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ABSTRACT

Raw gas gathered from well production has to be treated to extract its ethane, to remove carbon dioxide
(CO,) from it and to dry it, so that the send-out ethane gas complies with transport constraints and meets
sales-gas specifications. Two distinct families of solvents are used generically for such gas treatment:
chemical and physical solvents. The South Pars gas field development phases 9 and 10 feeds gas and
natural gas liquids into a processing and fractionation plant (one of the largest gas processing plants in
Iran), and is associated with concentrations of 5.37% mole CO; in the raw gas produced. Furthermore,
there are potential problems associated with the CO, treatment, such as the high-energy requirements
for amine solvent regeneration, corrosion caused by aqueous amine solvents and waste/losses (solubility,
vaporization) of the solvent used to remove CO; in the ethane treatment unit.

A feasibility simulation study was conducted to evaluate the utilization of Sulfinol-M + AMP solvent
(Sulfolane plus Methyl di-ethanol amine plus 2-amino-2-methyl-1-propanol (AMP) plus H,0) to replace
the aqueous amine solvent (DEA) currently used in the ethane treatment unit of South Pars phases 9 and
10 gas processing plant. The simulation of the Sulfinol-M + AMP process demonstrates less energy
consumption (11241.242 kw versus 11290.398 kw for DEA), negligible corrosion and lower losses of
solvent (376.493 kg/h versus 409.2421 kg/h) relative to alternative solvents considered, because of its
low vapor pressure.

© 2018 Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

COzemission-reduction strategies, such as Carbon Capture and
Storage (CCS) have the potential to combat this trend [1,2].

Over recent decades the global concentration of CO, in the at-
mosphere has increased rapidly, and continues to do so. CO;
emissions have an impact on CO, concentrations in the atmosphere
and contribute to global climate change. The impact of
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Carbon dioxide is generally removed from inlet feed gas
involving absorption by a solvent. The solvents involved can be
classified as either chemical or physical solvents [3]. Chemical
solvents most commonly involve an aqueous solution of an alka-
nolamine, which reacts chemically with components of the acid
gases, such as HyS and CO; [3,4]. Physical solvents tend to be
organic compounds with a strong affinity for the acid gases and are
able to absorb such gases with no chemical reaction involved.
Chemical solvents are able to reduce acid-gas concentrations to
acceptably low levels at low partial pressures, with low solvent loss.
This is possible because most of such solvent is water and hydro-
carbons are almost insoluble in such solvent solutions. On the other
hand, physical solvents have the advantages of almost unlimited
absorption due to stoichiometry, and subsequent regeneration of
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the solvent by pressure reduction [3,5]. However, the amine sol-
vents are weak organic bases that can absorb gas impurities at
room temperatures [3]. Indeed, the alkanolamines are nitrogenous
organic materials that result from compounding particular organic
materials with ammonia (NH3), and are classified according to the
organic groups connected to nitrogen as follows [5,6]:

(1) Primary amines such as mono ethanol amine (MEA) and di-
glycol amine (DGA).

(2) Secondary amines such as di-ethanol amine (DEA) and di-
isopropanol amine (DIPA).

(3) Tertiary amines such as tri-ethanol amine (TEA) and methyl
di-ethanol amine (MDEA).

Amines of the first type are stronger bases, compared to those of
the second type, and have higher tendencies to react with CO, and
form stronger bonds with it. Generally, the alkalinity and reactivity
of the first type of amines are higher than those of the second type,
which are in turn higher than those of the third type [3,4].

In addition to chemical solvents, we can use a mixture of
physical and chemical solvents to remove impurities from natural
gas. Acid gas and sulfur compound solubility is almost linear in
physical solvents [3,7]. The use of mixed solvents is an endeavor to
combine the advantages of both variety of solvents [3]. The first
mixed solvent to be used was sulfinol, a mixture of di-isopropanol
amine, sulfolane (tetramethylene sulfone), and H,O [6,8,9]. Sub-
sequently, DIPA was replaced with MDEA and the solvent was
called Sulfinol-M. By using the blend of physical and chemical
solvents, we can benefit from its features across a wide range of
pressures. Some of the operational problems connected with amine
solvents are: carbon dioxide absorption is limited to the ratios of
chemical reactions; and, there are significant energy requirements
for solvent regeneration; and, high wastage of such solvents and
water. These problems can be resolved, to some extent, by
combining the use of chemical solvents with physical solvents, e.g.,
as a physical-chemical solvent such as sulfinol-M and sulfinol-D
[3,6,9].

An amine chemical solvent system (DEA 38 wt%) is used in
South Pars phases 9 & 10 gas processing and fractionation plant
(one of the main gas processing facilities in Iran). The ethane
treatment unit in this plant treats feed gas containing 5.37 mol-
percent of carbon dioxide (CO;). There are problems with removing
CO, by this method, such as the high-energy requirements for the
amine, solvent regeneration, corrosion impacts of the solvent and
solvent wastage (i.e., due to its solubility and vaporization).

Here we evaluate alternatives to improve the performance of
CO, removal in the ethane treatment unit. These alternatives
include: changing the solvent type from DEA to Sulfinol-M + AMP
(Sulfolane plus Methyl di-ethanol amine plus 2-amino-2-methyl-1-
propanol plus Water), evaluating energy requirements of alterna-
tive solvents, and comparing the solvent wastage levels involved in
removing CO, from ethane. The presence of a physical component
in Sulfinol-M + AMP solvent increases CO, absorption compared to
that achievable with the amine chemical solvent. This solvent is
suitable for CO, absorption from raw gas with high percentages of
CO,. By integrating the physical and chemical components in the
Sulfinol-M + AMP solvent, benefits from both solvents are realised;
that is to say, the increased solvent capacity attributable to the
physical solvent components, and the ability to deal with high CO,
concentrations in the gas treated attributable to the chemical sol-
vent. The results of the simulation study presented here reveal that
the Sulfinol-M + AMP solvent has more favorable impacts on
overall process performance than the chemical solvent (DEA) used
alone.

