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Abstract−Modeling of solubility of acid gases in aqueous alkanolamine solutions is essential for design of an ab-
sorber for natural gas sweetening. In this work an apparatus similar to the device of Hayduk and Chen (1970), which
was improved by Pahlavanzadeh and Motahhari (1997), for the measurement of gas solubility data by the synthetic
method was used. The solubility of hydrogen sulfide in aqueous diisopropanolamine (DIPA) solution in mass con-
centration range of 30-40% for 101,325 Pa pressure and for temperature ranging from 313-343 K was reported. The
obtained experimental solubility data of H2S in aqueous solutions of DIPA was used to predict the different interaction
parameters of modified UNIQUAC-NRF model for calculating the activity coefficients. For nonideality of species in
liquid phase, the UNIQUAC-NRF equation with ion-pair approach was applied. For long range interaction, the Pitzer-
Debye-Huckel term was used.
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INTRODUCTION

The removal of CO2 and H2S from gas stream is an important
operation in the natural gas and synthetic ammonia industries, oil
refinery and petrochemical plants. Design of gas treating processes
with alkanolamine-based aqueous solvents requires knowledge of
the vapor-liquid equilibrium (VLE) of the CO2-H2S-alkanolamine-
water system [1]. Prior to any modeling activity, a precise knowl-
edge of acid gas solubility in the solvent is essential. For specific
formulations of solvents, which can be encountered when develop-
ing new processes, sufficient data cannot usually be found in the
open literature [2], and few solubility data for Hydrogen Sulfide in
DIPA solutions and modeling of it have been published [3].

Diisopropanolamine (DIPA) has been widely used in Europe for
the removal of the acid gases from synthesis gas and refinery gases
and liquids. It is used in the Adip process, the Sulfinol process, and
the SCOT process, all licensed by Shell [4]. DlPA solution is reported
to be less corrosive than MEA or DEA solution, and to have a greater
selectivity for H2S over CO2 than either MEA or DEA.

Another advantage claimed for DlPA solutions is that they require
less heat in the regeneration of the solution.

In the Sulfinol process, aqueous DlPA is in combination with
the physical solvent Sulfolane (a typical Sulfinol solution contains
40% DIPA, 40% Sulfolane, 20% water) [4]. The SCOT process, a
tail-gas treating process employs a DlPA solution in order to effect
a selective removal of H2S from a stream containing H2S and CO2.
DlPA is regarded as the best compromise among the alkanolamines.

In this research, theoretical and experimental investigation for
solubility of H2S in DIPA has been done. The experimental data
were used to estimate the modified UNIQUAC-NRF model param-
eters using an optimization method.

EXPERIMENTAL SECTION

The solubility of hydrogen sulfide in aqueous Diisopropanola-
mine solution within temperatures from 313.15 to 343.15 K and
atmospheric pressure has been measured. To determine the solubil-
ity of gases in liquids, the solvent must first be saturated with the
gas. So, the solvent and the solute are in contact in order to make
the solution saturated with the solute. To estimate the solubility of
gas in the solvent, the volume of solute gas is measured at experi-
mental conditions and the molar volume of solute gas is calculated

Fig. 1. The apparatus for measuring the solubility of gases in liq-
uid.
a. Spiral tube e. Thermometer
b. Scaling burette f. Mercury jack
c Manometer g. Cell
d. Syringe pump h. H2S capsule
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by an equation of state. The apparatus for measuring the solubility
of a gas in a liquid solvent is similar to the device of Hayduk and
Cheng [5] which later was improved by Pahlavanzadeh and Mot-
ahhari [6] (1997).

