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A thermodynamlc model has becn developed for thc solubllrty of acrd gases m B
' alkanolamme solutions.: The model i is ‘based. of the extcnded Debye-Huckel .theoky of
electrolyte solutions. The interaction paramcte’rs are obtamed from the equrlrbnum sol’ubxlrty
"data for the pure-acid gases and their mlxtures The model was used to. correlate the solubrlrty

of carbon dioxide, hydrogen sulfide, and. therr mrxtures in mOnoethanolam:ne, drcthanolamme ‘ .", °
© and dusopropanolamme solutions, in the temperature radﬁe of 25 to0: 120°C,. The predlcted

_ partial pressures are in good agreement wrth the experrmental data. Howevet," the greement
for the partial pressures of carbon dnoxlde over 3.5 N DEA solutlons is not sansfactory -
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Natural and manufactured gases frequently contain objectionable impurities like

. hydrogen sulfide and carbon dioxide with small quantities of mercaptans, carben monoxidc, ¥y

hydrocyanic ‘acid, carbon disulfi de and carbonyl sulfide. Hydrogen sulﬁde is pamcularly

_ undesirable on account 'of its tox:crty and corrosiveness. Removal of carbon droxlde 1s R

necessary if thc gas is to bé liquefied or used in a chemlcal process.
Aqueous solutions. of alkanolamines are the most wrdely employed solvents for the
absorption of carbon dioxide and hydrogen sulfide. The use of alkanolammes for the removal
of acid gases was first suggested by Bottoms=(1931) who discovered that o ,
“certain amines and amino compounds have the property of absorbmg carbon dlox1de " "_‘ Co
and hydrogen sulfide, forming pyrolytically unstable carbonates and hydrosulﬁdes '
~ which, when heated to a temperature above 50°C decompose ‘and libefate the carben
droxnde and hydrogen sulﬁde and releaSe the free base m “its original form.”
_The alkanolammes are characterlzed by the presence of the hydroxyl- group -OH and

. the amino group -NHz _’I‘he hydroxyl group reduces the vapor pressure, of the amine and - R S
‘ mcreases its water solublhty, while the- amino group provrdes the necessary reactlvnty with the "

.monoethanolamme (MEA) and diethanolamine (DEA). These amines have a hlgher ‘tapacity,

acid gases (Kohl and Riesenfeld, 1974) : : .
Trrethanolamme (TEA) was the’ first to be used but it has been SUperseded by

* higher reactivity and better thermal stability than TEA. DEA lS the preferred solvent for. gasesr

containing carbonyl sulfide because MEA réacts: lrreversrbly wrth _carbonyl suifide’

Dusopropanolamme (DIPA) is used m the Adrp process arid’ the: Sulfinol process.

Methyldrethanolamme (MDEA) 1s a selectn/e absorbent for hydrogen sulfide m the presence of
carbon dioxide. Drglycolamme (DGA) whrch is a hydroxyammoether (and not a-true

’alkanolarnme) has‘a lower vapor pressure than MEA It can be used in high concentratrons

' "-'resultmg in hrgher acid gas plckup, lower steam consumptton and a decrease in the amount of

_solutlon crrculated /Table"1 shows the structural formulas, molecular werghts and the chemtcal

~‘names’ of these amines, . . - - . Sy “@ 4 » _ \

;
“The basic flow scheme for the- actd gas removal process'is shown in. Flgure L. The
sour gas is passed upward through the absorber countercurrent to the amine solutlon -The ,’ '

~ sweetened gas leaves the' top of the’ absorber and is"dehydrated before being put to use. The™

“_‘rlch solutlon from the bottom of the' absorber is heated in the amme-amme heat exchanger )

and fed. to the top tray of the strlppmg oolumn The rich solutlon flows dOWn the strxppmg
olumn m ‘¢olintercurrent contact with the vapor. generated in the rebmler and’ 1s strlpped of

“the acrd gases. Some of the lean. solutron leaving the stripping column -is- sent to the reboiler.

B The remammg solutton together thh the condensate from the” reborler 1s passed through the

amme-amme heat exchangcr and a cooler.before bemg fed to the top ‘tray’ of the absorber. ©
The acid gas leavmg the stnppmg column is cooled to condense the water vapor The =




-,

~

- '

condensate is separated, in the separator and is fed back at the top of the stripping column.

This basic scheme may be modified by mcludmg (l) water wash of the purified gas
for an‘une recovery, (2) fl hmg of the rich solutton to- remove dissolved hydrocarbons or
(3) spht—stream flow to reduce the steam requtrement ) S

Over .the past fifty years several(mvestlgators have measured the equrlrbn - L
solubxlrty of acrd gases ih alkanolamme soluttons Kohl and Rlesenfeld (1974) and Lee et ﬂl o
~ (1973)have presented fiterature revrews _ F . .

The rates of absorptron and stnppmg depend upon the departure from equthbrtum T
‘the absorber and the stnppmg column Accurateé. equthbnum data are essential for “the proper
dwgn of ‘the. gas removal process The solubility -data have, customanly been published as the '
plots of the acrd Bas parttal pressure agamst the mole ratio in liquid (aetd ‘gas/amine), at a
given temperature and amine, concentratlon The solubrltty of the. mtxtures & also expressed m
-the.same-fashion, wrth the mole ratxo of the other acid gas as a parameter e

: These data: are useful in r‘any ways. They ¢an be used to calculate the acrd gas
loadmgs at _given_ parttal pressures the mmtmun\clrculatlon rate of the’ amme solution’ and the .
numbe.r of trays-in.the absorber and the stripping column. In exrstmg plants, these data may
.be used- to determine "how close the absorber is to equrltbrrum at the lean end and if a pmch
condmon exists at the ‘rich end As the amine solutton ﬂows ‘down the’ absorber its . <
temperature ‘increases because ‘of the heat released by thé absorptton of acrd gases, Therefore ’
the solubrltty data are needed for many dtfferent temperatures. The effort requtred to, collect l .
these data and thé- WIde range of process condlttons make a com’puter-ortented correlation of '
the ‘data htghly desrrable This correlatton would be useful for 'interpolating the solublhty data
to temperatures loadmgs or amine concentrattons where no data are avarlable '

Simple. curve ﬁttmg is unsuttable because it provides- no’ msrght into the phys:cal
basrs for solubtlrty and .it can.not, be used with confidence at extremes of loadmgs or
pressures Such’a: ‘model would be’ mﬂexrble and drfﬁcult to mamtam as new data could not '
be eastly mcorporated into, it. The model would contain a large number- of meamngless ‘
coefﬁctents The nature of\ mterpolatton is also not obvtous For example, tt is not obvmus :

LS

whether the" same functlons should be USed for’ mterpolatmg over temperatures«as those used

- S

for mterpolatmg over normalmes L . L LT e PR hS
A thermodynamrc model based on the physrcal processes oceurrmg in the system

~izwould certamly be preferable to the: curve fitting approach Thxs model would be able to - - \ e,

correlate the. solubthty ‘data’ by makmg reallstlc approximations. Rec‘ently, two models have

- been proposed to correlate the equxltbrtum data for acid ‘gas-/ alkanolamme systems.. Before
: analyzmg these models in detatl it"is necessary 10 understand ‘the thermodyn‘:tmrc criteria: for

equrhbrtum in mult,tcomponent multlphase systems o . S ,

,1;) EE o . ] ..
' . ° : L . ¥ -



Table 1. Alkanolamines

T
T e , ’ . . ' !

o (1) Monoethanolamine

' Abbreviation : MEA
_ Chemical formula : H,NCH,CH:OH
) IUPAC name : 2-amfnoethanol ,.
b ' Molecular weight 61.09

(2) Diethanolamine
_ :, . - i Abbreviation : DEA
- S . Chemical formula : HN(CH;CH:OH),
[UPAC name : 2,2’-dihydroxydiethylamine
" Molecular weight 105.14
(3) Triethanolamine
. Abbreviation : TEA
! , * —Chemical formula : (HOCH.CH2);N
" [UPAC name : 2,2’,2"-trihydroxytriethylaminé
Molecular weight 149.19

(4) Diisopropanolamine
: ' Abbreviation : DIPA
Chemical formula : [CH;CH(OH)CH};NH '
o IUPAC name : 2,2’—dihyd;'oxydiprop' amine
' o . - Molecular weight 133.19 " - "

"(5) Diglycolamine )
Abbreviation : DGA . »
: ~ Chemical formula : HOCH,CH;OCH,CH:NH:
e S ) " 1UPAC rname : 2,2’~hydf6xyaminoethyle§her
' . “Molecular weight 105.14

* (6) Methyldiethanolamine ‘
Abbreviation : MDEA
~ Chemical formula ¥ (HOCH,CH:);NCH;
IUPAC name : v2,2’¥dihydroxyd’iEthylméthylanﬁine
Molecular weight 119.17. .

)
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1. THERMODYNAMIC FRAMEWORK

'

The criteria for cquxhbnum can be derived from the laws of thermodynamics. These .

criteria allow us to examine the assumptlons implicit in various solublhty models and pomt '

the way to areas where unprovemems can be made.
The second law of thermodynamm states that

dS + dSur =0 :

If dQ-is the heat added to the system,
dSwe =-dQ / T . ._

The first law of: thermodynamics for closed systems is
dQ = dU - dW .

If only mechanical work ' is performed on the syétem,

gw=-Pdv | @D

These equations can be combmed to glve -
‘dS-(dU+PdV)/T>0 : .

This can be stated in the form ' v
dU+PdV,TdS<0 ) : _

as T is never less than zero. The Gibbs free energy, G, is defined by
G=U+PV-TS o |

At. a constant temperature and pressure,
dG = dUu + P dV - T dS

The second law can now. be stated in terms of the Gibbs free energy,

(dG) < 0 at constant T and.P : ’ ‘ =22

Any change occurring within the system has to satisfy thls condmon A state of equrhbn
attained when G- reaches its minimum value.- Further change is impossible as this change
would not satisfy Equation (2 2). g

um 1s

For a p- phase system conmstmg of C components; the fun.damental'equation can be

written in the form R ‘ ' : -

G=G(T,P,n") - ' i=1,....CGm=1,...
‘where n" is the number of moles of the component i in the phase m. The chemical potential
wi is deﬁned by Qg " ; ’
=2G [ on"

“

In thxs expressnon " the partial derivative is taken with respect to n", keeping the temperature,

. pressure and the number, of moles of each component in every phase (except n") constant.

