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Abstract

The hydrogen sulfide (#$) absorption capacity of a 70 wt.% aqueous
methyldiethanolamine (MDEA) solution was investaghin a static-analytic apparatus
at temperatures of 283, 353 and 393 K and pressfig300, 6000 and 10000 kPa in the
presence of methane. New experimental data wevgedsluced for a 50.1 wt.% aqueous
MDEA at 323 K and pressures of 500 and 3000 kRaadsof the apparatus validation
procedure. A model based on electrolyte non-randeatliquid (eNRTL) activity
coefficient model to describe the liquid phase Betg-Robinson Equation of State to
describe the vapor phase non-idealities was degdléqr the system #$-MDEA-H20,
which can potentially be used also for the systanthe presence of methane at low
pressures. Vapor pressure measurements of pure M&E&also performed in the range
of 405 — 435 K in an ebulliometer and parameterstli@ Antoine correlation were

proposed.

Keywords:gas processing; absorption; hydrogen sulfide; amethMDEA, high

pressure; vapor-liquid equilibrium; vapor pressure
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1. Introduction

Natural and refinery gas streams usually contaih g&ses, carbon dioxide and sulfur
compounds, which must be removed in order to ernsouble-free and safe operations.
Typical sulfur compounds are hydrogen sulfide, oasth sulfide, mercaptans, with the
first one being the most important one as it ocdnrghe largest concentrations [1].
Hydrogen sulfide (E5) gas content is routinely controlled by absorpiiato agueous
methyldiethanolamine (MDEA), which can then be thallty regenerated and reused.

A 50 wt.% MDEA-HO concentration is considered a benchmark solvert.5
removal, due to its equilibrium behavior and lowrosion. Aqueous MDEA has been
long established in the industry due to among sthibe amine’s availability, low cost
and energy requirements, resistance to degradatbility to meet the 4 ppm
specification requirement for pipeline gas anddledively remove b5 over CQ, which
often coexist. MDEA owes its latter characterigtcits structure; as a tertiary amine,
aqueous MDEA reacts instantaneously with hydrogéfids while it requires more time
to react with CQ. Thus, by regulating the contact time betweenstiieent and the gas,
H>S removal to specification and minimum co-absorptid CQ can be achieved [2],
[3].

The motivation of this work has been the investaraof highly concentrated MDEA
for the combined b5 removal and hydrate control for subsea applinat@l and gas
reservoirs are turning sour in the course of tidje[b], which is tackled today by using
triazine to control the 6 levels [6]. Main disadvantages of employmentiezine are
related to the non-regeneration of the solventghiteispace, transportation and disposal
requirements. These constraints are of outmost ntapee, especially as the available
production fields are sourer, deeper and in lonlggtances from the shore [7]. MDEA is
already used offshore as a pH stabilizer [8] featilng its employment subsea, while the
fact that, as a polar compound, it has affinity feater, renders highly concentrated
aqueous MDEA a good candidate for acting both hgdaate inhibitor and as an8l
removal agent. The solvent could be used and regiukeoffshore, supported by new

technological developments, such as “subsea aold [].

This work is a first step in the investigation bist multifunctional solvent, with focus

on the effect of total pressure in theSHremoval capacity of the solvent. The
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measurements were conducted at high pressures, 1000 kPa, with methane as the
pressurization medium, since it is the main coustit of natural gas. Few researchers
have previously studied the effect of high-pressusthane for the systems GBO,-
MDEA-H20 [10], [11] and CH-H>S-MDEA-H.0; a detailed literature review for the
latter is provided irBection 2.1. The main finding has been that for both.G@d HBS-
contained systems, an increase in total pressads l® increase in the acid gas partial
pressure. To our best knowledge, there are noréatted for the system GHH.S-
MDEA-H20 and MDEA solutions with concentrations highemtba wt.% MDEA-RO.

A 50.1 wt.% MDEA-HO and a 70 wt.% MDEA-FD system were used in this work
to obtain vapor-liquid equilibrium data (VLE) witiydrogen sulfide and methane. The
new VLE data for the system Gi#H>S-MDEA-H20 with 70 wt.% MDEA-HO mixtures
were obtained at temperatures of approximately 283, and 393 K and pressures of
2000, 6000 and 10000 kPa. The experiments werempeetl isothermally and the
temperature of 283 K was chosen to simulate thetéomperature subsea conditions

while the temperature of 393 K was chosen to sitaulee high regeneration temperature.

2. LiteratureReview

2.1 H2S-MDEA-H20-makeup gas system

An updated list of available VLE data for the systd>S-MDEA-H20O, including data
with makeup gas, is provided ihable 1. The amine concentration is expressed in a
weight basis for all reference sources to allowdmect comparisons. Concentrations
reported in molarities [12]-[14] have been conwtteweight fractions using the density
correlations presented by Bernal-Garcia et al..[IBg solution preparation temperature
was assumed to be 298.15 K due to lack of thigmmédion.

As also other authors working with the systeaSHADEA-H>O have observed, the
available data in the literature are rather soadteespecially at low loadings. The
literature data have been evaluated for self-ctarsty and mutual-consistency with
reported data in similar experimental conditiodipfving Chunxi and Furst’'s approach

[16]. This evaluation was performed in order toidecif some data sets would be
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excluded during our thermodynamic modeling. Durithg evaluation, the partial
pressures for £6 from Kuranov et al. [17], Kamps et al. [18] andidBoumedine et al.
[19], who all report total pressures in the abserfcemakeup gases, were calculated by
subtracting the vapor pressure of the solvent tatled by Dalton’s Law (Eq. 1). The
vapor pressure of 4D was calculated by the correlations proposed I8TNor the given
temperature ranges while the vapor pressure of MDA calculated based on the
Antoine correlation fitted to existing and new dasgpresented iBection 5. Resultsand

Discussion.

S — S . S .
solv = Pypea * XMpea + Phyo " Xnjy0 Eqg. 1

Li and Shen [13] measured.& solubility in 29.9 wt.% aqueous MDEA at
temperatures up to 373 K. During the evaluatiothefdata, a sharp increase of partial
pressure at loadings > 0.7 mol$4mol MDEA was noticed, resulting in a cross-over o
literature data reported for 35 wt.% and 50 wt.% BAOH-0O solutions. For this reason,
the data from Li and Shen [13] were not includedur database used in the model

parametrization, as chosen also by Huttenhuis §2@.

Jou and coworkers [12], [21] have published expental data for a 48.9 wt.% and
for a 35 wt.% MDEA solution. Two observations canrbade for the low loading region:
a) the data with a 35 wt.% [21] and a 48.9 wt.9%4 NIDEA solution are very similar and
b) the deviations between the data with a 48.9 vairfba 50 wt.% solution look larger
than what one would expect with such similar cotregions. Uncertainty information is
not given in the first publication of Jou et al2]1while the authors on their second
publication report 3% error in liquid loading and. % full scale (FS) error in pressure.
Taking this into account, the deviations relate@)@nd b) are within the experimental
uncertainty. Generally, the data from Jou et aleagvith literature values in different
concentrations and temperatures besides at lownigadFor example, good agreement
is observed between the data Jou et al. [12] 8.4 wt.% aqueous MDEA at 313 K and
from two other sources [14], [22] at loadings > @l H.S/mol MDEA. Any small
deviations are justified in terms of reported expental uncertainties provided by
MacGregor and Mather [14] (pressure, loading, casitiom) as well as by Zoghi and

Shokouhi [22] (pressure and composition). At loveardings, significant deviations are
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seen between the data by Jou et al. [12] and M@o&@nd Mather [14] compared to
Huang and Ng [23] as well as Rogers et al. [24gsBEdifferences are difficult to explain
by the reported uncertainties. At higher loadirsgsne inconsistencies are also seen, for
example, the data from Kuranov and coworkers [d7ff32.3 wt.% amine solution are
close to the data reported for a 50 wt.% MDEA sotuf12], [23].

No pattern was identified between the analysis otethnd the uncertainty of the
results. Unfortunately, often the uncertainty iadong, which could enlighten the reasons
for the scatter observed at low loadings, is npored. The literature sources reporting
uncertainties in either pressure or loading arekewarin Table 1. In addition, the
differences observed in the reported data could lés attributed to the purity of the
chemicals. Although most of the authors reportube relatively high-purity chemicals
(>98-99 wt.% MDEA, >99 vol.% I85), the chemical’s aging (contamination, contathwi
atmospheric humidity, light degradation etc.) cowtso have contributed to the

differences observed.



