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Solubility of Hydrogen Sulfide in Water + Monoethanolamine +

2-Amino-2-methyl-1-propanol
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The solubilities of hydrogen sulfide in water (1) + monoethanolamine (2) + 2-amino-2-methyl-1-propanol
(3) have been measured at 40, 60, 80, and 100 °C and at partial pressures of hydrogen sulfide ranging from
1.0 to 180 kPa. The ternary mixtures studied were wy; = 0, w3z = 0.3; wy = 0.06, w3 = 0.24; wy = 0.12, w3 = 0.18;
wg = 0.18, w3 = 0.12; and w; = 0.24, w3 = 0.06 where w is the mass fraction. The model of Kent and Eisenberg
has been extended torepresent the solubility of HyS in the ternary mixtures. The modelreasonably reproduces
the equilibrium partial pressure of H;S above the ternary mixtures, not only over a temperature range from
40 to 100 °C, but also at various compositions of the components in the ternary mixture.

Introduction

Alkanolamine aqueous solutions are widely used in gas
treating processes to remove acid gases, such as COzand H,S,
from natural, refinery, and synthesis gas streams. Industrially
important alkanolamines are monoethanolamine (MEA),
diethanolamine (DEA), di-2-propanolamine (DIPA), and
N-methyldiethanol amine (MDEA). Aqueous MEA solutions
have been widely used due to their high reactivity, low solvent
cost, ease of reclamation, and low absorption of hydrocarbons
(1). When the primary (or secondary) amine reacts with CO,,
stable carbamates are usually formed (2). The maximum
COq loading is limited by stoichiometry to 0.5 mol of CO,/
mol of amine when carbamate formation is the only reaction.
At high CO, partial pressures, however, carbamates may
hydrolyze and generate free amine which can react with
additional COy; thus, the CO; loading of MEA may exceed
0.5. For a gas stream that contains both CO; and H,S, the
aqueous MDEA solution is found to be an appropriate solution
for the selective removal of H,;S from the gas stream (3, 4).
Advantages of the use of MDEA solutions include their high
loading capacity (about 1.0 mol of COy/mol of amine) and low
enthalpy of reaction with the acid gases (5). The lower
enthalpy of reaction leads to lower energy requirements for
regeneration. However, a slow reaction rate of CO; with
tertiary amines limits the use of MDEA solutions (2).

Recently the use of blended amines, a solution of two or
more amines in varying compositions, finds considerable
improvement in absorption and savings in energy require-
ments (6). Blended amines combine the absorption char-
acteristics of the constituent amines such as a higher loading
capacity and faster reaction rates. Blends of primary and
tertiary amines, such as mixtures of MEA and MDEA, have
been suggested for CO; removal (6).

Sterically hindered alkanolamines have also been proposed
as commerically attractive solvents for removal of acid gases
from gaseous streams (2). An example of the sterically
hindered alkanolamines in 2-amino-2-methyl-1-propanol
(AMP), which is the hindered form of MEA. Due to the
bulkiness of the group attached to a tertiary carbon atom of
AMP, the formation of carbamates is inhibited when AMP
reacts with CO; (2, 7). Thus, the reaction of CO; with AMP
is mainly the formation of the bicarbonate ion as follows:
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CO, + RR'NH, + H,0 = HCO,” + RR'NH,* (1)

where RR’"NH,; denotes AMP. Therefore, the CO;loading of
AMP can approach 1 mol of COy/mol of amine. The kinetics
of the reaction of CO, with AMP have been shown to be first
order with respect to both CO; and AMP, and the rate constant
has the value of 1270 m3/(kmols) at 40 °C (7). Compared to
MDEA, AMP has the same high CO; loading capacity (about
1 mol of COy/mol of amine) but has a higher reaction rate
constant for the reaction with CO,. Thereactionrate constant
of CO, with MDEA is 3.5 m3/ (kmol-s) at 25 °C (8). Therefore,
H;0 + MEA + AMP may be an attractive new solvent, in
addition to H;O + MEA + MDEA solutions, for the acid gas
treating process.