‘ The Gibbs free energy is an extensive property of the system. :
(TPkn.)—kG‘(TPn.) _ _ : )
: Applymg Euler'’s theorem, we have o '
G = I%.n” y,,". -
Therefore,

s

- P



dG = I n” du” + I " dn” e
- Howevcr dtfferenuatmg the fundamcntal equatton ; : o Co
o dG=3 o dn” b Cowl o S
o ‘These two eqhatlons jleld the &bbs—Duhem equatlon . E
CF amdu” =0 - St L ‘
In the stat€ of equtllbnum G 1s mmlmum and the vanattons 1n G caused by small variations
in n" must be zero. The variations dn" are, not mdependent because they have satisfy
addmonal constramts such as mass balance, charge balance, non-negatmty, etc.. The solutlon v
to this constramed minimization problem requires Lagrange mulnpllers
' Let u; be the moles of element j in one mole of component i and let ¢ be the total
" number of moles of element j present in” the system. If E is the number of different chemlcal
elements present in the system the mass balance can be written as

CEInTw-g=00 0 - . ‘ ——(2.3)!
The charge balance can be expressed in thlS form w1th Cant = 0 and u g = the charge on the
. l-th specxes ‘ ‘ )

‘ An augmented functlon GA can be defned as | . S
.G-—G+2A,(2muqc,)
- The condition. of eqmltbrtum now becomes
. 8Ga =0 C
Therefore, . -
>IT dn” +Zd)\(§;n. uy - )+2)\,(Zu.,dn.)—'0
And thence,
Z(p.+2)\u.,)dn. +2(Zn. u.J c,)d)\J—O _ v
‘As dn. and dA; are mdepenaent varlables each coefﬁc:ent in the above equatlon must be :
. :zero : ) ) . . - :
THEING =0 e —(24)
(and 2 n" uy -.¢; = 0, which. gives back the constramt egﬁatrons) These equattons can be
solved for n” and A; to obtain the equilibrium composmon and the Lagrange multipliers.
. Traditionaily, thcrmodynamncnsts have avorded the use of arttflcral vanables,,)\,, by
postulatmg chemlcal reactlons.,The reactions are expressed as o S,
2 al . | = 0 ) . . . - 5 \
where Y, is the chemical formula for the i-th component The superscnpt . indicates the

phase :n which the reaction is taking place. The coefficients a,™, are called the stoichiometric
coefficients for the reaction r. By convention, a;"; are posmve for the products of the reactlo
and negative for the reactants. These postulated reactlons allow us to ellmmate A from the
.» criterion of equtllbrtum ' . : Y
Any postulated cherical equatlon§ have to be consistent with the constraints /
mentxoned earlier. The coefficients a;"¢ have to satisfy the equation. B : '/’/ '
Zu.,a”-O : T —(2.5)
ie. every postulated chemical equation has to conserve the mass of each element and the
electric charge. Multiplying Equation (2.4) by a;"; and summmg, ind
2a.,u./+§:)\(}:u.,a.,)—0 ‘
From Equation (2.5), the second term is zero.



o 7
Za" uw"=0 - ’ S —'(26)

This equation expresses the condmon for phase and rea%:tron equlllbna m a closed system at a

constant temperature and pressure. ‘

, Since it is difficult to visualize chemical potentials, the cntena for equnhbnunrwﬂ’

" often cxpressed in terms of acuvmes defined. by ' _ : .

w" = p® + RT In a” | oo S — @27
where 3" is ‘the actrvrty and u"" the reference value of the chemical potentral The reference
“state is the one of unit activity. » ‘ . .

- The condition of equilibrium in terms of activities is - K
zm4yﬁ+krma)—o ' - :
“fa hat=-La” (p® /RT) , o —(28)
The rrght hand side depends only on the reference states chosen and is a constant at a
prescnbed temperature. , .
Equatlon (2.8) is the startmg pomt for most stucies of phase and reactron equrhbna
The vdpor—quuiﬂ equxhbnum (VLE) is- given by
Y. (liquid) = Y; (vapor) _ ...
The condition for equilibrium is - - :

Ina -ma*=(p™-p™)/RT L ) o
o a¥/at=ep ((w-p™) /RT). oo
The rxght hand- srde is called the Henrys constant, H;. - s . \

= H; a" : : R R ~am
The Henrys constant depends only upon the reference states. This equatron can be further
modified by mtroducmg two coefficients, ¢: and 'y. The- fugacrty coefﬁcrent d),, is defined by
’—¢.Y1P/(¢.Y.P) i
~and
¢ — _l as P'~—~ 0.
If the reference state is chosen so that . e R

=1, vy’ =1 and P° = 1, L ' @
we get T T ) S ‘:\\ ,
a'=¢ P - o ' . ‘—(240)

We thus get a rather simple expression for the actrvrty if- the reference state is that of the '

perfect pure gas at the system temperaturc and unit pressure. This state. is only hypothetical

because ¢i will be in general, ferent from umty at- ﬁmte pressures Also the expressmn
= ¢l Y| ’ ’ .

is meamngful only if P is measured in the same system of units in which P is unity. For

- example, if P° is | atm, P has to be expressed in atmospheres.

The fugacity coefﬁcrent has been defined in such a way that for’ an ideal mlxture of
perfect gases, ¢, = 1. There is no perfect liquid law ‘and hence no preferred definition for the
actlvrty coeffiment 7, The activity coefficient is defined in several ways, ‘one of which rs

L= v mi f ’y,
And when Tm— 0, _ .
. v — I for solutes : N R

7

and



. , S .- . 8
Yo — l for the solvent. ,} T o .

Other units of concentration such as- molanty, normahty or mole fraction can. be
,used in place of molality. These lead to activity coefﬂclems different from tbo ined above.
"It is clear from the definition that thc activity coefficients tend _&unlty in an fmltely dilute

solution. The reference state is tha%f a hypothetical infinitely te solution of unmit molality. -

. Thi§ leads‘ to a simple expression ' T L - "
=y m : : ool = (2.11)
It must be emphasized that m;-is in the same set of ‘units in Wthh h" is unity. In Equatlon
(2.11), m; is a dimensionless number. . NS . B . .
With these deﬁmuons the ’VLE relation becomes - _ . : ' =
ey P=Hym . . = T 'l‘—(zxz)

"By convention, the activity coefﬁcxent of water has been based yl its mole fraction rather than
molallty The reference state -is that of pure water at the system temperature and pressure. The .
_VLE relation for water is . o ' ,

" ¢wyw P = Hw yw xw o - =@y
_The mole fraction of water is usually close to umty s,o that yw = 1. For llquld water in

" equilibrium with its vapot “%w = l.and yw = L. At low pressurés, the fugacity coefﬁc1ent 1s '

‘also close to unity. Thus the Henrys constant of watcr is equal to its vapor pressure This = -
conclusmn is valid if the temperature is less than 150°C and if the mole fraction of water in:
the liquid phase is close to unity. . o
For aqueous phase chemical reactions, the condmon for equxhbnum is
Ea,,lna.——Za,,(/.t./RT) A ~
or N " o o S
H(a.)“a..—exp[ Za.,(;z,/RT)] i’
The right hand side is called the equilibrium constant, K. for the reactlon . lee Hi, thiS
dxmensnonless eonstam depends only upon the reference states ‘ , . :
K—H(a.)“'a., ST S — (214

<.

where ‘ o I Y i
© & = v mfor solutes’ : —_— R ‘
z : ' " ) ‘, . )
and - . v o .y : .
aw = xw for water. Co - : s B

Equatlons (2. 12) {2.13)-and (2.14) descnbe the condmons for equxhbrnum in an
aquedus solution in contact with its vapor. To be able to ‘use these equations, we need
information about ¢ and v; for all the components present in the systemt, as well as the

- Henry's- constants and the eqﬁilibriufn constants. When this in’fOrmh{(ion is available from
experiments, ‘it can be used to. predict the “equilibrium composition. In absence of. detailed
information, we have to construct simple models which wnll help us extract this mformatlon
from the mcomplete data o ’ '

e

T

r”
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I1i. SOLUBILITY, MODELS

\\ ' .

Thelﬁrst attempt' to ‘correlate the solubility data for the CO; / amine / water system
- was made by Mason and Dodge (1936) They found equations \‘ ) ‘ :
“which represented the data fairly well over a limited range of conditions but all
attempts to broaden the apphcabrllty resulted in such complexrty that it defeated the 1
purpose for which the equation was intended.” v . S
Although Mason and Dodge do not describe the method they used, lt.is evident that they
adopted a curve fitting approach. The reactions between alkanolamiryes and carbon dioxide
had not been studied at that time. : . \ l : ) '

Kl
o

Van Krevelen et al. (1949) developed a method for predrctmg the vapor pressures of
) hydrogen sulﬁde and ammoma over aqueous solutrons Their scheme was later used- by
'Danckwerts and McNeil (1967) for the CO;. / amine / water system Kent and Ersenberg
(1975) used a modification of this method to correlate the equrllbnum solubilities in CO; |/
H,S /- amine / water system. . - T

Another model developed from the work of Atwood et al.'(1957) who proposed a
method for calculating: equilibrium composmon in the HaS / amme .| water system. Their
method was generaltzed by Klyamer ét al. (1973) and applied to the CO2 / H.S / amme /
water’ sy‘stem A modrﬁcatlon of this method. was suggested by Nasu (1975). Edwards et al.
(1975) used the extended Debye-Huckel theory of electrolyte solutions to calculate the 5
" liquid-phase activity coefﬁcrents “They. also devised a method to obtain the parameters requ(frem o
“in their model Recently, Beutier and Renon (l978) have rmproved Edwards method by a =" RS
"tmore accurate representatron of activity coefﬁcrents N

All these models are based on the chemical reaction equthbrra in ‘the quutd phase
. The main ‘reactions. occurrmg in the 'CO, |/ HzS '/ amine / water system are as follows:
" lonization -of  water: . _ C ‘

HO=H+O0H o S =3

‘D'issociation of hydrogen sulfide: ‘ . s

. HS=H +HS 5 N - L —(32
_ Dissociation of carbon droxrge - , . o
H,0 + CO; = H" + HCO;" S _ R L (3.3)
Dlssocmtlon of alkanolamme ‘ , o : ' : ¥
" H;O + RR'NH = RR'NH;" + OH’ o , k —(34) .
' Formation of carbamate: - ' » R o ‘ C
RR'NH + CO, = RR'NCOO™ + H’ o | ' —(3.5)
 Dissociation of bisulfide -ion: o T S ' o
O HS =H+ S , o | o )
Dissociation of bicarbonate ion: S : o , '
HCOy = H' +COS™  — | - . —3n
. T « :
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. )‘ ‘
“In these equations RR’NH is the chemical formula of the alkanolamine. Tertiary

armines (TEA and MDEA) lack the extra hydrogcn /atom and do not fotm carbamates by

reaction 5. In addition to the reactions 1 to 7, othcr reactions may take place in the solution.