A separate corrosion study of the Sulfinol (Sulfolane) process,

licensed by Shell, has not been conducted as part of this study.
Instead, we rely upon the Shell's claims that the process involves
low corrosion rates and a published industry report [10] that
confirm that sulfolane itself is not corrosive to steel. However,
corrosion to steel can potentially occur using sulfolane as a
consequence of by-products of sulfolane decomposition. Reactions
with impurities in the solvent from upstream processes, reactions
with oxygen in air, and high temperatures can cause sulfolane
decomposition. This means that corrosion cannot be completely
eliminated by adopting the Sulfinol process.

2. Simulation

The inlet and treated-gas compositions at the mentioned South
Pars facility are listed in Table 1. The process requires the inlet gas
with some 5.17 mol% CO, to be treated to reduce the CO, content to
50 ppm (0.005 mol%) in the treated ethane gas.

In this research, Aspen Plus software version 7.3 (Aspen Tech-
nology Inc., 2011) has been used in conjunction with the thermo-
dynamic model of ELECNRTL [11—13]. Aspen Plus provides special
data packages for Sulfinol solvent and various amines systems:
MDEA, DEA, MEA, DGA, MDEA + PZ and AMP (2-amino-2-methyl-
1-propanol) [14,15]. In Aspen Plus software, these packages calcu-
late the electrolyte capabilities of the solvents. They also consider
the kinetic reactions of liquid-phase CO,. The RadFrac (Equilibrium)
absorption and distillation model [3,12] applies these reaction ki-
netics. Aspen Technology [12] claim that the approach is funda-
mentally sound, and have validated it through various industrial
applications. Moreover, they assert that these data packages give
more accurate results than those that ignore kinetic reactions [12];
see the appendices A to D for more information on the Electrolyte
NRTL model and the thermodynamic relationships applied by the
Aspen Plus version 7.3 simulation of the solvents evaluated. The
outline of the simulation is shown in Fig. 1.

In the equilibrium state, the RadFrac (Equilibrium) adsorption
and distillation model involves limited control variables. The model
assumes the same absorber and stripper diameters and does not
involve a condenser and reboiler. The heat duty is zero for adiabatic
operations. For wide boiling mixtures the simulation algorithm
sums the rates on convergence. The pressure drop in the columns is
shown in Table 1 and the flow rate of the solvents is listed in Table 2.

Some specifications made in the Rad-Frac model may have
different effects depending on whether the equilibrium mode or
rate-based calculation mode is selected. The differences are that
some values used as specifications in equilibrium mode are used
during the equilibrium-based initialization for rate-based mode
and then ignored. The specifications applied in the equilibrium
mode but ignored in the rate-based mode are:

(1) Liquid or vapor holdup for reactions

Table 1
Inlet gas compositions for the South Pars Phases 9 and 10 gas processing and
treatment plant.

Industrial data

Stream No. Feed to ETHANE treating Treated gas
Description Unit

CO, % mole 5.17 <50 (ppm)
Methane % mole 1 Max.1
Ethane % mole 92.80 98

Propane % mole 1 Max.1
Temperature ¢ 45 55.1
Pressure barg 244 24.1

Flow rate kmole/h 2118 2008.6
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Fig. 1. Process flow diagram of ethane treatment for South Pars Phases 9 and 10 processing plant conditions modeled in Aspen Plus.

Table 2
Solvent concentrations and flow rates for the five solvent cases simulated.
Industrial data ~ Simulations
Amine Sulfinol-M + AMP
DEA DEA MDEA Case.1 Case.2 Case.3
Parameter
Flow rate (kgmol/h) 5146.800 5146.800 5146.800 5131.332 5060.000 5060.000
DEA DEA MDEA Solfolane MDEA AMP Sulfolane MDEA AMP Sulfolane MDEA AMP
Solvent concentration (Mass Fraction wt%) 38 38 45 40 18 12 24 145 106 243 1009 1110

(2) Tray rating
(3) Packing Rating

During rate-based calculations, in the rating sections it is
possible to estimate the column diameter by specifying a base stage
and base approach to flooding.

The simulation was carried out based on the removal of CO,
from the ethane inlet gas while at the same time controlling the
dew point of the H,0 and hydrocarbons in the output gas [5]. In the
simulated process, firstly, raw gas enters the flash tank (or Knock-
out Drum, K. O. D), which is designed to remove soluble, heavy
hydrocarbons as liquid, suspended liquid and entrained hydrocar-
bons from the inlet feed gas. The K.O.D should be operated at as low
a pressure (24.4 bar g) as possible. The evacuated gas from the top
of the K.O.D enters the absorption tower to bring the CO, into
contact with the DEA solvent. The ethane treating unit of South Pars
phases 9 & 10 uses DEA with 38 wt¥%.

The feed gas enters the absorption column from the bottom of
a 28-tray tower and the DEA solvent enters from the top with a
pressure of 24.1 bar g. The lean-DEA solvent enters from the top
of the absorption tower with a temperature of 55.4°C higher
than that of the input feed gas and after passing through the
trays, it exits from the bottom of the absorption tower. The
output gas becomes hotter following the CO, absorption process.
Therefore, the outlet gas is passed through the treated-gas cooler
in order to reduce its temperature. The gas then enters the
treated gas K.O.D and the DEA solvent is separated from the gas

with a temperature of 54.9 °C. After leaving the treated gas K.O.D,
the gas enters the treated gas filter separator and various parti-
cles, solvent, and heavy hydrocarbons are separated; the gas is
then in a condition suitable to pass through the dew point con-
trol system. After drying, the purified ethane meets the transport
and commercial specifications for export. The separated liquids
in this filter and liquids from treated gas K.O.D are sent to the
flash drum, and the sweet gas is sent to the dehydration unit to
control the dew point (Fig. 1) [3,6]. The rich DEA solvent from the
bottom of the absorption column (with a temperature of
76.37 °C) is heated by heat exchange with lean DEA solvent from
the bottom of the stripping column. It is then fed into the
stripping column near the top of that unit.

