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The solubilities of H,S and CO; in four protic ionic liquids (PILs)—methyldiethanolammonium acetate, methyldiethano-
lammonium formate, dimethylethanolammonium acetate, and dimethylethanolammonium formate were determined at
303.2-333.2 K and 0-1.2 bar. It is shown PILs have higher absorption capacity for H,S than normal ionic liquids (ILs)
and the Henry's law constants of H,S in PILs (3.5-11.5 bar at 303.2 K) are much lower than those in normal ILs. In
contrast, the solubility of CO, in PILs is found to be a magnitude lower than that of H,S, implying these PILs have
both higher absorption capacity for H,S and higher ideal selectivity of H,S/CO, (8.9-19.5 at 303.2 K) in comparison
with normal ILs. The behavior of H,S and CO, absorption in PILs is further demonstrated based on thermodynamic
analysis. The results illustrate that PILs are a kind of promising absorbents for the selective separation of H,S/CO, and
believed to have potential use in gas sweetening. © 2014 American Institute of Chemical Engineers AIChE J, 60: 4232—
4240, 2014
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Introduction

Acid gases (e.g., H,S and CO,) exist in natural gas should
be eliminated to ensure the safety and efficiency of fuel utili-
zation.! H,S is very toxic and corrosive, meanwhile, the
presence of CO, leads to the decrease of caloric value of
natural gas or syngas. One common method adopted in the
industry is selective absorption in liquids to capture H,S and
CO, from gas streams.! There are two types of liquid sol-
vents: physical solvents (e.g., 1-methyl-2-pyrrolidine, sulfo-
lane, propylene carbonate, dimethylsulfoxide, polyethylene
glycol dimethyl ethers, etc.), and chemical solvents (e.g.,
ethanolamine, = N-methyldiethanolamine, tert-butylamino-
ethoxyethanol, etc.).> Physical solvents can be easily regen-
erated through pressure or temperature swing, but the
absorption capacity is relatively low. In contrast, chemical
solvents exhibit high load for sour gases, especially in the
low-pressure range. However, the desorption process (regen-
eration of chemical solvents) is highly energy intensive and
the volatilization of organic amines is a significant threat to
environment.

As a class of state-of-the-art materials, ionic liquids
(ILs) display many fascinating properties including
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extremely low volatility, high thermal stability, wide lig-
uid range, and good affinity with acid gases.’ Theoreti-
cally, there are limitless combinations of cations and
anions to construct ILs, which enables researchers to
design ILs with specific tasks.” Therefore, ILs are promis-
ing candidates to replace traditional organic solvents in
the purification of natural gas or syngas. Numerous studies
have investigated the possibility of using ILs as physical
or chemical solvents for the absorption of H,S and
C0,.°°% Although the solubility of CO, in ILs has
been investigated widely,">™° the solubility of H,S is
available in only a few imidazolium-based ILs,
such as 1l-alkyl-3-methylimidazolium hexafluorophosphate
([Rmim][PFg]),2":33:34394042.50 1 _a]ky]-3-methylimidazolium
tetrafluoroborate ([Rmim] [BF4]),33’34’37 1-alkyl-3-methy-
limidazolium  bis(trifluoromethanesulfonyl)imide  ([Rmim]-
[T£,N]), 34394045 | _ethyl-3-methylimidazolium ethylsulfate
([emim][EtSO4]),*"  1-butyl-3-methylimidazolium methylsul-
fate ([bmim][MeSO,]),*®* and 1-ethyl-3-methylimidazolium
tris(pentafluoroethyl)trifluorophosphate ([emim] [eFAP])49.
Although in many cases the simultaneous capture of H,S
and CO, is preferred, the selective separation of H,S from
CO, is also very important to improve the efficiency of sul-
fur recovery units in the process of nature gas purification.”'
Aqueous methyldiethanolamine (MDEA) is a commonly
used solvent for the selective separation of H,S from CO,
while some other physical and chemical solvents are usually
used for the simultaneous capture of H,S and CO,. It is
shown from currently available data in literature that the
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Scheme 1. Chemical structures of the four protic ionic
liquids investigated in this work.

absorption selectivities of H,S/CO, in most ILs are poor (with
the values ranging from 2 to 4),' although some researchers
tried to predict the best solvents for the selective separation of
H,S/CO, using theoretical tools.*® Most ILs are even inferior
to normal organic solvents in the selective absorption of H,S
from CO,. Although the incorporation of functional groups
(e.g., tertiary amine group) to the framework of ILs can
improve the solubility of H,S and selectivity of H,S/CO,,>!
the high cost and viscosity of functionalized ILs disfavor their
applications in industry. The major purpose of our work is to
find potential ILs with both high absorption capacity of H,S
and high selectivity of H,S/CO, as physical solvents for gas
sweetening.