142  Tablel. Literature VLE data for F5-MDEA-H20 including data with makeup gas.
Analysis M ethod
wt.% agq. MDEA T (K) Przs (kPa) Prot (kPa) L oading M akeup gas Source NP
Vapor Phase Liquid Phase
298.15, 313.15, Nitrogen lodometric back-
11.8,23.4,48.9 553 15, 373.15, 393.15 0-0013-5890 - 0.00129-3.229p, < 200 kPa) GC titration with thiosulfate ~ >°Y €t al- [12] 153
298.15, 310.95 Bhairi, Maddox et al.
11.9, 20 338.75, 388.75 13.23-1536.6 - 0.18-2.1703 - Mass balance Mass balance [26], [27]" 49
lodometric back-  MacGregor and Mather
23.4 313.15 0.52-1600 0.13-1.725 - GC titration with thiosulfate [14]" 27
Nitrogen lodometric back-
35,50 313.15, 373.15 0.00183-313 - 0.00410-1.077(PHzS< 350 kPa) GC titration with thiosulfate Jou et al. [21] 50
. Mass balance .
313.15, 333.15 Nitrogen lodometric back- .
29.9 1.498-445.7 - 0.082-0.902 (Pr2s< 200 kPa) / .. - . : Li and Shen [13] 43
353.15, 373.15 (Pu2s< 200 kPa)GC (Rie> 200 kPa)'utratlon with thiosulfate
313.15, 343.15 i i i Nitrogen lodometric back-
23.1,50 373.15, 393.15 0.0033-3673 0.00240-1.74 (Prze < Pan) Mass balance titration with thiosulfate Huang and Ng [23] 42
23, 50 313.15, 323.18.00069-5.268 96-110  0.00219-0.313 (P':;”gg;”t) FTIR FTIR Rogers etal. [24] 30
< am
11.83, 23.63 ~298.15, ~313.10.023-1.611 - 0.0101-0.2610 - Mass balance Mass balance Lemoine et al}128] 29
313.16, 333.15 +
18.7,32.2 373.15, 393.15, 413.15 165.2-4895.9  0.48-1.934 - Mass balance Mass balance Kuranov et al.*[17] 71
48.8 313.11, 353.16, 393.15 - 147.9-2783 0.153-1.428 - Mass balance Mass balance Kamps et al’T18] 26
46.78 ~313,~373 - 6.21-1040 0.039-1.116 - Mass balance Mass balance S'd"BO[ulrgﬁ?'”e etal. 7
23.7 313.2 14-1361 - 0.505-1.639 - Mass balance Mass balance 229N "E‘gg]fho"o“h' 12
35. 50 283, 298, (313)0.141-18.892 690-6900 0.028-0.575 Methane GC _lodometric back- \, onniis etal. [25] 30
titration with thiosulfate
50 323.15 3-278 493-700 0.096-0.889  Methane GC Mass balance Dickoetal. [29] 5
50 322.95,343.15  31-974 1480-7090 0.267-1.042 Methane GC Titration with silver o qoghetal. [30] 39

nitrate

& 1gldbal loading;": reported uncertainty in pressurereported uncertainty in43 loading/mole fraction



144 2.2 MDEA-H20 system

145 Vapor-liquid equilibrium (VLE), freezing-point degssion (FPD) and molar excess
146  enthalpyHE data for the binary subsystem MDEA® are given iriTable 2. The data were
147  used to model the binary system first in orderetuce the number of parameters to be fitted
148  for the ternary systema3-MDEA-H-O onwards, as it will be further explained lateBattion

149 4. Thermodynamic modeling. Eight points from Chang et al. [31] were excludie@ to their
150 deviations from the data by Fosbgl et al. [32]

151  Table2. LiteratureVLE, FPD andHE data for the binary system MDEA:8.

Property W,\;'(é)E‘f' T/ ATk (K) P (kPa) Source NP
VLE 3-78.61 313.15-373.15 6.47-100.40 Kim et al. [33] 61
10-70 326.15-381.1513.08-101.67 Xu et al. [34] 34
30-98.9 350.15-458.65 40-66.7 Voutsas et al. [35] 27
FPD 17.4-39.1  (-3.3)-(-13.8) 101.13 Changetd][3 21
2.6-39.6 (-0.4)-(-14.2) 101.3 Fosbgl et al. [32] 21
HE 9.6-92.5 298.15-342.45 - Posey [36] 16
17.5-96.7 298.15-313.15 - Maham et al. [37] 26
41.8-98.4 338.15 - Maham et al. [38] 9
152 2.3 PureMDEA

153 A literature review was also performed for the vape@ssure of MDEA. As seenrable 3,
154  the data already reported in the literature coMarge range of temperatures, from 293 to 738

155 K.

156  Table 3. Literaturevapor pressure data for pure MDEA.

T (K) Ps (kPa) Source NP
293.69-401.97 0.0006-1.4776 Noll et al. [39] 26
406.69-435.50 2.48-7.98 Kim et al. [33] 7
420.45-513.85 3.68-90.44 Daubert et al. [40] 14

467.39, 479.39, 488.15 20, 30, 40 Yang et al. [41] 3
519.7-738.4 98.59-3985 VonNiederhausern et al. [42] 9

157
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3. Experimental Work

3.1 Materials

Information for the chemicals used are provided able 4. MDEA was used as received
from the supplier without further purification. titpure Millipore water was used in this work
to prepare the aqueous amine solutions. Both thmearand the water were degassed
independently and they were mixed under vacuumlitoireate presence of air during the
experiment. The solutions were prepared gravimatyicn a METTLER PM1200 scale with
an accuracy of-10° kg. The composition uncertainty is the same fatheeomponent in a
binary mixture as explained in Appendix, and it viasnd to be w{)=0.002 for 50.1 wt.%
MDEA-H>0 and u{)=0.003 for 70 wt.% MDEA-HO. The gases used in this work are

hydrogen sulfide and methane as a makeup gas.

Table 4: Chemical Sample Table.

. . Analysis
Component IUPAC name CAS Supplier Purity method
N- 2-[2-
methyldiethanolamine hydroxyethyl(methyl) 105-59-9  Sigma-Aldrich > 99 wt.% GC
(MDEA) amino] ethanol)
Water Oxidane - - Ultra-pure
Hydrogen sulfide Sulfane 7783-06-4 Air Liquide >99.5 vol.% GC
Methane Methane 74-82-8 Air Liquide 2 99.995 GC
vol.%

3.2 Experimental set-ups

High-pressure VLE. The high-pressure vapor-liquid equilibrium (VLEYperiments were
conducted in an in-house manufacture by ARMINESIegipg the static-analytic method [43]
The apparatus is designed for measurements wilgasies and can be operated in the pressure
range from 0.5 to 19.9 MPa and temperatures, frdgit@ 473 K. Temperature regulation with
an accuracy of £ 0.01 K is achieved through imnmgy$ine cell into an oil bath. The apparatus

is similar to the one previously presented by [@% its schematic is given gure 1.
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Figure 1. High-pressure VLE setupTD: Displacement Transducer Display, DLD: Data giog
Device, DT: Displacement Transducer, GC: Gas Chtognaph, MS: Mobile Sampler for the analysis
of liquid phase, NRV: Non-Rotating valve, PC: PeoComputer for data acquisition, PT: Pressure
Transducer, T: Thermocouple, V: Valve, VS: Vapompker for the analysis of gas phase, VVP:
variable volume press.

HaS
GAS TANK

AT A

The set-up consists of three distinct parts: a)etpgipment for filling up the equilibrium
cell, i.e. the variable volume press (VVP), the lgakles and gas tanks, b) the equilibrium cell,
including automatic samplers for the gas and tipeidi phase(s) and c) the equipment for the
analysis of the samples, i.e. the gas chromatogifagbh of these parts consists of various
valves and instrumentation. A variable volume poesaposed by the variable volume pressure
cell, a piston and a displacement transducer, wad to introduce the liquid inside the cell,
under vacuum. The transducer measures the pissptadement with an accuracy of Aa°
m and, by knowing the exact dimensions of the ta#lexactvolume of the solvent introduced
was determined. Approximatelyl®® m? of solvent were introduced in every experiment. An
H.S bottle was connected to a gas tank with volunie@#10* + 5108 m?, which was further
connected to the cell. The presence of a smaltagdsbetween the gas bottle and the cell was
dictated as an extra safety barrier in case ofagalof the toxic b5. Pressurization of the cell

with methane was done directly from the {idttle.