The rationale for introducing lean DEA at a temperature of
55.4°C, which is higher than the inlet gas temperature (~45 °C,
Table 1) is because the ethane gas entering the plant is not at a
constant temperature but varies seasonally. This fluctuation in the
condition of the inlet ethane poses operating problems for the
plant. In order to prevent heavy hydrocarbon condensation in the
process facility, which requires an increase in anti-foam con-
sumption, it is necessary to maintain the lean solvent at a suffi-
ciently higher temperature than the inlet ethane.

3. The simulation results

The solvents, their flow rates and concentration specifications
used in the simulation are listed in Table 2. The specifications are
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chosen in a way that almost all CO; is absorbed during the process
and, additionally, energy consumption is minimized.

The compositions of the three Sulfinol-M + AMP solvent solu-
tions were selected to evaluate their CO, absorption capacity, while
taking into account their associated energy requirement, solvent
wastage and water usage during their application in the South Pars
ethane treatment unit. Wang et al. [ 14] reported solubility of CO; in
the amine solvent system of 2-amino-2-methyl-1-propanol
(1) + sulfolane (2) + water (3) at temperatures of 313.2, 333.2,
353.2, and 373.2 K and CO, partial pressures up to 193 kPa. Wang
et al. [14] investigated the following solvent compositions: (i)
w1 =16.5%, w2 = 32.2%; (ii) w1 =8.2%, w2 = 41.2%; (iii) w1 = 22.3%,
w2 = 27.7%; and (iv) w1 = 30.6%, w2 = 19.4%, where w is the mass
percent of the component. These published results were used to
guide the three Sulfinol-M + AMP solvent solutions selected for
study here. The solubility data for the solvent mixtures was
correlated using a modified Kent—Eisenberg model [16]. That
model is considered to be representative of the solvent solubility,
not only over the conditions considered for the South Pars plant,
but also for a wider range of temperatures, partial pressures, and
compositions.

For this study, the simulation was initially conducted with the
current solvent (DEA) with its validity verified using industry data
(Table 2). Following validation, the performances of MDEA and
Sulfinol-M + AMP solvents were simulated and the results
compared with the simulation results for DEA (see Table 3 and
Fig. 2 for the temperature profiles across the contactor for the five
solvent cases simulated) (see Table 4).

As can be observed in Table 3, a suitable amount of CO, has been
removed in each case considered. With a low flow rate, Sulfinol-
M + AMP results in higher activity to remove CO,. This illustrates
that the CO, absorption performance of the Sulfinol-M + AMP
Case.1 solvent mix is lower than the Sulfinol-M + AMP Case.2 and
Case.3 solvent mixes (Table 3). Furthermore, if Sulfinol-M + AMP
solvent is applied instead of the DEA solvent currently used in the
ethane treatment unit of South Pars phases 9 & 10 plant, the
simulation results suggest that a flow rate lower than that of Amine
(DEA and MDEA) would be required.

The capacity of CO, absorption with chemical solvents is limited
to the stoichiometry of the chemical reaction, but for physical
solvents there are no such limitations and absorption capacity is
proportional to partial pressure of CO, [2,3]. The relative H,0
concentrations in the various solvent mixes simulated are shown in
Fig. 3. The Sulfinol-M + AMP solvent used in all three cases simu-
lated involves less water than the MDEA and DEA solvent re-
quirements [6,14]. CO, absorption by different solvents versus the
number of trays in the contact towers is illustrated in Fig. 4. The
simulation results show that replacement of H,O with Sulfolane in
Sulfinol-M + AMP has a positive impact on the solubility of CO,
compared to Amine-based solvents [15]. Clearly, some amines and
Sulfinol-M + AMP solvents are absorbed in the process; but, the

performances of Sulfinol-M + AMP Case.2 and Case.3 lead to more
favorable outcomes than Sulfinol-M + AMP Case.l (Fig. 4). These
distinct outcomes are probably due to the different water concen-
trations involved in each solvent simulated.

The simulation results illustrate that replacing Sulfolane with H,O
will reduce H,0 from 83908.8206 kg/h to 71860—79996.1911 kg/h in
the ethane treatment unit.

In the molecular structure of MDEA, the hydrogen atom is not
connected to nitrogen, therefore, CO, does not react directly with it
and if there is no water in the solvent, the third amine cannot react
with CO; [2,4]. Initially, CO, reacts with water and bicarbonate is
produced. However, bicarbonate formation is slow and this con-
trols/limits the reaction rate of CO, with amine. If there is not
enough water in the solvent, CO, almost never hydrates and the
bicarbonate formed is negligible [2,3]. By adding a physical solvent
to the aqueous solution, the water concentration decreases (Fig. 3).
However, CO, reaction with amine must occur in the aqueous
condition and a decrease in water ultimately results in a decrease in
CO; absorption.

Many of the process parameters are controlled more easily with
Sulfinol-M + AMP than for amine solvents, in addition to energy
and economic savings achieved at different steps of carbon dioxide
removal (CDR) process [2,3]. Sulfinol-M + AMP absorption prop-
erties can be adjusted and tuned to improve performance by
varying its constituent components, viz., Sulfolane, AMP, MDEA,
and H0 [7,14]. The compositions of the Sulfinol-M + AMP solvent
should be suitably adjusted to achieve better CO, solubility based
on its application for CO, removal from ethane gas streams [15].
The results indicate that if the MDEA component of Sulfinol-
M + AMP is reduced from 18wt% to 10.09wt%, CO, absorption in-
creases from 3.85e-07 to 9.758e-08 mol (Table 3) in Sulfinol-
M + AMP process [14,17].

Higher CO; absorption causes the temperature of the rich sol-
vent in the tower to increase (Fig. 2) [3,14,18].

