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Solubility of CO» in Water + Diethanolamine + 2-Amino-2-methyl-1-propanol

Madhusree Kundu and Syamalendu S. Bandyopadhyay*

Separation Science Laboratory, Cryogenic Engineering Centre, IT, Kharagpur-721302, India

This work presents new experimental results for the, @Q@ubility in aqueous blends of diethanolamine (DEA)

+ 2-amino-2-methyl-1-propanol (AMP) in the temperature range of (303 to 323) K anc@@al pressure of

(1 to 100) kPa. The mass fractions of the aqueous amine blends were 1.5 %-DBA % AMP, 3 % DEA+

27 % AMP, 4.5 % DEA+ 25.5 % AMP, ad 6 % DEA + 24 % AMP. A rigorous thermodynamic model is
developed to correlate and predict the vaplaguid equilibrium (VLE) of CQ in aqueous blends of DEA and
AMP. The modified Clegg Pitzer equations have been used to develop a model for the quaternary system (CO
+ AMP + DEA + H,0) using the interaction parameters derived from the VLE data of the corresponding ternary
systems (C@+ AMP + H;O) and (CQ + DEA + H;0). Simulated annealing has been used for parameter
estimation and for the determination of equilibrium composition of various species present in the liquid phase.
The model predictions are in good agreement with the experimental data p@ability in DEA + AMP
blends of this work as well as those reported in the literature.

Introduction solubility of the acid gases in amine blends. In addition,

The removal of acid gas impurities, such as.COd HS, equil?brium solub_ility of the agid gases in aqueous alkanolamine
from natural gas, refinery, and synthesis gas streams is asolutlons determines the minimum mrculauoq rate of the sqlvent
significant operation in gas processing. A wide variety of to treat a sour gas stream. It also determlr]es the maximum
alkanolamines, such as monoethanolamine (MEA), diethanol- cOncentration of acid gases that can be left in the regenerated
amine (DEA), di-2-propanolamine (DIPA), arld-methyldi- solution in order to meet the product gas specifications.
ethanolamine (MDEA), has been used for industrial gas treat- (AMP + MEA + H.0) and (AMP+ DEA + H,0) appear
ing.! Primary and secondary amines react rapidly with, @ to be attractive new blended amine solvents in addition to
form carbamate with a stoichiometric loading of 0.5 mol of £O (MDEA + MEA + H,0) and (MDEA+ DEA + H,0) blends
mol of amine. The C@Iloading in the sterically hindered amine  for the gas-treating processes. The lower vapor pressure of DEA
AMP approaches a value of 1.0 mol of @@ol of amine as in and the fact that it is less corrosive than MEA makes the DEA-
the case of the tertiary amine MDEA, while the reaction rate based blended amine solvents more attractive than MEA-based
constant for CQin AMP is much higher than that for GOn ones for gas-treating processes.

MDEA.2 Since the sterically hindered amine AMP does notform  Results of C@solubility measurements in aqueous mixtures

a stable carbamate, bicarbonate and carbonate ions may bgf pga with AMP are limited. Simulation studies with blends
present in the solution in larger amounts. Because of relatively 5t MDEA + MEA and MDEA + DEA have indicated

higher enthalpy of absorption associated with the formation of ,nsiderable improvements in absorption and appreciable sav-
carbamate ions than in comparison to bicarbonate and carbonatgngs in energy requirements as compared with the single amine
ions, the regeneration energy cost for the I_oaded AMP solutionssystem§,4 Seo and Hongreported the solubility of C@in
may be lower than that for the loaded primary and secondary pjengs of DEA and AMP in the partial pressure range of (10 to
amine solution$ , , 300) kPa and in the temperature range of (313 to 353) K.
Because_ of _the “e?‘d to explmt poorer quality natura_l 98S Murrieta-Guevera et &lreported the C@solubility in aqueous
coupled with increasingly strict environmental regulations, solutions with the following mass fractions of (25 % DEAS
highly economical and selective acid gas treating is more % AMP) and (20 % DEA+ 10 % AMP) in the temperature
important today. As a result, there has been a resurgence Ofrange (313.15 to 373.15) K and in the ©@rtial pressure range
interest in improved alkanolam_ine solvents and particularly in of (22 to 2600) kPa. Park et almeasured C@solubility in
aqueous blends of alkanolammes_. A blended amine SOlve.m’aqueous solutions with the following mass fractions of (20 %
which is an aqueous blend of a primary or a secondary amine DEA + 10 % AMP) and (10 % DEA+ 20 % AMP) in the

with a tertiary or a hindered amine, combines the higher : :
L . . ! . . temperature range of (313 to 353) K and in the Gsrtial
E.qL;]'“b”um t(_:apamtty O]E Eﬂe tertiary or h|nderedd amine W'th_l_trt]e pressure range of (0.680 to 340) kPa. In industrial gas-treating,
\gher reaction rate of the primary or secondary amine. 1hus, y, knowledge of vaperliquid equilibrium (VLE) in the (1 to

the use of blended amlne.solvents, requiring lower cwculat.lon 100) kPa range is very important, particularly for predicting
rates and lower regeneration energy, can bring about consider- .