10
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The equilibrium cell is a sapphire tube standintyeen two Hastelloy flanges. Kalrez O-
rings are used for sealing the tube. The uppegéfaaccommodates two non-rotating stem
loading valves, for 5 and for CH, and the lower flange accommodates two more, oné/
of which was used for the loading of the liquidwmn and the discharge of the cell. The
temperature is monitored and controlled by twoiplah probes and two 10Q Platinum
resistance temperature detectors (Pt100) with aertainty of + 0.02 K. Each of the two
located in each flange. They are connected to ard&t® acquisition unit and are carefully
periodically calibrated. The cell is equipped withio Druck™ pressure transducers, one
calibrated for 0-3 MPa and the other for 0-30 MRe&sgure range respectively. The transducers
are maintained at the temperature they were cédthrat and the uncertainty is 0.6 kPa. The
volume of the cell is 33.120° + 5108 m® (or 32.2410° m®when the low-pressure transducer
is isolated). A stirring system is integrated te tell in order to reduce the time of equilibration
and ensure phase homogeneity. The variable-speed & composed by a rotating axis inside
the cell, two propellers mounted on the rotatings dar stirring both the gas phase and the
liquid phase and a magnetic rod mounted on theimgtaxis in order to allow for rotation of

the axis by a stirring motor located below the.cell

Agilent software BenchLink is used for online maonihg of pressure and temperature,
enabling the determination of equilibrium. Once élg@ilibrium is reached, micro samples can
be withdrawn and transferred to the GC for analysigomatic sampling is allowed through
two capillary samplers (ROLS) Armines’ patent [44]. Two capillaries are fixed the
cylindrical wall of the cell at levels designedvidghdraw vapor and liquid phase samples. The
samplers are connected to a PERICHROM model PR-ZB30chromatograph, through a
heated transfer line. The temperature selectegieehthan the boiling point of the heaviest
component (MDEA) to avoid any sample condensafitye. chromatograph is equipped with a
thermal conductivity detector (TCD) and a flameization detector (FID), and WINILAB IlI

software is used for GC acquisition and treatment.

Ebulliometer. A modified Swietoslawski ebulliometer was usedsatidbed earlier in detail
by Kim et al. [33]. The apparatus can be operatetgraperatures up to 473 K and at sub-
atmospheric and atmospheric pressure. The tempesatiere measured with calibrated Pt100
resistance thermosensors with an uncertainty oD% 8. A DP1520 pressure controller from
Druck™ was used, calibrated against a BeamexC5 calibwatbran accuracy of + 0.03 kPa.
The solution is accommodated inside-80Z m? glass equilibrium still and the set-up allows

for the sampling of both the vapor and the liqundge.

11
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3.3 Experimental Procedure

High-pressure VLE. After thorough cleaning with hot deionized (DIat®r and ethanol, the
cell and tubings were left to dry and set to vaculumng the previous night. The solution was
prepared under vacuum directly inside the VVP dmedsblution preparation temperature was
approximately 298 K. Back-pressure of ca. 500 kPaethane was applied to the VVP. The
solution was introduced inside the cell, and the @isplacement position was recorded, so as
the exact amount of solution added could be caedlarhe cell was immersed into the bath,
the stirrer was turned on, the temperature of ¥peement was set and the system was left to
equilibrate. Temperature stabilization requiredragpnately 30-60 min, after which the vapor

pressure of the solution was recorded.

The desired global loading, i.e. mol of&iinside the cell per mol of amine, was first dedid
and based on the PVT conditions of th&Skas tank before and after the filling of the adék
amount of HS introduced was determined. The calculations wertormed using REFPROP
software [45] and a Helmholtz energy-based equatfaiate developed by [46] for pure$H

was used. The global loading was, thus, calculayed

_ .,before _ _after
Npzs = nHZS,tank H2S,tank EQ- 2
NH2s
Qglob = — Eq. 3
NyMpEA

For the experiments with the 50.1 wt.% MDEA aquesaisition, initially a small amount of

H>S was introduced and it was left to equilibratea®®®n of S and MDEA is fast and

equilibrium was reached within one hour. Because ttital pressure was lower than the
minimum required pressure of 500 kPa for the ROLBimplers and GC to function, methane
was added up to 500 kPa. Equilibrium was reachagpnoximately one hour, and the sampling
started. In our experiments, sampling and analysis conducted only for the vapor phase.
Higher loadings were reached by adding moeS khto the cell and repeating the above-

mentioned procedure.

For the 70 wt.% MDEA solution VLE investigation, dwseries of experiments were
conducted based on the global loading, one forad@ one for 0.5 mol ¥$/mol MDEA
approximately. The experimental procedure varieshim way that after equilibrium was
reached, methane was added in 3 stages, up to 8000,and 10000 kPa. At each pressure
level, sampling and analysis of the vapor phase p&$ormed upon equilibrium. The

experiments were performed under isothermal canditiat 283, 353 and 393 K. At the end of

12
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the experiment, the cell was depressurized and iechgiafely through a caustic solution

(NaOH) in order to neutralize the system. At eaemperature, a new experiment was
conducted using fresh solution. We aimed at hathegame global loading at all temperatures,
however it was not practically possible to reachotly the same loadings in every experiment.

The study at each temperature and global loadstgdeapproximately one week.

The analysis of vapor phase concentration was peé in a GC equipped with a Porapak-
R column R80/100 mesh (length 2 m, diameter 2 mmeMfRESTEK. The carrier gas was
helium at a flow rate of 20 ml/min. A constant teergture program at 363 K was used for the
guantification of both methane and hydrogen sulfAlgalysis at 383 K was also performed to
check for water presence in the vapor phase. Irerotd check the repeatability of the
measurements and to perform uncertainty analysis shmples at least were withdrawn, the
first two of them usually were required to saturtite transfer lines in terms of adsorption.
Disturbance to equilibrium was considered neglghlie to the small volume of each sample.

Knowing the pressure, temperature and the compasiti the vapor phase, the density of
the vapor phase was estimated using REFPROP seffd&l The amount ofyasin the vapor
and liquid phase and finally the.8l loading in the liquid phase, liquid loading were
calculated according to Eq. 4 - Eq. 7.

Nie = p° - VV Eq. 4
n}} = Niot " Vi Eq. 5
nt = nge —n? Eq. 6
l
o = H2S_ Eq. 7
NMDEA

wherep? is the molar density of the gas mixture, calculaising REFPPROP arif is the
volume of the vapor phase. The latter is the dffiee between the volume of the cell, calG3

® m®, which is known from our calibration data and tr@ume of the liquid which was
estimated by the correlations proposed by [15hmagsg that the effect of pressure in the liquid
volume is negligible. Bernal-Garcia and coworkeesasured the density of aqueous MDEA in
the whole composition range at temperature rangg8f15 - 363.15 K and, based on their
data, calculated the excess molar volumes of tharpisystems. For our calculations at the
temperature of 393 K which was not studied in tfteamentioned work, the excess molar
volume was extrapolated. It is worth mentioning tha deviations in number of moles of3

calculated by the Ideal Gas Law equation and REAPR@ploying the most up-to-date

13
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Helmholtz energy-based EoS led to deviations idithued loading lower than 1.5% at 283 and
353 K, while the deviations were higher at 393 Kaxn2.7%). For more accurate results, we
used the results based on the latter.

Ebulliometer. Approximately 0.8L0* m® of liquid was charged inside the still, precedingge
with nitrogen. The desired temperature was setegpdibrium was assumed after 10 min of
stable pressure and temperature. The vapor presSMBEA was measured at the temperature
range of 405 — 435 K. Validation of the apparatwess werformed by measuring the vapor
pressure of water and a 1.5% maximum error fromliteeature was found in equilibrium

pressure.

4. Thermodynamic modeling

High pressure VLE. An in-house MATLAB-based rigorous model has beeneloped to
describe the chemical and phase equilibrium for gsipgem HS-MDEA-H,O. The same
algorithm has been previously used to successfidbecribe C@amine-HO systems relevant
to carbon capture processes [47], [48]. Peng-Rohi®S [49] with the original alpha function
was employed to describe the non-idealities of/dpor phase, coupled with the traditional van
der Waals one-fluid mixing rules. The binary intdi@n parameters for Peng-Robinson EoS in
this work were set to zero. To account for the rwalities in the liquid phase, the electrolyte
non-random two-liquid (eNRTL) model [50] was utdid. The models are presented in the
Appendix. The required critical parameters and agefactors for pure components are given

in Supplementary Information.

The chemical reactions assumed in the liquid pregethe ionization of water, the
protonation of MDEA and the dissociation of$(R. 1-3). The second dissociation reaction of
hydrogen sulfide, from bisulfide to sulfide, is nainsidered in our model due to the low
concentration of Sin the solution and in order to reduce the nunob@arameters in the model
[16].

2 H,0 = OH™ + H;0* R.1
MDEA + H;0% = MDEAH* + H,0 R. 2
H,S + H,0 = H;0" + HS™ R. 3
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The chemical equilibrium constants as well as Hesnopnstant for hydrogen sulfide are
described by Eq. 8, parametrized accordingdble 5, wherex stands for either the chemical
equilibrium constanieq Oor Henry’s constartiizs. Temperature is expressed in K and Henry's

constant for hydrogen sulfide in legm.

B
In(x) =A+7+Cln(T)+DT Eq. 8

Table 5. Mole fraction-basedarameters for Eq. 8, reported only with their gigant digits.