Sulfolane is known to be an excellent solvent in many reactions,
particularly for those in which hydrous and polar solvents are
required [8,19]. Some of the advantages of this solvent are the
higher absorption capacity of Sulfolane compared with other
physical solvents, its low vapor pressure, and its lack of vapor
enthalpy [20,21]. Moreover, unlike amine aqueous solvents used in
isolation, the mixture of this solvent with amine solvent, and water
has a low capacity to remove ethane (Figs. 5 and 6) [3,22]. Solvents
used in gas treatment typically have a vapor pressure that increases
with temperature. In a gas treatment facility, there are commonly
three vessels where gas and liquid streams separate, i.e., contactor,
flash tank and reflux drum.

Another problem with amines is their reaction with CO, and
production of salts resistant to heat, which increases solvent waste.
In contrast solvent wastage is low with Sulfinol-M + AMP (Table 5)
[3,23]. Wet CO, is a weak acid such that typically its reactions with
various amines are thermally reversible. However, other stronger

Table 3
Outlet gas compositions and flow rates for the five solvent cases simulated.
Parameter Solvents
Amine Sulfinol-M + AMP
DEA MDEA Case.1 Case.2 Case.3
Outlet gas flow rate (kgmol/h) 2018915 2018.399 2020.329 2021473 2021.682
H20 Outlet gas composition (mole) 0.0078 0.0076 0.0068 0.0074 0.0075
CO2 Outlet gas composition (mole) 3.6343E-8 5.2100E-08 3.8500E-07 9.5800E-08 9.7581E-8
METHANE Outlet gas composition (mole) 0.01046 0.01047 0.01015 0.01015 0.01015
ETHANE Outlet gas composition (mole) 0.97124 0.97148 0.97284 0.97231 0.97223
PROPANE Outlet gas composition (mole) 0.01047 0.01047 0.01016 0.01015 0.01015
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Table 4
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Residual CO, concentrations in ethane following treatment with different Sulfinol-M+AMP solvent mixes.

Lean solvent

ETHANE treatment

Flow rate (kmol/h)

Mole-Fraction

AMP H,0 MDEA Sulfolane CO,
100 1000 100 100 0.029897
100 1000 100 500 0.04786
100 1000 300 100 0.03212
100 1000 300 500 0.044458
100 5000 100 100 7.01E-08
100 5000 100 500 0.003471
100 5000 300 100 5.27E-08
100 5000 300 500 1.50E-07
300 1000 100 100 0.032402
300 1000 100 500 0.047577
300 1000 300 100 0.039514
300 1000 300 500 0.047408
300 5000 100 100 0.072678
300 5000 100 500 0.072678
300 5000 300 100 0.072678
300 5000 300 500 0.072678
250.6838 4134.512 281.2766 464.8599 0.072678
ST DEA 5 BT e DEA
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Fig. 2. Temperature profiles across the contactor for the five solvent cases simulated.

acids can enter the system (i.e. other contaminants) leading to re-
actions with amines that are not thermally reversible. Reactions
between amines and heat-stable acids generate heat-stable salts
which sometimes accumulate in the amine solutions. Due to the
reduction in the amount of amine in the proposed Sulfinol-
M + AMP solvent, it can be concluded that the potential for the
formation of heat-resistant salts and corrosion associated with
them are less.

Fig. 7 and Fig. 8 show the contact tower input temperature for

4700
: J I

4100

Mole Flow/(Kmol-h™)

3800

B Water

Fig. 4. Comparison of carbon dioxide absorption for the five solvent cases simulated.

different lean solvents. The decrease in the temperature of the
input solvent of the absorption column causes an increase in CO;
absorption (Fig. 7). Additionally, a lower solvent flow rate is
required to reach the desired characteristics of treated gas as the
temperature of the input solvent is decreased. These results are
consistent with those reported in other studies [3,11].

The simulation results indicate that a decrease in input solvent
temperature of the absorption column leads to a decrease in ethane
absorption for all the solvent cases considered (Fig. 8). These results
are consistent with those reported in other studies [3,11].

11
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Solvent

Fig. 3. Water concentrations in the contact tower of various solvent mixes simulated.
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Fig. 6. Ethane mole fraction in the contactor gas flow as treatment progresses for the
five solvent cases simulated.

Fig. 8. The effect of temperature change of contact tower lean solvent input on ethane
absorption for the five solvent cases simulated.

Table 5 0.025
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Based upon the results shown by Figs. 7 and 8, it is reasonable to
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Cond}lde that a decrease in the input teml?eratur.e.()f the solvent Fig. 10. The effect of flow rate change of solvent input on ethane absorption for the five
entering the absorption column would require additional energy to solvent cases simulated.
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Fig. 11. Comparison of heating load of the reboiler in solvent regeneration for the five solvent cases simulated.

reduce the temperature of the regenerated solvent to be recycled
back into the absorption column. This, in turn, would lead to an
increase in cost and energy consumption of the overall treatment
process [3,14]. However, this effect is partially offset because a
lower solvent flow rate is required at lower input temperatures for
the solvent. There is therefore a tradeoff involving consuming en-
ergy to decrease the temperature of the input solvent of the ab-
sorption column, which, leads to the economic advantages of
reducing energy consumption in solvent pumping, thereby
decreasing the costs of energy supply associated with solvent
pumping [2,3,7].

Fig. 9 and Fig. 10 show the input flow rate of different lean
solvents to the contact tower. Research and simulation results show
that increasing the solvent flow rate will lead to more CO, ab-
sorption and ethane mole fraction in the treated outlet gas. How-
ever, on the downside, increasing the flow rate of the solvent
increases the system's energy consumption and the operating costs
[3,5]

When Sulfinol-M + AMP solvent is substituted for the current
solvent (DEA), the simulation results indicate that ethane concen-
trations of the treated gas increase at solvent flow rates of 5000
Kmole/hr or greater.

