeline and equipment corrosion as well
as to enhance its calorific value. Therefore, different technologies need to be
employed for the separation of unwanted gases. The most common separation
technology applied is distillation, which consumes large amounts of energy to give the
desired high purity products *. These distillation columns operate at low temperatures
and high pressures and have high energy demands. Therefore, an alternative scheme, a
hybrid shale gas separation scheme, which combines distillation with absorption to
achieve the desired separation at lower energy consumption, is proposed.

With the unique properties of good stability and non-volatility, ionic liquids (ILs)
are regarded as attractive mass separating agents for gas absorption °. In this work, a
hybrid gas separation process synthesis to separate a model shale gas mixture is
proposed with a workflow. The designed flowsheet consists of distillation and
IL-based absorption for a model five-component shale gas. As large amounts of
solubility of CO; in ILs data are available 6, most of the developments related to the
use of ILs for gas absorption have focused on the CO; absorption in different ILs 7 8,
including introducing new structures in common ILs *"'. Zhang et al.'> '* reviewed
the CO, absorption with different types of IL, ranking them in terms of CO; solubility
for different anions with the same cation. Encouraged by good absorption of CO, with
ILs, new studies have concentrated on the solubility of other gases in ILs. Lei et al 14
have summarized solubility data of different gases in ILs over a wide range of
temperatures and pressures, indicating a high-potential for IL application. However, as

many ILs that may be potentially applicable are identified, selection of the most
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appropriate IL for specific gas absorption for different gases also needs to consider. In
addition to the solubility of the selected gas in ILs, the selectivity of the gases to be
separated is also very important, together with other pure component properties of ILs,
such as viscosity, melting point and density. Therefore, before a selection-screening
method for ILs for use in absorption based gas separation can be developed, the
needed properties must be available in the form of data or property models from
which they can be reliably estimated.

Some researchers have developed different thermodynamic models for gas
solubility estimation, such as the equation of state models > '°, COSMO-RS "7 and
UNIFAC '8, while, GC-based models > ?° have been used for estimation of pure
component properties. With the binary interaction parameters regressed from
experimental data, the UNIFAC model has been found to give good quantitative
prediction accuracy for specific gas-IL systems. Moreover, as a group
contribution-based model, it is very useful for a quick and reliable solvent screening >
?2_ Having the UNIFAC model available, the optimal IL for gas separation can be
designed through a computer-aided molecular design approach ». Zhen et al. ** have
developed a UNIFAC-IL model and found the optimal solvent for extractive
desulfurization of fuel oils through computer-aided IL design.

Current studies published regarding different IL-based separation processes either
emphasize on IL design * or on process simulation with an improvement of

5, 25-31

energy-reducing and cost-saving . However, in our study, we have followed a

multi-scale research strategy which includes an extended database and models from

This article is protected by copyright. All rights reserved.



Accepted Article

the view molecular to the macroscopic engineering aspect. These models have been
applied to IL-based gas separation in this work. This method includes ILs screening
and design, process design and simulation, as well as process assessment. In our
previous work, experimental data for the solubility of gases in different ILs were
collected and a UNIFAC-IL model was developed for different gas-IL systems by

regressing binary parameters with available experimental data >

. To lay a solid
foundation for IL screening and design, an extended database and pure component
property prediction models are firstly established in this work. In addition to applying
only one technology (IL-based absorption), a hybrid scheme including IL-based

absorption and distillation to separate a model shale gas mixture is developed and

evaluated.

2. Methodology

In this work, a three-stage methodology is proposed (Figure.l) in order to
synthesize and design IL-based shale gas separation processes. The first stage
involves IL screening where the separation problem is defined and the gas mixture is
analyzed. Then appropriate IL is selected based on available and predicted solubility
and selectivity for specific gas separation problems. This stage includes a systematical
method of screening the appropriate solvent for a multi-component gas mixture
separation. The screening method has two options: a) selects the IL-based on its
availability and already known properties; b) generates and selects IL candidates

through computer-aided molecular design techniques that best match the desired

This article is protected by copyright. All rights reserved.



Accepted Article

target properties. In option b, appropriate thermodynamic models for the prediction of
properties need to be employed. The UNIFAC model is used to predict solubility of
gas in ILs, while COSMO-RS model is employed as a backup model when parameters
of UNIFAC model are unavailable. Also, group contribution models for prediction of
pure properties prediction are needed. These models constitute a model library
through which not only potentially better ILs could be designed but also existing ILs
not selected in option-a could now be considered based on available data as well as
estimated missing properties, thereby, extending the application range of the IL
screening method. The second stage involves process design and simulation for the
gas separation problem for both selected ILs. The gas separation sequence is decided
for each IL and the corresponding separation schemes are generated. The required
thermodynamic models for the simulation of the selected gas-IL systems are
established through fitting of needed model parameters from experimental data or
predicted data. After verification of the model (to make sure the simulation results are
correct), the whole process is simulated. The important design parameters such as the
amount of solvent needed, operating conditions (temperature and pressure), are
determined through sensitivity analysis on the separation performance. The third stage
involves process evaluation, where the total energy consumption and selected
economic performance indicators are calculated. Then the process is verified with an
acceptable design decision. The results obtained for different IL-based processes with
selected ILs from the first stage are compared. As a case study, in this work, two ILs