' The amines react with carbon dioxide to form hetcrocychc compounds. The amines may react
‘with impurities in the sour gas such as carbonyl sulfide and carbon disulfide. These reactions -

have little effect on the acid gas equilibria as only a small fraction of the reactants is used up

_ in these reactions. The alkanolamines have two active groups, viz. -NH;_and -OH. On account

of this bifunctional nature of alkanolamines, the following reactions are possible:

. R-OH+OH’-R|-O+H'20‘ ’ '
R-0" + CO; = Ri-0-CO0™

These reactions are excluded from consideration because the

ount of products is negligibly‘
small (Jensen et al., 1954). Astarita et al. (1964) repom.that these. reactions take place only in

" a basic solution where pH is 11 or greatef; these reactions can be neglected ‘as the pH of-even
" a slightly carbonated solution is less than 10. ¢ ’
~ The chemlcal reactlons 1 to 7 are accompanied by the vapor-llquld equnhbna of the ..

volatile species. ’ £ . v : .
CO: () = CO; (8) . : ) . — (3.83)
H,S (1) = H:S (g) ” T : ) — (3.9)
"H:0 () = H:0 (§) . - . _ — (3. 10)

Free amme may also be present in- the vapor phase. Under the conditions. of interest,
the. vapor pressures of the amines are very small and we can assume that the amine is present

, only in the liquid phase. The thermodynamic framework developed in the previous chapter

enables us to write down the equilibrium relations among the reacting species. These equations

rare as follows:

Kw = ¥(H) ¥(OH) m{(H") m(OH) / xw = : Co =@y
Kic'= Y(H) "Y(HS) m(H") m(HS) / ¥(H.S) m(H:S) . - - =31
Kiv = y(H") y(HCOy) m(H) m(HCO5) / ¥(CO2) m(COz) xw - \ -~ (3.13) .
K, = y(RR'NH:") y(OH) m(RR'NH;") m(OH) / y(RR'NH) m(RR'NH) xw  — (3.14)

. , = y(H) (RR'NCOO") m(H") m(RR'NCOO‘) / ¥(RR’NH) %(CO;) m(RR'NH)

- m(CO») S L R C R D)
Kzc = y(H") ¥(S) m(H') m(S") / v(HS3 m(HS7 . , - —(3.16)
Kzy = y(H"). ¥(COy) m(H") m(COy) / (HCOy) m(HCOy) ° L~ @aAn
#(CO) Y(CO;) P = H(CO2) ¥(COz) m(CO») - ‘ = (318)

O(H:S) y(H:S) P = H(H:S) y(HaS) m(H:S). ' =319
dw yw P = (Pulve xw ' R . — (3.20)

The reference states have been defmed in Chapter 1. Equatlons 3.1 to 3. l9)
destribe the ngorous thermodynamic criteria of equilibrium in ‘the CO, -/ H,S /. amine / watet

system, Equauon (3.20) for water is based on the assumptlon that ¢w = | for pure water at

its vapor pressure oo ;

The mzﬁs/éalance and the electrlc charge balance are glven by the following
equations; » ‘ : ) .
ma = m(RR'NH) + m(RR’NHz’) + m(RR'NCOO") ‘ : — (3.21)

mi a(COz) = 'm(COy) + m(HCOy) + m(COs) + mRR'NCOO) = -~ —(3.22)

&



Bower er al. (1962) giy,

S

_ < 11
ma o(H;S) = m(H,S) + m(HS) + 'm(S7) : ) : —(3.23)
- m(H") + m(RR'NH,") = m(OH") + m(HS") + m(HCO;,) + m(RR'NCOO") + 2 m(S™) +
2 m(COy) o | . — (3124
Here d(COz) and a(H;S) are the mole ratios in lfc‘]uid (carbon to nitrogen and sulfur to
nitrogcﬁ). ' ' S '
Olofsson and Hepler (1975) give a set of .best values for the thermodynamic o
equilibrium constant, Kw. These values were obtained from an analysis of ‘several experimental .
investigations and are consistent with other thermodynamic properties such as the standard -
enthalpy of ionization. They recommend the following equation for Kw, valid upto 150°C.
- - logi Kw = 142 §'13.6/T + 4229.195 logio T - 9.7384 T + 0.012 963 § T - 1.150 68X107°
T + 4.602}10°T* - 8909.483 - C ' — (329
‘ Rao and Hepler (1977) have similarly analyzed the equilibrium constants and the
thermodynamics_ of ionization of aqueous hydrogen sulfide. For temperature_s.;be;ween 0°C and ;

250°C, they recommend the following equation: = . ,
logio Kic = - 6045.2/T + 10667 - 37.744 logie T — (3.26) .
" The first ionization constant of carbonic acid was measured by Read (1975) from
25°C to 250°C. His results can be correlated by the following equation:
In Ky = 413.7285 + 4.43] 786X107 T - 67.3414 In T - 1.726 204X10*/T T — (3.27) ‘
The most reliable measurements of the dissociation constants of the alkanolamines
are those of Bates and coworkers. Bates and Pinching (1951) recommend the Ifollbwing
equation for the acidic dissociation ‘constant of MEA, from 0°C to 50°C.

- logio Kun = 2677.91/T + 0.3869 + 0.000 427 7 T IR (3’.28).

-

- The basic dissociation coristant,, Ki can be obtained from K., and Kw by the equation:

Ki = Kw/Kun ] ‘ _ e (329)
the following equation for ‘the acidic dissociation constant of DEA,

fromh 0°C to 50°C. o » i . -
- logis Kun = 1830.N/T + 4.0302 - 0.004 326 I T o S —(330) .
Bates and Allen (1960) repdgt the acidic dissociation constant of TEA, from 0°C to 50°C:

- fogio Ken = 1341.16/T +4.6252 - 0.0045666 T

for the temperature range of 0°C to 50°C. No.measurements have been reported for DIPA,
DGA and MDEA. .
" Jensen. et al. (1954) studied the reactions between ‘carbon dioxide and alkanolamines. -

‘They report the equilibrium constants for carbamate formation' for MEA and DEA at 18°C.

They have used the Bjerrum expression,
- logio v = 0.3 (Gos)**® - - : , ‘
to calculate the équilibrium constant. McNeil (1965) studied the same reaction, but used a
different méthod to analyze his results. Tertiary amines do not form carbamates. No data have
been reported for DIPA and DGA. . . o ' “
For moderate degrees of carbonation, the carbamate js the ‘predominant product of
the reaction. It is indeed unfortunate that this key reaction has received so little attention from

researchers. At present, the equilib_rium constants for carbamate formation are available ‘only

_for MEA and DEA at témpératures of 18°C and 20°C. These measurements have been

— (33D .-
- The measurements of the dissociation constant of the alkanolamines have been reported only



1. Kent and Eisenberg Model .

12

mterpreted on the basns of untested models. »
The remalmng two reactions, the dissociation of the blsulﬁde and bicarbonate ions 5
are important only at very low loadings of the acid gases. The second ionization constant’ of
hydrogen sulfide has been ‘measured by Kryukov et al. (1974) They give the fcllowing-
‘equation for the dependence of Kc on temperature, vahd from 25°C to 250°C
< - logiy Kac = 2892.91/T + 4.448 - 0.002 514 T . : — (3.32)
The second ionization constant for the cdrbonic acid has been measured by Harned and
Scholes (1941), Cuta and’ Strafelda (1954) and Ryzhenko (1963) Their measurements, as
reported by Kent and Eisenberg, may be correlated by the equation:

In Kyy = 23.869 04 - 4.458 435><10‘2 T - 2245 836 In T - 6433. 628/T — (3. 33)
The Henrys constant for carbon dioxide has been measured by Wiebe and Gadgy (1940)
Zel'venskii (1937) and Elhs (1959). These data were correlated by the equation:

In H(COy) = - 4379. 848/T + 36.725 75 - 2. 387 349%X107° T . —(3.39)
Lee and Mather (1978) have measured the Henryf/s constant for hydrogen sulfid y have
_also reviewed the earlier measurements of the Hef\rys constant. Their data wer€ correlNed by
the CQuatlon ‘ N / L v '

\ln H(H:S) = - 4788.603/T + 38. 4457 - 2.897 82leO T ' — (3.35)

-
E

Van Krevelen et al. used the following method for calculatmg the vapor pressures of
ammoma and hydrogen. sulfide over aqueous solutions. . )
Instead of the thermodynamlc equnf"bnum constant and the Henry’s constant, ‘van
Krevelen et al. used the pseudo-equilibrium constants defiried as follows: .
K’ = K ¥(H:S) ¥(NHs). /| (HS) ¥(NH,") = m(§S") m(NH.") / m(H.S) m(NH;) — (3.36)
H'(H,S) = H(H:S) v(H:S) / ¢(H:S) = y(H:S) P / m(H:S) : o —(3.37)
Van Krevelen er al. have used molarity instead of molality as the measure of
concentration. The use of molality does not, however alter the essential features of thelr
"‘method. Van Krevelen er al. proposed equatlons for relating these pseudo—equnhbnum constants -
to the ionic-strength of the solution. The ionic strength is defned as:
p=.05Z%mz’ ' ; : ,——(338)
‘It has been claimed that the dependence of K, c and H (HzS) on’ the ionic strength 1s linear.
In their work, van Krevelen er al. have’ 1gnored the second ionization of hydrogen sulﬁde
. They have also sneglected the concentrations of the hydrogen and hydroxyl ions,
' Danckwerts and McNeil used this approach to predlct the equilibrium partial.
pressure of carbon droxxde over carbonated amine solutions. The central feature of this model
.is the use of pseudo-equrllbnum constants ‘and their dependence on the Jionic _strength. The
ratio of the pseudo—equxhbnum constant at*a certain ionic strength to that at zero ionic
. strength has been termed the “ionic characterlzatlon factor”. The most scrlous ‘limitation of
this model is that the ionic strength alone is not sufficient to determine the ionic" .
characterization factors. ‘Secondly, the ionic charactenzatlon factors may not be linearly related .
to the ionic strength Thlrdly, the dependence of these factors on. the ionic strength can not be
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| without making additional simplifications.'- For example, sevcral‘sp,cc‘ia may. have.
to be neglected from the balance equauons R » ‘ '
Kent and Eisenberg tried to correlate the solublhty data using the published .
.constants without using the ionic characterization factors. They found that the
predicted valucs deviate substantially from the experimental values: Instead of using the ionic
: charactenzatxon factors, thcy correlated the data by treating K; and Ka as variables. They
accepted tht pubhshed values of other equilibrium constants and found K; and Ka by fitting
the data for 15.3 weight percent MEA solutlon and 20.5 weight percent DEA solution. The
Kent and Eisenberg model is based on a set of. reactlons that is chemtcally equlvalem to