Some solubility measurements of CO; and H,S in blended
alkanolamine aqueous solutions are available in the literature.
The solubilities of CO; and H,S in H,O + MEA + MDEA
have been studied (9-12). However, the solubility of acid
gases in aqueous mixtures of MEA with AMP has not been
reported in the literature. Therefore, it is the purpose of this
research to measure the solubility of HyS in aqueous MEA
+ AMP solutions.

Experimental Section

Alkanolamine aqueous solutions were prepared from dis-
tilled water. MEA is Riedel-de Haén reagent grade with a
99% (mol) purity,and AMP is Riedel-de Haén reagent grade
with 98% (mol) purity.

The solubility of H,S in aqueous MEA + AMP solutions
was measured in a 1.0-L stainless steel vapor-recirculation
equilibrium cell. For the low partial pressures of HyS, nitrogen
was introduced and mixed with H,S, and the partial pressure
of HsS was determined by on-line chromatography. The
solubility (loading capacity) of HoS in amine solutions was
determined by the titration method. When both the system
pressure and the gas-phase concentrations, determined by
the gas chromatograph, do not vary for 2 h, equilibrium is
assumed to have been reached; it usually takes 4-5 h for the
system to reach equilibrium. The partial pressure of H,S
was obtained from the pressure of the system and the gas-
phase analysis. At equilibrium, the liquid sample was
withdrawn from the cell into a vessel containing 1.0 M NaOH,
thus converting free dissolved acid gas into the involatile ionic
species. The H,S content of the sample was determined by
reacting the liquid with a solution of acidified 0.1 N I, (I).
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Table 1. Partial Pressure P of H5S in w2 = 0.0, w3 = 0.3 H,0
(1) + MEA (2) + AMP (3)*

Table 4. Partial Pressure P of H;3S in w; = 0.18, w3 = 0.12
H,0 (1) + MEA (2) + AMP (3)*

40°C 60 °C 80°C 100 °C

40°C 60 °C 80°C 100 °C

P/kPa a P/kPa a P/kPa a P/kPa a

P/kPa a P/kPa a P/kPa a P/kPa a

1.22  0.394 2.01 0.300 2.86 0.243 488 0.173
549 0641 2,36 0.347 5.07 0.302 7.26 0.203
9.42 0.703 792 0539 132 0411 104 0.268
103 0735 123 0.601 257 0.508 20.1 0.338
172 0776 134 0.609 280 0.521 20.8 0.337
418 0.886 262 0.693 451 0.602 426  0.469
810 0.900 432 0779 600 0664 582 0.484
10562 0938 601 0808 732 0.682 648 0.543
133.5 0936 681 0.810 1062 0.743 96.0 0.599
1040 0.841 106.7 0.756 116.1 0.665

116.2 0.830 149.2 0.812

¢ HeSloading a = mol of H;S/total mol of amine, w = mass fraction.

Table 2. Partial Pressure P of H,S in w; = 0.06, ws = 0.24
H,0 (1) + MEA (2) + AMP (3)

0.67 0.296 115 0.213 163 0.170 1.24  0.109
1.60 0.401 1.86 0.263 2,62 0.182 8.00 0.219
3.51 0.553 7.00 0.448 501 0249 321 0.395
844 0664 155 0.579 163 0.419 93.0 0.573
216 0796 432 0.740 458 0.588

579 0.887 100.2 0.847 855 0.696

1196 0933 1464 0.887 1384 0.773

181.6  0.962

¢ HyS loading a = mol of HyS/total mol of amine, « = mass fraction.