are selected as candidates, one is selected from option-a employing database search to
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identify the most appropriate IL (for immediate application as the IL already exists),
while, a second IL is generated and selected through option-b, having better
selectivity and other missing properties. Note that this second IL could be an existing
IL that could not be selected previously because of missing properties, or, a
potentially attractive candidate for possible future synthesis as it is not currently
available. The comparison indicates whether the potential improvements are sufficient
to invest in the development of the new IL, providing a foundation of a
comprehensive objective-oriented design from molecule to the whole process.
3. ILs Screening

3.1 Problem Definition and Gas Mixture Analysis

For a given gas mixture separation problem, the absorbed gas and products are first
defined. In this work, based on the reported raw shale gas >, a model with 5 gases is
considered, as given in Table 1. We assume that 2000 kmol/h of raw shale gas is
available at 30 bar and 20°C 2. In order to have low solvent consumption, the gas
present in the largest amount (methane, CH4, whose concentration is 80%) is not
absorbed and the other gases are removed, if necessary. For example, if the processed
shale gas is to be used as fuel, it is necessary to remove CO,, which is present in the
raw shale gas, giving a gas mixture of H, and CH4, which can be utilized as a
high-quality fuel. Note that economically feasible separation of high purity C,H4 and
C,He, which are regarded as common building blocks for the production of thousands
of chemical products 33 could also be considered.

The solubility of each gas in ILs is checked based on the solubility database

This article is protected by copyright. All rights reserved.
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established in previous work 2. Together with an extended experimental pure
property database and models (given in Tables S1-S2 of the Supporting Information),
the feasibility and the potential for industrialization of the selected IL are also
analyzed. If the IL does not absorb CHy, then all other gases could be potentially
removed and the method needs to identify which gas to remove first. In this case, the
solubility of the gas and the selectivity of the gas compared to CHy in the IL needs to
be checked. Also, the boiling points of the gases compared to CH4 needs to be
checked. The first gas to be removed should have the highest solubility and selectivity
compared to CHy in IL. For the other gases that could not be absorbed by IL, they can
be separated through a series of distillation steps, whose sequence is based on a

ranking beginning from the gas with lowest boiling point and going to the highest.

3.2 IL Screening Method

The gas solubility and selectivity are quantified through Henry’s law constant.
However, as the reported Henry’s law constant is usually mole-based and the solvent
is usually measured on a mass basis, therefore, in this work, the mass-based Henry’s
law constant, which is the mole-based Henry’s law constant multiplied by the
molecular mass of IL (kg/mol), is considered. The most suitable IL is the one, which
has the minimum mass-based Henry’s law constant of gas and high selectivity of
gas/CHy. In addition, judging a solvent’s potential for industrial application, the
following pure component properties are also considered: viscosity, which affects the

absorption capacity of solvent as well as the fluidity in process, normal melting point,
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making sure that the solvent is liquid at the operation condition **. It should be noted,
however, these pure component properties may not be available for the selected IL
based on solubility and selectivity alone. Therefore, it is useful to also have an option
for model-based IL screening.

The IL screening method has two options; a) practical IL screening based on the
experimental database to identify any IL for which the needed gas solubility data and
experimental pure property of the IL are available; b) computer-aided additional IL
design option using a predictive thermodynamic model (UNIFAC-IL), which have
been developed in our previous work ** together with a suite of verified GC-based
pure component property models. The collected set of pure component property
prediction models are listed in Table S2 of Supporting Information as part of the pure
property model library. These models are required such that unavailable pure
properties of ILs with good separation potential could be further considered in the
next stages. The objective of the model-based option-b is to systematically design a
potentially superior IL that may provide the incentive for further studies on its future
synthesis, development and application. In this work, both options are developed and
the two best ILs from each option are further investigated below.

3.2.1 Option-a

For the model shale gas components. H; is almost not soluble in ILs 3, Henry’s law
constant of CO;, and three gases (CH4, C;H4, CoHpg) in ILs are retrieved from the
database. Experimental data of mass-based Henry’s law constant of gas and selectivity

of gas to CHy in different ILs are retrieved and the comparison of their values is

This article is protected by copyright. All rights reserved.



Accepted Article

shown in Figure.2. Measured pure component properties (such as viscosity, density)
of the ILs are collected and added as an extension to the database (given in Table S1
in Supporting Information), which not only helps to check if all necessary data for a
potentially promising IL is available, but also helps to identify a solvent with relative
low viscosity.