In addition to requiring lower capital and operating costs than
the alternative solvent cases simulated the Sulfinol-M + AMP
Case.3 offers some additional benefits. Sulfinol-M + AMP Case.3
can provide an essentially complete extraction of CO, from the
treated gas, while absorbing very low percentages of ethane
(Table 3) [3,6]. The reboiler heat duty of the process with
different solvents is illustrated in Fig. 11. Sulfinol-M + AMP Case.3
consumes less energy to regenerate than the alternative solvents
considered [3,14]. The explanation for this may be due to reduced
chemical reactions taking place between Sulfinol-M + AMP
Case.3 and the CO,. Finally, an economic benefit needs to be
identified in order to justify increasing the solvent weight

Table 6

percentage in the ethane treatment process. The associated costs
will depend upon energy consumed in the solvent recirculation
flow rate and the heat duties of the plant units involved in the
treatment process. The results indicate that a reduction of the
energy required for solvent regeneration can be achieved by
using different compositional mixtures of Sulfinol-M + AMP
(Sulfolane + MDEA + H,0 + AMP), (Table 6). The simulation
results indicate a reduction in the reboiler heat duty and energy
saving of 15—30%, respectively. These results are consistent with
those reported in other studies [3,14].

The simulation results illustrate that if Sulfinol-M + AMP re-
places DEA, heat duty (kw) required in the ethane treatment unit is
somewhat reduced, as shown in Fig. 11. Also, the simulation results
indicate that the entire energy requirement of the ethane treat-
ment process, for Sulfinol-M + AMP solvent is 11241.242 kW, while
for DEA it is 11290.398 kW.

The key results may be summarized as follows:

(1) Areduction of CO; from 4997.0301 kg/h in the raw inlet feed
gas to the treatment unit to 0.00314 kg/h, 0.00463 kg/h,
0.03422 kg/h, 0.00852 kg/h, and 0.00866 kg/h for DEA
(DEA38 wt%), MDEA (MDEA 45wt%), Sulfinol-M + AMP
(Sulfolane 40 wt%+AMP 12 wt%+MDEA 18 wt%), Sulfinol-
M + AMP (Sulfolane 24 wt%-+AMP 10.6 wt%+MDEA 14.5 wt
%), and Sulfinol-M + AMP (Sulfolane 24.22 wt%-+AMP
11.06 wt%+MDEA 10.87 wt%) solvents, respectively.

(2) A reduction of ethane from 59137.95 kg/h in the raw inlet
feed gas to treated gas of 58969.1565 kg/h, 58961.809 kg/h,
59100.42 kg/h, 59101.79 kg/h, and 59102.3131 kg/h for DEA,
MDEA, Sulfinol-M + AMP involving MDEA 18wt%, Sulfinol-
M + AMP involving MDEA 14.5 % wt, and Sulfinol-M + AMP
involving MDEA 10.86 % wt., respectively.

Comparison of energy consumption by process unit involved in ethane treatment for the five solvent cases simulated.

Solvents Electricity (kW) Heat Duty (kW) The entire energy requirement (kW)
Water wash pump (P-13) Solvent HP pumps (P-11) Solvent Booster pumps (P-22) Regenerator reboiler

DEA 0.176 137.012 2.875 11150.335 11290.398

MDEA 0.174 152.423 3.204 11392.768 11548.569

Sulfinol-M + AMP(case.1) 0.162 177.804 3.727 11706.369 11888.062

Sulfinol-M + AMP(Case.2) 0.170 151.050 3.166 11293.270 11447.656

Sulfinol-M + AMP(Case.3) 0.171 146.132 3.060 11091.879 11241.242
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4. Conclusions

In the present study, ethane treatment (i.e., removal of CO;)
process simulation has been carried out with Aspen-Plus software
for South Pars phases 9 and 10 gas processing and treatment plant
(Iran) with alternative solvents, including amine (DEA, MDEA) and
Sulfinol mixtures (Sulfinol-M + AMP). A comparison between the
solvent-absorbing capacities for CO, under various plant operating
conditions of five simulated solvent compositions reveals clear
distinctions. The simulations show that the physical-chemical sol-
vent mixture of Sulfinol-M + AMP, involving MDEA 10.09 wt%
achieves better performance than the alternative solvents simu-
lated, i.e., the chemical solvents (DEA 38 wt% and MDEA 45wt%),
Sulfinol-M + AMP involving MDEA 14.5wt% and Sulfinol-M + AMP
involving MDEA 18 wt%. Sulfinol-M + AMP, involving MDEA
10.09 wt% absorbs more CO, from ethane gas at lower solvent flow
rates.

Some additional advantages of Sulfinol-M + AMP solvents
revealed by the simulations are as follows: the absorption of im-
purities is not limited by stoichiometric coefficients; the regener-
ation of the solvent can be carried out easily by reduction of
pressure; and, low absorption of ethane by the Sulfinol-M + AMP
Case.3 solvents. This process has many advantages over conven-
tional solvent treatment systems. The Sulfinol-M + AMP solvent
absorption properties are more flexible and can be readily tuned by
varying the fractions of its components, i.e., Sulfolane, AMP, MDEA,
and H;O. Using different percentages for the constituent compo-
nents, e.g., Sulfinol-M + AMP Case.3, can result in a reduction in the
amine solvent requirement of about 31—40% wt and in the solvent
circulation rate of about 16—87 kg mol/h, as well as a 15—30% en-
ergy saving. Additionally, the Sulfinol-M + AMP solvent can use
smaller equipment because of non-foaming specification of the
solvent and, indeed, it has a low corrosion rate in comparison with
other processes.
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Appendix A. Electrolyte NRTL model

The information presented in thisAppendix Ais derived from
documentation provided by the various software pages used in
the simulation.

The Electrolytes template is used for applications that require
rigorous modeling of electrolyte species. The ELECNRTL property
method is the most versatile electrolyte property method. It has the
capability of considering very low and very high concentrations,
and resolve aqueous and mixed solvent systems. The electrolyte
NRTL equations provide another thermodynamically consistent
model for aqueous electrolyte systems. The molecular interactions
are calculated exactly with ELECNRTL, therefore ELECNRTL can use
the databank for binary molecular interaction parameters for the
aqueous electrolyte systems property method (Aspen Technology
Inc., 2011).