. . o -~ the performance toward the top of the absorption column. The
able improvement and great savings in individual gas-treating

processes. The realization of such benefits depends on propeFnajor problems concerning the VLE data of aqueous (alkanol-

equipment design, which requires the knowledge of equilibrium amine-+ acid gas) systems, in gener_al, are the lack of systematic

measurement and inconsistency in the data reported in the
* Corresponding author. E-mail: ssbandyo@hijli.iitkgp.eret.in. F&®1- literature. Hence, there IS always a scope to ad.d newer glata
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to the existing literature results. Hence, in this work, new the liquid sample (1.0< 107% md) diluted to (10x 1076 m3)
experimental VLE data of the (CO+ AMP + DEA + H;0) with double-distilled water was then introduced into the cell,
system with various relative amine compositions at typically and the cell was sealed. Then 0.6 mol % HCI solutions were
absorption temperatures and £gartial pressure range of (1  added to it in excess and thoroughly mixed with the help of a
to 100) kPa are presented here. The measured VLE data of themagnetic stirrer. The system was then allowed to attain
(CO, + AMP + DEA + H;0) system of this work, in equilibrium with respect to temperature, and the volume of
conjunction with the VLE data for the low and moderate to evolved gas was measured with the gas buret. The measured
high partial pressure ranges, should cover a wide range gf CO volume of evolved gas was corrected for the vapor pressure of
partial pressure for the amine concentration and temperaturethe liquid at the test temperature.
range studied. Uncertainty in Measured Quantities and Reproducibility of
Representation of the experimental data with a thermody- Results. The uncertainty of the data is influenced by the
namically rigorous model is essential, so that one can systemati-uncertainty of the following measurements: temperature of the
cally correlate and predict the VLE of these systems. Austgen thermostated bath and the equilibrium cell, total system pressure,
et al8° utilized the NRTL theory to model acid gas (¢@nd vapor phase Comol fraction, and C@loading of the liquid
H.S) VLE in aqueous MDEA and in MDEA+ MEA and sample.
MDEA + DEA blends. Li and Mathéf simplified the Clege- The temperature of the thermostated bath and the equilibrium
Pitzer equations and applied them to model the system (€O  cell was measured with Pt-100 sensors with an uncertainty of
MDEA + MEA + H,0). Li and Mathel12also have correlated ~ *+ 0.2 K. The total pressure for each run was measured to an
and predicted the solubility of Gnd HS in aqueous solutions  uncertainty of within+ 0.2 kPa. The overall uncertainty in the
of triethanolamine and MDEA, respectively. Qian et%l.  determination of vapor-phase G@nol fraction by the gas
correlated and predicted the solubility of €@nd HS in chromatograph is 3 %. Replicated measurements indicated that
aqueous solutions of MDEA+ sulfolane. Jane and 4 the overall uncertainty in the GGolubility is 3 %.
correlated the solubility of mixed gases (gé&nd HS) in an
aqueous blend of DEA AMP using the model of Deshmukh ~ Model Development
and Mather> Park et af. correlated the solubility of C@into Chemical Equilibria. In the aqueous phase for the (€®
aqueous blends of DEAF AMP with a modified Kent DEA + AMP + HyO) system, the following equilibrium
Eisenberg approach. In this paper, a rigorous thermodynamicchemical reactions are involved:
model to predict the solubility of COin aqueous blends of

DEA + AMP is presented. CO, + 2H,0 A H,O" + HCO,~ 1)
Experimental Section K,

_ _ _ H,O + DEAH" = H,O" + DEA @)

