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A therllloLlYI1:lIl11Cmode! was dcvcloped fo.- represeIHing the soluhilily dala of hydro,llen slIllide (I1~S) amI/m carhon dioxidc (CO~) in
aquCtlllS SI)lllli{lllS{Ir llHlIltlClhan(llamine (MEA). diethanolalllillc (I)I~A), (liglyn)l:lnlinc (1)(;1\), :llld 1llC'lhykliethanolamine (¡\lDEI\). In
ordcr lo dL'h:nninc Ihe tflle CIlmpositions of all liquid-phase specics, ionic ami molecular. tlu: lIlodel :lccounts for chcmical cqllilihria in a
rigorou'\ fashioll hy llsing lhe nOllsloichiomelric formulation for nonideal SOlllliolls proposed hy Smith amI '\lissen, Inthis \Vork, Ihe systcm is
assumt.'J t{1be;1 Slllulillll formed nI' molecular (}lzS anJlor CO~) amI ionic Slllutcs in a mixlure lJI"lwo solvellls (water aml alkanolamine). Tlle
clfuiJihriulll prnpl'flics orlhe ionir amI nonionic spccies in aqueous-nonaqlll'lllls slIl\'L'lllmi.\lllrl's \Vere reprL'selltcd with Ihe Electrolyte-NRTL
c\ce."s Ciihhs tum.:lioll which treats hnth long-r:mgc ion-ion inlcractiolls amI local ilHeral"lion." hctwcen :1]]liquid-phasc specics. \\-'hilc Ihe
vaptlr-phasc was reprcsclllcd w¡lh the PRSV (Pcng-Robinson-Stryjek- Vera) equ:llillll Ilr sl:lte. Intt.'racti(JJ1parameters of the Electrolyle-NRTL
cquatioll were cstim<lled upon the represcntation 01'vapor-liquid cquilihrium dala IIf walcr-alkallolarnine and acid gas~w;lIcr.alkanolaminc
syslems. On lhe whole. gooJ agreement was found between experimental ami cakul:llcd partial pressllrcs 01' H!S and CO~ for aqucous
sllluti{JllS\JI'cilhcr Olll' al'Íd gas in ~IEA, DEA. DGA. and MDEA.

Kl'yu'on/s.' Phasc cquilihria: C'hcmical equilihtia: cqualion 01'slale: solutioll modl'l

Se desarrolló ulllTlodclo termodinámico para representar los datos de soluoiliJad del :ll.ido sullhídrico (IhS) y/o bió,\ido de carhono (COü
en s(JllJci\)lIe~aClll)s:t~ de IllOIl()Clanolamina (~1EA), dietanolamina (DEI\). di!!linllalllina (1)(iA) y metildielanolamina (~IDEA)" Con la
tin:llidaLldl' dctcrminar las composiciones reales de todas las especies en la fase líquida. iúnicas y Illolccular~s. c1moddo considcr<l en forma
rigurpsa d cíkulo dL'll'quilihrio químico a partir de la formulación no eSll'LJlliolllétricl para .••"Iuciones no idcales propuesto por Smith y
.\1i."sCII.En cste Irahajo se con~idcra que el sistema bajo eslUdio es una SOlllcilln formada de solutos iúnicos y moleculares (IhS y/o CO:.d
en una me/dI de dos disolventes (agua y a1canolamina). Las propiedades de equilihrio de la.~c.~peries iónicas y moleculares en mezclas de
dis(JlH'lIlcS arlllJSOS-1l0;K:UOSOSfueron representadas con la función dc Gihh,,, de CH'eso NRTL-e!eclrolitos. la cual trata las interacciones
iOll-i(J1lde lar!!o alcallce y las inleracciones locales entre todas las espccies de 1;1f;tse líquida. mienlras que la fase vapor fue representada con
la l'l'uarit'JfI de l'slado PRSV (i\'llg-Rphinson-Stryjek-Vera). Los par<Ílllelros de interacción dcll1loddo NRTL-c1ectrolitos fueron estimados a
p;lrlir dc la n:pn:sl'nlación de datos de equilibrio líquido-vapor de los sistemas aglla-akallolamina y gas ;ícido-aglla-aJcanolamina. En general
se ohlu\'o hilen acuerdo enlre las presiones parciales experimentales y calculadas de II~S y C()~ para las soluciones acuosas de un gas ;ícido
en ~IEJ\. DEI\. DGA Y t\lDEI\.

lJ¡',HTi(l!ort'.\: Equilihrio de fases: equilibrio químico: ecuación de eSlado; lllodelo dI.'soluciún

PACS: 05.70-a: 05.70.Cc: 64.70.-p: ("I-l.70.Fx

1. Intrnc1l1ctinn

Acid gases sllch as hydrogen sullldc ami carbon dioxide cx-
isting in natural gas and rclinery process Slreams, alllong olh-
cr~. arc uSllally remo\'ed lIsing aqllcous solutions 01" al ka-
nolalllines in ahsurpti(lI1/stripping opcrations. Hydrogen sul-
Iidc. Jue mainly lo its high loxicily and corrosi\'c cffects.
musl he rClIlll\'cd l'olllpletcly rrnm lhe source gases to avoid
calalysl poi .•.•oning in rdinery operalions. \\'hile carbon diox-
ide is rellloved from natural gas because il acts as a dilucnt.
inCl"easing trallsportation costs and rcducing the cncrgy vallle
pe!' 1I1litnI"gas. 111:l(ldilion. carhon dioxidc is scparated frolll
n:1'orlller prodllcl gas in the productinn 01' amlllonia lo avoid
poisons synthesis catalyst in the :ltlllllOnia converter.

Actllally. lhere is a \'ariety 01' processcs for rCll1o\'al of
acid gases from lhe SOlllL'egas strcams known as gas-Ircating
processc~. In panicular. the prncess of absorplion/slripping is
OIlCof Ihe most widl'ly lIsed in the gas industry. This process
is l'l1aracleri/.L'l1 as mass transfer cnhanccd hy chemical reac-
lion in which the prcscnce 01' an alkanolaminc enhances lhe
soluhility 01' :1Il acid gas in the aqucous rhase al a constant
value 01 tlle cquilihrilllll partial pressurc. Thus. hased on a sel
of chclIlical n:aclions wilh Ihe acid gases. the use 01' aqllcous
Soilltiolls nI' alkanol:lIl1ines, increases the ahsorption in these
pHlL"eSses.

The ahs{npliIHl/slripping opcralinns arc applied Illainly
ror the purilicatioll 01' sour gas strcams. which have low and
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FI(;UI{E l. Simplificd no"," schcmatic of a lypical gas lrcating opcr-
alion which employs an aqucotls alkanolaminc solulion in ahsorp-
li(lIl/slripping.

llHHlcraleconccntratiolls in acid gases (I-4OCkJ 1IJ01). Figure 1
shows a simplificó gas trcating process that cmploys an aquc-
(lllS alkanolaminc sollltioll in absorption/stripping operalion.
In l!lis process. a sour gas containing H2S and/or CO2 is
inlroduced al the noltom o•. an absorber wherc it rises and
nHllacls in countercurrcnt with an aqueous solution nI"alka-
lloJamine lhal is introduceó at lhe lop 01'lhe absorncr at aboul
..H)0e. The presslIrc ofthc absorber varies depcnding upon the
sour gas slream heing treateJ. Thc aqueolls alkanolamine so-
lUlioll selcctively ahsorhs thc aciJ componcnts from the sour
gas lo produce a "swecC' gas slream. The alkanolaminc solu-
lion rich in ahsorheó acid gases is pumped fmm the holtorn of
Ihe ahsorher through hcat exchangers where ils tcmpcraturc
is raised. The amine solution is then introduccd at Ihe (op of
a slrippcr where il eOllntcrcurrently stcarn at a reduced pres-
sllrc and at temperature ()I"about 120°C. Thc sleam produced
in a rehoiler. provides the encrgy necessary to revcrse lhe re-
aclions of Ihe acid gases wilh alkanolamine. increasing Ihe
acid gas partial prcssure and, simultaneously. slripping the
;¡cid gases from the Solulion. The lean alkanolaminc solution
is Ihen pumped Ihrollgh a heat exchanger. \\.'hcre it is cooleó
ami rcinlroduced at Ihe lop of the absorber.

Alk:lI1olamines are characlerizcd as conlaining holh hy-
tlroxyl groups ami amino groups in their molccular strue-
turco The hydroxyl groups 01"the alkanolamincs allow re.
ducing Ihe vapor pressure and increasing water soluhilily
while Ihe amino groups pro\'ide the necessary alkalinity in
the aqueous solulion lo react wilh lhe aeid gases 1I J. Cur-
rcntly. amines of intcrcsl in Ihe gas industry inclth.Jc (he
IlHllloelhanolamine (!vlEA). diethanolamine (DEA). diglyco-
lamine (DGA), mclhyldielhanolaminc (MDEi\), and diiso-
propylamine (DIPA). Aqlleous solulions 01"(MEA) have oeell
c.\lcllsi\'c1y uscd due lo thcir high rcaetivity as weJl as Ihe low
eost of sol\'ent ano low soJuhility oI' hydrocarhons; hmve\'cr,
Ihe loading capadty 01'MEA solutions is lower Ihan that of
MDEA solutions due. mainly. lo the formation 01'a ralhcr sla-

hle carhamale. !\lDEA. on thc contrary. has a highcr loading
capacity ¡¡Illllow heat of rcae(ion with Ihe acid gases leading
\I,'ith lhis (o lower requirclllenls ror regcneralion; howcver.
due to the low reaction 01"CO2 wilh tertiary amines, lhe use
01"MDEA Sollllions is limiteu. Thcrefore. it secllls thal mix-
tures 01'primary (MEA) and tertiary (!vlDEA) amines, can he
an alternalive lo enhance the I()ading capacity anu the ahsnrp-
lion rale nf COl. hringing an improvelllenl in absorplion amI
in s:\\"ing energy requirements (sce Rel"s. 2 anu 3).

Thlls. dcsign nI"gas Irealing •.lhsorption/stripping syslellls
hy tlw equilibriulll slage approach reqllires a correet kno\l,I1-
edge nI"the vapor-liquid cquilibria hehal,lior of the aqlleous
aeid !!.as-aILlIlolallline syslclll. TIlat is. the equilihrium solu-
hility of tlle acid gases in aqllcous alkanoamine solutions al..
lows to delermine the minimum quantily 01'Solulion lo treat
a givcn sour gas, and to determine Ihe maximum concentra.
lions 01"lhe acid gases which can he len in lhe regencraled
solulion lo meet Ihe gas spccilicalions 01"Ihe prodllcl. Fortu.
nately. Ihere exists a large hody nf vapor-Iiqllid equilihriulll
dala rol' aqucolls acid gas-alkanoJaminc systeIlls reponed in
the literatme; howcver, dlle lo that mosl of lhese data wcre
mcasured at high acid gas loading. onl1' a 1¡lIle quantity of
Ihclll cOlTesponds 10 the low aciu gas pressure range where
it is mosl import¡]~1 bec<luse in this range, the vapor.liquid
equilihria determines Ihe limilation of lhe SWCCIgas purily.
COllscquently, an eflicient :lml thermodynamically rignrous
model is Ilccdcd to represenl Ihe experimenlal dala so tha( il
can he cnnfidently lIsed (o intcrpolalc betwcen and extrap-
otale beyond the availahle dala. which results in Ihe rcdue-
lion of experimenlal eflor! rcqllired lo charaeterize the vapor.
1iquid cquilihria behavior 01"systcllls for which no dala ha\'e
heen reponed.