Many binary and pair parameters and chemical equilibrium
constants from a regression of experimental data are included in
the Aspen Physical Property System databanks for MDEA-PZ,
MDEA-AMP, Sulfolane-AMP, Sulfinol-MDEA, MDEA and AMP. It is
therefore realistic to use these databanks for various mixtures of
the system Sulfinol-M-AMP (Aspen Technology Inc., 2011).

The Electrolyte NRTL activity coefficient model provides a ver-
satile method for the calculation of activity coefficients. Using bi-
nary and pair parameters, the model can represent aqueous
electrolyte systems as well as mixed solvent electrolyte systems
over the entire range of electrolyte concentrations. It is possible to
generate vapor-liquid equilibrium (VLE) and liquid-liquid equilib-
rium data LLE data for two-component systems, using a specified
property method (Aspen Technology Inc., 2011). The Aspen Physical
Property System can then use data from alternative property
methods to generate a regression of chemical equilibrium con-
stants. Parameters for another property method. With this feature,
it is possible to integrate chemical equilibrium constants from
different property models. In this way VLE and Physical Property
System data can be combined for solvents including the MDEA,
Sulfinol-M and AMP (Aspen Technology Inc., 2011).

The electrolyte NRTL equation provides another thermody-
namically consistent model for aqueous electrolyte systems. This
concept is similar to the NRTL (Non-Random Two Liquid) model
for nonelectrolyte systems (Aspen Technology Inc., 2011). With
only binary parameters, the equation satisfactorily represents
physical interactions of true species in aqueous single electrolyte
systems and multicomponent electrolyte systems over wide
ranges of concentrations and temperatures. This model can
represent infinitely dilute electrolyte systems (where it reduces
to the Debye-Hiickel model), nonelectrolyte systems. It connects
these limiting systems. The equation has been extended to model
mixed solvent electrolyte-systems that some important of
equations ELECNRTL model following (Aspen Technology Inc.,
2011):

ZTijGijxj
Iny; = J + v T
Ti ;GUXI EJ:;TUGUXI y

> TnjGnjXn
5 ) (1)

B ZijXm
m

Where 7; is the activity coefficient of component i in the mixture,

bs: E:
7U=Aij+%+cﬁlnT+DijT+T% 2)
GU = exp( — aijTji) (3)
Qjj = C‘]+D1](T727315) (4)

The thermal coefficients Ay, Aj;, B, Bji, Gj etc. are in Appendix D.
A VLE data by the equation:

— dM dM
S xidM; — (—) dp — (—) T = 0 (5)
i L dp )1 dT )y,

Where M is a molar thermodynamic property, M is a partial molar
property, T is temperature, p is pressure, x is liquid composition,
and i is an index over the components in the system (Aspen Tech-
nology Inc., 2011). When M is the excess Gibbs energy GE divided by
the gas constant R and temperature:

GE
M:ﬁzzi:xilny,« (6)
VE HE
i

Where v; is an activity coefficient, VE is the excess volume, and HE is
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the excess enthalpy. The equations for Liquid phase including
Electrolyte NRTL enthalpy model (Aspen Technology Inc., 2011):

H(T) = xwHy, + > xsHg' + > xHg + HyE (8)
S K

The molar enthalpy Hj, and the molar excess enthalpy H;f are
defined with the asymmetrical reference state: the pure solvent
H,0 and infinite dilution of molecular solutes and ions. (here *
refers to the asymmetrical reference state). Electrolyte NRTL Gibbs
free energy model with calculation by equation:

G = Xwhty, + > _Xsig' + > xxu +RTY % Inx; + Gt 9)
S K j

Wherep;‘l is the Gibbs free energy contribution from a non-water
solvent, RTY x; In x; is the ideal mixing term, where j refers to
any composrent, uy is the aqueous infinite dilution thermody-
namic potential, xy, X5 and xx are the mole fraction of water (w),
non-water solvent (s) and ion or molecular solute (k). The molar
Gibbs free energy and the molar excess Gibbs free energy G, and
GrE are defined with the asymmetrical reference state: as pure
water and infinite dilution of molecular solutes and ions. (* refers
to the asymmetrical reference state) (Aspen Technology Inc.,
2011). The ideal mixing term is calculated normally, where j re-
fers to any component. The molar Gibbs free energy of pure
water (or thermodynamic potential) u;, is calculated from the
ideal gas contribution. Equations for vapor phase (Data require-
ment Appendix C):

RT a

P:vm—b_vm(vm+b)

(10)

WhereVy, is the molar Volume, a is the energy parameter and b the
size parameter.

a=4dp+a (11)
ag is the standard quadratic mixing term:
n n

aO:Z

i1 =

1

a; is an additional, asymmetric (polar) term:

n n 1/3
a = in ij((a,-aj)]/zljo (13)
i=1 j=1

b= inbi (14)
i
R2TZ
a; = ¢;*0.42747—<4 (15)
P
2
a = [1+m(1-1?)] (16)
mi = 0.48 + 1.57w; — 0.176w? (17)

b; = 0.086664 Rl
P

(18)

Where: x is the mole fraction, I;; is binary interaction parameter, Tc
and P¢ are the temperature and the critical pressure, T; is the reduce
temperature, w; is the acentric factor. Vapor-liquid equilibrium
calculations at equilibrium condition following:

The fugacity of liquid phase = The fugacity of vapor phase

fr=f (19)

The assumptions in the simulation:

(1) The same thermodynamic models were used in the Sulfinol-
M-AMP, MDEA and DEA simulations,

(2) Similar operating conditions such as T and P were assumed
for all simulations,

(3) In simulation software, some parameters such as DIJ, EIJ, FIJ
and FJI due to a low amount, empty. If parameters are blank,
zeros will be used. This does not imply that the ideal mixture
assumption will be used because many models predict non-
ideal behavior with parameter values of zero.