Materials. 2-Amino-2-methyl-1-propanol (AMP) and dieth-

anolamine (DEA) were supplied by E. Merck, Germany, and K,
had a mole fraction purity of 98 %. Amine concentration was H,O + AMPH" <= H,0" + AMP (3)
determined by titration with standard HCI using methyl orange
indicator. Double-distilled water, degassed by boiling, was used DEACOO + Hzoﬁ DEA + HCO;~ 4)

to prepare the aqueous amine solutions. Pure carbon dioxide,
obtained from Hydrogas India, has a certified mole fraction

purity of 99.995 %. The mole fraction purity of nitrogen gas, gqyjlibrium constants. Since the present work is limited to the

obtained from BOC India, was better than 99 %. low to moderate partial pressure range, the fugacity of 8O
Apparatus and ProcedureFor the VLE measurements, a assumed to be its partial pressure, and solubility of, GO

stirred glass equilibrium cell was used. A detailed description jdentical to Henry’s constanto,) of CO,. The VLE is given
of the experimental setup and procedure is presented by Kundupy

et al1622The temperature of the equilibrium cell was controlled

within + 0.2 K of the desired level, and all VLE measurements Pco, = HeoXeo,co, (5)
were done at atmospheric pressure. Double-distilled water

degassed by prolonged boiling and cooled to ambient temper- Mandal et al” has reported the physical solubility of GO
ature under airtight conditions was used to prepare agueousin aqueous single amines and blends of alkanolamines using
amine solutions. For each equilibrium run, 10 mL of amine the “N,O analogy” over a wide range of temperature and amine
solution was taken from freshly prepared 100 mL of blended composition. The Henry’s constant of @@ aqueous single
amine stock solution of desired relative amine composition (by alkanolamines, aqueous amine blends, Had, in water have
mass fraction). Determination of the @@oncentration in the  been taken from Mandal et Hland Austgen et af.respectively.

gas phase in the cell at equilibrium was made for each In view of the unavailability of the Henry’s constant of ¢
equilibrium run by the “absolute calibration method” using gas pure alkanolamines, due to the immediate reaction of amines
chromatography. The results of the gas analysis fop @Ol with CO,, the reference state chosen for the molecular solute
fraction was used to determine the equilibrium Lgartial CO, is the ideal infinitely dilute aqueous solution at the system
pressure after correction for the vapor pressures of water andtemperature and pressure. For the determination of interaction
amine at the temperature of the equilibrium run. The equilibrium parameters in C9-DEA—H,0 and CQ—AMP—H,0 systems,
CGO; loading in the liquid phase was determined by acidulating the Hco, in aqueous single alkanolamine solutions has been
a known volume of the loaded liquid sample in a glass cell assumed to be equal to its value in pure water at system
placed in a thermostated bath and measuring the volume of thetemperature and pressure, following a similar assumption of
evolved gas by a precisely graduated gas buret. Initially the several previous workers for acid g&saqueous alkanolamine
temperature of the room as well as the cell and buret assemblysystems$-1° However, some of the predictions of gQartial

was brought withint=- 0.5 K of 293 K. A measured volume of  pressure have also been checked with the value of Henry’s