A B C D Reference
Chemical Equilibrium constant for R. 1 132.89 -13445 -22.477 0 Posey [36]
Chemical Equilibrium constant for R. 2 -60.03 -1974 7.533 0 Oscarson et al. [51]
Chemical Equilibrium constant for R. 3 214.58 -12995 -33.547 0 Posey [36]
Henry’s constant for 5 342.595 -13237  -55.0551 0.05957 Edwards et2]. [5

The vapor pressure for hydrogen sulfide and waterstimated using the Riedel correlation
(Eq. 9) wherél expressed in K anéf'in Pa. The parameters are presentetinie 6. MDEA
vapor pressure has been measured in this workited o Antoine correlation. The Antoine

parameters used in this work can be foun8attion 1.5.2.
B
In(Ps*) = A+ =+ C In(T) + DTE Eq. 9

Table 6. Parameters for pure component vapor pressurelaores for Eq. 9.

Component Model A B C D E Reference
H2S Riedel 106.47 -5018 -13.306 -0.09 -0.13 DIPPR [53
H-O Riedel 73.649 -7258 -7.304 4.2E-06 2 DIPPR [53]

A sensitivity analysis was performed to evaluat slgnificant numbers in the parameters
retrieved from the literature. hable5 andTable 6 the parameters are provided only with their
significant digits.

The adjustable parameters for the eNRTL modell@abn-randomness factoss,and the
energy parameters;. The optimization of the #$-MDEA-H20 system requires the regression
of a total of 78 parameters. In order to reducs kingh number of parameters to be adjusted,

the following steps have been taken:

15



332 1) All non-randomness factotshave been given fixed values according éble 7.

333 Il) The energy parameters for the subsystes8-H.O have been fixed to the default values
334 used in Aspen Plus V10 simulation softwarelgle 7).

335 |ll) The energy parameters for the subsystem MDE®Hhave been fixed to the values
336 obtained by the regression of the literature datsented inSubsection 2.2 MDEA-H20
337  system.

338  As a result, the number of parameters is reduce?bidorhe temperature dependency of the

339 energy parameters is described by Eq. 10, wier@ndb,; were fitted to experimental data.

i’ Eq. 10
T q

Ty = a; +
340 The fixed non-randomness factors and fixed eneaggimeter values are presented able 7,
341 wheremdenotes molecule amda cation-anion (salt). The non-randomness factore ireed
342  at 0.2 for molecule-molecule and water-salt inteoms, and at 0.1 for the-8-salt and MDEA-
343  saltinteractions, according to Hessen and cowerj&et].
344

345 Table7: Fixed parameters of eNRTL model used in this work.

Non-randomness factors,

Components
i ] ij ji
m m 0.2 0.2
H.0 c-a 0.2 0.2
H.S c-a 0.1 0.1
MDEA c-a 0.1 0.1
Energy parameters;
Components a b
i ] ij ji ij ji
H20 H2S 0 0 0 0
H20 H3O0*-OH 8 -4 0 0
H20 Hz0*-HS 8 -4 0 0
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HzS H3O*-OH 15 -8 0 0

HzS HO*™-HS 15 -8 0 0

The optimization routine used in this work is RaetiSwarm Optimization (PSO), developed
by Kennedy and Eberhart [55]. This algorithm alldaessthe optimization of continuous non-
linear functions, using particle swarm methodolofye advantage of this optimization routine
is that it uses random initialization, thus, unltteer optimization methods, its convergence is
not dependent on the first approximations. In otdeavoid local minima and find an optimal
solution, local best topology was used [56], [Sf)e PSO parameters are swarm size of 40,
maximum number of iterations 600 in 3 loops whiehntinate once the optimized value
deviates more than TO(tolerance criterion) from its preceding one orléss than 1%
improvement is achieved during 60 iterations. Th@mmzation of the absolute average relative
deviation (AARD) shown in Eqg. 11, was chosen asdihjective function, where Y was either

the partial pressure of28, Przs,or the total pressurot.

. B 1 N |Yiexp _ Yipredl . c 1
Fobj(/o) _N yexp 100 g.
- .

1

5. Resultsand Discussion

5.1 Experimental results

High-pressure VLE. The experimental vapor-liquid equilibrium dataabed in this work
with 50.1 wt.% and 70 wt.% MDEA solution for thessgm CH-H>S-MDEA-H2O at various
pressures and temperatures are presentéichlshe 8 and Table 9. As mentioned earlier,
knowing the experimental uncertainty of reportethdaould possibly help us understand the
scatter observed in the data for the systesB8-MDEA-H>O. Therefore, we performed a
thorough investigation of our measurements’ ungastan order to properly evaluate our data

and conclude on the impact of experimental unagstain our results.

We have reported the combined uncertainties emmpioyhe Law of propagation of
uncertainty according to NIST guidelines [58]. Treav data are accompanied by the standard

uncertainties for total pressure and temperatuneedisas the combined uncertainties for the
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partial pressure of hydrogen sulfide, the global #re liquid loading. It was found that the
main contributor to the uncertainty of the parpatssure of b5 is the total pressure of the
system, as can be observed by the increasing amagrof P1os for increasing total pressure.
The main contribution to the global loading unceitiais associated with the loading itself,
while the uncertainty of the liquid loading is migsaffected by the uncertainty of the total
moles of HS introduced in the cell. The repeatability of eneasurements was taken into
account by virtue of the multiple samples analyaedhe GC at each equilibrium pressure and

temperature. The complete uncertainty analysisedaiound in Supporting Information.

Table 8. Experimental vapor-liquid equilibrium data and theorresponding combined
uncertainties at total pressure of 500 kPa (anchmeesurement at total pressure 3000 kPa) and
temperature of 323 K for the system £HbS-MDEA-H,O and 50.1 wt.% aqueous MDEA.
Methane is used as makeup gas.

T Prot Pr2s  Uc(PH29) Oglob Uc(aglob) 0l Uc(auiq) NS
K kPa kPa kPa mol 1% mol H;S mol H;S mol H;S
global/ global/ liquid/ liquid/

mol MDEA mol MDEA mol MDEA mol MDEA

Experiment 1

322.98 493.81 2.99 0.03 0.096 0.003 0.095 0.001 9
322.98 480.01 11.27 0.12 0.214 0.005 0.211 0.002 9
322.98 500.72 49.11 0.43 0.490 0.005 0.477 0.002 7
322.98 604.01 17759 1.20 0.822 0.006 0.775 0003 0 1
Experiment 2

322.98 49392 2.60 0.02 0.085 0.003 0.084 0.002 6
322.98 49350 22.33 0.19 0.312 0.004 0.303 0.002 6
322.98  498.13 72.79 0.56 0.588 0.006 0.559 0.003 8
322.98 530.82 139.10 0.93 0.760 0.013 0.703 0.006 5
322.98 54553 168.46 1.06 0.820 0.039 0.751 0.020 9
322.98 3106.96 179.67 1.52 0.820 0.039 0.745 0.020 8

aStandard uncertainties not included aboveuéfg = 0.02 K,u(P) = 0.6 kPa.

Table 8 and Figure 2 reveal information regarding both the reprodudyilof the
measurements in this work as well as their compangith the literature for the system GH
H>S-MDEA-H>0 with a 50-50.1 wt.% MDEA solution at approximat8R3 K. The measured
vapor fractions of methane and hydrogen sulfide reported in Supporting Information

together with the uncertainty analysis. Our measerss in the presence of 500 kPa of methane
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were performed in two different experiments, ans@as can observe in the figure, the same
behavior is followed and the measurements canpredaced. The data obtained in this work
are in agreement with the data reported by Dickal.ef29] under similar conditions. These
data together with Sadegh et al.’s data [30] atl fotessure of 1500 kPa and 7000 kPa show
that, for a given liquid loading, an increase ia thtal pressure of the system leads to an increase
in the KBS partial pressure. Our single measurement atgogakure of 3000 kPa for this system
follows this trend, too. An exception is the lasirjt reported by Dicko et al. afq = 0.832 mol
H>S / mol MDEA, which also differs from the trendoar data. This point is measured at total
pressure 700 kPa but lies between the data reployt€adegh et al. at 1500 kPa and 7000 kPa
total pressure. Here it is important to mentiort the measurements reported by Dicko et al.
are global loadings, and the liquid loadings shanvkRigure 2 are the ones calculated by the

authors.
1000
*
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*'® o
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Figure 2: Equilibrium HS partial pressures as a function of liquid loadcing total pressure
for 50 wt.% MDEA-HO at 323 K.e Pwt= 500 kPa (This work, Experiment 1),Pit = 500-
600 kPa (This work, Experiment 3) Pit= 500-700 kPa [29]y Pt = 1500 kPa [30]% Prot =
3000 kPa (This work); Pwt = 7000 kPa [30].