From Figure 2, it is observed that with increasing temperature, both the gas
solubility and the selectivity decreases. All the data in Figure 2 are divided into 4
regions: bottom-left, bottom-right, top-left, top-right. The ILs located at the top-left
region under room temperature are considered to be potentially attractive because
they have acceptable solubility (note that in Figure 2, the solubility is the inverse of
the plotted value on the x-axis) and selectivity. Therefore, the ILs from the top-left
region have the necessary solubility and selectivity properties to be Next, we check if
the experimental pure component properties are available in Table S1 for these
selected ILs. The ILs with available data that matches the requirements of low
viscosity, etc., could be regarded as potential candidates suitable for investigation in
stages 2 & 3. The ILs that have acceptable solubility data, such as [amim][dca], but
for which the necessary measured pure component properties are not available, they
are selected for consideration in option-b, where the missing properties would be
estimated through available models. However, since none of these ILs are found to
have significantly better solubility of CO, and selectivity of CO,/CH4 than the
selected IL, they are discarded. IL-a, [thtdp][phos], (see Figure 3 for the IL structure
details), with the minimum Henry’s law constant, relatively high selectivity and

10
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available measured pure component properties in the database, is selected as the most
appropriate IL for absorption of CO, from CH,. This result is consistent with that
reported by Ramdin et al. % In addition, C,Hs and C,Hg are also contained in
remaining shale gas, therefore, the solubilities of C,Hs and C,Hs in the selected IL-a
are checked respectively through the estimated properties from the corrected
COSMO-RS (since measured data are not available) and found to be much lower than
that of CO; in option-b (seen in Figure 2b and 2¢). Then, [thtdp][phos] is regarded as
the best-known IL selected from available data for CO, removal from the model shale
gas considered in this work. Then the rest gases are separated further through
traditional distillation.

3.2.2 Option-b

In addition to the UNIFAC-IL model and corrected COSMO-RS model established
in previous work *, some pure component property models for IL are collected (listed
in Table S2 of Supporting Information). As stated in section 2, this option should be
used to design a significantly better IL than what can be found from option-a as well
as complete the missing properties for an IL that looks promising in option-a. In this
work, in order to find a better IL for the specific gas absorption, we specify stricter
constraints on the pure component properties (Eq.1-2) than that in IL-a to find an IL
that is placed higher than IL-a in the top-left region of Figure 2.

T, < 298.5 (K) (1)
n<0.1(Pa-S) (2)

The Henry’s law constant of CO, and other 3 light hydrocarbon gases in ILs

11
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comprised of different groups are calculated based on the UNIFAC-IL model
established in our previous work for the activity coefficient of shale gas components
in common ILs. The groups having parameter with both CO, and CH4 are used. It
contains 2 substituents, 2 kinds of cations and 7 anions as molecular building blocks,
as given in Table S3 of Supporting Information. In the computer-aided IL design,
various functional cations, anions and substituents are combined systematically based
on certain structural constraints to generate feasible ILs with desired properties.
Detailed information for IL design in GAMS is given in Table S4 of the Supporting
Information. Similar to option-a, no solvent could be found with acceptable solubility
and selectivity for absorbing C;H4 and C;Hg. Then minimization of mass-based Ho,
(Eq. 3) with a higher selectivity (Eq. 4) than IL-a is considered as the optimal target in
this computer-aided IL design problem. The IL having better properties than IL-a, that
is, pyridinium based IL ([MMpy][eFAP] (IL-b): 1,3-dimethylpyridinium
tris(pentafluoroethyl) trifluorophosphate), has been found (see Figure 4). This IL-b
has almost three times higher selectivity than IL-a. As seen in Figure 2a, the point of
IL-b falls right in the top corner of the top-left region and also has low solubility for
C,Hy and C;Hg gases as shown in Figures 2b and 2c, indicating a much better

separation property.

H; = M PPoty,” 3)
Hen,/Heo, = 15 (4)
12
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Where, M;; is the molar mass of ionic liquid, y;* is the infinite dilution activity
coefficient of component i, obtained from UNIFAC-IL model, Pisat is the saturated

pressure of component i. T,, is the melting point of IL and 7 is the viscosity of IL.
4. Process Design and Simulation

4.1 Process Design

As stated in section 3.1, the gas separation process consists of an absorption step
followed by two distillation (or hybrid distillation-membrane) steps. Thus, the total
gas separation process consists of two main parts; CO, removal and light hydrocarbon
gas separation. As illustrated in Figure 5, the CO, removal section consists of an
absorption column followed by a series of depressurized flash vessels. To ensure a
high CO; recovery rate, a vacuum pressure (around 0.5 bar) is fixed for the last flash
vessel, from which, the recovered IL solvent is recycled to the top of the absorber.