This apparatus, presented in Fig. 1, consists of the following parts:
1. Spiral Tube

In this tube, the number of turns is constant; the vapor and liquid
phase interact in this tube. The number of turns, the slope, and the
diameter of the tube depend on the solute and solvent. As the solubil-
ity of the gas increases, the number of turns must be increased and
the slope of the tube decreased to assure that the solvent and solute
are in equilibrium at the end of the spiral tube.
2. Scaling Burette

To estimate the volume of the solvent gas and also to maintain
the gas in the apparatus, a scaling burette is needed. This burette is
jointed to the spiral tube at the top, and is connected to an internal
valve at the bottom. This valve is connected to a H2S capsule and a
mercury vessel. The mercury vessel is on a moving platform for
adjusting the levels of the solution in the manometer.
3. Manometer

At the bottom of the spiral tube a manometer is constructed. It
shows the pressure variation in the apparatus. One end of the mano-
meter is joined to the spiral tube, and the other end is open to the
atmosphere.
4. Syringe Pump

After degassing, the solvent is injected into the apparatus at a
constant rate by a syringe pump. The pump is composed of two parts:
a minicomputer that controls the rate of injection and a mechanical
part for maintaining good accuracy. Each experiment was repeated
at least 2 times, and the average results were considered.

For measurement of the gas solubility, first the solvents were put
into a vacuum flask for degassing. Vacuum was then applied and
the degassing process was continued for 10 min. Next, the degas-
sing solvent was mixed to prepare a solution containing a certain
percentage. The mixed solvent was subsequently injected slowly

into the spiral tube of the solubility apparatus by means of the sy-
ringe pump. The flow rate of the injection was 2.24 ml/hr. The sol-
vent became saturated with the gas while flowing down the spiral
tube. After the first droplet of solution appeared in the U-tube mano-
meter, the flow of the solute gas was shut off and the mercury level
was raised by means of lifting the mercury vessel. As the gas dis-
solved in the solvent, the pressure inside the apparatus dropped. The
gas pressure in the apparatus was adjusted by elevating the mer-
cury vessel and with the help of the U-shaped tube at the end of
the spiral tube. The volume of mercury displaced was equal to the
solute gas dissolved in the solvent. The volume of mercury or the
elapsed time was recorded. The solubility was then calculated by
using the reduction in the gas volume and solvent flow rate.

The results of gas volume reduction recorded for each concen-
tration and temperature of the solution are presented in Table 1.

From the experimental measurement data, the volume of dis-
solved gas was calculated. The truncated virial equation of state
was used in order to calculating of the molar volume of gas, Vg.

By using the critical data and acentric factor, ω, that are pre-
sented in Table 2, the second coefficient of the virial equation for
H2S can be calculated. The number of dissolved moles of H2S in
Diisopropanolamine solution is calculated as follows:

(1)

Where V is the displaced volume of mercury and Vg is the molar
volume of H2S. Also the amount of consumed solvent and the mole
numbers of solution is calculated by Eq. (2):

ng = 
v
vg
----

Table 1. Experimental data for H2S solubility in aqueous DIPA solution

 First exp.  Second exp.  Third exp.  Average
 DIPA mass percent  Temperature (K)  DIPA+H2O (ml)  VH2S (ml)  VH2S (ml)  VH2S (ml)  VH2S (ml)

 30%  313  0.3397  0.017  0.015  0.019  0.017
 323  0.4262  0.016  0.022  0.016  0.018
 333  0.4691  0.160  0.160  0.160  0.016
 343  0.6284  0.015  0.015  ---  0.015

0.0031.82%  313  0.6969  0.046  0.040  0.040  0.042
 323  0.3708  0.019  0.020  0.018  0.019
 333  0.5637  0.023  0.023  ---  0.023
 343  0.7180  0.020  0.022  0.021  0.021

 35%  313  0.2986  0.020  0.020  ---  0.020
 323  0.3366  0.020  0.021  0.019  0.020
 333  0.3621  0.018  0.018  ---  0.018
 343  0.5488  0.021  0.020  0.190  0.020

 40%  313  0.3266  0.022  0.021  0.020  0.021
 323  0.3945  0.016  0.020  0.020  0.020
 333  0.4791  0.017  0.022  0.020  0.020
 343  0.3049  0.009  0.011  0.010  0.010