Table 9. Experimental vapor-liquid equilibrium data and theorresponding combined
uncertainties as a function of total pressure antperature for the system GH>S-MDEA-

H20 and 70 wt.% aqueous MDEAMVethane is used as makeup gas.
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T Prot Ph2s  U(Pr29) Oglob Uc(aglob) Qi Uc(auiq) NS
kPa kPa kPa mol¥$ molH,S molH,S mol H:S

global/ global/ liquid/ liquid/
mol mol mol mol MDEA
MDEA MDEA MDEA

283.00 2011.873.48 0.03 0.232 0.003 0.231 0.003 9
283.00 6030.853.85 0.05 0.232 0.003 0.231 0.003 10
283.00 10052.504.68 0.04 0.232 0.003 0.231 0.003 7
352.99 1976.07106.23 0.92 0.239 0.002 0.211 0.002 5
352.99 3954.66108.30 0.98 0.239 0.002 0.210 0.002 10
352.99 5957.76108.03 1.03 0.239 0.002 0.210 0.002
352.99 7976.36111.95 1.04 0.239 0.002 0.209 0.002
352.99 9988.18111.42 1.12 0.239 0.002 0.208 0.002
393.00 2024.40875.10 1.46 0.246 0.002 0.167 0.002 8
392.99 5979.36376.17 1.72 0.246 0.002 0.165 0.002 10
393.00 9925.2064.18 1.97 0.246 0.002 0.167 0.002 8
283.00 1975.7413.13 0.15 0.488 0.002 0.484 0.002
283.00 5990.5517.37 0.28 0.488 0.002 0.482 0.002 5
283.00 10045.1721.56 0.24 0.488 0.002 0.480 0.002
352.92 2006.0264.36 1.30 0.478 0.002 0.415 0.002
352.92 5980.37281.97 1.57 0.478 0.002 0.408 0.002
352.92 9975.23300.30 1.67 0.478 0.002 0.402 0.002 8
393.05 974.22 834.430.49 0.484 0.002 0.304 0.003 3
393.00 2034.17818.12 2.26 0.484 0.002 0.308 0.003 8
393.01 5893.45306.74 3.34 0.484 0.002 0.309 0.003 7
393.00 9915.85309.32 3.68 0.484 0.002 0.307 0.003 9

aStandard uncertainties not included aboveuéifg = 0.02 K,u(P) = 0.6 kPa.

The observation of increased3lpartial pressure upon increase in total pressamebe
made also for the 70 wt.% aqueous MDEA systemHertémperatures of 283 K and 353 K.
The deviations in partial pressure are higher fghér global loadings. On the other hand, the
liquid loading remains unchanged at 283 K whiledhe at 353 K seems to decrease. At 393
K, not clear trends are shown. This behavior iscedtfor all global loadings, though the fact
that the water present in the vapor phase could@afuantified through the GC analysis, and

it was therefore calculated based on the vapospreof the solvent under the assumption that
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it was constant with increasing total pressureghirinave its share on the latter. The effect of
temperature is the expected one given the exotherature of the chemical reactions; the lower
the temperature, the higher the absorption & id the liquid phase at constant partial pressure
of hydrogen sulfide. The features discussed abowdlastrated inFigure 3 andFigure 4. It

is worth mentioning that error bars representirgguhcertainty in pressures and loadings are

included in the figures, however uncertaintiesrgsgure are too low to be visible.
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Figure 3: Experimental HS solubility in a 70 wt.% MDEA-ED system with methane as
makeup gas at total pressure of 2000 kPa at tetopera 283 K, o 353 K ands 393 K. Error

bars for both IS partial pressure and loading are included.
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Figure4: H,S liquid phase loading of a 70 wt.% MDEA®! system with methane as makeup
gas as a function of total pressure and temperat283 K, A 353 K and= 393 K. Error bars

for both total pressure and liquid loading are tideld.

Although there is a clear trend of the pressurectfén the partial pressure 0$$] taking
into account the uncertainties, it can be seentkigatleviations in liquid loading are similar to
the experimental uncertainty. In fact, at 283 K &rdylobal loading 0.232, no change at all in
liquid loading is observed. The fact that hydrogeitfide is chemically bound to the amine
reinforces the argument that the differences idilogaare due to uncertainty in measurements.
The amount of methane dissolved in the liquid pleag®o low to have an impact on the reaction
of hydrogen sulfide with the amine solution whishan exothermic reaction whose reversion
requires high amounts of energy. Overall, it isesbed that the effect of increasing the total
pressure from 2000 kPa to 10000 kPa in terms8flblading in a 70 wt.% aqueous MDEA at
temperatures of 283 K, 353 K and 393 K is not gigant and, in most cases, it is within or

very close to experimental uncertainty.

As Sadegh et al. [30] showed, taking into accobatgas fugacities is adequate to explain
the deviations of the equilibrium>8 pressures at different total pressures for a 6% w
agueous MDEA. Indeedkigure 5 shows how the fugacity exhibits the same behdwioall
data obtained in a 50-50.1 wt.% MDEA®Isolution in the presence of methane from differen
literature sources. The figure is similar to onevtled by Sadegh et al. [30], this time enriched
with our data at total pressure of 500 and 3000 d®raonstrating the same behavior. The
fugacities were calculated using Peng-Robinson \Eiti$ binary interaction parameters set to
zero. As far as the data obtained for the 70 wigteaus MDEA are concerned, the fugacity
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can explain the partial pressure trend observeddodata at 283 K and 353 K. At 393 K, the
uncertainty in liquid loadings are such that nadsobnclusions can be drawn.
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Figure 5: Equilibrium HS fugacities as a function of liquid loading anthtg@ressure for 50
wt.% MDEA-H-0 at 323 K.e Piot= 500 kPa (This work, Experiment D) Pt = 500-600 kPa
(This work, Experiment 2 Pt = 500-700 kPa [29]y Pt = 1500 kPa [30]x Pt = 3000 kPa
(This work, Experiment 2);. Pwt = 7000 kPa [30].

The effect of amine concentration was also stutedheans of comparison with reported
data in the literature at 283 K and 393 K, showRigure 6 andFigure 7 respectivelyData at
353 K in our range of loading and pressure areawailable in the literature, therefore no
comparison could be performed. A clear effect ofreéasing molar concentration with
increasing amine concentration and constas$ Hressure can be seen in the comparison
performed at 283 K. This can be expected sincentbee amine available, the higher the
capacity of the solvent. It is important to stdtatithe literature data are reported only from one
reference source [25] where methane makeup gasalsasused. Because of the effect of
methane presence, we have plotted the availabdeadaimilar total pressures; our data only
for total pressure of 6000 kPa and the literatata ét total pressure of 6900 kPa in order to
allow for a fairer comparison. The molar concemrabf HS is also increasing with amine
content in the solution at 393 K, but only up tové®6. Our data at 70 wt.% overlap with the

literature data obtained in a 50 wt.% aqueous MBEAy. This is illustrated iRigure 7 where
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475  we have only plotted the data with very little etk or with total pressure of 2000 kPa from

476  our work.
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477

478  Figure 6: Hydrogen sulfide molar concentration in the ligpitase for the system GiH,S-
479 MDEA-H20 as a function of partial pressure and amine aunaton at total pressures 6000-
480 6900 kPa and at 283 ;35 wt.% MDEA-HO [25], = 50 wt.% MDEA-HO [25], 0 70 wt.%
481  MDEA-H20 (This work).
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483  Figure7: Hydrogen sulfide molar concentration in the ligpfthse for the systemp8-MDEA-
484  H>0O as a function of partial pressure and amine aunaton at 393 K; 11.8 wt.% MDEA-
485  H20 [12],m 18.7 wt.% MDEA-HO [17], + 23.1 wt.% MDEA-HO [23],— 32.2 wt.% MDEA-
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H20 [17], » 48.8 wt.% MDEA-HO [12], x 48.8 wt.% MDEA-HO, A 50 wt.% MDEA-HO
[23], o 70 wt.% MDEA-HO (This work).

Hydrogen sulfide can react directly with MDEA thgbua typical acid-base reaction [2]. At
the same time, the presence of water would enhtheccid gas uptake through the dissolution
of hydrogen sulfide as well the protonation of #raine. Therefore, we could identify two
possible mechanisms through whickSHs absorbed; one directly into the amine andvoae
water. Moreover, hydrogen sulfide absorption in MBHEO is the result of both physical and
chemical absorption. Therefore, in order to provadgood discussion about the behavior
observed irFigure 6 andFigure 7, the physical absorption of hydrogen sulfide iIMDEA-
H>O systems should be taken into accotiet.our best knowledge, only Rinker and Sandall
[59] have reported such information. They measutie8 solubility in protonated agueous
MDEA and their measurements showed that the sdipbiicreases with amine content.
Although the available data cover 0-50 wt.% MDEAGCHsystems, it can be assumed that the
same trends would be followed and the physical rmiem of HS in to a 70 wt.% aqueous
MDEA is higher than in a 50 wt.% agueous MDEA.