1

reactions (3.1) to (3 7). The model equations- are listed below: v/ T

Reactions: , ,
RR'NH,' = R-R'NH + H* : o : — (3.39)
RR'NCOO™ + H;0 = RR'NH + HCOy | T =340
H,0 + CO; = H' + HCOy™ ‘ " , — (3.41)
H;0 = H' + OH’ ~ : - . — (342
HCOs = H' + €Oy ) , ' . , = (343)
H,S = H" + HS™ o R | : —(3.44)
"HS = H +§° T o — (3.45),
CO; () = CO; (g) L ‘ o SR =~ (3.46) -
HS()EHS @ - - | ; | - (3.47)
Eqwl:bnum relations: s C o : S .
K, = [H] [RR'NH] / [RR'NH:7' o , — (3.48)
K; = [RR'NH] [HCOs] / [RR’NCOO‘j (H:0] = 4 . " (3.49)
K, = [H] [HCOy] / [CO;] [H:0] S . — (3.50)
K.=[H][OH] /@01 = o -~ (@sD
= [H][CO7} /.[HEOs ) Sl 5
'Ke = [H'] [HS7] / [H:S] ‘ I R —(3:53)
K, =[H'1[S]/[HS] o ' e - } — (3.54)
H(CO») |= P(COy)./ [CO3) . - — (3.55)

JHGLS) | POLS) / (HST AR ‘,-—4w@
Balance equations: ) ‘ -
[H'] + [RR'NH,] = [OHT] + [RR’NCOO] + [Hcoq + [HS] +2 [co,j +2 [S“] —

(3.57) A

“ca = [RR ‘NH] + [RR'NH;’] + [RR’NCOO'] : 2 SIRTRE T 58)
c'A_\a(CC)z) = [CO;] + [HCO;] + [RR'NCOOT] + [co;] _ ) —- (3.59)
ca a(H3S) = [H:S]+ [HST] + [S7] Do o — (3.60)

. Infthese cquatlons the quantmes in the square brackets are the molarmes of various
species, with the exception of [H:0], which is the ‘mole fractlon of water. '
It would be incorrect to use equations like. (3.50) with K; obtamed from literature.
- The actmty coefﬁcxents even in moderately charged solutions are of the order of 0.5. The

ratio of conccntratlons in such solution would be four times the ratio given by Equation
(3.50). 1t'is clear that even if the Kent and Exsenberg model succeeds in. predlctmg thc correct
partlal pfessures it would fail to pred\ct the conccmranons of the 1omc specxes :
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The VLE relations are similarl_y inaccurate as they do. not. include the fugacity
coefficients. If the acid gas partial pressure is a few MPa, the fugacity. coefficient may be far -
from unity. : 5 B - - -

~ To improve the predictions made by this_méihod, Kent and Eisenberg treated K, and -

K2 as adjustable parameters and determined them by fitting.the model to experimental data.
They were able t_b obtain excellent fits by using this approach. They also discolve.red that the
constants K; and K: obtained in this manner show an Arrhenius dependence on temperatu:e.v

~Kent and Eisenberg 2)b.taincd their constants by ﬁtting the data for 2.5 N MEA
solutions. Nasir used these constants to predict the acid gas partial pressures over 5.0°N MEA
- solutions. He found that the errors in ~par‘ti_al_ pressures are often in excess o'f' 100 percent. The
-Kent and Eisenberg model was also unable to predict -the partial pressures accurately when the
acid gas loadings were were either ve‘ry' low or very ﬁighv. ‘ A

~ This proeedure of lumping all non-idealities into two adjustable parameters is
unsatisfactory for many reasons. The thermodynamic rigor”is lost if the experimentally
" measured values arc.disregafded. The cbnstants K: and K, depend on the normality of amine
- solution. The predictions are accurate onfy in a narréw range of loadings (0.2 to 0.7). The
constants K, and K, are obtained by fitting the pure compc_mcni_ data;-i.e. the data for one
acid gas and amine solution, When these constants are used to predict the ‘partial ‘pressuyres
with both acid gases pées'_erit, the predictions are highly inaccurate. The attractive feature of =
- this model is that the model equatiqns are amenable to algebraic manipulations, thus
-permittiyg h%ng-calculation of the equilibria. o -, ’ L g

Y

2. Klyamer er al. Model

L&

. : | o
Atwood et al. proposed a method of calculation of equilibria in the H,S / amine /-
'wa(,e( sy‘stem. Their scheme was used by Klyamer and Kol'esnikovav(l972)\ to predict the g
" equilibria in the CO; / ‘amine / water system. Klyamer:et al. generalized the; scheme to make |
. it applicable to. the CO, / H.S / amine 7 water system. The central féat_urc of this model is
the use of “mean ionic activity Fcpefﬁciém‘”.‘ The activity,coefficients of all' ionic species are
~ assumed to be equal. - . S T

the aésum-pti_on is certainly a valid one. Consider the reaction: - R
MX =M X SRR o =6
Here the individual activity coefficients y(M") "and ¥(X) (usually written as vy, and y-) are
not measurable properties. By virtue of the c‘harée:balance, ‘-concentrations‘"c‘rf the anion and
the cation are equal to each other and can not be varied indepéndeh_tly. This means that v. -
. ar;_d Y- are experimentally inaccessible. Only the prOduct y+y_ can be measured. For a
uni-univalent eigctfolytc,‘the mean ion'ic'ac't'ivity coefficient is defined by S o
S | B —(362)
The quantity vy is measurable and is sufficient to characterize the equilibria. For a single '
electrolyte, the assumption of equal \:aétivity_éoéfﬁéients is :iautologous. For a'mix_ture.of
clecirolytcs, the Debye-Huk:kcl theory gives an e;(prcssiop- for the activity coefficients. The

This assumption’ has some basis in theory. In the case of a uni-univalent electrolyte, o



"Debye-Huckel theory is applxcable only at low ionic strengths The electrolyte solutlon Is
,assumed ‘to be a collectmn of electnc charges embedded in a dlelectnc medmm Thc resulting
expression, S . _ ‘ B
 nye=- Az . : -—-(363)
shows that the ionic coefficients are equal in a dilute solution of uni-univalent electrolytes.
» However, 'there is no reason to believe that the ionic activity coefficienty will be

, equal in a solution of high ionic strength. The assumption is still good if only one amon and

one cation are present in sxgmﬁcant amount. Thxs is generally not the case for the COz / HzS" '

/ amme / water system. - - : v
The Klyama et al. model is also based on a set. of reactlons that is chemically -
equivalent to the reactlons 1 to 7. These reactions are not the same as those used by Kent

and Eisenberg, but are chemacally equivalent. The, model equatlons are presented below
Reacnons T N

RR'NH + H:0 = RR'NH," + OH™ R - (369
H:S=H'+ HS™ o P = 365)
H:0 = H' + OH : - . o — (3.66)
"HS =H'+ §° ‘ S L =367
2 RR'NH + CO; = RR'NH;" + RRNCOO™ - e - —(3.68)
"H.0 + CO; = H' + HCOy’ T LT e - (369
~HCOy” = H' +Cos - ' A ()
Eqwhbnum relations:" ‘ N A
B =47 m(RR’NH» y m(OH') / a &® m(RR'NH)’ o = @3
Kw =1y mH) mOH) / a o S R € /)
Kic = y* m(H") m(HS") / m(H,S) o AR : = (3.73)
Kic =y m(H) mS") / m(HS) . = SRR Y ¢ I 2)
H'(st) = m(H:S)!/ p(H,S) ‘ ' S — (3.75)
- Km = 2 m(RR'NH;") m(RR'NCOO" / 2 a’ o’ m(RR’NH) MCOy - 76)
. Kiy = y>. m(H") m(HCO;) / « m(CO,) ° L o - =@
Kay =y m(H') m(COy) /. m(HCO;') o Y e ) Y S
H(COy) = m(CO;) / 'p(COy) - : : = (3.79)

The balance equations are identical to Equatlons €3.21) to 3. 24) In these. equauons Y is the -
mean ionic actlvxty coefficient, o is the mole fraction of water and, (aq) is the activity Y,
coefficient of the free amine. H ‘(H:S) and H(CO,) are the mverte? Henry’s constants. The '
mean ionic activity coefficient is determmed from a plot given by Atwood et al. where- it is ,

- related to the ionic strength of the solution: This plot was obta\ned by fitting the data for
H.S / amine. / water system and smoothing. Klyamer er al. assﬁme that the relation. between

.the mean ionic actlvxty coefficient and the Jlonic strength is the same in ‘the’'CO; / HJS /
. amine [ water system The ratlo “a” is- related to the molality of of free alkaholamme Thxs
functlonal relation ‘was estlmated by Atwood et al. from the data of Sivertz et al, (1940)
The Klyamer er al. model also assumes that the act1v1ty coefficients" of the free H,S
- and free CO; are equal to umty The fugacnty coefflcxents are a)lso assumed to be equal to
unity. | S . : / - : .
“The equ‘ality."bf aetivity caefficients makes this m_c‘)del,‘suit.able for analytical solution.

oA . .
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»Snmplc cxpr&ss:ons for the pamal prcssurcs may- be dcnvcd from thcsc chﬁt’lons Thcsc

- expressions have been derived in Appendix A.

The Klyamcr et'al. model thb-y =1 and aa = l s algebrarcally equxvalent to the '

~ Keént and Ersenberg model. If thesc subsutuuons are made in the _expressioris for the  Klyamer. - .
= -vet al. model the correspondmg expressnons for the Kent and Elscnbcrg model are obtamed
e Nasu madc two unprovements in the Klyamer et aI modcl He incorporated into the
L model the fugacnty coefﬁcxents based on’ the Rcdhch-Kwong equation of state. He madé¢ v, the

‘mean ionic -activity coefficncnt a functlon of the initial amine. concentratlon and the

' .tcmperature These changcs resulted in.some- 1mprovcment in" accuracy, mpccrally at high "
' pressures, : '

)

3.,‘Pr'op'oséd Model

The main problcm in' the calculatlon of VLE in multlcomponent sysiems is the
estlmatlon of the fugacnty coefficients and the actlvrty coefﬁcnems Kent ~and Elsenberg avond
 this problem by lumpmg all non-idealities mto two- adjustablc parameters Klyamer et al
assumed- that all. ionic actwlty coefﬁcnents are’ équal and" that these can be estimated from-an
:”cmpmcal correlation. The failure of ‘both models md:cates the need for a better method to -
estimate the. activity coefﬁcxents and especially at hlgh pressures the fugacity coefficients have .-
~ to be estimated accurately. The fugacnty coefﬁcrents are related to. the volumemc behavror of
thevaporphase Vo N g N S , : -
ng=f(Z-1)dinP o R o '—(380)
Here Z; = - Pvi//RT and v, = thc partial molar volume of the i~th component We esnmate the _
fugacity coefﬁclents usmg the Peng—Robmson equation of state. This equation has pr0ved to . (_ V
be superior to the’ ongmal R-K equation and the Soave modlﬁcatron of thc R-K equation.