In this conlexl. lhe research group of Ihc Thermophysics
lahoratory 01"Ihe i\lexican Petrolcum Institute has carried ou(
a systelllalic study over Ihe pasl 15 years to develop cflicicnt
natural gas trcating processcs. which involved the search 01"
/lew soll,lcnls to improvc lhe seleclivity. absorplion capacity.
ami low ellergy rcquiremenls. Howc\'er. bccause Ihe propcr
selection 01'a solvcnt I"orIhe trcilling of a given sour gas is
difticlIlt and requires ol"the evalualion of several thermody-
namic properties as well <lS Ihe knowlcdge 01'the vapor-liquid
equilihria bchavior o" the syslellls. Sincc Ihen. Ihis group
has llleasured and reponcd soluhility data 01"H2S. CO2. and
Illcthane in pure physical (N-Illclhylpyrrolidone. sulfolane.
and propylcne carbonate) solvents and mixed physical and
chemic,,1 (~IE¡\ ami DEA) solvenls (see Refs. 4-10). Typ-
¡call)'. (he soluhilily dala were llleasured in Ihe lemperaturc
range fmm 25 lo !OO°e. COllclllsions derived of Ihis study
showcd Iha( (he blend of N.rnclh1'lpyrrolidone wilh ()EA
prcscnted a Jarger ahsorptioll capacily for hnlh acitl gases
than Ihose aqueous diclhallol:lll1ine solutions uscd Iradilion.
aHy in natural gas treating. More rcecntly. this gmup has lIn-
dcrlakCII a s!Ud)' conccrning llleasurclllcnts of vapor-Iiquid
cquilibria nI"H1S and CO2 in hOlh aqueous anJ nonaqllcous
alkallolamines (DEA anu rvlDEA) solutions wilh and wilhollt
physical solvenl (N-lllelhylpyrroJidonc).
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P T !lumIK'f 01' chclllical reactiolls that occur in this systcl1\. 011

t!lis hasis, it is clcar Lhat representation 01' phase cquilihria
for sllch systClllS requires thal holh phase and chcmical equi-
libria he rigol"OlIsly accollllted fol".

",O
2.1. Clu.'II1Íl'ail'tIUilibria

liquid
In Ihe aqueous phase, Ihe dissociation 01' the acid gases ano
alkanolamines can he cxpressed according 10 the fo!lowing
reactiolls [lG]:

F[(;URE 2. Phasc and chcmical equilibria in a c10scd wcak elct'-
lrolyte systclll. (ionil.alioll of water)

(carhamale revcrsioll to hicarhonatc)

(dissociatioll 01' hicarhonalc)

(.1)

(X)

(2)

.i=I. .. H= !l.

N X N

L lli}jli = L 1J,jlt7 + HT L Vij In (lj
i=\ i=l i=\

1l;'lIlCOO- + 11,0H nNII, + IICO:, (7)

whcre Ihe ter!TI RR' R" N denoles Lhe chcmieal formula 01' the
alkanolamine and R represenLs an alkyl group. alkanol gf(>Up.
or hydrogen. It is \vorth noting that reactions (2)-(6) are pro-
ton transfer reaclions so that Ihey occur very rapioly and arc
oftell assulllcd inslanlaneous wilh rcspect to Illass transfer.
II is well.known that primary amI secondary amines rcael
dircclly with COl to form stahle carbamates: howeyer. as
suggesled hy Austgen el al. [1.11. \\le consider lhe follO\ving
revcrsion 01' carhamatc to hicarhonatc insteao of lhe direct
formal ion of carhamate,

Il,O + nn'R";'I!l+ H 11;,0++ ¡¡¡¡'n"N (6)

On (he conlrary. tertiary amines having no hydrogcn on the
amino grour a\'ailahlc for eXlraelion. are unahlc to rcaet with
CO~ lo fonn carhamates.

jvlolecular electrolytes rcact 01' dissociate in lhc liquid
phase lo produce ionic species (o an extent 01' n indcpcn-
denl rcat..:tiolls govcrned hy chcmical cquilibria according to
the following expression:

(dissociatioll of carhon dioxide)

!l,0 + !lCO, H !l,O+ + CO~ (5)

2H,0 + CO, H 11;,0++ HCO, (4)

(dissocialion 01' protonaled alkanolamine)

(dissorialion 01"hisulfidc)

(dissociation 01' hydrogcl1 sullide)

As mL'ntioncd ahoye, acid gases and alkanolamines are \veak
clcclrolylcs which are ranial1y dissociate in the aqucous
phase to form a complcx mixturc 01' nonvolalile or modcr-
ately volatile SOIYCnLspccies (water and alkanolaminc), high
volalilc molecular species (1bS and/or CO:.!). ami nonvolalile
ionic spceics. Figure 2 illuslrates the pllase and chemical
l'quilibria of a weak electrolyle system such as Lhe acid gas-
alkanolamine-water systel1\. In a c10sed systcl1\. al constant
lempcralure and pressurc, the rhase equilihria governs the
distrihulioll 01'electrolytes ano molccular spccics hetween the
liquid and vapor rhases. while chemical reaclions are carried
ou[ in the I¡quid phasc hclween acid gases and alkanolamines
lo produce a numher 01' ionie species. As shoWIl in Fig. 2.
phase and chemical cquilihria are highly cour1cd in Ihis sys-
lem so that lhe degrec 01' dissociaLion 01' the weak eleclrolytcs
in Ihe liquid pha..o;;eis inlluenced hy the panial rressure of
<Inacid gas in Ihe vapor rhase and vice versa. He!lcc. repre-
scnlation of the vapor-Iiquio equilibria hchavior 01' acid gas-
alkanolaminc-water syslems is complicatcd OllC 10 Ihe large

Mixeo aminc systcms llave bccomc wioely usco during
(he P~l"t decade or so. olle mainly to their considerable com-
lIlercial imporlance; however. only the mooel 01' Deshmukh
a"d Mather [11] a"d lhe Electrolyle-NRTL model 01' Che"
ami Evans l12j have heen eXlended lo systcllls 01' mixed
ami"es hy Chakravarty 11:11a"d hy Auslgeo <'1 al. '14,151,
rcspcctively.

In l!lis \vork. wc llave chosen the AusLgen el al.'s im-
plelllentation 01' lhe Eleclrolyte-NRTL model 01' Chen and
Evans to represent Ihe vapor-liquid equilihria in acid gas-
alkanolaminc-watcr systcms. This thermodynamic mode!. al-
lhough sOlllewhat more complcx lhan that 01' Deshmukh and
l\1ather model. aceounts I"orchemical equilibria in a rigorous
Illallller 10 deLermine Ihe lruc compositions 01' allliquid-phase
spccies. ionic ano molecular; the system bcing assumed Lo
he a solution formed 01' molecular (H2S aml/or CÜ:.d and
ionic solutes in a mixture 01' tWD solvents (waler ano alka-
IHllaminc).

The validity 01' the rcpresentation will he testeo against
expL'rimental results while lhe cxtension 01"the model to cor-
relate and rrediet the soluhility 01' acid gases in mixcd alka-
Ilolamine solutions will he prescnted in a forthcoming papel".

2. Thermodynamic mudel

R(,I'. M('x. Fú. 44 (3) (JtNX) 25()--2(J7
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T,\ BI E 1. TCmpCr;¡IUrCdcpcndencc 01"cquilihriulll ronstants fOl" rcaclions givcn hy Eqs. ( 1)-(7) and f-1cnry's collstants I"ortbS anJ CO! (11}.

I~qllation Ctllnroncnt el C, (\ el Tcmrcralurc

tlllmbcr rangc (oC)

Equilihrium conslanls: 1" 1, = C, + C,/T + C, 1" T + C,T
132JN9 -1:l.t.¡.j.90 -:!Lnn ()tI 0-225

2 214.582 -1:!!)9,~I...HJ -:1:\.5471 11.11 0-1511
.1 -:12.1I1K1 -:1:\:18.1~1 11.11 1111 14-711
4 2JI.465 -1:!tl9J.l0 -:\(1.7Xlh 11.11 0--225
5 216.O-t9 -12.1:\ 1.711 --;¡;-,.-tXI() 110 1l-225

6 ~1EA 2.1211 -8189.18 011 -1I.1~17484 (l-50
6 DEA -G.7()36 -,.)927,65 11.11 11.11 (l-50

6 t\1DEA -!JAI65 -.I1;H.()X 11.11 11.11 25-60
6 DGA(I>l l.(J9S7 -8.131.65 11.0 -1I.1KI511.17

7 ~1EA (e) 3.29243 -:1811:; ..1-1 110 11.11 25-120
7 DEA(c) .1.2807-1 -29.1887 1111 11.11 25-120
7 DGA{(") X.X4X()2 -:;198 ..1 11.11 1111 25-100

Iknry's l"onslants: 1" JI 1" = C, + C,/T + C,I" T + C,T
2 11,5 .158.138 -u:nG,X -r,:dl5510 ().()S9565 (l-150
4 ca, 1711.7126 -8.177.711 -:! 1.1)5743 IIIKI57KI (l-IIKI

(IJ) Auq~cn el l/l. IJI. IS] (b)Dingman('luI.1311 (<'lEslimalcd from rcrortcd VI.E Jata

\vhere ([¡. l/¡, and ¡ti are, respectively, Ihe activity. lhe sloi-
chiolllelric coemcienl. and the chemical potential 01"species
i. Inlel"ms 01'mole fracliolls. ,1'j, ami aclivily coeft1cienls, 1¡.
Eq. (X) can he wrillell as

the refcrem:c-slale fugacities expresscd as follo\Vs:

" • 1'" [ pi (1' - rt)]
!Ji9¡J> =: .1'¡-y¡!Ji ex» nI' '

i = !I,S. eo" (11)
\'

/\'j = rr (.1'0;)'>')
i=l

j = l. ... ,11 (9)

Eq. (9) relates the equilihrium constant. A'j, of reaclion j lo
lhe Jo\" values of Ihe reference slale chemical pOlentials. ¡l'¡'
For reactions givcn by Eqs. (1)-(7). lhe lcmperaturc depen-
dence (Jf lhe equi librium constants, 1\'. are represenled hy

po
\\-'here 111 and I'F are, respectively. the Henry's constan!
ami parlial molar volul1le at inlinile dilution rOl"molecular
solute i in purc waler at the syslem Icmperature and at the
vapor pressure nI' water. Temperalure dependen ce of Hcnry's
constanls \\TI\' L'stimated by the S:lllle functional fmm given
h)' Eq. (lO). Cocfliciellts C¡-C, for H,S "mi CO, Henr)"s
conslanls are also given in Table 1. Partial molar volumcs of
H:!S and CO:! al infinily Jilution in waler \Vere cstimated hy
the correlatioll of Brelvi anl! O'Connell [171.

In 1, = C¡ + C,/T + C31n T + C,T, ( 10)
where coeflkicllls el:.! and /\'J are eSlimated by Ihe follo\\'-
ing relalions:

- ().I23G7(¡i - I):¡ (14)

(U)

-2.4,,"7 + 2.12074¡i

if 2 ::; ¡i.:S 2.785
;U)221,1 + 1.870851i

+0.71955¡i'
ir 2.785 < ¡i ::: 3.2

1" [1 + 1'1\'; RT] = -() 127().J(¡i - 1) + 2.089(¡i - 1)'

[ (. )"";']ol':.!
In -Cc.! ~ =

\vhere coenicients el-el for all rcactions considercd are
given in Table 1.