Based on the above, the fact thats is not increased with amine content from 50 tovZ.06
at 393 K and constant.8 pressure indicates that the contribution of thenucal absorption
decreases as the amine content increases. Thiaso confirmed by observing the slope of
indicative tendency curves ifigure 7 (better illustrated in Figure S7 in Supporting
Information, where non-logarithmic scale is usettii@ y axis). The slope reveals information
about the absorption capacity of the systems. tbiserved that as the amine composition
increases, thB-x curve has a lower slope (apparent Henry’s constéhe lower the slope, the
closer to linearity and, thus, higher physical apgson. For example, at 500 kPa, the apparent
Henry’s constant is 535 kRa®/kmol for 11.8 wt.% MDEA-HO and 300 kPan*/kmol for 48.8
wt.% MDEA-H.0 at 393 K. This behavior is followed also at higheessure; at 3000 kPa, the
apparent Henry's constant is 1169 kR®%kmol for 11.8 wt.% MDEA-HO and 715
kPam?®/kmol for 48.8 wt.% MDEA-HO at 393 K. Unfortunately, our data are too fevaseess
the P-x linearity for 70 wt.% MDEA-HO, nonetheless it can be said that the chemical
contribution in the overall 6 uptake is decreased. In the case of low tempessuch as in
our studied temperature of 283 K, these effectddcpwbably not be visible because the
absorption capacity is very high and our data a$ agethe data reported in the literature are

produced for low HS partial pressure.
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519

520 Ebulliometer. The measurements conducted in the ebulliometestaren inTable 10. The
521  main limitation of ebulliometric measurements i thbsence of stirring. Experimental
522 measurement of the vapor pressure of the binaryuneig used in this work was not possible
523  because two phases formed, associated with thestsgbsity of pure MDEA, i.e. ca. 77 mPa-s
524  at 298.15 K [60]-[62]. Therefore, only the vapoegsure of MDEA was measured.

525

526 Table 10. Experimental vapor pressuré/ kPa for pure MDEA

Ps (kPa)

T (K) DIPPR This work (Table 11)

Experimental Predicted ARD (%) Predicted ARD (%)
405.34 1.79 1.95 9% 1.79 0%
411.00 2.29 2.53 10% 2.34 2%
415.31 2.79 3.06 10% 2.86 2%
418.58 3.29 3.54 7% 3.31 1%
421.73 3.79 4.05 7% 3.80 0%
424.52 4.29 4.55 6% 4.28 0%
427.21 4.79 5.09 6% 4.80 0%
429.49 5.29 5.59 6% 5.28 0%
431.60 5.79 6.08 5% 5.76 0%
433.49 6.29 6.56 4% 6.22 1%
435.34 6.79 7.05 4% 6.71 1%

527 a Standard uncertainties arel 0.1 K, uP)= 0.1 kPa.

|Ppred _ Pexpl
528 PARD (%) = SPT,JS -100

N
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5.2 Modeling results

In this section, we present first the results frilia ebulliometer following by the modeling
results for the high-pressure VLE data, sinceitisédnes are used in the model parametrization
for the BS-MDEA-H>O equilibrium.

Ebulliometer. The Antoine correlation was fitted to availabléadkom the literatureT{able

3) as well as the newly obtained data of this wodyering a large range of temperatures and
pressures. It able 10, our experimental measurements are compared athredicted vapor
pressures by our fitted Antoine correlation andDitePR equationAt the temperature range
of 405-435 K studied in this work, the absoluteatigk deviation (ARD) between the
experimental and the estimated value is 7% withHRRequation and 1% in our correlation,
which has been fitted to available data in thedii@re covering temperatures from 293 K to
738 K. The new parameters for Antoine correlatiooppsed for the estimation of the vapor
pressure of MDEA, are shownTrable 11. The Average Absolute Relative Deviation (AARD)
is 4% for our correlation and 30% for DIPPR. Thgthdeviation for DIPPR equation is mainly
due to the vapor pressure predictions at tempestigher than 530 K, which explains the
high AARD. In the fitting, we excluded the datarfrdim et al. [33] which are slightly higher
than the data obtained on the same conditions byb&a et al. [40] as well as our
measurements. However, including those data leadstleled vapor pressures with only the
slightly higher AARD of 5%.

Table 11. Parameters for the Antoine correlafiéor pure MDEA vapor pressure.

A B C
MDEA 9.676 £ 0.014 -1965.6 + 8.9 -99.33 £ 0.69

*logio P*=A+ % .Tin K. Piin Pa. Temperature range: 294 — 738 K

High-pressure VLE. The parameter fitting for the MDEA4® system returned satisfactory
AARDs for all three variables fitted, i.e. VLPi), FPD andHE, as described iBections 2.2
and4. The calculated AARDs for each variable are showhable 12.

Table 12: AARDs for the fittedPir, FPD andHE for the MDEA-HO system.

Variable Source AARD (%)
Pot  Kimetal. [33] 1.1
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579

Xu et al. [34] 1.9

Voutsas et al. [35] 6.4
Overall 25
FPD Chang etal. [31] 10.3
Fosbgl et al. [32] 4.4
Overall 6.0
HE  Posey [36] 7.6
Maham et al. [37] 3.1
Maham et al. [38] 115
Overall 7.4

The model can predict very well the total presaifrihe binary system, as withessed above
by the low AARD. The excess enthaldy can be well predicted at temperatures of 298.15 an
313.15 K, though the model yields lower excess apibs at 338.15 K for MDEA
concentrations lower than 85 wt.%. At this tempanatthe model was fitted to experimental
data reported by Maham et al. [38] which showdiigbest AARD. The corresponding figures
for the total pressure, excess enthalpy and thezifig point depression are presented in

Supporting Information.

The fixed parameters iable 7 and the regressed parameters for the binary si#osys
MDEA-H20 (Supplementary Information) were used for theesgion of the ternary system
H>S-MDEA-H2O. Initially, all the data fronTable 1 were used for the parametrization of the
model, except for the data from Li and Shen, ad askhe data in the presence of methane
(Case A). The data obtained in the presence ajgetr were all included. The scatter already
discussed earlier at low loadings resulted in WRD, especially for the data points reported
in terms of partial pressure ob&l The high deviations are also attributed to thehmower
values of partial pressures in comparison withl totees, leading to higher relative numbers.
Therefore, we have decided to also perform the iageession excluding all data at loadings
lower than 0.05 mol t6/mol MDEA (Case B). This indeed improved substdiytithe fitting
of the partial pressures, as one can see in theDSART able 13, from approximately 30% to
18%. The parity plot for the predicted and expentakvalues is shown ifigure 8 while
Figure 9 shows the difference between predicted and expatah BS partial pressure as a

function of the experimental value.
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Figure 8: Parity plot for different literature sources;Lemoine et al. [28], Huang and Ng

[23], 0 Rogers et al. [24]x (MacGregor and Mather [14],Jou et al. [21], Jou et al. [12],

"1 Zoghi and Shokouhi [22], Maddox et al. [27],-€) y=X.

Figure 9: Difference between predicted and experiment& phrtial pressure as a function of
the experimental value. Lemoine et al. [28], Huang and Ng23], ¢ Rogers et al. [24]x
MacGregor and Mathgi 4], V Jou et al[21], + Jou et al[12], = Zoghi and ShokouHR2],
Maddox et al. [27].

Significant scatter can be seen in the plots alabke lower pressures. At pressures P < 1
kPa, the model underestimates the data from Lenwtiaé [28] while overestimating the data
from Jou et al. [12] and MacGregor and Mather [TI4je accuracy of the model is good for the

data from Rogers et al. [24] and Jou et al. [21f wome data being underpredicted. The visual
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observations are depicted on the bias and AARDo@gulations presented mable 13. The
negative bias whose absolute value is the santeea8ARD for Lemoine et al.’s work shows
that all data have been underestimated by the miwdatidition, the fact that the AAD for this
source is 0.2 kPa shows that the high AARD of 23 %uie to the low values in partial pressures.
At intermediate pressures, the scatter is lessqumored, but still the model overpredicts the
data of MacGregor and Mather [14] and Jou et &].[Ihe BIAS and AARDs for these two
are -37% and 38% and -27% and 27% respectivelyewe rest of the sources show AARDs
lower than 17%. At higher pressures, bbigure 8 andFigure 9 show that the model can

predict well the literature data.

Overall, maximum AARD was found for the data froma®&Gregor and Mather [14] showing
an almost 50% AARD in Case A and 38% in Case B.mhemum deviations observed were
for the data from Maddox et al. [27] in Case A ()3%d from Huang and Ng [23] in Case B
(9%). From the three experimental sets of totabguee, the one reported by Kuranov et al.
showed the lowest deviations for both cases. Sinolaservations were made also by
Huttenhuis et al. [20] during the evaluation ofitmeodel developed for the H2S-MDEA-H20
system. Although the model framework they usecc{sdéyte EoS for both phases) differs from
ours, their model predictions also showed highestadions for the data from MacGregor and
Mather and lowest for the data from Maddox et 2F] [and Kuranov et al. [17Figure 10
shows experimental and modelled values for a 5%wigueous MDEA system as a function

of temperature in Case B.