where K;, Ky, Kz, and K4 are the thermodynamic chemical
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Table 1. Solubility of CO. in Aqueous Solutions of Mass Fractions Ko o _
(1.5 % DEA + 28.5 % AMP) in the Temperature Range of (303 to H,O0-—H" + OH (7)
323) K
T=303K T=313K T=323K whereKs andKy are the thermodynamic chemical equilibrium
loading loading loading constants based on a molarity scale.
peoskPa  (aco)  peoskPa  (aco)  PeoskPa  (0co,) Thermodynamic FrameworkFor the (CQ + DEA + AMP
1,925 0524 725 0595 730 0.455 + Hg(_)) system, the equmb(ated liquid phase is assumed to
6.25 0.648 22.80 0.690 11.49 0.503 contain three molecular species,(® DEA, and AMP) and five
24.15 0.718 41.43 0.764 18.01 0.550 ionic species (AMPH, HCO;~, DEAH*, DEACOO", and
43.0 0.820 82.79 0.798 28.90 0.610 HsO"). Species such as free molecular £OH~, and CQ?*~
88.09 0.864 71?2'35 097'223 ions will have little effect on the observed equilibteSeveral
89.02 0.785 previous workers have observed that for QGading below
1.0, neglecting the concentrations of free molecular, @ad
Tabl(;: 2. Solubility og CO; in Aqueous Solutions of Mass Fractions OH~ and CQ?Z ions in the liquid phase does not result in
%g)ﬁ DEA +27.0 % AMP) in the Temperature Range of (303 to significant error in the VLE prediction®-122921|n our calcula-
tion of activity coefficients of the components in the aqueous
T=303K T=313K T=323K phase, only the activity coefficients of DEA, AMP, .8,
loading loading loading DEAH*, AMPH*, DEACOO", and HCQ™ are included to
Pco/kPa  (aco)  Pco/kPa  (oco)  peofkPa (aco) account for the nonideality of the liquid phase. As the free
3.26 0.513 2.00 0.420 4.80 0.370 molecular CQ concentration in the liquid phase is negligible
5.00 0.602 4.38 0.500 16.30 0.528 below the loading of 1.0, the value of the activity coefficient
ig:g? 8:%‘3 12'_?8 8‘_2& gg'_gg g:ggg of CO, _(yc(_)z) will be c_:Ic_>se to ur)it_y following the unsymmetric
90.95 0.806 44.07 0.725 normalization of activity coefficient. Thus, we can calculate
90.60 0.782 liquid-phase mole fractions based on true molecular or ionic
. _ _ , species.
(ng";’/ongSAo'ibg'gso;)CE&'F[‘)ﬁq;’hee"‘fe ;gg;ﬂrseoégzzsoﬁré%g’?g Standard StatesIn this work water, AMP, and DEA are
323) K trelateol 'a?hsolventlg '.I;jhet tsr:anda;d siate ass?mateddwnh each
solvent is the pure liquid at the system temperature and pressure.
T=303K T=313K T=323K The adopted standard state for ionic solutes is the ideal, infinitely
loading loading loading dilute aqueous solution (infinitely dilute in solutes and alkanol-
PcofkPa  (aco)  Peo/kPa (xco)  peo/kPa (aco) amines) at the system temperature and pressure. The reference
2.58 0.447 2.22 0.422 5.175 0.370 state chosen for molecular solute £@ the ideal, infinitely
zg'ZJO 8'22 32'80 8'232 ég'(l)g g'ggg dilute aqueous solution at the system temperature and pressure.
37.0 0.717 62.0 0.740 86.00 0.706 This leads to the following unsymmetric normalization of
90.0 0.788 activity coefficients.
Table 4. Solubility of CO, in Aqueous Solutions of Mass Fractions solvents:
(6.0 % DEA + 24.0 % AMP) in the Temperature Range of (303 to
323) K ys—lasx,—1
T=303K T=313K T=323K
loading loading loading where the subscripts s and i refer to any nonaqueous solvent
pcofkPa  (0co)  pcofkPa  (0co)  Peo/kPa (dico,) ionic and neutral solutes:
2.2 0.425 3.35 0.450 10.57 0.425
6.0 0.558 5.10 0.500 29.00 0.541 yi—lasx—0
10.0 0.593 7.60 0.541 57.70 0.613
gg:g 8:??2 gg:gg g:ggg 92.77 0698 and ionic or neutral solute, respectively. Activity coefficients

60.82 0.743 of all species are assumed to be independent of pressure.
Thermodynamic Expression of Equilibrium Partial Pres-

constant measured by Mandal et@h aqueous single amine  sure.From egs 1 to 4, we get the expression of partial pressure
solutions using the pO analogy. It has been found that there of CO, over aqueous DEA- AMP solutions as follows:
is a negligible change in the predicted £artial pressures.
Chemical equilibrium constants are taken from Austgen ét al., Pco, =
Li and Shen® and Silkenbamer et al® and used after 2,2 5 2 5
appropriate conversion. The equilibrium constaits K, and Heo Ky (X" pEAr) " DEAHXAMPY AP HCo;V HCOa*)
K,) based on the mole fraction scale are presented in Table 5. (XAMPH+VAMPH+XDEAVDEAXDEACO(}VDEACO&XZHZOVZHZO)(K1K3K4)
The chemical equilibrium constants in this work should adopt
the same reference states for each component in equilibrium. ®)

The protonated amine dissociation constants (reactions 2 andwhere is the partial pressure of Gandx,' is the liquid-
3) were corrected to the pure amine reference state. The Pco, P P %n q

correction to the equilibrium constant is related to the infinite phase mole f_rac_tlon n nghbrlated liquid phase_, based on tf“e
dilution activity coefficient of the amine in water. The equi- molecular or ionic species. Since an unsymmetric normalization

o consanks has been four by mathematca manipul: OTMETLCH [ 560 i work, compostons and actty
tion of the following two reactions as described bel¥w: P '

Activity coefficient y; in eq 8 for different species present in
Kg B N the liquid phase, are calculated by the “activity coefficient
AMP + H,0-—OH" + AMPH (6) model” using the modified CleggPitzer equations.
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Table 5. Temperature Dependence of the Equilibrium Constants and Henry’s Constaft