2.2. Phase equilihria

Phase equilihria go\'erns lhe dislrihution 0'- molecular spccies
het\\'een the liquid ami vapor phases, Jr ::: J¡L , where Ji is
Ihc fugadty oí' componenl i in the mixlure and surcrscripts V
and L stand for vapor the and liquid rhases, respectively. FOI"
molecular solulcs H:!S and CO2• Henry's constants represent

Rev. Me.\". Fí.\". .w O) (1998) 250-267
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TA BLE 11. Tcmpcraturc dcpendence of pure componcll! vapor prcssurcs 01'wnter ami alkanolamines(a) ,

Componcnt D, TClllpcr.llUrc
rangc (OC)

V;lpor pressurcs: In p0 = DI + D}./(T + IJ.I) + DT + Oc, In T + D¡;T /lj

11,0 72.55 -720ti.7 0.0 0.0 -7.!~X5 "HWúO X 10-(; 2

\IE'\ 172.7X -13192.0 0.0 00 -21.l)1~ 1j77l) x I()-~' 2
IlEA 286.0\ -2rnGOO 0.0 0.0 -.IOA22 .l2)7H x 1()-'2 I
.\tDEI\(o) 26.1~7 -7588.5 0.0 00 0.0 00 O
D(i,\!') 20.86 -3314.R3 0.0 0.0 00 00 O

r")[buhl'rt ami Danncr [:l2] (l.) Dauhcrt and lIutchinson 13-11 (,.)Allslgl'n [3.1 ]

0-374
10---~65
2X-2h9

120-2~O

'1' h~1

O.I(K) 0.071 ~9(,1l

(J.225 ().()42R5(~)

0.344 -0.06635(.;)

O797 -0.28351
"
')

1.046 -O.2R35! (,1)

1.242 -1.09940(f ,

1.().t6 -0.51278(")

O.2:ns
0.2488

0.2527
0.2522

02540

TABI.E 111. Purc componen! propcrlics nI"walcr, acid gases, and albnolalllincs.

ZU,ICl1lllponenl JI1\" T,. Pe \';.
(K) (kPol (m3kmol-l)

II ••.S(u) 34.07 373.2 8926.9 0.rN86
C()~") 44.01 JO-t.2 7376.5 (J.()939

IV)'''' IR.02 647.3 22090,0 O,056H
~IEA(h' 6l.0R 63X.O 6R70.0 0.2250
DEA (l.) 105.14 7150 3270.0 0 ..14')0

,~1DI'i\'" 119.16 (m.R 3876.1 (U932
DCi¡\(") 105.14 (174.6 4354.9 0.3270

(,,) i{l'id (" (/1. '~~J1 (b) Dauhcrt anJ lJanner [32] (e) Auslgen [:~.l]
(. lT;lkcll I"romStryjl'k amI Vera [21] (f)T<lkcn from Carro!! (,[ (/1. [:~GI

(,J}Es(imatcd in this work

In (hesc equalions, ji = P¡_'j. wherc p ami ('2 are the mo-
Jar densilV ~lI1d charactcrislic volullle of water which \V;¡s
set equal' to 0.0464 m:lKmol-1, \\-'hile characteristic vol-
tUlles. I'i, ror H1S ami CO2 \vere IixcJ al 0.09.39 and
O.OXX7lll:~KlllOI-1 , respectively.

Vapor-liquid equilihria rOl"the solvent spccics, water and
alkano!amine, are givell hy.

( 15)

1', heing Ihe molar \'01U111Cof rhe pure solvcnl al the syslelll
IClllpcralurc and saturation prcssurc. The tcmpcraturc Jepen-
dCIll'c 01' pure-componcnt vapor pressurcs is rcprescnled hy
lhe f(llhnving fUllction.

D2 +D,1'+D"IIl1'+D,;1'D" (1(,)
D.1+1'

\\lIc1"I: codlicicnts DI-D, for water, t\-lEA, DEA, MDE¡\,
and I)(j¡\ arc givcn in Tahle 11. Thc vapor prcssure has the
lInil 01' Pascals while tcmperature is exprcsseJ in Kelvins.
J\lol;1I \"tllllmeS ror alkanolamincs were eSlimalcd hy thlo'
llIodilied corrclalion 01' Rackctt (([ Re!". 18),

l' - flI;'Z[l-('-I;)'I'] (17)
s-P,~Il¡\ ,

Relc\'ant purc-colllponcnl pn)pcrties for molecular spccies
are presented in Tahle 111.

2.J. l{l'I'erencc sta tes

Inll1is work. hoth water amI alkanolamines are treateJ as sol.
vents, Conscquclllly, lhe standard state associaled with each
sol\'l'nl is (he ¡¡quid purc at the system tempcrature ami prcs-
surc, For ionic solutcs, lhe adoplcd standard state is the ideal,
inlinitely dilute aqucous solurion (infinitely dilutc in salutes
and alkanolamine) at the systelll tcmpcraturc and prcssurc,
The reference statc c!losen ror molecular solutcs (H:?S ami
eo:?) is aiso the ideal. inlinitl'1y dillltc aqucous solution at
lhe syslelll lcmperalure and prcssure. This leads to lhe 1"01-
lowing lI11symlllclric cOllvelltion rOl"normalization or aClivity
cocrticients: rOl"solvcnts, ).~ ---+ 1 as ,l's ---+ 1: for ionic ami
molecular (ncutral) solutcs, ít --+ I as .1'11' ---+ 1. whcrc lhe
suhscripl.'i rercrs 10 any llollaqueolls solvcnt. ; rcfcrs to ionic
(Ir neutral solUICS, ami 11' rcfcrs 10 water. Activity cocflicienls
ur all spccies are aSSllllllo'd lo he independent oi" prcssure.

2..1. Fugadty coeflicit'nts

Whlo'rL'~ fU is a charactcrislic constant ror caeh compollnd.
Molar volulllc of water was lakcll l'rom stC:lI11tahle Jata 1\ DI.

Inlhis wmk. the vapor-rilase fugacity cocffkicnts rOl"molec-
ular so\u1cs. ¿,. ¡¡mi solvent specics. J.~and ¿~_ in Eqs. (11)
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( 18)

amI (15) werc calculalcd by using lhe Pcng-Robinson cubic
c<¡ualion 01' slale 120],

!lT o
P= ,'-b - v(v+b)+b(v-b)

whcrc z is Ihe cOlllprcssihilily factor uellncd as,

P,'
!Ir

ami

(27)

whcre 1\.} is a constan! spccitk ror cach fluid, and Ihey are
:lIso givcll in Tahle lIt \Vc Tefer lo Ihis as rhe PRSV cqualion
nI"state.

For mixtures, paramctcrs a anJ b are given hy

although any othcr cquation could be uscd as \Vel!. In this
equalion, P, T, 11, anJ R are Ihe prcssurc, tcmpcraturc. molar
volulTlc, ami a gas constant, rcspcctivcly.

Foe purc cOlllponcnts, paramclcrs a and b are cxprcsscd in
lhe usual way as a fUllction 01' critical propertics ami accnlric
factors,

(28)

(29)

(30)

(31 )

¡'PIJ= -.
F1T

(-lA"J,) !x -¡-; -' In(1 + ¡¡J}),

,
(
IODO) ,
.1[111

1","1.1' == 2" LZí;/~i,

( "x' ( ('x' ( "x'
'_'_ == .JLH + .lloeal
!lT !lT !lT .

Activity (.'Ocl1u.'il'nts

"~;r~j= _ (~r,)

,-_.:"l.

The Elcclrolylc-NRTL model 01' Che n and Evan, [121. /llodi-
liel! for mixcd solvcnt clcctrolytc solulions (ser ReL 14). \Vas
lISL'tl lo rcrn:scllt I¡quid rhase aclivity cocflicicnts. This is
a gcncralizcd model 01' (he exct:ss Gihhs cncrgy, which al-
lows accoulllillg fOf holh ionic al1llmolccular inlcractions hc-
I\••..ecll all true liquid4phasc spccics. In general, lhe modificd
Elcctrolytc-NRTL Illotlcl assulllCs lhat lhe cxccss Gibhs en-
crgy 01'a mixcd solvcllt clcctrolylc solutions can he cxprcsscd
as lhe SUIll of (wo contrihutions, (lne rclalcd lo lhe local 01'

short-range (iOIHllOlcculc, ion-ioll, lIlolccule-molcculc) in-
lcractiolls Lhat cxist in Ihe il11lllcdialc ncighborhood of any
componenl (ion or nculral Illolecule). anJ the olller related
lo lhe long-range ion-ion intcracrions Illal exisl l1eyond the
immcdialc neighhorl1ooJ of a central ionie spccies. ¡.e ..

For Ihe long-range ion-ion inlcractions, Chen anJ Evalls [12}
adopted lhe 1l10ditled Pitzer-Dehyc-HlickcI equation 1221.

where jUm is Ihe a\'erage molecular weighl of water plus
nonaqueolls solvents. lr is the ioni<..'strength on mole frac-
tion scale.

(21 )

(22)

( 19)

(20)

(23)

(24)

!I'T'" = 0.4572~5--e o(T).
Pe

(/ = L LXiX] Jai<lj(l - kij),
j

"o = 0.~7889~+ 1.48971,,3w - 0.J71~18-18j

+ 0.01965.1 w:J•

{ [ ( T) "'] }'0(1') = 1 + ,. 1 - Te

[ ( T) O'''] ( T)Ii = "'"0 + ";'1 1 + T
r

O. i - Te .

with

!Ir
b = 0.0777% P,e.

Since il is important that lhe rore component vapor pres-
.limes be correel rOl' accuralc vapor-liquid calculations and
since sorne of lhe componcnlS considcred heec do 1101 lit lhe
gcncralizcd corrclation foc lhe cquation al' slalc paramctcrs
o" Pcng-Rohinsoll cquation. \\'C use instcad lhe corrclation 01'
Slryjek and Vera 1211 lo calculale "arameler 0(1'),

(25)

whcrc kij is the intcractioll paramctcr charaClcril.ing lhe bi-
nar)' ¡ami j. FOI" lhe H2S-CO:.!.watcr-alkanolaminc syslCIll,

thcsc intcraction paramclcrs \VeTe lixcd al zem, cxccpt rol' lhe
hinary HzS-COz \vhcrc this paramctcr was set cqual lo 0.1.

For rhe PRSV cyuation of slatc and lhe mixing rules gi\'cn
hy Eqs. (24) and (25), lhe fugacity cocffkicnl nI' componen!
i in a mixture can he writtcn as

A {Ji
1"4>; = ¡;(z - 1) -I,,(z - lJ)

A (2¿j.rjO;j b;) z+(I+/2)lJ
- -- -~-- - - In -----_ (26)
2/28 " /) z + (1- /2lJ

ami .-\,..,is a fUllction 01' the mixed solvent dielectric conslant,
Dm• amlmixcd solvent density. d'll' \vhich is eSlimated hy

, ,
1 _ 1 (211Nod", )' ( r' )'
, " - ~ 1000 D",kT (32)

witll

(33)

wllerc 111120 is lile Illolar volulllc 01' saluratcd waler and
"1'Iloll,UI is lhe saluration molar volulllc 01' the nonaqucous sol-
vent fraction (¡.e .. al kanolaminc or mixture of amines). while
.f,Lo ami .r~I~l/1i1'1are the solute-frec mole fraclions of waler
and !t)talnonaquc(llIs solvcnt. respcctive/y.
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rnali/.l~d aCli\'ily coeflicients. Ihen Eq. (36) can he written as
TA BI.I~ IV. Tcmpcraturc dcpcndcncc (lf dielcClric C(lllstanls (JI'alka-

l1olalllincs.