4.2 Preparation of Thermodynamic Models

Process simulation and assessment are essential for any process design before it is
implemented in the industry. Due to the shortage of rigorous thermodynamic models
for complex IL-containing systems in process simulators, ILs are created as pseudo
components and added to their databases. Therefore, before simulations could be
made, the thermodynamic models for the selected ILs ([thtdp][phos] and
[MMpy][eFAP]) need to be established. The models include three parts: single value
pure component properties (critical properties, normal melting points, viscosities,
densities, etc.), temperature-dependent functional pure component properties,

composition and temperature-dependent mixture functional properties.

13
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4.2.1 Single Value Pure Component Properties

Critical properties together with the normal melting point are needed as they are
used in many corresponding state correlations for volumetric and thermodynamic
properties of ILs. The normal melting point is estimated based on a group contribution
model developed by Lazzis et al. *’, the group parameters for ILs are regressed in our
previous work '° (given in Table S2 of the Supporting Information). There are several
studies on how critical properties for ILs can be estimated. Valderamma and Robles **
used a method to estimate the critical properties of 200 ionic liquids using 26 groups.
The results show good consistency in determining the density of the ILs. Considering
the selected two ILs ([thtdp][phos], [MMpy][eFAP]) (structure seen in Figures 3 and
4), which we will use for the CO, removal step, they can be divided into, respectively,
6 groups (-CHs, -CH,-, >CH-, -O-, -P) and 7 groups (-CHs, =CH-, >CH=, >CX,
[>N=]+, -F, -P) according to Valderamma’s work. The same method is applied for
estimating the critical property of [thtdp][phos] and [MMpy][eFAP]. The relevant
equations, estimated critical property values and the verification results can be found
in Eqs.S1-S6, Table S2 and Figure S1, respectively, of the Supporting Information.

4.2.2 Temperature-Dependent Functional Pure Component Properties

Several temperature-dependent pure component properties are required in the
process simulation. In the simulator chosen (Aspen Plus), these properties are
estimated using Eqgs. 5-9 listed in Table 2. The equation coefficients used for the two
ILs are given in Table S5 of the Supporting Information. They are obtained from
experimental data and group contribution models developed in our previous work 19

14

This article is protected by copyright. All rights reserved.



Accepted Article

using the objective function of Eq. 10. Detailed verification results are shown in

Figure S2 of the Supporting Information.

Obj = i(—x;_f’ )? (10)
4.2.3 Composition and Temperature Dependent Mixture Functional Properties
In Aspen Plus, the phase equilibrium relationship for the dissolved gases is:
¢! yip = Xy His (11)
vi ="y (12)
Where p, yi, and x; are the total pressure, the mole fraction of component i in vapor
phase and liquid phase, respectively, @Y is the fugacity coefficient in the vapor phase,
which can be obtained by the Soave-Redlich-Kwong (S-R-K) equation of state,
related parameters can be found in Table S6 and S7 of Supporting Information. H;,4
is Henry’s law constant of component i in solvent A.

Henry’s law constant is calculated using the following temperature-dependent

equation:

InH;y(bar) = a;y + biA/T + cialnT + diyT (13)

where a;u, biy, Cia, dis are the equation parameters. For the gas-IL systems in this
work, the values are listed in Tables S8 of Supporting Information.

The activity coefficient of gas in IL is modeled by the NRTL just for the simulation
part.

15
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ZT."= X'T"G" n xG n= X T G .
Iny, = Jnl jtji Jl_l_z jYij Tij_Zm 1XmTmjYmj (14)

k=1 Xk i = D=1 Xk Grj Dk=1%kGl;

where Gj; = exp(—aﬁrﬁ),rﬁ =a;j +b;j/T,aj; = a;;, n is the number of
components; x is the mole fraction; R is gas constant; 7 is the absolute temperature;
and G;; is a dimensionless interaction parameter; a;; and b;; are the binary
parameters which are regressed in this work and the values are listed in Tables S9 of
Supporting Information; «;; is the nonrandomness factor which can be fixed at 0.3
used for most polar systems.
4.3 Phase Equilibrium Calculation Results

Among the components of the model shale gas, H; is almost not soluble in IL,

associated binary parameters are set to be very small to obtain a zero value of the
solubility. As a result, the binary interactions in this work include four systems:
CO,-IL, CH4-IL, C,H4-1L and C,He-IL. For CO, and CH4, the measured Henry’s law
constant and solubility data in [thtdp][phos] are retrieved from the database referred in
literature " *°. For C;Hy and C;Hg in [thtdp][phos] and the gases in the other IL
([MMpy][eFAP]), as stated in section 3.2, the corrected COSMO-RS model together
with the UNIFAC-IL model, proposed from our previous work 32 have been applied
to obtain the virtual-measured Henry’s law constant and solubility data, which are
used further in the simulations. Henry’s law constant can be obtained from the
calculated activity coefficients and the saturated vapor pressure (see Eq. 3).