Ki = exp[A + B/(T/K) + C In(T/K) + D(T/K)] wherei =1, 2, 4
Ke = exp[A/(T/K) + BIn(T/K) + C(T/K) + D]
K7 = explA + B/(T/K) + C/(T/K)2 + DI/(T/K)® + E/(T/K)4]
H = exp[A + (B/(T/K)) + C In(T/K) + D(T/K)]

reaction A B C D E ref
1 231.465 —12092.1 —36.7816 0.0 9
2 —13.3373 —4218.71 0 0.009872 9
4 16.5027 —4068.76 —1.5027 0.0 9
6 —7261.78 —22.4773 0 142.58612 19
7 39.5554 —9.879¢e4 0.568827e8 —0.14645e11 0.136145e13 18
Henry’s constant 170.7126 —8477.711 —21.95743 0.005781 9

aFori =1, 2, and 4Ais in kmol °K/kmol %K, B is in kmol °K/kmol, C is in kmol/kmol°K, D is in kmol/kmol K. Fori = 6, A is in kmoltm~3 %K, B
is in kmokm=3/%K, C is in kmolm~3/°K, D is in kmolm=3 %K/%K. Fori = 7, Ais in (kmolm~3)2 %K/9K, B is in (kmolkm~3)2 (°K), C is in (kmol-m~3)2 (°K)?,
D is in (kmolm=3)2 (°%K)3, E is in (kmokm=3)2 (°K)4. For H, Ais in Pa%k/%K, B is in Pa’K, Cis in PafK, D is in PafK.

Equilibrium Liquid-Phase CompositionFrom eqs 1 to 4,
we can write the following equilibrium relations among the
reacting species:

different species present in the equilibrated liquid pHése.

Differentiation of the expressions for the short-range and long-
range force contributions to the excess Gibbs energy yields
activity coefficients for the ions and the neutral species. The

. Ci,0+VH,0+Chco,- Y Heo, expression for the activity coefficient for solvent N and iori M

1
Ke = c 22 ©) in blended amine solvent are as follows:
c0o,”co,& H,0
Inyy= 2Ax|x3/2/(1 + plxlIz) - Z zxcxcha exp(_allxllz) +
Ch,0+YH,0+CoEAY DEA T @
2 3 3
= 10 ’
¢ CHZOVHZOCDEAH+VDEAH+ ( ) Xl(l - XN)Z chFaWNca - Xlz an chFaWnca+
[9 a n C a
3 CH3O+’J/H3O+CAMP7/AMP Z'XH[ANan(l - 2XN) + 2AnNXN(1 - XN)] -
= (11) n

S=
C,07 H,0CAMPH+Y AMPH+

2% 1Y Py + Agex) (17)

CpoeaY beaCHco,-VHeo,-
K= Bl (12)

Ch,0Y H,0CDEACOO-Y DEACOO-

|2 L2029
N e =~ 270 = In(1+ pl, D) + -
P 1+ ply

zXaBMag(allxl/z) - Z zXchBca[ZMzg(allxllz)/ZIX +
(1= 2%721,) expiayl, )] + 25 %,y FoWoyya —

D HX(LHX)D D FFW ™ 2y FWay, +
S Y FFWia =23 Y (A + Ay (18)

wherec stands for amount concentration of ions and molecular
speciesK ! to K¢* are equilibrium constants based on molarity
scale. The following balance equation for the reacting species
can be formed:

CO, balance:

_ 0 0
Cco, T Chco,- T Coeacoo- = MCawp T Cpea)  (13)

wherec® and a stand for the initial amount concentration of

DEA balance: wherely is the ionic strength on mole fraction basfs,is the

Debye-Hickel parameter on mole fraction bastg;, and A,y

Coea 1 Coean+ + Coeancoo- = CODEA (14) are solvent-solvent interaction parameteysjs the density of
mixed amine solution\V is the interaction parameter between
AMP balance: neutral and ionic specieg; is the valency of an ionf: is the
c te =0 (15) ionic fraction,a; is the Pitzer universal constant in eq 17, and
AMP T FAMPHT ™ AMP Bea is the ion-ion interaction parameter. The subscript 1 in eq
Electroneutrality: 18 stands for water. The functiggx) in eq 18 is expressed by
Coear+ T Cawpr+ T Cor = Cuco,- 1 Coarcoo  (16) 9(¥) = 2[1 ~(1+ x) exp(-X)Jx’ (19)
where
molecular species and equilibrium loading of £®the liquid
phase, respectively. In this work, activity of water has been X= (allxm) = 2|2 (20)

assumed to be its mole fraction in accordance with the work of
Deshmukh and MathépP. Solving the system of nonlinear

equations (egqs 9 to 16), we get the equilibrium amount . . . .
concentration of the species and the mole fraction of water Data Regression: Estimation of Interaction Parameter

present in the equilibrated liquid phase, by setting all the activity ~ The solubility data of the systems (& DEA + H,0) and

and| is the ionic strength on concentration basis.

coefficients of seven other species as unity.
Actizity Coefficient Model. The modified Clege-Pitzer

(CO, + AMP + H,0) over a wide range of temperature, gas
loading (below 1.0), and amine compositions covering the usual

equations have been used to derive the activity coefficients of operating conditions of gas-treating processes are used to
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Table 6. Effect of Errors in the Parameters Wimy, Wamy, Wanx,
Wany, Wamx, Wamy, Bumy, Azs, and As, on the Predicted Equilibrium
Partial Pressure of CQ, in (H,0 + DEA + AMP) Systen?