Protic ionic liquid (PILs)> are a class of ILs with low cost.
They can be easily prepared from simple materials through
the direct neutralization between corresponding acid and base.
As far as we know, the ability of PILs for the selective
absorption of H,S still remains unknown. To evaluate the
potential application of PILs in the selective separation of
H,S/CO.,, the solubilities of individual H,S and CO, in four
hydroxylammonium carboxylates-based PILs, methyldiethano-
lammonium acetate ((MDEAH][Ac]), methyldiethanolammo-
nium formate ([MDEAH][For]), dimethylethanolammonium
acetate ([DMEAH][Ac]), and dimethylethanolammonium for-
mate ([DMEAH][For]), were determined systematically in this
work. Their chemical structures are graphically shown in
Scheme 1. The Henry’s law constants of H,S and CO, as
well as the ideal selectivities of H,S/CO, in these PILs were
calculated from the solubility data. Comparison of PILs with
other normal ILs and organic solvents were also done to dem-
onstrate the advantages of PILs. The interaction between PILs
and H,S or CO, was illustrated on the basis of thermody-
namic analysis.

Experimental Section
Materials

H5S (99.99 mol %) and CO, (99.99 mol %) were supplied
from Nanjing Messer Gas Co. (Nanjing, China). MDEA (99
wt %), dimethylethanolamine (99 wt %), acetic acid (AR
grade, 99.5 wt %), and formic acid (99 wt %) were pur-
chased from Aladdin Chemical Reagent Co., and used with-
out further purification.

Preparation of PILs

The four PILs investigated in this work ([MDEAH][Ac],
[MDEAH]([For], [DMEAH][Ac], and [DMEAH][For]) were
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all prepared in our laboratory according to the literature.”* In
brief, the ethanol solution of equimolar acid was added drop-
wisely to the ethanol solution of base. The reaction was
stirred for 24 h in ice bath. Ethanol was then removed by
evaporation under reduced pressure. The resulting crude
product was washed for several times with dimethyl ether to
remove unreacted reactants. The obtained liquid was dried
under vacuum at 333.2 K for 48 h to remove trace of solvent
to offer yellow or pale yellow liquid. "H NMR and B¢
NMR spectra were recorded on a Bruker DPX 300 MHz
spectrometer using CDCl;3 as the solvent with TMS as the
internal standard to confirm the structures of the PILs. No
impurities were observed in the NMR spectra. Karl Fisher
titration revealed that water contents in the four PILs were
all below 1000 pg g~ '. TG traces were recorded on a Perki-
nElmer Pyris 1 TGA from room temperature to 400°C at a
scanning rate of 10°C/min under N, atmosphere to determine
the decomposition temperatures of PILs. The spectra data of
the four PILs are given as follows:

e [MDEAH][Ac]: 'H NMR(300 MHz, CDCl;, 25°C,
T™S), o: 1.81 ppm(3H, s), 2.53 ppm(3H, s), 2.87
ppm(4H, t), 3.67 ppm(4H, t); '*C NMR(300 MHz,
CDCl;, 25°C, TMS), o: 23.45, 41.47, 57.08, 58.96,
178.54 ppm;

e [MDEAH][For]: 'H NMR(300 MHz, CDCls;, 25°C,
T™S), J: 2.60 ppm(3H, s), 2.90 ppm(4H, t), 3.81
ppm(4H, t), 8.53 ppm(IH, s); *C NMR(300 MHz,
CDCl;, 25°C, TMS), o: 41.97, 57.87, 59.87, 169.95
ppm;