Alkanolaminc A B

Didcctric constanls: f) =:1 + H(l/T - 1/:~í3.1.j)

RT
L .I"¡In j, + L .r¡(In ~I¡- lu ;,X)

a1l solvcnl al] ~nlut•.•
rnml'nrr,'llIS comrnll<"lll,

Using lhis cquatioll. Ihe long-range contrihlllionlo lhe excess
CJihhs encrgy can lhen he expressed ~s

where ¡;....is the symmclrically norlllalized activily cocf-
lil'ielll (lf solUle I al inlinilC dilulioll in the solvcnt. ¡.e.,
-,¡x = lilll.l', ~n -,'i. 'I.hus, Ihe ulIsYllllllelrically IHmnali/.ed ex-
ces s (¡ihhs energy can be related 10 ils sYlIlmetrkally normal-
i/.ed cOllnlcrparl by

al1 'llhllC
l'Illllp<lncnts

L .1', In -1;'-

;rU solu!e
l"<'mponl'n1'

RT
5/ "
RT

:tll c'Olnp"lll.m,

.\tEA(") 36.76 l-lR36.0

DEA("} 2XOI 9277.()

~1J)EA(/" 2-l.74 X9X9.3

UGA«:) 2X.UI 9277.0

In ordcr lo make thc Pitzcr-Dchye-Hiickcl contrihution,
Eq. (31). consistenl wilil Ihe adopled referencc sIal e rOl"iOlls
(lhe intinitely dilute aqucous solution), the Born equation
(sec Rcf. 2~ / was introduced into the long-rang:e contri hu-
,iOH1{1aCCOUll11'01'Ihe cx.cess Gihhs cnergy 01' transfcrring an
ion al infinile dilulion in lhe mix.ed solvcnt lo inf1nilc dilutinn
in Ihe aqllcous rhasc.

(,,¡ Austgcn ('1 al. 114] JI,) Austgcnl34]

(c)CoI ..'rtiCiCIlIs lixcd al sallle valuc as DEA

flil:"" = ~ (_1 1 ) (L '1",of) x 10-", (3-1)
UF '!.kT D1Il Du' ¡ r¡

Ir the unsymmelrically normalized activity coefficicnls
are L'Xprcsscd in Icrms of the respective symmetrically nor-

whelT (' is Ihe clectronic charge H.80;3 x lO-lO esu), Z¡ is lhe
\'alcnce 01' ionic species i, I'¡ is lhe radius of ionic species i.
D
lj
, is Ihe dielcclric constant of pure water estimated by the

corn:lation 01' IIclgcsoll and Kirkham 124], ano Dm repre-
senlS the dielcclric constanl of the mixed solvents which can
be estimated b) Ihe following linear mass fraction :lwragc
lllix.ing rule.

(-10)
\0 I: C'I ". ,T. ,

~ ,. ~ • r' J J",e (J pI,e "

+L'''L, \" '\C
11 e' L...¡-'" e" L...k. '.. , kll,r' (J.

\vherc (he sYlllllll'lrically Ilonnalizl'd actlVlly coeflkienl uf
sol lile i al intinite dilutlOl\ in Ihe soh'enl. -':)lOfll' is givcn
in Appendix. A.

Tlle local cotllriblltion to Ihe cxccss Gibhs l'llcrg)' dcri\'ed
h\' Chcn and E\.ans 11~l was hased Oll Ihe local composition
C;lI1Cepl or Ihe tlonrandolll lwo-liquid hypolhesis proposcd
by Rel1\ln and Prallsnilz I'!.(i]. In a straightforward ex.tcnsion
of lhe original NRTL lhemy. Ihese authors adoptcd an elcc-
lrolytc solutioll lo he cOllsis(ed nI' lhree types 01' cclls: one
(ypc cOllsisling of a central neutral l1Ioleculc surroundcd hy
olher tIlolecules as \Vell as anions antl caliolls, where it is
assllllled Ihat 11lL'dislrihlllioll 01' cations ami anions arollml
a celllr;¡[ solvenl 1Il0lecuk ]s such lhal Ihe nCl local ionic
chargc i.s I.ero (local electroncu(rality assumption). \vhile Ihe
other 1\\0 types or cclls have cithcr a calion or an anion al
Ihe cenlcr which are surwulltled hy 1Il0lcculcs ami oppositcly
charged ions. huI [wl by ions of Ihe samc charge Iype (Iike-
ion n:plllsioll as ....lllllptioll). This illlplies that Ihe local COI1-
l'enlr¡¡tion of calions (aniolls) around calions (anions) is I.ero.
Thercl"orc. the NRTL conlrihlltion lo the exccss Ciihhs cllergy
is expressed as

(36)

(35)

L .r¡ In ri + L .r¡ In ~ft.
'111 ~oh'enl al1 ~olute
l"lllllp<lIH:nIS l.omponenh

wherc r~f is Ihe solute-free mass fraelion 01' solvent i, and
Di is the Jie1cclrie constant 01' solvcnt i. Table IV prcsenls
Ihe dielectri¡.; conslants 1'01all alkanolamincs as a rUlletion
01' lemperalure. lt should be noted that Eq. (3.l) was derived
rrom consideration of Ihe work required to transferring an ion
frolll a solvcllt of diclectric constant Dm to dielectric constant
DII' al ex.treme dilutioll.

Expressions for the ex.cess Gihbs energy are generally
de\'eloped ",ill1 respcct to SYllllllclrically normalil.ed aCli\'-
ilv coerticiellls: ho\Vever. if Ihe ideal dilulc state is lo be lIsetl
a~ lile rdcrence state for solutes leading to lInsymlllelrically
Ilorlllali/.cd acti\'ity coefllcicnts. Ihen the ex.cess Gihhs ene!"g:y
lllUSt ;¡Iso be normalil.ctl to reflccI lhe standard slale of bOlh

sol\'cnt amI sol lites. Fol1owing Prausnitz and Chueh [25J, the
1lllsYIIllllelric (,.'xccss Gihhs energy is dC:lncd hy
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3. SOllltioll :Ippro:lch

In Ihis seclioll. Ihe devcloped algorithm to represenl vapor-
liquid eqllilibria dala rOl' th~ al'id gas-alkanolaminc-w:ller
systenl is descrihed. The algorilhlll. similar lO Ihal of Aust-
gen cl l/l. 11.11. can he used lo calculate IOlal pressurc and
\'apor partial pr~ssure of alllll{llecular c(lrnponenlS. gi\'elllh~
lempcralUre, T. 1he veclor o( liquid pllase apparenl mole frac-
tions 01' water and all alkanolamines on an acid gas frec ha-
.'lis, x:~gf.alHllhe vcctor 01"loading, n. 01' H2S and/or CO2. in
moles nI" acid gas per mole tOlal alkanolamine (this quanlily
must he nol confuscd wilh lhe nonrandomness parameter 01'
Ihe NRTL equalion). lt is worth nOling lhat lhe mole fraclion
nf any component is ilS mole fraction calclllaletl hy assulIl-
ing that 110n:actioll occurs in Ihe liquid phasc (apparent mole
fraction 01"all i(IIISare tcro). x;~lI.fis the veclor 01' solvent mole
fractions c(lITI:sp{lnt1ing lo Ihe alkalHllamine concelltralion of
interest.

Thc algorilhlll is dividcd inlo two suhalgorilhllls: lhl:
chcmical cquilibriulll algorilhm. which is responsihle for lk-
lennining the [mc cOlllposition nf lhe liquid rhase ,.t equi-
lihriulIl givell IClllperalUl'l: and Ihe-apparent compositioll 01'
Ihe liquid plwsc U.c.. compositioll 01' tlle liquid phase cor-
responding to the equilihriultl distrihution 01' srecies). alHI
Ihe phase cquilibriulll algorithlll. which is used to calculatc
(he tOlal pressure. p. and Ihe vapor cOlllposition . .'J. once the
equilihriulll distrihution 01' cOlllponenls in the liquid phase
has hcen dl'lcrJnined.

(41 )

(44)

(43 )

(45)

C""{I.HI = exp( -OCIl.1/1 Ten.m).

(l"H'.tIC = TCn! - Tc(1,1ll + T'/l.ra'

0ja.c'lI = pxp(-Oj(l.c'/lTj,I,C"¡)'

Lu .\'/1(,'/'(1,111

La' 'Y{I'

L{I'Y<l(lcfI.m

Lu' 'Y'I'
n,lIl

wi(h

:lnd

whcre Xj = .rlCj (Cj = Zj for ions and ej = I for
JIIolcculcs). (1 is the nonrandomness raramcter, and T is Ihc
hinary energy interaction rarameter.

Sincc Eq. (40) reduces to thc original NRTL model 120]
when no ionic specics are rresenl in Ihc solution, then hinary
inleractioll raralllelers ror nonionic pairs can be ohtained
from analysis of Ih.: cnrresponding Ilonclectrolyte mixtures.

It should be pointed out that Ihe NRTL contribulion lo lhc
excess Gibbs cnergy, !J~rfL' must 41lso he normalizetl to Ihe
desircJ reference states using Eq. (3X) and inflnite dilulion
¡¡clivity cocHkients 01' molecular solutes. calions, ami anions
Thcrcfore. the NRTI. conlribution lo Ihc unsymmclric cxcess
Gihhs cnergy hecollles

"
-L .rc In 'Y~ - L ;1'f1 III í(~. (46)

AI1 aClivity cocfticients dcrived hy Ihc use 01' Ihis equ:llioll
are rrescntcd in Arpendix A.

In general. lo solve ror the equilihriulll cOlllpositiol1 01' a
systcm cOIllJloscd of N spccies ami ror which H indepen-
dent reactions can he written, non linear algehraic equalions
01' the fonn as given hy Eqs. ()) antl -S - U linear algc-
hraic equatiolls representing mass halances. musl he silllui-
lancollsly so[ved ror N eqllilihriulll values 01' ,f¡. This tra-
ditional approach is sometimcs c1assilicd as a slOichiolllctric
runnulalio[l 01' lhe cquilihrium prohlcm in which Ihe closcd-
systcm cOllslraints and the elemenlal halance equations are
treatcd by Illeans ur sloichiolllclric eLJuations leading 10 an
lInconstrained mil::mization 01' the Gihbs free energy proh-
lelll. Howcvcr. l!lis prohlem can he reformulatcd in such
;¡ way thal f('wer equations must be sol ved simultancollsly
so Ihat Eqs. (()) are 110t lIsed directly lo solve for l!lc [iLJ-
lIid rilase cquilihrilllll compositioll. Towanl this end. lhe ap-
proach adoplcd in this work was Ihal dcveloped hy Smilh
and f\-1isscn 1171. This approach, classified as a nonsloichio-
Illetric fOl"lllulalion of lhe equilihrium prohlem. is hased on
conslrainl:d 1I1inilllization of the Gihhs free energy. ¡.c' .. al a
constant templ:rature ami pressure. the 1110slslable slale (Jf ~I

sySICI11 is the slate al which lhe Gihhs free encrgy, G. is a
llIinillllllll.