Table 2. Critical coefficient and Acentric factor of H2S [8]

Tc (K) 373.53
Pc (Pa) 9000000
Vc (m2/kmol) 0.099
Acentric factor (w) 0.096
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w=(F*t*ρsol*mass%)/(100*M) (2)

Where F is the injection velocity of solvent into the apparatus, t is
the solubility time, ρ is the density of DIPA solution and M is the
molecular weight of aqueous DIPA solution. The densities of DIPA
solution at different Temperatures were found from the database of
Aspen Plus [7] as shown in Table 3. The value of the density of DIPA
solution was correlated as a function of temperature and concentra-
tion as Eq. (3):

(3)

Also the loading factor of H2S in aqueous DIPA solution is cal-
culated as follows:

(4)

Experimental data such as DIPA weight fraction, solvent flow
rate, volume of dissolved gas and calculated for H2S in DIPA solu-
tion for different concentrations and different Temperatures are re-
ported in Tables 5 to 8.

The dissociation constants of DIPA were obtained from the data-

ρsol =1/ 100 − mass%
ρDIPA*100

-------------------------------⎝ ⎠
⎛ ⎞

 + 
mass%
ρ1*100
-----------------⎝ ⎠

⎛ ⎞

α = 
mole H2S

mole DOPA
------------------------------

Table 3. Density of DIPA (gr/cm3) [7,9]

Temperature (K) Density of DIPA (gr/cm3)
313 0.98889
323 0.98490
333 0.97730
343 0.96958

Table 4. Vapor pressure of H2S and H2O

Vapor pressure (Pa)
H2S -exp[85.584+((−3839.9)/T)−11.199×ln(T)+0.018848×T] [8]
H2O -exp[73.649+((−7258.2)/T)−7.3037×ln(T)+(4.1653E−06)×T2] [8]

Table 5. Data from experiment and calculated α for H2S in DIPA
solution with mass fraction of 30%

Temperature (K) 313 323 333 343

mass% 30 30 30 30
F (ml/hr) 2.24 2.24 2.24 2.24
t (second) 546 685 754 1010
V (ml) 0.017 0.018 0.016 0.015
DIPA+H2O (ml) 0.3397 0.4262 0.4691 0.6284
DIPA+H2O (gr) 0.3391 0.4251 0.4671 0.6244
DIPA (gr) 0.10174 0.12754 0.14013 0.18734
nDIPA (mole) 0.000764 0.000958 0.001052 0.001407
ρsol (gr/cm3) 998.215 997.5 995.6 993.7
Bo −0.4765 −0.4491 0.4238 −0.40035
B1 −0.16769 −0.12308 −0.0851 −0.05262
B −0.16999 −0.15904 −0.14904 −0.13989
Vg (ml) 29.63747 30.60046 31.56247 32.52362
ng (mole H2S) 0.0005736 0.0005883 0.0005069 0.0004743
a 0.750924 0.614257 0.481817 0.3372
Mass%: DIPA weight Fraction, F: Solvent flow rate (ml/hr), T: time
(second), V: H2S solved volume (ml), nDIPA: number of DIPA moles,
ρsol: Density of DIPA+H2O (gr/cm3), B: second Virial coefficient, Vg:
Virial volume (ml), ng: mole number of solved H2S, α: mole of H2S/
mole of DIPA (calculated)

Table 6. Data from experiment and calculated α for H2S in DIPA
solution with mass fraction of 31.82%