Table 5. Partial Pressure P of H3S in w; = 0.24, w3 = 0.06
H,;0 (1) + MEA (2) + AMP (3)*

40°C 60 °C 80°C 100 °C
P/kPa a P/kPa a P/kPa a P/kPa a

40°C 60 °C 80°C 100 °C
P/kPa a P/kPa a P/kPa a P/kPa a

1.32 0.407 1.08 0.201 1.52 0.156 1.03 0.132
196 0.434 1.98 0.292 1.69 0.180 130 0.159
2.66 0.476 3.22 0.331 349 0.250 2.65 0.164
8.00 0.624 7.08 0.425 6.08 0266 9.44 0.247
8.37 0.626 160 0.550 9.87 0333 239 0.333
150 0714 243 0.636 11.5 0351 52.2 0.430
384 0.796 251 0613 19.0 0.422 837 0.531
385 0815 555 0.749 267 0478 944 0.571
1002 0.853 86.7 0.799 304 0.504
1047 0.876 1234 0811 50.5 0.576
161.6 0901 1587 0.858 69.7 0.614
79.2  0.670
119.1  0.731

¢ HoSloading « = mol of HyS/total mol of amine, @ = mass fraction.

Table 3. Partial Pressure P of H;S in w; = 0.12, w3 = 0.18
H,0 (1) + MEA (2) + AMP (3)*

40°C 60°C 80°C 100 °C
P/kPa a P/kPa a P/kPa a P/kPa a

0.53 0.259 1.83 0.261 1.65 0.175 0.83 0.133

1.81 0.425 7.51 0.452 8.11 0.302 417 0.163

6.07 0.618 203 0610 127 0.368 233 0.320

162 0762 39.2 0.720 266 0.488 4.1 0.492

608 0.880 782 0807 633 0.624 99.1 0.573
1084 0917 1145 0.850 110.7 0.732
159.0 0.885 135.0 0.761

@ HySloading @ = mol of HyS/total mol of amine, w = mass fraction.

The unreacted I, was back-titrated with 0.1 N Na,S,03 using
starch as the indicator. The materials, vapor-liquid equi-
librium apparatus, and methods of analysis are essentially
the same as those used in our previous work on the solubility
of acid gases in aqueous MEA + MDEA solutions (10-12).

Results and Discussion

For the measurements of the solubility of H,S in water (1)
+ MEA (2) + AMP (3), the systems studied are w; = 0, w3 =
0.3; wg = 006, w3 = 024; wg = 012, w3 = 018, wy = 018, w3
= 0.12; and wy = 0.24, w3 = 0.06 where w is the mass fraction.
The H.S solubility data in aqueous MEA + AMP solutions
at 40, 60, 80, and 100 °C are presented in Tables 1-5.

Owing to its simplicity, the model of Kent of Eisenberg
(13) has often been used to represent the solubility of acid
gases in aqueous alkanolamine systems (14-18). With the
exception of the equilibrium constants for reactions involving
amines, the literatures values for all the ionization constants
and Henry’s law constants were used in the model of Kent
and Eisenberg. Jouetal. (15) pointed out that the equilibrium

1.17 0.399 116 0.196 133 0.123 210 0.103
291 0.525 3.14 0.291 3.54 0.191 457 0.145
794 0.676 7.87 0.410 6.20 0.251 6.84 0.174
154 0763 165 0521 140 0344 156  0.246
311 0835 300 0603 332 0464 446 0.368
747 0905 759 0.712 689 0.576 95.7 0.499
179.5 0970 156.2 0.787 123.0 0.667

¢ HoS loading a = mol of HyS/total mol of amine, w = mass fraction.

constants involving amines are essentially functions of
temperature, acid gas loading, and amine concentration, rather
than a function of temperature alone, as used in the model
of Kent of Eisenberg. On the basis of the model of Kent and
Eisenberg, Hu and Chakma (17, 18) proposed a modified
expression for the equilibrium constants, governing the main
amine reactions, as functions not only of temperature but
also of acid gas partial pressure and amine concentration. In
a similar manner, Li and Shen (19) modified the chemical
equilibrium constants involving alkanolamines as functions
of temperature, amine concentration, and carbon dioxide
loading for the calculation of CO, solubilities in H,O + MEA
+ MDEA. In this study, the method of Li and Shen (19) will
be applied to correlate the solubility data of H,S in aqueous
MEA + AMP solutions. The constants in the model will be
determined by fitting to the HyS solubility data in HyO +
MEA + AMP.