J.I. Chcl1Iit'al t'quilihrium al~nrilhm

(47)

(4X)I ~_ [0(1119" / nT)]
Il fl - O",

I',T,lIj-¡i;

nT

\,,'he!"e -,,;;. ¡;::". and r(~ are the symmetrically normalized ac-
(ivity coefficienls of, respeclively, molecular solutes. catiolls.
and :lIlions at inllnile dilution in the solvent. The suhscripl /1'

refers to waler. Thus. the sum 01' Eqs. eN) and (46) constilule
Ihc 1~leclrolyte-NRTL equalion rol' mixed solvenl clcclrolyl~
sySlem.

(
!JFhll "'. 1 00 ) 9~tr~Tl.nT - ,,-¡-.ti "1i.""''' +RT'

/\c(ivily cocfficient for ionic. molecular. solute, and solvenl
specics. can he ohtaincd hy applying Ihe fol1owing lhermo-
dyn:unic equation:
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Thereforc. lhe condition of chemical equilihria can he
found hy minimizing G, al constant temperalure and pres-
surc, in terlns 01' II mole numbers and suhjecl to JI elemental
balance constraints.

N

lIliuG(Il) = ¿ni/li.
i=l

(4~)

\vilh

and

(55)

(56)

subjccl 10

s¿ flkjJli :;;=: iJ¡""

i=1

k=I. ... ,JI, (50)

whcre lile sllhscripl (11I) denotes c\'aluation al Ihe poin(
(11(1I1). 1J'( 11!)) and \1' = )./.:/ RT. 11 is rclalcd lo lhe current cs-
(imate tlf 11(111) IhrouglJ Ihe elelllenlal abuJloance conslraints.
IEqs. (50)1. hy

where ..\ is a vector 01' JI unknown Lagrange multipliers.
.x = (,\\.. . ,\,,)T By applying the necessary eondilions
ror a minimllm in L(n ...\). \Ve have

whcrc.\" is lhe numher 01' components in lhe syslem (exduu-
ing inerts), .\l is lhe l1umher 01' elements in the system. (/ki

is lhe subscripl lo Ihc I.:-lh clclllent in lhc molecular formula
01' species i, and lJ¡". is somc lixcd amollnl 01' elcment k in lhe
sYSlCIll.

In the Smilh ami ]\1isscn algorilhm, lhe constraincd
millirnil.alioll prohlcm is transformed into an unconslraincd
minimil.ali{lIl prohlem hy formlllating lhe Lagrangian fmm
Eqs. (4~) ami (50), ¡.e" Equaliolls (5-l) ami (55) are a sel of S + JI linear equalions

. I k - (m) d -,T.(m) l' h1I111e un 'l1o\\'ns Óll
l

an o 'Y/.: ,w lIch can e rcduced 10
a syslem 01' 1\1 lineúr cquatiolls in .\1 unknowns hy combin-
ing Eqs. (54) and (57) lo yield an t.:xplicit expression for the
variables Ón(m). That is. introJllcing lhe expression of lhe
chemical potenlial of an ideal solutioll. detined as

(57)

(5X)

. ,\1,

L ... ,,\11..

1..= 1. .
,\'

'""' - (m) I _/,\.m).L (/kJ()/I j = 'k ~

i=l

whcre

(51 )
S M N

L(Il . .x) = L ni/l, + L .x¡.(b, - L"hn;),
i=1 i=l i=l

.\1

II¡ - ¿ (lJ..¡)..". = (J.
k=l

; = I, .... N, (52)
/Ii = Jl~(T./)) + RTln.r¡. (.I'i = n,jll,)

inlo Eq. (5-l), amI rt.:arranging yields

(5~)

Equations (52) alld (53) represent a set 01' N + .\1
non linear algehraic cquations in N + JI unknowns
(1'1 .. ' .11,\".).1 ..• >'/11). However. lhese cquations arc
diflicult lo solve dlle 10 Ihe nonlincar dcpendence 01' the
chcmical pOlenlials on mole numher. To overcolllc Ihis
prohlcm, Smi(h and l\1isscn aJopted an ilcrative proccdure
whcrehy Eqs. (52) are Iinearil.cd in mole numhers hy cxpan4

sion in a Taylor series truncaled artcr lhe linear lerm, anJ
lIsed \vith Eqs. (53) lo solve for mole numhers. The procc-
dure is lhen repealcd until Ihe dil'ference hetween mole nlllll-
bcrs of Ihe t:onsliluents on conseculivc ilcrations is Icss lhan
a prcscribcd l.:OJlVergence criterion. Briclly, IinearizalioIl 01'
Eqs. (52) ahout an eSlimale 01' the equilihrium state soiulion
(11(111). '1,(nr}) gives.

; = 1..... N. (54)
k= l. ... Al. (62)

(61 )

(

m .11 )_!'..!.- + l'+" ",{m)RT L (Jk!'Yk

k=l

,v JO (m) ~ (111)

L (11. OH,1'_ J_
- ~-~.

)=1 "', "1

J- (m) (.m)
( 11 . = /1

.1 .1

with

,\1 IV
",,( (ml)'ll ¡{mil'L L (/kj(li.iH.i i + I~.

i=l )=1

\vllL'rc /11 represenls lolallllo1cs i!llhe phasc including inerts.
Inlroducing Eq. (hO) inlo ¡he Illoditicd elemcnt ahundance
cOllslraint. iEq. (57)1. amI afIe!" rearrangclllcnt. \'le have

j = L. ..Y, (60)

(53)

(D (m))¡Ii ~ (/11)
--- ur¡.Dn j J

k = 1... . M.

,\f

" ,., (m) O- L (fkiV'1.'/.: = .
/.:=1

.\'

hk - ¿ (¡killi = O.
¡=I

(m) ,\1 N

!!..c- _ " ,,¡. '1I{m) + _1_ "
RT L' RTL

k=l }=l
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1', = II~(T. P) + R1' lu/,(1'. P, n) + RTln x,. (64)

II~(I)= Il~ + R1'ln/i(T, I'.nll)) (66)

Cornhining the first t\\/O terms, Eq. (64) can formally he writ-
len as,

(69)

1

6 Imll
lIlax I:J~lm) :::; lO-fi, for aU i,

whcre 111 is lhe lrue mole number 01' compollent i ami 6n;m)
is given by Eq. (60). The converged mole numher vector in

Here, the main prohlelTl is lo determine a suitable vec-
tor ¡lO \vhich gives the correcl value ol' K through Eqs. (6H)
lo oblain (he correct equilibrium composilion 01"lhe systcm .
Therefore, I"or a system consisting 01"¡\" species and R in-
dependent rc'lctions, any vector ¡lO which satistics Eqs. (6H)
can he lIsed lo delermine Ihe cquilihrium compusilion 01' the
syslelll hy lhe nonsloichioll1ctric algorilhm. Sincc ,\, is gell-
erally grcalcr than R. then lhere arc 'lO infinitc numhcr 01"
\'cclors 11° lhat are consistent wilh the j valucs 01' 1(. Om;
such a \'el:tor results I"rom sctting .v - R values of Jlo lo I.cro
and using Eqs. (6S) to sol\'e roe the rcmaining R values. This
single mcthod \V'lS lIscd here lo delerminc a consistenl set 01"
11~(i= l.. .,\").

The chemical cquilihriulIl algorilhm used in this work foc
delermining lhe true mole liquid phase composilion can he
sLJllll11aril.ed as follows: givcll lhe lemperature, T, appar.
ent mole fractiolls 01' aH solvenls 011 an acid gas free basis,
x~At. lhe acid gas loading 0'1125 and/or neo:.!, lhe elemelll
ahundance lllalrix. A. ano the stoichiollletric coefficient ma-
lrix, N. for a sel of indcpendent chelllical reactions, R, all
lheflllodynamic variahles lhal dcpend on lemperature. 1«1'),
1~<;~)I\"f'nl(T),H~cidgas(T), are dcteflnined un the r¡rst itera.
lion nf each buhb)e point calculation. From the equilibriurn
cOlIstanlS, a suilahle set 01"slanuard-slatc chemic'll pOlenlials
is Gllculaled frolll rhe proceoure outlined aboye. Apparent
mole fraclions al" lhe acid gases are then detcrrnined from the
¡¡cid gas free apparcnt mole fraclions nf alkanolamines and
the acid gas loading (in lIloles nI' acid gas per mole of tOlal
amine).

AsslItlling a lotal 01"une mole 01"the Iiquid rhase on an
apparenl hasis, the apparent mole I"raclions are mappcd intn
the lrue mole nurnhcr vector. AlI other mole numbers (i.l'.,
mole numhcrs 01"aH ionic species) are sel lo an arbitrary
small !lumher, which serves as an initial estimate 01' Ihe lrue
mole numhers. Apparent mole numhers ol' waler, aH alka-
Ilolamines. and al! acid gases arc uscd to calculate lhe lolal
mole Ilumhers 01"aH elemenls hy Eqs. (50). Here, the ele.
ments are laken tn he H. O. e, S. and amine rather than N. (o
simplify Ihe elenwnt abundallce matrix, A.

From lhe initial guess of the lrue mole number veClor, the
chemical potenlials 01"al! species are calclllated by Eq. (59).
Thus. given the in¡tial eSlimales of all mole numhers and al!
chemical polentiais as \vell as lhe eJement abundance and slo.
ichiometric coeflicienl malrices. A ami N, the Smith and
Missen algorilhm was applied lo lIpdale the mole Ilumoers
which. in lurn, are lIsed lo calculate the chcmical po!entials.
The mole fractions 01' aH liquid rhase species are renormal.
il.cd on cadl iteration so thal 2::::"::1 .ti = 1. herations are l:on-
linued until tille mole 1111mhcrsdo not change significantly OH

cOllseClIlive iterations. Thal ¡s. (,.'on\'crgence is achie\'ed when

(6.1)

(65)

(6X)

I'i = II~(T, P,n) + f!T InXi

N

HTlnl\j = - L lJijlt~ j = 1.. ,R
i=::1

Summing Eqs. (60) aver j (lhe number of componeOls ex-
c111ding ¡nort,) aod using Eq. (61), yield,

•\1 1 N
'\' (m) . r _ '\' (m) (m)L bi Wt - Hinerts - HTL llk llk '

i=1 k=l

whcrc HiJwrts is the numbcr 01' incrt componcnts.
Equalion, (62) and (63) represenl a syslem of M + 1 equa-

(ions in J\l + 1 unknowns, lhe J\f Lagrangc multiplicrs. 'I'j•
anu r. Noncthcless. as suggcstcd by Smith and !\.lisscn. a
systclll 01".1\1cquations in .tI unknowns can be obtaincd hy
sctling r lo zera. These aulhors pro ved that Ihis var¡ation still
Icads lo a deseent algorilhm.