Temperature (K) 313 323 333 343
mass% 31.82 31.82 31.82 31.82
F (ml/hr) 2.24 2.24 2.24 2.24
t (second) 426 596 906 1154
V (ml) 0.042 0.019 0.023 0.021
DIPA+H2O (ml) 0.696983 0.370844 0.563733 0.718044
DIPA+H2O (gr) 0.695569 0.369791 0.561 0.71305
DIPA (gr) 0.22132992 0.1176675 0.178510077 0.226892365
nDIPA (mole) 0.001662 0.000883 0.00134 0.001704
ρsol (gr/cm3) 997.97 997.159 995.151 993.044
Bo −0.47654 −0.44909 −0.42377 −0.40035
B1 −0.16769 −0.12308 −0.0851 −0.05262
B −0.16999 −0.15904 −0.14904 −0.13989
Vg (ml) 29.63747 30.60046 31.56247 32.52362
ng (mole H2S) 0.0014171 0.0006209 0.0007237 0.0006473
a 0.852785 0.702814 0.54 0.38
Mass%: DIPA weight Fraction, F: Solvent flow rate (ml/hr), T: time
(second), V: H2S solved volume (ml), nDIPA: number of DIPA moles,
ρsol: Density of DIPA+H2O (gr/cm3), B: second Virial coefficient, Vg:
Virial volume (ml), ng: mole number of solved H2S, α: mole of H2S/
mole of DIPA (calculated)

Table 7. Data from experiment and calculated α for H2S in DIPA
solution with mass fraction of 35%

Temperature (K) 313 323 333 343
mass% 35 35 35 35
F (ml/hr) 2.24 2.24 2.24 2.24
t (second) 480 541 582 882
V (ml) 0.02 0.02 0.018 0.02
DIPA+H2O (ml) 0.298667 0.336622 0.362133 0.5488
DIPA+H2O (gr) 0.297933 0.335471 0.36007 0.544366
DIPA (gr) 0.1042765 0.117415 0.126025 0.19053
nDIPA (mole) 0.000783 0.000882 0.000946 0.00143
ρsol (gr/cm3) 997.543 996.581 994.304 991.9202
Bo −0.47654 −0.44909 -0.42377 −0.40035
B1 −0.16769 −0.12308 −0.0851 −0.05262
B −0.16999 −0.15904 −0.14904 −0.13989
Vg (ml) 29.63747 30.60046 31.56247 32.52362
ng (mole H2S) 0.0006748 0.0006535 0.0005772 0.0006149
a 0.861934 0.741396 0.61 0.429877

Mass%: DIPA weight Fraction, F: Solvent flow rate (ml/hr), T: time
(second), V: H2S solved volume (ml), nDIPA: number of DIPA moles,
ρsol: Density of DIPA+H2O (gr/cm3), B: second Virial coefficient, Vg:
Virial volume (ml), ng: mole number of solved H2S, α: mole of H2S/
mole of DIPA (calculated)
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base of ref. [7]. The vapor pressure of H2S and H2O base on ref.
[8] was used as shown in Table 4.

The densities and dielectric constants of DIPA obtained from Ref.
[9] and Ref. [10] are presented in Tables 3 and 4.

Fig. 2 this figure shows that in the entire range of DIPA concen-
trations, an increase in temperature led to increasing H2S solubility
in DIPA+H2S solution.

Also, increasing the concentration of DIPA until special point
caused an increase in solubility but after that the solubility is de-

creased. Maximum solubility of H2S takes place in 35 mass per-
cent of DIPA solutions.

THERMODYNAMIC FRAMEWORK

1. Standard State
In this work, both water and alkanolamine are treated as a solvent.

The standard state associated with each solvent is pure liquid at tem-
perature and pressure of system. The adopted standard state for ionic
(ion pair) solute is ideal infinity dilute aqueous solution (infinity dilute
in solute and alkanolamine) at the system temperature and pres-
sure. Finally, the reference state chosen for molecular solute (H2S)
is also ideal, infinity dilute aqueous solution at the system tempera-
ture and pressure. This leads to following unsymmetrical conven-
tion for normalization of activity coefficient.

Solvent:
γs→1 as xs→1

Pair ions and molecular solutes:
γ i

*→1 as xi→0 & xs≠w=0

Where the subscript s refers to any nonaqueous solvent, i refers to
ionic or neutral solutes and w refers to water. The activity coeffi-
cients of all species are assumed to be independent of pressure.
2. Chemical Equilibria

In aqueous solution H2S react with DIPA to produce a number
of ionic complex species as the following equilibrium reactions:

(5)

(6)

The equation governing chemical equilibria may be written as fol-
lows:

j=1, …, 5 (7)

Where xi and γi are the mole fraction and activity coefficient of species
i, υij is the stoichiometric coefficient for component i in reaction j.