Equations describing the equilibrium in the H,S + H,0 +
MEA + AMP mixture, with RNH; and RR’NH; representing
MEA and AMP, respectively, are as follows:

Kn
RNH,;* = H* + RNH, 2
Kz
RR'NH," = H* + RR'NH, 3
Ks
H,0=H"+ OH- (4)
Ky
H,8 = H" + HS" (5)
Ks
HS =H"+8* (6)

The expressions for the apparent equilibrium constants
are

K,, = [H*1[RNH,]/[RNH,"] )

K., = [H*][RR'NH,])/[RR’'NH;"] (8)
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K, = [H*][OH C)
K, = [H')[HS)/[H,S] (10)
K, = [H*][S*)/[HS"] (11)

Henry’s law relates the H.,S partial pressure to the
concentration of the physically dissolved H,S in the solvent
according to

Py, = Hyg[H,S] (12)

The following mass balance equations for the reacting
species hold:

m, = [RNH,) + [RNH,*] (13)
m, = [RR’NH,] + [RR’NH,"] (14)

(my + mya = [H,S] + [HS] + [S*] (15)

[RNH,*] + [RR'NH,"] + [H*] = .
[OH]1 + [HS] + [S*] (16)

where m; and m, are the concentrations of MEA and AMP,
respectively, and a is the loading capacity of H;S of the solvent.
For an amine solution with known concentrations m;, ms,
and a, eqs 7-16 (10 equations overall) can be solved for 10
unknowns: the partial pressure of H,S and concentrations
of the species [RNH:], [RR’NH,], [RNH;*], [RR’'NH;*],
[H,S], [HS-], [S%], [H*], and [OH").
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Figure 1. Partial pressure P of HyS in w, = 0, w3 = 0.3 H,0
(1) + MEA (2) + AMP (3) at various temperatures for various
loadings « = mol of H:S/total mol of amine. Lines are
calculated by the method of Kent and Eisenberg: 0, 40 °C;
0, 60 °C; A, 80 °C, ¢, 100 °C.

In this study, the equilibrium constants for eqs 4-6 and the
Henry’s law constant used in the calculation are the same as
those used in the model of Kent and Eisenberg (13) and are
presented in Table6. The equilibrium constants which govern
the main amine reactions, i.e., eqs 2 and 3, are assumed to be
functions of temperature, amine concentration, and H,S
loading. Using theleast-squares fit to the equilibrium partial
pressure data of H,S in H,O + MEA + AMP solutions, the

Table 6. Equilibrium Constants and Henry’s Law
Constant Used in This Study*

equilibrium

constant A Bx104 Cx10¢ Dx101 EXx108
Ky nl; (_lg)m;]ol 30.566¢ -9.879  0.568827 —0.146451 0.136145
K‘/n(llisn)ml -304.689 38.721 -1.94755 0.438117 -0.37318
Kdélian)ml -657.965 91.631 -4.906296 1.153073 -1.01016
Heo,/[kPa 102,503 -13.6808 0.737744 -0.17472 0.152162

(kmol m-%)-1]

¢ K; = explA + B/T+ C/T? + D/T® + E/T¥] for T in kelvin.
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Figure 2. Partial pressure P of H,S in wy = 0.06, w3 = 0.24
H;0 (1) + MEA (2) + AMP (3) at various temperatures for
various loadings « = mol of H;S/total mol of amine. Lines
are calculated by the method of Kent and Eisenberg: 0, 40
°C; O, 60 °C; A, 80 °C, ¢, 100 °C.

equilibrium constants were determined as follows:

K,, = exp[-27.8641 + 6547.5/(T/K) - 4.9306 X
10%/(T/K)® + 3.96352a — 7.46277a> + 5.06267a° -
0.137338 In(m,/ (kmol m™)] (17)

K, = exp[-14.2832 - 1496.15/(T/K) - 1.70523 X
10%/(T/K)3 + 12.9880c - 26.40050% + 17.04920° +
0.149982 In(m,/(kmol m))] (18)

where a is the moles of H,S per total moles of amine.