Figure.6 shows the comparison of measured data with the calculated values for IL-a.
It shows that the model results agree well with the measured data having an AARD

(average absolute relative deviation) of 3% and 9%, respectively, for CO, and CHy.
16

This article is protected by copyright. All rights reserved.



Accepted Article

This good agreement indicates the reliability of the thermodynamic model in process
simulation used for IL-a.

The calculated solubility results of all gases in both ILs using Aspen are shown in
Figure.7. It can be seen that the solubility of CO; in the two ILs is similar but the
solubility of CHy4 in [MMpy][eFAP] is much smaller than that in [thtdp][phos]. This
means that a higher selectivity of CO,/CHy is found in [MMpy][eFAP], almost three
times higher than that of [thtdp][phos]. This result is consistent with the values
obtained at the IL screening stage, demonstrating the reliability of the thermodynamic
model used for IL-b.

4.4 Process Simulation
4.4.1 Gas Separation Measurement

The process simulation for the shale gas separation is divided into two main parts:
CO; removal and light hydrocarbon gas separation. In order to evaluate the process
separation performance, the CO, removal rate in absorber, gas purification (Vol%) of
each gas stream and the gas recovery rate are considered using the following
equations.

mole/mass flow of X in gasout stream top in absorber

—1_ 0
kemovalgqs = 1 mole/mass flow of X in feedgas stream * 100% (15)

R _ mole/mass flow of X out of related X stream % 100% 16
€COVerygqs = mole/mass flow of X in feedgas stream ’ (16)

4.4.2 Sensitivity analysis of key operation parameters

Consumption of IL and stage numbers in absorber: The influence of solvent

consumption on the absorbed rate of CO, is shown in Figure.8. In order to evaluate

17
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the separation capacity under different stages of the absorber, the CO, absorbed rate at
each different stage number in the absorber is calculated based on Eq. 15. As seen
from Figure.8, with increasing IL amount and stage number, more CO, can be
absorbed, but the IL amount plays a more important role by removing most of CO,.
As a result, the stage number of absorber is set to 10. The remaining shale gas can
fulfill requirement (<Vol3%) of CO; content in commercial gas. The comparison of
the two IL-based absorption processes shows that the IL amount required for a 100%
removal is different. Less amount of IL-a ([thtdp][phos]) is needed under the same
CO, removal rate because of a 0.25-times-higher solubility than that in IL-b. However,
in addition to the selectivity, IL-b shows better performance on other pure component
properties for the application, such as a much lower value in viscosity and heat
capacity. Considering that more than 95% CO; has been absorbed, the solvent amount
is determined to be 630 ton/h for [thtdp][phos] and 750 ton/h for [MMpy][eFAP].
According to another research for IL-based CO, removal work 31 (72 ton/h IL used to
purify the biogas containing 390kg/h CO; in the feed gas), the amount of IL used in
this work is reasonable.

Desorption pressure of flash: Being a physical solvent-based process, the CO, is

usually desorbed through a series of 3 flashes with decreasing pressures. The pressure
is determined based on the mass flow of CO, coming out of the last flash. Figure.9
shows the influence of the pressure of first flash (flash-1) on the mass flow of CO; out
of the system for the two different IL-based processes. The stream coming out of the
absorber has a high pressure which is 30 bar. It is found that the CO, recovery out of

18
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the last flash decreases rapidly when the pressure decreases to around 8 bar. This
implies that a large decrease of the pressure in the first flash would lead to a lower
CO; recovery rate with a large amount of gas going back to the absorber. Then, the
pressure of flash-1 for [thtdp][phos] and [MMPy][eFAP] is set to 20 bar and 14 bar,
respectively. Similarly, for flash-2, to keep a high recovery rate of CO,, the pressure is
determined to be 8 bar, 12 bar, respectively for the [thtdp][phos] and [MMpy][eFAP]
based processes.

For the last flash-3, vacuum pressure is employed to obtain a high recovery rate of
CO,. As seen in Figure 10, when the pressure is set to 0.5 bar, for the [thtdp][phos]
based process, 90% recovery rate of CO, could be achieved, but for the
[MMpy][eFAP] based process, a lower pressure is needed (0.25 bar).

Key parameters of the distillation columns: Due to the close boiling points of C,H4
and C,Hg (see data given in Table 1), more stages and also higher reflux ratio are
needed in D2. Detailed key parameters of the two columns after separation
optimization can be found in Table S10 of the Supporting Information. Besides, as

other hybrid process schemes for these gas separation have been reported 43,44

, they
are not investigated in detail here. The important issue here is how much C,H4 and
C,Hs are available and whether an economically feasible scheme for their separation
is necessary. Also, it could be that CoHs, Co;He with a small amount of CO; could be
directly used in synthesis of other higher-value chemicals *_ Note that the mail fuel
product is obtained from the first distillation column quite easily.