It shouid he Iloled that lhe llonstoichioIllctric algorithm
presenled ahove was developed I"orideal solulions, [Eq. (59)1.
in which it is possiblc lo exprcss D/ti/DH) analylically.
Thcrct()fC, in arder lo use algorilhms ror nanidcal solUliollS,
Slllith ano Missen uscd a11 indirect approach. That is, the
chemical putelltial for a non ideal solution is expresscd as

Note that in applying Ihe approach for an ideal so)u-
I;on, Il~(m) is not trcated as function of composition, i.l'.,

O¡I~(m) /On] is assumed lO be zero. The procedurc is repeated
unlil lhe composilion does not change significanl)Y on con-
sccutive iteratiuns, so lhat Eq. (66) becolllcs

IJ~{lIIl = ¡I~ + RTln '"'/i(T, P, n{m)), '/11, = 1,2,. (67)

Tlle algorithm descrihed ahovc for calculating the equi-
Iibriul11 composition of the system requires from the knowl-
elige of the slandard state chemical potcntials. ttf, for all
species participating in Ihe independent set of chemical rcac-
lions. Equations (9) pro vides a connection between standard
stale cllemical potenlials l'or all compollents participaling in
a rcaclion and lhe equilibrium constanl I"or Ihal reaclion,

where ,// is now a function of T and P through the UIl-

knowll cquilibrium solution ll. Thc calculatiun procedure is
ileralive. On the firsl itcration, Ihe cquilibrium composition
is calcu)atco assuming an ideal behavior, i.e., ~/i = 1 and
1'1(1'. P. nl = 111(1', P). ohlaining lhe mole numbcrs 01"Ihe
syslem, n( 1). Using the composition ol' the syslern on lhe lIrst
itt:ratioll, activity coefficicl1ls are calculated for a1l species
through Ihe excess Gibbs energy I"unctioll. On Ihe next iter-
alion, a new value 01"Il~(T, P,n) is compuled by Eq. (65)
such that
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conjullction w¡lh lcmpcraturc are uscd 10calculatc a !lew es-
timute 01' lhe activity coeflkicnls 01' all spccics hy using lhe
Elcctrolytc-NRTL equation. Thc ncw cstimale 01' lhe aclivity
cocflkicnl vector is usctl lo ealculate a new true mole fraction
vector. This calculation is rcpcatcd unlil lhe 1110le Ilumbcrs of
a1l spccies do no! changc significantly 011 consccutivc ilcra-
tions. 1.£'., convcrgcnce is atlaincd when.

From the converged estimalcs 01' P and !JíO
1, .... N), Ihe fugacity cocfficicnts, fjJi(T, P, !J), 01' aH
species are re-estimaled using the PRSV equalion 01' state.
The llpdaled fugacity coeffkienls are then used lo give ncw
cslimales 01' total pressllre and vapor phase composition.
Again. ilerations conlinue until allain the following conver-
gellce crilerion

Once having ealculated lhe lrue ¡¡quid rilase composition anJ
activity cocfficicnt vector, then lhe rhase cquilihriulTI algo-
r¡ll1m is applicd lo calculatc lhe vapor rhase composition by
using this infonnation logether with Eqs. (11) ami (15). In
this algorithm, the tOlal pressure is needed for determina-
tion of the fugacity coefficients of all vapor phase species,
~bi(T. p, 11), as wcll as for evaluation ofthc exponcnlial tcnns
in lhese cxpressiolls, ¡.c., lhe Poynting pressure correction
factors.

Initially, lhe vapor phase fugacily coefflcienls and Poynt-
ing ractors 01' all molecular components are set lo unity while
Ihe total pressure is sel lo zero. Thc phasc equilibrillm al-
gorilhm is l!len applied lO detenninalc an inilial cslimalc
of lile parlial pressures, Pi, 01' all molecular components by
Eqs. (1 1) am! (15). Thc 10la1 pressurc, P = Li J!i, ami vapor
mole fraclions. Vi = p¡J r (i = 1, ... ,N) , which satisfy
:¿;~l Yi = 1, are tllcn calculatcd. Using the estimate 01' r,
the Poynting pressure correclion term in Eqs. (11) ami (15)
are evaluated and lhe I¡quid standard slale rllgacilies are ad-
justed ror the effect of pressure. The partial pressUTes of all
molecular species are then recalculated and a ncw eslimate of
the tolal pressure is made.This iterative calculation conlinuc
until convcrgcnce is achieved whcn

(73)

(74)

T=u+b/T.

_ M I P;"" - PicaJ, I5- ¿ p,.,,, '
i=1 I

The optimulll valucs nI' constants ([ and ú. including lhe
cSlirnation of Ihe carhamale stahility equilibrium constant,
\vcrc obtaincd hy minilllizalioll 01' Ihe foJlowing objeclive
functioll

Icrlll, Eq. (3 1). anJ rUTe-COmponenl dielcctric constanls, Di,
and innic raJii, rí. in the Rom lerm, EC). (34), while the pa-
rallleters in lile NRTL Icnn. ELI. (40), are the hinary param-
Clcrs, Ti), all(llhc llonrandomlless /¿¡CIOfS.Oij. In (his work,
Ihe c10scsl approach para meter was selting lo 14.9 [1-1J whilc
dcfault values 01' 3Á werc assignecllo al1 lhe ionic raJii.

For the NTRL equatioll, there are three types 01' binary
inleraction paramclers lhal represenl the cllergies of intef-
aClion belween liquid phases species: molecule-lllo1ecule
(Tm,m' alld T

III
',III)' Illoleculc-ioll pair (T11I,ca and Tea,m),

ion pair-ion pair wilh a COllllllon calion (Tc(I.ru' ano T('(I' ,en)'

and ion rair-ioll pair \vith a COml1101l anioll (Trn,c' a and
Te'a.ca)' In order lo reduce lhe data regression prohlem ror
mixed-solvenl eleclrolyte systems lo Ihe detcnninalion o"
Illolecule-Illolecule amI Illoleculc-ion pair paramelers only,
the ion pair-ioTl pair (Trll,ca" T{"(I' ,m' T{"(I,r:' n' Te' n,en) pararn-
clers were sello :lero. Chen and Evans [12] showed thallhis
assumplion docs nol alTect signifkantly the rcpresentalion oí"
lhe vapor-Iiquid equilibriulll dala. In addilion, the nonran-
domTless parametcrs. ni), were flxed al 0.2 for molecllle-
molecule (Ctmm,) and waler-ion pair (OW,('/I nI' o('(l,w) in-
(craclions, \vhile I'or alkanolal1linc-ion pair and acid gas-ion
pair interactions. ¡Ilese paramelers \vere setting to 0.1 (sce
Rers. lO amI 2~). I-Icncc, lile only adjuslahle paramelers 01'
the Eleclrolyte-NRTL equalion are Ihe lllolecuJc-11l0leCllle
(T

1I1
,III' and TIlI' ,111)' and rnolecllle-ion pair (T1I1,{'(I ami Tca,m)

inleraclion paramClers.
Vapor-liquid equilihrilllll dala \Vere regressed lo ohtain a

sel 01' intcraclion parameters characterizing Ihe inleracliolls
helween species, which wefe assullled to be lempcralure de-
pendent according lo Ihe following function:

where the term rtXp ~ pra1c reprcsents Ihe residual hclween
experimenlal anu calculaled hubble-poinl pressures for ex-
pcrilllenl i. and Al is the tolal numbcr 01' experimenlal Illea-
surements. The Simplcx optimization Illethod (sce Ref. 29)
was lIsed for Illinimization 01' Eq. (74). suhjecl lo the vapor-
liquid equilibriulll conslraints on acid gases, Eq. (11), ami
chemical equilibriulTl conslrainlS for all reaclions includcd in
the lllodel, [q. (9).

The agreemenl hel\\'een experimenlal and calculated
pressurcs al Ihe bubble-point 01"lhe mixture. was eSlablished
Ihrough the ahsolutc percent relalivc devialion in pressure,
al" given by

(70)

(71 )

(72)

I
plm+J) - p(m) I______ < lO-4

p(m) -

I
Im+J) (m)1

ni - ni -o':
lllilX .. (m) :::; 10 . lor alll.

ni

I
(m+l) 1m) I

max Yi - Yi
(m)

Yi

3.2. Pitase eqllilihrium algnrithm

4. Data regression

The pararneters required hy thc Elcclrolyte-NRTL equalion
for the acid gas-alkanolaminc-waler SystClll include lhe dis.
lance 01' closest approach, p, in Ihe Pitzer-Debye-Hiickel

_ ~.()() M I p,'.,,, -. Pl'aJc I
a" - JI L pexp ,

1=1 1

(75)
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TAIII.I: V. Elcl'lrolyte-J'\RTL r;uamelcrs. T = fI + "/T. rol' Ihe
.ilkanolarninc-wéllcr amI al'id gas-water systcllIs. amI :lbsollllC Iwr-
lTnt rclati\"c uc\'iation in pressurc. (11'.

I\lolcl'lllar p:lir " I,(l,')
" l'

112O-\1EA 1.()3)~ l)3.3~1)

\1[A.II,O (1.32.17 -(iO.1.920 2.X

IHl . .\IDEA 1.1.I~KO -3;);-,.1.40
MIlEA.II,O -2.712.1 IX2.X6 17

lJ,fl.IlEA -3.07~O 1527.(X)
IlEA.II,O'" ) O.)()l)O X"29.00

1l2().DGA O.5X~O ~IHOO
J)(j¡\-11201,') 0.61.10 -~JO.OO

¡¡,el.CO, 1O.()(,~O -.12GS.IO
COl-lllO(/'} IO.O(>-lO -:32G8.10

II,O.II,S -T6740 I 155.90
112S-l!lO(/') -367~O 1155.~O

(" JChang d al. 1;\0/ {/dehen y Evans /121

\\hcre {J" was ohlaincd for eaeh system by using the oplirnal
\";tlllcs tlf lhc cstimalcd inlcraclion parameters.

-t.!. Hinar.y s~•.stems

For (he acid gas-alkanolamine-walcr syslem. lhere ex-
isl three consliluenl hinary sllhsystellls. which can he
lúrlllcd: alkanolamine-waler, acid gas-waler. and acid gas-
;lIkanol;lI11ine mixlures. Sincc the sys(cllls alkanolallline-
waler and acid gas-waler are aqueolls single wcak eleclrolyle
Ulles, and Ihe degree 01' dissocialion of electrolyle in each is
negJigihlc, exccpt a high dilulions. Ihen chemical cquilihria
Cíln be- ignored. Notwilhstanding, lo tesl Ihe ahility 01"(lllI"
IlloLie-1in rcprcsellting phasc eqllilihria 1'01"such syslellls. \ve
have l'orrelalcd the vapor-liquid equilibriulIl dala 1'01'l\fEA~
H:!O and MDEA-H:!O systellls. Resulls of Ihe regressioll 1'01'
Ihesc noneleclrolyle systcllls are prescllted in Tahle V. This
1;lble show thal Ihe dala seIs 01" Ihese systellls are fil well
Wilh absolule pe-rcent relalive devialions in pressure, a/'. 01'
2.X anJ 1.7% ror aJl(1jYIEi\-II,O anJ MDEA-H,O, respee-
tivcly. AuslgCll e/ al. jl5J did nol include fifled paramclcrs
rm Ihe binary tvfDEA-H:.?O syslelll. Thcy sel Ihe rarallle-
lers fO]"J\.IDEA-H20 to Ihe dct~lUII value 01' zem. Table V
aJso pmvides paramele-rs ror Ihe hinary molecular inlcrac-
lions. DEA-H:!O and J)GA~H20 paramcters were laken rrom
Ch<:H1gef al, [:WI. Thc acid gas-waler raramelers CO:.!-Jl:.!O
ami H:!S-lhO) were laken froJ11Chcn amI Evans 1121 ami all
(Jlller 1I1l1istcu hinary interacli(Jns raraJ11clers \verc ;lssullled
lo he- lLoro. These parall1ctcr values wcrc includcd in the fuI!
Elcclmlylc-NRTL Ilwdel amI \\'erc nol re-rcgressed.