e [DMEAH][Ac]: 'H NMR(300 MHz, CDCl;, 25°C,
T™S), J: 1.90 ppm(3H, s), 2.69 ppm(6H, s), 2.99
ppm(2H, t), 3.80 ppm(2H, t); '*C NMR(300 MHz,
CDCl;, 25°C, TMS), o: 22.34, 43.28, 56.33, 60.14,
176.96 ppm;

e [DMEAH][For]: 'H NMR(300 MHz, CDCls, 25°C,
T™MS), d: 2.75 ppm(6H, s), 3.06 ppm(2H, t), 3.80
ppm(2H, 1), 8.32 ppm(1H, s); '*C NMR(300 MHz,
CDCl;, 25°C, TMS), o: 43.23, 56.03, 59.83, 167.79
ppm;

Determination of physical properties

The densities were determined using an Anton Paar DMA
5000 type automatic densiometer with a precision of
0.00001 g/cm?®. The apparatus was calibrated using distilled
water. The viscosities were measured on a Brookfield
LVDV-II+Pro viscometer with an uncertainty of *1% in
relation to the full scale.

Determination of gas absorption

The apparatus for the determination of gas absorption in
PILs is the same as that in our previous work.*® The whole
device consists of two 316L stainless steel chambers whose
volumes are 120.802 cm® (V1) and 47.368 cm’ (V>), respec-
tively. The bigger chamber, used as gas reservior, isolates
the gas before it contacts with the PIL in the smaller cham-
ber. The smaller chamber named as the equilibrium cell is
equipped with a magnetic stirrer. The temperatures (7) of
both chambers are controlled using a water bath with an
uncertainty of =0.1 K. The pressures in the two chambers
are monitored using two pressure transducers (Wideplus Pre-
cision Instruments Co.) of *0.2% uncertainty (in relation to
the full scale). The pressure transducers are connected to a
numeric instrument (WP-D821-200-1212-N-2P) to record the
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Figure 1. Density (a) and viscosity (b) of [MDEAH][Ac] (H), [MDEAH][For] (), [DMEAH][Ac] (A), and [DMEAH][For]

(w¥) at different temperatures.

pressure changes online. In a typical run, a known mass (w)
of a PIL was placed into the equilibrium cell, and the air in
the two chambers was evacuated. The remaining pressure in
the equilibrium cell was recorded to be Py (<10 Pa). Gas
from cylinder was then fed into the gas reservior to a pres-
sure of P;. The needle valve between the two chambers was
turned on to let the gas be introduced to the equilibrium cell.
Absorption equilibrium was thought to be reached when the
pressures of the two chambers remained constant for at least
2 h. The equilibrium pressures were denoted as P, for the
equilibrium cell and P, for the gas reservior. The gas partial
pressure in the equilibrium cell was P, = P, — Py. The gas
uptake, n(Py), can thus be calculated using the following
equation

n(Py)=py(P1, T)Vi—p, (P’I,T) Vi—pg (P, T) (Va—w/py.)
(1)

where p, (P;,T) represents the density of gas in mol/cm® at
P; (i=1,g) and T. py_ is the density of PIL in g/cm3 at T. Vy
and V, represent the volumes in cm® of the two chambers,
respectively. Continual determinations of solubility data at
elevated pressures were performed by introducing more gas
into the equilibrium cell to reach new equilibrium. The solu-
bility of gases was defined in terms of molar fraction in this
work. After determinations, the gas remaining in the cham-
bers were introduced to an off-gas absorber containing aque-
ous solution of NaOH to prevent gas leakage into
atmosphere. Duplicate experiments were run for each PIL to
obtain averaged values of gas solubility. The reproducibility
of solubility data in this work was well within *1%.