For simplicity, the molecular species of H2S and the ionic species
of S−2 in aqueous phase are neglected, because of their low con-
centrations in comparison with the other species dissolved in mixed
alkanolamine+water system.
3. Phase Equilibria

The nonideality of gas phase was neglected and the fugacity of
molecular species (H2S) in liquid phase is written as:

fi=XiHiγi (i=H2S) (8)

Where Henry’s law was used as a reference state and “H” refers to
Henry’s constant. We assume that the solubility of molecular spe-
cies in liquid phase is ideal so the activity coefficient, γi, is unity
and the partial pressure of hydrogen sulfide is expressed as:

DIPAH+
 + H2O H3O+

 + DIPA↔k1

H2S  + H2O H3O+
 + HS−↔k2

Kj = Πi γixi( )υij

Table 8. Data from experiment and calculated α for H2S in DIPA
solution with mass fraction of 40%

Temperature (K) 313 323 333 343
mass% 40 40 40 40
F (ml/hr) 2.24 2.24 2.24 2.24
t (second) 525 634 770 490
V (ml) 0.021159 0.022 0.021195 0.01
DIPA+H2O (ml) 0.326667 0.394489 0.479111 0.304889
DIPA+H2O (gr) 0.325645 0.392782 0.475745 0.301888
DIPA (gr) 0.1302579 0.1571127 0.1902981 0.1207554
nDIPA (mole) 0.000978 0.00118 0.001429 0.000907
ρsol (gr/cm3) 996.872 995.6725 992.975 990.1589
Bo −0.47654 −0.44909 −0.42377 −0.40035
B1 −0.16769 −0.12308 −0.0851 −0.05262
B −0.16999 −0.15904 −0.14904 −0.13989
Vg (ml) 29.63747 30.60046 31.56247 32.52362
ng (mole H2S) 0.00039108 0.0007189 0.0006715 0.00029919
a 0.73 0.609474 0.47 0.33
Mass%: DIPA weight Fraction, F: Solvent flow rate (ml/hr), T: time
(second), V: H2S solved volume (ml), nDIPA: number of DIPA moles,
ρsol: Density of DIPA+H2O (gr/cm3), B: second Virial coefficient, Vg:
Virial volume (ml), ng: mole number of solved H2S, α: mole of H2S/
mole of DIPA (calculated)

Table 9. Required data (Density (Kg/m3), Dielectric constant, Henry’s constant)

Expression

Density (Kg/m3) H2O d=0.999382+0.00007208t−7.28491*10−2t−2+2.65177*10−2t−2 0[8]
Henry’s constant H2S ln(HH2S)=358.138− (13236.8/T)−55.0551ln(T)+0.059565T 0[8]
Dielectric constant DOPA D=28.8247−0.07191T+0.000074526T [10]
Dielectric constant H2O D=78.54[1−4.579*10−2*(t−25)+1.19*10−2(t−25)2−2.8*10−2(t−25)2] [11]

Fig. 2. Loading factor whit respect to mole fraction of DIPA for
various temperature base on experimental data.
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Pi=xiHi (9)

The unit of Henry’s constant, Hi, is in Pascal and its temperature
dependence is expressed by the same function form as Eq. (10).

lnHi=C1+C2/T+C3lnT+C4T (10)

Where the coefficients C1-C4 of Eq. (10) have been taken from
databases of Aspen and are shown in Table 9.
4. Activity Coefficient

The molar excess Gibbs energy of an electrolyte system was as-
sumed to consist of short-range (gSR) and long-range (gLR) terms:

gE=gLR+gSR (11)

For short-range interaction with ion pair assumption the UNI-
QUAC-NRF equation as a nonelectrolyte model with both combi-
natorial and residual terms is expressed as:

(12)

The combinatorial and residual parts of activity coefficient from
UNIQUAC-NRF equation were used for calculation of activity co-
efficient of both ion-pair and molecular species.