5. Process Evaluation
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The following two processes are simulated: (a) IL-based process with IL-a
([thtdp][phos]) obtained from option-a. (b) IL-based process with IL-b
([MMpy][eFAP]) designed through option-b.

A selection of the simulation results that helps to assess the four gas streams
corresponding to gas separation processes for the two ILs are summarized in the
Supporting Information Tables S11. Several performance criteria are compared under
same gas recovery rate or same purity rate in this section.

5.1 Energy and Cost Estimation Methodology
5.1.1 Energy Consumption Evaluation

Energy consumption is regarded as a key indicator of any process evaluation,
especially for CO, separation processes. Usually, the total energy consumption (TEC)
for a process includes thermal energy and electricity. Then, the total energy is
expressed by an equivalent energy penalty °, but in the IL-based processes of this
work, only electricity is consumed in the three-stage flash vessels without any other
heat requirements (not considering the two distillation steps). As a result, the total
energy consumption is, in our case, equal to the electricity consumption. To compare
with other processes with different raw gas and with other technologies, the specific

energy consumption (SEC) is a useful indicator:

TEC

Moyt

SEC =

(17)
where the units of TEC and SEC are MJ/h, MJ/kg gas, respectively, m,,; 1s the mass
flow of the gas out of the system.

5.1.2 Economic Evaluation
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The purpose of the economic analysis of the process is to calculate the total
removal cost (TRC) which is used to evaluate and compare the two processes. TRC is
calculated from the sum of the annualized capital cost (ACC) and total operating
expense (OPEX) both of which are computed based on other types of costs, as shown
in Table 3 *****"_ Detailed calculation information can be found in Tables S10-S11 of
the Supporting Information.

The annualized capital cost (ACC) can be calculated from translating the total
capital expense (CAPEX) into annualized capital investment of the whole project, as

in Eq.18. CAPEX is then computed on the basis of Table S12 in the Supporting

L 46 1.48

Information, following Abu-Zahra et a and Schach et al.™. The purchased
equipment cost (PEC) is obtained according to Walas *°. The size of the equipment is
obtained from the simulation in Aspen Plus. All the equipment costs are updated to

the year 2018 with the Chemical Engineering Cost Index *°.

The ACC equation is:

TCI a

A= armr—D/ra+ i

8)
Where ir denotes the annual interest rate, assuming 8% in this work, n denotes
project lifetime, assuming 25 years 2,
The total operating expense (OPEX) includes two parts: one is the variable
operating cost (VOC) which contains the solvent make-up and the public utilities such
as heat steam, cooling water and electricity. The other part is the fixed operating cost

(FOC), including the operating labor, maintenance, R & D cost, etc. Detailed
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calculation methods can be found in Table S13 of Supporting Information. The price

of utilities is obtained from literature >'>*

. The price of both ILs is estimated to be
100k$/ton under the assumption of industrial production in the future based on the
estimation by Linzhou Keneng Materials Technology Co., Ltd. China *°. Due to the
non-volatility of IL, most of IL is recycled during the process and a little fresh IL is
needed. We have assumed 0.35g/ton CO, in this work *°. As a result, the two
processes could be compared under the condition of same unit price in solvent.
5.2 Process Evaluation Results
5.2.1 Energy Consumption

For the IL-based CO, removal process in this work, the total energy consumption
(TEC) is only consumed through electricity. It is generated from the pump, vacuum
pump and compressor for solvent recycle and gas recovery. To make a better
comparison, we simulate the two processes under same CO, recovery rate (90%), as
seen in Table 4. The TEC for CO, removal in the two processes are shown in
Figure.11. It is found that the IL-b process could achieve a 54% reduction in TEC
compared with the IL-a process. As a result, we can conclude that even though the
designed IL-b has somewhat lower solubility than IL-a (leading a high solvent
consumption, given in Table 4), the high CO,/CHy4 selectivity results in less gas to be
recycled and thus the electricity consumed in compressor (given in Table 4) can be
much reduced. The specific energy consumption (SEC) in these two processes are
0.71 MJ/kg CO,, 0.33 MJ/kg CO,, respectively for processes using IL-a and IL-b as

given in Table 4, indicating a better improvement of using the designed ILb. In
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addition, compared with the SEC in the MDEA process (1.56MJ/kgCO,) and also in
another IL ([bmim][NTf;]) based process (0.86MIJ/kgCO,) reported in our previous
work °, the IL-based process gives an improved energy-based technology.
5.2.2 Economic Analysis