PH s (kPa)

| |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
a (mol HZS/moI amine)

Figure 10: Hydrogen sulfide loading for 50 wt.% MDEA2B as a function of partial pressure
and temperature; (red) 313 K, (green) 343 K, (bRiE} K, (orange) 393 K—) model, [
Huang and Ng [23]A Rogers et al. [24] (1998}, Jou et al. [21] (1993). Regression in Case B.
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The differences in k8 partial pressure noticed in the literature datavell as in our data
obtained in the presence of methane for relatilelytotal pressure levels, are comparable to
the accuracy of the model. Therefore, since alsetfect of methane in the liquid loading has
been found to be negligible for a 70 wt.% MDEAH we also fitted the model to data available
in the presence of methane. However, the code atanaodified but, instead, the data for partial
pressure of &5 and loading were used as if methane was notrgré3ely data with maximum
total pressure of 2000 kPa were considered, duth@éomore significanPH2s deviations
observed at higher pressures in the literature 80 wt.% aqueous MDEA (Case C). To sum

up, three cases were studied:
Case A. Regression of all available data in theads of methane.

Case B. Regression of all available data in thermdxs of methane and loadings> 0.05
mol H.S/mol MDEA.

Case C. Regression of all available data in therates of methane and loadings> 0.05
mol H.S/mol MDEA, and the data in the presence of methiaaeingso > 0.05 mol HS/mol
MDEA and maximum total pressurBs: of 2000 kPa.

PH s (kPa)

-3 I I I

| | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
a (mol HZS/moI amine)

Figure 11: Hydrogen sulfide loading for 70 wt.% MDEA2B as a function of partial pressure
and temperature; (brown) 283 K, (green) 353 K, r{geg 393 K; ) model,o This work.
Regression in Case C.
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638

Table 13: BIAS? AADs and AARDS for the fitted total pressureBit, and HS partial pressure®yzs, for Cases A, B and C.

Case A Case B Case C
Source Pressure rangeBias AAD AARD | Pressure rangeBias AAD AARD | Pressure rangeBias AAD AARD
kPa (%) kPa (%) kPa (%) kPa (% kPa (%) kPa (%)
Partial pressureéRuzs

Lemoine et al. [28] 0.023-1.6142.8 0.1 42.8 0.176-1.61127.0 0.2 27.0 0.176-1.61123.7 0.1  23.7
Huang and Ng[23] 0.0033-3673-32.7 80.4 38.8 2.34-36735.0 829 8.6 2.34-367325 69.0 133
Rogers et al24] 0.00069-5.268-25.7 0.1 32.2 0.2-5.26812.1 0.2 13.0 0.2-5.268-6.8 0.2 123
MacGregor and Mathefl14] 0.52-160048.4 19.3 48.7 0.52-160@B6.6 115 37.7 0.52-160049.0 15.8 49.2
Jou et al. [21] 0.00183-313-8.1 5.9 23.6 0.295-313-2.0 3.6 13.0 0.295-313 6.1 5.9 134

Jou et al. [12] 0.0013-589a8.2 125.6 29.7 0.0273-58909.5 109.7 17.6 0.0273-589013.9 105.7 20.6
Zoghi and Shokouhi [22] 28-13624.2 424 26.2 14-13614.4 32.1 164 14-13620.4 36.5 222
Maddox et al. [27] 13.23-1536.64.9 74.8 15.2 13.23-1536.68.5 78.0 13.4| 13.23-1536.6-6.4 77.1 13.9
Huttenhuis et al. [25] - - 0.141-1.495-35.0 0.3 35.0
Dicko et al. [29] - - 3-278-17.0 11.6 17.0
Sadegh et al. [30] - - 53-386-10.9 11.4 10.9
This work - - 2.60-818.12-20.2 36.5 21.3
Overall 09 704 304 35 662 178 51 584 206

Total pressureRor

Kuranov et al. [17] 165.2-4895.99.6 240.3 12.5 165.2-4895.910.5 241.1 13.6 165.2-4895.910.0 241.5 12.9
Kamps et al. [18] 147.9-2783-15.2 213.7 16.0 147.9-278320.8 231.5 20.8 147.9-278313.7 173.5 14.2
Sidi-Boumedine et al. [19] 6.21-1040-10.8 554 12.6 6.21-104016.4 70.3 16.7 6.21-10409.9 56.2 11.0
Overall -11.0 1944 132 -139 2029 158 -10.8 1879 127
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The model parameters obtained from the data ragress each case studied are given in
Supplementary Informatiofrigure 11 shows experimental and modelled values for a 7@wit.
aqueous MDEA system as a function of temperatur€ase C whileTable 13 contains
information about each regression in terms of BA&SDs and AARDs. The performance of
the model for a 70 wt% MDEA-¥D system is good, especially considering the feta da
available for this solvent concentration. Table 13, it can be seen that the accuracy of the
model does not significantly change upon the aolditif the experimental points with methane
in the regression. The overall AARD for the parpegssure is altered from 18% to 21%, which
is also the AARD calculated for the data publishrethis work. The data from MacGregor and
Mather [14] exhibit again the highest deviationslesthe measurements reported by Sadegh et
al. [30] in total pressure of 1500 kPa with methasenakeup gas show the lowest deviation,
11%. The slight deterioration of the fitting foretkquilibrium HS can be also attributed to the
fact that experimental points obtained for highrantoncentrations are used, i.e. 70 wt.% in
this work, but it can also be the result of thesgtenty of the algorithm to the numerical method.
To illustrate the latter, we repeated the dataaggjon for Case A. The resulted AARDs were
29.8% and 30.1%, using the exact same data andl fasameters. As far as the ability of the
model to predict the total pressure is concerrneglatcuracy has surprisingly improved. This
is merely a lucky coincidence due to the fittinglod experimental points for methane-included

systems.

Speciation information is necessary in the develemnof process models for the accurate
design and operation of gas processing plants.i&pmet results, calculated with the model
presented in this work, are providedHigur e 12 where mole fractions of all the species in the
liquid phase are plotted against liquid loading@®mwt.% aqueous MDEA at 353 K. It is shown
that as the loading increases, the concentratiod@EA declines and the concentration of
protonated amine MDEAHincreases. At loadings close to 1, most of thenanhias been
protonated and the mole fractions of MDEA angSHare equal. The curves representing
MDEAH™ and HS overlap, a behavior expected since the formatfosutfide was not taken
into account due to its low concentration, therefttre amount of Hand MDEAH" formed
are balanced. 0" and OH also overlap and they are practically zero thrauglhe loading
range. No experimental data were found for theigfien distribution in the E5-MDEA-H>O
system to confirm the model predictions. Speciagi@phs for 50.1 wt.% and 70 wt.% MDEA-

H20 at the temperatures studied in this work areigsalin Supplementary Information.
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Figure 12: Predicted speciation of28, MDEA and HO in 70 wt.% MDEA-HO at 353 K. {)
H2S, &) MDEA, () H20, () MDEAH®, (- -) OH, (- -) HS.

Overall, although the model developed in this wooktains MDEA, HO, HS and the
relevant ionic species, it can predict vapor-ligeglilibria for systems containing methane at
low total pressures with similar accuracy as tretesys in the absence of methane. However,
it is recommended to be used only for rough estonatfor HS-CH,-MDEA-H >0 system and
a model taking into account the methane solubititpe used if available. This model should
not be used for systems with total pressure higiii@n 2000 kPa, where the gas fugacities
change substantially.