Thermodynamic analysis

The thermodynamic equation of temperature-dependent
Krichevsky—Kasarnovsky (K-K equation)™ was used to cor-
relate the solubility data

P AH| 1 1
lnf—2zln—2=lnH21(T1)+ sol (2 2 )+
X2 X2 R T T,

Vo> Py
RT

(@)

where f> and P, are the fugacity and pressure of gas solute
(H,S or CO,) in the gas phase, respectively. As the solubil-
ities of gases were determined at low pressures (0—1.2 bar),
the fugacity f, was approximately equal to the pressure P,.
X, is the molar fraction of gas solute in the liquid phase,
H,(Ty) is the Henry’s law constant of gas solute in the lig-
uid solvent at the temperature T;, AH, is the enthalpy
change of H,S or CO, absorption in the PILs, V3° is the par-
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tial molar volume of gas solute at infinite dilution, R is the
universal gas constant, and T is the absolute temperature.
The ideal selectivity of H,S/CO, in PILs can thus be defined
as the ratio of the Henry’s law constant of H,S to that of
CO, at the same temperature

S=H,(CO,)/H> (HsS) 3)

Results and Discussions
Physical properties

The density and viscosity of liquid solvents are fundamen-
tal data for the process design of gas separation. These phys-
ical properties can also influence the absorption of gas in
liquid. However, the detailed density and viscosity data of
the four PILs are absent in the open resource. Therefore, we
measured the density and viscosity in the temperature range
of 298.2-353.2 K (Figure 1). It is found that the density of
PILs decreases linearly with the increase of temperature,
whereas the viscosity of PILs decreases in an exponential
manner. If anion is kept the same, the PILs with [MDEAH]
cation have larger density than those with [DMEAH] cation.
Similarly, the PILs with [For] anion exhibit larger density
than those with [Ac] anion if cation is the same. The effect
of cation or anion on the viscosity of PILs follows the same
sequence as that on the density, that is, [MDEAH] >
[DMEAH] and [For] > [Ac]. However, anion is of less influ-
ence on the viscosity than on the density, especially in case
of PILs with [DMEAH] cation. The PILs with [DMEAH]
cation have low viscosity (<75 mPa s at 303.2 K), which is
helpful to the mass transfer of H,S or CO,.

Absorption of H,S and CO,

The solubilities of H,S and CO, in the four PILs,
[MDEAH][Ac], [MDEAH][For], [DMEAH][Ac] and,
[DMEAH][For], were measured at temperatures from 303.2
to 333.2 K and elevated pressures up to 1.2 bar. The solubil-
ity data are graphically shown in Figures 2 and 3 and tabu-
latedly given in details in the Supporting Information. It can
be seen that the absorption behavior of H,S and CO, in
these PILs deviate only slightly from the ideality. Therefore,
the temperature-dependent K—K equation is believed to be a
suitable model for this situation.

The fitting results from the K-K equation are compared
with the experiments in Figures 2 and 3 and in the Support-
ing Information, and the calculated thermodynamic parame-
ters such as H,y, V3°, and AH,, are summarized in Tables 1
and 2. The K-K equation is found to be accurate in
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Figure 2. Solubility of H>S in [MDEAH][Ac] (a), [MDEAH][For] (b), [DMEAH][Ac] (c), and [DMEAH][For] (d) at 303.2 K
(M), 313.2 K (¢), 323.2 K (A), and 333.2 K (W¥); lines: fitting results from K-K equation.

correlating the solubility data of H,S and CO, in these PILs
as the overall average relative deviations are about 5% (see
Supporting Information Table S5). The Henry’s law con-
stants of H,S in the four PILs at 303.2 K varies from 3.5 to
11.5 bar, with the lowest for [DMEAH][Ac] and the largest
for [MDEAH][For]. However, the Henry’s law constants of
CO, in the four PILs (49117 bar) are of a magnitude larger
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than that of H,S, implying that the PILs exhibit much larger
absorption capacity for H,S than for CO,. Therefore, these
PILs enable selective separation of H,S from CO,.

It is noted that the solubility of CO, in the two acetate-
based protic ILs is much lower than that in aprotic ILs with
the same anion. For example, 1-ethyl-3-methylimidazolium
acetate ([emim][Ac]) can absorb CO, with a solubility of
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Figure 3. Solubility of CO, in [MDEAH][Ac] (a), [MDEAH][For] (b), [DMEAH][Ac] (c), and [DMEAH][For] (d) at 303.2 K
(M), 313.2 K (¢), 323.2 K (A), and 333.2 K (¥); lines: fitting results from K-K equation.
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Table 1. Thermodynamic Parameters of H,S Absorption in PILs