For the CO, removal process, the distribution of total removal cost (TRC) per ton
CO; is shown in Figure 12. Detailed equipment cost results are given in Table S14 of
the Supporting Information. It can be observed that the total operating expense
(OPEX) occupies more than 90% of the annualized total removal cost. Even though
the high price of IL, the solvent make-up per year is around 1560%/year which
occupies little of the OPEX. The main utility cost is electricity consumed by the
compressor and pump due to gas and solvent recovery. Besides the fixed operating
cost (FOC), the variable operating cost (VOC) is the second dominating contributor to
the OPEX. This illustrates the importance of reducing total energy consumption.
Compared with the IL-a process, the higher selectivity of CO,/CH4 in IL-b process
gives a reduction of 54% and 30%, respectively for electricity cost and TRC of per
ton CO, removal. Additionally, compared with the conventional amine-based
processes reported by other researchers in total cost (for instance, 55%$/ton CO; by
Hassan et al.55, 74 € /ton CO; by Raynal et al. 56, 112$/ton CO, by Mores et al. 52 and
70$/ton CO, by Huang et al.?®), the designed IL-b process cost (38%/ton CO,) is lower,
demonstrating the important effect of the selectivity property of a solvent on the
whole process. The cost for IL-a process (54$/ton CO,) is similar to the
above-reported costs for traditional technology. Both these two processes indicate a
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promising cost-efficient technology for IL-based CO, removal.

For the light hydrocarbon gas separation, as given in Table 4, two high-purity
streams (CH4 and C,He gas streams with more than Vol 96%) could be obtained as
two commercial products in both the IL-based processes. Some performance criteria
are compared under the same gas purity rate. Detailed equipment cost can be found in
Table S14 of the Supporting Information.

The utility applied in the distillation columns to produce each gas and the total
cost of the whole separation process to produce per ton gas are calculated and shown
in Table 4. It is found that the utility cost to produce light hydrocarbon gases in the
two distillation columns in IL-b process is slightly lower than that in IL-a process.
This is because the higher selectivity of CO; to other gases in IL-b, leading much
more light hydrocarbon gases that come out from top of the absorber in the IL-b
process than that in IL-a process. Similarly, combined with the lower cost in CO,
removal process, the total cost for these two gas production processes could be
reduced much more in IL-b process than in IL-a process, especially for C,He.
However, considering the higher recovery rate of CH4, C:H and lower total cost for
CO; removal, the designed IL-b process points to a better choice than the IL-a process.
According to the price of commercial CHy (~2400$/tonCHy 57), this further light
hydrocarbon gas separation has the potential to achieve a good profit. Note also that
additional energy could be reduced through the use of other hybrid technologies for
the light hydrocarbon gases separation such as combined with membrane B or

adsorption processes, which is a topic for future consideration.
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6. Conclusion

This work proposes a hybrid IL-based technology for the gas separation process
where the IL is used to remove the gas in small amount to obtain the desired final
products. A three-stage methodology, in which systematic IL screening, process
design and simulation, and process evaluation, is established. Extended database and
property prediction model library are made available for the 3 stages of the
methodology. The screening stage (first stage) offers two options for IL screening:
screening based on database (option-a) and model library (option-b), in which
option-b could be used as a backup if no suitable IL could be found through option-a.
However, if neither option gives an acceptable IL, then there is need for models of
wider application range and more research. The use of different property models for
the overall goal of development of reliable CO, removal technologies from shale
gases is highlighted. That is, the COSMO-RS model is used to generate
pseudo-experimental data needed for developing the GC based models (UNIFAC-IL).
Then the UNIFAC-IL model is applied for process synthesis-design, where a larger
search space is necessary. For a greater search space, use of predictive models such as
UNIFAC-IL has an advantage. However, for the verification by simulation, a third
model, the NRTL model, which is good for a specific chemical system, has been used.
Clearly, for a successful and wider application of the methodology, further extension
of database and IL design models are needed.

For the model shale gas considered, two ILs are selected through the two options:
IL-a ([thtdp][phos]) is identified through an experimental database while IL-b,
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([MMpy][eFAP]) is obtained using a model-based option (UNIFAC-IL) to find
additional IL based on Computer-Aided design. Before process simulation could be
performed, NRTL and Henry’s law constant models for the related IL-gas systems and
IL pure property predicted models are established in ASPEN-Plus, the selected
process simulator. In this work, for the IL-design stage, the predictive UNIFAC-IL
model is used, while for verification by simulation, the fitted NRTL model is used.
The calculated solubility data of CO, and CH,4 in IL-a from the established model are
in good agreement with the available experimental data. The two IL-based CO,
removal processes followed by distillation for hydrocarbon gas separation are
simulated and evaluated in terms of energy consumption and economics. Even though
larger amount of IL-b is needed, the higher selectivity of CO,/CH4 helps to not only
obtain a higher purity CO, gas under the same gas recovery rate, but also achieve a 54%
lower total energy demand, compared with IL-a process, resulting in a lower total
removal cost per ton CO; to around 30%. Economic analysis shows that the operation
expense (OPEX) is one of the main contributors to the total removal cost of per ton
CO; separation, showing the importance of reducing the total energy demand. High
purity (>Vol96%) of CH4 and C;Hs gas streams could be obtained as products with a
good profit in both IL-based separation processes, with much better results for IL-b
process. As a result, IL-b with its good separation results, designed through option-b,
provides a promising recommendation for future solvent development of gas
separation process. Future work would focus on further removing the hydrogen for
syngas production combining with the removed CO; as well as separation and use of
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C,Hy and C,Hg.
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Notation