Table 7. Fitted Values of Interaction Parameters for (CQ + AMP
+ H,0) System: B (or W or A) = a + b/(T/K)?2

BorWorA a b
temperature intr%r(;(l)J::ed dewg'?t?e?l Inrgé(seglrzted Wamx 19.87250 —5358.036
P partial p Wawix 12.12244 249.8551
Wimy —50 % to+50 % —10.6 % to+11.8 % Bux 26.71344 2E2
Wamy —50 % to-+50 % +2.9%t0—2.9% Ap 26.33370 51.24970
Wany —50 % to+50 % —5.6 % to+5.9 % Axy —31.31813 7362.850
Wany —50 % to+50 % —0.65 % to+0.66 %
Wamx —50 % to+50 % +3.02 % t0—2.9 % aSubscripts: 1, AMP; 2, bO; M, AMPH*; X, HCO;™.
Wamy —50 % to-+50 % +0.9 % t0—0.9 %
Azz —50 % to+50 % +0.013 % to 0.000 % Table 8. Fitted Values of Interaction Parameters for (CQ + DEA
As2 —50 % to+50 % +0.03 % t0—0.03 % + H20) System: B (or W or A) = a + b/(T/K)?
—_ 0, 0, 0, — 0,

Bumy 50 % to+50 % +0.47 % to—0.46 % BorWorA a b
aSubscripts: 1, KO; 2, AMP; 3, DEA; M, AMPH?; X, HCO;™; N, Wimx 88.5765 —22577.12
DEAH*; Y, DEACOO". Wimy 1818.47 —698723.11

Wapix —1001.406 279705.525
determine the interaction parameters. The objective functidn ( \éVZMY —iggi-ggf i-ggg%e
A ix _ ) 399e
used for optimization is given by B 1135 87 Zao7437.18
) ) Ar —3.035082 —45.182890
Y= Z|{(pcoz)cal - (pc02 expt /(pcoz)exp | (21) Aot 1.706795 —321.523

a H . . . . —. pr—
We seek the numerical values of interaction parameters that Subscripts: 1, §D; 2, DEA; M, DEAHT; X, HCO3™; Y, =RRNCOO™.

will minimize the difference between the measured values of
equilibrium partial pressure of G@ver aqueous (DEA- AMP) to 1.0) and the C@partial pressure range of (0.300 to 1000)

solutions and the values calculated from the model. The |, haye heen used to estimate the interaction paramters.

objective function chosen in this work takes care of rendering Tq interaction parameters for (@ AMP + H,0) system
uniform weightage throughout the entire range of partial Pressure iuh their temperature coefficients are listed in Table 7.

(fro_m low to high),_ provided the data scatter th_roughout_ the For the (CQ + DEA + H,0) system, the experimental sol-

entire range of partial pressure (from low to high) is, as claimed ubility data for solutions of mass fractions of 21 %, 25 %, and

by the previous workers, more or less unifotfn. 29.96 % DEA solutions in the temperature range (311 to 394)
The 11 parameters determined from the ternary systems (CO K, CO, partial pressure in the range (0.2 to 5000) kPa, and

+ lDEA + HZO)_and cQ+ AMZ + HZQ) ?jnfd twobgolven% below a CQ loading of 1.0 are used to estimate the interaction
solvent interaction parameters determined from binary system parameter§2+27 The parameters are listed in Table 8.

(DEA + water) have been used to predict the VLE of the
quaternary system (GOt DEA + AMP + H,0) without any
additional parameter. AMPwater and waterAMP interaction

parameters are determined from regression analysis of ternary OWing to the presence of multiple solutions while solving
(CO, + AMP + H,0) VLE data. the system of nonlinear equations, some approaches were unable