In modeling of the electrolyte system, we assumed that the ca-
tions and anions to form the ion pairs; for instance, the DIPAH+ and
HS− ions form an ion-pair as DIPAH++HS−. For an electrolyte solu-
tion containing n cations and m anions then “m*n” ion-pairs can
be formed. So the probability of formation of an ion-pair, cZaaZc, was
calculated as:

(13)

Where the values in the brackets show the concentration of both
cation and anion species. Thus, using the electroneutrality of the
system, Σizi[czi]=Σjzj[azj], the concentration of the ion-pair can be
obtained:

(14)

The volume (r) and surface (q) parameters of an ion-pair are cal-
culated as follows:

qczaazc
=zaqc+zcqa and rczaazc

=zarc+zcra (15)

The values of r and q for molecules are presented in Table 10.
On the other hand, the residual activity coefficient of an ion-pair is
expressed as:

(16)

Where γc and γa are the activity coefficient of cation and anion, re-

spectively.
Due to presence of the common ions in the system, one may de-

fine the average activity coefficient of the common ion in terms of
the activity coefficient of ion-pairs as:

(17)

(18)

For long-range term, the Pitzer-Debye-Huckel equations for molec-
ular and ionic species were used [14-17].
5. Determining the Interaction Parameters

For DIPA+H2O binary systems, the binary parameters of UNI-
QUAC-NRF equation, τij, were obtained by using the NRTL [18]
binary interaction parameters. In fact, due to inaccessibility of the
binary activity coefficient data for the binary system, the values of
activity coefficient were reproduced from the NRTL energy param-
eters. So the binary interaction parameters were assumed to be de-
pendent on temperature and correlated by the following relation:

(19)

Table 11 shows the binary parameters and the fitted coefficients
for aqueous system of DIPA.

To determine the interaction parameters of the UNIQUAC-NRF
equation, we used the solubility data of the gas-amine in the con-
centration range of 30-40 mass percent and temperature range of
313-343 K. The interaction parameters were assumed as a function
of temperature as Eq. (20) [11]:

(20)

Where x, y and z are the coefficients of the interaction parameters.
By combining chemical reactions (5) and (6), for DIPA-H2S-H2O

system one can obtain:

(21)

Only four true species, two neutral solvents and two ionic spe-
cies, exist in this ternary system and we may assume that all the dis-
solved H2S is converted into HS− ions. The concentration of each
species can be obtained by electroneutrality condition and mass bal-
ance equations as follows:

CDIPAH+=CHS −=C0
DIPAα (22)

C0
DIPA=CDIPA+CDIPAH + (23)

C0
H2O=CH2O+CDIPAH+−CHS − (24)

gSR

RT
------- = 

gE

RT
-------⎝ ⎠
⎛ ⎞

C
 + 

gE

RT
-------⎝ ⎠
⎛ ⎞

R

rcZaaZc
 = 

zc czc
[ ]

Σizi czi
[ ]

-----------------*
za aza
[ ]

Σjzj azj
[ ]

-----------------

cza
azc

[ ] = rczaazc*
1
2
--- Σizi czi

[ ] + Σjzj azj
[ ][ ]

γ czaazc

R
 = 

za

zc + za
------------- γ c

R
 + 

zc

zc + za
------------- γ a

Rlnlnln

γ c
R

 = Σa
cza

azc
[ ]
Σa cza

azc
[ ]

--------------------⎝ ⎠
⎛ ⎞* γ czaazc

Rlnln

γ a
R

 = Σc
cza

azc
[ ]
Σc cza

azc
[ ]

--------------------⎝ ⎠
⎛ ⎞* γ czaazc

Rlnln

τnn' = xnn' + 
ynn'