The Pcng—Robmson equatxon is of’ the form 8 , . L

P = ( RT/(v-b) ) - a(T)/( W(v+b) + b(v-b) ) R c X S (N
The fugacnty coefficient of component 1 can be calculated from the followmg equation:

In ¢ = (bi/bXZ-1) = In (Z-B) (1/~/8XA/B)X o S .

(2 X 3 au/a)-b/b) In (Z+2.414 B)/(Z-0414 B) N - (38Y)
'where : o O - o

= aP/R’ TZ B = bP/RT Z= Pv/RT a = z %2, b= - ) and. a,» = (vl-aij)(a‘a,-)” B
(3 83) : . : o

[

In Equation (3.83), 8; is an empmcally determmed binary interaction coefﬁcnent This.~
coefficient is independent of temperature except for water-containing systems.
The. constants. a; and. b; are related to the critical propemes -and the acentric factor‘
of the component _] “The subscript j has been ‘omitted in ‘the follong equatlons for e
;convenlence AR ’ - '
~a(T) = a(Te) (T, ) : B
(D) = H(To) o e |
a(Te)™= 0.45724 R* (Tc)’ /Pc N e e
B(Tc) = 0.07780 R Tc / Pc o o o
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(T, w) = 1 + o1 - (1;,)9"’] : ._
x = 0.37464 + 1.54226 w - 0.26992 o’ ’ — (3.84)
The .compressibility factor Z is dete: .ined by solvmg Equatron (3.81). The equation
yrelds one or three real roots depending upon the number of phases in the system. In the
. two-phase region,” the largest root is the compressibility factor of vapor. The constants required
for solving Equation (3.81) are easrly determined from Equations (3.83) and (3 84). . The
Peng-Robinson equatiy is a cublc equatlon and it can be solved analytlcally The predictions
~ made by the P-R equatic- are partlcularly good in the critical region. This is advantageous as
the critical temperatures of CO, and H,S fall in the range of interest.
~ The Deby&HUCkel expression may be used for the prediction of activity coefficients
in very drlute solutions. For more concentrated solutrons Guggenhelm (1935) gives the
extended Debye-Huckel expression . v h
=A@ R [+ b+ 25 By m, , L =89
The first term expresses the Debye-Huckel law and rcpresents the electrostatic forces.
The second term takes mto account the short range van der Waals forces. The quantity A is
related to ‘the dielectric. constant -of the solvent. Usually bx may be considered a constant
Values of 1.0, 1.2 or 1.5 are commonly found in the llterature
In Equation (3. 85) Bi; have been considered constants. Scatchard (1936) has shown
that By is a slowly varying function of the ionic strength The "interaction parameters may also
- depend upon the temperature of the system However Edwards et al. found this effect to be
small. - ‘
Pitzer (1973) has derived a more accurate e}(presswn for the acttvnty coefﬁcrents HlS
expression is much too complicated to be used for alkanolamine solutions. The available
mformatlon on the reactlons of the alkanolamines is insufficient to determine the specific

L mteractnon parameters in the Pitzer's expression. Beutier and ‘Renon (1978) have used Pitzer’s

expressxon to cakulate the VLE in NH;-CO»-H:O0, NH,<H,S-H;0 and NH;-80,-H;0 systems.
'Though the reactions occurring, m these systems- are well- studled ‘Beutier and Renon had to

make several ass'.inuptions about the interaction paramcters to make the expression

manageable. The extended Debye—Huckel expression seems to. be the appropnate one for the

COz / "HiS | amine / water system. Given the complexity of this expressnon a good .computer . -
program for solvmg the VLE equations becomes a necessity. :
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IV. METHOD OF SOLUTION
/ ) - J i

The’problem of correlating the VLE data consists of (1) the _interpretation of the
.data to obtain the required param,%ers and (2) the application of the knowledge thus obtained
to predict the equilibria. In both stages, one needs a numerical method to relate the vapor and
the liquid composmons '

The mathematical problem is to solve Equatlons (3 1) to (3 24). Thc fugac1ty
coefficients in these equations are obtained from the Peng-Robinson equatron of state. The
activity coefﬁcnents are obtained from the extended Debye—Huckel theory of electrolyte
solutions. Essentlally one has to solve a system of nonlinear algebraic equations.

The sequence of calculations 1s as follows: (1) The temperature, the normalrty of
amine and either the acid gas pamal pressures or the mole ratios in llqurd are specified!

(2) T equilibrium constants, the Henrys constants,-the-dielectric constant of water and the
binary interaction parameters are calculated. (3) A prellmmary solution is calculated by setting
all activity coefficients and the fugacity coefficients equal to umty (4) The preliminary estimate
is refined using Brown's/method for solving a system of nonlinear _equations. (5) The
equlllbnum composmo( 1s determined from the converged solution. :

A FORTRAN program for calculating the equilibrium composition is presented in
Appendix C. Brown’s method used in this program is basedlon a partial pivoting technique
similar to Gaussian elimination. The method is at’ least second order convergent, requires fewer
. function evaluations as compared to the Newton’s method and is derivative-free. This method
13 especially attractive when the number of variables is large or when the equations to be
solved are complicated. Brown’s method is described ‘in Appendix B.

. To obtain a fast convergence with Brown’s method, the variables and the functions
have to be “normalized”. The vatiables are normalized if they are all of the same order of
magmtude The molalities and the partial pressures in the CO; / H,S / amine / water system -
range- over several orders of magnitude. Molalities as low as W07° mol/kg—water and pressures
as high as 10° Pa are common. To dormafize these varlables the equatlons were formulated in
terms of their logarithms. For example, mstead of p(COa) in p(CO,) was treated as“ varlable
Even though the ongmal variables range over several orders of magmtudes ‘their logarrthms
are of the same order of magnitude. When the logarithms: are treated as variables, the partial
derivatives in the Jacobian matrix are calculated with respect to the logarithms. Instead of the
ongmal problem f(x) = 0, we solve the problem g(y) = 0; where ¥i = In x. The use of
‘loganthms has an additional advantage that the solution remains feasible at each step.
Regardless of the magnitude and the sign of y;, x, always remains posmve _
. The functions are normalized if. the convergence criterion can be correctly expressed
lfIX)l <ee :
where ¢ is a reas‘orlab“l:y small posmve consta*ht gor example, con51der the functlon

' o 18-
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fixi, x2) = x1 - x; : ‘ ‘ ' -
_and the error criterion ‘

i, x2)l < 107 ” @
’If xi1 = 100 000 and x;, = 99 999 the error criterion is not satlsﬁcd even though.x; and x;
agree to four digits. On the other hand, if x, = 107 and x, = 10, the error criterion is -
satisfied even though x; is 100 000 times as large as than x,. This means that the functlon
f(xi, x2) is not normalized. A better way to write this function would be

gxy, x2) =1 -x1/x2 ' ' ™\
In this case, the error criterion‘w'ould beé meaningful for any x; and x,. ‘
Equations (3.11) to (3.24) may be normalized as follows:
fi = 1.- y(H ¥(OH") m(H") m(OH") / Kw xw
. =11 - ¢(CO2) Y(CO;) P/H(CO2) ¥(CO2) m(COy)
£ =1-( m(H.S) + m(HS?) + m(S") ) / a(H:S) ma
fa=1-3 (ncgativc charges) / X (posjtive charges)
'5hc remaining equauons may be normalized in the same way.

After the variables and the functions are thus normallzed the programmmg is
generally stralghtforward unless one or more components are absent. For example, if no '
hydrogen sulfide is present in the system, *m(H,S), m(HS') and m(S") are all equal to zero. As
In 0 is undefined, the method described- above has to be modified to handle these cases. Thls
is done by using two arrays, Iv and I, These arrays are defined as follows:

The array Iy contains the indices of the vanables to be determined: When a varlable '
is known to be zero, ‘its index is not included in Iv. If x, = 0, Iy = (1, 3, 4, . . Similarly,
the array Iz contains the indices of the equatlons to be solved These arrays can be calculated ‘
if the species present in the system are known. If all components are present in the system

I1) = Ig(i) =1 , ' ‘ .
- If some components are absent from the system, a smaller set of equations is so.
' The equations solved are: )
fix)=0 - . ’ k= I), 1), . . .

These equations.are solved in terms of the variables x; where o

CiE I, IK2), b , e
Using this techmque,. we avoid taking logarithnu of quantities which are zero, 'Whi_le .
nofmalizing the non-zero variables. A ' ’ ‘

The indexing also permits us to use the same program to calculate the partial’

pressures when the loadings are known and to calculate the loadings when the partial

. pressures are known. If the partial pressure of COz is known, the index of the variable
denoting p(CO,) is not mcluded in Iv. At the same time, the index of the variable denotmg
a(CO;) is included in-Iv. This has the effect of treatmg a(CO;) as an unknown and p(CO,) as

c -a known variable. When a(COZ) is known and p(CO;) is unknown, the mdex of a(COz) is

excluded from Iv-and ‘that of p(CO) is included. in Iv.
In summary, the computer program has the followmg featurcs
I. The algorithm is fast and efficient. _
2. The program is able to calculatc the partial prcssurcs lf the mole ratios in the liquid
phase are known and vice versa. ’ ' q\
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3. Although the variables are normalized byPtaking logarithms‘ the program can handle
variables which are zero- Redundant equations are also avoided. :

If another method is to be used to calculate the fugacity coefficients and the actlvny
coefficients, the program can be easily modified. Only the rdutm{ that calculate thesc
coefﬁcrents have to be rewritten. :

With this program, we can predlct the vapor-hqmd equutllbna if the equrhbrlum
constants, th“e Henry’s constants and the interaction Jparameters are known. There are no a
priori methods to determine the specific mteractlon parameters These parameters have to be
deduced from the experimental data. » ‘ C - L

*. The specxﬁc interaction parameters show a weak dependence on the ionic strength »
(Scatchard, 1936) and the temperature (Edwards e¢ al., 1975). We assume these parameters to
be mdependent of the temperature and the ionic strength _ ‘

The specxﬁc interaction parameters represent the short range interactions (van der
Waals forces). In moderately charged ‘solutions, the srmnlarly charged ions do not come close
enough for the van der Waals forces to. become 1mportant This is called the Br¢nsted

‘principle- (Brﬁnsted 1922 and '1923). If i and j are srmtlarly charged (both posmve or both
~ negative) ions, the Brbnsted principle implies that 8; = 0. A

The mteractron parameters may be divided into three groups n the
molecule-molecule interaction parameters (2) the molecule—non interaction parameters and
(3) the ion-ion’ interaction parameters. ' : .