For the determination of DEAwater and waterDEA to obtain the global solution because they could not jump over
parameters, the Margules interaction parameters in BEAO the local minima. Simulated annealing (SA) has been used in
system are obtained by regression analysis of the water activitythiS work for the estimation of liquid-phase composition at
coefficient using NRTL binary interaction parameters based on €duilibrium and the interaction parameters of the VLE model
freezing point depressions and total pressure #athe DEA— in an effort to predict the VLE of C@in the aqueous amine
AMP and AMP-DEA interaction parameters have been ne- blends with good accuracy.
glected because of the little influence on the uncertainty in the
VLE prediction due to the relatively lower mol fractions of DEA
and AMP in comparison to that of water. Six solveidn pair
interactions (HO—AMPH® DEACOO, AMP—AMPH*
DEACOO, DEA—AMPH® DEACOO, AMP—DEAHT

Method of Solution

Results and Discussion

The solubility of CQ in aqueous solutions of the following
mass fractions (1.5 % DEA:- 28.5 % AMP), (3 % DEA+ 27
% AMP), (4.5 % DEA+ 25.5 % AMP), and (6 % DEA- 24
DEACOO", AMP—DEAH'T HCO;~, and DEA-AMPH™ % AMP) are presented at (303 to 323) K, keeping the total
HCO;™) and one ior-ion interaction (AMPH—DEACOQ") amine mass fraction at 30 %. As the temperature increases the
have been assumed to be zero as they cannot be derived fron€O; solubility decreases at a particular amine composition. With
the ternary system. Similar assumptions have been made by Lithe increasing DEA concentration in the amine blend, the CO
and Mathe¥ for modeling the VLE of CQin MEA + MDEA solubility decreases at a particular temperature.
blends. The validity of this assumption is further verified from The interaction parameters presented for the {G@QAMP
the results of a parametric sensitivity analysis using the + H,O) and (CQ + DEA + H,0) systems in Tables 7 and 8
developed model. The parametric sensitivity analyses of the are used to predict the VLE of (GO&+ AMP + DEA + H,0)
aforesaid parameters have been done over mass fractions of &vithout any additional parameter. The model has been validated
% DEA + 24 % AMP aqueous solutions at a particular liquid- with the experimental results of this work for various relative
phase CQ loading of 0.541, at a temperature of 313 K. The amine compositions in the temperature range (303 to 323) K.
results are summarized in Table 6. It has been observed thafThe predictions of C@ solubility in aqueous DEA+ AMP
these parameters have negligible influences on the VLE of CO solutions of various relative amine compositions are in good
in aqueous solutions of DEA- AMP. agreement as shown in Figures 1 to 3. Above a certain CO

For (CG + AMP + H,0) system the experimental solubility  partial pressure, corresponding to a {@ading of 0.5 mol of
data from the literature for acid gas loadings in the range (0.03 CO,/mol of amine, the C@solubility in aqueous AMP of mass
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Figure 1. Solubility of CG; in (DEA + AMP) solutions with the following
mass fractions as a function of loading) @t 303 K: —, model predicted;
O, 0 % DEA + 30 % AMP, Kundu et al’¢ ®, 1.5 % DEA+ 28.5 %
AMP, this study;v, 3 % DEA+ 27 % AMP, this studya, 30 % DEA+
0 % AMP, Kundu and Bandyopadhydy.
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Figure 2. Solubility of CG; in (DEA + AMP) solutions with the following
mass fractions as a function of loading) @t 313 K: —, model predicted;
0, 30 % DEA+ 0 % AMP, Kundu and Bandyopadhy&y©, 1.5 % DEA

+ 28.5 % AMP, this studyp, 6 % DEA + 24 % AMP, this studya, 18

% DEA + 12 % AMP, Seo and Hong?¥, 0 % DEA + 30 % AMP, Kundu
et allé

fraction 30 % is greater than that in aqueous DEA solution
having mass fraction 30 %, which is also evident from Figures
1to 3. A crossover point (indicated I83) of the solubility curves
occur in Figures 1 to 3. Similar crossover in solubility curves
were reported earlier by Li and SHéifor the aqueous MEA-
MDEA blends, by Park et dlfor aqgueous MEA+ AMP and
DEA + AMP blends, by Li and Chari§for aqueous MEA+
AMP blend, and by Seo and Hohfpr aqueous DEA+ AMP

No. 2, 20863
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0.2 0.4 0.6 0.8
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Figure 3. Solubility of CGy in (DEA + AMP) solutions with the following
mass fractions as a function of loading) @t 323 K: —, model predicted;
A, 30 % DEA+ 0 % AMP, Kundu and Bandyopadhya¥¥, 4.5 % DEA
+ 25.5 % AMP, this study, 3 % DEA+ 27 % AMP, this studyfd, 1.5
% DEA + 28.5 % AMP, this studya, 0 % DEA + 30 % AMP, Kundu et
a|.16

the solution mixture of DEA and AMP at low GQoading is
considered, DEA can react better than AMP with{@cause

of the higher reactivity of DEA toward COHowever, as C®
loading increases, the unreacted DEA concentration in the
solvent decreases and results in an increased ratio of AMP to
DEA. Therefore, both DEA and AMP affect the solubility of
CO, at moderate loadings. If the G@bading is considerably
high, the equilibrium is closer to that of AMP than to that of
DEA, and the CQ+ DEA equilibrium curve crosses the GO

+ AMP curve.