T (K) H»; (bar) V5© (em® mol™") AH; (kJ mol™ ") AG o1 (kJ mol™") ASso; Jmol " K™h
[MDEAH][Ac]

303.2 55+0.1 654 + 64 —25.9+0.6 43+0.1 —100+2
313.2 7.6+0.2 53+0.1 —100+2
323.2 104+03 63+0.1 —100+2
333.2 13.9+0.4 73+0.1 —100+2
[MDEAH][For]

303.2 11503 387177 —19.7+0.6 6.2+0.1 —85+2
313.2 147 +0.4 7.0+0.1 —85+2
323.2 18.6+0.5 79+0.1 —85+2
333.2 232+0.7 8.7+0.1 —85+2
[DMEAH][Ac]

303.2 35+0.1 921 + 38 —29.7+04 32+0.1 —108 +2
313.2 52+0.1 43+0.1 —109+ 1
323.2 73+0.1 53+0.1 —108 = 1
333.2 10.2+0.2 6.4=0.1 —108 =1
[DMEAH][For]

303.2 59+0.1 907 + 61 —24.1+0.5 45+0.1 —94+2
313.2 8.0+0.2 54+0.1 —94+2
323.2 10.6 £ 0.2 6.3=0.1 —94+2
3332 13.9+0.3 73+0.1 —94+2

0.267 in molar fraction at 298.1 K and 1 bar.'® One possi-
ble explanation for this result is the different structures of
protic ILs and aprotic ILs. In protic ILs, the protonated
nitrogen in ammonium cation is weakly acidic. It can form
Brensted acid-base interaction (or hydrogen bond) with
the alkaline acetate anion, thus reduces the affinity with
CO, for acetate anion. However, in aprotic ILs, such inter-
action does not exist and the acetate anion can attract CO,
freely through Lewis acid—base interaction.

Similarly, Brensted acid—base interaction between proto-
nated nitrogen and acetate anion can also reduce the dissolu-
tion of H,S in protic ILs in comparison with aprotic ILs
with the same anion. For instance, the solubility of H,S in
[emim][Ac] is 0.334 in molar fraction at 303.15 K and 1
bar.*8 However, unlike CO, molecule, there exist active pro-
tons in H,S molecule. As a result, H,S molecule still has the
possibility of interacting with the electron-donating groups in
protic ILs (e.g., hydroxyl and carboxylate groups). Therefore,
H,S is more favorable to be absorbed by protic ILs than
CO,. More work should be expanded with the assistance of

theoretical calculations or spectrum study to demonstrate the
different absorption behavior of H,S and CO, in protic ILs.

The partial molar volume of gas solute at infinite dilution
(V3°) is a useful parameter to distinguish the absorption
behavior of H,S and CO, in PILs. H,S in PILs has a positive
V3°, indicating that PILs have more free volume to accom-
modate H,S. On the contrary, the negative V5° implies that
CO, in PILs is compressed to exist in a thermodynamically
unfavorable state when PILs receive more CO, molecules.
PILs are thus good solvents for H,S and poor for CO,. This
is consistent with the finding from experimental solubility.
Similar phenomenon was observed for the absorption of H,S
and CO, in 1-(2-hydroxylethyl)—3-methylimidazolium tetra-
fluoroborate ([hemim][BF4]).3 7 1t should be noted that as the
simplified K-K equation neglects the effect of activity coef-
ficients, the fitted values of V3° usually exhibit large errors.

Subsequently, the changes of Gibbs free energy and
entropy of H,S and CO, absorption in the PILs at different
temperatures can be calculated from the following two
equations

Table 2. Thermodynamic Parameters of CO, Absorption in PILs

T (K) Hy, (bar) V5© (em® mol ™) AH,o (kJ mol™") AGio (kI mol ™) ASeor ( mol ' K71
[MDEAH][Ac]

303.2 49 +2 —75+78 —21.6%0.6 9.8+0.1 —104=2
313.2 64=2 10.8 0.1 —104 =2
3232 83+3 11.9x0.1 —104=2
333.2 105+3 12.9+0.1 —104+2
[MDEAH][For]

303.2 117+5 —278 =100 -12.6+0.7 120 +0.1 -81+3
313.2 1385 128%0.1 —81+3
323.2 159+ 6 13.6 £ 0.1 —81+3
333.2 1837 14.4+0.1 —81+2
[DMEAH][Ac]