As oUllincd ahove, hecause the Eleclrolyte-NRTL equa-
lion reduces 10 the original NRTL J11odelf2GI whcn no ionic

srccics are prcse-Ilt in SOilllioll. thcn it is \'alid lo üSSlIlllC thal
no iOllil' spl'cies ;lrc presenl in aqueous solulions 01' ('ither
an al~;¡llolallline nr;\11 acid gas rOl' rurpuscs nI"modeling lhe
\'apor-liquid equiJihria bdla\"ior 01' Ihesc hinary systellls. The
NRTI. hinar)' inlcr;:clion (IlHJlecuk-lllo1ecule) parametcrs til-
led on IhC' hinar)' "ystcIIl dala are cntirely consiSlcnt with
corrcsponding. paramctcrs ()f the 1~lcctnllytc-NRTL equa(itHl.
The NRTL cquatiol1 abo l'olllains a single nonrandolllllcsS
parallleler l'tll"responding lo eadl pair (Ir interaL'lion paralllc-
lcrs. llence. lo he cOllsistenl wilh Ihe apprnacl1 adoplcd fol'
acid ga,,-alk;lI1olarnine-water syslelll, these par:ullelers \Ven:
se-l lo 0.2 fol' al! hin;,ry 1Il0IL'L"ularpairs.

In mdcr (o delcrmine lhe hcsl vaiucs nI' the Illolecule-ion pair
and i(1Ilpair-ll1okcuk paralllcters. lile IlH)lccule-lllolecule in-
teraclions paramcters werL' li.\ed al v:llues cstimalcd rrolll hi-
nar)' (;¡cid gas-waler and ;lIkanoJaminL'-watcr) vapor-liquitl
cqllilihriulII dala. Thc thermodynarnic 1II0del \\"as Ihcn Iltted
lo lemary (alkanol;1I11ine-:1L'id gas-water) vapor-liquid cqlli4
Iihriulll dala. Acconling lo AlIslgCI1 ef al. r 1--11, hecallse there
is a large hody 01"II:!S and CO:! solubility dala reported rOl"
¡¡qucous alLlllo!alllinc sollllions. Ihen only Ihose soluhiJily
measurelllcnls puhli"hed aher Il))() wcrc lIsed illlhe estima-
lion (JI' 1ll0IL'l'ule-i(11l pair paratllelcrs.

Sinee vapur-I¡~:uid cquilihriulIl data rOl' alkanolalllinc-
acid gas-water systcrns are lIsuaJly reported as equilihriulII
acid gil" panial pressure-.s antl equilihriul1l acid gas IO:lllings
(i.c., 1Il0les ;lcid gas/mole arninC') in an aqllclllls solulion 01
specilicJ ;lInine cOllcL'nlr;l1ion. then Ihe lllolecu!c-ion pair pa-
rametcrs werL' l1ued 011acid gas rilase cquilibria ouly, Liter-
;lIure sources lIsed in litling all paramelers are sllllllllarized
in Tahle VI. An c.\arninalioll nf lhe experimental dala pr('-
~enled in this lab1L' sho\\'s lhal there is significant scatler of
L'xperiIllCn(al data hoth within and hetweell the dirferenl data
SOLllTl'S.Thus. by using several sources nf expl'rilllerllaJ dala
rOl' paralllCIL'r estil1lalion. Ihe ocst paralllcler values \\-'ere dc-
lerlllined to represent Ihe data as a whole.

Fitlcd vallles 01' Ihe coefliciel1ls 01' Eq. (73) for
Electrolytc-NRTL binary Illoleculc-ion pair and ion pair-
Illolccllle inter;¡ctitlll parallleters c{)JTespnnding t() the regres-
sion 01' Ihe vapor-liquid cquilibriulIl data for sYSICllls }hS-
MEA.II,O. CO,-lvIEA-II,O, Il,S-DEA-H,O. CO,-DEA-
11,0, II,S.()~IEA-H,O. CO,-MDEA-H,O, H,S-DGA-
11,0, allll CO,-DGA-H,O, are givcn in Taole VIL This ta-
bJe als() inc Judes thcir corresponding aosolllle perccnl rclalivc
dcvi:ltions in pressure, al'. Paralllelers no! lisled here were
set lo lile ddault valucs given in T;¡hlc VIII. Thal is, all water-
ion pair and ion p;¡ir-walcr paralllelcrs \\"ere fixed at default
valucs of X.OamI -,l.O, rcspcctivcJy. whilc all alkanolaminc-
ion pair and ion pair-alkanolaminc. al1ll all acid gas-ioll pair
amI ion pair4;lcid gas binary parallleters \\'erc lixed al dcfaull
\'alucs of I).f) ami -S.O. respective/y. 'fhe nOIl-randomness
parallleler. (l. was 1101regressed and was sel to lhe default
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Amine Tcmpcrature Acid gas
concentration(a} range(OC) loading range

MEA-CO,-H,O

1.0,2.5,3.75,5.0 M 25-120 (l.(190-2.oo
2.5 M 80,100 0.040-0.32
15.2,30.0 wt% 4(1-140 0.110-1.00
15.3 wt% 4(1-140 0.130-0.73
2.5 M 25,100 0.460-0.74

MEA-H,S-H,O

2.5,5.0 M 40,IIXI 0.120- 1.55
2.5,5.0 M 25-120 0.210-1.61
15.2, 30.0 w.% 411-140 0.005-1.63
15.3 wt% 4(1-140 0.025-0.97
2.5 M 25, 1(X) 0.200-0.93

DEA-CO,-II,O

0.5,2.0,3.5,5.0 M 25-120 0.030-3.326
2.0M 40,100 0.005-0.37
25.50 wt% 38-120 0.320- 1.17

DEA-II,S-H,O

2.0,3.5 M 25-120 0.070- 1.55
0.5,5.0M 25-120 0.020-3.29
2.0M 40-100 0.007-0.22
10,25,50 wt% 27-60 0.005- 1.00
25,50 wt% 38-150 01104- 1.58

MDEA-CO,-H,O

2.0,4.28 M 25-120 0.001-3.22
3.04 M 40,100 0.002-0.80
1.0,2.0 M 25-116 0.160-1.51

MDEA-H,S-H,O
1.0,20.4.28 M 25-120 0.001-1.83
3.04 M 40.80 O.lXJ4-I.08
1.0,2.0 M 25-116 0.180-2.17

DGA-CO,-II,O

60wl% 50, IIX) 0.13(1-0.80
65 wl% 38-82 0.003-0.59

DGA-fI,S-H,O

60wl% 50,100 0.060-1.09
65 wl% 38-82 0003-0.85

Malin er al. [52]
Dingman e/al. [31]

7\1atin ('r al. 1521
Dingman e/ al. [31]

Jou e/ al. [491
Jou el al. [50]
BIJa;r; 151J

.Iou ('/ al. [49J
Jou el al. [50]
Ahn;r; [51]

Lee el al. [46]
Lee el al. [47]
Lnl ('/ al. [45]
Atwood el al. [48]
Lawson and GarSI [39J

Leeelal. [44J
Lee el al. [45}
Lawson and Garst [39]

Lee ('/ al. [42J
Lee etal. [43)
Lawson and Garst f391
)OIlCS cl al. (40]
Muhlbaucr and Monaghan [41 J

Lec et al. [37]
Isaacel al. [38]
Lawson and Garsl 139)
Jones el al. [40]
Muhlbauer and Monaghan [41]

TABLE VI. Sources of experimental vapor~liquid equilibrium data for cSlimaling molcculc-ioll pair binary paramclcrs in lcrnnry acid gas.
alkanolamine-water systems.

Rcfcrcnce

(,,) Amine concentrations are acid gas free

va[lIes recommcnded in AlIslgen el al. [14]. AH defalllt vai-
ues were assuTlled lo have nu temperalurc dependencc, ¡.c.,
/,= (J.

systcll1s considered in t!lis work show similar bchavior so that
¡hey were nol includcd here. In all, mosl 01' lhe vapor-liquid
cquilibrium data was lit within ::1:25%.

Figures 3 and 4 summarize Ihe ratios uf the calculaled
lo the measurcd equilibrium partial pressures for CO2-MEA-
H20 and H2S-MEA- H20 systems in the temperaturc range
25-1 20°C. Figures summarizing the rarios 01"the calculated
lo the experimental partial pressures [or the other six tcrnary

S, Model predictions

As stated earlier, the main goal of any developed model is to
pro vide a means that can confidently be used for interpola-
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TABLE VII. Elcctrolylc.NRTL paramctcrs, r = a+b/T. fm the H2S-nlkanoJ.1I11inc-1I20 and CO:,Hllkanolmnine-H20 syslcms, and absolute
pcrccm relalivc deviation in pressure, al'.

Syslcm
'I,S.MEA.II,O
H,O.(MEAH+. HS-)
(MEAII+.IIS-)-II,O

CO,S.~1EA-II,O
H,O-(MEAII+. HCO,)
(MEAII+.IICO,)-II,O
H,O-(MEAII+. MEACOO-)
(MEAII+. MEACOO-)-H,O

H,S-IJEA-II,O
H,O-(IJEAII+.IIS-)
(IJEAII+.IIS-)-H,O

COrIlEA-II,O
II,O-(DEAII+.IICO,)
(DEAW. HCO,)-H,O
II,O.(DEAH+. DEACOO-)
(DEAII+. DEACOO-)-I1,O

II,S-,\IDEA.II,O
I1,O-(MDEAH+. HS-)
(MDEAH+.IIS-)-H,O

CO2-i\1DEA-1I20
H,O-(MDEAH+. HCO,)
(MDEAH+. HCO,)-H,O

II,S-IlGA.II,O
H,O.(DGAH+. HS-)
(DGAH+. HS-).H,O

CO,.DGA-II,O
I1,O-(DGAH+. HCO,)
(DGAH+. HCO,)-H,O
H,O-(DGAH+. DGACOO-)
(DGAH+. DGACOO- )-11,0

No. data
IX4

193

IX6

174

182

IX7

I IX)

XO

a bW)

6.9023 401.24
-:1,4406 -215.85

40563 581.65
-2.8773 0.00
9.2732 0.00

-4.876(1 0.00

5.0138 1337.30
-2.3518 -705.55

2.0153 15<>X.40
-2.4157 -.12380
7.9962 165.49

-3.8412 -186.20

8.9443 -850.86
-5.7352 931.19

15.713 -2;'43.60
-a 1233 1783.20

7.0321 425.59
-:1.7153 -148.24

1.5759 1972.40
-2.8742 -290.50
9.7715 581.73

-4.5484 -2a1.56

Up

13.5

14.8

22.3

18.5

24.0

19.0

22.5

16.1

TABLE VIII. Dcfault Electrotyle-NRTL pararnclcrs, T :::; a +
biT (b = O). speeificd in Ihis work(ol.

(a)Solute:::; CO2 or H2S. (ca) = cation. anion pair, mI = solvenl or
solute

11,0
(ca)

amine
(ca)

solute
(ca)

(e' a')

(e" a")

111.1

(ca)

11,0
(ca)

amine
(ca)

solute
(e" a")

(e' a')

mI

a

8.0
-4.0
15.0
-8.0
15.0

-80
00
0.0
0.0

0.0

0.2

0.2
0.1

0.1
0.1

0.1

0.1
0.1

02
0.2

tions 01' the dala or cxtrapolalions in rcgions heyond where
measurcmcnts have heen made. This is important due 10 Ihe
lack of experimenlal dala al low acid gas parlial pressure
range wherc it is a priori most important for design gas treat-
ing operations.