The addition of DEA to an agueous AMP solution reduces
the equilibrium partial pressure at low to moderate loadings.
However, this reduction is not as significant as the reduction,
which results when MEA is added to the aqueous solutions of
AMP or MDEA. This is expected since for the same £O
loading, the equilibrium partial pressure of €@ver aqueous
solutions of DEA is higher than that over aqueous MEA.

The developed model can predict the VLE for the following
mass fractions of solutions (12 % DEA 18 % AMP) and (18
% DEA + 12 % AMP) in the temperature range (313 to 353)
K with reasonable accuracy when compared with the experi-
mental results of Seo and HoRdhe model predictions in the
CO;, partial pressure range of (150 to 2600) kPa at 373.15 K
are in very good agreement with the experimental results of
Murrieta-Guevera et &.The accuracy of the predicted GO
partial pressures from the model in comparison with the various
literature results as well as the experimental results of this work
is summarized in Table 9.

An important result from rigorous equilibrium modeling is
the speciation, that is, the capability to predict equilibrium liquid
species concentration as a function of £@ading. The

blend. Moreover, with increasing temperature the crossover pointequilibrium concentration profiles for CQoaded aqueous

shifts toward a higher equilibrium CQpartial pressure. This
crossover may result from the fact that AMP forms a very
unstable carbamate with G@nd the stoichiometric loading of
AMP reaches 1.0 mol of C&#mol of amine. However, DEA
forms a very stable carbamate with €n this reaction, two
DEA molecules react with each G@olecule. Hence, for an

blends having mass fractions of (4.5 % DBEA25.5 % AMP)

at 323 Kand (18 % DEA- 12 % AMP) at 313 K are presented

in Figures 4 and 5, respectively. Figures 4 and 5 indicate that
DEA disappears at a slow rate in DEA/AMP mixture while
AMP decreases monotonically with increasing L£oading.
Since molecular DEA is present in the solution up to the,CO

aqueous solution of DEA, it is reasonable to assume that theloading of about 0.8 mol of C&mol of amine, it appears that
amine molecules are completely converted to the product at CO DEA will continue to enhance the absorption rate of d®an

loading greater than 0.5 mol of Gnol of amine, and the

AMP based solvent mixture even when the solution is highly

sudden change in equilibrium partial pressure occurs becausdoaded. It is evident from these figures that the curve for the
of the physical absorption rather than chemical absorption. If carbamate ion is sharper in blends with higher DEA concentra-
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Table 9. Average Deviation for Prediction of Vapor-Liquid Equilibrium of CO ,in (H,O + DEA + AMP) System

ref mass % DEA mass % AMP TIK data points pco/kPa AAD 9%¢
Seo and Hong 6.0 24.0 313, 333,353 48 1@00 6.03 %
12.0 18.0
18.0 12.0
Murrieta-Guevera et &l. 20.0 10.0 313, 373 9 193000 2.90 %
Murrieta-Guevera et &l. 25.0 5.0 313,373 4 163000 2.90 %
15 28.5 303, 313, 323 58 -100 8.15%
this work 3.0 27.0
45 25.5
6.0 24.0

a AAD, average absolute deviation between predicted and experimental results; 100 %=AB0 (Pcal — Pexp)|/Pexp)/(N)) x 100.

0.07 Conclusions

In this work a rigorous thermodynamic model has been
developed to correlate and predict the VLE of d@aqueous
solutions of DEA+AMP. For CQ loading lower than 1.0, the
model predicted partial pressures of £&@ver aqueous blends
of DEA + AMP have been found to be in good agreement with
the experimental results of this study as well as results obtained
from the open literature over a wide range of temperature and
CO; partial pressure. In this paper, a global algorithm, simulated
annealing (SA), has been adopted to obtain equilibrium liquid-
phase compositions and interaction parameters. New experi-
mental data on the GGolubility in the aqueous blends of DEA
+ AMP of relative amine mass fractions (1.5 % DEA28.5
% AMP), (3 % DEA+ 27 % AMP), (4.5 % DEA+ 25.5 %
AMP), and (6 % DEA+ 24 % AMP) in the CQ partial pressure
range of (1 to 100) kPa and temperature range of (303 to 323)
K are also reported in this paper.
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