303.2 53+2 —88+72 —27.7%0.6 10.0=0.1 —124+2
313.2 75+2 11.2+0.1 —124+2
3232 105+ 3 125+0.1 —124+2
333.2 143 +4 13.7+0.1 —124+2
[DMEAH][For]

303.2 115+3 —209 =73 —204%06 120 0.1 -107+2
313.2 149+ 4 13.0£0.1 —107 =2
323.2 190+5 14.1+0.1 -107 =2
333.2 239+7 152%0.1 —-107 =2
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Table 3. Ideal Selectivities of H,S/CO, in PILs

T (K) [MDEAH][Ac] [MDEAH][For] [DMEAH][Ac] [DMEAH][For]
303.2 8.9+£0.5 10.2 0.7 15.1£1.0 19.5+0.8
313.2 8.4+0.5 9.4+0.6 144 +0.7 18.6 1.0
323.2 8.0£0.5 8.5+0.6 144+0.6 179 0.8
333.2 7604 79+0.5 14.0+0.7 17.2+09
AGgo=—RTIn Hy, 4) both the cation and anion of PILs are also found to have
ASy01=(AHy—AGyo)/T ) apparent influence on Sy,s/co,. The order of Sy,s/co, follows

AG, and AS, are calculated and summarized in Tables
1 and 2.

[MDEAH][Ac]+H,S and [MDEAH][Ac]+CO, systems
are found to have very close values of AS, (—100 vs.
—104 J mol ' K1), although the absorption of H,S differs
largely in capacity from that of CO, (H,; = 5.5 vs. 49 bar at
303.2 K). Similar phenomenon is also observed in the
absorption of H,S and CO, in [MDEAH][For]. However, the
absorption of H,S in the two [MDEAH]-based PILs has less
negative values of AH, than that of CO,. It is, therefore,
concluded that the effect of enthalpy rather than entropy
contributes primarily to the different absorption behavior of
H,S and CO, in the two [MDEAH]-based PILs. As more
negative AH,, leads to smaller AG,, in the absorption, the
dissolution of H,S in the two [MDEAH]-based PILs is ther-
modynamically more favorable than that of CO,. As for the
absorption of the two gases in [DMEAH][Ac] and
[DMEAH][For], both the enthalpy and entropy effects con-
tribute to the different dissolution behavior of H,S and CO,
in these two [DMEAH]-based PILs, because AH, of H,S
systems are more negative than those of CO, systems
(—29.7 vs. —27.7 kJ/mol and —24.1 vs. —20.4 kJ/mol)
while AS,, of H,S systems are less negative than those of
CO, systems (—108 vs. —124 J mol ' K~ ' and —94 vs.
—107 J mol ™' K™"). These two effects are superimposed to
result in even low AG,,, so that [DMEAH]-based PILs are
more preferred for the selective absorption of H,S from CO,
than [MDEAH]-based ones.

It is of interest to note that both the cation and anion of
PILs have influence on the change of enthalpy during the
absorption of H,S and CO,. Such phenomenon comes from
the fact that both the cation and anion of PILs have electron
donors (—OH and —COO" groups) to attract the acidic H,S
and CO,. AG,, is found to be influenced in a similar way as
in the case of AH,. In general, for either H,S or CO,, large
absorption capacity leads to large negative AH, and small
positive AG.

Ideal selectivity of H,S/CO,

The ideal selectivities of H,S/CO, (Su,s/co,) in the four
PILs are calculated according to Eq. 3 and shown in Table 3.
Su,s/co, in the four PILs ranges from 8.9-19.5 at 303.2 K,
almost a magnitude larger than that (2—4) in normal ILs."
This implies that these PILs enable the selective absorption of
H,S from CO, more efficiently than normal ILs. Sy,s/co, is
found to vary insensibly with temperature in all four PILs,
primarily due to the fact that AG,, of H,S+PIL systems has
a nearly constant difference with AG,, of CO, + PIL systems
at different temperatures. For example, the difference of AG
between H,S + [DMEAH][For] and CO, + [DMEAH][For] is
around —7.8 kJ/mol at all four temperatures, leading to the
narrow variation of Sy,s/co, from 19.5 to 17.2. In addition,

AIChE Journal December 2014 Vol. 60, No. 12

Published on behalf of the AIChE

the sequences of [For] >[Ac] and [DMEAH] > [MDEAH].