Edwards et al. have determined /3,., the molecule-molecule mteractlon parameters by
ftttmg Equatlon (2 85) to single-solute’ systems. A u = 0

nvy,=2Bam - o -~ .

" Thus (2 Ba) is the limiting slope- of the plot of In v, agamst m,. However ‘as the

concentration of the solute tends to zero, the degree of dtssocratton tends to infinity. At zero

“ionic strength the electrolyte will be fully dissociated. Edwards et al. assumed that the
“molecule-ion interaction parameters in the single solute systems are- equal to zero.” Without this
assumptlon Bu can not be determined by Edwards’ procedure The molecule-molecule
interaction. parameters for CO,, H,S .and RR’NH can be determined from the data of

" Houghton ez al. (1957, Clarke and Glew (1970) and Stvertz et al. (1940). The
molecule—molecule interaction parameters between the. unllke species may be estimated from the
combmatlon rule proposed by Edwards et al: _ ‘ - . . e

B =0.5( Bt Bv)

« As no data-are available for DIPA DGA and MDEA It is proposed that

Bu(DGA) = Bu(MEA)

Bu(DIPA) = Bu(DEA)

"Bu(MDEA) = BL(TEA) . .

BromIey (1972) -has formulated a procedure for estimating the bmary lon-ion
mteractlon parameters He postulated that the interaction parameter Bij may be expressed as a
sum of individual ion contributions, 3 and B;. '

Bi= B+ B .

Further, Bromley observed a correlation between Bi and the standard parttal molar entropy of
the ion, z.S°, at 25°C. If the standard entropy of the ions are known, 8 and B, may be . -

-
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estimated f’om Bromley's plot. ‘
The procedure works well for -COz / H20 and HzS / HzO systems. The entropies of

ethanolammonium and the carbamate ions have not been measured Bromley’s proceduf?nn\

not be apphed for these ions. Bromley (1973) has also proposed a more accurate method for
estimating the ion-ion interaction parameters. In addmon to standard entropreS/thls method
requires the knowledge of the proton affinities of the ions.

‘Beutier and Renon have found out that a-unique correlation between B and sz.
does not exist for all ions in solution. They observed different. correlations for cations,
halogemde ions, oxygenated polyalomlc ions and proton a&;ceptors Even if the entropies of the
ethanolammonium and the carbamaté ions could be estrmated Bromleys plot could not be
used w1th confidénce. . .

' The molecule-ion (or,saltmg-out) parameters may also be correlated in this way.
Edwards ef al. assumed that Bmi depends linearly on B; or zS°. Long and McDevit (1952)
. have measured the saltmg—out parameters for carbon dioxide and hydrogen sulfide. Their data
can be used to construct a plot of Bm against zS. This method carl be used for carbon ‘
dioxide / hydrogen sulfide / water system. The salting-out parameters for arnine-containing
"systems have not been measured. Thcse parameters have to be.obtained from least-squares
fitting of the experimental data. ' : A
~ Let B={[B, B2, ...". , Bn] be the array of the interaction parameters and E = [e,
€, . . ., em] be the array of the errors in predictions. We wrsh to ﬁnd the interaction
parameters B* that minimize s = |[E]®. When s is mlmmum _ : -
ds / 9B =0, . . i=L2..: N
'These N equations can, in principle, ‘be solved for the N unknown fs. However such a
procedure is not feasible because of the excessive computatlonal effort involved.: To simplify
the calculauons the followmg assumptlons may be: made. - . .
{. The mteractlon parameters for the spec1es whrch are present in very small concentratlons
"~ ¢an be neglected. R
L The effect of the B’s on the errors in prediction is assumed to be addmve
" When a certain chemical species is present in-a very small eoncentratnon it has little effect on,
the equilibria. The concentration of that specres may be neglected from the balance equations.
A reduced set of _equations can be'solved in terms of a smaller set of variables. For example,
if ST s “present in‘a very small amount, its concentration can be ignored from the charge
" balance and the sulfur balance equations. The equations (except the equihbrium relation for
“the dissociation of the bisulfide ion) can be solved -for.the variables (excluding SY. Secondly,
the term [3.,mJ in the extended Debye-Huckel theory may be neglected if m; is small. .
The. addmvuy assumption 1mphes that the total deviation in predlctlons may be
'expressed as a sum of the individual deviations due to each ‘of the interaction parameters. Let
P0 be the predrctrons using B = [0 0, , 0].and let P be the measured ‘valuesv Therefore,
E’ = P-- P is the total error. The effect of the interaction parameters can be found by setting
j-th parameter to a small number, say AB, Let the new predictions be P(AB;). This means that
settmg the j-th parameter to AB; has caused a deviation of [P(AB))-P°] in the prednctlons If
. ﬁ’s are small, this deviation is proportional to the magmtude of B; i.e.

“.[P(By) ',"Po] /B! = [P(AB) - PO]/ AB; o

L

*
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P(B) - P° = (8 | AB) [P(4B) - P] | A :
Define C; = [P35 - P/ AB, Smce the total devratron is the. sum of. the mdmdual
deviations,. ' : : :
Cr=28G
This can be written as |
Cr=XB : ‘
where X = [C), Cy, . . _ CN] We wish to ﬁnd B so that Cris the best estimate to E°, 'e. i‘ '
we wish to minimize the squared error q= E° - Gl
="(E° - Cy)'(E’ - CY) 4 '
Substntu‘tlng Cr = X'B and expanding,
q=E"E’ - BX'E’ - E”XB + B’X'XB
2q/98;= -2 I'’X’E° + 2 I'X'XB
When q is mlmmum 8q/aB, = O
X XB = X'E°
= (X'X)"'XE®
All arrays requrred in thlS method czfn be calculated by using the the computer
program described above. The method can be extended to determine the equxhbnum constants
~outside their range of measurement. Deﬁne K =Ko exp e. The exponentlal functlon is used to
ensure that K_is always positive. Given an initial estlmate of K, € can be determined by the
least squares fitting as described above. '
This method was used to correlate the equtllbrlum solubtlnty of carbon dioxide,
hydrogen sulfide and their mixtures in MEA, DEA and DIPA solutions. The results are
presented in the next chapter. - = : K '

o
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V. RESULTS AND DISCUSSION

The procedure descnbed in Chapter IV was apphed to the Cco, /-H;S / amine /
" water system. The temperature, amine normality and the acid gas loadings were provided as

- the input to"the computer program and the predlcted partial pressures were compared to the

‘experimental data. The error in predictions was taken to be In Pow - In Pprea. The interaction
\ parameters were determined by minimizing the sum of the squared errors. A
- In. Brown’s method the iterations were stopped when two successive estimates of the
- solution agreed to within eight srgmﬁcant digits or when all functions were less than 10° 15
absolute value. These criteria ‘appear to be unnecessarily stringent at first sight. Brown’s
method possesses second order convergence properties, i.e. the number of srgmﬁcant digits
approximately doubles in each step if the estimate is close enough to the solutron If it takes

frve iterations. to obtain a solution correct to two significant places it will take just two more -

o 1teratrons to obtain an estimate correct. to exght stgmﬁcant places. Thus the extra effort

requrred' to increase the number of sngmﬁcant -digits is quite’ small Secondly, making the error
criterion so stringent ensures that no errors are introduced by the numerical method itself.

In the CO; / H:S / amine / water system, the only species which are present in
significant concentratlon are the free amine and the ethanolammomum carbamate, brcarbonate ‘
and bisulfide ions. Thls means that the mteractron parameters for the other species- (CO:, H.S,
OH’, H', §7 and CO;” ) will have little. effect on the observed equrllbna At very high loadings,
the concentrations of the free CO, and H,S are aiso high. .

. The important mteractlon parameters are B(RR’NH-RR’'NH), 2 :
B(RR'NH-RR'NCOQ), B(RR'NH -HCOy), B(RR’NH -HS"), B(RR'NH: -RR’NCOO')

‘. B(RR'NH; -HCO;') and B(RR’NH;"-HS"). The first of these can. be determined from the

‘correlation of Atwood et al.. It should be noted that there are no mixture parameters in this
list. The parameters for the COz / amme / water system and the HS / amine’ | water system
are sufficient to predlct the the equilibria in the CO, / H:S / amine / water system. The -
requrred parameters may be obtained elther from the single solute data or the mixture data.’

 More computations. are required rf the mlxture data’are used to Calculate the parameters

e’ &

1. Solubrhty of acid gases in MEA solutlons
The partral pressures of H,S over 2.5 N and 5.0 N MEA solutions at 25 40, 60 80,
100 and 120°C have been reported by Lee et al., 1976a. Their data were used to determine
B(RR’NH HS") B(RR’NH: *-HS") and the equilibrium constant for the drssocrauon of MEA at
100°C. Figures 2 and 3 show comparisons between the predictions’ ‘and the ‘experimental data
' The agreement is good for both 2.5 N and 5.0 N MEA solutions and at all temperatures.
Lee et al., 1976b have measured the solubility of CO; in 1.0, 2.5, 3.75. and 50 N
MEA solutions at 25, 40 60, 80, 100 and’ 120°C The equrlrbnum constant for the carbamate

23
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formauon at 100°C as well as thc mtcractlon parameters for the CO; /- ammc / watcr system

were determined from their data. Figures 4 5, 6 and 7 compare the :predictions to the
experimental data. Thc agreement is good at all normalities and temperatures.

The constants obtained from the single solute data were used to predict thc equilibria
for mixtures. of carbon dioxide and hydrogen sulﬁdc Compansons with the experimental data

- of Lee et al., 1976¢ (2.5 N MEA solutions) and Lee et al., 1975 (5.0 N MEA solutions) are

shown in Figures 8 to 14. The agreement with experrmem is much better at 100°C than at
40°C,. probably because the carbamate formation 1s ummportant at the higher tcmpcrature At
40°C, the agreement gets worse as ‘the loadmg of 'the other acid gas increases. Thls is only to
be expected because no mixture data have been used to \\determme the constants. It also
suggests that the interaction parameters such as B(CO;-HS) and B(H,S-HCO;) become
important at high loadings. On the whole, the agreement is much better than that of the
previous'models Generally, the predictions' tendlto bracket the experimental data. At loadings
exceeding unity, however, the predrcted partial pressures are usually lower than the the
expenmental values. ‘

The most hkely direction for improving the predictions seems to be the inclusion of
parameters involving CO; and H,S. This would require the equilibrium data for the CO; /
H.S / water system. Unfortunately, there are very few data available for this system. It would
be very helpful to have reliable experimental data for the carbamate formation.