(4) Assumed characteristics of inlet feed gas and CO2 capture
unit conditions used for the simulation,

(5) In all process simulation such as Sulfinol-M-AM, MDEA and
DEA assumed the CO2 absorber to have 28 theoretical stages
whereas the solvent regenerator (stripper) was assumed to
have 23 theoretical stages,

(6) Both the absorber and the stripper were assumed to operate
according to chemical kinetics solvents,

(7) The vapor phase carryover of Sulfinol-M-AMP, MDEA and
DEA in the treated gas can be minimized by keeping the gas
temperature sufficiently low and washing it with cold water,

(8) Data requirement for the electrolyte NRTL model for the
Sulfinol-M-AMP, MDEA and DEA processes have been in the
databank Aspen Plus software report.

Appendix B. Aspen Plus™ nomenclature

Name Description

OMEGA Pitzer acentric factor

ZC Critical compressibility factor

vC Critical volume

PC Critical pressure

TC Critical temperature

DNLEXSAT TDE expansion for liquid molar density
DHVLTDEW TDE Watson equation for heat of vaporization
CPIALEE TDE Aly-Lee ideal gas Cp

CPLTMLPO ThermoML polynomials for liquid Cp

MW Molecular weight

TB Normal boiling point

DELTA Solubility parameter @ 25 C

SG Specific gravity

VLSTD API standard liquid molar volume

SIGTDEW TDE Watson equation for liquid-gas surface tension
KVTMLPO ThermoML polynomials for vapor thermal conductivity
KLTMLPO ThermoML polynomials for liquid thermal conductivity
WAGNER25 TDE Wagner 25 liquid vapor pressure

MUVTMLPO ThermoML polynomials for vapor viscosity
MULNVE TDE equation for liquid viscosity

FAMILY Compound family name

SUB FAMILY Compound sub family name
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Appendix C. Thermo data engine (TDE) in Aspen Plus
Table C 1
The pure component values
Parameters Units H,0 €O, METHANE  ETHANE PROPANE SULFOLANE ~ AMP MDEA DEA
API 10 340 340 265.5 147.2 -20.4393 5.07146 -3.26011
CHARGE 0 0 0 0 0 0 0 0 0
DCPLS JIKMOL-K  38028.2 14258.4 459454000 26166.5 87018.6 117233
DGAQFM  J/KMOL 0 -385980000 -34330000  -17010000 0 0 0 0 0
DGAQHG  J/KMOL 0 -386232300 -344741112  -16269904.8 -82186884 0 0 0 0
DGFORM  J/KMOL -228766750  -394647770  -50869620  -32950116  -23487948  -243100000 -84730000  -169000000  -214080000
DGSFRM  J/KMOL -236760000 0 0 0 0 0 0 0 0
DHAQFM  J/KMOL 0 -413800000 -89040000  -102090000 0 0 0 0 0
DHAQHG  J/KMOL 0 -414074520 -87964668  -103204620  -127655532 0 0 0 0
DHFORM  J/KMOL -241997040 -393768540 -74901852  -84740832  -103916380  -372700000  -270290000 -380000000  -396880000
DHSFRM  J/KMOL -292920000 0 0 0 0 0 0 0 0
DHVLB J/KMOL 40683136 17165880 8185194 14716602 18786172 53592000 40759000 63055300 51992400
DLWC 1 1 1 1 1 1 1 1 1
DVBLNC 1 1 1 1 1 1 1 1 1
FREEZEPT C 0.05 -56.55 -182.45 -183.25 -187.65 27.4 -21 27.95
HCOM J/KMOL 0 0 -802620000  -1428640000 -2043120000 -2397000000 O -3060000000 -2410500000
HCTYPE 0 0 1 1 1 0 0 0 0
HFUS J/KMOL 6001740 9019000 941400 2859000 3524000 1373000 25104000
IONRDL WATT/M-K
IONTYP 0 0 0 0 0 0 0 0 0
MUP (J*CUM)**5  5.69E-25 0 0 0 0 1.48E-24 9.04E-25 2.69E-25
MW 18.01528 44,0098 16.04276 30.06964 44.09652 120.17232 89.13748 119.16376 105.13688
OMEGA 0.344 0.225 0.008 0.098 0.152 0.382349 0.742589 1.1649 1.0463
OMEGHG  J/KMOL 0 -8373600 -133098372  -169984080  -211559004 0 0 0 0
PC BAR 220.4832 73.7646 46.00155 48.83865 42.455175 503 48.6297 38.8 327
RADIUS METER
RGYR METER 6.15E-11 9.92E-11 1.12E-10 1.83E-10 2.43E-10 3.31E-10 4.37E-10 3.91E-10
RHOM KG/CUM 0 0 0 0 0 0 0 0 0
RKTZRA 02431719 02736149 028819729  0.28073756 027646774  0.23901 02671614  0.2525745 0.2041644
S25HG JIKMOL-K 0 117649.08  87880.932 112248108 139713516 0 0 0 0
5025C JIKMOL-K 0 117600 83700 118400 0 0 0 0 0
S025E JIKMOL-K 0 210887.4 267100.4 403520.8 539941.2 0 940079.6 0 0
SG 1 03 03 0.3564 0.5077 1.27408 1.03609 1.1034
TB C 100.05 -78.45 -161.45 -88.65 -42.05 287.3 -273.037988  244.85 268.89
TC C 374.15 31.05 -82.55 3225 96.65 579.85 346.668 401.85 441.85
TPT C 0.01 -56.57 -182.456 -182.798 -187.68 274 -21 28
TREFHS C 25 25 25 25 25 25 25 25 25
VB CUM/KMOL 0.01963607  0.035637394 0.037748235 0.055061374 0.075783202 0.116726 0.112012 0.149039 0.117152
VC CUM/KMOL 0.05589534  0.093944596 0.099209426 0.14816999  0.20349447 03 0.2965 0.368 0.349
VCRKT CUM/KMOL 0.05589534  0.093944596 0.099209426 0.148169999 0.20349447 0.3 0.2965 0.368 0.349
VLSTD CUM/KMOL 0.018049988 0.0535578  0.053557848 0.084711587 0.087144215 0.0945574 0.093918594  0.115302 0.0955243
zC 0.229 0.274 0.288 0.285 0.281 0.213 0.279792 0.254 0.192

Data for a vast range of components available from the Aspen
Properties Enterprise Database.