Ideal solvents for the selective separation of H,S from
CO; should have not only large absorption capacity for H,S
but also high selectivity of H,S/CO,. To search ideal sol-
vents for the selective absorption of H,S, the Henry’s law
constants of H,S and the ideal selectivities of H,S/CO, in
different [Ls!415:17:29.33-35.37.39414549.50.56 . ol ad in
organic solvents®’° at ambient temperature are summarized
in Table 4 and plotted in Figure 4 for legible comparison.
The parameter of 1/H,;(H,S) in Figure 4 represents the
absorption capacity of H,S in a liquid. The comparison
shows that normal ILs have not only lower absorption
capacity but also smaller selectivity of H,S/CO, than most
of organic solvents. On the contrary, the four PILs investi-
gated in this work are even superior to most of organic sol-
vents both in the absorption capacity and in the selectivity,
especially for the [DMEAH]-based PILs. The points of
St,s/co, VS. 1/H,1(H,S) for the two [DMEAH]-based PILs fall
far beyond the range of organic solvents while those for the
two [MDEAH]-based PILs are located at the vicinity of some
organic solvents of high performance. Obviously, the two
[DMEAH]-based PILs is justified from the comparison to have
the best performance in the selective absorption of H,S from
CO, among all the screened solvents.

Aqueous MDEA is a commonly used chemical solvent for
the selective absorption of H,S in industry. Due to the strong
alkalinity of organic amine, its absorption capacity for H,S
is much higher than the PILs investigated in this work, espe-
cially under low pressure range, and it can achieve almost
equimolar absorption for H,S. However, according to litera-
ture,®’ the equilibrium solubility of H,S in aqueous MDEA
is only slightly higher than that of CO,, with a value of 1-2
times as that of CO,. Nonetheless, the dissolution of CO, in
aqueous MDEA is different from that of H,S. Due to the
absence of active protons in CO, molecule, CO, can not
react directly with MDEA. CO, should be hydrated to pro-
duce carbonic acid and then the active proton of carbonic
acid transfers to alkaline MDEA to form bicarbonate. In con-
trast, there exist active protons in H,S molecule and it can
react directly with MDEA through the transfer of proton. As
a result, the absorption rate of CO, in aqueous MDEA is
much slower than that of H,S. Therefore, the high selectivity
for H,S/CO, in aqueous MDEA is mainly from Kkinetics
while not thermodynamics.

As is well known, the cost and viscosity of ILs are two
major disadvantages that influence their practical applica-
tions in industry. Normal imidazolium-based ILs are gener-
ally prepared from nucleophilic substitution of imidazole and
anion exchange, where expensive reactants and tedious reac-
tion/separation steps are usually required. However, the four
PILs in this work can be easily produced in one step through
the direct neutralization of organic acids with organic bases,
not to mention the fact that all the materials used in the
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Table 4. A Summary of the Henry’s Law Constants of H,S and Ideal Selectivities of H,S/CO, in Different ILs and Organic
Solvents at Ambient Temperature