Figures 5 and 6 show the model application lo lhe pre-
diction 01'enl and }-hS equilihrium partial pressures as a
function of acid gas loading of the Iiquid phase. respectively.
These figures were generaled at 50°C over 2.0 kmol m-3
MEA. DEA. MDEA. anct DGA aqueous solUlions using OUf
rnodel for the cight ternary systcrns considered aboye.

An inspection 01'Fig. 5 shows that at these conditions of
lempcralure and lotal amine concenlration. lhe COl equilib-
riulll partial prcssure varies depending upon Ihe acid gas load-
ing. 111particular, in the COl loadillg rangc fmm 0,01 to 0.40,
it is seen thal the CO;¿o-MEA-l-hO system presents the low-
esl ca, equilihrium partial pressure while Ihe CO,-MDEA-

Re\'. Mex. Fis . .¡.¡ (3) (1998) 250-267
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of (J.) molcs C02/t1lolc amine. and Ihat revcrsioll 01' caroa-
mate lo hicarhonale dominalCs eljuilihria ahove i.Iloading of
0.5. as shnwn in Fig. 3.

('oJl\'crscly. Fig. (l c!L'arly illllslrales thal lhe hehavior
ftn lhe 112S-alkaIH)lamilll:,-H20 sysleJlls is Icss complicaleJ
Ihan lhal rL'ported f{ll"the CO2-alkanolaminc-H:.!O systcllls.
This IigurL' sl10ws a regular ln:nd 01' lhe H2S eljuilihriutll
partíal pn.'ssure ror aH alf,;anolamincs considered here. This
is hL'ciluse the 112S dOl's not react directly \\'ith the aminc.
This ligure sho\\'s lhal in Ihe H:.!S loading range rrom O lo
1 l110les 112S/lllole amine, the 112S eqllilihriulll panial prcs-
sure curves are similar rO]"lhe sysll'lIlS H2S-tvlEA-H20 and
H2S-DCjA-I-120. ¡.c.. lhe I-hS prcdiclcd eqllilihrilllll partial
pressurc curves rOl"~IEA and DGA are superimposcd to each
olhcr.

()vcrall, it is scen lllat J\-ilEA aIltIIX,A aqllcoLls solulions
have lhc grealest ahsorplion capacity. whilc Ihe aqueous so-
IUliotl has the 1tl\VL'sl(lnl'. along all the 1125 loading range.

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Mol H2S / Mol alkanolamine

F](;[JRI: h. Mollel pl'l'diclioll of lbS cqllilihrium partial pressurcs
;115(ft' ovel' 2.0 ~1l11l11ll:\ MEA. DEA. t\IDEA. alld [)GA aquc-
ou... ..olutilln ...as flllll"lioll" of acid gas IO;IJing in lbe liquiJ phasc.

0,2 0,3 0.4 0.5 0,6 0.7 0.8 0.9

Mol C02 / Mol alkanolamine

FllillJW 5. ~l(lLlel plúlidion orco,! cqllilihriulll partíal prcssurcs
al 5(f'(' OWl"2.0 I..rnollll-'\ ~IEA. DEA. :'\IDEA. anJ DGA aquc-
OllS~ohJ1ion~as rllJlCli(1n~or acid ga ...loaLling in the Iiqllid phasL'.

O :ro151(j

O m15K

" E15K

1

:; ~
o :m15K

, 31315K

t 3n15K

1.6

" :m15K

O 31315K

, :m15K

O E15K

lm15KO

, :ro15K

1.4

o
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,(l <¡, 'O
4 t X

0.2 0.4 0.6 0.8 1 1.2

Ml= f Ml t..E4

0.6
O

;j
rl
N

808o..

FHil'RE 4. Rl'grcsscd lil (1f lbS partial prcssurc data as a fUllClitlll
01"lbS Inading for tbe II:.!S.~1EA-II:.!O sYStClll.

O ~ M M M 1 12 1.4 1.
Ml ~ f MJt..E4

FIC,UREJ. Rl'grcssl'd lit orco:.! partial prcsslIrc dala as a fUllclioll
or ca, loading fOl" Ibe CO:.!-~lEA-IbO SYSIClll.

1120 sys1l'1II preSL'IllS the highcsI olle. This llleallS lhal 1''-'lEA
;llld ~IDE¡\ aljucous solutiollS have. respectively. :l ~realel
;lIld a IO\H'[" ahsorptinll capacity wilh rcspect lo the other
;lljU(,OUSalkanolamine. On Ihc contrary. in the CO2 load-
in~ ratl~e from OAO 10 D.75, lhe aqucous SOllllioll wilh DejA
pn:scllts lhe 100\'cst COl equilihrium partial pressurc.

Duc lo that I\,.IDEA Llocs nol rcacl direclly wilh COl to
form a carhamate. lhell \\-'e can expect that ilS capacily to
ahsorh this acid gas is lower lhan for otiler three amines
ctlllsidcred hL're. Howe\'eL w!len lhe COl loading is greater
lhan 0.75 moles COl/mole 01"aminc. then !\lDEA aqlleolls
splutioll has a lower CO2 equilihrium parlial pressure Ihan
for oth~r aqUL'OllS alkanolamines. For instancL', ir a sour gas
rOlllaínill~ a C02 loading nf ahout OAO moles CO)mole of
¡[mine is illlroduced al Ihe hotlOIll 01"lhe ahsorher in an ah-
\orption/slripping operalioll al 50°C. Ihe amines \Vith IO\VCI
CO2 cqllilihriulll partial pressure will he D(,A and l\1DEA.

h should hc notcd lhat Ihe complicaled heha\'ior showll
for lhe COralkanolaminc-H20 syslems is due to lhe forma-
tion of carhalllate for MEA, DGA. anu DEA, bcsiucs lo the
diss(lcialioll of CO2. Jt is also known thal lhe formatioll of
l'arhamale dtHllinates lhc chemical equilihria helow loadings
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Appendix A

Activity coeflicicllts for the Elcetrolyte-NRTL equation
Pill.er-Del1yc -Hiickel cOIl(ribulion :
Solvell[

(A-l)

(A-2)

(A-})

,'['/2 _.,)[:1/2]~i. T ~ :1'

+ 'l/')
I + ;>I;. -

(
1000) ~ ¡"/'

111~(:.I'[)" =:! ----v- A'iI r 1/2
J m (1 +/)I.r )

(
1111111) JI'

Ill .....,;,I'DII = - -,- .44~
.Im

fonie species

130m conlrihution:
lonic species

EstimalCs nI' cquilihriulll partial prcssures and ¡¡quid
pllase apparellt mole fractions rol' H2S amI cn.h were found,
in general, [o be in good agreclllenl wilh ternary (H2S-
alkanolami ne-H20 ami COl -alkanolamine-H20) experimen-
tal dala ror aqucoLls solutions ol' MEA. DEA. DGA, and
tv1DEA. That is, lhe model correctly reprcsents lhe soluhil-
ity 01' 1l2S amI CO:! in aqucolls solutions 01' these amines as
exhibitcd hy (JI' in Tables V 3nd VII. ami Figs. 3 ;]mI4.

In addition, prec!ictiollS pcrformcd rol' CO2-alkano-
lamine-H10 and H:2S-alkanolaminc-H20 syslcllls show tha!
Ihe dcvelopcd fllodel can be used ror intcrpolations nI' the
dala or extrapolatiolls in regiolls heyond where measurcmcnts
have bcen made.

f'inally. an cxtcnsioll 01' Ihe Illodel has bcen made to rep-
resent H2S and COl solubility in aqucous solutions ofmixcd
amines data. Resll1ts obtained w¡lh lhe titled parametcrs ror
various Illixed amines sys[cllls will he reporled in a forlhcolll-
ing papel'.

6. COllclusiolls

A lhcnnodynamic modcl \Vas dcvclopcd lo represen!
vapor-liquid cquilibriurn data 01' acid gas (H:zS, C01)-
alkanolall1inc(MEA, DEA, DGA, MDEA)-watcr syslcms.
This mollel accounts rOl' chcmical cquilihria in a rigorous
fashiolllo determine lhe true compositions oí"allliquid-phasc
spccics. ionic and molecular, and rilase cquilihria lo deter-
mine lhe cquilibrium distribution 01' molecular spccics hc-
t\Vecn Ihe vapor ami I¡quid rhases. In general, lhe systclll is
lTlodeled as a solulion ofmolccular and ionic solutcs in a mix-
ture of water and alkanolamincs.

Liquid-phasc activity cocflkicnls \Vere reprcscnlcd with
lhe Elcctrolytc-NRTL cquatioIl 10account rol' long-rangc ion-
ion interactions and short-rangc (local) intcractions betwccn
all [rue species in Ihe Iiqllid phase, while vapor-phase fugac-
ily coeffkients weTe represented wilh the PRSV cqlla[ioll 01'
slale.

The cquilibrilll11 dislribulion 01' liquid-phase species \\'as
detennined by a Gihbs free energy minimization teehniqllc
in which the values 01" Ihe free energy are conslrained by lhe
elemental abundance equatiolls. The minimum in lhe Gihhs
free cncrgy was foulld by lhe melhod 01' Lagrange Illultipli-
crs. Due to the non-linearity in Illole nUlllhers. the necessary
conditions for a lllinimUIll in the free energy were salisfied
by solviJlg iteralively a linemized sel 01' lhe neeessary C()Jl-
dilions. Overal1, t!lis procedurc (.'onvcrged in a few iteralions
wilhou[ any diftkult ror aH systcl11s so far sludied.

Binary inleraction paralllclcrs (JI' lhe Eleclrolylc-NRTL
equatioll amI carhamale stabilily constanls werc fltted on
binary systelll (MEA-H20 and MDEA-H20) and ternary
sysIClll (H,S-MEA-H20, COrMEA-H20, II,S-DEA-II,O,
CO,-DEA-H,O, H,S-DGA-H20, CO,-DGA-H,O, II,S-
DMEA-H,O ami COrMDEA-H,O) vapor-liquiJ cquilih-
riulIl data in ICl11perature range from 25 to 120oe.

Temary varor-liquid equilibrium data used to cs[imate
Ihe model paramclcrs ranged in alkanolalllinc eoncenlratioll
frolll 1 to 5 1\1. in liquid rhase acid gas loading frolll O to 1.5
moles 01' acid gas per mole nI' amine, and in aeid gas parlial
prcssure fmm 0.1 to about 100 bar.

NRTL eonlrihulion:
Molecular species

In I 11I ,!\'llTL = Lj XjGjmTjm

Lk.\kGk1ll
\-C ( ,,\"r' )" • /n'mm' _ I _ Gk' ~-I.-' km' Tklll,

+ L-" v G '"U" "Y C
I Lk ~'\.k 'kili' Lk' k 'km'

m

(A-4)

11l.....¡;::,KnTI. = TIIlU! + (,'1II1I,7mll• (A-S)
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Cations

1
Zc 111;c,NRTL = L

"
", ""'"X"Lo '1
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T
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1
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"'" \' e'L¡". - ¡". 'bll

(A-6)

(A-7)

(A-8)

(
'" , X 'T ,)00 '. Le r l/'lI,/' fI

In I'n :-.JHTL == Z'l ("IWTIlW + '" \'
, Lr".c"

(A-9)

Aclivity coeflkicnts given by Eqs. (AA). (A-() :l1ll1(A-
X) ;¡re sYIllJllclrically llonnalized. Thcrefore, lo ohlain the
t111sYlllllletrical1y Ilol"lnalizcd aClivity cocfficienlS rol' which
Ihe solute (molecular or ionic) reference slale is lhe ideal ill-
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