6. Conclusions

Experimental vapor-liquid equilibrium data were maad for a 50.1 wt.% aqueous MDEA
at temperature of 323 K and pressure up to 3000akReell as a 70 wt.% aqueous MDEA at
temperature of 283 K, 353 K and 323 K and pressupe® 10000 kPa, due to their relevance
for subsea E5 removal of natural gas. Therefore, methane wad as makeup gas. The
experimental data indicate that the effect of tptalssure on the liquid loading of the solvent
is within the experimental uncertainties, while fioe 50 wt.% MDEA-HO system the impact
on the partial pressure of hydrogen sulfide iskatted to the non-idealities of the vapor phase

and it is lower with decreasing total pressure. $iistem HS-MDEA-H>O up to 70 wt.%
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MDEA was modeled employing Peng-Robinson EoS terites the vapor phase and eNRTL
activity coefficient model for the liquid phase.&AARD for the partial pressure ob8l and

for the total system pressure was found to be 189d8&% respectively. The effect of including
data in the presence of methane and maximum taatspre of 2000 kPa in the data regression
was studied and found minimal. However, for higtegal pressure and different conditions
than the studied ones, the use of models taking aticount the methane presence was
suggested. Last but not least, new parameters ritwide correlation were proposed for the
estimation of the vapor pressure of MDEA based annew measurements and all available

literature data covering a wide temperature range.
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List of Symbols

a parameter of Eq. 10

Ao Debye-Hickel parameter

b parameter of Eq. 10

c-a cation-anion

D Dielectric constant (-)

g** Molar excess Gibbs energy (J/mol)

G eNRTL auxiliary function (-)
H

Henry’s constant (kPa ftkmol)
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731
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733
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735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

Ix lonic strength in mole fraction scale (mofjm

k Boltzmann constant (J/K)

m molecule

M Molecular weight (kg/kmol)
Na Avogadro number (md)

P Pressure (kPa)

I'BORN Born radius (m)

R Gas constant (J mbK™)

T Absolute temperature (K)

v Molar volume (r/mol)

w Weight fraction (-)

X Mole fraction (-)

X eNRTL mole fraction (-)

z lonic charge (-)

Z Absolute value of the ionic charge (-)
Greek letters

a Loading (mol HS/mol MDEA)
y Activity coefficient (-)

e Permittivity (F/m)

p Molar density (mol/cri)

Ppdh Closest approach parameter of the Pitzer-Debyekéldormulation (-)
T Energy parameter (-)
Superscripts

E Excess property

exp Experimental value

I Liquid phase

Ic Local composition
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754  pdh Pitzer-Debye-Huckel formulation

755  phys Physical absorption
756  pred Predicted value

757 V Vapor phase

758

759  Subscripts

760 amb Ambient

761  app Apparent

762 agq, MDEA  Aqueous MDEA

763 C Critical

764  glob Global, refers to global loading,,, (mol H:S in the cell/mol MDEA)
765 i, ],k Component in a mixture

766  ij Cross parameter

767 liq Liquid, refers to liquid loading;;, (mol H:S/mol MDEA)

768 S solvent

769 W water

770

771  Abbreviations

772 AAD Average Absolute Deviation

773  AARD Average Absolute Relative Deviation
774  eNRTL electrolyte Non-Random Two Liquids
775 EO0S Equation of State

776  FPD Freezing Point Depression

777 FTIR Fourier-Transform infrared

778 GC Gas Chromatography

779 MDEA Methyldiethanolamine

780 NP Number of data points

781 NS Number of vapor phase samples for GC analysis
782 VLE Vapor-Liquid Equilibrium
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783

784  Appendix A: eNRTL model

785  The activity coefficients were calculated by theotlolyte Non-Random Two Liquids (eNRTL)
786  model [50]:

787  The starting point for the description of the ligyphase is the expression of excess Gibbs
788  energy as the sum of two terms; one related tdaihg-range forces between the ions (first

789  term) and one to the short-range forces betwedheabpecies (second term):

E E,pdh E,lc
g _9 " .39 Eq. Al
RT RT RT
790 This equation lead to:
Iny; = Iny?" +Inyk Eq. A2

791  The subscrippdhdenotes Pitzer-Debye-Huckel formulation for thegeaange interactions and

792  the subscripkc denotes Local Composition model. The formulatibthe former is:

1
E,pdh 5 1
g (1000)2 4441, 1

= — E In(1 I Eq. A3

793 By derivation, the activity coefficient is expredssccording to:

2

xpdh 1 Z; %
Iny, = —(1000/M;)2A, [(2p dh) In({ 1+ ppanly
P

s 1 Eq. Ad
+ <Zi21§ —2 15) /(X + ppan I3)]

794  wherel, is the ionic strength andl,, is the Debye-Huckel parameter, expressed as folgpw

1 1 2N,z [ o2 \*2
== N 72y, = (e Eq. A5
E zzzlx“ Ao 3(1000) (DkT) A
l

795  The reference state for tpehterm is infinite dilution in the mixed solvent vidaithe reference

796  state for thdc term is infinite dilution in water. To account ftte excess Gibbs energy of
797  transfer from the infinite dilution in the mixedlgent to the infinite dilution in water, a term is
798 added in the long-range interaction expressions additional term is described by the Born

799  equation:
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807

808

809

E,BORN 2
g- Nye 1 1
:_A—<———)E x; z? Eq. A6

RT 8mTRTTgorRNE \Es Ew l_
Further,
N,e? 1 1
InyBORN — 4% (— _ —) 22 Eq. A7
8mRTTg0RN s \Es  Ew

The short-range contribution is described by thR€Nmodel as following:
Z Z] X;Gj mT]m Z Z Xar Zj XiGjcawcTicarc
" Zk Xkam Zkaka Zk Xkac,alc
n ZX Z Xer Z] acraTja cra
ZCII cr ZkaGka cra

wherem, ¢ anda denote molecule, cation and anion, wille= C;x; with j: m, c, a effective

Elc

Eq. A8

local mole fraction. Equations A9 and A10 are giwsimg the ion-like repulsion assumption

and the local electroneutrality assumption.

ZaXaGcam
G.,, = —= =7 Eqg. A9
cm Za, Xa, q
o _ ZeXeGeam Eq. A0
am ZCIXCI

TheG; ; andt; ; parameters are related through the non-randomeaspterg; ;:

Gij = exp(—a;;T;;) Eq. All

The equations presented below describe the norenamelss parameters:

YaXalcam
= — Eqg. Al12
acm Za, Xa, q
- YcXceam Eqg. A13
o e Xer
The energy parameters,; o andt,,, ., are given by:

Aca,m

Tmeac = Tem — 7 (Team — Tmyca) Eqg. Al4
me,ac
Acq, Eq. A15

Tma,ca = Tam — — (Team — Tmca) g
Ama,ac

where
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810

811

812

813

814

815

816

817

818

819

= dem Eq. A16

amc,ac

Eq. A17

Aamac = QAam

The adjustable binary parameters are the non-ranedssifactors., ., aca carr Aea,crar Ammss

and the energy parametetg m, Tm,ca: Tcacars Tearcar Teacrar Tera,car Tmames Tmim-

From Equation A8, the activity coefficients arecdted:

For molecules:
Inyle = 2 XiGjmTjm mTJm Z ( 2 XiGem! Tkm'>
™ Yk XkGrm Zkaka Frmms Yk X Grm!
Z Z ’Gmc arc (T _ Zk Xkac,alc ch,alc)
Za”X " Zkachalc me.are Zkach,alc

+Z Z ’GmaCIa (‘L’ _ ZkaGka,CIa Tka,aa)
Zc”X " ZkaGkacra ma.cta ZkaGka,cra

Eq. A18
For cations:
1 a’' Zk Xkac,a’chc,a'c
Za”X " Zkach,a’c
+ Xchm ( _ Zkaka Tkm)
Zkaka m Zkaka
n Z Z ’Gca cra (‘L’ _ ZkaGka,CIa Tka,ua)
Zc”X " ZkaGkacra caca ZkaGka,CIa
Eq. A19
For anions:
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821

822
823

824

825

826

827

828

829

i
ZC"X " ZkaGka,c’a

+Z X Gam < _ ZkakaTkm>
Zkaka am 2k XiGiem

Z Z ar X Gac arc ( Zkach,alc ch,alc)
Tac,arc —
Za”X " Zkachalc ZkaGkC,a’C

Eqg. A20
The expressions of activity coefficients at infendilution are then:
INY® = Tym + G Tmw Eq. A21
1 X Eq. A22
—Inylo® = 21 + Gy T
ZC c Za’ Xa/ wc,ac cw *cw
1 X, Eq. A23

lc,0 __
Z_ In Ya Twa,ca + GawTaw
a Zcr cr

By combination of Equations A2, A4, A7, A18 and A2lBe activity coefficient for the liquid
phase is found by:

Vo= vP PRy v Eq. A24

wherei = m, ¢ or a for all components, besides the amine in this wéidr MDEA, the

lc,0

symmetric reference state for the short-rangeatens contributiony,,,z, is fixed to 1.

Appendix B: Peng-Robinson Equation of State

The fugacity coefficients were calculated by PermipiRson equation of state [49]:

p RT B aa(T) Eq. A25
v—>b v2+4+2bv— b2
where:
R?T? RT, 1
a= 042724 b b= 0.07780 b a(M=[1+m 1—TR2 2 &
c c

m = 0.37464 + 1.54226w — 2.26992 w?
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830 The traditional van der Waals one-fluid mixing sileere used for the estimation of the gas

831  mixture parameters from the pure components’ ptogser

aa(T) = Z Z xix(aa(T)2(aa(M)? (1 —ky) & b= Z x;b;
i j i

832 In our work, the binary interaction parametgy is set to zero, so as the eNRTL model

833  parameters are the only ones fitted.

834  The critical properties used in this work can benid in Supporting Information.

835 Appendix C: Supplementary Information

836  Supplementary information includes:

837 A. Critical properties and acentric factors for@eomponents
838 B. Model parametrization

839 C. Modeling results

840 D. Experimental results

841 E. Uncertainty analysis
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