T
-------

aij = xij + 
yij

T
---- + zij

T − Tw

T
-------------- + 

T
T0
-----ln

H2S  + DIPA         DIPA+
 + HS−K1/K2

Table 10. The volume (r) and surface (q) parameters of solvents
[7]

Solvent MW r q
H2O 018.02 0.92000 1.39970
DIPA 133.19 7.35107 6.13904
H2S 34.0 1.23380 1.07000

Table 11. The values of the coefficient of binary interaction param-
eters obtained by using the NRTL [18] binary interac-
tion parameters for DIPA+H2O system

τnn' xnn' ynn'

H2O-DIPA τ22 −3.6019 1831.198
DIPA-H2O τ22 1.94125 0.986899
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Where the superscript “o” represents the initial concentration and
the variable α is the H2S loading in equilibrated liquid phase, ex-
pressed in mole of H2S/mole of amine. All experiments were per-
formed at low pressure, therefore ϕ1=1 and y1P=P1.

So the modified Raoult’s law has been simplified to:

(25)

If species 1 is H2O, for species H2S we have:

(26)

Total pressure is equal to:

P=y1P+y2P=x1γ1P1
sat.+x2γ2P2

sat. (27)

And according to UNIQUAC-NRF activity coefficient:

lnγn=lnγ n
R+lnγ n

C+lnγ n
PDH (28)

Directly we can have lnγ n
C+lnγ n

PDH because of independence of
inter activity parameters and lnγn has been obtained from Raoult’s
low equation. Only lnγ n

R is involving with interaction model.
After replacing 4 experimental data in set finally we reach a set

of 4 equations with 4 unknown (a23, a32, a13, a31) and by solving this
set of equations by try and error we approach answers. So the ob-
jective functions for optimization of the interaction parameters is:

δ%=100×(1/n)*Σ
n
i=1|[(lnγ n

R)Cal.−(lnγ n
R)Exp.]/(lnγ n

R)Exp.| (29)

By global optimization of experimental VLE data [19], the inter-
action parameters for ternary system of DIPA-H2S-H2O were cal-
culated and shown in Tables 12 and 13.

Fig. 2 shows the loading factor of H2S versus the mole fraction of
DIPA for the aqueous ternary system of DIPA+H2S+H2O. Agreement
between experimental data and the calculated values is very good.

Calculations were carried out for the DIPA-H2S-H2O system, and
using general relation (29), globally all six interaction parameters
were optimized and shown in Tables 11 and 13.

CONCLUSION

In the entire range of DIPA concentrations, an increase in temper-

ature led to an increase in H2S solubility in DIPA+H2S solution. But
for any temperature, the loading factor (α) has a maximum point.

In this work, using ion-pair assumption the UNIQUAC-NRF ac-
tivity coefficient equation was applied to model the solubility of
H2S in aqueous solution of DIPA. The model with an average de-
viation of 8.6% for solubility correlation of H2S in DIPA solution
successfully correlated the experimental data at the whole range of
temperatures and concentrations. The model can be used for pre-
diction of solubility of acid gases in the alkanolamines and also may
be used in equilibrium stage design calculation of the absorption
columns for gas sweetening processes.

NOMENCLATURE

Aϕ : Debye-Huckel parameter for osmotic coefficient
Ax : Debye-Huckel parameter on mole fraction basis
a : interaction parameter of UNIQUAC-NRF
F : flow
C : molar concentration
D : dielectric constant
d : density, g/ml
f : fugacity
gE : excess Gibbs free energy
H : Henry’s constant [Pa]
K : thermodynamic chemical equilibrium constant
P : pressure
T : absolute temperature [K]
t : temperature [oC]
v : molar volume
w : weight fraction
x : liquid-phase mole fraction based on true molecular and ionic

species.
z : valence of anion

Greek Letters
α : H2S loading in liquid phase, mol of gas/mol of amine, load-

ing factor
τ : interaction parameter between and among neutral species
ϕ : volume fraction