Appendix D. Physical properties and interaction parameters

Temperature dependent binary parameters derived from the
Aspen Physical Property System for the solvents cases simulated.

The Aspen Physical Property System offers a comprehensive
collection of built-in binary parameters for the activity coefficient
models ELECNRTL, NRTL, and UNIQUAC, some equation-of-state
models, and Henry's law. These built-in parameters are used
automatically when the appropriate property methods are used.

Electrolyte NRTL parameters are available in the Aspen Physical
Property System. This databank contains the nonrandomness fac-
tor, and energy parameters for many molecule-electrolyte and
electrolyte-electrolyte pairs. The databank also contains the binary
parameters (ELECNRTL and NRTL) for molecule-molecule in-
teractions. This databank is part of the electrolyte expert system
and is searched automatically when the ELECNRTL property
method is used. Parameters for a given pair are not retrieved if you
enter the parameters on the Properties“Parameters form”. You can
access the electrolyte expert system using the Electrolyte Wizard
button on the Components Specifications Selection sheet.

Electrolyte NRTL parameters from Sulfolane-MDEA and AMP are
available in the Aspen Physical Property System. Parameters from
experimental data in the software is used. Examples of Sulfolane-
MDEA and MDEA in the software that all required parameters on it.

Electrolyte
NRTL
parameters
from AMP

Electrolyte NRTL

parameters from
Sulfinol-M-AMP

Electrolyte
NRTL
parameters
from
Sulfolane-
MDEA
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Electrolytes Data Available in the Aspen Physical Property System:
(1) AMP system

Sources, Data Sources.

BruceRoberts and Mather, 1988 Bruce E. Roberts and Alan E.
Mather, Chem. Eng. Comm., Vol. 65, pp. 105111 (1988).

TjoonTeng and Mather, 1990 Tjoon T. Teng and Alan E. Mather, J.
Chem. Eng. Data, Vol. 35, pp. 410411 (1990).

(2) MDEA system

Data Sources.

Jou Fang-Yuan et al,, Can. J. Chem. Eng., Vol. 71, (1993), p. 264.

Fang-Yuan et al., 1982 Jou Fang-Yuan, A. E. Mather and F. D. Otto,
Ind. Eng. Chem. Process Des. Dev., Vol. 21, (1982), p. 539.

Austgen and Rochelle, 1991 D. M. Austgen, G. T. Rochelle, and C.
-C. Chen, Ind. Eng. Chem. Res., Vol. 30, (1991), p. 543.

Fang-Yuan et al., 1993 Jou Fang-Yuan, ].J. Carroll, A.E. Mather, and
ED. Otto, J. Chem. Eng. Data, Vol. 38, (1993), p. 75.

Merkley et al., 1986 Merkley, K.E., ].J. Christensen and R.M. Izatt,
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“Enthalpies of Solution of CO; in Aqueous Methyldiethanolamine
Solutions,” RR-102, Gas Processors Association, 1986.

Oscarson and Izatt, 1990 Oscarson, J.L., and R.M. Izatt, “En-
thalpies of Solution of H,S in Aqueous Diethanolamine Solutions,”
RR-127, Gas Processors Association, 1990.

(3) DEA system

Data Sources.

The parameter values are obtained from:

Austgen et al., 1988 D.M. Austgen, G.T. Rochelle, X. Peng and C.C.
Chen, “A Model of Vapor-Liquid Equilibria in the Aqueous Acid Gas-
Alkanolamine System Using the Electrolyte-NRTL Equation,” paper
presented at the New Orleans AIChE meeting, March 1988.

Helton et al., 1987 Helton, R., ].J. Christensen and R.M. Izatt,
Enthalpies of Solution of CO, in Aqueous Diethanolamine Solu-
tions,” RR-108, Gas Processors Association, 1987.

Van Dam et al., 1988 Van Dam, R., ].]. Christensen, R.M. Izatt and
J.L. Oscarson, “Enthalpies of Solution of HS in Aqueous Dieth-
anolamine Solutions, RR-114, Gas Processors Association, 1988.

Table D 1

Binary interaction ELECNRTL parameters reported by Aspen Plus for Amine Solvents.
Solvent DEA MDEA
Component [ H,0 H,0 H,0 H,0
Component ] DEA CO, CO, MDEA
Temperature units C
Property units
Al —0.965 10.064 0 —1.94644
AJl —0.661 10.064 0 8.670942
BIJ 1317.63 —3268.14 0 -151.219
BJI —718.08 —3268.14 0 —1746.51
cy 0.2 0.2 0.2 0.2
TLOWER 0 273.15 0 0
TUPPER 1000 473.15 1000 1000

Source (Apsen Plus®™ Databanks):ENRTL-RK,PURE25,AQUEOUS,ASPENPCD, ELECPURE, Aspen Plus examples.

Table D 2

Binary interaction ELECNRTL parameters reported by Aspen Plus for Sulfinol-M-AMP Solvent.

Sulfinol-M-AMP Solvent

Component | SULFOLANE H,0 CO, H,0 AMP
Component | H,0 CO, SULFOLANE MDEA H,0
Temperature units C
Property units
Al —1.84102 0 13.19158 8.509164 —1.47633373
AJl 0.535641 0 —0.63304 —1.71405 7.08619543
BIJ 784.9322 0 —3538.25 —1573.89 —29.7924926
BJI 346.9002 0 —14.5721 —261.847 —1524.23614
cy 0.547163 0.2 03 0.2 0.2
TLOWER 288.15 0 298.15 0 0
TUPPER 413.18 1000 403.15 1000 1000

Source (Apsen Plus®™ Databanks):ENRTL-RK,PURE25,AQUEOUS,ASPENPCD, ELECPURE, Aspen Plus examples.
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