N\ : .
lutxons

2. Solublhty of acid gascq in DIPA : .
Isaacs et al. (1977a and l97_ b) have reported the solublhty of carbon dioxide, v
2.5 N DIPA solutions at 40 and 100°C. Their data for.
‘the pure componcms as well as mixtuyes were used to dedtce the binary mteractxon /T
parameters and the equilibrium constants. These are presented in Table 2.
The fitted equilibrium constants for DIPA are of the same order magmtude as the

- measured equilibrium constants for MEA and DEA. Figures. 16, 17, 18-and 19. compare the

predlcnons made by usmg these constants to experimental data. As compared to MEA, there

is a noticeable improvement in accuracy, pamcularly for mixtures. The predxcuons at very low
mole ratios in the liquid phase (less than 0.1) are not as good as those at moderate or high

loadings. This fact can not be considered significant because: much of the data for low

loadings were obtained by extrapolation and 'not by direct measurement.

3. Solubrhti of acnd gases in DEA solutions v _
Lee et al. have measured the solublhty of mixtures of carbon dioxide and hydrogen

 sulfide in DEA solutions: Thelr data for the solubility of carbon dioxide and hydrogen sulfide

were used to obtam the binary mteracnon pararmeters and the cqurhbnum constants. These

constants are presented in Table 2. Flgures 20 to 27 show the predlctxons and the experimental

solubxhty data for 2.0 and 3.5 N DEA solutions at 50 and -100°C. ’ '
The predictions of the solublhty of the carbon.dioxide in 3. 5 N DEA solutions are
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poor. Other prcdlctlons are in close agreement with the expcrmental data. As with MEA, the
agreement gets poorer as the mole ratio of the other acid gas increases. It is likely that thc

agreement will be improved if the mixture data. is used to dctcrmm" y"thc interaction
parameters. ’
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Table 2. Specific interaction parameters

.@’

¥ Monoethanolamine

- B(RR'NH-HS)=-0.0375,
B(RR’NH,"-HS )=0.005,

" B(RR’NH-HCO;)=-0.0245,
» B(RR'NH,"-HCO;)=-0.0375,

‘B(RR'NH-RR’NCOO)=-0.063,
B(RR’NﬁHz’-RR'NCOO'F0.00é,
. K 2
3 .

s AT
=

’ ¢,

' Diethanola&ihc ' (\‘
B(RR'NH-HS)=0.029845,
B(RR'NH,'-HS)=0.00482,
B(RR'NH-HCO;)=0.00534,

Ak -HCO,)=-0.041,
B(RR'VEPRR 'NCOO)=0.2601,
B(RR’N‘H{-R‘R'NCOO‘)’=-0.042$8,

Diisopropanolamine

B(RR’'NH-HS)=0.0921,
A(RR’NH;"-HS)=0.0905,
B(RR'NH-HCO;)=0.309,
A(RR'NH,'-HC0,)=0.103,
B(RR’NH-RR'NCOO)=-0.00294, -
" B(RR’NH;'-RR’'NCOO)=0.1098, -
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“.the equlllbnum in mwﬁlcompon%m mut

VI. CONCLUSIONS ( '

. ' . ot :
. ’ - t . .
ol . . , N

. IS conm% with the thcrmodynamlc criteria for
2y -
s bgms. The bmary interacti ameters
i <@ .
required ¢ the model are casxly determmed rom :t ,'expﬁlm. iy ,- g_a,ta The eqlilibrium
‘0 d /ﬂ

The solubnh{,!_ ﬁ'mdel prese%tc

components or for the mixtures may be used to. determme lﬁc “ teraction parameters. The
computer program developed in this work is efficient and gencral It can be used to compute
the equlllbnum composition in any multicomponent system if the equilibrium constants,
Henrys constants and the interactiom parameters are knowr. )

The predictions made usi thls Jnodel are better than thdase of the Kent and
Elsenberg and the Klyamer et al. models. The agreement for the mixtures ‘is lmproved if the
mixture data are used to calculate the mte_ractlo% parameters.

The model uses the dielectric constant of pure water in the Debye-Huckel expression
where the dielectric constant of the solution is required. For this assumption to be valid, the

concentrauons of the solute specu;s must remain low. The activity coefficient of water has. been

* assumed to be ‘unity. This. requires the mole fraction of water in the liquid phase to be close

“to.unity, The validity of the model also depends upon the assumed reaction mechanism. For

example, if the pH is more than 11, the hydroxyl group of the alkanolamines also reacts with
the acid gases. ‘ ‘ . '

Many of the equxhbnum constants requ1red in the model have been measured only in
a narrow range of temperatures. Experimental measurements of these constants upto 120°C are -
certainly desirable. Solubility data for the CO; / H:S / water system and for the CO; / H.S
|/ amine,/ water system are also needed to ‘verify the valldlty of the model for these systems.

' More binary interaction parameters should be included in the model to improve the

predictions for the high loadings.
. on
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APPENDIX A

Klyamer et al. Model

The Klyamer et al. model is based:on the assumptlon that the actmty coefficients of
. all ions in the liquid phase are equal The expressions for the partial pressures are derived -
below. ) D
‘Reactions:
RR'NH + H,0O = RR’NHz + OH™

H,S =.H" + HS™

_H,0=H"+ OH"

HS =H +§° oL

2 RR'NH. + CO; = RR’'NH;" + RR'NCOO’

H;0 + CO; = H" + HCO5 ‘

HCOs = H"'+ COy
Conservation equations: .

[RR’NH:} + [H] = [HCOs] + [RR’NCOQ"J + [OHT] + [HSj :

T +2 [CO;'] + 2 [S7] : : : T —(A62)

= [RR'NH] + [RR'NH,] + [RR’NCOO] ' S - (A63)
ma x(COz) = [CO,] + [HCO;] + [RR'NCOO7] + [con - . —(AB4)
ma x(HzS) = [H.S}.+ [HST] + [5’] . - : _— (A.65)
Ki=vy [RR’NHZ‘] (OH] / aa [RR’NH] ‘ . — (A66)
. Kw=7 [H][OH]/ a ‘ R o —(A6))
“K.c—v [H] [HS] / [H:S] | - | . —(A68)
¢’=v [H][S7] / [HS] - ‘ o — (A69)
H (HzS) [H:S] / p(HzS) o — (A.70)
Ku = 7' [RR'NH:] [RR’NCOO] / a* o’ [RR’NH] pCO:) — (AT])
K,y = v* [H] [HCOs] / o« [CO1] ST - —(AT2)
" Kay = [H][CO5] / [HCO:] S L = A
H'(COy) = [CO2] / MCO) . - : ‘ — (A.74)
Derivation of expressions for calculatmg p(COz) and P(H.S)-
Define ' b

" A=mx(H:S)- H (HzS) p(H:S)
" B = m x(CO:) - H(CO2) pCOz)
and ' : A . , :
z= [RR’NCOO] ' ~ .
Neglectmg [H], [OH], [CO;‘] and [S‘] in the conservation equanons and using the’ above
notau’on
[HS] = m x(H:S) - [HzS] = m x(H;S) - H'(H:S) P(st) \ o
‘o [HCO;] = m x(COy) - [CO:] - [RR’NCOO_] = m x(CO») - H (COz) p(COz) -z=B-z
[RR'NHZ’] [HCO;] + [RR'NCOO] + [HS}=B -z +z + A=A+ B

2
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L ,
 [RR'NH] = m - [RR'NH,7] - [RR’NCOO] =m-z-A ga"gﬁ T,
"jMuluply Equatlons (A.5), (A.D), (A9) and divide by Equauon (A 6). On rcarrangement ‘we B

get A T B K

p(H:S) = (Kw / KiK;cH'(H:8)) (y* | .aa)A{A + B) /_(mg‘i A B) o A.75"§‘
Rearranging Equation (A.10), yf} - oo g

p(COz)—-(‘y [ a%a’Ku)z {A+B) [(m-z-A- B) (A76)
" Multiply Equations (A.S), (A:11), (A.13);and divide by Equations (A Gy 55910) to gcx, fw

K.KiyH(CO2) / KwKu = (B - z)(m -z-A-B)/az (A 77)
Aftcr some mampulauons T B ‘,,v
 A=m-z-B-(KKyH(CO) / KwKm) Z T 4B-2 - S e
When [CO;] < [HCOs] + [RR’'NCOO7] and [H,S] < [HS], e

A = m x(H:S) o . o . ¥

B = m x(CO) ’

' z='B - [HCOs;] = m x(COy) - [HCOs] -

Substitute in Equations (A.14) and (A.15) to ‘obtain F
~ p(H:S) = (Kw / KiKicH(H:S)) v* | aa) XmX(HzS)(X(st) + x(CO2))

/ (1 - x(H:S) - 2x(COy) + [HCO;’J [ m) \_ — (A.78) .
and '

p(COz) = (v*./ Kma'e’) x(x(HzS) x(CO: ))(X(COz) - [HCO, 1 / m) ,

/ (1 - x(COy) - 2x(H:S) + [HCO57] / m)’ o . —(AT9)
Substitution in Equation (A.16) gives ' A ' ' ’

mx(H;S) = m - (mx(CO) - [HCO; ) - mx(COy)
(K a)}mx(CO) - [HCO;]) / [HCO;] ,
where : . R
Ky = KKyHACO:) [ KuKy | |
Multiply the equatnon by [HCO:7] /! m’ and rearrange. 2 (f%
((HCO5] / my + ([HCOs7]./ m)(l - x(H:S) - 2x(C02) + K, / am)
.- Kix(CO3) / am =0 o
. [HCOs7] / m= - 0.5(1 - X(HzS) 2x(COy) + Ki / am)
+ ({0.5(1 - x(HS) - 2x(CO2) + Ki / am))’ + Kix(COz) / am )

* To determine the sign of the dlscnmmant consider the case where x(CO:) = 0, i(Hzg) = D

and -hence [HCO;] = 0. Negatwe sign of the dlscrlmmant leads to an. absurd result, viz. ¥
+ K; / am = 0. As Ki/ am js posmve,
[HCOs]. J m=. 1o 51 - x(HzS) - 2X(C02) + K, / am)]* + K;x(COz) / am )‘”»- 0.51
- X(HzS) - 2X(C02) + K /.' am) : (A 80)

' then [HCO;'] < [RR'NCOO] Equatxons (A. 17) and (A 18) reduce to

p(H2S) = (Kw / KchH'(HZS)) v

| ac)-mx(H.SXx(H:S) + x(COz)) / (1- x(H.:S) - ZX(C()z)) : . — (A81)
pCOY).= (¥’ [ Kua'a®) ' » , ;‘
" XX(COXX(H:S) + x(CO) / (I - X(H:S) - o —(A8)