γ1= 
P1

x1P1
sat.-------------

γ2 = 
P2

x2P2
sat.-------------

Table 12. The coefficients of the interaction parameters for ternary system DIPA-H2S-H2O. 1=H2O, 2=DIPA, 3=DIPAH+HS− parameter (aij)

Parameter
Temperatures (K)

313 323 333 343
a13 −554.662217 −585.634930 −648.633890 −760.12646
a31 −195.367393 −149.596040 −95.8998730 −61.906550
a23 −256.374657 −253.968830 −243.941560 −224.90026
a32 209.784812 210.649300 213.391664 209.72510

Table 13. The coefficients of the interaction parameters for ternary system DIPA-H2S-H2O. 1=H2O, 2=DIPA, 3=DIPAH+HS−

Coefficients
Parameter (aij)

a13 a31 a23 a32

xij −599.8961205 −283.2059267 −273.8895920 206.29364926650
yij −0.594746880 13.79293584 2.531196101 3.586141867995
zij −69.45433729 870.7323325 166.1308638 37.07659481200
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γ : activity coefficient
ω : acentric factor
s : objective function

Superscripts
o : initial concentration
* : unsymmetrical convention
PDH : Pitzer-Debye-Huckel
LR : long- range
SR : short-range
C : combinatorial
R : residual

Subscripts
a, X : anion
c, M : cation
c : critical
i, j : any species
mix : mixed solvent system
sol : solution
n, s : neutral solvent species
sat. : saturated
w, 1 : water
1 : H2O
2 : DIPA
3 : DIPAH+HS−

M : DIPAH+

X : H2S−

Exp. : experimental value

REFERENCES

1. L. Kaewsichan and O. Al-Bofersen, Fluid Phase Equilibria, 183-

184, 159 (2001).
2. A. Barreau, Oil & Gas Science and Technology - Rev. IFP, 61, 345

(2006).
3. F. Camacho, Ind. Eng. Chem. Res., 44, 7451 (2005).
4. Ezra E. Isaacs, Journal of Chemical and Engineering Data, 22,

(1977).
5. W. Hayduk and S. c. Cheng, Can. J. Chem. Eng., 48, 93 (1970).
6. Iranian Journal of Chemistry and Chemical Engineering, 17, (1998).
7. Aspen plus, Aspen Technology, Inc., Ten Canal Park, Cambridge,

MA 02141-22 01,USA, Ver. 10.2 (1997).
8. Perry, H. Robert, Perry's Chemical Engineers’ Handbook (1984).
9. A. Henni, J. Chem. Eng. Data, 48, 1062 (2003).

10. C.-J. Hsieh, J.-M. Chen and M.-H. Li, J. Chem. Eng. Data, 52, 619
(2007).

11. A. Haghtalab and M. Dehghani Tafti, Application the UNIQUAC-
NRF model to study the solubility of H2S & CO2 in MEA & AMP,
The 11th Iranian Chemical Engineering Congress (ICHEC11),
November 28-30, Tehran, Iran (2006).

12. L. Kaewsichan, O. Al-Bofersen, V. F. Yesavage and M. S. Selim,
Fluid Phase Equilibria, 183-184, 159 (2001).

13. A. Haghtalab and M. A. Asadolahi, Fluid Phase Equilibria, 171,
77 (2000).

14. K. S. Pitzer and J. M. Simonson, J. Phys. Chem., 90, 3005 (1986).
15. K. S. Pitzer, J. Phys. Chem., 77, 268 (1973).
16. W. Raatschen, A. H. Harvey and J. M. Prausnitz, Fluid Phase Equi-

libria, 38, 19 (1987).
17. W.-M. Qian, Y.-G. Li and A. E. Mather, Ind. Eng. Chem. Res., 34,

2545 (1995).
18. D. M. Austgen, G. T. Rochelle, X. Peng and C. C. Chen, Ind. Eng.

Chem. Res., 28, 1060 (1989).
19. J. I. Lee, F. D. Otto and A. E. Mather, J. Chem. Eng. Data, 21, 207

(1976).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