Figures 1-5 show comparisons of the results between
calculated and experimental values for five blended amine
aqueous systems. The calculated partial pressures of H,S
over H;O + MEA + AMP are in good agreement with
experimental data for temperatures ranging from 40 to 100
°C and for systems of various concentrations, as shown in
Figures 1-5. The model reasonably reproduces the equilib-
rium partial pressure of H;S over H;O + MEA + AMP
systems. To test the applicability of the model, calculations
of the solubility for data not included in the database have
also been performed. Figure 6 gives a comparison between
the results of calculated and experimental H.S solubilities in
2.0 kmol m-3 H,O + AMP solution at 40 and 100 °C (data of
Roberts and Mather (20)). In Figure 6, the model predicts
the solubility of HzS in 2.0 kmol m—3 H,O + AMP reasonably
well at both 40 and 100 °C,
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Figure 3. Partial pressure P of H,S in w; = 0.12, w3 = 0.18
H,0 (1) + MEA (2) + AMP (3) at various temperatures for
various loadings a = mol of H;S/total mol of amine. Lines
are calculated by the method of Kent and Eisenberg: O, 40
°C; O, 60 °C; A, 80 °C, ©, 100 °C.
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Figure 4. Partial pressure P of H;S in w; = 0.18, w3 = 0.12
H.0 (1) + MEA (2) + AMP (3) at various temperatures for
various loadings o = mol of HyS/total mol of amine. Lines
are calculated by the method of Kent and Eisenberg: O, 40
°C; O, 60 °C; A, 80 °C; ©, 100 °C.

Conclusion

The solubilities of HyS in H;O + MEA + AMP have been
reported from 40 to 100 °C and at H,S partial pressures up
to 180 kPa. The systems studied are wy; = 0, w3 = 0.3; wg =
0.06, w3 = 0.24; wy = 0.12, w3 = 0.18; wy = 0.18, w3 = 0.12; and
wg = 0.24, w3 = 0.06 where « is the mass fraction. The model
of Kent and Eisenberg for calculating the solubilities of acid
gases in alkanolamine solutions has been extended to rep-
resent the solubility of H,S in H,O + MEA + AMP. The
equilibrium constants of chemical reactions involving amines
are expressed as functions of temperature, amine concen-
tration, and H;S loading. The literature values for ionization
constants and Henry’s law constants are adopted directly in
the calculations as in the Kent and Eisenberg method. The
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Figure 5. Partial pressure P of H,S in wy = 0.24, w3 = 0.06
H,0 (1) + MEA (2) + AMP (3) at various temperatures for
various loadings a = mol of H;S/total mol of amine. Lines
are calculated by the method of Kent and Eisenberg: O, 40
°C; O, 60 °C; 4, 80 °C; ©, 100 °C.

PHs / xPa

Figure 6. Comparison of calculated and experimental results
for the solubility of H4S in 2.0 kmol m— H,0 + AMP solution
at40and 100°C. Data were reported by Roberts and Mather
(20). Lines are calculated by the method of Kent and
Eisenberg: 0, 40 °C; Q, 100 °C.

model reasonably reproduces the equilibrium partial pressure
of H,S over H,O + MEA + AMP over a temperature range
from 40 to 100.°C at various concentrations. Thé model has
also been tested for systems not included in the database.
Satisfactory results were obtained for the calculation of the
solubility of H;S in H,O + AMP.
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