When x(CO;) =0,z =0, B=0 and Equation (A. l4) becomes
p(H:S) = (Kw / KK\cH(H:S)) {7 / aa)A’ [ (m A) - o
Define K" = (Kw ] KKIC)(V [ aa) A 4 N
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“ p(HS) = (K" / H/(H:S)A? / (m - A) ) | ’
Subsmutc A = mx(H:S) - H'(H.S)p(H:S), expand and rcarrange to gct
W+ w(l - x(H:S) + 2K"x(H,S)) = K"(1 - K7)x*(H,S)
" where w = (1 - K")p(H:S)H"(H,S) / m. The soluuon to this equation is
Cw+ 051 - x(H;S) + 2K"x(H8)) = £ ( [0.5(1"- x(H:S)F + K"x(H,S) )°*
_The sign if the discriminant has to be positive. (Consndcr the case x(H,S) = 0, p(H.S) = 0.)
Low = ([0.5(1 - x(HS)F + K x(H;S) )* - 0. 5(1 - x(H"IS) + 2K"x(H.S)) — (A.83)
and p(HzS) = wm / H (HzS)(l - K') P
The corresponding result for the case X(H;S) = 0.can be derived as follows: '
Define K, = (KKvH(CO;) / Kw) {22’ / 7% |
and Kz‘= (KmKw / KK,YH'(COz)) a
- KiK: = Kua%e? / y*
,In this notatlon Equations (A.15) and (A.16) become
'pCO2) = (1 / KiK2)zB / (m - z - B
0=m-z-B-2z/[KAB - 2)]
‘To eliminate z from these equations, expand to get -
Z - #m+ (1 / K)) +B(m - B)= 0 :
“2=05m+ (1 / Kz) £ ([05(m + (1 / K;))J? - B(m - B) )**
-When m =0, z= 0 and B = 0 (i.e. no CO; present), ‘ . ' : '
0=(1/2K)* ([l /2KP)* " | ’
As K; > 0, the '§ign ‘of the discriminant must be negative,
SE=mf2 4 1/2K - (B - m/2 - 12K + B/KS
Now p(COz) = (1 / KiK;)zB / (m - z - B)? '
andm-z-B—z/Kz(B-nz) .
- pCOz) = (B / Ki))(z - B) / (Z- m + B)
Subsututmg the expression for z, * , : :
pCO,) =.(B / K1) {Q + 0.5m - B) / Q-0 Sm + B) . — (A.84)
where Q = (1 / 2K;) - ((B - 0.5m - 0.5 / Ko} + B / Ky)** C ' |
" But B = 'mx(C02) - H (COz)p(COZ) These two equations can be solved for B and p(CO,).
Determination of Ky _ )
" When x(HzS) =0, x(CO ) = 0.5, Equatlons (A 18) and (A.19) become
PCO:) = 0.5¥" / (Kma'e?) (0.5 - [HCO;] / m) / (THCO57] / m)’
[HCO;] / m = ([K, / 2am)] + Ki / 2am)®® - K, / Zam where K1 = KK,vH(CO,)
/ KwKn : '
Substituting this expression in the equatnon for p(COz)
p(COv) = 0.5Kwmvy’ / KK,y H (COz)aa - ‘
LKy =0. Smy "Kw/p(CO2)aa’K,H(CO,) - . -  —(A8S5)
Temary amines do not form carbamates. An equation similar to Equation (A. 24) can be )
obtained for moderate loadings by neglectmg [H*], [OH], [CO.] and [CO;7] in the balance

equations. = / _ . e .
[HCO;7 ='mx(COy) - [coz] =B '
- [RR'NH;'}= [HCO;]=B o s

[RR'NH] = m - [RR'NH,"] = m - B
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Multiplying Equations (A.5), (A.11); (A.13) and dividing by Equation (A.6),
K.KiyH(CO2) / Kw = (y*/aa’) ‘B*/[(m - B)p(CO)]
As [COz] < [HCO5], B = [HCO;] = mx(COy). , ,
» Kiy = mx(CO2y’Kw ./ p(COX1 - x(CO2))aa’Ki H’(CO;) L —(A.86)
Determination of KM for primary and secondary amines
For moderate loadmgs, Equauons (A.18) and (A.19) hold with x(H;S) set equal to zero. These
can be solved for Kum by trial and error. (Assume Ky. Calculate K, [HCO;}/m, p(CO) and .
check against the expenmental péCOz) Repeat till the predicted and the cxpenmemal p(COz)
are same.) .
- Determination of Kic
Consider the system H:S / amine | water. For modcrate loadmg, Equation (A. 1'7) wnh
x(CO;) = 0, gives
p(H:S) = (Kw/KKicH'(H:8))" (¥’ /aa) mx(H2S) / (1 - x(H:S))
~ Kic = (Kw/p(H:S)K.H(H2S)y (v*/aa) mx’(H2S) / (1 - x(H:8))
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APPENDIX B

Brown's Method

In this Appendix, Brown’s method of solving a system of nonlinear equations is
" described. The method has been discussed in detail by Brown (1969), Brown and Dennis
(1971) and Brown (1973). Brown’s method is based on a partial pivoting technique similar to
' Gaussian elimination. ‘ : ’
. “-Consider the followmg system of algebraic equations:

ff@x—lﬂ(ﬁ X2, . . ,xn) =0

Ax) '_;fﬂ&xl, X2, ..., XN =0

o .-
o 1 . ’~‘L"

f(x) = fu(Xi, Xz, .+ ., Xn) =0
or, in vector form, f(x) = 0.

‘ In Newton's method the functions are expanded sxmultaneously about a point x"
assumed to be close to the solution x*.

fix) = f(x") + Jx")(x - x") + Higher order ‘terms 1@» . .
J is the Jacobian matrix defined by J; = 2f/9x;. When x is close enough to x", the higher
order terms are negligible. If it is assumed fhat x is a close approximation to x®, so that f(x)
= 0 . ' -

0= fix") + J(x" (x x")
Solving for x, : _ v

‘x“‘-x——x-J(x)f(x) ‘ : ; B

Thus stamng with a guess x°, one can solve 1tcrat1vely for n=0, l 2, ."When the partial
derwauves of, /ax, are cstlmated by the first difference approxlmatlon the method is called the
discrete aNewtcms method. In this method,

a7 ox, aﬁ(x + h'%) - fi(x")/h"
where ¢ is " the _]~lh unit vector and. h"'is chosen so that h® < || f(x") ||.

Brown,s_ hethod handles the functions one at a time and uses the information
obtained from working with f, while working with fy, etc.. This qu“c‘ces_sive substitution nature.
of Brown's method is similar to Gaussian elimination for linear systems. Numerical stability of
this method is lmprovcd by partial pn’/otmg as described. below. . '

Brown’s method requires fewer function evaluations, (N*+3N)/2, as compared to-
Newton’s method which requires (N*+N) evaluations in each step. Fhe method is. at least
second order convergent. This means that the number of sxgmﬁcam digits approxxmatcly
doubles in éach iteration. The method consists of the following steps: ‘

- Step 1. Expand the first function fl in a Taylor series expansnon around x". Ignormg the
higher ‘order terms, . .

fl(x) = fn(x") + Z fi. xo)h(x Mx - %) : . " T - S
where ' : A
(X" = [fi(x" + h g) - fi(xD] / h

*
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De‘)inc
= fi(x")
and
| fi%gn = fraga(x") :
If x is close enough to x®, fi(x) = 0. Thus we can solvc for that varlablc say Xn, whose
' ‘corrcspondmg derivative f;° s is the largest in absolute value.
T XN =N = (B ) - 2 (B /0 o) (% %)
The constants (f.."/f.",m,,h) and (fl",u,'i.,./){l",m,,y‘.) are stored for future use. Here Xy is a linéar
function of the N-1 variables x;, x, \ , Xna. Rename the left hand side as La(xi, xa, . ..

5 XN—-{)
' “ XN = LMXy, X2, ..., XN). . .
Also define Ly" = .LN(xl", X2" ..o, XN , Q B
Step 2. Define a function g of the N-1 variables X1, X2, . . . , XN as follows.
g(xi, ..., Xna) = 0%y, ..., Xno, L, ... s XN—1) ‘
and ' - )
g = fz(xl"_, Ce xN._.'.',‘vLN")

Now expand g, in a Taylor series and solve for that variable; say xn—, whose corresponding
derivative g n_» is the largest in magnitude.
XN = X - (2" g2 Neyn) - 3 (82"xoin/ B2 "xmnzayn)(x; - x,)

Define the right hand 51de as Lna(xy, . . ., xn2).

Step 3. Define '
B(X1, . ..y xXN2) = fi(X1, . . ., Xng, Lo, Ly)

where Ly = 4LN_1'(x|, X2, . . ., XN22)

and Ly'= Lu(xi, xa, . . ., xn-2, Luc). '

The process in Steps | and 2 is repeated and the variable, say Xn-2, whose
corresponding derivative gi.un_zn is Iargcst in magnitude is written as ‘
LN..Z(X], X2, V.. XN_J) s ’ ?

In this way, each step adds one lmear equatlon to the linear system. During (k+1)-st—

AY

) step, it is necessary to ‘evaluate gs1 (= fin) for various arguments These arguments ‘are
obtained by back-substitution in the system Ly, Ln_y, . . . , Ln_x which has built up. .
Step N. Here we have gn = fu(x), Ly, .. ., L)

which is 4 funcuon of the single variable x;. Expand gN, lmearlze and solve for x,.

X = - gN / 8n"xy .

' The point x; obtained from this expressnon is used as the next approxnmamon x,
to the first component x* . The complete L; system ‘is back-solved to get- 1mprov¢d
épproximation to x2*, ..., XNt R o '

Here ' R b

nﬂ — L(XIHTI, .
The detalls on convergence theorems, choice of h ctc may be found in the referenccs cited
above. )

o
th n+l
@ xj—l )
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The computer program descnbed in Chapter lV 1s avallable upon rcquest from the

Departmem of Chemical Engineering, The Umversny of Alberta, Edmonton Aiberta Canada
A flow c@art of this program is prcsented on the next pagc e o .

*




) R
{ sTART )

N

Read the temperature, amine code
and amine normality ‘

Calculate the equ‘ilibriumvu‘

constants, Henry’s constants
and dielectric constant of H,O

‘Read the partial pressures
~or the loadings of acid gases -

Calculate'a preliminary
- solution assuming vi = |

.and ¢i = 1

)

~ Refine the preliminary
estimate using Brown’s method

Print the loadings
* . or the partial pressures

RN ( sTor )

Figure 28. Mow chart for the coih‘puter program