Symbols

pi’ = vapor pressure of pure component i

P = pressure, Pa

T = temperature, K

X; = composition of component i in liquid

y; = composition of component i in vapor

y; = activity coefficient

y;” = the infinite dilution activity coefficient of component i

H;s = Henry’s law constant of component i in solvent A, bar - kg/mol
M;=is the molar mass of component i.

1 = viscosity, Pa.S.

V = molar volume, m’/mol.
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Cp; = heat capacity of component i, J K" .mol.

A = thermal conductivity, W/mK.
oy = surface tension in mN/m.

@! = fugacity coefficient in the vapor phase.

Abbreviations
IL Ionic liquid
MEA monoethanolamine
MDEA methyldiethanolamine
DEA diethanolamine

[thtdp][phos] trihexyltetradecylphosphonium bis(2,4,4-trime-thylpentyl)phosphinate)

[MMpyl[eFAP] 1,3-dimethylpyridinium tris(pentafluoroethyl) trifluorophosphate

EoS equation of state

COSMO-RS conductor-like screening model for real solvents

UNIFAC universal quasichemical functional-group activity coefficient
NRTL non-random two liquid

AARD average absolute relative deviation

TEC total energy consumption

SEC specific energy consumption

TRC total removal cost

ACC annual capital cost

OPEX total operating expense

CAPEX total capital expense

PEC purchased equipment cost

vOoC variable operating cost

FOC fixed operating cost
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Table 1 Raw shale gas component

Component Percent (%) Boiling point (°C)
H, 3 -252.8
CH,4 80 -161.4
CoHy 3 -103.7
C,He 7 -88.6
CO, 7 -78.5

ILs properties

Table 2 Equations of temperature-dependent properties used for the estimation of
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Property Equation No. Ref.
liquid volume V! =C, x(C,) 0 5) 39
Heat capacity C,=C+CT+CT (6) 0
Vi . Inu= Q 1 2 g 41
iscosity nu=C+2+GInT+CT +5 (7
Thermal conductivity A=C+CT+CT* +CT () 0
Surface tension O_f — Cl (1 _ T'r )(Cz +GT, +C, T2 +GsT, ) (9) 42

Note: V' is liquid volume

in m’/mol, Cp is heat capacity in J-K' Lmol”,  is

32

This article is protected by copyright. All rights reserved.



Accepted Article

viscosity in Pa - S, A is thermal conductivity in W/mK, of is the surface tension in

mN/m, T, equals to T/T , where T, is a critical temperature of IL.
c

Table 3 Calculation measures of total removal cost (TRC)

Cost item Calculation basis

TRC Total operating expense (OPEX), annualized capital cost (ACC)
OPEX Variable operating cost (VOC), fixed operating cost (FOC)
ACC Total capital expense (CAPEX)

Fixed capital investment (FCI), working capital, startup cost, initial

CAPEX
solvent cost
FCI Direct cost (DC), indirect cost (IC)
DC, IC Purchased equipment cost (PEC) with a coefficient of the percentage

Table 4 Process evaluation results in the two IL-based processes

IL-a process IL-b process

CO; recovered from last flash (CO; stream), kg/h 5541.6 5548.5
CO; recovery rate, % 90.0 90.1
CO; purity in CO; stream, % 50.0 61.0
Solvent needed, kg/kg CO, 81.5 131.3
Total equivalent energy penalty, GJ/ton CO, 0.7 0.3
Electricity cost for CO, removal process, $/ton CO, 19.8 9.1
Total cost for CO, removal process, $/ton CO, 54.0 37.8
CHj4 purity in CHy4 stream, Vol% 96.1 96.1
CH,4 recovery rate, % 95.5 97.2
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Utility cost to produce CH4 in D1, $/ton CHy4
Total cost to produce CH,4 in whole shale gas
separation process, $/ton CHy4
C,Hg purity in C,Hg stream, Vol%

C,Hg recovery rate, %

Utility cost to produce C,Hg in D2, $/ton C,Hg
Total cost to produce C,Hg in whole shale gas

separation process, $/ton C,Hg

12.0

29.8

96.0
65.8
30.2

263.8

12.0

26.3

97.5
74.7
29.1

208.5
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Note: D1, D2 denote the two distillation columns.
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considered in this work
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Figure 12 Comparison of total cost for CO, removal in the two IL-based processes
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