Solvents T (K) H,(H,S) (bar) SH,s/c0, Ref.
[MDEAH][Ac] 303.2 55 8.9 This work
[MDEAH][For] 303.2 11.5 10.2 This work
[DMEAH][Ac] 303.2 35 15.1 This work
[DMEAH][For] 303.2 59 19.5 This work
TEGO IL K5 300.0 23.5 1.2 35
[emim][T,N] 303.2 14.8 2.6 15,37
[bmim][Tf,N] 303.2 13.7 2.0 27,32
[bmim][PFg] 303.2 18.6 32 15,34
[bmim][BF,] 303.2 15.5 3.8 17,34
[hmim][T£,N] 303.2 17.4 2.1 14,33
[emim][EtSO4] 303.2 60.7 1.6 41
[hemim][BF,] 303.2 31.3 3.5 37
[hemim][PFg] 303.2 27.7 32 40,56
[hemim][Tf,N] 303.2 18.9 2.3 40,56
[hemim][TfO] 303.2 19.3 32 40,56
[omim][Tf,N] 303.2 9.9 2.6 45
[omim][PFs] 303.2 64.4 1.5 50
[emim][eFAP] 303.2 15.3 1.9 49
Sulfolane 298.2 17.4 5.0 57
Glycol 298.2 529 4.9 58
Proplene carbonate 298.2 234 3.7 59
Methyl cyanoacetate 298.2 28.5 3.1 59
Selexol 298.2 4.4 8.1 59
Diglyme 298.2 6.4 5.8 60
Triglyme 298.2 5.1 6.6 60
Tetraglyme 298.2 42 7.1 60
Aniline 298.2 15.1 8.4 58
Benzyl alcohol 298.2 24.0 53 58
Dimethylsulfoxide 298.2 10.9 9.7 58
Hexadecane 298.2 18.7 33 58
1-methyl-2-pyrrolidine 298.2 5.6 10.6 58
Tripropylphosphate 298.2 4.2 6.7 58

preparation are very cheap and easily available in large
quantity from industry. As for the consideration of mass
transfer in practical applications, the two [DMEAH]-based
PILs still have low viscosities (63.9 and 68.4 cP at 303.2 K)
and are comparable with most of imidazolium-based ILs.
Owing to the low cost and viscosity, and to the excellent
performance in the selective absorption, the two [DMEAH]-
based PILs are believed to be potential absorbents in the
selective sweetening of natural gas, even though more work
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Figure 4. Plot of Sy,s/co, VS. 1/H21(H2S) for PILs (M),

normal ILs (¢), and organic solvents (A).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

4238 DOI 10.1002/aic

Published on behalf of the AIChE

should be done before practical application. We will focus
on this issue in our future work.

Recycling of PILs

To evaluate the recyclability of PILs during H,S absorp-
tion, H,S-saturated [DMEAH][For] was heated to 353.2 K
under a vacuum of 0.1 kPa for 1 h and then reused for the
determination of gas solubility. The absorption—desorption
experiments were performed for five cycles and Figure 5
shows the solubility of H,S in [DMEAH][For] at 303.2 K
and 1 bar during the five cycles. It is revealed that the
absorption of H,S in [DMEAH][For] is totally reversible and
the solubility of H,S remains almost unchanged after five
cycles. Generally speaking, the thermal stability of PILs is
relatively lower than that of aprotic ILs. According to the
TG traces of the four PILs (see Supporting Information Fig-
ure S1), the onset decomposition temperatures of the four
PILs are above 393.2 K, which is higher than the desorption
temperature. Therefore, the thermal stability of PILs is
enough to ensure gas desorption.

Conclusions

In summary, to find highly effective ILs for the selective
absorption of H,S from CO,, the absorption of H,S and CO,
in four PILs: [MDEAH][Ac], [MDEAH][For], [DMEA-
H][Ac], and [DMEAH][For] were measured. Temperature-
dependent Krichevsky—Kasarnovsky (K-K) equation was
used to correlate the data, and quantum chemical calcula-
tions were performed to analyze the underlying mechanism
in the article. It is found that these PILs exhibit not only

December 2014 Vol. 60, No. 12 AIChE Journal


http://wileyonlinelibrary.com

H_S solubility (molar fraction)

0.12 4

0.10

0.08

0.06

0.04 | 7
//
//

0.024 [/ %

/ /./

%
0.00 T y T T l/ i) 1// i T //:
1 2 3 4 5

Cycles

Figure 5. Recycling of [DMEAH][For] for the absorption

of H,S (absorption condition: 303.2 K and 1
bar; desorption condition: 353.2 K and 0.1
kPa).

higher absorption capacity for H,S but also higher ideal
selectivity of H,S/CO, than normal imidazolium-based ILs
and organic liquids. It is further illustrated that the dissolu-
tion of H,S in these PILs is thermodynamically more favor-

abl
the

e than that of CO,. This article provides new insights into
exploration of ideal ILs for the selective absorption of

H,S from CO,, and the PILs investigated in the article is
verified to be potential absorbents of large capacity and high
selectivity for the separation of H,S from CO,.
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